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Foreword

Volcanic Lakes are fascinating. And useful. They trap. They integrate. They
evaporate. They are dynamic balances of input, both volcanic and meteoric,
and output (gas through-flux, evaporation, seepage and spillover). Changes in
lake temperature or chemistry often, though not always, indicate changes in
magma degassing; changes in lake level can indicate strain of the edifice; and
bubbling in lakes can be recorded acoustically—all helpful in eruption
forecasting. Lakes are windows into groundwater and many are windows into
hydrothermal systems with a myriad of processes including chemical trans-
port and deposition, self-sealing, transient pressurization, and explosive
disruption. Seepage of acidic hydrothermal fluid weakens rock of volcanic
edifices, making them prone to collapse. Accumulation of CO2 and/or CH4

deep within lakes creates the potential for overturn. Volcanic lakes that are
suddenly breached or expelled scour channels to form sediment-rich lahars.

Volcanic lakes also record history. They preserve thin ash layers that are
unlikely to survive erosion and bioturbation outside the lakes. Such ash can
be from the host volcano or from afar, giving valuable information about
eruptive histories in both instances. They preserve environmental indicators
such as pollen, diatoms, and inorganic indicators. And, in some cases, they
capture a history of unrest of the volcano itself—precious data that predate
modern monitoring.

Some lakes are extreme environments—in acidity, sulfur, trace metals,
and a primordial soup of extremophile organisms. Every volcanic lake, from
acidic to alkaline, has its own story to tell about its host volcano and its
surroundings. The chapters in this monograph tell some of those stories, but
focus mainly on reviewing tools with which future workers can decipher
stories by themselves. Enjoy the vast experience represented by these
authors! Just as volcanic lakes are enriched by multiple inputs, so too will
your enjoyment of the lakes be enriched by these chapters!

Chris Newhall
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Volcanic Lakes

Bruce Christenson, Karoly Németh, Dmitri Rouwet,
Franco Tassi, Jean Vandemeulebrouck,
and Johan C. Varekamp

Abstract

Volcanic lakes are amongst the most spectacular natural features on the
planet. These intersections of magmatic-hydrothermal systems and the
Earth’s surface are, poetically speaking, “blue windows” into the depth of
a volcano (Fig. 1). The changing water compositions and colors of these
lakes over time provide insights into the volcanic, hydrothermal and
degassing processes of the underlying volcano.

Keywords

Volcanic lakes � Genetic classification � Chemical classification �
Limnology � Volcanic lake color � Statement

1 Introduction

Volcanic lakes are amongst the most spectacular
natural features on the planet. These intersections
of magmatic-hydrothermal systems and the
Earth’s surface are, poetically speaking, “blue
windows” into the depth of a volcano (Fig. 1).
The changing water compositions and colors of
these lakes over time provide insights into the
volcanic, hydrothermal and degassing processes
of the underlying volcano. Volcanic lakes can be
highly dynamic systems or pass through stages of
relatively slow fluid exchanges, depending on the
lake water residence time (RT), which is defined
by the lake volume and the input (or output)
fluxes (RT = V/Qinput); the larger the lake volume
and the lower the input fluxes, the longer the RT
will be (months to years), while smaller lakes
affected by high fluid input will result in a
short RT (weeks to months) (Varekamp 2003;
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Taran and Rouwet 2008; Taran et al. 2013;
Rouwet et al. 2014). The RT thus controls (i) the
lake’s sensitivity to potential changes caused by
processes external to the lake (e.g., fluid input
from the volcano), and (ii) the frequency needed to
effectively monitor the lake (Rouwet et al. 2014).

Many studies dealt with mass, energy, chemi-
cal or isotopic budget analyses, with the aim to
combine the thermal and chemical behavior of
lakes, often useful in volcanic monitoring setups
(Hurst et al. 1991, 2012, this issue; Rowe et al.
1992a; Ohba et al. 1994, 1994; Pasternack and
Varekamp 1997; Rouwet et al. 2004, 2008; Taran
and Rouwet 2008; Rouwet and Tassi 2011;
Varekamp, this issue). Lakes are approximated
by a box of which the volume and temperature
variations depend on heat and water entering
(meteoric recharge, surface runoff, fluid input
from the volcano) or exiting (evaporation, seep-
age, overflow) the lake. Fluid geochemistry is a
common tool to study volcanic lakes, whereas
subsurface processes may also be investigated by
geophysical surveys (Rymer et al. 2000, 2009;
Vandemeulebrouck et al. 2005; Fournier et al.
2009; Caudron et al. 2012), numerical modeling
(Christenson et al. 2010; Todesco et al. 2012, this
issue; Christenson and Tassi, this issue), and
hydrogeology (Mazza et al., this issue).

Volcanic lake research was boosted after the
August 1986 Lake Nyos limnic gas burst (Kling
et al. 1987; Costa and Chiodini, this issue). This
unfortunate event led to the foundation of the
International Working Group on Crater Lakes
(IWGCL), in the early 1990s re-baptized into the
IAVCEI Commission on Volcanic Lakes (CVL).
Former CVL-Leader JC Varekamp stated the
multi-disciplinary character of CVL as follows:
“the CVL has an important role to play within
IAVCEI and a significant scientific mission in
volcanology. Volcanic lakes are used to monitor
volcanic activity, they harbor their own volcanic
dangers (CO2 explosions, lahars, phreatic explo-
sions; Mastin and Witter 2000; Delmelle et al.,
this issue; Manville, this issue; Kusakabe, this
issue; Rouwet and Morrissey, this issue), and may
leak toxic fluids into the surface environment. In
addition, they provide “deep blue” windows into
the interior of volcanoes and even deeper into the
magma source regions, with topical linkages
towards ore deposition and geothermal energy
development, all of which are reasons to pay
substantial attention to volcanic lakes. In addition,
many global change researchers use volcanic
lakes for the study of environmental change.
The sedimentary records are influenced both by
climatic/hydrological parameters and volcanic

Fig. 1 Yugama lake, Kusatsu-Shirane volcano, Honshu,
Japan (26 June 2012) (picture by T. Ohba). Yugama lake
is probably the most monitored crater lake in the world,
with the record starting in the 1960s. Currently many

small earthquakes happen under the Yugama crater. The
area 1 km from the center of the crater is restricted to
approach

2 B. Christenson et al.



inputs, and the expertise of CVL members can
contribute to decipher these records. The CVL
originators recognized that volcanic lakes provide
a special field of endeavor, with intertwined
aspects of volcanology, limnology, geochemistry,
biology and toxicology.”

This monograph on volcanic lakes touches on
many of the above topics and aims to give an
overview of the current state of volcanic lake
research. We aim at offering an up-to-date man-
ual on volcanic lake research, providing classic
research methods as well as more high-tech
approaches of future volcanic lake investigation
and continuous monitoring. This chapter stresses
the need to better define the various types of
volcanic lakes, and provides a broad conceptual
classification system based on the formation
processes of lakes with respect to why, where,
and how volcanic lakes form. Basic limnological
aspects of lakes are reviewed, and color changes
are explained, as not all volcanic lakes are just
blue windows.

2 A Genetic Classification
of Volcanic Lakes

For historical reasons, the nomenclature of vol-
canic lakes is thoroughly embedded in our geo-
logical vernacular, but may need some revisions.
Tectonic, geomorphic and volcanologic processes
all contribute to the formation of volcanic lakes as
detailed below.

Classifying volcanic lakes can be based on the
timing and status of volcanism of the region that
hosts the volcanic lake. The temporal link between
a volcanic event and lake formation provides one
defining parameter for volcanic lake classifica-
tion. A lake may develop inside the main active
crater on a volcano or in a satellite vent that has
only a minor role in the main volcanic structure.
Alternatively, volcano/geomorphic processes
(e.g., mudslides, lava flows, ash fall) may divert or
block surface waters, or interfere gradually with
drainage patterns far from an active vent. The
latter may happen during volcanic activity or in a
period following it. Areas with dispersed vents
(e.g., cinder cone fields) can host maar lakes in

active or long extinct craters, some with minor,
other with major volcanic fluids inputs (Connor
and Conway 2000; Németh 2010).

Before establishing an easy to follow matrix
for volcanic lake genesis, some key questions
should be addressed:
1. What is the status of the volcanic system

associated with the lake?
2. Does magma reside close to the surface, and

is eruption imminent?
3. How long after the last eruption did the vol-

canic lake form?
4. How strong is the genetic relationship

between volcanic activity and the presence of
a lake?

5. What is the role of the volcanic landform in
providing the adequate basin for the volcanic
lake?
So far, within this geotectonic perspective,

there is no universal guideline on how such
questions should be answered and, consequently,
how lakes should be classified in relation to
volcanic terrains. We suggest that the classifica-
tion of volcanic lakes could follow a few main
rules, based on four major variables:
1. the geotectonic assessment in which the lake is

found (G), that can be expressed as monoge-
netic (0) or polygenetic (1) volcanic systems;

2. the relationship between the volcanism and
the lake formation (R), that can be expressed
as weak (0) or strong (1);

3. the timing of the volcanic lake formation in
relationship to the volcanism (T), that can be
expressed as long (0) or shortly (1) after the
volcanic eruption;

4. the location of the volcanic lake in relation-
ship to the volcanic center (L), that can be
expressed as off (0) or over (1) the vent.
Such alpha-numerical expressions of lake

types lead to a coding of volcanic lakes. The
above suggested scheme can be combined with
other aspects of the lakes that are more rele-
vant to their chemical maturity (see below)
and, eventually, biological status (Mapelli
et al., this issue). Overall, we can say that
deciphering the genetic background of volcanic
lakes is often difficult, as the lake might liter-
ally cover part of the story to backtrack the

Volcanic Lakes 3



formation history of some lakes (Marchetto
et al., this issue). In the following sections
some historically defined volcanic lake types
are discussed in terms of the genetic classifi-
cation issues outlined above.

2.1 Crater Lake (Code: G1, R1, T1, L1)

Volcanic lakes are often erroneously called crater
lakes. Crater lakes are volcanic lakes typically
associated with volcanoes that are classified as
polygenetic from the genetic point of view (G1).
Such volcanoes can form summit or central craters
from explosive eruptive processes (e.g., Plinian
eruptions, R1) that opened up deep and fairly large
craters (Fig. 2). Soon after the crater forming
eruptions (T1), due to climatic influences, local
hydrogeology, and permanent degassing such
craters can host deep and confined lakes that are

eventually heated by the underlying magmatic-
hydrothermal systems.

Crater lakes can be grouped into active versus
inactive types as an expression whether the
underlying vent is still considered to be connected
with a magma reservoir or not. An active crater
lake is located above an active vent (L1) produc-
ing continuous degassing during inter-eruptive
periods. During eruptive periods such lakes can be
totally or partially expelled and become the main
water source of mass flow processes (e.g., lahars,
Manville this issue) (Fig. 2).

Inactive crater lakes are associated with volca-
nic vents that are no longer attached to magma
reservoirs. As a consequence such crater lakes are
not influenced by degassing processes, nor signif-
icant hydrothermal activity. Beyond the scope of
the genetic classification system, lake chemistry is
the best means to provide information about the
state of activity of the underlying vent (see below).

Fig. 2 Ruapehu Crater Lake after the September 2007 phreatomagmatic eruption and lahar (picture by K.N.)

4 B. Christenson et al.



2.2 Caldera Lake (Code: G1, R1, T0, L1)

Calderas are formed by collapse of the magma
chamber after voluminous, often explosive
eruptions in silicic volcanism (G1, R1) (e.g., Mt
Masama-Crater Lake, Oregon, Fig. 3; Cosigüina
lake, Nicaragua; Bolsena lake, Italy). They can
have dimensions from kilometers to even tens of
kilometers. The duration of the lake water fill
after the eruption is unsure, but can be consid-
erably long after (T0). Caldera lakes fill up these
large calderas, most of the time entirely (L1).

2.3 Maar-Diatreme Lakes (Code: G0,
R1, T1, L1)

Maar volcanoes are typically formed by diatremes,
and consist of maar craters surrounded by a rela-
tively thin (few meters to over hundred meters)
tephra rim. They are commonly associated with
alkaline basaltic intra-continental volcanism
(Lorenz 1986; White and Ross 2011; Kereszturi
and Németh 2012; Aka, this issue). In such a sce-
nario however, the erodible scoria deposits can be
weathered significantly providing low permeable
sediments, a necessary constraint to form a lake
(Pasternack and Varekamp 1997). The lake can fill

the gaps between the intra-crater scoria and lava
spatter cone edifices and their remnants and the
inner crater wall of the maar (Fig. 4).

2.4 Geothermal Lake (Code: G0-1,
R1, T1, L0-1)

Geothermal lakes are formed in volcanic areas
within explosion craters, but are not necessarily
formed within a volcanic edifice as such (G0-1).
A vent or crater formed during a phreatic erup-
tion (R1), is filled by the geothermal aquifer fluid
which gave rise to the eruption (T1). A clear
example of a geothermal lake is Oyunama Lake,
Noboribetsu geothermal area, Hokkaido, Japan
(Fig. 5) (Delmelle and Bernard, this issue).

2.5 Lake in a Volcanic Environment
(Code: G1, R0, T0, L0)

Lakes can form in depressions caused by active
tectonics in volcanic areas (G1). The tectonics has a
regional character, rather than being related to the
volcano itself. The graben lakes of the East African
Rift system, surrounded by volcanoes, are proba-
bly the best examples (e.g., Kivu lake, Vaselli et al.,

Fig. 3 Crater Lake,
Oregon, nearly 10 km in
diameter, is actually a
caldera lake formed after
the 7700 y BP Mt Mazama
eruption (Mandeville et al.
2009). In the front is
Wizard Island (picture by
D.R., August 2010)

Volcanic Lakes 5
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this issue). Volcanic activity does not play a role in
the formation of the lake basin (R0), and the timing
(T0) and spacing (L0) of the lake formation is
unrelated to activity of a volcanic vent.

2.6 Lakes Dammed by Volcanic
Deposits (Code: G0-1,
R0-1, T0-1, L0)

Dammed lakes with a volcanic origin can be very
diverse. Here we distinguish three types of such
lakes:

1. when a volcanic edifice (Müller and Veyl
1956; Weinstein 2007) and/or associated
lava field grow in a pre-existing fluvial
network, water can be dammed creating
lakes (e.g., Snag and Butte Lakes, Califor-
nia; Heiken 1978; Weinstein 2007) (G0-1,
R1, T0-1, L0);

2. when active volcanic processes lead to failure
of a volcanic edifice that dams or alters the
pre-existing drainage network and forms or
enlarges lakes (e.g., Spirit Lake near Mt St
Helens, Washington; Zheng et al. 2014) (G1,
R1, T0-1, L0);

Fig. 5 Oyunama lake, Noboribetsu geothermal area, Hokkaido, Japan, is a geothermal lake filling vents of previous
phreatic eruptions (picture by D.R., July 2013)

Fig. 4 Volcanic lakes associated with maar-diatreme
volcanoes such as in the case of the a Aci Gölü (Aci Lake)
near Karapınar in Turkey (Keller 1975) represents a near
perfect circularmaar craterfilledwith deepwater. Themaar
crater wall today represents the structural boundary of the
maar-diatreme itself; b Blue Lake at Mt Gambier in South
Australia (van Otterloo and Cas 2013) is a maar lake cut
deeply into a limestone country rock. The lake level is
controlled by karstic water systems of the limestone
country rocks keeping the lake deep; c Al Wahbah crater
is amaar volcano in SaudiArabia that cut into a Proterozoic
crystalline basement rock (Moufti et al. 2013). It hosts a
temporal shallow lake that changes its level according to
climatic conditions; d Orakei maar in Auckland, New
Zealand (Németh et al. 2012) hosts amaar lake formed over

alluvial, coastal deposits and it occupies the space between
the erosionally retreatedmaar crater wall today. Thismeans
that the volcanic lake today has a larger surface area and
shallower water depth than the original maar lake; eKülsö-
tó in Tihany, Hungary (Németh et al. 2001) is a volcanic
lake that is inferred to be formed more or less in the same
area where a former volcano was located that was eroded
later on and the created depression subsequently filled with
water; f Tama Lakes near the Ruapehu volcano in New
Zealand is another fine example for erosional enlargement
of a maar crater lakes where the tuff ring has been eroded
away completely; g Meke Gölü (Meke Lake) Konya near
Karapınar in Turkey (Keller 1975) is a complex maar
volcano. Its crater is partially filled with a large scoria cone
(pictures by K.N.)

b
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3. when long-term geomorphological processes
(e.g., landslides) lead to a change of the physi-
ography of a volcanic terrain to cause damming
of existing drainage patterns by non-volcanic
surficial processes (G0-1, R0, T0, L0).

2.7 Volcanic Lakes After
Snowmelting (Code: G0-1, R1,
T1, L1)

Glaciers or snow caps topping volcanic craters can
melt upon reactivation and form volcanic lakes.
Such volcanic lakes can be the direct result of melt-
water accumulation in the former crater of the
volcano (G1), or fill other depressions of the vol-
canic system (G0). The relation with volcanic
activity is clear as renewed heating is a must tomelt
the ice (R1), but eruptive activity is not necessarily

involved. The lake formation is immediately after
the ice melting phase, so T1. The lake forms on the
vent (L1), the place where the heating phase starts.
A clear example of the formation of a volcanic lake
after snowmelting is Chiginagak lake, Alaska
(Fig. 6), where a lake was formed in 2005, fol-
lowed by snow dam breakage and a lahar (Schaefer
et al. 2008). Many snow-capped volcanoes can
potentially become the hosts of volcanic lakes after
snow melting, when volcanic unrest resumes.

2.8 Volcanic Lake (Code: G0-1, R0-1,
T0-1, L0-1)

A volcanic lake is a generic term incorporating
all the above defined lake types. This explains
the title of the here presented book issue: Vol-
canic Lakes.

Fig. 6 Chiginagak lake formed after snowmelting,
Alaska (picture by G. Mc Gimsey, 21 August 2006,
picture courtesy USGS, http://www.avo.alaska.edu/

images/image.php?id=10973) (Schaefer et al. 2008). The
depression in the crater rim on the left is filled by a snow
dam
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3 Classifying Volcanic Lakes
from the Water Chemistry
Perspective

As noted above, throughout history there has
been some confusion and informal use of terms
to describe the study objects of this monograph.
Previously, volcanic lake classifications were
based on water composition, especially lowered
pH as a result of volcanic acid inputs (Delmelle
and Bernard 2000a; Varekamp et al. 2000). A
survey of the pH of volcanic lakes shows that
many acid lakes have pH values below 3 and
another suite has pH values between 5 and 8,
whereas there is a paucity of lakes with pH val-
ues between 3 and 5. This duality in pH is most
likely caused by the pH buffers of HSO4

−/SO4
2−

and H2CO3/HCO3
− (Marini et al. 2003). The lake

classifications can be based on the character of
the acidifying component (CO2 versus the strong
acids of S, Cl and F) or on general pH levels.
Some volcanic lakes with carbonate inputs may
have pH values >8, and evaporation processes
may also lead to high pH values in some volcanic
lakes (e.g., Farias et al. 2013; Pecoraino et al.,
this issue). As pointed out by Christenson and
Tassi (this issue), lake compositional signatures
are largely attributable to the age and depth of the
degassing magma feeding the system.

A simple physical classification distinguishes
volcanic lakes based on their water balance:
those positioned inside a volcanic crater or cal-
dera depression may have no surface outlets
(Crater Lake, Oregon, Fig. 3; El Chichón lake,
Mexico, Fig. 7) and are then terminal lakes
where evaporation and eventually seepage has an
important role in the water balance. Other lakes
have subaqueous or surface geothermal or vol-
canic inputs but also an overflow or outlet system
(Ruapehu, New Zealand, Christenson and Wood
1993; Kawah Ijen lake, Indonesia, Delmelle and
Bernard 2000b; Caviahue lake, Argentina,
Varekamp 2008). The lake water dynamics in
these two types of lakes are fundamentally dif-
ferent: open lakes with an outlet experience only
small variations in lake volume or mass, because
the outflow term is constrained by the lake level.

If, however, the lake level drops below the outlet,
the lake then can shrink and become a closed,
‘non-surface outlet’ lake. Closed lakes have
water outputs through seepage and evaporation
and the seepage flux may vary with water level
(hydraulic head, see e.g., Rouwet and Tassi
2011; Todesco et al. 2012, this issue).

Volcanic lakes can also be subdivided into
several end member classes that reflect their
origin, setting and the chemical composition of
their waters. Lakes that occupy active volcanic
craters or craters of recently active volcanoes will
intercept the emitted volcanic gases directly in
the lake environment, leading to very acid and
sulfur-rich fluids. In many cases, the volcanic
gases are intercepted in an underlying magmatic-
hydrothermal system (Henley, this issue), where
magma at several km depth is venting gases into
a local groundwater layer of meteoric water.
These acidified and mineralized waters may then
enter the lake waters, creating a suite of lakes
with different properties. The anion concentra-
tions reflect the composition of the volcanic gas
(Christenson and Tassi, this issue; Fig. 8a).
Chloride loss as HCl vapor in hot concentrated
lakes (e.g., Poás and Copahue lakes) is common
(Rowe et al. 1992b; Rouwet and Ohba, this issue;
Shinohara et al., this issue; Varekamp, this
issue), leading to Cl depletion. Precipitation in
the lakes of native sulfur, gypsum, anhydrite or
jarosite, all common minerals in volcanic lakes,
may deplete the waters in S (Delmelle and Ber-
nard, this issue; de Ronde et al., this issue;
Henley, this issue). The S–Cl–C diagram shows
the clear partition in the acid S–Cl lakes with low
pH values and the carbonate rich lakes with
much higher pH values (Fig. 8b). Intermediate
lakes are rare, which have an input of a mixed
volcanic fluid but do not reach a pH low enough
to let CO2 escape. Concentrated pools of exotic
S–Cl-rich water are found where the lake absorbs
largely unprocessed raw volcanic gases, such
as in the Keli Mutu lakes (Pasternack and
Varekamp 1994) and Kawah Putih lake, both in
Indonesia (Sriwana et al. 2000), and Poás and
Rincón de la Vieja lakes in Costa Rica (Tassi
et al. 2005, 2009).
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A second class of volcanic lakes receives
hydrothermal fluids from underlying systems on
active volcanoes, but here the fluids have already
been processed extensively. These acid hydro-
thermal fluids may be strongly mineralized, but
tend to be less rich in the volcanogenic volatile
components (S+halogens). Examples are Taal
lake, Phillipines (Delmelle et al. 1998; Zlotnicki
et al. 2009; Gordon et al. 2009), the pre-2007
Kelut lake (Indonesia, Bernard and Mazot 2004;
Mazot and Bernard, this issue), and El Chichón
lake (1990–2013; Armienta et al. 2000; Rouwet
et al. 2004, 2008; Peiffer et al. 2011).

The third class of volcanic lakes is contami-
nated with volcanic fluids that have largely lost
their most reactive components such as the halo-
gens and sulfur, and are CO2 and/or carbonate
rich. Their pH hovers from neutral to >7, tend to
foster productive ecosystems, but their bottom
waters may be charged with CO2 that could lead

to limnic eruptions (Nyos-type lakes, Tassi and
Rouwet 2014; Costa and Chiodini, this issue;
Kling et al., this issue; Kusakabe, this issue).
Many of these lakes have a substantial diffusive
CO2 flux to the ambient atmosphere (Pérez et al.
2011; Mazot and Bernard, this issue) and some
have direct bubble transport of CO2 to the surface
(Caudron et al. 2012). Examples are the African
lakes Monoun, Nyos and Kivu, the carbonate
lakes in Italy (Carapezza et al. 2008; Chiodini
et al. 2012), Kelut lake on Java (Bernard and
Mazot 2004; Caudron et al. 2012; Mazot and
Bernard, this issue) and Quilotoa and Cuicocha
lakes in Ecuador (Fig. 9, Aguilera et al. 2000;
Gunkel et al. 2008; Gunkel and Beulker 2009).

The last class of lakes are dominated by
meteoric fluids, either as a result of their sheer
size (Toba lake, Indonesia; Bolsena lake, Italy;
Crater Lake, Oregon) or because the volcanic/
geothermal inputs are indeed very small (maar

Fig. 7 El Chichón crater lake, Chiapas, Mexico, was formed immediately after the March–April 1982 Plinian eruptions
(picture by D.R., March 2004) (Rouwet et al. 2008; Taran and Rouwet 2008)
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lakes in the Eifel, FRG, Aeschbach-Hertig et al.
1996). Lakes that are non-volcanic in origin (e.g.,
some glacial lakes) may become contaminated
through surface inflow of volcanically-contami-
nated rivers, with Caviahue lake in Argentina as
an example (Varekamp 2008). An alternative
volcanic lake classification based on lake water
chemistry is proposed in a later chapter (Varek-
amp, this issue) grouping into active lakes, qui-
escent lakes and CO2-rich lakes.

4 Limnology

The chemistry of lake water, including that of
volcanic lakes, changes along the vertical profile
when the heat budget results in a thermal gradient
between the cooler surface waters and generally
hotter bottom waters when affected by fluid input
of volcanic origin (Boehrer and Schultze 2008;
Kling et al., this issue). The thermal and chemical

Fig. 8 a. Molar S/Cl is on average *1, but both S
excess and deficits are common. The Poás crater lake
samples (LC) probably suffered from sulfur loss through
liquid sulfur formation and anhydrite crystallization. The
Poás samples with excess sulfur (Poás lake) probably

suffered from HCl loss through HCl vapor loss. b. The
S–Cl–C diagram shows the acid lakes on the S–Cl axis,
and the very CO2 rich samples near the HCO3 corner.
Very few lakes have mixed S–Cl–HCO3 compositions,
and most of these have a relatively high pH values
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stratification leads to the formation of different
zones within a lake, characterized by distinct
chemical-physical features and behavior
(Fig. 10), as follows:
1. The epilimnion: the surface water layer sensi-

tive to external temperature and solar radiation.
Epilimnitic water exchanges heat and volatile

substances (gases) with the atmosphere. The
epilimnions recirculate episodically by wind
and/or by changes of external temperatures.

2. The hypolimnion: the deep water layer
showing the lowest temperature along the
vertical lake profile, generally determined by
the final water temperature during the spring

Fig. 9 Laguna Cuicocha is a volcanic lake in the Andes of Ecuador, about 100 km north of Quito (the capital city)
(picture by J. Ratner, University of Oxford)

Fig. 10 Sketch of the lake stratification, simplified from Tassi and Rouwet (2014). The lower arrow indicates eventual
heat and fluid input from the aquifer, the double-arrow indicates mixing processes (see text for further details)
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lake turnover. Colder water is denser and
tends to sink to the lake bottom.

3. The metalimnion: the water layer between the
epilimnion and the hypolimnion, showing a
marked thermal gradient. It basically corre-
sponds to the thermocline which refers to the
plane of maximum rate of temperature decrease
with depth.

Different types of lakes can be recognized on
the basis of thermal and water circulation fea-
tures, basically depending on the lake’s longitude
and altitude.

Amictic lakes are lakes sealed off perennially
by ice from annual variations in temperature. No
vertical stratification occurs in these lakes. They
are typical in the Antarctic.

Cold monomictic lakes are ice-covered lakes
most of the year and experience complete mixing
once a year during the summer. These lakes are
found in the Arctic and high mountains.

Warm monomictic lakes show complete water
circulation in winter and most stable stratification
in summer. These lakes are common in warm
regions of temperate zones.

Dimictic lakes experience complete mixing
twice a year. These lakes are typical for cool
temperate regions. Thermal stratification always
has the 4 °C waters at the bottom and warmer
waters higher up.

Oligomictic lakes mix completely irregularly,
i.e., less than once a year. They can be found at
low altitude in tropical regions (e.g., Hule and Río
Cuarto lakes, Costa Rica; Cabassi et al. 2014).

Cold polymictic lakes a covered by lakes part
of the year, and experience frequent or continu-
ous complete mixing during the ice-free period.
This behavior is typical for temperate lakes.

Warm polymictic lakes are never covered by
ice, and show continuous complete mixing
except for short (few hours) stratification periods.
They are shallow lakes in tropical areas.

Meromictic lakes are those that do not
undergo complete mixing, and are characterized
by a permanent stratification (e.g., Lake Nyos,
Kling et al., this issue). In meromictic lakes the
monimolimnion is the deeper lake layer peren-
nially isolated from the surface. Water chemistry

in the monimolimnion is different with respect to
the one of the shallower water layers.

The mixolimnion is the layer overlying the
monimolimnion, where lake waters periodically
circulate and mix. The chemolimnion is the layer
separating the monimolimnion and the mixo-
limnion, characterized by a steep salinity gradi-
ent. The chemocline (Fig. 9) is the plane of
density change; the pycnocline is the plane of
density change which may be thermal or chem-
ical in origin. The chemocline is a plane where a
significant transition in composition occurs and
may thus be also the pycnocline.

5 Volcanic Lake Colors

Lakes have a range of colors, dependent on their
chemical composition or particular ecosystem. In
general, oligotrophic lakes, i.e., those that are
biologically unproductive, have a deep blue color
(absorption of longer wavelengths, scattering of
short wavelengths of the visible spectrum),
somewhat similar to marine environments with
limited productivity. Eutrophic lakes are rich in
nutrients, carried in from local catchments, geo-
thermal inputs or human contamination, and
have a more greenish blue color, and in extreme
cases may become truly green from algae in the
water column. Brown lakes have high concen-
trations of dissolved organic matter, leading to
brownish organic acids in the water. Some
extreme lakes have a deep red color because of
the presence of red algae in the water column.

Volcanic lakes may deviate from this four-
color scheme of common lakes because of their
sometimes unusual chemical inputs. Volcanic
lakes dominated by meteoric waters are also
often deep blue, because they tend to be oligo-
trophic with their very small catchment areas
(e.g., Crater Lake, Oregon, Fig. 3). Three other
‘color groups’ of volcanic lakes exist:
1. Lakes with a geothermal or volcanic nutrient

input, usually phosphorous;
2. Lakes with a colored dissolved substance,

usually Fe or sulfur;
3. Lakes with a suspended substance or chemi-

cal precipitate with a specific color.
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Some volcanic lakes have a P-rich input, which
are usually relatively low pH systems, where the P
is derived from the dissolution of volcanic rocks.
Phosphorous is removed once a phosphate min-
eral becomes saturated or the P-oxyanion is
removed by adsorption onto a host phase that
precipitates (usually an Fe-rich phase). If the P
enters a volcanic lake, it may stimulate the biotic
productivity, which could create a green lake.
Geothermal nitrogen fluxes tend to be relatively
small, although traces of ammonia and nitrate
occur in geothermal systems and may provide the
basis of the local food chains (Pedrozo et al. 2001,
2008). These lake colors are common compared
to non-volcanic lakes, except that the source of the
nutrients is here geothermal or volcanic and not
anthropogenic.

Fundamentally different are volcanic lakes
that contain a dissolved substance that lends a
color to the water. Waters rich in Fe2+ may be
deep green, whereas Fe3+ in water may produce a
violet to brownish water color, depending on
speciation and complexation.

The third group of volcanic lakes may have
colors that reflect the presence of a suspended
solid, be it a colloid or a fine mineral precipitate.
Some acid volcanic lakes are deep gray (e.g.,
Poás lake, Costa Rica, Fig. 11) when the grey

bottom sediments are stirred up by convection
currents. Other acid lakes are saturated in ele-
mental sulfur, which in hot lakes may form a
pool of liquid sulfur at the bottom (e.g., Poás
lake; Oppenheimer and Stevenson 1989;
Yugama lake, Kusatsu Shirane, Japan; Takano
et al. 1994). Gas percolation through this liquid
layer may bring up small spheres of molten
sulfur that chills in the cooler surface waters and
may float as small suspended masses partly due
to its hydrophobic nature. Small colloids of
sulfur may form as well, which will give the
water a blue white tinge, which together with
the other constituents (green from ferrous ions)
may create the turquoise colored lakes (e.g.,
middle Keli Mutu lake, Indonesia; Pasternack
and Varekamp 1994) (Fig. 12). The crater lake
of Aso volcano, Japan (Yudamari lake, Fig. 13,
Shinohara et al., this issue) changes its color
from blue-ish green to more deep green colors,
the result of the disappearance of the blue color
component (Ohsawa et al. 2010). The presence
of the sulfur colloids creates the blue color, and
with diminishing concentrations of colloidal
sulfur, the lake turns greener. In the case of
Yudamari lake, the disappearance of colloidal
sulfur is caused by enhanced SO2 inputs into the
system (Delmelle and Bernard, this issue), and

Fig. 11 Laguna Caliente,
Poás, Costa Rica (picture
by R. Mora-Amador, 11
April 2007). The grey color
of the lake is due to strong
lake water convection,
mixing lake bottom
sediments with the water.
Note the yellow mats of
floating sulphur spherules
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as such, color changes may have a role in
eruption monitoring. Colloidal silica is found in
silica-rich geothermal pools which tend to have

a specific blue color as a result of the scattering
of light on these tiny colloids (Ohsawa et al.
2010).

Fig. 12 Keli Mutu volcano, Flores, Indonesia (picture by
R. Campion, 22 August 2011), with its three colorful
lakes. From left to right: Tiwu ata Polo, Tiwu Nuwa Muri
Khoofai, and Tiwu ata Mbupu. The three lakes are known

for their occasional changes in color, believed to be the
result from the modification of the size and composition
of mineral precipitates suspended in their waters

Fig. 13 Yudamari crater lake, Mt Nakadake, Aso
volcano, Kyushu, Japan (picture by N. Vinet, 5 December
2011). Intense degassing from the turquoise lake and
fumaroles (right of Yudamari lake). The stratified, steep

cliffs of the crater well illustrate the sustained volcanic
activity of Aso volcano. Lake-derived plume and fuma-
role gas measurements using a portable Multi-Gas station
are conducted (Shinohara et al., this issue)
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Changes in color of crater lakes are sometimes
related to the precipitation of new mineral phases.
A most striking example was Voui lake in 2005,
which changed from a deep blue, rather dilute lake
at the top of Ambae volcano (Vanuatu) into a pool
of blood red, very acidic water, with a small new
island volcano in the middle (Fig. 14). Water
analyses and saturation calculations suggest that
the red color of the lake was the result of the
precipitation of jarosite and hematite (Bani et al.
2009). The three Keli Mutu lakes on Flores,
Indonesia are also famous for their colors and
color changes with the seasons (Fig. 12). The
three lakes have pH values ranging from 3 to <1,
with the smallest, and most dilute lake being
black, and the center, most acidic lake being tur-
quoise (and saturated with sulfur). The first lake is
green in the dry season (with Fe contents domi-
nated by Fe2+) and red to brown during the
wet season (November–April), possibly the result

of a pH increase with rainwater dilution and oxi-
dation of Fe2+ into Fe-oxide phases (hematite,
Pasternack and Varekamp 1994).

6 Statement of This Monograph

This first monograph on volcanic lakes aims to
give an overview on the present state of volcanic
lake research, covering topics such as volcano
monitoring, the chemistry, dynamics and degas-
sing of acidic crater lakes, mass-energy-chemical-
isotopic balance approaches, limnology and
degassing of Nyos-type lakes, the impact on the
human and natural environment, the eruption
products and impact of crater lake breaching
eruptions, numerical modeling of gas clouds and
fluid migrations, CO2 fluxes from lakes, biologi-
cal activity, monitoring techniques, and some
aspects more. We aim to offer an updated manual

Fig. 14 Voui lake, Ambae volcano, Vanuatu, before the 2005 eruptions (picture by K.N.) (Bani et al. 2009). The
darker blue lake behind Voui lake is the inactive Manaro lake
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on volcanic lake research, providing classic
research methods, and point towards a more high-
tech approach of future volcanic lake research and
continuous monitoring.

The target audience of the book is strictly
scientific, composed of volcanologists, limnolo-
gists, and biologists, among other volcano-phy-
les. Despite this scientific focus, we would like to
leave a visually attractive, illustrated handbook
to all people interested in one of the most
extreme and spectacular features on the Earth’s
surface: volcanic lakes.
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Volcano-Hydrologic Hazards
from Volcanic Lakes
V. Manville

Abstract

Volcanic regions typically host multiple lakes developed in explosion
craters, volcano-tectonic collapse structures, and valley systems blocked
as a result of eruptive activity, their boundaries and dimensions shifting in
response to renewed activity and modification by background processes of
erosion, sedimentation and tectonism. Such water bodies are a potent
source of a wide range of complex and inter-related hydrologic hazards
owing to their proximity to active volcanic vents, the consequent potential
for violent mixing of magma with water, and the frequent fragility of their
impoundments. These hazards arise as a result of water displacements
within or from the lake basin and can be broadly sub-divided into 3 main
types: (I) phenomena sourced within the lake basin as a direct or indirect
consequence of subaqueous or subaerial volcanic activity; (II) floods from
volcanic lakes triggered by volcanic activity, including induced breaching;
and (III) floods from volcanic lakes with a non-volcanic cause. Type I
hazards include subaqueous explosive volcanism and associated Surtseyan
jets, base surges and tsunamis, which can impact lake shorelines and
displace water over basin rims and through outlets. This results in Type II
lahar and flooding hazards. Both types have been historically responsible
for significant losses of life at many volcanoes worldwide. Other rapid
phenomena such as pyroclastic flows, debris avalanches, and large lahars
from intra- or extra-lake volcanoes are potentially tsunamigenic (Type I),
and/or displacing, and can hence also lead to secondary (Type II) hazards,
as can seismicity-producing volcano-tectonic movements. Slower pro-
cesses including volcano-tectonic movements, subaqueous lava dome
extrusion, cryptodome intrusion, and magmatic inflation can potentially
produce Type II flooding through volumetric water displacement over the
outlet. Erosion of the outlet can be catastrophic, magnifying the size of
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flood events. Damming of the outlet itself can result in backflooding of the
basin. Type III hazards, i.e. volcanic lake break-out floods; result from
breaching of the barrier constraining a volcanic lake as a result of passive
overtopping, piping, mechanical failure, or headward erosion of the
natural dam. Such events range in scale from relatively minor outflows
triggered by failure of crater walls or the breaching of riverine dams
composed of pyroclastic, volcaniclastic, or lava flow material to
catastrophic floods generated by the breaching of caldera rims. Palaeohy-
draulic reconstructions of some of the latter indicate that they are amongst
the largest post-glacial floods on Earth, being exceeded only by late
Pleistocene deluges associated with breaching of ice-dammed lakes and
pluvial basins.

Keywords

Volcanic lakes � Subaqueous explosive volcanism � Base surges �
Tsunami � Floods � Lahars � Natural hazards

1 Introduction

Volcanic activity is a prolific producer of lakes
due to the capacity of eruptions and volcano-
tectonic activity to generate both positive and
negative relief. In the strictest definition, a vol-
canic lake is a cap of meteoric water over the
vent of an active volcano: according to this cri-
terion 16 % of the 714 identified Holocene vol-
canoes world-wide host one or more, frequently
ephemeral, lakes in explosion craters and subsi-
dence calderas (Delmelle and Bernard 2000).
Many typical crater lakes (Fig. 1a) contain
1–10 × 106 m3 of water, often at elevations
several km above the surrounding landscape
(Casadevall et al. 1984; Rowe et al. 1992;
Christenson and Wood 1993; Kempter and Rowe
2000). Hydrothermal and hydromagmatic (maar)
eruption craters (Fig. 1b) are typically <2 km in
diameter and comprise a central pit ringed by a
raised ejecta rim (Lorenz 1973). The transition
from purely magmatic explosion craters to vol-
cano-tectonic depressions formed by a combi-
nation of explosive ejection of material and
magma withdrawal occurs at c. 2.5 km diameter
(Williams 1941). The largest volcanic impound-
ments comprise intracaldera lakes, either devel-
oped by collapse at the summit of shield or cone
volcanoes such as Crater Lake in Oregon

(Fig. 1c), which impounds 1.9 × 1010 m3 at an
elevation of 1,882 m (Nelson et al. 1994), or
superimposed on regional tectonic depressions,
like Lake Taupo in New Zealand (Fig. 1d), which
contains 6 × 1010 m3 (Lowe and Green 1992).
Lake Toba in Indonesia is the world’s largest
caldera lake and holds 2.4 × 1011 m3 of water
(Chesner and Rose 1991). A review of c. 200
Late Pleistocene or younger terrestrial calderas
found that around half held one or more intrac-
aldera lakes (Manville 2010), either with or
without a surface outlet (Larson 1989).

In addition, volcanism is the third most
common dam-forming mechanism, accounting
for 8 % of natural-dammed lakes globally (Costa
and Schuster 1988). Volcanogenic dams include
lava flows (Fenton et al. 2004), pyroclastic flows
(Aramaki 1981; Macías et al. 2004), debris ava-
lanches from the collapse of stratovolcanoes
(Meyer et al. 1986; Capra and Macías 2002), and
rapid aggradation by lahars (Umbal and Rodolfo
1996). These blockages may impound lakes in
the source crater or caldera, adjacent ones,
or local valley systems (Fig. 2). All such
impoundments have the potential to generate
catastrophic break-out floods through sudden
failure of the volcanic barrier, in some cases
triggered by the resumption volcanism. The
resulting floods from large volcanic lakes rank
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amongst the largest post-glacial floods on Earth
(O’Connor et al. 2013).

1.1 Classification of Hazards
Associated with Volcanic Lakes

A wide range of hazards derive from volcanic
lakes as a direct consequence of magma:water
interactions at the vent, or through the interaction
of volcanically generated mass-flows (pyroclastic
flows, debris avalanches, lahars, and lava flows)
with the water body (Fig. 3). Consequently,
although only c. 3.5 % of recorded volcanic
eruptions have occurred through lakes (Simkin

and Siebert 1994), these have been responsible
for approximately 15 % of recorded deaths
(Table 1). In many cases, a primary hazardous
phenomenon can trigger a series of other sec-
ondary effects in a process-chain (Fig. 3): for
example, a subaqueous explosion that breaches
the lake surface can generate tsunamis that
overtop the lake outlet to form a lahar, which
itself causes erosion of the spillway leading to
further water release and downstream flooding
(McGimsey et al. 1994; Waythomas et al. 1996).
Under certain (poorly understood) conditions,
magma:water interactions can increase the vio-
lence and explosivity of volcanic eruptions
(Thorarinsson et al. 1964; Lorenz 1973; Sheridan

2

1

1

(a)

(c)

(d)

(b)

Fig. 1 A selection of volcanic lakes from around the
world. a Crater Lake, Mt. Ruapehu, New Zealand. This c.
400 m diameter lake lies at a surface elevation of c.
2,530 mASL. Explosive volcanic activity has generated
frequent hazards, including base surges (deposits
arrowed) and eruption-triggered lahars by displacement
waves over the outlet (1) or Surtseyan jetting over the
crater rim (2). This photo was taken the day after the
25 September 2007 eruption. (Image B. Christenson,

GNS Science). b Pulvermaar in the volcanic Eifel region
of Germany. Diameter is c. 700 m. c Crater Lake, Oregon.
Formed by caldera collapse during the 7.7 ka Mazama
eruption, this 10 km diameter lake lies 1882 mASL and
has no surface outlet. (Wikipedia commons). d Lake
Toba, 87 km long, lies in a volcano-tectonic collapse
structure last modified during the 74 ka Toba super-
eruption. (Landsat Image)
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and Wohletz 1983; Wohletz 1986). Factors that
influence the explosivity of the interaction likely
include magma type, mass eruption rate, nature
of magma pre-fragmentation, and water depth
(Wohletz 1986; Mastin 1995; Koyaguchi and
Woods 1996). The net effect can be to increase
the area of the primary hazard by up an order of
magnitude through the generation of base surges
(Moore 1967) and even more with tsunamis
(Latter 1981). A 0.01 km3 monogenetic basaltic
eruption in an arid environment would produce a
localised scoria cone, the same magma volume
erupted in wet environment can produce a 1 km
diameter maar/tuff-ring with phreatomagmatic
base surges extending to >3 km radius (Németh
et al. 2012). The travel distance of tsunamis
is effectively limited by the dimensions and

bathymetry of the water body, in lakes this can
be 10’s of km. Alternatively, magma and water
can mix relatively non-violently (Batiza and
White 2000). A review of historical eruptions
through volcanic lakes shows that c. 2 %
involved relatively passive growth of subaqueous
to emergent lava domes (Table 1). Other hazards
reported during eruptions through water include
tsunamis and seiches generated by volcano-
tectonic displacements of the lake floor, Surtse-
yan jets, tephra and ballistic fall, lahars, lightning
(associated with wet ash clouds), and torrential
rainstorms (Mastin and Witter 2000). Growth in
population and infrastructure, particularly in the
developing world, has increased exposure to
hazards from volcanic lakes and a number of
major cities are vulnerable to volcano-lake

Fig. 2 Lakes impounded behind dams of volcanic
material. a Lake Chungará, dammed at c. 6 ka by a
debris avalanche from Parinacota stratovolcano, Chile.
(Wikipedia commons). b Spaceborne view of the snow-
capped cone of Parinacota: Lake Chunagará lies c. 8 km
to the south. Numerous other lakes, including Cotacotani,
are impounded by the irregular topography of the debris

avalanche deposits to the west (NASA image ISS029-E-
20003). c Lake Garibaldi (10 km2, 1,500 m ASL, >250 m
deep) dammed by lave flows from Mt. Price and Clinker
peak, British Columbia, Canada. (Wikipedia commons).
d Lake Mapanuepe, dammed by lahars in the Marella
river, Pinatubo, Philippines 1991 (USGS image)
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interactions including Managua, the capital of
Nicaragua (population 2.2 million). Therefore,
characterisation and understanding of the range
of hazards is vital to their mitigation.

2 Subaqueous Explosive
Volcanism

The rapid conversion of thermal to kinetic energy
during the violent mixing of magma and water in
a subaqueous eruption fuel-coolant reactions
(Wohletz 1986; Frost et al. 1994; White 1996)

produces an expanding and buoyantly rising
bubble of water vapour, magmatic gas, and
magma fragments whose interactions with the
ambient water column can cause ballistic ejection
of most of the volume of a crater lake from its
basin (Nairn et al. 1979), as well as generating
base surges (Moore 1967; Waters and Fisher
1971) and impulsive tsunami in larger water
bodies (Watts and Waythomas 2003). Volcanic
tsunamis (Latter 1981), including explosion
generated waves, are treated separately in this
discussion due to their range of potential trig-
gering mechanisms.

Eruption-
triggered

laharDisplacement
over outlet

Displacement
over outlet

Displacement
over rim

Breaching of rim

Displacement
over rim

Outlet blocked by
eruption products

Surtseyan jet

Gas release

Subaqueous
explosive
eruption

(Ruapehu)
(Kelut)

(Ruapehu)

(Ruapehu)
(Kelut)

(Karymskoye)

Base surge

Subaqueous
effusive
eruption

Down-cutting

Break-out
flood

(Fisher)
(Okmok)

(Aniakchak)

(Ilopango)

(Taupo 1.8 ka)
(Karymskoye 1996)

(Ruapehu 1953, 2007)

Debris avalanche

Earthquake

Limnic (gas eruption)

(Kasu)

(Nyos)

(Nyos, Monoun, Dieng)

(Taupo, Spirit Lake
Lake Managua)

Pyroclastic flow

(Tarawera)

Down-cutting

Tsunami/seiche

Tsunami/seiche

(Taal)

(Taal)

Break-out
flood

Break-out
flood

(Lake Managua)

(L’Etange 
Sec)

overfilling

headward erosion

back-flooding

(Lake Mapuanepe)
(Tarawera 1886)

(Taupo 22ka)

Type III 
hazards

Type II hazards

Type I hazards

Fig. 3 Classification of the main hazards associated with
volcanic lakes, including triggering mechanisms and
process-chains. Examples of volcanoes where these

hazards have been observed historically are shown in
brackets; names are italicized where the hazard has been
inferred
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2.1 Surtseyan Jets

Surtseyan jets, also known as “cock’s (rooster)
tail” or “cypressoid” jets (Fig. 4) are charac-
teristic of subaqueous explosive volcanism
(Thorarinsson et al. 1964), and have been
observed in a number of lacustrine (Belousov
et al. 2000; Belousov and Belousov 2001) and
shallow marine settings (Morimoto 1948;
Machado et al. 1962; Reynolds et al. 1980).
They comprise black jets of tephra and water
that are ejected on sub-ballistic trajectories to
heights of up to 800 m at velocities exceeding
c. 100 m/s, and are produced during discrete
explosions in relatively shallow water (<200 m).
As the jets cool, they become fringed with
white clouds of condensing steam (Fig. 4).

By analogy with conventional (Cole 1948;
Kedrinksii 2005) and nuclear (Glasstone and
Dolan 1977) explosive tests, detailed observa-
tions and analysis of selected eruptions (Belousov
et al. 2000; Kilgour et al. 2010), and numerical
simulations (Morrissey et al. 2010) a subaqueous
volcanic explosion forms a sub-spherical bubble
filled with super-heated explosion products
including water vapour, magmatic gases and
pyroclastic material (Fig. 5). This rises buoy-
antly towards the surface, expanding as its
internal pressure equilibrates with the confining

hydrostatic pressure. Ahead of this, the explosion
shock wave impinges on the water surface, typ-
ically forming a symmetrical spray dome by
spallation and cavitation that may rise several
hundred metres into the air but which contains a
volumetrically insignificant volume of water.
The ascending explosion bubble then deforms
the water surface above it, forming a rapidly
rising dome of water. When this breaches, the
explosion bubble vents to the atmosphere.
The sudden drop in internal pressure causes the
water:gas interface at the bubble’s base to
rebound, rapidly collapsing the transient cavity
and generating vertically- and radially-directed
jets as it ‘turns inside out’ (Fig. 5).

2.2 Base Surges

Base surges are ring-shaped basal clouds (Figs. 4
and 5) that sweep outwards as a dilute density
current from the base of a vertical explosion
column (Moore 1967). They are produced during
subaqueous explosive eruptions principally
through disruption of the rim of the transient
cavity (Fig. 5), and secondarily by collapse of
Surtseyan jets, and move radially outwards as
mixtures of pyroclasts, water droplets and steam
at typical velocities of 20–65 m/s (Moore 1967;

Fig. 4 a Surtseyan jets generated during the eruption of a
submarine volcano north of Tongatapu in the Tonga
Islands rising to >800 m. Darker ‘cypressoid’ or ‘rooster-
tail’ jets are composed of mixtures of water droplets, gas
and pyroclastic fragments, lighter clouds are steam and
condensate. A toroidal base surge is propagating out from

the base of one of the eruption columns (Getty images).
b Small Surtseyan jet and base surge generated during a
minor phreatic eruption, typical of activity during the late
1970s and early 1980s at Ruapehu volcano, New Zealand
(Image GNS archive)
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Belousov et al. 2000). Base surges generated at
Taal volcano in the Philippines are likely to have
been responsible for most of the deaths on

Volcano Island during the 1911 eruption, while
in 1965 they reached up to 8 km from the vent,
depositing surge-bedded dunes proximally and
wet-mud aggregates and coatings distally (Moore
et al. 1966a, b; Moore 1967). Base surges gen-
erated by explosive eruptions through a postu-
lated caldera lake have been suggested as playing
a role in the 1790 AD Kilauea eruption that killed
80–300 people (Mastin 1997).

2.3 Seiches

Seiches are standing waves produced in semi- or
fully enclosed bodies of water due to resonant
amplification of waves initiated by another
mechanism (i.e. fluctuations in atmospheric
pressure, earthquakes, or tsunami). Under certain
circumstances they may be higher and more
persistent than the original tsunami: studies at
intermontane Lake Tahoe indicate potential
seiche run-ups of up to 10 m in response
to seismogenic fault offsets of the lake bed
(Ichinose et al. 2000). Seiches are also a dem-
onstrated hazard at volcanic lakes: a tectonic
earthquake at Taal caldera lake in 1749 destroyed
villages and caused fatalities (Newhall and
Dzurisin 1988), while seiches of up to 0.5 m
were reported at Lake Taupo in response to
seismic faulting during earthquake swarms in
1922 and 1983 (Ward 1922; Otway 1986; Webb
et al. 1986). Seiches set up by volcanic explo-
sions during the 1965 Taal eruption capsized a
number of boats, resulting in a number of fatal-
ities (Moore et al. 1966b).

2.4 Atmospheric Effects—Rain
and Lightning

Phreatomagmatic eruptions through volcanic
lakes can result in torrential local rain due to
steam condensation, potentially aided by nucle-
ation on ash particles, sometimes in association
with intense lightning activity (Mastin and Witter
2000). This can contribute to local flood hazards
and syn-eruptive reworking of pyroclastic

(a)

(b)

(c)

water dome

Surtseyan jets

spray dome

shock wave

Fig. 5 Inferred sequence of events during a subaqueous
explosive eruption. a Initial explosion during magma-
water mixing: this fuel:coolant reaction generates a shock-
wave whose energy is largely reflected off the air:water
interface at the lake surface, but still manages to raise a
dome of spray. b As the explosion bubble of eruption
products and water vapour equilibrates with the ambient
hydrostatic pressure it expands and rises buoyantly, lifting
a semi-spherical dome of water above it. c The water
dome breaches as it thins and stretches and as the
explosion bubble breaches the surface, the sudden drop in
internal pressure as the transient cavity vents to the
atmosphere causes its base and sides to rebound, gener-
ating vertical and radial water jets that entrain the bubble
contents and remnants of the water dome
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deposits. Examples have been observed at Taal
volcano (Moore et al. 1966a, b), and inferred at:
(i) Lake Taupo during the Hatepe and Rotongaio
phases of the 1800a Taupo eruption (Walker
1981; Smith and Houghton 1995); and (ii)
deposition of the Rotomohana Ash during the
1886 eruption at Tarawera (Nairn 1979; Walker
et al. 1984).

3 Volcanic Tsunamis

Tsunami triggered by volcanic processes account
for 25 % of all volcano-related fatalities since
1783 (Witham 2005), mostly associated with the
marine 1883 Krakatau eruption (Carey et al.
2001). A range of triggers have been implicated
(Latter 1981), with wave generation typically
accomplished by volumetric water displacement
(Fig. 6), for example by: a gas-filled explosion
bubble (Egorov 2007; Morrissey et al. 2010);
pyroclastic flows (Waythomas and Neal 1998;
McCoy and Heiken 2000; de Lange et al. 2001;

Watts and Waythomas 2003); basin floor dis-
placement; and subaerial and/or subaqueous
mass flows including debris avalanches (Johnson
1987; Tinti et al. 2006a; Begét et al. 2008) and
landslides (Ward 2001), and lahars (Chrétien and
Brousse 1989; Walder et al. 2003). While the
greater travel distance of such events is largely
irrelevant in the context of confined lake basins,
the generating mechanisms remain pertinent.

3.1 Explosion-Generated Tsunamis

During subaqueous volcanic explosions, tsunamis
are principally generated during the phase of up-
doming of the water surface, including the period
when the bubble breaches the surface and the
uplifted rim of the transient cavity is pushed out-
wards by its expanding contents (Figs. 5 and 6).
Smaller tsunamis are also generated by fallback of
Surtseyan tephra jets and coupling of the water
surface with atmospheric shock waves and base
surges (Latter 1981; Mastin and Witter 2000;

pyroclastic flow

steam plume

debris avalanche

(i)
(iii) (iv) (iv)

(vi)

(v)
(ii)

(ii)

(ii)

shockwave
Surtseyan jets

Fig. 6 Tsunami-generating mechanisms associated with
volcanic lakes, including subaqueous explosive eruptions.
Surface waves may be triggered by upward and lateral
displacement of water due to: (i) an expanding explosion
bubble; and (ii) entry, and continued subaqueous move-
ment of an initially subaerial (or wholly subaqueous)
gravitational mass flow (pyroclastic flow, landslide, debris
avalanche, or major lahar). Other causes include down-
ward and lateral displacement of water caused by: (iii) the

sinking of material from a segregating pyroclastic flow
travelling over the water surface; (iv) coupling with a base
surge or atmospheric pressure wave; and (v) collapse of
jetted material. Also, (vi) upward or downward displace-
ments due to seismogenic (i.e. rapid) volcano-tectonic
movements. Of these only (i), (ii) and (vi) are capable of
generating large waves in the far field (Watts and
Waythomas 2003)

Volcano-Hydrologic Hazards from Volcanic Lakes 37



Watts and Waythomas 2003). Observations of
tsunami waves at volcanic lakes are limited to the
1996 Karymskoye Lake eruption (Belousov et al.
2000), minor phreatic events at Ruapehu during
the 1970s and 1980s (McClelland et al. 1989),
Taal volcano in 1911 and 1965 (Moore et al.
1966a, b), and a number of other crater lakes
(Table 1) mainly known for their eruption-
triggered lahar record (Mastin and Witter
2000). During the 1996 eruption at Karymskoye
Lake “a light gray ‘collar’ [which] appeared
around the focus (epicentre) of the explosion,
representing a nearly axially-symmetric eleva-
tion of the water surface 130 m high that propa-
gated radially at about 40–20 m/s to form the
tsunami” (Belousov et al. 2000). Run-up from
these surface gravity waves reached 30 m on
adjacent shorelines 1.3 km away from the eruption
centre (Belousov et al. 2000; Torsvik et al. 2010).
Tsunami run-up deposits have been identified c.
20 m above the contemporaneous lake level at
Lake Managua in Nicaragua in association with
the 6.3 ka Mateare Tephra eruption (Freundt et al.
2006, 2007), and at Fisher caldera in Alaska
(Stelling et al. 2005).

3.2 Pyroclastic Flow-Generated

Pyroclastic flows, comprising hot, gas-rich,
debris-laden, ground-hugging free-surface grav-
ity currents that travel laterally away from their
sources (Sparks 1976; Druitt 1998), are a com-
mon phenomenon associated with explosive
volcanic activity and are demonstrably tsunami-
genic (Latter 1981; Carey et al. 1996, 2000; Hart
et al. 2004).

Most studies of volcanic tsunamis are based on
submarine and coastal volcanoes, including the
1883 AD Krakatau eruption in Indonesia (Self
and Rampino 1981) which produced proximal
tsunami waves up to 35 m high that caused c.
36,000 deaths in coastal areas of Java and
Sumatra up to 100 km from the volcano, and were
still lethal in Sri Lanka 2,500 km away (Latter
1981; Carey et al. 2000, 2001). Pre-historic tsu-
nami generated by pyroclastic flows entering the

sea are known from a number of other regions,
including Alaska (Waythomas and Neal 1998)
and the Mediterranean, where they are associated
with the Minoan eruption of Santorini (McCoy
and Heiken 2000).

Pyroclastic flow-triggered lacustrine tsunamis
have not been observed in historical times.
However, they have been inferred at Lake
Managua in Nicaragua where the c. 24 ka Apoyo
ignimbrite erupted from a caldera 20 km away is
estimated to have entered the lake at volume
fluxes of 3 × 106 m3/s and velocities of 65 m/s
(Freundt et al. 2006), and at Lake Tarawera in
New Zealand during the c. 1315 AD Kaharoa
eruption (Hodgson and Nairn 2005). They will
certainly have occurred at many caldera lakes
where voluminous explosive activity has pro-
duced pyroclastic flows from mid-lake vents, for
example during several Holocene eruptions at
Lake Taupo (Wilson 1993). Tsunamis with this
source mechanism are also implicated in the
triggering of break-out floods at a number of
Alaskan calderas (Table 2). At Fisher, an erup-
tion at c. 1.5 ka from an mid-lake vent apparently
triggered breaching of the southern caldera wall
by overtopping waves with run-ups exceeding
20 m (Stelling et al. 2005).

3.3 Debris Avalanches/Landslide-
Triggered

Debris avalanches generated by the gravitational
collapse of a volcanic edifice are a common
phenomenon at stratovolcanoes around the
world, occurring on average 4 times per century
(Siebert 1984, 1996) due to a range of causes
(McGuire 1996). Such failures are highly tsun-
amigenic (Keating and McGuire 2000), as
has been demonstrated at a number of coastal
(Siebert et al. 1995; Begét et al. 2008) and island
volcanoes (Johnson 1987; Tinti et al. 2006b;
Chiocci et al. 2008). For example, the tsunami
generated by the 1792 AD collapse of the Mayu-
yama dome at Shimabara killed an estimated
15,000 people around the shores of the Sea of
Japan (Neall 1996; Tanguy et al. 1998).
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Lacustrine tsunamis generated by landslides,
rockfalls and icefalls are well known, and are
often implicated in the failure of natural landslide
and moraine dams (Lliboutry et al. 1977;
Hermanns et al. 2004; Kershaw et al. 2005).
Volcanogenic examples are less frequent
(Table 1), but the most notable historic case is the
18 May 1980 debris avalanche at Mount St.
Helens, which entered Spirit Lake (itself the
product of valley-damming by a prehistoric flank
collapse) to generate a wave with a run-up of
260 m (Voight et al. 1981). In 1999, a relatively
small (150,000 m3) landslide from the crater walls
of the Quaternary Kasu tephra cone in the high-
lands of Papua New Guinea displaced 5–10 % of
the lake’s volume, triggering a 15 m high wave
that overtopped a low point on the crater rim
killing one person (Wagner et al. 2003). At Fer-
nandina volcano in the Galapagos, c. 1 km3 of the
caldera rim collapsed forming a debris avalanche
that displaced the existing 2 km wide shallow
intracaldera lake to the N and NW as a tsunami in
1988 (SEAN 13:10). Collapse of a geothermally-
weakened fault scarp at the southern end of Lake
Taupo in 1846 AD generated a lethal debris
avalanche that triggered a small tsunami when it
entered the lake (Hegan et al. 2001).

Prehistoric tsunamis induced in volcanic lakes
by mass movements are inferred at Lake Mana-
gua, Nicaragua, where two recent debris ava-
lanche deposits from Volcán Mombacho
penetrate up to 7 km into the lake to form small
islands (Freundt et al. 2007).

3.4 Lahar-Triggered

Lahars entering volcanic lakes are also tsunami-
genic if they are sufficiently rapid and volumi-
nous (Walder et al. 2006): the 18 May 1980 Pine
Creek lahar at Mount. St. Helens generated a
0.4 m high wave on Swift Reservoir 22.5 km
away from its entry point (Pierson 1985). During
the May 1902 eruption of Soufrière St. Vincent, a
lahar triggered by collapse of the crater rim of

L’Etang Sec generated a 3–4 m high tsunami
when it reached the sea (Chrétien and Brousse
1989). Similarly, very large and fast jökulhlaups
have produced waves in coastal waters around
Iceland (Björnsson 2002).

3.5 Earthquake-Triggered

Tectonic movements on faults crossing volcanic
lakes can cause displacements sufficient to gen-
erate tsunami or excite seiches, whether related to
volcanic activity or not. Recorded examples
include at Taal in 1749 AD, where villages were
destroyed and lives lost (Newhall and Dzurisin
1988), and at Lake Taupo in association with
historic earthquake swarms (Ward 1922; Otway
1986; Webb et al. 1986).

4 Limnic Gas Eruptions

A special hazard at volcanic lakes, and some
other major volcanically-influenced water bodies
such as Lake Kivu (Nayar 2009), is the explosive
exsolution of dissolved magmatic gases, princi-
pally CO2 and methane, which accumulate in the
water column (Tazieff 1989). Eruptions can be
driven by over-saturation, climatic conditions,
landslides into the lake, or volcanic activity. In
1984 a gas burst from Lake Monoun killed 37
people (Sigurdsson et al. 1987), and was fol-
lowed 2 years later by the Lake Nyos disaster in
the same country (Kling et al. 1987; Barberi et al.
1989; Tazieff 1989). Lake Nyos is a small
(1,925 × 1,180 m) water body hosted in a maar-
diatreme crater. On 21 August 1986, a small
landslide into the 208 m deep lake triggered
overturn and the catastrophic release of
0.3–1 km3 of CO2 which overflowed the crater
outlet and travelled over 10 km downstream as a
dense, suffocating flow. Water surges triggered
by the gas release caused waves that washed up
to 25 m above the lake shoreline and 6 m deep
over the outlet (Kling et al. 1987).
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5 Volcanogenic Floods
from Volcanic Lakes

Volcanic lakes are prone to sudden and cata-
strophic releases of water, either directly as a
result of explosive volcanic activity (Table 1), or
due to failure of their impoundments following
active (i.e. eruption-triggered) or passive (i.e.
overfilling) overtopping and runaway erosion
(Table 2). In either case, the combination of large
volumes of water, significant topographic eleva-
tion, and abundant pyroclastic material available
for remobilisation makes such events particularly
hazardous as they tend to travel down existing
river valleys, which are frequently the locus of
extensive populations.

Crater lakes, developed in pits excavated by
explosions above volcanic vents, are prone to
explosive (ballistic) ejection or displacement
(including by waves) during eruptive activity.
Consequently, primary eruption-triggered lahars
from such water bodies have been one of the
most lethal historic volcanic hazards (Table 1).

5.1 Eruption-Triggered Lahars

The summit of the stratovolcano of Mt. Kelut
(1,731 m) on the Indonesian Island of Java is
occupied by a crater lake that has been the source
of multiple eruption-triggered lahars that have
claimed tens of thousands of lives over the past
millennium. Initial explosive phases of VEI-4
eruptions, occurring at mean intervals of 13 years
(range 8–18) have ejected up to 40 × 106 m3 of
water in a matter of seconds, before progressing
to Vulcanian eruptions, sometimes accompanied
by pyroclastic flows. The resulting lahars have
devastated the densely populated Plains of Blitar,
destroying villages and killing tens of thousands
since records began in c. AD 1000 (van Padang
1951; Zen and Hadikusumo 1965). In May 1848
an eruption caused partial breaching of the crater
rim, releasing 48.7 × 106 m3 of water (Neall
1996). Similar events (Table 1) are reported at
Galunggung, Kaba, Raung, and Ijen (Mastin and
Witter 2000).

The summit crater of Mt. Ruapehu, New
Zealand’s largest and most active onshore
andesitic stratovolcano, hosts a hot acidic lake at
an elevation of c. 2,530 m. Primary lahars have
accompanied all large historic eruptions through
the explosive ejection of Crater Lake water over
the rim (Fig. 1a), and volumetric displacement
(Healy et al. 1978; Nairn et al. 1979; Cronin et al.
1997), sometime forming unusual snow slurry
lahars (Kilgour et al. 2010). Secondary lahars
have been triggered by heavy rain on ash
deposits (Cronin et al. 1997; Hodgson and
Manville 1999), while break-out lahars have
followed magmatic eruptions by a decade
(Manville et al. 2007) (see below).

5.2 Floods Triggered by Tsunami

During the 1996 eruption of Karymskoye in
Kamchatka, tsunamis triggered by subaqueous
explosive eruptions caused water to surge over the
outlet from the lake as a series of waves, triggering
flooding along the Karymskaya River with a
maximum discharge of 500 m3/s (Belousov and
Belousov 2001). Similar lahars have been
observed at Ruapehu where explosions have also
displaced water over the outlet area when the lake
has been full during eruptions (Cronin et al. 1997;
Kilgour et al. 2010).

5.3 Floods Triggered by Lake Floor
Displacement

Volcano-tectonic uplift of basin floors has been
implicated as a factor in the generation of a
number of volcanic floods. This may occur
through emplacement of a subaqueous lava dome
or shallow intrusion, or through inflation of a
shallow magma chamber, although it has been
argued that even a significant magma intrusion
event would produce negligible surface defor-
mation at a caldera lake like Taupo (Ellis et al.
2007). Rates of water displacement by subaque-
ous intrusion of lava domes are limited by the
effusion rate, which is typically 1–10 m3/s.
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Higher rates may be associated with inflation of a
shallow magma chamber, either due to injection
of a hot slug of basaltic magma or runaway
vesiculation at its top, or thermal expansion of
groundwater.

A historical flood of this type from an
intracaldera lake occurred at Ilopango Caldera, El
Salvador (Goodyear 1880; Newhall and Dzurisin
1988; Richer et al. 2004). The present lake
occupies a nested rectangular caldera most
recently modified by eruption of the Tierra
Blanca Joven ignimbrite in AD 479 (Rose et al.
1999). In January 1880, subaqueous eruption of a
dacitic lava dome raised the level of the 108 km2

lake by 1.2 m (Goodyear 1880) over a period of
5 days. Increased overflow through the narrow
outlet channel of the Río Desagüe caused rapid
downcutting, with the lake level falling by 9.2 m
between 12 and 20 January. Peak discharges are
estimated at c. 3 × 103 m3/s based on drawdown
rates of c. 0.1 m/h, resulting in destruction of the
downstream town of Atusulca (Newhall
and Dzurisin 1988; Richer et al. 2004). By 8
February the lake had fallen by an additional
2.6 m, corresponding to a total water loss of
1.2 × 109 m3.

Displacement of the floor of Crater Lake,
Ruapehu, during the 1995 eruption sequence is
recorded by a stage hydrograph on the single
outlet channel 58 km downstream at Karioi. The
data shows a complex series of transient, spiky,
primary explosion-triggered lahars superimposed
on a broad trend lasting c. 14 days with a peak
discharge of c. 30 m3/s that is inferred to repre-
sent steady uplift of the lake floor by rising
magma (Cronin et al. 1997). Total displacement
by this uplift is estimated at c. 6 × 106 m3, rep-
resenting half the volume of the pre-eruption
lake, and a volume equivalent to that expelled by
explosive ejection over the rim and outlet. An
alternative explanation is that this represents
superposition of the exponential waning limbs of
individual eruption-triggered flows. Water dis-
placements are also associated with the October
2006 (Kilgour et al. 2007) and September 2007

(Kilgour et al. 2010) phreatic events at Ruapehu,
where increased lake level has also been associ-
ated with injection of water from the sub-lake
hydrothermal system (Christenson and Wood
1993; Christenson et al. 2010).

5.4 Jökulhlaups

A special class of potentially hazardous volcanic
lake comprises sub-glacial water bodies, break-
outs from which, termed jökulhlaups, have been
identified as the most frequently occurring vol-
canic hazard in Iceland where a number of large
basaltic calderas filled with subglacial lakes lie
beneath the Vatnajökull and Mýrdalsjökull ice-
caps (Björnsson 1975, 1992; Tómasson 1996;
Björnsson 2002). Most such floods are relatively
small, and result from semi-periodic accumula-
tion and drainage of geothermally sustained
subglacial lakes. However, larger, less frequent
events with peak discharges in the range
103–105 m3/s are associated with major subgla-
cial volcanic eruptions that create transient lakes
or overfill existing ones (Tómasson 1996;
Gudmundsson et al. 1997; Tómasson 2002;
Carrivick et al. 2004). Despite being functionally
a class of glacier-lake breakout because the out-
flow hydrograph is controlled by the glacier not
the volcano (Walder and Costa 1996; Clarke
2003), they are included here since the lake is
the result of volcanic activity. Volcanogenic
floods generated by the melting of snow and ice
(Pierson et al. 1990) are however excluded unless
a transient lake is developed (Waitt et al. 1983;
Pierson 1997). In the latter case, a directed blast
from the Mount St. Helens lava dome on 19
March 1982 dynamically mixed hot pyroclastic
debris with snow and ice in the crater basin. A
meltwater lake developed within tens of minutes
to cover an area of 0.3 km2 to a depth of 8–15 m,
as indicated by rafted pumice blocks and mud-
lines, before simultaneously breaching through
outlet channels on either side of the lava dome.
The lake held c. 4 × 106 m3 of water at its
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highstand, but the total outflow was considerably
more as contributions from snowmelt continued
during lake drainage. Combined peak discharge
for the two spillways is estimated at 2.6–
4.4 × 103 m3/s: bulking and transformation to
debris flow increased this to 9 × 103 m3/s by
6 km downstream.

6 Non-volcanogenic Floods
from Volcanic Lakes

In addition to the volcanogenic triggering of
break-out floods from volcanic lakes, these water
bodies are also vulnerable to non-volcanic
breaching of their impoundments, resulting in
partial or total drainage of the whole basin.
Newly created volcanic lakes are particularly
vulnerable to breaching as they fill with meteoric
water due to the inherent instability of their
dams, which are typically constructed of uncon-
solidated, often low density material, and without
the benefit of engineered spillways. Failure of the
volcanic dam or basin rim can occur due to either
overtopping or piping from within (Waythomas
et al. 1996; Massey et al. 2010) or headward
erosion of an external drainage (Karátson et al.
1999). A review of the geological literature
reveals that such floods are a relatively common
phenomena worldwide (Table 2).

6.1 Crater Lakes

The best characterised example of a passive
break-out from a Crater Lake is at Mt. Ruapehu,
New Zealand. Following the 1995–1996
sequence that emptied the Crater Lake during a
series of initially phreatic, phreatomagmatic and
then purely magmatic eruptions (Nakagawa et al.
1999), the lake basin refilled with precipitation
run-off and fumarolic condensate over the fol-
lowing 11 years. On 18 March 2007, the rising
Crater Lake breached the tephra dam following
destabilisation of its downstream face by piping
flow (Massey et al. 2010); releasing c. 1.3 mil-
lion m3 of water in less than 2 h (Manville and

Cronin 2007). The flood bulked up through
entrainment of snow, ice, colluvium, and older
lahar deposits in the Whangaehu Gorge to form
one of the largest lahars of the historical
sequence (Carrivick et al. 2009; Graettinger et al.
2010; Procter et al. 2010; Lube et al. 2012). No
lives were lost during this event owing to
improvements in knowledge and monitoring, in
contrast with the 1953 Tangiwai lahar that
claimed 151 lives (Healy 1954; O’Shea 1954).
This break-out was triggered by collapse of an
unstable barrier composed of volcanic material
deposited during the 1945 eruption and but-
tressed by the Crater Basin Glacier (O’Shea
1954; Manville 2004). Approximately 1.8 × 106

m3 of 26 °C water was released into the head-
waters of the Whangaehu River over a period of
1–2 h following piping failure of the tephra dam
(Fig. 7a). The flow rapidly entrained snow, ice,
and volcanic debris and alluvium to transform
into a debris- to hyperconcentrated flow that
critically damaged a railway bridge 39 km
downstream at Tangiwai (Fig. 7b), resulting in
the loss of 151 lives (O’Shea 1954; Stilwell et al.
1954). Palaeohydraulic analysis indicates that the
peak discharge from Crater Lake was c. 350 m3/s,
bulking to 2,000 m3/s by 10 km downstream
(Manville 2004) and attenuating to c. 590–
650 m3/s at Tangiwai.

Other historic non-volcanic floods from crater
lakes include the 1875 non-volcanic failure of
60 m of the western rim of Mt. Kelut (Table 2),
which collapsed during heavy rain releasing a
lethal cold lahar and changing the principle lahar
path to the southwest (Suryo and Clarke 1985).
Elsewhere in Indonesia, break-out of a crater lake
has been correlated with a devastating flood
in AD 1638 at Raung (van Padang 1951).

A mudflow and flood in 1541 AD that
destroyed part of the former capital of Guatemala,
Ciudad Vieja, claiming >1,300 lives has been
attributed to collapse of the crater rim of Agua
following a period of torrential rain (Mooser et al.
1958; Neall 1996). No lake was reported in the
crater prior to this event, although it is possible
that an ephemeral water body formed and failed
due to the intense precipitation.
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An unusual mechanism for generating a crater
lake break-out has been inferred for the c. 2.5 km
diameter Albano composite maar in Italy
(Funiciello et al. 2003; De Benedetti et al. 2008).
In Roman times, the lake stood some 70 m higher
than its current surface elevation of 293 m,
coincident with the low point of the topographic
rim, which also forms the apex of a 60 km2

outwash fan of laharic deposits. This fan indi-
cates at least two catastrophic water releases from
the lake during the Holocene (Funiciello et al.
2003), while Roman archives record an overspill
event in 398 BC (De Benedetti et al. 2008). Both
authors speculate that during climatic highstand
periods, seismically-triggered injections of CO2-
rich hydrothermal fluid into the groundwater and
lake bed triggered dramatic rises in lake level
accompanied by overspill and partial failure of
the crater rim.

6.2 Caldera Lakes

Historical examples of break-out floods from
caldera lakes include Pinatubo, in the Philip-
pines, in 2002. The 5–7 km3 DRE eruption of
Pinatubo in June 1991 formed a 2.5 km wide
summit caldera that accumulated a lake over the
following decade (Stimac et al. 2004). As the

lake approached the low point on the rim
(960 mASL) a crisis developed due to recogni-
tion of the potential for catastrophic breaching
and the release of a huge lahar into the heavily
populated Balin-Baquero catchment. During
August-September 2001 a trench was dug by
hand through the unconsolidated 1991 pyroclas-
tic deposits forming the upper part of the rim in
an attempt to trigger a controlled break-out, or at
least prevent a further rise in lake level (Lagmay
et al. 2007). However, outflow through the trench
was too slow to produce a controlled breach.
Failure of the caldera rim was delayed until 10
July 2002 when Typhoon Gloria delivered
740 mm of rain to the Pinatubo area (Bornas
et al. 2003). Approximately 65 × 106 m3 of water
was released at up to 3,000 m3/s, lowering the
lake level by 23 m and eroding a V-shaped notch
in the caldera rim. Downstream bulking of the
flow with abundant pyroclastic debris from the
1991 eruption generated the largest lahar of
the entire post-Pinatubo sequence, aggrading the
Bucao River valley by 3–5 m and threatening the
town of Botolan (population 40,000).

Subaqueous eruption of a tuff ring in
Karymskoye lake, Kamchatka, on 3 January
1996 generated not only primary lahars through
the explosive displacement of lake water, but
also temporarily blocked the outlet to the 4 km

Fig. 7 a Breach in tephra dam/glacier ice resulting from
the 24 December 1953 break-out of Ruapehu’s Crater
Lake. Mouth of ice tunnel is c. 50 m wide and 30 m high.
Remnants of tephra dam visible to left of breach. (GNS
archive). b Oblique aerial view of Tangiwai, 38 km

downstream from Crater Lake. The lahar came from the
top of the picture and partially destroyed the railway
bridge just before the Wellington-Auckland express train
arrived [Archives New Zealand, R5, W2279/13, 300/
1607]
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diameter Akademiya Nauk caldera (Belousov
and Belousov 2001). After rising by 2.6 m, the
12.5 km2 lake breached the pyroclastic barrier on
15 May 1996, triggering a flood that deposited a
small fan downstream of the outlet gorge.

The c. 10 km diameter Aniakchak caldera was
formed by a major ignimbrite emplacing eruption
at c. 3.4 ka on the Alaskan peninsula (Miller and
Smith 1977). Post-eruption, the closed topo-
graphic depression (Fig. 8) was partially filled by
an intracaldera lake that rapidly drained follow-
ing failure of the caldera rim, releasing c.
3.7 × 109 m3 of water at a peak rate of 7.7 × 104

to 1.1 × 106 m3/s and cutting a 183 m deep notch
(McGimsey et al. 1994; Waythomas et al. 1996).
Highstand terraces indicate that the lake was
close to its maximum capacity before the
breakout, suggesting failure was initiated by
overtopping, possibly triggered by tsunamis or
water displacement during an intracaldera erup-
tion. Similar scenarios have been reconstructed at
the Fisher (Stelling et al. 2005) and Okmok
(Almberg et al. 2003) calderas in Alaska, and at
Towada volcano in Japan (Kataoka 2011) on the
basis of geological and geomorphic evidence
(Table 2).

Lake Taupo, the largest lake in the central
North Island of New Zealand partially occupies a
volcano-tectonic collapse structure whose pres-
ent configuration largely reflects caldera collapse

during the 26.5 ka Oruanui eruption and faulting
and downwarping on regional structures (Davy
and Caldwell 1998; Wilson 2001). The 530 km3

DRE Oruanui eruption destroyed a long-lived
Pleistocene lake system and deposited hundreds
of metres of unwelded pyroclastic deposits
around the collapse caldera to produce a closed
topographic depression (Wilson 2001; Manville
and Wilson 2004). Following the eruption, water
in Lake Taupo accumulated to reach a highstand
elevation of c. 500 m, as marked by an irregu-
larly preserved shoreline terrace (Grange 1937;
Manville and Wilson 2003, 2004). Overtopping
caused an initial overspill and 10–20 m drop to a
level controlled by a resistant sill of welded
ignimbrite, allowing development of another
palaeoshorelines terrace. Some time before
22 ka, headward erosion through non-welded
pyroclastic flow deposits 20 km to the east
breached the caldera rim, releasing an estimated
60 km3 of water in a break-out flood peaking at
3.5 × 105 m3/s (Manville and Wilson 2004).
During the 1800 a Taupo eruption, the outlet
gorge from the lake was blocked by voluminous
pyroclastic flow deposits (Wilson and Walker
1985) while much of the pre-eruption lake
was expelled, evaporated, or drained into a sub-
rectangular caldera collapse structure (Davy and
Caldwell 1998). Over a period of several decades
(Wilson and Walker 1985; Smith 1991a), the

Fig. 8 Aniakchak caldera in Alaska formed at c. 3.4 ka:
the intracaldera lake later breached to produce the largest
known Holocene terrestrial flood, releasing 3.7 × 109 m3of
water at a peak discharge of up to 1 × 106 m3/s
(Waythomas et al. 1996). a Aniakchak caldera looking

east, diameter c. 10 km (Image M. Williams, National Park
Service 1977). b ‘The Gates’ the c. 200 m deep breach cut
in the rim of the Aniakchak caldera by the break-out flood
(Image C.A. Neal, USGS)
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lake refilled to a mean highstand level of +34 m
above the modern elevation of 357 m, as marked
by a semi-continuous, tectonically warped and
offset wave-cut bench and highstand shoreline
deposit (Wilson et al. 1997; Riggs et al. 2001;
Manville and Wilson 2003). Failure of the 12 km
long unconsolidated pumiceous pyroclastic dam
was initiated by overtopping, and is inferred to
have been catastrophic based on the absence of
intermediate shoreline terraces between the
highstand and a wave-cut bench at +2–5 m
(Manville et al. 1999), releasing c. 20 km3 of
water in a single phase. Flood deposits can be
traced for over 220 km downstream from Lake
Taupo (Manville et al. 1999; Manville 2002), and
include: a 12-km-long vertical-walled spillway
immediately downstream of the outlet floored
with lithic gravel and boulder lags; streamlined
landforms sculpted from older deposits and
exhumed river terraces; bouldery fan deposits
and expansion bars downstream of valley con-
strictions; fine-grained slackwater deposits in off-
channel embayments and hydraulically ponded
depressions; valley-wide erosional unconformi-
ties; and buried forests in distal areas.

6.3 Pyroclastic Dams

As well as impounding water bodies within the
depressions of erupting volcanic centres, pyro-
clastic material emplaced laterally by pyroclastic
flows and surges, or by vertical fallout from
Plinian or ballistic eruptions can dam existing
valley systems at varying distances from the
active volcano.

The 1991 Pinatubo eruption in the Philippines
generated proximal pyroclastic flow deposits up
to 200 m thick that locally dammed numerous
catchments (Scott et al. 1996a). Most lakes were
shallow and short-lived, failing by overtopping
during the 1991 wet season, but others filled and
failed repeatedly as secondary pyroclastic flows
and/or lahars rebuilt barriers at late as 1994
(Table 2).

Pyroclastic flows emplaced by the March-
April 1982 eruption of El Chichón in southern

Mexico partially filled the drainage network on
and around the volcano, blocking the adjacent
Río Magdalena with deposits up to 30 m thick
and 300–400 m wide that extended for c. 1 km
along the valley (Silva et al. 1982; Macías et al.
2004). By the time the dam failed by overtopping
on 26 May it impounded a 5 km-long lake with a
volume of 48 × 106 m3 that reached boiling
temperatures due to its contact with 650 °C
pyroclastic material. Drainage is estimated to
have taken c. 2 h, generating a scalding flood that
cooled from 82 °C at 10 km downstream to
52 °C at a hydroelectric plant 35 km downstream
where a worker was killed. Peak discharge was
estimated at 1.1 × 104 m3/s (Macías et al. 2004),
while the break-out deposits covered 5 km2 and
thinned from 8.5 to 2 m distally. Deposit sedi-
mentology indicates that the flow evolved from
clear-water, through hyperconcentrated flow to
debris flow (Costa 1988). This event resembles
an oral legend of a hot flood in the same area
centuries before (Duffield 2001).

In 1912, the largest pyroclastic eruption of the
20th Century occurred in the Valley of Ten
Thousand Smokes in Katmai National Park in
Alaska (Hildreth 1983). A chain of secondary
phreatic explosion craters impounded a 1.5 km
long supra-ignimbrite lake that failed in the
summer of 1912 or 1913. The resulting flood
scoured the surface of the pyroclastic flow
deposit to a depth of 1–2 m, transported 0.5 m
diameter blocks of welded tuff over 20 km, and
aggraded the lower parts of the valley by 1–8 m
(Hildreth 1983). The eruption at Katmai also
created a small caldera, now occupied by a lake.
As the rate of filling has slowed markedly since
the 1950s a break-out is considered unlikely
(Motyka 1977).

The eruption of Asama, Japan, in 1783 AD
dammed the Agatuma-gawa River with a block-
and-ash flow. Breaching of the dam resulted in a
catastrophic flood that destroyed over 1,200
houses and killed an estimated 1,300 people
(Aramaki 1981; Yasui and Koyaguchi 2004).

Emplacement of the 30 km3 Taupo ignimbrite
over an area of 20,000 km2 radially disposed
around the vent also blocked numerous other
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catchments, leading to the development of mul-
tiple supra-ignimbrite lakes (Smith 1991b;
Manville et al. 2005), the largest of which
impounded c. 1.5 × 109 m3 of water over an area
of 190 km2 in the Reporoa Basin (Manville
2001). Further lakes formed in areas where river
valleys were dammed by distal pyroclastic flow
lobes (Segschneider et al. 2002). Overtopping
failure of these lakes likely generated break-out
floods and is believed to have contributed to the
re-establishment of drainage systems (Meyer and
Martinson 1989; Manville 2002). In more distal
areas, aggradation by lahars also dammed tribu-
taries to form numerous shallow, ephemeral
lakes.

The eruption of the Laacher See volcano at
12.9 ka, the largest late Quaternary eruption in
central and western Europe, blocked the Rhine
River to a depth of at least 15 m by a combina-
tion of primary pyroclastic flows that travelled
down tributary valleys and reworked pyroclastic
fall material from the lower Neuwied Basin (Park
and Schmincke 1997; Baales et al. 2002). Six km
upstream of the gorge blockage site an ephemeral
lake developed in the Neuwied Basin proper,
covering 80–140 km2 at its maximum as marked
by highstand rafts of floated pumice c. 15 m
above the pre-eruption land surface. The lake is
inferred to have failed catastrophically by earth-
quake shaking during late stage explosions from
Laacher See (Park and Schmincke 1997),
releasing an estimated 9 × 108 m3 of impounded
water in a flood that scoured channels floored by
dense lag deposits in the Neuwied Basin as it
drained and deposited fluvially-reworked pyro-
clasts for over 50 km downstream as far as Bonn.

6.4 Lava Flow Dams

Lava flows are eminently capable of blocking
river valleys owing to their downslope flow and
physical properties and dimensions. Lava flows
emplaced during the 1846–1847 eruptions of
Volcán Quizapu in Chile blocked a number of
tributaries of the Rio Blanquillo (Hildreth and
Drake 1992). In 1932 a pumiceous lahar

accompanying an eruption triggered break-out
and permanent drainage of the Lagunas del
Blanquillo, causing much damage downstream
on the Río Maule: concerns had been expressed
about the dam-break hazard from these lakes as
early as 1916.

Eruption of a rhyolitic lava flow at 23 ka
dammed the 25 × 15 km Laguna del Maule
intracaldera lake basin in Chile, raising the lake
level by 160 m. A single sharp strandline sug-
gests rapid break-out of the lake, while its cata-
strophic nature is indicated by a narrow gorge cut
through the lava and boulder bars and scablands
below the gorge outlet (Hildreth, pers. comm.
2004).

Basaltic lava flows have dammed a number of
rivers in the western United States (Ely et al.
2012). As well as rivers in Arizona, Idaho, Ore-
gon, and Washington, the Colorado River in the
western Grand Canyon in Arizona has been
dammed at least 13 times in the last 1.2 Ma
(Hamblin 1994; Fenton et al. 2002). Evidence for
catastrophic failure of some of these dams has
been presented by Fenton et al. (2002, 2003), who
argued that emplacement of basaltic lava erupted
from the Uinkaret Volcanic Field adjacent to the
canyon on unstable talus slopes and alluvium
deposits, in addition to the hyaloclastic founda-
tions of the flows formed through interaction of
the lava with river water, made the blockages
inherently unstable. At least 5 lava dams failed
catastrophically between 100 and 525 ka,
depositing flood gravels 20–110 m thick between
53 and 200 m above current river level and up to
53 km downstream from the inferred dam site
(Fenton et al. 2003). Sedimentary evidence of
large scale floods from these break-outs includes
downward fining boulder deposits with maximum
clast dimensions of up to 35 m, giant cross-beds
(up to 45 m high foresets), slackwater deposits,
and high-water markers that decline exponen-
tially in elevation downstream of the dam site.
The Qfd4 unit flood at 165 ± 18 ka resulted from
failure of a 280 m high dam impounding an
estimated 9 km3 of water: peak outlet discharge is
estimated as 2.8–4.8 × 105 m3, declining to
1.6 × 105 m3/s by 59 km downstream (Fenton

Volcano-Hydrologic Hazards from Volcanic Lakes 55



et al. 2003). The youngest flood event, Qfd5 at
104 ± 12 ka, resulted from failure of a 180 m high
dam with a reservoir volume of 2.7 km3 to give an
estimate peak discharge of 1.4–2 x 105 m3/s. Non-
catastrophic breaching of many valley lava flow
dams occurred over thousands of years following
filling of the impoundment with sediment (Crow
et al. 2008; Ely et al. 2012).

Late Pleistocene basaltic lava flows erupted
from the Fort Selkirk area in Canada dammed the
Yukon River to a depth of c. 30 m, representing
the most recent volcanic blockage of this drain-
age: distinctive pillow lavas are interpreted as
representing lava emplacement into standing
water (Huscroft et al. 2004). A coarse unit
composed of basalt boulders >1 m in diameter
outcropping 6 km downstream of the inferred
dam site are interpreted as the product of a cat-
astrophic breaching of the barrier.

6.5 Debris Avalanche Dams

The growth of a volcanic edifice is typically
limited by the gravitational stability of its cone,
with periods of instability experienced as a con-
sequence of both endogenous and exogenous
factors (Siebert 1984; McGuire 1996). Structural
failure can then be triggered by other factors such
as tectonic or volcanic earthquakes (Vidal and
Merle 2000) or pore fluid pressure changes
induced by magma intrusion (Iverson 1995).
Such failures typically generate massive land-
slides, or debris avalanches (Glicken 1998;
Siebert 1996), with the largest terrestrial exam-
ples having volumes of c. 30 km3 (Stoopes and
Sheridan 1992).

The May 1980 eruption of Mount St. Helens
in the western USA was accompanied by
emplacement of a 2.3 km3 debris avalanche
deposit following gravitational collapse of the
volcanic edifice (Lipman and Mullineaux 1981;
Glicken 1998). The debris avalanche deposits
impounded or modified three large lakes (Cold-
water Creek, South Fork Castle Creek, and Spirit
Lake) and several smaller ones (Jennings et al.

1981; Meier et al. 1981; Youd et al. 1981; Meyer
et al. 1986; Glicken et al. 1989). Failure of the
blockage to Maratta Creek on 19 August
1980 transferred water to the Elk Rock
impoundment, which itself overtopped and
breached on 27 August, releasing 0.3 × 106 m3 of
water into the North Fork Toutle River with a
peak discharge of 450 m3/s (Jennings et al. 1981;
Costa 1985). Modelling of the potential peak
discharges from failure of the three largest lakes
(Jennings et al. 1981; Dunne and Fairchild 1983;
Swift and Kresch 1983) suggested clear-water
peaks > 7.5 × 104 m3/s were possible, prompting
intervention by the U.S. Army Corps of Engi-
neers to artificially stabilise their levels (Costa
1985). A pre-historic break-out from an ancestral
Spirit Lake similarly dammed by a debris ava-
lanche occurred at c. 2.5 ka, generating a peak
discharge estimated at 2.6 × 105 m3/s (Scott
1989).

A number of prehistoric break-out floods from
debris avalanche dammed lakes have been
identified globally. In Alaska the upper Cha-
kachatna valley was dammed to a depth of 150 m
by a Holocene debris avalanche from the Spurr
volcanic complex, impounding a lake estimated
to have held 1.2 × 109 m3 of water (Waythomas
2001). Other examples include a major debris
avalanche from the Antuco volcano at c. 9.7 ka
that dammed the outlet to the Río Laja in Chile,
impounding a large lake that subsequently failed
to generate an outwash fan covering an area of
50 × 60 km (Thiele et al. 1998), and collapse of
the eastern flank of the Nevado de Colima Vol-
cano in Mexico at 18.5 ka which produced a
voluminous debris avalanche that dammed the
Naranjo River 20 km away to a depth of 150 m.
Obstruction of the drainage produced a tempo-
rary impoundment of c. 1 km3 of water, which
eventually breached the dam through overtop-
ping, generating a peak discharge estimated at
5.7 × 105 m3/s (Capra and Macías 2002). Bul-
king of the flow through entrainment of material
from the dam and along the flood path increased
the peak discharge by a factor of 6 and deposited
c. 10 km3 of debris.
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6.6 Lahar Dams

Rapid sedimentation by lahars is capable of
damming rivers at confluences where one stream
aggrades its bed more rapidly than the other
(Rodolfo et al. 1996). The dominant stream
builds a steep-fronted delta, fed by sediment-
laden underflows, which progrades into the
subordinate channel as the stagnation zone at the
flow confluence migrates. Damming occurs when
the rate of aggradation is faster than the rate of
water level rise in the impounded channel.

Remobilisation of voluminous pyroclastic
flow deposits at Pinatubo in the Philippines fol-
lowing the June 1991 eruption led to multiple
instances of lahar-dammed lakes and subsequent
breakouts in a number of catchments (Pierson
et al. 1992; Newhall and Punongbayan 1996).
The largest such impoundment, Lake Mapanuepe
(Fig. 2d), covered an area of 6.7 km2 and held
75 × 106 m3 of water at its maximum extent in
1991 (Umbal and Rodolfo 1996). Eighteen break-
outs, peaking at 400–650 m3/s, were recorded in
1991 alone as the lake repeatedly overtopped and
partially breached the impounding lahar deposit,
which was rapidly rebuilt by aggradation of
7–20 m/year (Rodolfo et al. 1996). In total, the
dam reached a height of c. 25 m before engi-
neering intervention stabilised the lake elevation
at 111 m. Numerous other lakes filled and spilled
between 1991 and 1994, generating large lahars
and entrenching drainage routes that became
conduits for subsequent damaging flows (New-
hall and Punongbayan 1996; Rodolfo 2000).
Similarly, the 1902 eruption of Santa Maria in
Guatemala resulted in the creation of at least 16
lahar-dammed lakes large enough to be mapped
in the decades after the eruption (Kuenzi et al.
1979). However, it is not recorded whether any of
these failed catastrophically.

A number of small, short-lived lakes were
impounded by lahar dams in the upper
Chakachatna River valley, following historic
eruptions in 1953 and 1992 of the Spurr volcanic
complex in Alaska (Waythomas 2001). The 1953
lahar dam was c. 20 m high, 600 m long and
200 m wide; the 1992 lahar dam was

approximately 10 m high, 200 m long and 50 m
wide: lake volumes are estimated at 107–108 m3

from modern topography. Lahar dams up to 60 m
high have also formed at least twice in the late
Holocene, impounding up to 4.5 × 108 m3 of
water.

In the aftermath of 1886 AD basaltic plinian
eruption of Tarawera, New Zealand (Walker
et al. 1984), the level of Lake Tarawera rose by
12.8 m, before a rain-triggered break-out in
November 1904 reduced it by 3.3 m, producing a
flood estimated to have peaked at c. 780 m3/s
24 km downstream (White et al. 1997). The post-
eruptive rise has been attributed to construction
of a small alluvial fan across the outlet channel
by flash-flood induced remobilisation of 1886
pyroclastic and older debris in the Tapahoro
gully (Hodgson and Nairn 2000).

As well as multiple pyroclastic-flow dammed
lakes, numerous temporary impoundments were
created in the aftermath of the 1.8 ka Taupo
eruption through volcaniclastic resedimentation
and laharic aggradation of up to 10s of metres in
distal areas (Kear and Schofield 1978; Manville
2002; Segschneider et al. 2002).

6.7 Composite Dams

Composite dams are those formed by a combi-
nation of mechanisms, most commonly primary
and secondary pyroclastic flows and lahars
(Table 2). One such example occurred at Lake
Tarawera following the c. 1315 AD Kaharoa
eruption (Nairn et al. 2001). Lake Tarawera lies
within the 64 ka Haroharo caldera in the Okataina
Volcanic Centre in New Zealand (Nairn 2002),
and is bounded by the western rim of the caldera
and the resurgent lava dome complexes of
Haroharo and Tarawera to the east. The 5-7 km3

DRE Kaharoa eruption formed much of the Ta-
rawera dome complex and deposited widespread
plinian falls (Nairn et al. 2001). Primary block-
and-ash flows and pyroclastic debris remobilised
by flash floods off the Tapahoro dome blocked the
narrow lake outlet, infilling a narrow channel cut
through a c. 5 ka pyroclastic/volcaniclastic fan
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implicated in a previous highstand. Lake Taraw-
era rose by c. 30 m above its pre-eruption level
before tsunami generated by late-stage pyroclas-
tic flows overtopped the dam and triggered its
catastrophic failure (Hodgson and Nairn 2005).
Approximately 1.7 × 109 m3 of water was
released into the head of the Tarawera valley as
the lake level fell by >40 m, excavating a 300 m
wide and 3 km long spillway before overtopping
the 70 m high Tarawera Falls. Flood deposits
including boulders up to 13 m in diameter and
giant bars extend c. 40 km from the lake;
approximately 700 km2 of the Rangitaiki Plains
was resurfaced and the shoreline advanced by c.
2 km (Pullar and Selby 1971). Peak discharge at
the outlet was estimated at 1.5 × 105 m3/s
assuming instantaneous breach formation, while
boulder flow-competence relations further
downstream indicate flows in the 104–105 m3/s
range (Hodgson and Nairn 2005).

7 Discussion

A review of hazards from volcanic lakes due to
eruptive activity or other causes reveals a great
deal of complexity in triggering mechanisms and
hazardous phenomena. Well-studied historic
examples such as the 1996 eruptions at Kar-
ymskoye (Belousov and Belousov 2001) and
Taal (Moore et al. 1966a), the 1991 Pinatubo
eruption and its aftermath (Newhall and
Punongbayan 1996), and lahar events at Ruapehu
(Cronin et al. 1997; Kilgour et al. 2010) and
Kelut (Suryo and Clarke 1985) demonstrate this
variety and complexity: in many cases individual
hazards contribute to subsequent effects in a
process-chain. Examination of the geological
record reveals a fuller range of both hazards and
event magnitudes.

Moderate-sized (107–108 m3) crater lakes
developed at the summits of andesitic-dacitic
stratovolcanoes in relatively humid arc environ-
ments are potentially the most dangerous volca-
nic lakes due to their capacity for almost
instantaneous expulsion of large water volumes
during subaqueous explosive eruptions, which
can occur with little or no effective warning (e.g.

Mt. Kelut, Ruapehu). Smaller water bodies are
either evaporated or the expelled water is too
widely dispersed during eruptions to generate
significant lahars. In larger diameter lakes the
Surtseyan jets that are the main displacers of
water cannot reach their rims, and water depths
>100 m suppress the ability of subaqueous
explosions to breach the surface (Mastin and
Witter 2000; Morrissey et al. 2010).

At crater and caldera lakes more than 2 km in
diameter, base surges and tsunamis generated by
volcanic activity, or collapse of the caldera walls
(Ramos 1986), are the most significant hazard.
Examples with populated shorelines that fall into
this category include Taal in the Philippines,
where historic eruptions have resulted in major
loss of life, Taupo and Rotorua in New Zealand,
Ilopango in El Salvador, and Toya and Towada
in Japan. Volcano-tectonic lakes facing similar
hazards include Lakes Managua and Nicaragua
in Nicaragua. Tianchi (Baitoushan) at the summit
of Mount Paektu/Changnai on the North Korea/
China border is vulnerable to both renewal of
volcanic activity and collapse of the steep walls
of this very young (c. 1 ka) 5 km diameter lake
(Wei et al. 2003, 2004). Lakes Quilotoa and
Cuicocha in Ecuador are also potentially haz-
ardous (Gunkel et al. 2008).

Volcanic lakes have lifespans measured in
minutes to thousands of years. Intervals between
creation and failure are a function of the geom-
etry and stability of the lake-forming blockage,
and the rate of lake level rise, which is itself a
function of the catchment area, the proportion
occupied by the lake, climatic effects, and seep-
age losses (Capra 2007). Examination of
Tables 1 and 2 shows that a number of hazardous
volcanic lakes have been destroyed in the past
few hundred years while new ones have been
created. Natural dams composed of unconsoli-
dated pyroclastic deposits are extremely vulner-
able to break-outs triggered by non-volcanic
processes, such as erosion following overtopping
(El Chichón), internal piping (Ruapehu), or
headward erosion. Where barriers are composed
of indurated material such as lava flows or wel-
ded ignimbrites, lakes can persist for many
thousands of years: some, such as Crater Lake,
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Oregon, never reach overtopping level because
seepage losses match water inflows as the lake
level rises and hydrostatic pressures increase.
Others, such as Aniakchak (McGimsey et al.
1994; Waythomas et al. 1996) and Fisher vol-
cano (Stelling et al. 2005) in Alaska appear to
have reached a stable highstand level controlled
by a hard rock sill. Failure required active
breaching of the rim by tsunamis generated
during intra-lake eruptions, in the case of Fisher
volcano this was 7.9 ka after caldera formation
(Stelling et al. 2005).

The largest volcanic flood hazards derive from
break-outs from intracaldera lakes (Taupo,
Okmok, Aniakchak, Towada), and from valleys
dammed by debris avalanches (Colima, Mount
St. Helens) because of the potential volumes of
water involved. Avalanche-dammed lakes are
particularly hazardous not only because they can
be voluminous but also because flood discharge
can be amplified by the erosion and entrainment
of unconsolidated material from the blockage
(Capra and Macías 2002).

Other hazards can arise at crater lakes due to
acid brine seepage, which can weaken the edifice
(Reid et al. 2001), potentially leading to sector
collapse debris avalanches and break-out lahars,
e.g. at Rincon de la Vieja, Costa Rica (Kempter
and Rowe 2000), and Copahue, Argentina
(Varekamp et al. 2001). Acid brines can also
contaminate drinking and irrigation water, while
acid gas aerosols released from hyper-acidic
crater lake waters are an unusual potential hazard
along flow paths (Schaefer et al. 2008).

7.1 Mitigation

A variety of engineering interventions have been
applied to prevent break-outs of unstable lakes
and to mitigate lake break-out floods (Schuster
2000). Successfully applied techniques include:
(i) reinforced spillways and check dams on weak
blockages; (ii) drainage and diversion channels
or tunnels across or through stable (bedrock)
abutments; and (iii) pumps or siphons to lower
lake level. These methods vary in expense and

difficulty, and some are reliant on suitable
topography or an adequate timeframe and suc-
cess is not guaranteed. Diversion tunnels are
probably the most long-term (and expensive
solution), but despite their success at some vol-
canoes (e.g. Kelut and Mount St. Helens), they
require maintenance and are vulnerable to
destruction by renewed volcanic activity. There
are also considerable eruption and other risks to
workers during construction phases. Downstream
mitigation measures against lahars and floods
include construction of check dams, bunds and
dykes, and raising and strengthening of bridges.

7.1.1 Engineering Interventions
Engineering interventions to reduce the hazard
from volcanic lakes pre-date the Romans: at
Albano maar, a tunnel dug by the Etruscans to
drain the lake below its overspill level was rebuilt
by the Romans in c. 396 BCE (Funiciello et al.
2003; De Benedetti et al. 2008). This 1.5 km
long tunnel lowered the lake by 70 m and still
functions today.

Mt. Kelut in Indonesia is probably the best
example of a successful, although protracted,
expensive, and technologically challenging
intervention (Zen and Hadikusumo 1965; Suryo
and Clarke 1985). The first attempt to control
eruption-triggered lahars from the summit crater
lake was construction of a diversion dam on the
Badak ravine in 1905 following the 1901 erup-
tion. This was overwhelmed by the 1919 lahars
when all water was explosively expelled from the
lake, triggering flows up to 58 m deep that
travelled up to 38 km from source, inundating
131 km2, destroying more than 100 villages and
killing over 5,000 people. Following this disas-
ter, an earlier plan to drain the lake was imple-
mented in September 1919. This involved
excavating a 955 m long tunnel with a 3 %
gradient designed to intercept the bottom of the
lake. Tunnelling was begun at both ends as the
lake was dry following the eruption earlier in
the year, but was stopped at the upstream end by
lava ascent a year later. After tunnelling upwards
for 735 m, volcanic debris in the inner crater wall
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was encountered and the tunnel needed to be
lined with concrete. Meanwhile, the crater lake
had been refilling until by early April 1923 it
held 22 × 106 m3 of water: at this point leakage
into the tunnel killed 5 workers. This led to
modification of the plan to include a series of
tunnels through which water would be siphoned
at progressively lower levels (Fig. 9). The first
tunnel was driven just above the then lake level
of 1,185 m, preventing any further rise, and the
lake was progressively lowered to 1,129 m. The
volcano erupted again on 31 August 1951, but
the small (<2 × 106 m3) volume of lake water
was largely evaporated rather than explosively
expelled, leading to minimal lahars. Unfortu-
nately the tunnels were blocked by the eruption
and the crater deepened by c. 70 m (Zen and
Hadikusumo 1965). In 1954, work was begun to
reactivate the tunnels, with 3 being cleared by
1955 when the lake volume was limited to
23.5 × 106 m3. A new tunnel was then driven
20 m below the lowest old tunnel, and two gal-
leries and further adits were then driven from it
towards the lake in the hope that seepage would
drain the water. Unfortunately the desired
drainage rate was never achieved and the project
was abandoned in March 1963. On 26 April
1966 an eruption expelled the c. 20 × 106 m3 of
water in the lake, generating lahars that destroyed

the rebuilt Badak diversion dam, killing 208, and
again damaging the tunnel system. In June 1966
a new tunnel was dug linking the then empty
crater to an older unfinished drive. Completion of
this by the end of December 1967 limited the
lake to a maximum volume of 4.3 × 106 m3 with
the result that the 1990 eruptions produced only
minor primary lahars that killed only 32 (Thouret
et al. 1998).

At Mount St. Helens, the levels of the three
largest lakes impounded by the 1980 debris ava-
lanche were stabilised by the U.S. Army Corps of
Engineers by the construction of permanent
spillways and bedrock drainage tunnels (Costa
1985). The greatest assessed risk was from Spirit
Lake: numerical studies suggested that failure of
the debris avalanche dam could generate a flood
with a peak discharge of 7.5 × 104 m3/s (Swift and
Kresch 1983). To gain time, a 20-pump facility
was installed to remove up to 5 m3/s of water
through a 1.5 m diameter pipe buried in the dam
crest while a 2.59 km long, 3.4 m diameter tunnel
was bored through the ridge to the west of the
lake, ultimately stabilising the lake at 1,048 m
(Schuster and Evans 2011). Meanwhile, Cold-
water Lake was stabilised by construction of a
permanent spillway across a resistant bedrock
abutment, and Castle Lake was stabilised by
construction of an armoured spillway.

crater floor after 1951 eruption

crater floor after 1966 eruption

crater floor before 1951 eruption1919-1923 tunnel system

1963 tunnel system

1967 tunnels

1923

1966

1185 m

1110 m

vent breccia

Fig. 9 Cross-section of the crater lake of Mt. Kelut in Indonesia showing the tunnel system used to lower the lake level
and reduce the hazard from eruption-triggered lahars (after Zen and Hadikusumo 1965)
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Repeated break-out floods from the lahar-
dammed Mapanuepe Lake were a feature of the
early years at Pinatubo in the Philippines fol-
lowing the 1991 eruption (Rodolfo et al. 1996;
Umbal and Rodolfo 1996). Its level was stabi-
lised in November 1992 by excavation of a
bedrock spillway through an adjacent rock spur.
Geological and anthropological data indicate that
a similar lake occupied this site on two previous
occasions (Rodolfo and Umbal 2008).

Emptying of the summit Crater lake of Mt.
Ruapehu during the 1995–1996 eruptions
(Johnston et al. 2000), coupled with deposition
of a c. 8 m thick blanket of tephra over the for-
mer outlet area, raised the possibility of a future
break-out lahar in a repeat of the 1953 Tangiwai
lahar scenario, which resulted in New Zealand’s
worst volcanic disaster (Healy 1954; O’Shea
1954). Given the decade-long delay between
formation of the tephra barrier and the sub-
sequent breakout in March 2007 (Manville and
Cronin 2007; Massey et al. 2010; Lube et al.
2012) there was adequate time to quantify the
relative risks of intervention at the crater rim
versus downstream mitigation efforts. The situa-
tion was complicated by the status of the summit
of Ruapehu as a World Heritage Site, its location
in a National Park, and not least Crater Lake’s
special spiritual significance to the local Maōri
population. Numerical modelling of the potential
magnitude of any lahar event (Hancox et al.
2001) and a residual analysis of the risks of
intervention versus non-intervention (Taig 2002)
resulted in the decision to install a real-time
telemetered warning system on the tephra dam
and downstream channel, a bund at the apex of
the Whangaehu Fan to prevent overspill into
vulnerable northern drainages, raising and
strengthening of the State Highway 49 road
bridge at Tangiwai, a system of automatic lights
and gates to close roads close to or crossing the
predicted lahar path, and a public education
campaign (Keys 2007; Becker et al. 2008; Keys
and Green 2008). In the event, the lahar occurred
as predicted with no loss of life or injuries and
minimal infrastructural damage.

7.1.2 Limnic Gas Eruptions
Following the gas eruptions from Lakes Monoun
and Nyos, warning systems comprising CO2

monitors, sirens and public education were
implemented, as well as a pipe system designed to
safely degas the lake water (Kusakabe et al.
2008). Reinforcement of the outlet to Lake Nyos
to stabilise the natural dam is also currently
underway (Aka and Yokoyama 2013), in
response to the potential for breaching to cata-
strophically release the upper 40 m of lake water.
This would not only cause flooding into Nigeria
over 200 km downstream, but also release another
burst of CO2 due to depressurisation of the gas-
saturated deep water (Lockwood et al. 1988).

8 Conclusions

Although hydrologic hazards from volcanic lakes
are over-represented in terms of fatalities per
eruption, improvements in volcano monitoring
and increased awareness are mitigating the risk at
many volcanoes around the world. Timely and
appropriate engineering interventions have been
effective in minimising deaths at a number of
volcanoes (Kelut) and preventing disasters at
others (Mount St. Helens, Lake Nyos). Although
currently very few volcanic lakes are monitored
on a regular basis, changes in a lake’s appear-
ance, thermal, and/or chemical characteristics
could be diagnostic of impending volcanic
activity (Oppenheimer 1993; Hurst and
Vandemeulebrouck 1996; Christenson 2000;
Christenson et al. 2010). Break-outs associated
with collapse of blockages are less predictable,
unless the lake level is approaching the overflow
point, or seepage on the downstream face of the
dam is obvious and sediment-laden (Turner et al.
2007; Massey et al. 2010).

Most fatalities due to volcanic activity occur
between 10–30 km away from the vent (Auker
et al. 2013). This reflects the combination of (i):
this distance being within the range of the
heaviest tephra falls; (ii) the typical travel dis-
tance of pyroclastic flows, lahars and intra-lake
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tsunamis; and (iii) the tendency for populations
to be concentrated on the gentler slopes and flat
alluvial (often lahar) terraces and plains flanking
and downstream of volcanoes, (volcanic) lake-
shores, and along coastlines vulnerable to vol-
canogenic tsunamis. However, this is also far
enough away for a combination of effective
monitoring and warning systems, public educa-
tion, land-use planning, and engineering inter-
ventions to mitigate many of the hazards
presented by volcanic lakes. In the future, a
combination of clearer understanding and better
practice are likely to be most effective in allevi-
ating the associated dangers.
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Mechanisms of Crater Lake Breaching
Eruptions
Dmitri Rouwet and Meghan M. Morrissey

Abstract

In this chapter we review physical models on phreatomagmatic, phreatic,
hydrothermal, and geyser-like eruptions and, for the first time, place them
in a crater lake context. Examples of known crater lake systems for the
different eruption types are provided. Besides the direct injection of a fresh
magma into a crater lake, leading to phreatomagmatic activity, a crater
lake is a strong condensing medium, sensitive to sudden pressure changes
when injected by gas-vapor batches, which can lead to non-magmatic,
though violent eruptions. The implosive nature, the role of the heat pipe
and molten sulfur pool at the lake bottom are central in the phreatic
eruption model. Contrary to phreatic eruptions, hydrothermal eruptions are
instigated by a sudden pressure drop, causing boiling and vapor release,
rather than by the input of a gas-vapor phase of magmatic origin. Geyser-
like activity beneath or near crater lakes is analog to classic geysering, and
becomes more obvious when lake water level is low. Although not
explosive, the peculiar lake drainage and refill cycles of two lakes are
discussed. The first outcomes of numerical simulation approaches help to
better quantify injection pressure and vapor/liquid proportions of the input
fluid. We stress that the various manifestations of eruptive activity at crater
lakes is not necessarily linked to changes in magmatic activity, which
could lead to misleading interpretations regarding volcano monitoring.
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1 Introduction

Despite the fact that only 8 % of the reported
volcanic eruptions occured in a subaqueous set-
ting, they have caused 20 % of the fatalities
(Mastin and Witter 2000). Even more than
shallow sea water, a proto-type setting for such
eruptive activity is an active crater lake. An
active crater lake can be defined as a water body
in a crater structure topping a volcano, affected
by magma degassing and dynamical fluid circu-
lation (Christenson et al. 2015). Active crater
lakes are generally hot, acidic brines (Pasternack
and Varekamp 1997; Varekamp et al. 2000;
Rouwet et al. 2014; Varekamp 2015), which are
thought to preserve physical and chemical
markers related to the variations in activity of
the underlying magmatic-hydrothermal system.
The goal of most studies on active crater lakes is
to find the key precursor for explosive eruptive
activity. Notwithstanding thorough insights in
crater lakes’ dynamic behavior, it is honest to
note that lake breaching eruptions were often
“surprise events” (Christenson et al. 2007, 2010;
Jolly et al. 2010), not necessarily due to the lack
of monitoring information but rather due to the
intrinsic complexity of crater lake systems and
speed of fluid cycling.

Because of the high compressibility of gas, a
gas reservoir buffers pressure changes by sudden
inputs of new gas-vapor batches. On the other
hand, a crater lake or liquid-dominated hydro-
thermal system, which are strong condensing
media, are sensitive to sudden pressure drops
when injected by gas-vapor batches, eventually
leading to eruptions. When an eruption occurs at
crater lakes, it is subaqueous and either phreato-
magmatic, phreatic, hydrothermal or geyser-like.
This chapter will review the various eruption
mechanisms related to active crater lakes.

A phreatomagmatic eruption produces ejecta
(fluids and juvenile solids) of magmatic origin
(Belousov and Belousova 2001; Manville 2015).
It has magmatic gases, lake sediments and water
mixed in. In spite of many studies since the 1940s,
an unambiguous nomenclature of what a “phreatic
eruption” actually is does not exist (Stearns and

McDonald 1949; Muffler et al. 1971; Nairn and
Wiradiradja 1980; Hedenquist and Henley 1985;
Barberi et al. 1992; Mastin 1995; Browne and
Lawless 2001). Although phreatic eruptions do
not expel large volumes of solid material, they are
often more violent than magmatic or phreato-
magmatic eruptions (>130 m/s eruption velocity,
Mastin 1995; Kilgour et al. 2010). For an eruption
to be phreatic, heated groundwater and the related
vapor phase is the driving agent (Stearns and
McDonald 1949), but the input ofmass and energy
derived from magma is thought to be the trigger
(Browne and Lawless 2001). Hydrothermal
eruptions specifically involve pre-existing hydro-
thermal systems (Mastin 1995), but are generated
after the sudden generation of steam, probably due
to pressure drop, rather than fluid input (Browne
and Lawless 2001; Shanks et al. 2005; Morgan
et al. 2009; Kiryukhin et al. 2012). More exotic
names of non-juvenile eruptions, such as “hydro-
explosions”, “steam-blast eruptions”, “boiling-
point eruptions”, “gas-driven eruptions” and
“mixing eruptions”, are introduced to detail spe-
cific eruption mechanisms (Barberi et al. 1992;
Mastin 1995), but often create ambiguity.

The main focus of this chapter is to under-
stand the physical processes behind crater lake
eruptions by studying field observations, and by
physical and numerical modeling investigations.
We review existing literature on the four eruption
types mentioned above and place them in a crater
lake context. Some insights from numerical
modeling can elucidate eruption physics in
heterogeneous crater lake systems (Morrissey
et al. 2010). A few tips on how to recognize key
precursory signals of the different eruption types
are provided.

2 Physical Mechanisms of Crater
Lake Breaching Eruptions

2.1 Phreatomagmatic Eruptions

One of the first well-documented observations of
phreatomagmatic eruptions is from the 1963
eruption of Surtsey off the coast of Iceland, near
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the Westmann Islands (Thorarinsson 1967).
Published accounts of the eruptions characterize
them as short-lived, discrete explosions followed
by an upward rush of black tephra-laden masses
and ballistic material (Kokelaar and Durant
1983). Tephra jets have a variety of directions
with some spreading into so-called cockscombs
(Fig. 1a, b) and others are limited in spreading
resulting in a cypress tree shape (Kokelaar 1983).
Depending on frequency and duration of each
eruption, sustained ash columns form by a con-
tinuous up-rush of material. All explosive activity

occurr without noticeable sound (Thorarinsson
1967; Kokelaar 1983). Also noted are concentric
waves emanating from the center of volcanic
activity without the need of explosive activity.

Since the eruption at Surtsey, several sub-
aqueous phreatomagmatic eruptions have been
observed: the 1995–1996 and 2007 Ruapehu
Crater Lake eruptions in New Zealand
(Christenson 2000; Kilgour et al. 2010) (Fig. 1a),
the 1996 eruption at Karymskoye Lake in
Kamchatka (Belousov and Belousova 2001),
the 2000 and 2012 Copahue eruptions in

Fig. 1 Cockscomb of
Surtseyan eruptions at
a Ruapehu volcano, New
Zealand, during the early
stages of the 1995–1996
phreatic-phreatomagmatic
eruption sequence (24
September 1995, picture by
Tony Hurst), and b Lake
Voui, Ambae Volcano,
Vanuatu, during the
November–December 2005
phreatomagmatic eruption
(picture by Karoly Németh)
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Argentina-Chile (Varekamp et al. 2001; Agusto
et al. 2013), the 2000–2007 Kavachi eruptions in
the Solomon Islands (Baker et al. 2002), the 2005
eruption at LakeVoui ofManaroVolcano (Ambae
Island, Vanuatu; Németh et al. 2006; Bani et al.
2009), and very recently, the November 2013
Nishinoshima eruption (Japan) (Fig. 1b). The
features of these subaqueous eruptions are similar
to those observed during the eruption at Surtsey,
such as the discrete, tephra laden jets that form
surges from their collapse associated with
expanding steam bubbles or copulas. Surtseyan
eruptions that occur in a shallow subaqueous
environment (<100–200 m depth) and involve
basaltic magma produce characteristic monoge-
netic tephra rings or cones (Thorarinsson 1967;
Belousov and Belousova 2001; White et al. 2003;
Németh et al. 2006). These landforms are com-
prised of tephra fallout deposits and pyroclastic
density current deposits and are frequently
underlain by pillow lava (Jones 1970). During the
eruptions at LakeVoui onAmbae Island in 2005, a
tuff cone was constructed from material deposited
from subaerial tephra jets commonly 200 m high
(Fig. 1b). These produced the fall deposits whereas
eruptions from the same underwater vent that
did not breach the lake surface produced sub-
aqueous pyroclastic density current deposits
(Németh et al. 2006). Base surges were also
common features that accompanied tephra jets and
were observed to travel over 300–500 m from the
vent (Németh et al. 2006).

The eruption at Karymskoye Lake in 1996 is
one of the best-documented subaqueous erup-
tions since Surtsey that includes an hour-long
video record 2 h into the eruption and excellent
field data (Belousov and Belousova 2001). The
Karymskoye Lake eruption lasted only 10–20 h
and produced a tuff ring on the northern edge of
the lake. Preliminary field studies demonstrate
that the tuff ring is comprised of 100–200 lapilli
tephra layers (Kokelaar 1986; Belousov and
Belousova 2001; Németh et al. 2006). The tuff
ring deposits comprise 95 % of the volume of
material erupted during the 10–20 h long erup-
tion with each layer produced from a single
explosion (Belousov and Belousova 2001).

Figure 2, although based on recent Poás
phreatic eruptions, does show the same features
as the Surtseyan eruption model by Belousov
and Belousova (2001). The basic ideas of the
Belousov and Belousova (2001) model may be
described in four steps. Step (1) assumes that
basaltic magma ascends to the surface through a
fissure that breaks the surface at the edge of the
ice covered lake. The initial eruption is a vent
clearing phreatic explosion that ejects blocks of
ice and country rock. This phase is followed by
a series of 100–200 Surtseyan explosions. The
explosions are thought to occur in the vent and
not deeper in the conduit based on the vesicu-
larity of tephra. Step (1) of the eruption process
involves vesiculation of basaltic magma in the
conduit from which bubbles form that expand in
the magma as it nears the surface. No external
water interacts with magma until it reaches the
vent. Rapid ascent, growth and coalescence of
bubbles force magma into the vent where
magma fragmentation (bubble burst) occurs
similar to the fluid of a typical Strombolian
eruption. During Step (2) fragmented magma is
injected into the water and slurry filled vent at
the bottom of the crater lake where it experi-
ences a second stage of fragmentation due to
water-magma interaction. Step (3) involves the
ejection of the phreatomagmatic gas and tephra
mixture through the lake creating a bulge at the
lake surface. The gas-tephra mixture penetrates
through the bulge and breaks the lake surface
forming a cockscomb jet (Fig. 2a). Step (4) is
the collapse of the jet on to the lake surface
forming a water-rich, base surge that moves
radially from the vent (Fig. 2b, c). Gravitational
settling forms a density current that produces a
layer of lapilli at the bottom of the lake while
the fines material are transported by the surge.
Each explosion produces another lapilli layer
that gradually build-up the tuff ring.

Surtseyan is mostly used as a classifying term,
now familiar to most volcanologists. Is this term
all inclusive? As shown by the similarity of the
physical manifestations (Fig. 2), can we exclude
if a Surtseyan eruption is phreatomagmatic or
rather only phreatic in nature?
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Fig. 2 Illustrative sketch and pictures of phreatic and
phreatomagmatic eruption dynamics during the 2006–
ongoing phreatic eruption cycle of Poás volcano, Costa
Rica (pictures by Ana Belén Castro). The model is
modified from Belousov and Belousova (2001). a Slurry
filled vent masses, lake sediments and eventually frag-
mented magma (in case of a phreatomagmatic eruption) is

injected into the water at the bottom of the crater lake and
out of the lake at the surface as a bulge. b The gas-tephra/
sediment mixture penetrates through the bulge and breaks
the lake surface forming a cockscomb. c The collapse of
the jet on to the lake surface forms a water-rich, base
surge that moves radially from the crater lake
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2.2 Phreatic Eruptions

Following Browne and Lawless (2001), a phre-
atic eruption is probably instigated by the direct
input of mass and heat of magmatic origin,
although without the magma itself being
involved. Gas exsolved from a crystallizing
magma during upward migration can already be
sufficient to trigger a “gas eruption” (Burnham
1979; Mastin 1995). Such eruption mechanism
can escalate into phreatomagmatic eruptions
(Barberi et al. 1992), or can be paired with dome
extrusion (e.g. Mount St. Helens post-1980 dome
activity, Mastin 1994). Phreatic eruptions lack
the above Step (2)—the injection of fragmented
magma into the lake- of the phreatomagmatic
eruption model, charged with non-juvenile
material eruption columns though appear extre-
mely similar in morphology (Fig. 2b).

Eruptions are often considered explosions,
although counterintuitively, a decompression
from hydrostatic to atmospheric pressure intrin-
sically implies an implosion. Moreover, for
highly active and acidic crater lakes (e.g. Laguna
Caliente, Poás in Costa Rica; Ruapehu in New
Zealand, Copahue in Argentina-Chile; Aso in
Japan) all entering gas species are physically or
chemically “quenched” in the lake water, by
condensation (vapor, the most abundant species)
or hydrolysis of acidic gases (SO2 and H2S as
SO4

2−, HCl as Cl−, and HF as F−), or are
released “peacefully” and unaffected at the lake
surface by bubbling or diffusive degassing
(Mazot et al. 2011; Mazot and Bernard 2015)
(the second most abundant gas CO2, and inert
and poorly soluble gases such as N2, CH4, H2,
CO and the noble gases). This practically sudden
complete loss of gas mass (n.R.T→ 0, as n → 0,
following the ideal gas law, with R the gas
constant, 8.3145 J mol−1 K−1, and T the tem-
perature in K) reduces the volume or the pressure
of the original gas-vapor pocket to 0 (P.V = n.R.
T → 0, so V → 0, or P → 0, considering T
constant, at least initially), stating the implosive
nature of phreatic “explosions”.

Crater lakes and their underlying hydrother-
mal systems are heterogeneous physical entities,
testified by: (1) fluid cycling of lake water in

concomitant upward flow of steam and down-
ward flow of liquid (heat pipe mechanism; White
et al. 1971; Hurst et al. 1991; Christenson and
Wood 1993), (2) the eventual presence of a
molten sulfur pool at the lake bottom (Toraishi
and Tominaga 1940; Hurst et al. 1991; Rowe
et al. 1992; Delmelle and Bernard 1994, 2015;
Pasternack and Varekamp 1994; Takano et al.
1994, 2008; Ohba et al. 2008), and (3) highly
variable lake volumes, and thus variable hydro-
static loading, due to seasonal rainfall contribu-
tions or strong evaporation. The latter feature is
visible and quantifiable (see Hurst et al. 2012 for
a thorough review), and may eventually be used
as a guideline: evaporation is the major process
and only non-eruptive surface manifestation of
heat and energy dissipation, resulting from the
underlying fluid flushing.

Besides the “steam devils”, evaporation
clouds swirling over the lake surface (Hurst et al.
2012), the processes occurring at the crater lake
surface largely depend on the input dynamics of
fluid and heat at the lake bottom. Floating sulfur
spherules at the lake surface are tiny testimonies
of the presence of a molten sulfur pool at the lake
bottom. Such sulfur pools are a lot less volumi-
nous than the lake itself, nonetheless, they have
demonstrated to play a major role in phreatic
eruptive activity at crater lakes (Hurst et al. 1991;
Takano et al. 1994). Subaqueous fumaroles vent
sulfur species into the lake (i.e. SO2 and H2S);
some of the species are absorbed into the lake
water as sulfate or thiosulfates, while for tem-
peratures >119 °C, elemental sulfur remains as a
molten sulfur pool at the lake bottom (Delmelle
and Bernard 2015) (Fig. 3a). The rising gases
flush through the molten sulfur pool, transporting
hollow tailed yellow S-spherules to the lake
surface.

Yellow sulfur spherules on the lake surface
suggest a preceding vent clearing event, to
restore a more dynamic fluid circulation between
the lake bottom and underlying hydrothermal
system (Fig. 3a). During such open-vent situa-
tions, recycling of crater lake water is a fact, as
suggested by Hurst et al. (1991) based on an
energy and mass balance of Ruapehu Crater
Lake. Only 50 % of the heating of the lake since
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the 1980s results from the direct input of steam,
the other 50 % is accounted for by the seepage-
reheating-reinjection of the crater lake water
itself (i.e. heat pipe mechanism, Fig. 5). Heating
episodes (Werner et al. 2006) enhances evapo-
ration from the lake and probably states an open-
vent circulation of fluids, and thus a lower
probability of occurrence of phreatic eruptions.
During periods of lake unrest, cooling episodes
and less evaporation indicate an inefficient heat
and mass dissipation in a sealed-vent system,
increasing the probability of a phreatic eruption.
The presence of sulfur and related species in
eruptive products (anhydrite, gypsum, natroal-
unite, pyrite, marcasite, jarosite; Hurst et al.
1991; Christenson et al. 2010; Delmelle and
Bernard 2015; Henley 2015), and sulfur pools
and “volcanoes” at a dried lake bottom (Oppen-
heimer and Stevenson 1989; Oppenheimer 1992)
suggests its role as sealing agents in phreatic
activity and heat dissipation.

When the molten sulfur pool is heated and
“contaminated” with impurities of mainly pyrite,
black sulfur spherules are observed at the lake

surface (Delmelle and Bernard 1994; Takano et al.
1994; de Ronde et al. 2015). This process takes
place when higher temperature gases (>150 °C)
pass through the cooler molten sulfur pool
(*120 °C) (Fig. 3b). Temperature can modify the
physical properties of the sulfur pool: pure sulfur
becomes 2,000 times more viscous at tempera-
tures from 159° to *200 °C (Hurst et al. 1991;
Oppenheimer 1992; Takano et al. 1994). The
presence of a higher viscosity body could thus
imply vent sealing. Nevertheless, in reality sulfur
pools are rather highly contaminated ore-bearing
deposits rich in sulfites (Brantley et al. 1987;
Delmelle and Bernard 1994; Hedenquist and
Lowenstern 1994; Henley 2015), and the tem-
perature-viscosity relation must be interpreted
with caution. Fact is that the presence of black
sulfur spherules indicate a higher temperature of
entering fluids, higher metal content in the sulfur
pool, and a higher possibility for gas to remain
trapped inside or below the high-viscosity sulfur
pool. This self-sealing of the vent stimulates
pressure build up beneath the sulfur pool (Fig. 3b),
eventually leading to phreatic eruptions (Fig. 3c).

Fig. 3 Conceptual model of phreatic eruption dynamics
(modified from Takano et al. 1994). a An “open-vent”
system: SO2–H2S bearing gases with a temperature
between the melting point of elemental sulfur (119 °C)
and 159 °C enter the lake leaving a molten sulfur pool at
the lake bottom, testified by tailed yellow sulfur spherules
floating on the lake surface. b A “sealed-vent” system: if
the temperature of the entering gases increases to above
159 °C the sulfur pool increases its viscosity, resulting in

the sealing of the vent system. The higher temperature is
proven by impurities (sulfites) in the molten sulfur pools,
testified as black untailed sulfur slicks floating on the lake
surface. c A sealed system inhibits the efficient energy
(heat) and mass (vapor-liquids) dissipation through the
crater lake, resulting in a pressure build-up beneath
the vent sealing and eventually a phreatic eruption. The
unsealed vent, breached by the eruption, restores its more
efficient fluid circulation (back to a)
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During the 2006 ongoing phreatic eruption
cycle at Poás volcano (Costa Rica), many, if not all
these sulfur features have been observed. In May
2005, molten sulfur flowed out of a fumarole north
of Laguna Caliente crater lake. A few months
later, yellow sulfur spherules floated on the lake,
which was steadily heated from 22° to 58 °C.
Enhanced evaporation was observed. In March
2006, phreatic eruptions resumed after almost
12 years of quiescence. Black mats of sulfur
spherules covered the lake surface following the
eruptions (Fig. 4, April 2007). After the pre-
eruptive heating the lake water temperature
remained high (from*40 to*60 °C) throughout
the entire period, and demonstrated a cyclic
behavior. Until June 2010, periods of higher
evaporation rates often coincided with eruptive
quiescence; lower evaporation rates with phreatic
eruptions (Fig. 3). A Mw 6.2 tectonic earthquake

near Poás volcano (8 January 2009) triggered
phreatic eruptions 4 days later, probably disturb-
ing the already delicate system and leading to
more violent phreatic eruptions since September
2009 (following Manga and Brodsky 2006).
Eruption frequency strongly increased since June
2010. From 2005 until 2014, the lake level drop-
ped continuously for a total of*40 m. The lower
hydrostatic loading of the lake in more recent
years is probably a contributing factor and a reason
why the eruptions have become more dynamic,
and probably will become more frequent in the
future. Despite the fact that the proposed theory
above seems to fit the ongoing phreatic activity
at Poás, as eruption frequency increases data
gathering has to increase (sampling time ≪ inter-
eruptive time, so, toward continuous monitoring;
Rouwet et al. 2014) to be able to eventually fore-
cast single phreatic eruptions at Poás.

Fig. 4 Black sulfur-sulfite mats floating on Poás’ Laguna Caliente, probably indicating post eruptive venting from the
lake bottom in the middle of the lake (April 2007, picture by Dmitri Rouwet)
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2.3 Hydrothermal Eruptions

Contrary to phreatic eruptions, hydrothermal
eruptions do not result from any direct input of
mass or energy directly derived from magma
(Browne and Lawless 2001). Hydrothermal
eruptions in hot water or steam-dominated
hydrothermal systems are generated near-surface
due to the phase transition from liquid to steam
following a sudden pressure drop. At tempera-
tures below the critical point of water, a single
liquid phase is able to provide more energy to a
hydrothermal eruption than a steam-dominated
phase does, making the boundary between a
crater lake and the underlying system extremely
prone to hydrothermal eruption activity (Browne
and Lawless 2001).

A sealing cap rock is not needed to generate
such triggering overpressure regimes, nor the
pressure within the reservoir necessarily must
exceed the hydrostatic pressure of the overlying
water column (i.e. in active crater lakes). The
erupted products never contain juvenile mag-
matic material, but rather are poorly sorted,
matrix-supported breccias of hydrothermally
altered material, pointing to fast settling rates.
Hydrothermal eruption deposits are generally of
low volume (<105 m3), although large volume
deposits have been recognized (Browne and
Lawless 2011, and reference therein).

From the deposits, it is often hard to distin-
guish whether the non-magmatic eruptions
breaching crater lakes are hydrothermal or
phreatic in nature, as both eruption types imply
the absence of juvenile material, and, for more
energetic eruptions, the ejection of altered
material from the underlying hydrothermal sys-
tem (e.g. lake bottom sediments) (Shanks et al.
2005; Morgan et al. 2009). A possible means to
distinguish between a hydrothermal and phreatic
eruption from beneath a crater lake could be the
chemical and isotopic composition of the post-
or eventually pre-eruptive crater lake water
(Truesdell et al. 1977; Rouwet et al., in prep.).
Hydrothermal eruptions vent an isotopically
light, Cl–SO4-poor steam into the crater lake,
while phreatic eruptions could rather be triggered

by the input of an isotopically heavy, Cl–SO4-
rich liquid phase. At this moment, this is only a
working hypothesis.

For hydrothermal systems topped by a crater
lake, the hydrostatic pressure is determined by the
weight of the crater lake itself. The necessary
differential pressure decrease to trigger a hydro-
thermal eruption can be caused be sudden lake
level drops, e.g., by enhanced evaporation, seep-
age, or the expulsion of lake water by previous
eruptions. Hydrothermal systems related to active
crater lakes are often in a near-disequilibrium
and heterogeneous physical state; sudden minor
confining pressure drops in this sensitive system
at any depth or place can be enough to initiate
subsurface boiling which eventually leads to a
hydrothermal eruption. Moreover, hydrodynamic
circulation near the lake bottom of colder and
denser lake water infiltrating into the underlying
heat pipe (Hurst et al. 1991) can lead to venting of
hot fluids subject to a sudden pressure drop forced
to boiling.

Bi-phase (liquid-vapor) and vapor-only
regions underlay active crater lakes (Fig. 5). With
a magma degassing at shallow depth, the abun-
dant steam (the most abundant “gas” phase in
magmatic gases) will easily condense when
reaching the more liquid-dominated shallow parts
of the hydrothermal system, while the incon-
densable gas phase will not, creating gas pockets
beneath the lake. Besides direct “gas explosions”,
the sudden condensation of the vapor phase will
lead to a drastic pressure drop, consequent boiling
and eventually a hydrothermal explosion. This
effect is most significant for highly active crater
lakes (e.g. Laguna Caliente, Poás and Rincón de
la Vieja, Costa Rica; Ruapehu, New Zealand;
Copahue, Argentina-Chile) with extremely high
acidities, making these systems “transparent” to
CO2, the most abundant species in a water-free
magmatic gas, increasing the pressure drop effect.
For less acidic crater lake systems (e.g. Pinatubo
and Taal, Philippines; pre-2007 Kelud, Indone-
sia), increasing amounts of dissolved gases
(mainly CO2) in water causes the water to boil at
lower temperatures, eventually speeding up the
eruption dynamics, although fluid cycling at such
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lakes is often too low to enter in eruption. CO2-
dominated volcanic lakes are less prone to a
sudden change in thermal input into the lake, as
their bottom waters become gas-rich by the
regional input of CO2-laden ground waters (i.e.
Nyos-type lakes, Tassi and Rouwet 2014;
Kusakabe 2015; Kling et al. 2015; Vaselli et al.
2015).

2.4 Geyser-like Eruptions

As for hydrothermal eruptions, geyser eruptions
(from the Icelandic word “geysir”) are boiling-
point eruptions, but water expulsion is cyclic,
and no solids are involved (Mastin 1995). These
generally non-violent eruptions occur when a
buried fluid near boiling conditions is depres-
surized leading to the creation of a bi-phase,
liquid-vapor mixture, expansion and, finally,
explosion (White 1967; Kieffer 1984). If we
assume a constant water recharge and heating
during intereruptive periods, what does actually
change the pressure gradient to make the liquid
boil, leading to cyclic geyser eruptions? An
intrinsic property of the geyser plumbing system
is its discontinuous geometry and/or permeability
(Kieffer 1984; Ingebritsen and Rojstaczer 1993,
1996). This leads to a discontinuous rise in water
level within the conduit, and thus a step-wise
variation in hydrostatic pressure: resulting from
Bernouilli’s law, boiling will eventually occur
when large cavities (or higher permeable zones,
e.g. fractured zones) are filled slowly, while
boiling will be suppressed when narrow conduit
(or less permeable) parts are quickly filled
(Steinberg et al. 1981, 1982a, b, c; Kieffer 1984;
Ingebristen and Rojstaczer 1993). The initial
water burst or steam flashing (i.e. “flash boiling”;
Fournier 1969) during geyser preplay and
unsteady flow regime will lead to sudden pres-
sure drop of the near-surface water mass in the
conduit, triggering a steady flow, high column
geyser eruption (Kieffer 1984; Dowden et al.
1991). Classical geyser eruptions (e.g. Old
Faithful, Yellowstone NP, Wyoming, USA;
Kieffer 1984) have a duration of 1.5–5.5 min
with intereruptive periods of *50 to *75 min.

Analog geyser-like geometries can exist in
hydrothermal systems underneath crater lakes.
Real geyser conduits are rather constricted, sin-
tered vents, while vents at crater lakes are less well
defined in time and space. Based on an energy
balance of the 1985–1988 Laguna Caliente (Poás
volcano, Costa Rica), Brown et al. (1989) and
Dowden et al. (1991) concluded that frequent
(every 10 min) and short (10 s) geyser-like

Fig. 5 Sketch of a hypothetical crater lake and under-
lying conduit system: the heat pipe model (simplified
from Christenson and Wood 1993). At the base of the
crater lake an impermeable layer is composed of a liquid
sulfur pool (see Fig. 4) and mineralization of secondary
minerals (Christenson et al. 2010). The top of the heat
pipe is saturated with fluids (single-phase liquid, in grey),
capable of scrubbing acidic magmatic gases and condens-
ing rising vapor, while being transparent for CO2 and
low-soluble gases (e.g. He). The base of the heat pipe
consists of a single-phase vapor region at the base and
condensation front. Volatile storage likely occurs in this
single-phase vapor region. The single-phase liquid region
and single-phase vapor region is separated by a two-phase
liquid/vapor region, where infiltrating lake water is
reheated, mainly by vapor condensation. Magmatic
volatiles and heat is released from a cooling and
crystallizing magma at depth. Deep volatile storage
possibly occurs below the brittle/plastic zone at the top
of the magma
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eruptions offered an efficient means to dissipate
energy from the lake. Overlying liquid water will
be disrupted when a submerged vent or fumarole,
filled with vapor under pressure that will become
unstable as steam accumulates, is followed by a
pressure release paired with the water ejected
upward (Dowden et al. 1991). It is noteworthy
that Laguna Caliente passed a phase of lake level
drop, due to enhanced evaporation that steadily
decreased hydrostatic pressure, teasing the
underlying system with near-boiling conditions.
During complete dry-out of the lake in 1989, Poás
exhibited nearly continuous geysering (Dowden
et al. 1991). Since 2010, Laguna Caliente exhibits
a similar behavior. It sounds reasonable that the
ongoing periodical fluid injections in more
peaceful manner into Laguna Caliente during in-
tereruptive periods of more powerful phreatic or
hydrothermal eruptions, are controlled in some
way by this geyser-like mechanism. When crater
lake level drops, geyser eruption height lowers
(Dowden et al. 1991). Consequently, the more
powerful eruptions observed at a crater lake,

which can easily destroy geyser plumbing sys-
tems, are rather phreatic or hydrothermal. Strong
enough ground shaking due to proximal or distal
tectonic earthquakes can also considerably
modify the geyser periodicity (Ingebritsen and
Rojstaczer 1993, 1996; Brodsky et al. 1998, 2003;
Manga and Brodsky 2006; Alvarado 2010).

A less intense geyser activity is observed
north of the El Chichón crater lake (Chiapas,
Mexico) (Fig. 6a). This “Soap Pool” geyser
(Taran et al. 1998) is the main reason why the El
Chichón crater lake actually exists (Rouwet et al.
2004, 2008). Several months of water discharge
(10–30 kg/s, Fig. 6b) toward the lake alternate
rather long periods (up to 2–3 years) of pure
vapor exhalation from the same subaerial vent
(Fig. 6c). It is not known if the reactivation of the
water expulsion from the Soap Pool geyser
occurs violently, or not. Nevertheless, the vent
does not manifest any mechanical rupture, sug-
gesting that the emission of water takes place
gradually. The geyser probably taps a superficial
aquifer with a presumed volume in the order of

Fig. 6 a The Soap Pool geyser (yellow square) on the
northern shore of El Chichón crater lake, Chiapas,
Mexico. Note the persons for scale (white arrow) (March
2004, picture by Salvatore Inguaggiato). b Water dis-
charge from the same Soap Pool geyser, discharging

towards the crater lake (yellow arrows, such as in
a) (November 2009, picture by Yuri Taran). c Exhalation
of vapor only from the Soap Pool geyser (November
2006, picture by Mike Cassidy)
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105 m3, similar as the lake itself (Rouwet et al.
2008), and seems to be connected with the same
aquifer feeding thermal springs on the volcano
flanks, *250 m lower (Peiffer et al. 2011). The
“buried lake” of Rouwet et al. (2008) eventually
is a fractured, heterogeneous porous medium
(Fournier 1969), rather than a “U-shaped” cavity
with a well-defined sealed steam cap. The

extremely long periodicity of the Soap Pool
geyser (years) probably states a larger reservoir
volume, a longer meteoric recharge time, and a
slower heating process to reach critical temper-
ature and pressure, before eruption. Besides this
geyser-like activity, El Chichón crater lake is not
subject to any type of eruptions since the 1982
Plinian eruptions.

Fig. 7 Boiling Lake,
Dominica, during a period
of unusual activity at the
lake where water levels and
geothermal activity were
rapidly fluctuating. a Rapid
draining of the lake
(7 April 2005), followed by
b rapid refilling of the lake
(13 April 2005). The
volume difference between
the empty and full lake is in
the order of 105 m3

(pictures by Arlington
James, Forestry Officer,
Forestry and Wildlife
Division, Dominica, used
with permission of
Erouscilla Joseph)
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3 Non-eruptive Unstable
Draining Lakes

A spectacular, although less explosive demon-
stration of the delicate physical state beneath crater
lakes is manifested when a denser liquid layer
(a lake) is placed atop a gas-filled or multi-phase
layer (vent system). The best examples are Boiling
Lake (Dominica; Fournier et al. 2009, Fig. 7) and
Inferno Crater Lake (Waimangu Geothermal area,
New Zealand; Vandemeulebrouck et al. 2005,
2008; Legaz et al. 2009). Such an intrinsically
gravitationally unstable system is manifested as
a near-boiling lake that occasionally drains
(Fig. 7a) and refills its water (Fig. 7b), without
any clear cyclicity (contrary to geysers) (Van-
demeulebrouck et al. 2005; Fournier et al. 2009).
If such lakes are gravitationally unstable, why do
they exist in the first place?

Lakes can be sustained above the regional
aquifer by the drag force caused by a gas phase
flowing through a liquid-filled permeable con-
duit. At the equilibrium, the drag stress for each
bubble is exactly balanced by the hydrostatic
pressure of the water raised above the water
table. So, bubbles are needed to “carry” the lake.

When bubbles are present, boiling and degassing
is a fact. Moreover, cold water in the near surface
(lake and surroundings) will be lifted by under-
lying hotter water, which needs to boil (and
bubble) to keep the unstable lake suspended. A
disruption in the bubbling behavior can literally
lead to a collapse of the delicate equilibrium state
and the consequent sudden draining of the lake
(e.g. steam-bubble collapse in the lake, seismic
triggers). Such draining can even occur when the
heat power and thermal boundary conditions of
the gravitationally unstable lake system are
maintained constant. With the scope of volcano
monitoring, crises of lake draining and refill
of such lake systems can occur without any
changes in their underlying magmatic systems
(Vandemeulebrouck et al. 2005).

Other active gas-flushed crater lakes, which
do not demonstrate this obvious draining-refill
behavior can be subject to similar dynamics, e.g.
shown by lake level variations generated by a
pushing or retreating underlying vapor-gas front.
As the lake functions as a “shock absorber” with
gas bubbles as driving agent, it is crucial to be
able to distinguish such hydrothermal instabili-
ties of the lake from real changes in magmatic

Fig. 8 The results of the numerical modeling are
illustrated by real phreatic eruptions observed at Laguna
Caliente, Poás, Costa Rica, during the 2006–2012 erup-
tion cycle (modified from Morrissey et al. 2010). The
eruption style reflects the mass ratio of lake water to

superheated vapor and eruption pressure. Picture courtesy,
clockwise from lower left, used with permission: Gino
González-Ilama, Ana Belén Castro, Cindy and Jean-
Michel Doire (URL: https://picasaweb.google.com/
cjmdoire), Raúl Mora-Amador (2x)
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activity (Vandemeulebrouck et al. 2005, 2008).
The pre-eruption lake level rise of Poás’ Laguna
Caliente in 2005 can be interpreted as a rising
steam pushing the lake up, a first “shock being
absorbed” before liberating the increased energy
release as an eruption (starting in March 2006).

4 Numerical Modeling of Crater
Lake Breaching Eruptions

From the above review it is clear that unambig-
uous precursory signals of single eruptions
breaching a crater lake are not well established.
Due to the high frequency of eruptions within
phreatic cycles, such as currently at Poás’ Laguna

Caliente, a continuous monitoring (geochemical,
temperature logging, magnetometry, thermal and
visual imaging, etc.; Rouwet et al. 2014) is nee-
ded to find the key to effective eruption fore-
casting. Especially for crater lake eruptions the
physical processes are still not fully understood.
As for any eruption, magmatic or not, the
occurrence and violence of an eruption depends
on how efficiently thermal energy is converted
into mechanical energy (Newhall and Self 1982;
Moyer and Swanson 1987; Mastin 1991; Marini
et al. 1993). The initial amount of energy avail-
able to trigger an eruption depends on the initial
pressure and temperature of the rock-gas-liquid-
vapor mixture. As direct clues of these parameters
are often masked by the presence of the lake

Fig. 9 Snapshots of the density field from preliminary
simulations (Morrissey et al. 2010). a–c A gas cavity
rapidly forms and expands raising the lake surface
(surface bulge) 90 m before collapsing. c–f As the cavity
collapses, instabilities form along the lake surface forming
finger or radial jets that coincide with the development of

the main vertical jet. Surges flows are observed to flow
toward the crater rim where they eventually cascade over
the rim and begin to flow down the crater walls. Grey
scale values range from on the order of 1.0 kg/m3 for
black to 0.001 kg/m3 for light gray. Wall rock (white) is
not part of the gray scale value scheme
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itself, physical modeling and numerical simula-
tions can be of help to better understand
the eruption mechanism (Brown et al. 1989;
Dowden et al. 1991; Bercich and McKibbin 1992;
Christenson et al. 2010; Morrissey et al. 2010).

Numerical simulations using the SAGE code
(Gittings et al. 2008) that mimicked Ruapehu’s
Crater Lake, New Zealand, result in a spectrum
of activities that range from small-scale surface-
waves to a series of surges accompanying radial
jets, and depend on eruption pressure, the initial
mass ratio of lake water to supercritical vapor
(=R) and lake level (Fig. 8) (Morrissey et al.
2010). Calculations involving R > 1,100, a full
lake and supercritical vapor with an initial pres-
sure between 0.5 and 5.0 MPa produces a vapor
cavity that raises the lake surface (i.e. surface
bulge) several meters before it collapses or cav-
itates causing small disturbances on the lake

surface within <25 s. At higher eruption pres-
sures between 5 and 10 MPa, and R between
1,100 and 1,600, the vapor cavity rises through
the lake displacing the lake surface tens of meters
before it begins to collapse (Fig. 9a, b). As the
cavity collapses (Fig. 9c, d), a vertical jet forms
reaching a height of 100–200 m above the crater-
lake surface. The lake surface drops due to the
collapse of the vapor cavity and surge waves
form along the base of the jet (Fig. 9e, f). The
surges are several meters high and move rapidly
toward the rim of the crater-lake eventually cas-
cading over the edge (Fig. 10). The surges are
composed of saturated steam due to turbulence of
the lake surface. At vapor pressures >10 MPa
with R < 1,600 in a full lake, the vapor cavity
rises rapidly through the lake, expanding the lake
surface radially >100 m to a point where insta-
bilities form producing fingers or streamers of

Fig. 10 Proof of lake cascading over the southern dome
after the 16 April 2012 phreatic eruption of Poás Volcano,
Costa Rica (picture by Raúl Mora-Amador). Surges of

several tens of meters high (dome height *30 m) throw
the lake out beyond the lake rims
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liquid. The numerical simulations confirm the
implosive nature of phreatic eruptions, as sug-
gested above by physical insights.

5 Conclusions

An active crater lake is potentially one of the
most dangerous sites to be around due to the high
compressibility of gases and inputs of gas-vapor
batches. When an eruption occurs at crater lakes,
it is subaqueous and either phreatomagmatic,
phreatic, hydrothermal or geyser-like. Belousov
and Belousova (2001) proposed a model for
the phreatomagmatic Surtseyan eruptions at
Karymskoye Lake based on video images,
depositional characteristics and tephra morphol-
ogy. The ejection of the gas and tephra mixture
(fragmented magma) through the lake creates a
bulge at the lake surface. The gas-tephra mixture
penetrates through the bulge and breaks the lake
surface forming a cockscomb jet followed by a
base surge that moves radially from the eruptive
center.

Before the 1940s, the term “phreatic eruption”
did not exist in the literature. Phreatic eruptions
do not expel juvenile magma but instead only
fragments of non-juvenile rocks mixed with gas,
steam or liquid water (non-magmatic). Visually,
phreatic eruptions are very similar to phreato-
magmatic Surtseyan eruptions, but are often
more violent than their magmatic or phreato-
magmatic counterparts. Examples include
Laguna Caliente, Poás in Costa Rica; Ruapehu in
New Zealand, (pre-2013) Copahue in Argentina-
Chile; and Aso in Japan.

Hydrothermal eruptions in hot water or steam-
dominated hydrothermal systems are generated
near-surface due to the phase transition from
liquid to steam following a sudden pressure
drop. The hydrostatic pressure is determined by
the weight of the crater lake itself, being variable
by sudden lake level drops by enhanced evapo-
ration or seepage, or the expulsion of lake water
by previous phreatic or hydrothermal eruptions.
Less hazardous geyser-like eruptions and drain-
ing-refill sequences of “boiling lakes” can also
occur at active crater lakes.

A continuous monitoring system will be key
to better understand crater lake eruptions.
Unfortunately, this remains utopia for many
lakes. As direct clues are often masked by the
presence of the lake itself, physical modeling and
numerical simulations can be of help to better
understand the eruption mechanism. The first
numerical simulations resulted in a spectrum of
activity that ranges from small-scale surface-
waves to a series of surges accompanying radial
jets, and depends on eruption pressure, the initial
mass ratio of lake water to supercritical vapor
and lake level. This review has shed light on the
various eruption mechanisms in a crater lake
focussed perspective, but on the other hand, has
demonstrated that it remains challenging to cor-
rectly recognize, understand and monitor erup-
tions, as the lake itself “hazes” our view into the
depths where eruption-triggering pressures reign.
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The Chemical Composition
and Evolution of Volcanic Lakes
Johan C. Varekamp

Abstract

Volcanic lakes carry fluids that range from ultra acid, high TDS brines to
largely meteoric fluids. Their water compositions are governed by volcanic
fluid inputs, which range from almost raw, cooled volcanic gases (largely
S–Cl–F–CO2 rich fluid) to more mature solutions that result from
interaction of these acid fluids with volcanic rocks. Volcanic inputs can
have reacted with mature protoliths (low degrees of neutralization) or with
freshly intruded magma (high degrees of water rock interaction), the latter
often resulting in the precipitation of secondary minerals such as alunite.
The detailed chemical lake water composition is a reflection of mineral
precipitation, fractionation of trace elements in the precipitated phases
(such as the rare earth elements and metals in sulfides) and element vapor
phase transport by the volcanic gases. Variations in lake composition result
from a changing volcanic input composition or magnitude and thus are
important in volcano monitoring. The lake water dynamics also impact the
lake water composition over time, and variations in evaporation rate,
meteoric water input and dramatic changes in input may cause changes in
element concentrations and ratios related to non steady state effects. The
recovery time to steady state differs strongly between open and closed lake
systems. The stable isotope compositions of volcanic lake waters reflect
W/R interaction (higher δ18O), degree of volcanic gas input (higher δ18O
and δD), and evaporation at elevated temperatures (flat evaporation lines).
Isotope ratios of other elements usually reflect the nature of the volcanic
inputs or dissolved rock. Volcanic lakes can be charged with toxic
elements that upon release may impact local ecosystems and agricultural
land or drinking water downstream. Volcanic lakes charged with poorly
soluble gases such as CO2 and methane may represent hazards of limnic
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eruptions. Failure of retaining walls or dams of acid lakes may cause acid
floods with damage to land and livestock downstream.
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1 Introduction

Volcanic lakes dot the landscape in many vol-
canic terrains (e.g., Delmelle and Bernard 2000a;
Tassi et al. 2009a). They range in size from tiny
maar lakes to giant caldera lakes. Volcanic lakes
may have their origin in true volcanic processes
that disturb the watershed: explosion craters,
collapse calderas as well as streams and rivers
that were cut off by volcanic products (lava
flows, lahars, ash flows). Ancillary “volcanic
lakes” are those that are impacted by volcanic
processes but are not truly volcanic in origin.
Some lakes may be receiving volcanic inputs in
the form of hydrothermal fluids, which impacts
their chemical composition and possibly their
nutrient balance. In this review I will deal with
all lakes that have a discernible volcanic com-
ponent in their water composition.

Many volcanic lakes are known for their
beauty and pristine surroundings (e.g., Crater
Lake, Oregon, USA; Heavenly Lake, N-Korea),
but in their waters or sediments many natural
pollutants may lurk. They range in composition
from largely meteoric water (e.g., Crater Lake,
Oregon, Drake et al. 1990; McManus et al.1992;
Bolsena Lake, Italy, Mosello et al. 2004; Azores
lakes, Martini et al. 1994) to extreme fluids with
high TDS and low pH values (e.g., Poás Lake,
Costa Rica; Rowe et al. 1992a, b; Martínez et al.
2000). The composition of lake waters can be
used for volcano monitoring purposes (e.g., Gig-
genbach 1974; Giggenbach and Glover 1975;
Armienta et al. 2000; Tassi et al. 2005; Zlotnicki
et al. 2009; Martini et al. 2010) and the water
compositions may provide fundamental insights
into the origin and evolution of hydrothermal
fluids and associated ore deposits (e.g.,

Giggenbach 1988, 1992b). Some lakes contain
hazardous low-pH fluids and failure of a retaining
wall (Schaeffer et al. 2008) or leakage into the
watershed can provide a natural hazard (e.g.,
Delmelle and Bernard 2000b; Löhr et al. 2005;
van Rotterdam et al. 2008; Kempter and Rowe
2000; Delmelle et al. this issue). Some lakes
accumulate volcanic or geothermal gases (CO2 or
methane) that can accumulate in the water column
(e.g., Lake Nyos, Cameroon, Kling et al. 1987,
this issue; Evans et al. 1993; Lake Kivu, Demo-
cratic Republic of Congo, Tietze et al. 1980; Tassi
et al. 2009b; Tedesco et al. 2010; Lake Kelud,
Indonesia, Bernard and Mazot 2004; Caudron
et al. 2012; Lake Quilotoa Chiodini et al. 2000;
Gunkel et al. 2008). Most lakes in moderate cli-
mate zones mix once or twice a year and then
release their stored gases to the atmosphere. In the
case of meromictic lakes, gas storage can occur
over 100–1000s of years and catastrophic release
of gases may take place during a forced overturn
(seismic event, volcanic event, landslide) as
occurred at Lake Monoun and Lake Nyos (Kling
et al. this issue; Kusakabe this issue; Tassi and
Rouwet 2014). Lake Kivu may have overturned
during a gas eruption in the far past (Haberyan and
Hecky 1987), although this is being debated.

The boundary conditions for volcanic lake
existence are the degree of water input (precipi-
tation, watershed size) and water loss (evapora-
tion, seepage, outlets). Moreover, crater lakes
have a limiting temperature of stability for a given
location (Pasternack and Varekamp 1997). As a
result, many crater lakes occur in wet tropical
regions or on top of tall volcanoes with a glacier-
fed water supply. Evidence for a volcanic com-
ponent in lake waters may be a lowered pH value,
usually associated with high concentrations of the
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major cations, or high CO2, Cl
− or SO4

2− con-
centrations. In some cases, enrichments in trace
elements like fluorine, arsenic or lithium or sedi-
ments with a geothermal component serve as
indicators for a subaqueous volcanic input (e.g.,
López et al. 2009; Miyabuchi and Terada 2009).
Of course, all common limnological and biologi-
cal processes also occur in volcanic lakes, but the
volcanic influence may overprint the usual state of
a lake.

Geothermal inputs of dissolved silica or
leaching of fresh volcanic ash may stimulate
diatom productivity in volcanic lakes (Burwell
2003; Telford et al. 2004). Volcanic CO2 may be
used in biological productivity and the enhanced
input of nutrients like dissolved P from volcanic/
geothermal sources may stimulate primary pro-
ductivity (Pedrozo et al. 2001, 2008; Lefkowitz
2012). In extreme cases, the water density may
be influenced by the geothermal inputs (salinity,
dissolved CO2) and bottom waters may become
stagnant as a result of the volcanic inputs. Some
volcanic lakes have lake beds with a peculiar
composition, like the varved beds of Lake
Tateyama in Japan (Kusakabe et al. 1986) that
consists of thin silica layers (diatoms) and thicker
native sulfur layers that formed through oxida-
tion of volcanic H2S in the water. Other lakes
with non-extreme water compositions have
floating sulfur nodules at the surface during
periods of turnover, a result of volcanic and/or
bacterial processes in the lake (e.g., Lake Ilo-
pango, El Salvador, López et al. 2004). So vol-
canic lakes are either formed through volcanic
processes (mainly physical) or their water com-
position is impacted by direct volcanic inputs, be
it subaqueous or through mineralized rivers.
Volcanic ash or aerosol inputs into lakes usually
do not make them part of the volcanic lakes clan.
Acid volcanic lakes may be terrestrial analogs of
early Mars environments (Varekamp 2004;
Chapman 2007) and also have strong chemical
similarities with acid mine drainage areas.

2 Chemical Composition
of Volcanic Lakes

The chemical compositions of volcanic lakes
cover a wide range, from dilute, largely meteoric
water fluids to very concentrated hyper acidic
fluids (Table 1). The source of the anions is
ultimately a volcanic gas phase rich in SO2, HCl
and HF and possibly CO2, which may have been
absorbed at depth in a hydrothermal system and
then subsequently is injected into the volcanic
lake (Christenson and Tassi this issue). The anion
concentrations reflect the composition of the
volcanic gas, commonly with S/Cl*1, be it with
many exceptions (Fig. 1a). Chloride loss as HCl
vapor in hot concentrated lakes (e.g., Poás, Co-
pahue) is common (Rowe et al. 1992a), leading
to Cl depletion. Precipitation in the lakes of
native sulfur, gypsum, anhydrite or jarosite, all
common minerals in volcanic lakes, may deplete
the waters in S. The S–Cl–C diagram shows the
clear partition in the acid S–Cl lakes with low pH
values and the carbonate rich lakes with much
higher pH values (Fig. 1b). Some lakes have an
input of a mixed volcanic fluid but do not reach
low enough pH values to let CO2 escape. Con-
centrated pools of exotic S–Cl-rich water are
found where the lake absorbs largely unpro-
cessed raw volcanic gases, such as in Keli Mutu
in Indonesia (Pasternack and Varekamp 1994)
and Kawah Putih on Java (Sriwana et al. 2000),
and Poás and Turrialba in Costa Rica (Tassi et al.
2005, 2009a, b; Martini et al. 2010). Other
volcanic lakes receive hydrothermal fluids that
have already been processed extensively. These
acid hydrothermal fluids may be strongly min-
eralized, but tend to be less rich in the volcano-
genic elements (S+halogens). Examples are Taal,
Phillipines (Gordon et al. 2009; Zlotnicki et al.
2009), Kelud (Indonesia, Bernard and Mazot
2004), and El Chichón (Mexico) during the
period 1990–2014 (Armienta et al. 2000; Rouwet
et al. 2004, 2008).
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The sources of most cations in volcanic lakes
are the local volcanic rocks that react with the
volcanic fluids (e.g., Sriwana et al. 2000), either in
the lake environment itself or in the underlying
hydrothermal system down to some kilometers
depth. The volcanic gases may have already
interacted at high temperatures (>600 °C) at
greater depths with intrusive rocks, possibly
forming porphyry copper deposits (e.g., Reed et al.
2013; Henley this issue) before entering the

shallower and cooler zones below volcanic lakes,
where they may form alteration zones with high-
sulfidation ore deposits (e.g., Brantley et al. 1987;
Hedenquist and Lowenstern 1994; Arribas 1995;
Henley this issue). The volcanic gases that are
trapped in the lake or underlying hydrothermal
system carry besides the CO2–S–Cl–F also some
volatile cation-forming elements such asNa,B, Rb
and trace elements such as Pb, Zn, Hg, As, and Cd
(Symonds et al. 1987; Taran et al. 1995). In highly

Fig. 1 a The molar S/Cl is
on average *1, but S
excesses and deficits are
common. Some Poás crater
lake samples (Laguna
Caliente) probably suffered
from sulfur loss through
liquid sulfur formation and
anhydrite crystallization.
Other Poás samples with
excess sulfur (Poás)
probably have undergone
HCl vapor loss. b The S–
Cl–C diagram shows the
acid lakes on the S–Cl axis,
and the very CO2 rich
samples near the HCO3

corner. A few lakes have
mixed S–Cl–HCO3

compositions, and most of
these have relatively high
pH values
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acid volcano-hydrothermal systems where
wholesale (near-congruent) dissolution of rocks
may occur at elevated temperatures, the chemical
composition of the lake water is a direct reflection
of the composition of the underlying rock matrix.
Compositional differences may exist as a result of
the preferential dissolution of certain minerals
before the remainder of the rock dissolves or the
precipitation of secondary minerals.

Three types of diagrams are commonly used
to provide a genetic illustration of lake water
compositions of the acid lake group (pH < 3): (1)
the element transfer ratio (ETR) diagram, (2) the
“isosol” diagram, and (3) ternary molar compo-
sition diagrams. The degree of congruent rock
dissolution of lake waters can be assessed by
plotting the element transfer ratios (Pasternack
and Varekamp 1994; Aiuppa et al. 2000; Takano
et al. 2004; Colvin et al. 2013), which is the lake
water composition normalized to the rock com-
position, using a common index element for
dilution scaling, usually Mg or Na because of
their conservative nature in acid fluids. The ETR
for Mg is than by definition 1, and elements with
an ETR close to 1 behaved like Mg, whereas
ETR >1 suggests either preferential mineral dis-
solution or addition of elements by a volcanic
vapor phase. Elements with ETR <1 may have
been retained in the rock matrix (e.g., Si, Ti, Nb,
Zr) or precipitated in secondary minerals (e.g.,
barite precipitation creates a Ba depletion). Two
examples of ETR diagrams are shown for water
samples from Santa Ana and Poás crater lakes
(Fig. 2a, b), showing the depletions in several
elements, in this case because of alunite and
anhydrite retention, and enrichments because of
vapor transport of volatile elements (see also
Delmelle and Bernard 1994). The depletions in
Si and Ti are common to most fluids and dis-
cussed in more detail below.

The “isosol” diagram is a log-log composi-
tional diagram (Fig. 3a, b), with the water com-
position along the vertical axis and the mean
volcanic rock composition along the horizontal
axis (e.g., Taran et al. 2008; Colvin et al. 2013).
Sloping isosol lines (“isosols” equal amount of
rock dissolved for the various elements) indicate
the “grams of rock dissolved” per liter of

hydrothermal water if congruent rock dissolution
took place. If all elements from a given sample
plot on a specific isosol, the fluid resulted from
congruent rock dissolution at that W/R value,
whereas deviations from an isosol show the
amount of relative depletion or enrichment in a
given element. Waters from Copahue crater lake
(Varekamp et al. 2009) and Santa Ana crater lake
(Bernard et al. 2004; Colvin et al. 2013) show
both close to congruent dissolution with about
30 g of rock per liter of water, with slight dilution
trends over time (Fig. 3a, b). The elements Si and
Ti show strong negative deviations from the 30 g
isosols, suggesting that those elements were
either left behind in the dissolving rock matrix or
precipitated in a secondary phase in the under-
lying system or lake. The high field strength
elements (HFSE) like Ti and Nb are poorly sol-
uble even in hot acids, and Ti and the other
HFSE may remain behind during the dissolution
process (Aja et al. 1995; Wood 2005; Varekamp
et al. 2009). Alternatively, they were precipitated
in the lake environment (Delmelle and Bernard
1994) after removal from the rock matrix. The
solubility of silica (expressed here as ppm Si in
the fluid instead of ppm SiO2) is a strong func-
tion of temperature, but relatively modest even at
high temperature (*320 ppm Si at *300 °C,
Verma 2000), whereas fluids with 30 g of dis-
solved bulk andesite per liter would
require *8,000 ppm Si in solution for congruent
dissolution. The Si depletion as commonly found
in the ETR and isosol diagrams is thus not nec-
essarily the result of silica precipitation during
late-stage cooling, but a direct result of incon-
gruent dissolution of the rock matrix. This rock
dissolution with contemporaneous precipitation
of hydrothermal silica, produced probably the so-
called “vuggy silica’ as found in many ore
deposits (e.g., Arribas 1995; Reed et al. 2013).
The silica concentration in volcanic lakes is
further influenced by precipitation of silica min-
erals during the cooling of the hydrothermal
fluids as well as by the degree of dilution with
meteoric water in the lake system. Enhanced
silica concentrations in cool volcanic lakes are a
certain indicator for hydrothermal fluid inputs,
but have only limited geothermometric value.
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A combination of δ18O and Si data of lake waters
may narrow the Si contents of the parental
hydrothermal input fluid, if the δ18O value of the
input fluids is known and corrections for evap-
oration can be made. Temperatures of last
equilibration with a solid silica phase can then be
estimated, which may approach the temperature
of the hydrothermal input into the lake. It is
important to realize this two-step process of silica
depletion in the hydrothermal systems: the pre-
cipitation of silica minerals during the W/R
interaction process, and the later cooling-precip-
itation and dilution steps.

The 2007 Santa Ana crater lake fluids also
show depletions in K and Al in addition to the Si
and Ti deficits, with possibly a minor depletion
in Na. Precipitation of a K–Na–Al rich phase
would explain this pattern, and saturation mod-
eling of these fluids (Colvin et al. 2013) indicates
alunite saturation ((Na, K) Al3 (SO4)2 (OH)2).
From the expected and observed Al concentra-
tion (intercept Al*, Fig. 3a) and the stoichiome-
try of alunite, the amount of precipitated alunite
per liter of water is estimated. For the July 2007
Santa Ana fluids, for every 30 g of rock dis-
solved, about 8 g of alunite were precipitated.

Fig. 2 a Element transfer ratio diagram for the 2004
crater lake fluids from Santa Ana volcano (El Salvador)
showing near-congruent rock dissolution, with depletions
in Si and Ti (Bernard et al. 2004). The 2007 samples show
also depletions in K, Al, Na and Fe, suggesting alunite-
jarosite saturation and Ca depletions suggesting anhydrite
saturation. b Diagram with relative abundances for Poás

Lake, with strong enrichments in the volatile trace
elements such as arsenic, thallium and boron, and
depletions in Ca (anhydrite), Ba (barite), Cu (sulfide)
and Si in vuggy silica. The HFSE are all depleted either as
a result of retention in the protolith or precipitation in the
lake waters (Martínez 2008)
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These isosol diagrams thus show both the
amount of rock dissolved in the fluids that feed a
given volcanic lake (possibly corrected for dilu-
tion with meteoric water) as well as the reaction
progress of the dissolution process with precipi-
tation of specific secondary minerals. The
example from Copahue crater lake shows near
congruent dissolution for all major elements at
close to 30 g rock/L, suggesting close to con-
gruent rock dissolution, except for Si and Ti,
with the two-step silica precipitation discussed
above.

The Si depletion process can be further
quantified with the Si* parameter (Fig. 4), which
is here defined as the expected ppm Si from

congruent rock dissolution based on a given
isosol and the observed Si concentration (or
Si* = Si(obs)/Si(isosol)). Plots of Si* versus W/R
can be used to check if any late stage silica
precipitation has taken place (Fig. 4) and what
the approximate temperature of the input fluids
was, if no major dilution has taken place. For
example, a W/R value of 5 g rock/L as derived
from the isosol diagram would produce a theo-
retical Si* of *24 % at 300 °C as a result of
incongruent rock dissolution; the temperature
needs to be derived from other indicators such as
sulfur isotope data, chemical thermometry, or
drill hole data. If the Si*(observed) for the spe-
cific system equals 15 %, an additional amount

Fig. 3 Isosol diagrams for
Santa Ana (a) and Copahue
(b) crater lakes. a Santa
Ana lake shows on average
30 g/L total dissolved
solids and element
depletions in Al and K due
to alunite precipitation.
b Copahue crater lake
shows congruent
dissolution at 30 g/L total
dissolved solids in 1997,
decreasing to 15 g/L in
1999. Only Si and Ti show
strong depletions. The
slight decrease in Si* in
1999 may herald the
heating of the hydrothermal
system prior to the 2000
eruption
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of Si has been removed from the fluid through
cooling-precipitation after the initial rock disso-
lution step, and the last silica equilibration tem-
perature is then given by the intersection of the
lines as shown in Fig. 4 (*250 °C). Other
variations on Si evolution in lake fluids and the
relation to the feeding underlying hydrothermal
system uses the Si/Cl in lakes (Varekamp et al.
2000), which can be related through the tem-
perature of the hydrothermal system to dilution
(*constant Si/Cl) or conductive cooling
(decreasing Si/Cl).

The compositional variation in volcanic lakes
can also be illustrated in ternary ion diagrams
(e.g., Christenson 2000). The molar composition
of three components is plotted (Fig. 5a–d),
sometimes scaled to make better use of the
plotting space, together with the compositions of
primary rock-forming minerals in the andesitic
protolith, secondary minerals that may precipitate
from the fluids, and the volcanic bulk rock
composition itself (VRIP = volcanic rock index
point). These diagrams are projections of multi-
dimensional compositional space and should be
interpreted with care. Dilution by meteoric
waters will not impact the plotted data points in
the simple, non-scaled diagrams whereas the
diagrams with components that have exponents
will be distorted. Data from an extended version
of the volcanic lakes data base (Varekamp et al.

2000) with a pH below 3 are plotted in four of
these diagrams (Fig. 5a–d), which cover water
analyses of some well-studied crater lakes such
as Keli Mutu, Kawah Ijen, Copahue, Poás, El
Chichón, Ruapehu, and Yugama. An andesitic
rock protolith is the source of cations for all these
lake waters, although in specific cases the pro-
tolith composition may vary from basaltic
andesite to dacitic/rhyolitic rocks and can be
plotted as such. If fluids plot close to the VRIP, a
congruent process of dissolution probably took
place for the three elements involved. Preferen-
tial dissolution of a specific mineral would create
tails from VRIP towards that mineral point. If the
fluid compositions form tails behind the VRIP
opposite from a secondary mineral, precipitation
of that mineral may have left its imprint on the
chemical composition of the waters. Conversely,
tails between the VRIP and secondary minerals
may indicate re-dissolution of secondary miner-
als that precipitated during an earlier phase of
hydrothermal activity.

The Al–Mg–(Na + K) diagram (Fig. 5a)
shows the VRIP, alunite and alkalifeldspar
(mainly albite) compositional points, and clay
minerals at the Al corner. The compositional
array lines up between alunite and the VRIP with
a long tail down (Copahue, Poás, Ruapehu),
suggesting extensive alunite precipitation from
some of these waters. The Kawah Ijen samples

Fig. 4 The Si* versus W/
R diagram shows isotherms
for rock dissolution with
associated Si* values. An
example is shown for 5 g/L
total dissolved rock, which
would at 300 °C yield a Si*
of 0.25. If the observed
Si* = 0.15, the last
equilibration with quartz
then occurred at 250 °C
(dotted line)
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plot above the VRIP, suggesting dissolution of
earlier formed clays and/or alunite. The Yugama
samples plot along and above the VRIP as do the
two Keli Mutu lakes, suggesting re-equilibration
of the fluids with clay minerals. The Na–Mg–5 K
graph (Fig. 5b) shows a very narrow array of data
for many of these lake waters that aligns with the
VRIP—alunite trend. The data to the left of the
VRIP may indicate evolving compositions
because of alunite precipitation, whereas the few
points to the right of the VRIP may indicate re-
dissolution of earlier formed alunite in the res-
ervoir. The El Chichón waters plot in a different
field than the other acid lakes, indicating that the
water chemistry of El Chichón lake results of
multistep or separate processes (e.g., mixing of
various fluids, Rouwet et al. 2008; Taran and
Rouwet 2008). The Kawah Ijen waters form a

separate array, possibly indicating dissolution of
pure K-alunite. No strong evidence is present for
preferential dissolution of albite or olivine rela-
tive to the bulk VRIP in these data plots, sug-
gesting that differences in mineral solubility
kinetics are largely overwhelmed by the sheer
dissolution power of the hot acid fluids. The
Ca–Mg–(Na + K) diagram (Fig. 5c) shows
anhydrite as a common additional secondary
mineral and the data show a more complex pat-
tern. The Yugama samples are strongly displaced
towards the anhydrite corner, whereas the tail
towards the Mg corner may be best explained as
the simultaneous precipitation of anhydrite, alu-
nite and/or jarosite, leading to an apparent
enrichment in Mg. Some of the Poás samples
plot behind the VRIP and suggest precipitation of
anhydrite. The Kawah Ijen samples may show

Fig. 5 Ternary molar compositional diagrams for several
acid crater lakes with an average andesite composition
(VRIP, Copahue rock, Varekamp et al. 2006). The data
suggest a strong influence from precipitation of mixed

Na–K alunite in most systems (a, b) and anhydrite
precipitation and dissolution in c and d. See text for full
discussion
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dissolution of alunite/jarosite, while precipitating
anhydrite. The last diagram (Fe–Ca–(Na + K))
shows a more complex distribution of water
compositions (Fig. 5d). The Yugama samples
once more plot far away from the VRIP in an
area lined-up between anhydrite and jarosite. The
Ruapehu samples suggest dissolution of anhy-
drite with precipitation of jarosite during the rock
dissolution process. These observations can be
used as a first indicator for mineral saturation in
the lake source fluids at specific temperature and
fO2 conditions.

The pH is an important water composition
parameter, but the precision and accuracy of pH
values below one are commonly difficult to
assess (Nordstrom et al. 2000). The measurement
of pH values below one requires purpose-made
standard series for the specific acid involved
(usually sulfuric acid, see Nordstrom and Alpers
1999), so any differentiation of pH values below
one should be considered with caution. Some
studies use charge balance on H+ to obtain cal-
culated pH values from speciation programs.
Concentrated volcanic lake fluids are difficult to
analyze, as shown by cross laboratory calibra-
tions (Takano et al. 2000), which then provides
more uncertainty. The characterization of lake
fluids based on pH values at the low pH end is
relatively coarse as well because of its logarith-
mic nature. The frequency of pH values in vol-
canic lakes is thought to be controlled by the
SO4

2−-HSO4
− and the H2CO3–HCO3

− buffers,
leading to a bimodal distribution of pH values
(Marini et al. 2003). An alternative way of con-
sidering the lake composition involves a measure
of the amount of free H+ ions versus the amount
that was present while the waters became acidi-
fied by volcanic inputs (Varekamp et al. 2000). A
simple example goes as follows: if volcanic lake
water has 5,000 ppm SO4

2− and 3,500 ppm Cl−,
the initial pH of the fluid is derived from 52
micromoles H+ from HSO4

− and 100 micromoles
from Cl− per gram of water, which translates into
a pH(initial) of*0.8. Obviously, this approach has
its weaknesses in not considering ion pairing for
HCl in concentrated Cl-brines, differences in
activity and concentration (H+ concentration is
equated to pH), but nonetheless, the procedure

provides a first order estimate of the original fluid
prior to W/R interaction. Application of a spe-
ciation program such as phreeqc (Parkhurst and
Appelo 1999) provides better solutions for the
original pH, e.g., in the above example at 30 °C
the pH would be 0.9 instead of 0.8 as based on
charge balance only. I calculated “initial pH
values” for the volcanic lakes water database
(*800 entries), based on their SO4

2−, Cl−, F−,
and HCO3

− contents at 25 °C using a speciation
program. The difference between observed pH
and “initial pH” is the amount of H+ consumed
during W/R interaction, which can be expressed
as the (H+ consumed)/(original amount of H+) or
the “degree of neutralization” factor (DON,
expressed in %). The volcanic lakes database
shows DON values ranging from 10 to 100 %
(Fig. 6). The DON values approach 100 % for all
fluids above pH *4. The acid lake clan can both
have low and high DON values, providing a
means of distinction between them. Dilution of
lake fluids has only a small impact on the DON
values because of changes in the activity coeffi-
cients, but the general relationships are still valid.
A high DON value is a reflection of a “mature
water” in the sense of Giggenbach et al. (Gig-
genbach 1988), indicating advanced stages of
reaction progress.

The DON parameter can also be used for an
alternative classification diagram for volcanic
lakes. The measured or calculated pH values
show the H+ activities after W/R interaction
whereas the DON parameter approaches the
amount of W/R interaction. In the low pH realms,
this enables to separate between more mature and
less mature hydrothermal fluids, here arbitrarily
chosen at the 50 % DON value (Fig. 6). Fluids
with pH >4 have DON values approaching
100 %, creating the most mature clan of waters.
Many of the more mature fluids have still very
low pH values, indicating that pH alone is not the
most precise indicator of water evolution in these
systems. The relations between the DON param-
eter and bulk fluid geochemistry are system spe-
cific and an example from Copahue crater lake is
given here (Varekamp et al. 2009). Copahue
volcano was in a quiet episode from 1997 to
2000, and erupted in July 2000. It remained active
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for several months, then quieted down, and then
had a period of ‘anomalous hydrothermal fluid’
emissions in 2004 (Varekamp 2008) which was
associated with a freeze-over of the crater lake
(‘thermal anomaly’; Agusto et al. 2012). The
DON and pH values were both low in 1997–1999
(Fig. 7a), suggesting that the volcanic fluids were
interacting with a mature protolith. The eruption
of July 2000 was probably preceded by a shallow
magmatic intrusion into the hydrothermal system
(Varekamp et al. 2001), and reaction between the
acid fluids and the fresh, quenched volcanic rock
led to enhanced rock dissolution, with enhanced
element export through the springs and into the
crater lake, with very high dissolved cation
contents. The DON values (Fig. 7a) jumped
from 20–40 % in 1997–1999 to 50–100 % in
2000–2001 and remained high also after the
eruption (presumably reflecting ongoing W/R
interaction with the newly emplaced volcanic
rocks). The Mg/Cl values also were much higher
during the 2000 eruptive and post-eruptive period
(Fig. 7b). During the eruptive period with a higher
DON value, the system became saturated with
alunite, which reduced the permeability, limiting
the export of hydrothermal fluids into the lake in
the years following the eruption. The DON

parameter thus may serve as an indicator of W/R
interaction during an eruptive episode (Fig. 7).

The common island silicate mineral olivine is
very soluble in hot concentrated sulfuric acid
(e.g., Schuiling 1998), contrary to many other
silicate minerals that need HF to dissolve rapidly.
During attack of a mafic volcanic rock, we
therefore expect that olivine will be one of the
first minerals to dissolve, releasing Mg, Fe, Ni,
Mn and Si to the waters. In low DON fluids, Mg
can make up to 20 % of the cations, and we
surmise that these fluids started to dissolve olivine
before the whole rock was dissolving. In such
fluids we also find a close positive correlation
between Mg and Mn, probably reflecting the
olivine dissolution process. Evidence for early
release of Ca–Na from feldspar weathering in
acid lake water compositions with low DON
values is lacking. So in conclusion, the chemical
composition of lake fluids is in many cases a
reflection of the composition of the volcanic input
and W/R interaction during residence in one or
more “reservoirs” below the lake. Some lake
systems may have a volcanic gas input directly
into the lake with associated reactions with sus-
pended sediment and wall rock, but most if not all
have an underlying hydrothermal system.

Fig. 6 DON—pH data for
volcanic lakes. The lake
waters are grouped
according to pH and DON
values into active crater
lakes (DON < 50 %,
pH < 3) and quiescent
crater lakes (DON > 50 %,
pH 0-4) and a group of
CO2 rich lakes
(DON > 90 %, pH > 6)
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3 The REE in Volcanic Lakes

The REE and Y are a homogenous group of
elements (Lanthanides) with similar valences and
a decreasing ionic radius with increasing Z
number (from La to Lu). As a result, the light
REE (LREE) tend to be more incompatible than
the heavy REE (HREE) and Y. The element Eu
is commonly depleted relative to its direct
neighbors because it may occur with 2+valency
(dependent on fO2) and then behaves very sim-
ilar to Sr and partitions into plagioclase. The Eu
depletion is commonly referred to as the Eu
anomaly (or Eu/Eu*), which tends to be positive

in plagioclase crystals. Modern analytical tech-
niques (ICP-MS) can detect the REE at ppb
levels in waters and they make good tracers for
W/R interaction. The geochemistry of the REE in
geothermal fluids (and acid mine drainage fluids)
was considered by Morgan and Wandless (1980),
Michard (1989), Wood (2003, 2006a, b), Wood
and Shannon (2003), Gammons et al. (2002,
2003), Bozau et al. (2004), Samson and Wood
(2005), with papers more specific to volcanic
lakes by Kikawada et al. (1993, 2001), Fulignati
et al. (1999), Takano et al. (2004), Gammons
et al. (2005), Varekamp et al. (2009), Morton-
Bermea et al. (2010), Peiffer et al. (2011), and
recently in a MSc thesis by Ayers (2012).

Fig. 7 a The DON
parameter versus time for
the crater lake and hot
springs at Copahue
volcano. The DON
parameter decreased prior
to the eruption (flushing
with volcanic gases, mature
protolith) followed by a
strong increase in DON just
prior to and during the
eruption (intrusion of new
magma). The DON value
remains high after the 2000
eruption, supposedly
because of the abundance
of freshly intruded volcanic
rock for W/R interaction.
b The DON parameter
versus Mg/Cl showing
increasing amounts of
dissolved rock in the waters
at higher DON values
(more mature fluids)
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The solubility of the REE in geothermal fluids
(Michard 1989) depends on the pH, the presence
of ligands for complexing the REE, and the
stability of solid phases that may incorporate
the REE, adsorb them on active surfaces, or the
formation of more or less pure REE phases (e.g.,
xenotime, monazite). The REE may co-precipi-
tate with some Al-rich phases and phosphates
(Gammons et al. 2005). To evaluate the abun-
dance of the REE in volcanic lakes, rivers and
springs, the data are usually normalized on their
chondritic abundances. Because the REE in
hydrothermal fluids are ultimately derived from
the dissolution of the local volcanic rocks, nor-
malization of the aqueous REE abundances on
the REE in the local rocks is a useful alternative,
where fully flat REE patterns suggest simple
congruent dissolution of the REE from the
hydrothermal rock matrix.

The fluid REE patterns may deviate from the
rock patterns as a result of
1. Preferential LREE leaching from bulk fresh

volcanic rock (Takano et al. 2004);
2. Preferential attack of specific minerals that are

enriched in LREE (e.g., plagioclase, apatite,
anhydrite) or have a positive Eu anomaly
(plagioclase);

3. Leaching of REE from “mature reservoir
rocks” that were already depleted in LREE
through 1 and 2;

4. Precipitation of hydrothermal minerals that
fractionate the LREE such as anhydrite, apa-
tite, and jarosite-alunite;

5. Re-dissolution of hydrothermal reservoir
minerals (see #4);

6. Presence of ligands that preferentially bond to
a subgroup of the REE.
Primary chloride-rich volcano-magmatic flu-

ids have LREE enriched patterns relative to the
associated magma (Wood 2003). Interaction of
geothermal fluids with fresh volcanic rock also
will lead to LREE-enriched fluids, and this has
been well established for submarine hydrother-
mal systems (e.g., Bao et al. 2008). These simple
observations are complicated by the time pro-
gression of W/R interaction, with LREE deple-
tion in the rock protoliths taking place over time.
Systems with intense rock dissolution such as the

acid volcano hydrothermal systems have the
highest REE concentrations (Wood 2003), and as
a result of earlier intense W/R interaction may
show effects of protolith maturation. Most rock-
forming minerals in andesitic rocks are LREE-
enriched, but have lower REE concentrations
than the remaining melt. In most mafic magmas,
the REE act as mildly incompatible elements and
largely end up in the glassy groundmass (Wood
2003). The preferential dissolution of one or
more of the rock-forming minerals during W/R
interaction will influence the REE pattern in the
fluids, and is best traced by combining the water
chemistry with REE patterns, e.g., enrichments
in Al, Na, Ca and Sr in the fluids suggest pla-
gioclase dissolution, and may be possibly asso-
ciated with a positive Eu anomaly. Dissolution of
important REE host minerals such as apatite
would be accompanied by increases in P while a
strong decrease in K concentration in time series
suggests saturation with K-rich phases like alu-
nite-jarosite and associated LREE fractionations
(Ayers 2012).

The REE patterns in fluids at Copahue volcano
show several trends over a 15 year record
(Fig. 8a). The Eu anomaly in the fluids peaked
during the 2000 eruption and then again during
the 2004 period of anomalous activity (Varekamp
et al. 2009; Agusto et al. 2012). The smaller
negative Eu anomaly (higher Eu/Eu* values) may
be correlated with the dissolution of plagioclase
from the freshly intruded magma batch. The La/
Sm varies more or less opposite from the Eu
anomaly, and suggests that the REE contributions
from plagioclase (low in REE) are not dominating
the REE releases from the rocks, but provide an
influence on the Eu anomaly. The La/Sm varies
over time and shows a discrete low during the
2000 eruption, probably caused by the crystalli-
zation of alunite that strongly fractionates the
LREE (Fig. 8b).

The Santa Ana (El Salvador) lake fluids
(Colvin et al. 2013) show a trend over time in the
first half of 2007 of LREE-depleted fluids to
roughly “rock patterns” (REE/rock pattern flat,
Fig. 8c). All element concentrations changed
over the first six months in Santa Ana crater lake,
as a result of intense evaporation, so only cation
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ratios are good indicators of relative element
depletion. The La/Sm is negatively correlated
with Mg/K and Na/K, indicating that La/Sm
decreases when K decreases. The minerals alu-
nite-jarosite are both REE-rich and strongly
LREE-enriched, and their precipitation creates
LREE-depleted patterns in the fluids, whereas
dissolution of these minerals may have driven the
patterns back to a flat shape or even LREE-
enriched patterns in rock normalized REE plots
(Fig. 8c).

The El Chichón fluids (Peiffer et al. 2011)
show relatively flat to slightly depleted LREE
patterns relative to local rocks (Fig. 8d),

suggesting that near congruent dissolution of the
rocks occurs. The REE patterns of the pheno-
crystic phases in the 1982 pumices of El Chichón
are shown as well (Luhr et al. 1984) and all of
these minerals are LREE enriched, with the
magmatic anhydrite having the highest REE
levels. Apparently, these phases were already
dissolved in the protolith and a LREE-depleted
rock remnant is being dissolved. Many mature
lake fluids are LREE depleted with respect to the
source rock as a result of protolith maturation
and alunite precipitation in the deep hot reservoir
underlying the lake, whereas immature fluids
may be LREE enriched because of the

Fig. 8 a The REE patterns (normalized on chondritic
values) show LREE enrichment in the Copahue rock but
even more so in the Copahue fluids, with only minor
variations over time. b The La/Sm values in Copahue hot
spring fluids decreased strongly during the eruption; the
alunite saturation at the time fractionated the LREE. c The
REE patterns for Santa Ana Lake, normalized on local
rock. The January 2007 fluids are strongly depleted in
LREE (through LREE retention in precipitated alunite),

which decreases in strength in the later water samples
(July 2007), which show REE patterns close to those of
the Santa Ana rock (values >1 because of dilution
scaling). d The REE patterns for rock and mineral phases
of the 1982 El Chichón eruption with two lake water REE
patterns (EC1–EC2). The lake fluids resemble the rock
pattern (flat to slightly LREE depleted), suggesting that
the anhydrite (important LREE reservoir) was already
dissolved away at this stage of the lake evolution

The Chemical Composition and Evolution of Volcanic Lakes 107



preferential removal of the LREE during incipi-
ent W/R interaction with fresh rocks (Takano
et al. 2004). The review on the REE in the major
acidic active crater lakes of Ayers (2012) con-
cludes that both preferential dissolution and
precipitation of alunite-jarosite are the main
processes that influence the REE patterns in these
acid lake fluids.

4 Long-Term Compositional Lake
Water Trends and Lake
Dynamics

Volcanic lakes are dynamic systems that may
have secular changes in chemical composition at
time scales of months to decades, reflecting
changes in the inputs or outputs (e.g., enhanced
evaporation). Trends in volcanic lake composi-
tions may aid in monitoring volcanic and geo-
thermal activity (Takano 1987; Takano and
Watanuki 1990; Rowe et al. 1992a; Takano et al.
1994a; Vaselli et al. 2003; Ohba et al. 2008).The
following processes change the chemical com-
position of volcanic lakes:
• Changes in the input composition and/or
magnitude;

• Shifts in meteoric water inputs or evaporation,
disturbing the hydrological balance of the lake;

• Lake water saturation with a new mineral;
• Changes in a lake ecosystem with changes in
biological element drawdown;

• Changes in physical or chemical lake condi-
tion such as stratification, bottom water oxy-
genation, or temperature structure.
All of the above processes may impact the

steady state condition of a lake for dissolved ele-
ments, and the effects of non-steady state
dynamics should always be considered. The sim-
plest reason for changes in lake water composition
is a change in the volcanic input (1 above), which
may reflect changes in the overall composition of
the underlying volcano hydrothermal system.
Time-composition histories of well studied vol-
canic lakes such as at Lake Ruapehu, Poás vol-
canic lake, Copahue crater lake, Lake Caviahue,
Kawah Ijen andYugama-Kusatsu Shirane serve as
examples where the lake composition variations

over time resulted from changes in input flux in
terms of its mass flux and its chemical composition
(Christenson and Wood 1993; Ohba et al. 1994,
2000; Delmelle and Bernard 1994; Delmelle et al.
2000; Martínez et al. 2000; Christenson 2000;
Varekamp 2008; Agusto et al. 2012). With a
change in input composition, element ratios in the
lake waters will change and overall concentrations
may increase or decrease. Input changes may
induce other limnological shifts such as density
stratification (Christenson 1994) or ecosystem
impacts (e.g., enhanced productivity). Obviously,
changes in the input will take the lake system out
of compositional steady state and the composition
will evolve over time towards a new steady state,
as discussed below. Enhanced evaporation (with
increased lake temperature or changes in climate)
or decreases in meteoric water input may lead to a
smaller lake volume with higher dissolved ele-
ment concentrations for similar volcanic input
(Rowe et al. 1992a, b; Rouwet et al. 2008).

Many carbonate-rich lakes are close to satu-
ration with carbonate minerals and various
organisms may precipitate carbonate shells (e.g.,
snails, ostracods) providing an in-lake sink for
carbonate and cations. Many volcanic lakes are
rich in dissolved silica, and diatoms precipitate
silica frustules in large quantities. Chemically
more extreme lakes may be saturated with gyp-
sum, jarosite, and schwertmannite and one or
more of the Fe-oxides (goethite, ferrihydrite,
possibly hematite; e.g., Bani et al. 2009). Pre-
cipitation of one or more of these phases will
change the lake water compositions.

Changes in nutrient dynamics may stimulate a
lake ecosystem, resulting in enhanced drawdown
of carbon, possibly Si and the common nutrients
N and P (e.g., Pedrozo et al. 2008). The con-
centrated input of a volcanic river in a lake may
either mix completely with the lake waters or
may form a plume with a higher density that
settles to the deeper regions of the lake or into the
hypolimnion, the deep bottom water layer in
thermally stratified lakes. Changes in element
concentration or temperature thus may influence
the chemical stratification of a lake with either a
less concentrated epilimnion (top layer, less
dense lake water) or building a more saline and
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cold (dense) bottom water mass. Such a density
stratification may impact the seasonal mixing
characteristics of the lake and may lead to bottom
water hypoxia or anoxia in case of a productive
epilimnion or organic-rich bottom sediments.

Volcanic lake systems vary from very stable
examples, with a long-term constant composi-
tion, to lakes with wildly variable compositions.
These secular composition trends are both a
function of the magnitude of the input fluctua-
tions but just as much of the physical properties
of the lake system. Box modeling of volcanic
lakes was discussed among others by Varekamp
(2003), Rouwet et al. (2004), Rouwet and Tassi
(2011). The lake dynamics are best treated in
terms of a “closed” and an “open” lake system:
I. Many crater lakes and caldera lakes occur in a

“closed container”, with a conical or broadly
cylindrical volume. These lakes have sub-
stantial fluctuations in water level and volume
with changes in lake temperature (evapora-
tion) or shifts in hydrological inputs (e.g.,
Rouwet et al. 2008). Water loss occurs largely
through seepage and evaporation (e.g., Hurst
et al. 1991; Rowe et al. 1992a).

II. Open lakes have a surface outlet, and as a
result a more stable lake volume. The outflow
rate is impacted by lake level, because open
channel flow is sensitive to water level. The
enhanced outflow at a lake high stand will
quickly lower the water level, with resulting
slower outflow rates.
The water residence time (RT) in lakes is

usually defined as the mass of water in the lake
divided by the total input or output fluxes
(Varekamp 2003; Taran and Rouwet 2008). The
RT can only be formally defined at steady state
(SS), when input equals output and lake volume
is constant. In lakes with variable volume, the RT
becomes a transient, but stabilizes once water
steady state is restored. The dynamics of dis-
solved chemicals follow that of water for con-
servative elements but may differ for elements
with additional sources or sinks in the lake.
Changes in the hydrological balance of a lake
will impact the dynamics of dissolved elements,
even at a constant element input rate.

A main difference between the two types of
lakes is the magnitude of the water outflux
(Fig. 9a). In open lakes, the outflux of water
adapts rapidly to changes in water input, and
water steady state is maintained together with a
close to constant lake volume. In closed lakes,
the output (seepage) is in the simplest case a
linear function of the hydrostatic pressure at the
bottom of the lake, which depends on the water
depth. As a simple example, consider a cylin-
drical lake with surface area A and initial volume
V. The water outflux is a function of the height of
the overlying water column (dmax) and described
by Darcy’s law (e.g., Todesco et al. 2012). We
can phrase the seepage outflow of the lake when
fully filled and at steady state for water as a
constant K1 (containing variables such as per-
meability, viscosity, length scale of seepage, etc.)
multiplied by the water height (dmax, the
hydraulic head). When we reduce the inflow
(e.g., long term climate change or multiyear
droughts), the outflow will remain initially
roughly the same, whereas the input has been
reduced. As a result, water level will fall, with
then a diminished seepage outflow at the bottom
when dmax becomes dt. The seepage outflow can
then be phrased as (dt/dmax)*K1, where K1 is
determined from the original steady state flow
condition. The parameter dt can also be expres-
sed as a function of V through the constant sur-
face area A, leading to dV/dt = INPUT—K2 V
with K2 a new assembled constant. Solution of
this equation shows an exponential decrease in
volume V over time reaching a new water steady
state when input equals output again.

The responses in closed lake systems are
identical to that of open lakes for changes in
hydrothermal input only (volume of lake is
constant, hydrothermal input small compared to
meteoric water input) but quite diverse for
changes in hydrology (changes in water input).
Changes in output flux of a substance P are
shown for both lakes (Fig. 9b) at constant vol-
canic input but changing the hydrology, in this
case a fivefold decrease in meteoric water input.
This leads to a fivefold decrease in the rate of
outflow in the open lake system and ultimately a

The Chemical Composition and Evolution of Volcanic Lakes 109



fivefold increase in concentration in both lakes
after steady state has been restored. The element
output in the closed lake remains constant
(decreasing water flow with increasing concen-
trations) and steady state is restored fairly
quickly. The open lake will take *6 RT to
restore to close to steady state (Varekamp 2003)
when the element output flux equals the input
flux again. The concentrations in the closed lake
system also respond very quickly to the distur-
bance (smaller RT of water with smaller water
volume in lake) whereas it takes longer to be
implemented in the open lake system (Fig. 10).

Lake water compositional trends are com-
monly used as a tool in volcano monitoring, so a
good understanding of the lake dynamics is
essential. The principles of non-steady state lake
water evolution in a perfectly mixed lake with a
single surface outlet, evaporation, and multiple
inlets has been treated by Albarede (1995), and
specific cases for volcanic lakes were treated by
Varekamp (1988, 2003, 2008) and Taran et al.
(2013). The master equation for a dissolved
element E is

dAE=dt ¼ IN�OUT ð1Þ

Fig. 9 a Closed and open
lake systems with different
water outlet dynamics. In
the closed case, the outlet
flux is a function of water
depth (dt) whereas the
influx and outflux are equal
in the open lake system.
b Example of adjustment of
the flux of an element P
after a five-fold decrease in
meteoric water input while
the volcanic input remains
constant. The element
output in the seepage lake
is constant (smaller
volume, smaller water
outflux with higher
concentrations), whereas
the open lake takes *6 RT
to reach close to steady
state again
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in which AE is the total amount of an element E
in a lake and IN and OUT represent the sum of
the influxes and sum of the out fluxes of E. For a
lake system with water in steady state, the lake
volume is constant, and the IN term for E can be
phrased as the Σinputs = Σ Qin*Cin. The Qin is the
water influx, and Cin is the concentration of E in
the inputs, which could be a river or subaqueous
hydrothermal springs or both. For a conservative
element, the output of E is Qout*Ct, where Ct is
the time dependent concentration of E in the lake
water, and Qout is the liquid water outflow of the
lake. The lake has a volume (or mass) of V and
the residence time of water (RT) is defined as V/
Qout, where Qout equals ΣQin at water steady state
(neglecting the evaporation term). The elemental
output term can be rephrased as the fraction of
AE removed per time unit which translates into
Qout*Ct = (Qout/V)*Ct*V = (1/RT)*AE = kAE,
where 1/RT = k, which is the renewal or flushing
rate. In this case, the RT of water equals the RT
of E if the evaporation term is negligible with
respect to Qout. Equation (1) for conservative
elements can then be restated as

dAE=dt ¼
X

Qin � Cin�kAE ð2Þ

and the general solution to this equation is

Ct ¼ Css 1� e�kt� �þ Coe
�kt ð3Þ

where Co is the initial concentration and Css is
the steady state concentration. The Css for con-
servative elements can be expressed as Σ(Qin*-
Cin)/Qout (Varekamp 1988, 2003). If the
evaporative flux is significant, the RT(water) is
unequal to the residence time of E which then
equals (V*Ct)/(Qout*Ct) = V/Qout, whereas the
RT(water) equals V/(Qout + Qevap). For non-
conservative elements, Eq. (2) is rewritten as

dAE=dt ¼
X

Qin � Cin�k1AE�k2AE � kAE

ð4Þ
where the different k factors represent the rate
factors for the various sink processes, including
the flushing factor k as in Eq. (2). The various k
terms can be assembled into a compound ktot
which then replaces the simple k factor in
Eq. (3). The Css in that case is then rephrased as

Css ¼
X

ðQin � CinÞ=ðktot � VÞ ð5Þ

Fig. 10 Concentration-time curves for open and closed
lake systems after a fivefold decrease in fresh water input.
The closed lake reacts much quicker than the open system
because the decreasing lake volume leads to a shorter RT

with the initially still large outflux at dmax. The fivefold
reduction in fresh water input leads to a fivefold increase
in concentration at steady state
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which is the general form (Varekamp 2003).
Equation (3) can be used for forward modeling of
time series of lake water composition for con-
servative elements with k known from hydro-
logic studies. For non-conservative elements, the
different k values are required for forward mod-
eling, but a comparison between a conservative
and a “suspect” non-conservative element will
provide information on the strength (k value) of
its in-lake sink (e.g., saturation with a mineral or
adsorption onto another phase).

Empirical time series of lake water data can
also be analyzed by plotting the lake water
composition versus time in order to determine
the input fluxes of a conservative element of
interest. The time series may reflect dilution
processes after a period of contamination of a
lake with volcanic fluids, or progressive con-
tamination with a volcanic input until the lake
reaches steady state for that element. Equa-
tion (2) can be developed for ‘backward looking’
scenarios:

ðCt�CssÞ=ðCo � CssÞ ¼ e�kt ð6Þ
which is rephrased for the general case as

ln(ABS(Ct � CssÞÞ ¼ �k � tþ ln(ABS(Co
� CssÞÞ ð7Þ

where the absolute values (ABS) are used in the
logarithmic terms. Equation (7) is an expression
of the form y = ax + b, so a plot of ln(ABS
(Ct−Css)) versus time t provides a straight line
with a slope of -k and an intercept along the y
axis of ln(ABS(Co−Css)), with at t = 0, Ct = Co

and at t = ∞, Ct = Css. Measured data can be
easily back-fitted by varying Css (e.g., in Excel)
until the slope assumes the required −k value,
which will constrain the mean input flux of the
element E (Eq. 5). For a pure dilution scenario,
Css = 0, and Eq. (6) then reduces to Ct = Co e

−kt

and Eq. (7) reduces to ln(Ct) = −k * t + ln (Co)
with Ct = Co at t = 0 and Ct = 0 at t = ∞. When a
variable input flux is suspected, linear segments
of a composition-time curve can be fitted with
the appropriately chosen Co values.

These principles are applied here for Lake
Caviahue at Copahue volcano in Argentina. This

lake has a volume of *0.5 km3 and a water RT
of *42 month, giving a mean outflow rate of
4.3 m3/s. The total amount of rock forming ele-
ments in the lake (RFE) has varied substantially
over the years (Fig. 11) with an increase between
1997 and 2000, which is a non steady state effect
at a constant input rate. During the 2000 eruption
(month 43), the fluxes increased strongly, and
then the hydrothermal system almost shut off as a
result of reduced permeability through alunite
crystallization in the reservoir (Varekamp et al.
2009). The lake input fluxes became very small
and Lake Caviahue became more dilute between
2000 and 2003 (month 43–72). In late 2003, the
fluxes increased again during the “thermal
anomaly” (month 84), which created a blockage
of the pathway of fluids into the Copahue crater
lake (Agusto et al. 2012), but caused enhanced
element export through the hot springs into the
Upper Agrio River. After the thermal anomaly,
the fluxes decreased and then increased again and
non steady state effects governed the increase in
concentrations over the next three years (till 2009
or month 147). The flux of volcanic elements (S,
Cl) increased over the last three years and a
summary of all the fluxes is shown in Fig. 12.
The Cl-time curve for the lake (Fig. 13) from
1997 to 2009 shows a peak in 2000 (eruption)
and a small bulge around the 2004 “thermal
anomaly” (Agusto et al. 2012). I fitted the data
from 1997–2000 according to Eq. (7), and
obtained a mean flux of 1,174 tons Cl/month,
whereas the mean of the measured fluxes from
data on the inflow river was 1,192 tons Cl/month.
The intercept on the graph was 3.1, whereas the
calculated intercept from Eq. (7) was 3.0. The
dilution over the period 2000–2003 with the
strongly reduced influx was estimated at 475 tons
Cl/month. The observed Cl inputs in 2001 and
2002 had a mean of 560 tons Cl/month. The
period 2006–2009 gives a mean Cl flux of 1,100
tons Cl/month versus a measured value of 1,160
tons Cl in 2006, but higher measured fluxes
(1,650–1,700 tons Cl/month) were found in 2008
and 2009 compared to the modeled fluxes.

The differences between measured and calcu-
lated values are the result of uncertainties in the
measurements of water flux and concentrations
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(±15 %), whereas the lake concentration values
are the average of full depth profiles, which in a
stratified lake may not represent the fully-mixed
concentration as related to a current input value.
And of course, the true fluxes may have varied
over time and a single annual measurement is

only a crude approximation. This graphical
approach of estimating mean input fluxes from a
changing lake composition is a very useful tool in
lake pollution in general and especially in vol-
cano monitoring. Taran et al. (2013) applied a
similar rationale to input changes in Karymsky

Fig. 11 Time versus total concentration of rock forming
elements (RFE) for Lake Caviahue, with an increase prior
to the 2000 eruption (non steady state effect), a peak
during the 2000 eruption (enhanced flow and element
concentrations from the hydrothermal system), with
strongly diminished concentrations after the 2000 erup-
tions. During the 2004 thermal anomaly (TA), the fluxes

increased again (intrusion into hydrothermal system,
abundant alunite precipitation in upper part of system,
no eruption). After the 2004 thermal anomaly, concen-
trations showed a steady rise, (non steady state effect)
with Schwertmannite precipitation (SP) in 2009 (month
135), ultimately leading up to the next eruption in 2012

Fig. 12 Element mass
fluxes as measured at the
entrance of Lake Caviahue.
Strong increase in fluxes
during the 2000 eruption
and during the 2004
thermal anomaly, with an
increase in the volcanic gas
elements (VE) towards
2010
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Lake (Kamchatka) after a volcanic eruption.
Alternatively, if the inputs are known from river
water measurements, the same set of equations
can be used to get better estimates of the RT of an
element in a lake system in search for possibly
unknown element sinks.

The forward modeling approach is illustrated
for aluminum in Lake Caviahue. The time-con-
centration graph for Al (Fig. 14a) shows slightly
elevated concentrations during the 2000 eruption
and then a dramatic drop off after the eruption.
The forward modeling is done by varying the
input fluxes over time, showing good agreement
until 2008–2009, when the measured fluxes
become substantially larger than the required
fluxes according to the model (Fig. 14b, similar

to Cl). The lake was theoretically saturated in
schwertmannite, jarosite and Fe-oxides but not
with Al-rich phases like alunite (Varekamp
2008). Thus variations in volcanic lake water
composition should be interpreted within the
context of both the water balance (e.g., evapo-
ration rate, meteoric water fluxes) as well as
changes in the volcanic input (magnitude or
composition). Every change in parameter will be
accompanied by a return to steady state and these
non steady state dynamics need to be considered
when interpreting lake water composition time
trends.

5 Isotopes in Volcanic Lakes

Volcanic lakes may have unusual isotopic char-
acteristics compared to non volcanic lakes
because of their geothermal/volcanic inputs. A
detailed chapter on the isotope geochemistry of
volcanic lakes treats the main aspects of the
isotopic abundances of the common elements
(Rouwet and Ohba this issue). In terms of O and
H isotopes, many volcanic lakes have a geo-
thermal component that is heavy in δ18O as a
result of W/R interaction, whereas some lakes
have a volcanic gas component that is very heavy
in δ18O and δD (Giggenbach 1992a). In addition,
volcanic lakes may be slightly warmer than non-
volcanic lakes, leading to higher evaporation
rates and as a result, more evolved isotopic
compositions. Evaporation of lake waters creates
a straight line (evaporation line) in δ18O–δD
diagrams, with a slope that depends on the rela-
tive ambient humidity but is less than the mete-
oric water line. Evaporation from lakes that are
warmer than ambient creates flatter evaporation
lines than similar cooler lakes (Varekamp and
Kreulen 2000). The open and closed lakes dis-
cussed above also would have different isotopic
characteristics because open lakes usually have a
shorter water residence time for the same lake
volume, creating less evolved isotopic composi-
tions than closed lakes, be it on the same evap-
oration line if in geographically close proximity.
An extreme example from the Copahue crater

Fig. 13 a Concentration of Cl in Lake Caviahue over
time. The interval from 2000 to 2003 (month 43–72) was
a time of strong dilution. b Application of backward
modeling for Cl, where the slope of the line equals the −k
value when the appropriate Cl influx value (equates to the
Css value) is selected
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lake and hot spring system is shown in Fig. 15.
The hot spring samples show pure mixing
between meteoric waters and a volcanic brine,
whereas the crater lake shows the added effects
of evaporation through enrichment in δ18O.
Close to 50 % of the hot spring fluids may be
volcanic brine, the rest is glacial melt water. Lake
Caviahue (Argentina) consists largely of mete-
oric water, and despite its long-term input of
volcanic fluids, this open lake plots close to local
meteoric waters in the δ18O and δD diagram
(Varekamp et al. 2004) with only a 0.5–1 ‰
offset for δ18O as a result of evaporation.

The sulfur isotope values in the extremely
acidic crater lakes (Delmelle and Bernard this
issue) are determined by the disproportionation
processes of SO2 in the hydrothermal reservoir,

and may reach up to +20 ‰ for dissolved sulfate
species. The liquid sulfur that is the second
component of the disproportionation process
(Oppenheimer and Stevenson 1989; Takano et al.
1994b) can be as light as −10 ‰. The Δδ34S (S–
SO4) is a function of the temperature of dispro-
portionation and the kinetics of the process
(Kusakabe et al. 2000). In addition, bacterial
processes may modify the sulfur isotope ratios at
lower temperatures in acidic lakes (Gyure et al.
1990).

Some cosmogenic isotopes survive the sub-
duction process, e.g., 129I, which forms from Xe
in the upper atmosphere. Small amounts of 129I
have been detected in hydrothermal fluids and
crater lakes, indicating the presence of recycled
volatiles in these lakes that were originally

Fig. 14 a Time versus
Aluminum concentration in
Lake Caviahue. The
general decrease in Al after
the 2000 eruption is a
reflection of Al retention in
the hydrothermal system in
alunite as well as a
diminished flux magnitude
into the lake. b The
observed and modeled Al
fluxes over time, showing
good agreement between
the annual data and
modeled values, with a
strong disagreement over
the last two years (Al sink
in lake?)
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hosted in subducted sediments (Fehn et al. 2002).
The isotopes of the noble gases are used to trace
the origin of the magmas: mantle versus crustal
gases (e.g., Aeschbach-Hertig et al. 1996; Agusto
et al. 2013).

Many volcanic lakes with a geothermal/vol-
canic CO2 input (Chiodini et al. 2000, 2012;
Carapezza et al. 2008) have δ13C compositions
that deviate from atmosphere-derived carbon.
The bulk δ13C of dissolved carbonate in volcanic
lakes is a function of the bulk δ13C of the input
term, and the fractionations that may occur in the
lake as a result of photosynthetic activity. In
addition, the various carbonate species each have
their own δ13C offset, with the dissolved CO2-
H2CO3 lighter than the HCO3

−, which is usually
the main component. Loss of CO2 through dif-
fusion processes at the lake surfaces may frac-
tionate the bulk dissolved δ13C. To reconstruct
the isotopic values of the CO2 input in a volcanic
lake, all other processes have to be quantified.
The organic matter that is produced through
primary productivity in these lakes may also be
different from that in non-volcanic lakes. The
δ13C of most “magmatic” CO2 (mantle) is in the
range of −3.5 to −6 ‰ (e.g., Cartigny et al.
2001), which is not far from modern atmospheric
values for CO2 (Keeling et al. 1979; −7.5 to

−8.5 ‰). The uptake of CO2 from the atmo-
sphere is an open system, with a shift of about
7 ‰ from CO2(atm) to HCO3

−(water), which
would lead to dissolved bicarbonate close to 0 ‰
for non-volcanic lakes at neutral pH values. With
subaqueous CO2 inputs, most likely the CO2

stream is completely absorbed and no isotope
fractionation occurs between gas and fluid, and
the bulk δ13C is equal to that of the incoming
gas. Surface degassing through diffusion will
fractionate the remainder, leaving behind a hea-
vier δ13C signature in dissolved inorganic car-
bon. The CO2 degassing from volcanic lakes
may constitute a significant term in the terrestrial
CO2 degassing (Pérez et al. 2011).

Radiogenic isotope ratios in lake waters can be
used to trace the sources of the fluids. Strontium
isotope ratios were used in El Chichón lake to trace
the incoming fluids and their origin (Peiffer et al.
2011). Stable lead isotope ratios in Copahue crater
lake waters were identical to that of the rocks that
make up the underlying volcano (Varekamp et al.
2006). The Pb in the lake waters thus was acquired
during rock dissolution in the hydrothermal sys-
tem below the lake, and subsequently injected into
the surface environment, proving once more that
the local volcanic rocks provide the source for
most of the rock-derived cations.

Fig. 15 The δ18O in the
Copahue hot spring system
(CP and URAT) and in the
crater lake fluids (CPL) is a
mixture between local
meteoric water and a
volcanic brine (andesitic
water). The crater lake
water samples also show
evidence of strong
evaporation, leading to
“heavier” δ18O values
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6 Volcanic Contaminants
in Lakes and Outlets

Volcanic emissions are rich in volatile metals
such as Fe, Pb, Cu, Zn, Cd, Hg as well as the
non-metals As, Li, Al, and B (Symonds et al.
1987; Taran et al. 1995). These elements, toge-
ther with F, are among the more potent con-
taminants that form a health hazard for people or
animals (Sriwana et al. 1998; Heikens et al.
2005a, b; Löhr et al. 2005; Hansell et al. 2006;
López et al. 2009, 2012). Concentrations of these
elements in volcanic emissions vary widely: this
variability relates to the degree of maturity of the
hydrothermal fluids, the original magmatic sig-
nature as well as the emission pH and tempera-
ture, which may have led to precipitation of
sulfides in the shallow volcano superstructure.
Volcanic hot springs and volcanic lakes show
values in the ppm range for the base metals,
much lower concentrations for Hg and up to
15 ppm for As (Kading 2011). The element Li
can run up to several ppm and boron
to >100 ppm (Table 1), whereas F concentrations
may exceed 2,000 ppm (Table 1). Many of these
fluids may create local surface waters that far
exceed drinking water standards (WHO 1996).
Crater lake water analyses often show high
concentrations of these trace elements, but these
waters are in general not for consumption,
although some lake waters are used for thera-
peutic purposes in thermal health spas (e.g.,
Copahue). More dilute lakes usually have very
low base metal concentrations but may have As
concentrations well above the drinking water
limit. East Lake and Paulina Lake in the New-
berry caldera (OR, USA) are respectively enri-
ched in Hg and As, with up to 15 ppb As in the
water (Lefkowitz 2012). The Hg in East Lake
resides largely in the sediment but all fish tend to
have high Hg concentrations as well. Direct risks
for human exposure to volcanic contaminants
come from contaminated drinking water (most
common are F, As) and use of volcanic lake
waters in irrigation (near Kawah Ijen, Löhr et al.
2005). Other examples of large, largely meteoric

water lakes contaminated by hydrothermal fluids
of a volcanic origin are Clear Lake (California,
USA), which has a strong Hg input from sub-
aqueous and coastal hot springs (Suchanek et al.
2008). The Hg pollution of Clear Lake is often
blamed on Hg mines present on the margin of the
lake (e.g., the Sulphur Banks Hg mine), but
many hot springs produce Hg-rich waters that
drain into the lake and probably occur at the lake
bottom as well. Most likely, the Hg contamina-
tion was enhanced through the mining activities,
but the lake has a history of 1000s of years of Hg
contamination from volcanic sources, and the Hg
deposits on its rim are just an expression of the
presence of these subterranean fluids (Varekamp
and Waibel 1987). Northern Chile has a long
history of As pollution from volcanic sources,
and As-related disease among the local Mapuche
Indians is common (Romero et al. 2003; Oyarzun
et al. 2004).

The acid lakes and their outlets with high trace
contaminant concentrations also tend to be rich
in iron, which upon dilution (pH>) may precip-
itate as Fe-oxides or Fe sulfates. The mineral
schwertmannite (Fe8O8SO4(OH)6(H20)) is com-
mon in mineralized volcanic rivers and in many
acid mine drainage environments, and is a strong
absorbent for the oxyanions of P, V and As (e.g.,
Acero et al. 2006; Fernández-Remolar et al.
2005). The Lower Río Agrio that drains Lake
Caviahue has been saturated from 2003 till recent
in schwertmannite, and the mineral has up to
1,000 ppm As and 5,000 ppm P (Kading 2011).
The concentrations of As and P in the water drop
to levels close to ‘below detection values’ in the
zones with the schwertmannite beds. However,
with re-acidification of Lake Caviahue during
renewed volcanic activity, as occurring in 2013,
the schwertmannite is re-dissolved and the As, V
and P are re-released and may present a health
danger further downstream. Photochemical pro-
cesses may influence the dissolved Fe contents of
rivers at high altitude and influence the scav-
enging of oxyanions such as arsenic by Fe-oxi-
des (e.g., McKnight et al. 2001; Parker et al.
2008).
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7 Conclusions

Volcanic lakes show a wide variety of composi-
tions, spanning the complete range of extreme
fluids with ultra low pH to carbonate-rich fluids
with pH >9. The origin of these lake waters is
either in hydrothermal fluid reservoirs under the
lake inside active volcanoes, or directly in the lake
system itself. Variations in lakewater composition
are a function of fluctuations in hydrothermal
inputs, variations inmeteoric water fluxes, activity
of ecosystems, and chemical processes in the lake
itself, coupled with non-steady state dynamics.
The long term compositional trends carry useful
information on the activity of the underlying vol-
cano, if corrected for dynamic effects of water
recharge and non-steady state processes. The sta-
ble isotope characteristics of lake waters provide
insights into the underlying hydrothermal reser-
voir and its temperature regime as well as lake
processes like evaporation and magmatic gas
supply. The chemical lake water composition has
important environmental health implications, with
special reference to acidity, and dispersal of fluo-
rine, heavy metals and arsenic.
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Gases in Volcanic Lake Environments

B. Christenson and F. Tassi

Abstract

Volcanic lake systems derive their gases from four distinct sources. Of
greatest importance from a hazard perspective, and those which set these
limnic systems apart from non-volcanic lakes, are gases derived directly
frommagmatic sources feeding the volcano, including CO2, SO2, H2S, HCl,
HF and a myriad of minor species. The major gases are acidic in nature, and
when dissolved into ground water, lead to the development of aggressively
acidic solutions. Hydrolysis reactions with enclosing rocks, systematically
alter the magmatic gas compositions towards more benign hydrothermal
signatures, and this process usually leads to precipitation of permeability-
reducing mineral assemblages. Ground and lake waters carry dissolved
atmospheric constituents into these environments, whereas lakes are well-
known biotic environments, whose populations may also leave their mark
on solute gas compositions through their normal metabolic processes. Apart
frommagmatic eruption events, at least two specific hazards are attributable
to gases in volcanic lake environments, both of which have been responsible
for loss of life near volcanic lakes. Physical and chemical processes extant in
systems where magmas lie within 100s of metres of the surface have the
propensity to form mineralogic seals beneath the lakes. Such sealing may
foster over-pressuring and associated gas-driven phreatic eruptions of the
type that has occurred recently at Ruapehu and Raoul Island, New Zealand,
often with little or no precursory activity. On the other hand, where
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magmatic gas sources are deeply-seated, to such an extent where heat
decouples from the rising gas stream (principally CO2), conditions are
perfect for the formation of cold, gas-stratified lakes. Overturn of such lakes
typically leads to violent release of the gas, as has occurred in the
Cameroonian Lakes Nyos and Monoun, leading to the deaths of near-by
inhabitants. Both situations are endmembers of a continuum of processes
operating where volcanoes interact with Earth’s hydrosphere.

Keywords

Dissolved gas composition � Hyperacidic lake � Lake monitoring � Nyos-
type lake � Gas/water reaction

1 Introduction

Gases are the lifeblood of volcanic systems.
From the onset of volatile exsolution from
vapour-saturated host magmas, and from depths
extending to deep crustal environments (e.g.,
Anderson 1975; Giggenbach 1996; Wallace
2005) through to their interaction with volcanic
lakes at the Earth’s surface, magmatic volatiles
play a key role in the physical and chemical
evolution of their enclosing magmatic-hydro-
thermal environment. Whereas exsolved mag-
matic gases not only augment density differences
between the melt phase and enclosing crustal
materials, thereby driving buoyant ascent of
magma, in the words of Giggenbach, they also
“rule, or at least witness”, many of the chemical
processes operating on both sides of the magma-
hydrothermal interface during ascent.

Interaction between magmatic volatiles and the
Earth’s hydrosphere leads to complex physico-
chemical processes, most of which are not obser-
vable to us on the surface, and many of which lead
to potential hazards for those living near such
volcanic systems. These hazards include, but are
not limited to, the development of hydrothermal
seals which typically lead to phreatic and/or phre-
atomagmatic eruptions, and the accumulation of
gases in lakes (e.g., Nyos-type hazards).

In this chapter, we briefly explore the nature
of magmatic volatiles which are released from
active volcanoes, and some of the key physical
and chemical consequences of their interaction

with meteoric surface waters, including lakes.
We also briefly discuss how these signatures are
opportunistically altered by living organisms in
lake environments. We will then look at two
representative case histories where gases have
contributed to hazardous natural events in vol-
canic lake settings, including a recent gas-driven
phreatomagmatic eruption from the active
andesitic massif of Mt Ruapehu (New Zealand),
and an overview of the key processes associated
with the accumulation and cataclysmic release of
gases from Cameroonian lakes (e.g. Nyos),
detailed discussions for which are found else-
where in this volume.

2 Origins of Gases in Volcanic
Lake Systems

Gases in volcanic lake systems can be described
in terms of four endmember components,
including two principle sources (magmatic and
meteoric) and two derived sources (hydrother-
mal and biogenic), as shown schematically in
Fig. 1. Of greatest interest to us from a hazard
stand point, and those which will therefore
receive most of our attention here, are gases
derived from the magma, and its enveloping
magmatic-hydrothermal environment. The
hydrosphere accommodates the other two sour-
ces, including atmospheric gases dissolved in
ground and lake water, and those derived from
metabolic processes of living organisms (the
biogenic fraction).
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The degree to which a lake in a volcanic terrain
will be chemically or physically influenced by a
deeper magmatic system is dependent upon its
proximity to the underlying magma, the rate of
degassing, the permeability of the intervening
rock mass, and the degree to which convective
circulation (if any) is established between the two
environments. Maximum magmatic gas emission
rates will occur where gases transfer across an
open, freely degassing lava surface within the
magma conduit into a highly permeable vent
system, as portrayed in Fig. 1. At relatively shal-
low depths (say 1–3 km), pressure-temperature

and compositional (P-T-X) conditions are con-
ducive to the development of a single-phase
vapour envelope surrounding the magma, the size
of which will be proportional to the magma body,
and its heat/gas emission rate (Todesco et al. 2004,
this issue; Christenson et al. 2010). Enclosing this
zone of single-phase vapour will be a 2-phase
vapour-liquid region, which in turn is surrounded
by single-phase liquid (i.e., water). The vertical
extent of this topology will again be controlled
largely by heat and mass flow of volatiles from the
magma, and permeability within the conduit. Heat
and mass transport modelling of these systems
indicates that convective circulation develops
around the conduits, with hot, low density fluids
rising within and adjacent the conduit, and draw-
ing cooler marginal fluids into the flow regime.

The most extreme examples of this type of
lake system are found where the volcanoes are
active, with magma residing close to the surface,
and where the main eruption vents are covered
by the lake. Examples of such lakes are Aso
(Shinohara et al. this issue), Poás (Rowe et al.
1992), Ruapehu (Christenson and Wood 1993),
and Copahue (Varekamp et al. 2009).

A similar, but less expansive topology arises
in systems with less vigorously degassing
magma bodies at their core, or perhaps where
both crystallisation and magmatic degassing are
well advanced, and the remaining melt fraction is
enclosed by a hot, ductile carapace. A model for
gas release across quenched margins of magma
bodies has been elegantly described by Fournier
(1999), and a possible example of this type of
lake system is located at Raoul Island (e.g.,
Weissberg and Sarbutt 1966; Christenson et al.
2007). Similarly, and for reasons which will be
discussed below, systems where the magma body
resides at great depth (such as Laacher See and
Lake Nyos), have rather simpler gas composi-
tions, consisting predominantly of CO2.

Water-rock interaction, and the transition
from the magmatic to the hydrothermal envi-
ronment, initiates from the moment that con-
densation begins in the 2-phase liquid-vapour
environment enveloping the conduit and single-
phase vapour region, and proceeds across this
zone and to the thermal margins of the single
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Fig. 1 Schematic model for component source gases in a
typical volcanic lake plumbing system. The scale is
purposefully not shown, as the configuration is generic to
both deep and shallow magmatic sources, with only the
topology of the two-phase liquid region adjusting verti-
cally to P-T-X constraints
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phase liquid region (Fig. 1). Processes operating
therein, and their impact on the gas composition,
define the so-called hydrothermal source com-
ponent in these systems, as discussed below. For
modelling purposes (both conceptual and
numeric), the hydrothermal region is bound
hydrostatically on its outer margins by non-
thermal groundwater, and the nature of this
boundary is both dynamic and responsive to
changes in volcanic activity. As a result of the
convective processes operating in this zone,
hydrothermal fluids are typically composite
mixtures of meteoric and magmatic source fluids,
with chemical processes operating to generate
distinctly hydrothermal compositional signatures.

Another, potentially dominant component
signature in volcanic lakes is that derived from
biological activity in both lakes and sediments
associated with them (i.e., gases of biogenic
origins). A wide range of opportunistic microbial
organisms gain metabolic energy from oxidation-
reduction reactions involving principally mag-
matic-hydrothermal C, S and N, often leaving
distinctive isotopic signatures (discussed by
Mapelli et al. this volume), described briefly
below.

The gases which derive from these sources are
individually identified in this section, and therein
the following sections.

2.1 Magmatic Gases and Processes

Gases released from active volcanoes owe their
bulk compositions to a variety of complex pro-
cesses and interactions, both chemical and
physical, as they ascend from their source
regions in the mantle to the surface. Excellent
reviews of the compositional characteristics and
evolution of magmatic volatiles are available
from a number of sources, including Carrol and
Webster (1994), Giggenbach (1996), Wallace
(2005), Webster and Mandeville (2007), Aiuppa
et al. (2009), Oppenheimer et al. (2011) and the
many references therein. Only aspects most
commonly affecting chemical signatures in vol-
canic lake systems are introduced here.

2.1.1 Major Component Species
The principle components of magmatic gases are
H, O, C, S and Cl and these comprise >95 % of
magmatic volatiles, regardless of tectonic source
environment.

Hydrogen
Water is the most prevalent H-bearing volatile
species in magmas, followed by comparatively
minor amounts of H2, NH3, H2S, and trace
amounts of CH4. Arc magmas tend to have
higher water contents and larger ranges (0.2–6 wt
%, Métrich and Wallace 2008) than their ridge
counterparts (0.12–0.5 wt%, Sobolev and Chau-
ssidon 1996; Saal et al. 2002). Water enrichment
along arcs is the result of dehydration reactions
in the subducting oceanic crust and sediments,
whereas the large range of observed volatile
contents in arc environments is attributable to
heterogeneity of source materials, differentiation,
and assimilation (e.g. Fischer 2008). Water par-
tially dissociates in magma to OH, but Silver
et al. (1990) have shown that maximum solu-
bility is controlled by saturation equilibrium with
its vapour phase. Isotopic signatures of magmatic
water range from highly depleted values in ridge
and intraplate settings (δ2H = −100; Taylor and
Sheppard 1986) to ca. δ2H = −20 in subduction
zone environments (Taran et al. 1989; Giggen-
bach 1992).

Carbon
CO2 is the predominant carbon species in volcanic
gases. It is the least soluble of the major constit-
uents, and is probably already saturated with
respect to a separate vapour phase at deep crustal
depths (Anderson 1975; Wallace 2005). Primary
basaltic MORB and hot spot melts are inferred to
have rather similar CO2 contents of 0.6 and 0.7 wt
% respectively (Gerlach et al. 2002; Fischer et al.
2005), whereas arc basalts are comparatively CO2

enriched, with contents ranging between 0.6 and
1.3 wt% CO2 (Wallace 2005). As for water, this is
attributed to the very efficient recycling of sub-
ducted C in arc systems (e.g., Fischer 2008). CO2

is present in the melt phase as CO3
–, and Fine and

Stolper (1986) have suggested that CO2 degassing
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has an oxidising effect on the remaining melt
phase, as described by the following reaction:

CO�
3 þ Hþ þ 0:5 H2 ¼ CO2 þ H2O: ð1Þ

CO is a comparatively minor species charac-
terised by relatively fast reaction kinetics with
CO2. As such, it is particularly useful as both a
redox and temperature geoindicator in magmatic-
hydrothermal environments (e.g., Giggenbach
1987; Chiodini and Cioni 1989).

δ13C signatures of volcanic C are variably
influenced by three main source signatures,
depending on tectonic setting. Mantle signatures
of δ13C = −6.5 ± 2.5‰ are typically encountered
in rift margin and hot spot centres, whereas
organic material (δ13C ≤ −20 ‰) and carbonate
signatures (δ13C * 0 ‰) typically contribute to
subduction zone derived magmatic CO2 (Sano
and Marty 1995). In addition, δ13C signatures are
also affected by melt-vapour fractionation, where
the heavier isotope systematically favours the
vapour phase (Mattey 1991). While this process
has the potential to mask original isotopic source
signatures, such fractionation may also provide
insights into the nature and extent of batch
degassing processes, including potential recog-
nition of new pulses of magmatic degassing (as
at Mt Etna, Chiodini et al. 2011).

Sulfur
Sulfur is a particularly important component in
volcanic lake systems, where it typically plays a
major role in mediating the redox state of the
proximal magmatic-hydrothermal environments
(Giggenbach 1987), but its deposition in ele-
mental form can also become an important con-
trol on permeability therein (Hurst et al. 1991;
Oppenheimer 1992; Christenson 1994). Thor-
ough reviews of S chemistry in magmatic envi-
ronments have been provided by Wallace and
Edmonds (2011) and Oppenheimer et al. (2011),
for which only a few key aspects relevant to
volcanic lake environments are presented here.

S behaviour in magmas is complicated by the
fact that it may exist over a range of valence states
(−2, 0, +4 and +6). In the melt phase, therefore,

S may speciate across S2°, SO3
2− and SO4

2−,
according to the oxidation state imposed by Fe in
the melt-mineral system (Carmichael and Ghiorso
1986). This variation is reflected in the range of S
gas species which may coexist with the melt,
including H2S, S2, SO2, SO3 and OCS.

S solubility in silicate melts is limited by the
occurrence of non-volatile S phases, including
Fe–S–O immiscible liquids and sulphide miner-
als under reducing conditions, and sulphate
minerals under more oxidising conditions (Wal-
lace and Edmonds 2011), with melt-phase solu-
bility generally increasing with oxidation state. S
solubility is also linked to total FeO content,
ranging from 800 to 1,200 ppm in MORB basalts
with 8–10 wt% total FeO, to 2,000–2,400 ppm at
15–16 wt% FeO (Wallace and Carmichael 1992).
In more evolved arc magmas, however, S shows
minor inverse solubility with silica contents
(Scaillet and Pichavant 2003).

Thermodynamic modelling of primitive
MORB melts at 1,280 °C shows that the total
abundance of S gas species varies directly with
redox state of the melt, with the sulphur content
of the gas phase ranging from ca. 0.05 to over
40 % for NNO values of −3 to +1 respectively
(Oppenheimer et al. 2011). These authors also
found that SO2 is the predominant S-bearing gas
species in equilibrium with the melt above
NNO = −2.5, with the next most prevalent spe-
cies being S2. H2S becomes predominant only
below NNO *−2.5.

The δ34S signature of bulk mantle S is similar
to that of the internationally accepted standard
value derived from the Canyon Diablo Troilite
meteorite. MORB sulfides, for example, cluster
around −0.3 ± 2.3 ‰ VCTD, whereas OIB
sulphides are +1.0 ± 1.9 ‰ VCTD (Marini et al.
2011). However, there is strong, temperature-
dependent fractionation of 34S between SO2 and
H2S (+10 to +2 over the temperature range 300–
1,000 °C; (Friedman and O’Neil 1977), making
the δ34S isotope systematics a powerful tool for
understanding volcanic lake environments (e.g.,
Marini et al. 2011; Kusakabe et al. 2000;
Delmelle and Bernard this volume).
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Halogens
The halogens constitute the last major compo-
nent group in volcanic emissions affecting vol-
canic lakes, and include in decreasing order of
abundance, Cl, F, Br and I. While both Cl and F
are relatively abundant in crustal rocks with
mean concentrations of 550 and 240 ppm
respectively, Br and I are typically present at
levels less than 1 ppm. Cl is the dominant halo-
gen in volcanic emissions and crater lakes, and it
is an important conservative constituent in
hydrothermal systems generally. As such, our
very cursory discussion here will be limited to
this single specie, although its general behaviour
remains applicable to the halogens as a whole,
and the reader is referred to the vast literature on
halogen behaviour in magmatic systems (e.g.,
Aiuppa et al. 2009; Pyle and Mather 2009, and
references therein).

Cl concentrations in magma show consider-
able variation between differing tectonic regimes
and melt compositions. Cl in basalts from ridges
and oceanic islands have Cl contents gener-
ally <800 ppm. However, Cl is essentially an
incompatible component in silicate melts, tend-
ing to fractionate into the remaining melt frac-
tions during crystallisation (e.g., Anderson
1975), as evident in the occurrence of melt
inclusions in calc-alkaline volcanics with Cl
contents exceeding 7,500 ppm, and high silica
peralkaline magmas up to 1.2 wt% (Aiuppa et al.
2009). Once magmas become saturated with
respect to H2O, however, Cl is strongly frac-
tionated into the fluid phase at supercritical
conditions (Kilinc and Burnham 1972). With
transition to sub-critical conditions, this fluid
becomes immiscible, with Cl strongly fraction-
ating into the liquid fraction to form NaCl-rich
brine and a low-density vapour phase (Shinohara
et al. 1989). Further pressure decline leads to the
brine becoming increasingly hypersaline (see
Henley this volume), ultimately entering the
halite + vapour region in PTX space (e.g.,
Shinohara and Fujimoto 1994). It is typically this
associated aqueous vapour, in conjunction with
the aforementioned volatiles species, which
constitutes the magmatic volatile phase on active

volcanoes. The predominant Cl species in vol-
canic emissions is HCl (e.g., Symonds et al.
1988), with high temperature fumarolic emis-
sions from andesitic volcanoes (>500 °C) typi-
cally ranging between 1,000 and 14,000 mmol/
mol (Giggenbach 1996).

2.1.2 Minor and Trace Gases
In volcanic systems, N2 is typically a non-reactive
component (Giggenbach 1996) derived from one
of three main component sources. These include:
primordial mantle gas, N derived from subducted
sedimentary/organic material along convergent
margins (Hilton et al. 2002; Fischer 2008) and also
that contained in meteoric waters convectively
swept into volcanic hydrothermal environments
(Giggenbach 1987, 1996). 15N signatures of the
upper mantle, as represented by MORB analyses,
have δ15N2 values uniformly in the vicinity of−5.0
(i.e., depleted in 15N relative to air, Marty and
Humbert 1997), whereas sediment-derived N2 is
distinctly heavier, ranging from +5 to +7 (Cartigny
and Ader 2003). Interestingly, deep mantle signa-
tures from mantle plumes have been shown to be
quite variable (−5 to +5), raising questions about
deep mantle convection and mixing of subducted
sediments (Marty and Dauphas 2003), although
others argue that N is efficiently recycled at sub-
duction zones (i.e., volatilised) from subducted
slabs and related sediments (Fischer et al. 2002).

Numerous other trace-level gases are found in
volcanic emissions, including most notably, the
noble gases which serve as useful tracers (Hilton
and Porcelli 2013), metal species (e.g., Symonds
et al. 1987, 1992; Henley this issue), and a
multitude of trace and ultra-trace species derived
from interactions between major component
sources (e.g., Symonds and Reed 1993).

2.1.3 Gas Solubility in Magma
A general theoretical treatment relating solubility
of the major gases to total confining pressure in
andesitic melts was presented by Giggenbach
(1996), and his summary diagram is reproduced
in Fig. 2. In its formulation, Henry’s constants
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were derived from Ostwald coefficients presented
by Zhang and Zindler (1989), and were used to
assess the solubility of the predominant gases in
White Island (New Zealand) magmas. Total gas
pressure is derived from summing the partial
pressures of component species via:

Pt ¼ R ci;o=RvQi;T þ 1
� �

Ki;T ; ð2Þ

where ci,o is the initial concentration of species i,
Rv is the vapour-melt volume ratio, Qi,T is the
Ostwald coefficient for species i, and Ki,T is the
temperature dependent Henry’s law constant.
Solute gas contents are plotted in Fig. 2 as
functions of vesicularity, Vv, (volume %) which
is related to Rv by:

Vv ¼ 100Rv=ð1þ RvÞ: ð3Þ
Assuming single step vapour separation, the

curves in Fig. 2 show that CO2 has low solubility
in the melt phase, comparable to the noble gases,
and is >90 % evolved by the time vesicularity
approaches 1 %. At 50 % vesicularity, all of the
noble gases, CO2 and some 70 % of the water are
exsolved, but just 20 % of total S and virtually

none of the HCl has entered the vapour phase.
From these relations it is clear that depth of
degassing and decoupling of gas from magma are
critically important controls on the composition
of gases reaching volcanic lake environments.
Distal magma sources will result in gases com-
prised predominantly of CO2, as in the case of
maar lake systems, whereas shallow degassing
will provide the full complement of magmatic
volatiles and heat in the lake systems.

Another interesting insight to be gained from
Eq. 3 is also portrayed in Fig. 2. Here, considering
CO2 and H2O to be the predominant pressure
generating species in the melts allows the total
vapour pressure to be calculated as a function of
Rv, and thereby the depths at which vapour-melt
separation may begin. For melts with CO2 con-
tents of 10,000 mg/kg, the calculated depth
exceeds 80 km, suggesting that phase separation is
probably already occurring close to the depths of
magma generation. It is clear from Fig. 2 that the
depth of gas-melt decoupling places a first order
constraint on the relative compositions of the
principle gas species reaching the surface, and
thereby the chemical characteristics of volcanic
lakes into which they discharge. Evidence sug-
gests that vapour segregation readily occurs in the
plumbing systems of erupting basaltic volcanoes
(Aiuppa et al. 2010; Allard 2010), through the
generation of volatile-rich foams (Vergniolle and
Jaupart 1990; Sparks 2003), or through separation
processes invoked by branching conduit geome-
tries as proposed for Etna (Burton et al. 2003), or
Mount Cameroon (Suh et al. 2003). What this
means for volcanic lakes, is that deeply decoupled
volatile streams will consist largely of CO2 (plus
noble gases), whereas shallow decoupling will
contribute CO2, S species and halogens directly
into the lake environment.

It is well recognised that many volcanoes emit
large quantities of gas in the absence of significant
eruption activity, including Etna (Aiuppa et al.
2007); Popocatépetl (Delgado-Granados et al.
2001), Ambrym (Bani et al. 2009), Miyakejima
(Shinohara et al. 2003) and a wide range of less
prodigeous emitters, some including volcanic
lakes (e.g., Aso, Shinohara et al. this issue), White

Fig. 2 Gas solubility in magma as a function of
vesicularity (after Giggenbach 1996). CO2 is relatively
insoluble in melts, having a bulk solubility similar to that
of the noble gases
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Island (Werner et al. 2008), Poás (Rowe et al.
1992), and Ruapehu (Christenson 2000, Chris-
tenson et al. 2010). In these cases, the amounts of
emitted gas well exceed those which could be
derived from associated erupted magmas, if any.
So the question is, by what mechanism(s) do the
gases reach the surface?

Bubble accumulation and coalescence to form
foams, with subsequent shearing and collapse to
form permeable channel-ways for gas migration,
have been proposed to explain differential gas
transfer and observed slug-flow and lava foun-
taining phenomena (Jaupart and Vergniolle 1988;
Vergniolle and Jaupart 1990). Sparks (1978)
modelled the diffusive transfer of water vapour
through ascending basaltic melts and found that
bubble diameters ranged between 0.1 and 1.0 cm,
consistent with the majority of observed scoria
bubble diameters. However, for a typical basalt
melt viscosity range of between 30 and 3 Pa.s,
bubble diameters of between 14.5 and 4 cm,
respectively, are required for bubbles to move
significantly faster than the magma (Sparks 2003),
suggesting that other transfer mechanisms are at
play in the formation of foams.

Carrigan (1983) proposed forced convection
within magma conduits of radii as small as 5 m
diameter, as a means of offsetting heat loss and
attendant solidification of magma in feeder con-
duits for active volcanoes. The model incorpo-
rates buoyant rise of vesiculated melt to some
level in the volcano conduit, where decoupling
takes place and gases either accumulate, or are
released into the surrounding hydrothermal
environment, after which the denser, degassed
magma convectively sinks back to the source.
Since then, compelling evidence has emerged for
magmatic convection being the principle driver
for magmatic degassing at numerous volcanoes
(e.g., Kazahaya et al. 1994; Allard 1997; Ste-
venson and Blake 1998; Shinohara et al. 2003;
Oppenheimer et al. 2004). By this means, we
have at least one mechanism for continuous, or
near continuous delivery of magmatic volatiles to
the hydrothermal environments associated with
volcanic lakes.

2.2 Hydrothermal Gases
and Processes

As previously described, the hydrothermal envi-
ronment in magmatic-hydrothermal systems
effectively begins at the transition from single
phase vapour to the 2-phase vapour-liquid
envelopes surrounding a magma conduit (Fig. 1).
The gases involved in this environment consist of
the aforementioned magmatic inputs, the mete-
oric gases (of atmospheric origin, primarily N2,
O2, Ar), and gases formed through heteroge-
neous reaction of these species with the host
rocks.

2.2.1 Redox State
A most remarkable feature of proximal mag-
matic-hydrothermal environments is the wide
range of redox conditions found within, a vari-
ability which owes its existence to the interplay
between the two principle redox buffers. A
measure of redox state, as proposed by Giggen-
bach (1987), is the readily measurable ratio of
fH2=fH2o (with parameter RH defined = log
(fH2=fH2o)). Gases leaving magmas typically have
their redox state buffered by the temperature- and
pressure-dependent equilibrium between H2S
and SO2, the so-called “magmatic gas buffer” of
Giggenbach (1987):

H2Sþ 2H2O ¼ SO2 þ 3H2: ð4Þ
At temperatures close to 1,000 °C, this buffer

closely approaches the FMQ (i.e., fayalite-mag-
netite-quartz) buffer, which is generally accepted
as being the primary redox control in silicate melts
Carmichael and Ghiorso (1986). At this temper-
ature RH is approximately −2.0. On departure
from the magma, and with decreasing tempera-
ture, however, the gas buffer drives the redox state
of the gas stream to ever higher oxidation potential
(decreasing RH), where at temperatures
approaching ca. 300 °C, the redox potential of the
gas stream is very close to that governed by
magnetite-hematite equilibrium at 1 bar pressure.
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As described by Giggenbach (1987), observed
deviations of gas compositions away from the
magmatic gas buffer (i.e., toward lower oxidation
potentials with decreasing temperature) is nor-
mally attributable to interaction with Fe2+ and Fe3
+ in silicate rocks, whose redox potential is well
represented by the reaction between fayalite (a
proxy for FeO) and hematite according to:

Fayaliteþ H2O ¼ Hematiteþ Quartzþ H2;

ð5Þ
which has a nearly temperature independent RH

value of *−2.8. Buffering by rocks in this
environment effectively converts SO2 in the
hydrothermal environment to H2S.

As we shall see below, another reaction which
indirectly affects the redox state of the magmatic-
hydrothermal environment is that governing the
formation of the elemental sulphur from the
magmatic gas stream:

2H2Sþ SO2 ¼ 3Se þ 2H2O ð6Þ
Here, the forward reaction depletes the vola-

tile stream of H2S, driving Eq. (4) to the left,
effectively lowering fH2.

As in the magmatic realm, CO2 is also the
predominant C-gas in the hydrothermal envi-
ronment. Here it enters into temperature- and
redox-sensitive equilibria with both CO and CH4

(Giggenbach 1980, 1987; Taran 1986; Chiodini
et al. 1993). The reaction kinetics for:

COþ H2O ¼ CO2 þ H2 ð7Þ
are demonstrably fast, and have been shown to
carry the redox signature of either the gas or rock
buffers within the magmatic-hydrothermal envi-
ronment (Giggenbach 1987; Chiodini et al.
1993), and the reaction readily equilibrates in
either the liquid or vapour phase. The reaction:

CH4 þ 2H2O ¼ CO2 þ 4H2; ð8Þ
on the other hand, has much slower kinetics, and is
typically buffered by the FeO–FeO1.5 rock buffer
within the liquid-phase environment marginal to
high temperature conduits (Taran and Giggenbach
2003). As such, CH4 may be regarded as both a

tracer and component species of the hydrothermal
equilibrium environment (Chiodini 2009).

A good example of the interplay between
hydrothermal and magmatic source environments
is found on White Island (Fig. 3) where the rel-
ative variations amongst N2, CH4 and CO2 in a
single fumarole show a progressive shift towards
magmatic signatures since the late 1970s through
to the present time. Three end-member compo-
nents can be described in terms of their relative
N2/CH4 ratios, including a N2-rich meteoric
component, a CH4-rich hydrothermal gas and a
relatively CH4-depleted magmatic endmember.
N2/CH4 ratios close to 0.5 in the late 1970s trend
towards a CH4-depleted signature of N2/
CH4 > 30 by 2004, during the magmatically
active period of the volcano.

Heavier hydrocarbons of thermogenic deriva-
tion are also typically present as either trace or
ultra-trace species in hydrothermal environments
associated with magmatic systems such as White
Island (e.g., Taran and Giggenbach 2003), and
Vulcano Island (Tassi et al. 2012), with alkanes

Fig. 3 Variability in hydrothermal and magmatic end-
member components in a low temperature fumarole from
White Island, New Zealand. CO2/CH4 ratios for the
magmatic and hydrothermal endmembers are ca. 50
and >50,000 respectively
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generally predominating in the rock-buffered
environments, although varying mixtures of
alkenes and alkanes typically occur in the more
oxidising (i.e., H2S–SO2 gas-buffered) environ-
ments. The species are typically thermogenic in
origin, derived from kerogen cracking in the
hydrothermal environment (Taran and Giggenbach
2003).

NH3 bears a similar equilibrium relationship
to N2 as CH4 and CO have to CO2 (Eq. 8) in
hydrothermal environments, i.e. it is present in
subordinate concentrations relative to the main
species and therefore behaves more as an indi-
cator rather than an iso-molar redox buffer Gig-
genbach (1980). The equilibrium reaction is:

2NH3 ¼ N2 þ 3H2 ð9Þ
The two equilibria share other characteristics

as well, including equilibration under reducing
conditions, and similarity in their relative rates of
equilibration which are relatively slow in com-
parison to H2–H2O, CO–CO2 and H2S–SO2

(Giggenbach 1987).

2.2.2 Aqueous Solubility of Gases
in the Hydrothermal
Environment

All gases are soluble in water to varying degree.
At relatively low gas pressures, the aqueous
concentration of any gas are conveniently
described by Henry’s Law,

xi ¼ Pi=KH;i ð10Þ
where xi is the molality, Pi is the partial pressure
(bar), and KH,i is the temperature dependent
Henry’s Law constant (with units of bar/molal)
for species i. Where the total pressure of volatile
species exceeds the confining pressure (typically
hydrostatic in hydrothermal environments), gases
will partition between vapour and liquid phases
according to:

Bi ¼ xi;v=xi;l ¼ zv � KH;i=PH2O ð11Þ
where Bi is the vapour-liquid distribution coeffi-
cient, and zv and PH2O are the compressibility and
pressure of water vapour, respectively.

Henry’s Law constants for the major gas
species found in volcanic hydrothermal envi-
ronments are shown as functions of temperature
in Fig. 4 (as bar·molal−1, using regressions of
Fernandez-Prini et al. (2003), Naumov et al.
(1974) and Truesdell et al. (1989). Two broad
solubility groups are apparent in these data. The
smaller, lighter and/or mono-atomic gas species
(e.g., He, Ar, H2, N2, O2, CO and CH4) are less
soluble than their larger and/or heavier molecular
counterparts (CO2, H2S, HCl, SO2 and NH3), and
the former typically shows aqueous solubility
minima between 0 and 100 °C.

The more soluble protonated species typically
exhibit dissociative solvent-ion interaction,
leading to pH-dependent speciation, and this
somewhat complicates their behaviour as vola-
tiles in the magmatic-hydrothermal environment.
For example, CO2 undergoes temperature- and
pH-dependent speciation across H2CO3°, HCO3

−

and CO3
2−. At 20 °C and pH < 4, for example, it

exists almost entirely as hydrated molecular CO2

and H2CO3 (e.g., Stumm and Morgan 1981), and
behaves effectively as an inert species. Where pH
may be controlled by mineral buffers at levels >4,
dissociation of H2CO3 provides a source of
protons for hydrolysis reactions between fluid
and rock Giggenbach (1981). H2S is similar in
behaviour, with a pK1 of ca. 7.5, whereas

Fig. 4. Henry’s law constants for typical gases in
volcanic lakes. Units are bar/molal. Reference data are
from: Fernandez-Prini et al. (2003), Naumov et al. (1974),
and Truesdell et al. (1989)
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ammonia predominates over ammonium only at
pH levels > ca. 9.

HCl is a gas with bulk solubility similar to
that of H2S. It is, however, a strong electrolyte
which becomes significantly associated only at
very low pH and/or temperatures approaching
the critical point Ruaya and Seward (1987).
Therefore, contact between high temperature
HCl-bearing vapours and liquid water generally
leads to dissolution and dissociation of the HCl,
potentially leading to the formation of highly
acidic solutions (e.g., Truesdell et al. 1989).
These processes are discussed further below.

2.3 Meteoric Gases

As already mentioned, the meteoric constituents
are composed of atmospheric gases introduced
into the hydrothermal environment by air satu-
rated rain water entering into groundwater sys-
tems, or in the case of volcanic lakes, by direct
equilibration with air which is in contact with the
lake water. The principle components are, not
surprisingly, those of highest partial pressure in
the atmosphere (i.e., N2, O2 and Ar), and their
equilibrium concentrations in groundwater are
proportional to their temperature-dependent
Henry’s Law solubilities. As an example, two
component mixing between atmospheric and
magmatically derived end-members is clearly
evident in solute N2, Ar and CO2 compositions
from Ruapehu Crater Lake (Fig. 5; data from
Christenson et al. submitted). Here fumarolic
discharges from both Ruapehu and White Island
represent the magmatic-hydrothermal end mem-
ber, whereas the theoretical meteoric component
signatures are calculated for temperature ranging
between 0 and 40 °C using the Henry’s constants
of Fernandez-Prini et al. (2003). CO2/N2 ratios
vary between ca. 40 and 3 over the 3 year-long
period represented by the data, and reflect vary-
ing emissions from the magmatic system on the
volcano. Interestingly, projection back to the N2–

Ar axis reveals a N2/Ar ratio of ca. 55, well
above the meteoric range of 36–40. This higher
value most probably represents the N2-enriched

magmatic component which is prevalent on NZ
arc-type hydrothermal environments (e.g.,
Christenson et al. 2002), with the N2/Ar ratio
of *1,000 for Ruapehu (Christenson 2000).

2.4 Biogenic Gases

The distribution of biomass along the vertical
water column of a lake is controlled by water
chemical-physical conditions, i.e. temperature,
pH and redox. Biomass is relatively abundant in
the epilimnion, decreases to a minimum in the
metalimnion and increases in the lower anoxic
hypolimnion (Niewolak 1974; Jones 1978; Kato
and Sakamoto 1981; Coveney and Wetzel 1995;
Simon 1998). Irrespective of their primary origin,
CO2, CH4, N2, O2, S gases and H2 dissolved in
volcanic lakes are involved in biogeochemical
processes (Mapelli et al. this issue). As shown in
the following sections, lakes hosted in quiescent
volcanoes, characterized by relatively low tem-
perature, almost-neutral pH and establishment of
meromictic conditions (i.e., a permanent thermal
and chemical stratification), the vertical distri-
bution of these gases and that of microbial pop-
ulations are intimately related.

2.4.1 CO2

Although dissolved CO2 in volcanic lakes are
typically fed by sub-lacustrine gas discharges
(Sigurdsson et al. 1987; Tazieff 1989; Aeschbach-
Hertig et al. 1999; Tassi et al. 2009), the fate of
dissolved CO2 strongly depends on addition-
consumption processes related to biotic respira-
tion, anaerobic decomposition of organic matter
and microbial oxidation of CH4 (Rudd et al. 1974;
Rich 1975, 1980), especially in lakes hosted in
quiescent volcanoes. In an aerobic environment,
i.e. in the shallower portions of crater lakes, mic-
roalgae and cyanobacteria along with higher
plants, are capable of CO2-consuming oxygenic
photosynthesis Nelson and Ben-Shem (2004),
which proceeds following two main pathways:
light energy conversion to biochemical energy by
a photochemical reaction, and CO2 reduction to
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organic compounds such as sugar phosphates,
through the use of this biochemical energy by
Calvin-cycle enzymes. In the hypolimnion, CO2

biogenic and geogenic inputs are counteracted by
microbial reduction processes mainly by metha-
nogens (Schoell 1988; Whiticar 1999), a group of
microorganisms phylogenetically affiliated to the
kingdom Euarchaeota of the domain Archaea
Woese et al. (1990). Anaerobic methanotrophy
coupled to Fe or Mn reduction Valentine (2002)
and using nitrates as substrates Raghoebarsing
et al. (2006) can also occur, although most of CH4

oxidation is carried out in the epilimnion (Hanson
and Hanson 1996; Lopes et al. 2011). The com-
bination of loss and addition of CO2 related to the
various biogeochemical processes occurring at
different depth along the water vertical column
maintain stable CO2-rich reservoirs typically
characterizing Nyos-type meromictic volcanic
lakes.

2.4.2 CH4

Methanogenic processes are active within sedi-
ments of anoxic hypolimnia of meromictic lakes
Rudd and Taylor (1980). In the presence of free
oxygen, particularly at oxic/anoxic boundaries,
CH4 is easily consumed by methanotrophs phylo-
genetically affiliated to the a, h and g subdivisions
of kindom Proteobacteria in the domain Eubacteria
(Hanson and Hanson 1996). Methanogenic pro-
cesses proceeds through carbonate-reduction and
acetate fermentation pathwaysSchoell et al. (1988),
which can be described by the following reactions:

CO2 þ 8Hþ þ 8e� ! CH4 þ H2O ð12Þ
and

�CH3COOH !� CH4 þ CO2 ð13Þ
where the * indicates the intact transfer of the
methyl position to CH4. Reaction (12) prevalently

Fig. 5 Relative solute CO2–N2–Ar contents in Ruapehu
Crater lake water, showing mixing relations between
magmatic and meteoric lake water components. Ruapehu
source gas composition is taken from Christenson (2000),
and bears close similarities to gases to values observed
from White Island (Giggenbach and Sheppard 1989), both
having N2/Ar ratios ≥1,000. The meteoric endmember

component is N2-enriched over the range of theoretical
equilibrated air-saturated water compositions (calculated
for temperatures of 0–40 °C), reflecting excess N2 in the
source gas. Open circles reflect time series data collected
over the period 2007–2012, and open triangles represent
multiple samples collected by boat over a single day in
2010

136 B. Christenson and F. Tassi



occurs in sulfate-free marine sediments, whereas
in freshwater environments the two processes are
competitive (e.g., Takai 1970; Winfrey et al.
1977). Methane produced by microbial methyl-
type fermentation is typically 2H-depleted (δ2Η–
CH4 < −250 ‰ V-SMOW) and 13C-enriched
(δ13C–CH4 > −70‰ V-PDB) with respect to that
produced by bacterial CO2 reduction Whiticar
et al. (1986), although these boundary values may
vary depending on the maturity and type of the
organic source Whiticar (1999).

2.4.3 N2

The triple–bounded N2 molecule is involved in
biological processes to produce reactive N2-
bearing compounds, such as NOx and NHx.
Therefore, the distribution of N2 concentrations
in stratified lakes is controlled biological pro-
cesses able to fix or produce N2. Biological N2

fixation, which depends on light (Tison et al.
1977), and presence of bioavailable trace metals
(Hysenstrand et al. 1988) is carried out in water,
on the sediment surface and in sediment pores by
heterocyst-forming species such as cyanobacteria
(Loeb and Reuter 1981; Valelia 1991) and
methane-oxidizing bacteria (Rudd and Taylor
1980). Denitrification, i.e. the reduction of NO3

−

to NO2
− and then to N2 (Ahlgren et al. 1994)

commonly occurs at anaerobic conditions. In this
process, NO3

− is used as an electron acceptor
during respiration of bacterial species such as
Pseudomonas and Clostridium. Bacterial N2

production may also occur through NH4 oxida-
tion with NO2

− as electron acceptor, a process
termed as anammox (Anaerobic Ammonium
Oxidation) that is carried out by the bacteria
phylum Planctomycetes (Jetten et al. 1998).

2.4.4 O2

Oxygen concentrations in permanently stratified
volcanic lakes typically decrease with depth, since
this gas is depleted rapidly by oxidative processes.
This produces a vertical O2 profile termed clino-
grade, where aerobic epilimnion and anaerobic
hypolimnion can be clearly distinguished. Oxy-
gen consumption, which is primarily due to

biological oxidation of organic matter, intensively
occurs at all the depths, but in the epilimnion is
frequently offset by water circulation and photo-
synthesis, two O2 renewal mechanisms that are
not active in the hypolimnion. Pure chemical
oxidation and photochemical oxidation induced
by ultraviolet light may also significant contribute
to oxygen depletion of deep lake waters (Laane
et al. 1985; Wetzel et al. 1995).

2.4.5 H2

Cyanobacteria produce molecular H2 through
both photosynthesis and anaerobic fermentation
processes (Asada and Kawamura 1986; Asada
and Miyake 1999). Hydrogen biogenesis and
consumption is related to metabolic activity of
several enzymes: nitrogenase catalyzes H2 pro-
duction concomitantly with the reduction of N2

to NH4, whereas hydrogenase is able to both take
up and produce H2 (Bergman et al. 1997; Tam-
agnini et al. 2002). At anaerobic conditions, H2 is
involved in mineralization processes of organic
matter, being used as electron donor by metha-
nogenic and sulfate-reducing bacteria (Zehnder
1978; Thaurer and Badziong 1980). These pro-
cesses mainly occur at the water-sediment inter-
face, thus H2 slowly diffuses from the lake
bottom sediment toward the surface is efficiently
consumed before arriving at the lake surface.

3 Chemical and Physical Models
of Sub-lake Environments

As the foregoing suggests, our understanding of
the chemical interaction between ascending
magmatic heat and volatiles and Earth’s hydro-
sphere is reasonably well advanced, despite the
fact that much of what goes on in these envi-
ronments is inaccessible to us at the Earth’s
surface. Much of our early understanding stem-
med from time series studies of crater lake sys-
tems during volcanically active periods (e.g.,
Giggenbach and Glover 1975; Delmelle et al.
2000; Rowe et al. 1992). Such time series data
have been used to constrain numerical simula-
tions of these systems, including reaction path
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models for equilibrium gas and water chemistry
(Christenson and Wood 1993), and more
recently, heat-mass transport and reactive trans-
port models of these same systems (Chiodini
et al. 2003; Todesco et al. 2003; Christenson
et al. 2010; Christenson and Young 2010). In the
next section we briefly review results from two
such models.

3.1 Gas-Groundwater Interaction

The absorption of a rising magmatic vapour into
groundwater (Fig. 6) can be readily simulated
with the reaction pathway algorithm REACT
Bethke (1996). In this example, 10 mol of a high
temperature fumarolic gas (White Island fuma-
role F3; Table 1) are numerically titrated over
100 steps (i.e., 0.1 mol total gas added per step)
into 1 kg of the relatively dilute Silica Rapids
spring water which issues from the flank of Mt
Ruapehu (Table 2). Since REACT has no
enthalpy constraint, temperatures are monotoni-
cally increased from 20 to 300 °C during the run
(2.8 °C per step) to simulate heating that might
occur through a combination of condensation of
the hot vapour into the groundwater and con-
ductive heating in the conduit region. All gases
are taken into aqueous solution during the titra-
tion, i.e., there is no vapour-liquid partitioning.

System Eh and pH are plotted in Fig. 6a. The
spring water has a near-neutral pH initially, and
oxygen levels were set to be in equilibrium with
atmosphere (*6 ppm O2). There are rapid neg-
ative shifts in both Eh and pH in the first reaction
steps which, not surprisingly, demonstrates the
low buffering capacity of the dilute spring water.
pH decreases to a minimum of 1.3 at ca. 250 °C,
but then climbs back up to ca. 1.5 with continued
heating to 300 °C. Conversely, the abrupt decline
of system Eh to a minimum value of* +0.1 V in
the first step is followed by a progressive
increase to a maximum *+0.28 V at 270 °C,
before declining to +0.25 V at 300 °C. These
changes correspond closely to the appearance
and temperature-controlled stability of elemental
sulphur in the system (Fig. 6b). Elemental sul-
phur precipitation initiates at the outset, and

continues through to approximately 240 °C, after
which it begins to redissolve. Temperature
appears to be the controlling factor in sulphur
stability in this system, which in turn controls the
redox state of the fluid.

Fig. 6 Reaction path simulation for the titration of
10 mol of White Island fumarolic gas into 1 kg of Silica
Rapids spring water (Mt Ruapehu), with monotonic
heating from 20 to 300 °C. a pH and Eh variations with
reaction progress (each symbol represents 1/100 of the
reaction progress; b Minerals formed during the reaction
sequence (moles); c Aqueous S speciation; d Aqueous C,
F and Cl speciation with reaction progress
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The generation of a strongly acidic liquid phase
is perhaps the most notable aspect of this gas-
water interaction. As mentioned previously, and
shown in Fig. 6c, d, HCl and H2SO4 are the
principle (strong) acids, and these are the primary
hydrolysis-promoting agents involved in ensuing
water-rock interaction in these environments. It is
evident that temperature is ultimately a limiting
factor on acidity, owing to the temperature-
dependence of solvent-ion interaction where, as
the dielectric constant for water decreases with
temperature (Uematsu and Franck 1980), acids
become increasingly associated (e.g., HCl; Ruaya
and Seward 1987). It is this effect alone that is
responsible for observed increases in pH above
250 °C in this comparatively simple model, and it
is a trend which continues to where acids become
fully associated at the point. Owing to the fact that
H2CO3 is a weaker acid than either HCl, H2SO4 or
even HF, it remains almost completely associated
in this model environment owing to the very low
pH. Whereas CO2 is the predominant hydrolysis-
promoting agent in near-neutral pH hydrothermal
systems, and may in fact become buffered by the
presence of calcite in such systems (Giggenbach
1981; Arnórsson 1985; Arnórsson and Gunnl-
augsson 1985), in highly acidic environments

such as those found in active crater lakes, CO2

behaves as a conservative constituent, similar to
any other non-reactive gas.

3.2 Gas-Lake Water-Rock Interaction

Christenson et al. (2010) simulated gas-water-
rock interactions in the Ruapehu vent environ-
ment using the 1D advective reactive transport
model X1t Bethke (1996). Here, we have further
refined the model to examine the effects of water-
rock interaction on key indicator gases in the vent
hydrothermal environment. The conceptual model
for this condensed vapour-water-rock interaction
is shown in Fig. 7, where a column of permeable
substrate (35 % porosity) measuring 10 cm2, and
10 m in length is initially filled with Ruapehu
Crater Lake water (Table 2), and is allowed to
equilibrate at 50 with the reactant minerals listed
in Fig. 7 (as volume %). This scenario is similar to
what might be found in the vent region during
periods of quiescence. We then numerically inject
a 300 °C magmatic condensate proxy consisting
of 0.5 molal concentrations of both H2S(g) and
SO2(g), and 1 molal concentrations of HCl(g) and
CO2(g) under a head pressure of 0.2 MPa for 24 h
into the column. A fundamental assumption of
this model is that full equilibrium is established at
each time step. Whereas the reality is that reaction
kinetics will play an important, if not dominant,
role in governing which chemical reactions pre-
vail in these environments (see Henley this issue),
our knowledge of reaction rates is not well enough
advanced to rigorously account for kinetics in the
modelling of such complicated systems as pre-
sented here. In our case, we consider the concept
of full equilibrium as perhaps a theoretical end-
point in the process. The relatively low volume
percentage of the six reacting mineral phases is
chosen here to simulate the actual amount of
reactive surface that permeating liquid phase
would interact with, taking into account the effects
of armouring of pore and fracture surfaces by
precipitated minerals in the reaction column.

The initial alteration mineral assemblage is of
argillic nature, owing to the acidity of the starting
fluid, but is uniform along the length of the

Table 1 White Island fumarolic #3 composition from
White Island (Giggenbach and Sheppard 1989)

Date 31-8-78

Tm (°C) 540

H2O 880,000

CO2 84,320

St 18,600

N2 1.9

HCl 4,080

HF 304

NH3 20

He 0.68

H2 2,100

Ar 0.86

O2 <0.5

N2 458

CH4 2.2

CO 48.4

Units are μmol/mol
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column, and consists of (in order of decreasing
abundance) jarosite, illite, pyrite, S, hematite,
siderite, K-nontronite, anhydrite, kaolinite,
dolomite, mesolite, Mg-saponite and quartz.
Results of the advective flow model are sum-
marised in Figs. 8 and 9. Specific discharge
through the system attains a maximum at ca.
2.5 h, after which discharge declines monotoni-
cally to ca. 15 % of the peak flow by the end of
the simulation (24 h; Fig. 8a). The advancing
front of condensate is clearly delineated by Cl
concentration (Fig. 8b), which approaches the
end of the column after 24 h. Peak Cl concen-
trations broaden with time owing to dispersion
along the pathway, whereas total C in the fluid
(not shown) has a much steeper advancing front,
which is governed by carbonate mineral equi-
libria (discussed below). Porosity abruptly
declines from 35 to ca. 10 % in the first few
elements (Fig. 8c). Naturally, this is reflected in
permeability (Fig. 9a) which is derived as a
function of porosity in X1t (the default relation
for sandstone was adopted here, where log
k = 15ϕ–5, with k being permeability (darcy), and
ϕ the porosity of the medium). A further but
smaller decrease in porosity and permeability
occurs at ca. 7 m after 24 h. Interestingly, this
perturbation is observed to migrate along the
column during the course of the simulation,

pointing to a progressing mineral front (dis-
cussed below). In contrast to the relatively rapid
advance of Cl through the system, the thermal
front associated with the hot condensate injection
advances less than half way along the column
within 24 h (Fig. 9a), pointing to decoupling of
heat and mass along the flow path as heat is
transferred into the host rock matrix. System Eh
and pH are plotted in Fig. 9b, and reveal further
evidence of chemical fronts advancing along the

Fig. 8 Reactive transport model results. a Specific
discharge at 9.95 m. b Advance of Cl front along flow
path with time. c Porosity along flow path after 24 h

10 cm

10
 m

mc
01

10 cm

X1t Reactive Transport Model
Single-phase liquid

Porosity:                     
Pressure Gradient: 
Pore Fluid:     
T (initial):
Reactant Fluid:
T (Reactant fluid):
Reactant Minerals:

Duration:

35%
0.2 Mpa
RCL (August 4, 2007)
50 oC
1 molal SO2, H2S, HCl, CO2
300 oC
Diop(.1%), Anor(.1%), Alb(.1%),
Ksp(.1%), Mt(.01%)
1 day

Fig. 7 Reactive transport conceptual model. Flow path is
10 m long, with axis-normal dimensions of 10 cm by
10 cm. Adapted from Christenson et al. (2010)
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Fig. 9 Reactive transport
modelling results plotted as
a functions of position
along flowpath.
a Temperature and
permeability. Significant
drop in permeability occurs
at the inlet, and another at
approximately 7–8 m after
24 h, whereas the thermal
front has advanced to ca.
3 m after 24 h. b An abrupt
increase in Eh corresponds
to changes in S species
concentrations. Low pH
front advances to ca. 7 m
after 24 h. c S
concentrations decline
abruptly between ca. 4 and
7.5 m, with H2S most
strongly depleted.
d Elemental S precipitation
extends to ca. 4 m, after
which its absence
corresponds to the region
of abruptly increased in Eh,
reflecting its control over
the oxidation state of the
system. Carbonate and clay
minerals characterise the
interval from 7.5 to 10 m,
and correspond to localised
low permeability
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flow path. The initial fluid redox state and pH are
preserved only in the last metre of the column (at
−0.15 and 6.4 V respectively, and are controlled
by the equilibrium mineral assemblage formed
from the initial interaction between lake water
and reactant phases described in Fig. 7. At the
inlet end, pH is strongly acidic (<1); here the
injected condensate has expended the pH-buf-
fering capacity provided by the initial equilib-
rium mineral assemblage.

Elemental S is the single most abundant pre-
cipitated mineral phase, and in conjunction with
quartz, alunite and pyrite, is responsible for the
aforementioned decline in permeability close to
the source (Fig. 9d; and Christenson et al. 2010).
However, consumption of H2S and SO2 accord-
ing to Eq. (6) ultimately leads to under-saturation
with respect to S along the flow path (at dis-
tances >4 m after 24 h), with an abrupt increase
in system Eh thereafter (Fig. 9b). This is reflected
in the increased abundance of anhydrite, and the
appearance of hematite over the interval of 4–
7 m. Here, pH reaches its minimum values (<1)
owing primarily to declining temperature. The
formation of elemental S along the flow path, and
the large positive shift in redox potential in the
absence of this phase are also reflected in the
absolute and relative fugacities of H2S and SO2

(Fig. 9c). In the presence of elemental sulphur
these species remain relatively constant.

Downstream of the elemental sulphur, how-
ever, H2S is effectively absent, as reflected in log
(fSO2/fH2S) varying from 0.4 to >30 between the
two zones. Similarly, the fugacities of H2 and CO
also change abruptly across this interface, with
log (fH2/H2O) decreasing from −5.9 to −18.2
and log (fCO/fCO2) decreasing from −7.6 to
−21.3 over the interval between 0.8 and 4.5 m.
While the temperature gradient across this zone
has a direct role to play in both ratios, the effect
of temperature is minor compared to the pres-
ence/absence of elemental sulphur. It is note-
worthy that the changes across this interval occur
in the absence of any effective rock buffering
capacity as described previously (Giggenbach
1987; Chiodini et al. 2001), owing to the fact that
all Fe in the system occurs as Fe3+.

Interestingly, gases in equilibrium with the
alteration mineral assemblage occurring near the
end of the flow path have log (fH2/fH2O) ratios of
approximately −6.4. Although lower than those
encountered in either of the zones upstream, the
redox state of the fluid here is still considerably
more oxidising than the rock buffer value of
−2.8, suggesting that rocks in these environ-
ments have varying, if not fleeting capacities to
buffer redox potential of the fluids moving
through them. From this model, it is apparent that
the presence of elemental sulphur in these sys-
tems has an important bearing on the redox state
of the system, and the gases derived from them.

Reference was made earlier to the decrease in
permeability observed between 7 and 8 m after
24 h, and the fact that this appears to migrate along
the flow path close to the advancing Eh and pH
fronts. We can see from Fig. 9d that this perme-
ability perturbation corresponds to the presence of
kaolinite, siderite and dolomite, and as mentioned
previously, this corresponds to the advancing front
of CO2 through the column. Carbonate minerals
have been previously identified as the main seal-
forming phases at Raoul Island Christenson et al.
(2007), contributing to gas over-pressuring and
gas-driven, phreatic eruption activity in that sys-
tem. This modelling shows that their formation is
the natural consequence of acid gas injection into
the more distal magmatic-hydrothermal environ-
ments, leading to the formation of highly reactive
acidic fluids which interact with their enclosing
rocks via hydrolysis reactions, thereby consuming
hydrogen ions and leading to the downstream
stabilisation and precipitation of permeability-
reducing mineral phases, including carbonates.

4 Hazards Associated with Gases
in Volcanic Lake Systems

4.1 Eruptions Induced by Selfsealing
of Sublacustrine Gas Conduits

In volcanic lake systems fed by magmatic sour-
ces lying within hundreds of metres of the lake
floor, the interaction between magmatic vapour,
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ground water and rocks may lead to the forma-
tion of hydrothermal mineral seals which in
themselves create significant hazards. In these
cases, the very gases driving seal formation may
also serve as pressure-transmitting media behind
those blockages, and ultimately lead to their
failure, (e.g., Phillips 1972), with consequent
explosive phreatic and/or phreato-magmatic
eruptions as recently observed on Raoul Island
Christenson et al. (2007) and Ruapehu, Chris-
tenson et al. (2010).

Ruapehu Crater Lake, with a diameter of
some 500 m and a volume of approximately
9 million m3, sits atop the two active vents of this
andesitic massif situated in Tongariro National
Park. The volcano has maintained varying states
of activity since Europeans first observed it the
1860s, including two lake-expelling eruptions in
1945 and 1995. A most interesting characteristic
of the volcano, and one that is seemingly unaf-
fected by large eruptive events, is its cyclic dis-
charge of heat and volatiles through the vent-lake
system (e.g., Werner et al. 2006; Christenson
et al. 2010). Cycles vary between 3 and 9 months
duration, with lake temperatures historically
ranging between 10 and 60 °C. Phreatic eruption
activity on Ruapehu most typically occurs when
the lake is at or near the peak of its temperature
cycles (i.e., during open vent conditions). How-
ever, three significant events have occurred in the
last 25 years when the lake temperatures were at
minimum values (9 °C, December, 1988; 15 °C,
October, 2006, and 13 °C, September, 2007).

These eruptions occur with little or no pre-
cursory activity, and have so far proven difficult,
if not impossible to forecast. The largest and
most recent of these eruptions occurred in Sep-
tember of 2007 when some 160,000 m3 of vent
materials were ejected through the lake (Kilgour
et al. 2010). The ejecta consisted of blocks
comprising a variety of vent-fill lithologies (la-
vas, sediments and breccias), spanning a range of
hydrothermal alteration intensities from fresh to
intensely altered, and ranging up to 2 m diameter.
Elemental sulphur was commonly observed
having exuded from pore space in some of the
ballistics, indicative of S having existed in a
molten state (T > 119 °C) in a portion of the vent

at the time of the eruption. Petrographic analysis
of the intensely altered ejecta show dense, pore
space accumulations of predominantly elemental
S, with lesser amounts of alunite, pyrite, anhy-
drite and trace segregations of halite (Christenson
et al. 2010), an assemblage noted previously in
ejecta from earlier eruptions (Christenson and
Wood 1993). This assemblage is nearly identical
to that predicted from the aforementioned reac-
tive transport modelling, and it appears to con-
stitute an impermeable seal formed through
repeated injection of magmatic volatiles through
the vapour saturated conduit environment.
Insights into the processes leading to these events
are gained from monitoring gas emissions from
the pre- and post-eruption systems.

Emissions of CO2, SO2 and H2S from Ru-
apehu have been measured by airborne platform
approximately monthly since 2003 (methodology
discussed by Werner et al. 2006). Data for the
period January 2006 to July 2012 are shown
along with lake temperatures in Fig. 10, and this
time span encompasses the two phreatic eruption
events of October 2006 and September, 2007.
There is a striking coherence between heat and
volatile discharge in this system, indicating that
gas-charged batches of magma periodically cir-
culate into the conduit system, degas and thereby
drive the thermal cycling in the lake. TOUGH2
modelling of the passage of heat and CO2

through the vent system provides insights into
the processes involved, showing early decou-
pling of gas from heat in the vent, with gas
moving ahead of the thermal pulse, followed by a
convective sweep of heat through the conduit
(Christenson et al. 2010). A total of 8 heating
cycles occurred between 1 January 2006 and 1
July 2012, and each has associated CO2 maxima
of varying magnitudes. C/[SO2 + H2S] mole
ratios (hereafter C/ΣS) vary widely during this
period, ranging from 3 to infinity, and are com-
pared to the proposed so-called magmatic value
of 5 for White Island (Giggenbach and Sheppard
1989). Ratios above this value may result to
some extent from variability in the magmatic gas
supply (i.e., varying depth of separation, as
described earlier), but sulphur-budgeting argu-
ments presented by Christenson (2000) point to
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scrubbing of S in the hydrothermal system as the
predominant process regulating S emission from
this volcano. Hence, the period leading up to the
October 2006 eruption where ratios ranged from
40 to infinity, also point to a period of extensive
S scrubbing and seal formation beneath the lake.

Conditions in the vent plumbing apparently
changed after the minor vent-clearing eruption in

2006, after which small but measurable levels of
SO2 were detected, suggesting that the gas
stream entering the lake had equilibrated with
elemental sulphur lying close to the lake floor in
the hydrothermal system. CO2 emissions
throughout 2007 were erratic compared to those
measured during 2006, a feature which we
interpret to indicate growth and consolidation of

Fig. 10 Time series gas
emissions data for Mt
Ruapehu. Six heating
cycles are portrayed (lake
temperature in red), along
with airborne platform data
for CO2, SO2 and H2S.
Periods of elevated C/ΣS
point to periods of S
deposition (i.e., scrubbing)
in the vent region. Adapted
from Christenson et al.
2010
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the seal beneath the lake floor, with consequent
pressurisation of the sub-seal hydrothermal
environment. CO2 emission measured immedi-
ately after the 2007 eruption was the highest yet
observed for this volcano (>1,000 T/d), and the
C/ΣS ratio was ca. 20 at this time.

A conceptual model for the state of the system
immediately prior to the 2007 eruption is shown

in Fig. 11. The main feature here is the accu-
mulation of a pressurised gas column behind a
seal of elemental sulphur, alunite and anhydrite,
infilling the interstitial pore space of what would
otherwise be permeable vent breccia material.
Gas emission through the northern vent of Ru-
apehu was very strong immediately after the
eruption. This is consistent with the eruption

Fig. 11 Conceptual model
for the sealed state of the
Ruapehu vent system prior
to the September 2007
eruption. Seal development
reduced gas transfer
through the vent, and led to
increased pore pressures
via formation of a
compressible gas column
beneath the seal. Printed
with permission from
Christenson et al. (2010)
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having been a gas-driven event, but the strong
post-eruptive degassing also points to the scale of
the gas accumulation within the hydrothermal
environment prior to the eruption. The elevated
C/ΣS ratio immediately after the eruption is also
consistent with storage of a magmatic gas in the
hydrothermal environment for some time behind
the seal, facilitating extensive scrubbing of H2S
and SO2 via Eq. (6). SO2 emission increased to
ca. 500 T/d ca. one week later, and C/ΣS fell
to <5, pointing to the degassing of a deeper and/
or less evolved magmatic gas source through an
open vent environment. A second, stronger pulse
of degassing occurred in early 2008, again
through the open vent, with C/ΣS ratios again
close to ca. 5. Since then, C/ΣS ratios have
progressively shifted upward, even during peri-
ods of unprecedented high CO2 emission, sug-
gesting that S scrubbing and seal formation is
again occurring.

A possible mechanism by which accumulated
gas pressure behind such a seal may lead to its
failure is shown schematically in Fig. 12, adapted
from Phillips (1972). Here the Mohr stress circles
are plotted as functions of effective normal stress
(typically measured in units of tensile rock
strength), and are compared to a hypothetical
shear failure envelope. With maximum principle
stress being nearly vertical in the vicinity of the
vent seal, failure of the seal will occur when the

combination of effective normal stress and shear
stress matches the shear strength of the of the rock,
or in terms of the graph in Fig. 12, when the Mohr
stress circle (denoting differential stress) intersects
the shear failure envelope. This may occur
through either increasing the differential stress
(i.e., increasing the diameter of the stress circle),
or by increasing the pore pressure within the seal
which has the net effect of decreasing effective
normal stress, thereby shifting the stress circle to
the left towards the failure envelope. A state of
critical stress is achieved when the stress circle
intersects the failure envelope, and any minor
perturbation of the system may trigger its failure.

Christenson et al. (2010) referred to the 2007
eruption of Ruapehu as an “accidental” phreato-
magmatic eruption, noting that only a very minor
amount of juvenile material was present in the
ejecta. Central to their model of events leading to
the eruption was that a compressed gas cap had
accumulated behind the seal, raising pressures in
the vent to levels required for seal failure. Once
decompression was initiated at the seal, a pres-
sure transient migrated downward into the vent,
eventually reaching the top of the magma con-
duit, thereby explaining the small amount of
juvenile material observed in the ejecta.

4.2 Limnic Eruptions: Constraints
from the Lake Nyos Experience

Lakes hosted in quiescent volcanic systems, i.e.
those showing moderate degassing activity, are
typically affected by significant inputs of salt-
and CO2-rich fluids which favour the develop-
ment of vertically stratified water columns.
Under these conditions, mass transfer is mostly
controlled by slow diffusive mechanisms, leading
to accumulation of dissolved gases at depth. As
exhaustively described in other chapters of the
present book, meromictic volcanic lakes having
great depth and a large volume are able to store
large amounts of dissolved gases, which repre-
sent a tremendous hazard in case of destabiliza-
tion of water stratification, leading to a limnic
eruption (Sabroux et al. 1987), i.e. a catastrophic
release of those gases into neighbouring
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Fig. 12 Conceptual plot of effective normal stress versus
shear stress. Increasing pore pressure (Δp) in the seal
leads to displacement of the Mohr stress circle to the left,
towards the failure envelope. The intersection of the stress
circle and the failure envelope signifies a state of critical
stress for the system. Adapted from Phillips (1972)
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environments, as occurred at Monoun and Lake
Nyos in 1984 and 1986, respectively (e.g., Kling
et al. 1987; Sigurdsson et al. 1987), resulting in
thousands of deaths.

There is still debate on whether the initial
destabilization of a stratified lake is related to
external triggering, such as an earthquake, a
landslide slumping into deep lake water or
extreme weather conditions (Sigurdsson et al.
1987; Kling et al. 1987, 1989; Giggenbach 1990;
Evans et al. 1994), or a lake rollover rather occurs
“spontaneously” (Zhang 1996; Woods and Phil-
lips 1999). Considering that the CO2 concentra-
tion at 58 m depth in Lake Monoun in January
2003 was very close to saturation (Kusakabe et al.
2008), the second hypothesis seems plausible.

Independent of the mechanism for the origin of
this natural phenomenon, the hazard for limnic
eruptions in a Nyos-type lake can only bemitigated
by artificial and controlled degassing of the bottom
water layer. However, this solution may severely
affect the shallow lacustrine environment, espe-
cially in lakes intensely populated by living
organisms such as LakeKivu (DCO). The CH4 and
CO2-rich gas reservoir hosted in this lake Schoell
et al. (1988), represent both a hazard for local
population and a possible huge energy resource.
According to the increase of gas accumulation rate
observed over the past decades in this lake Pasche
et al. (2010), artificial degassing has been consid-
ered necessary to prevent the progressive saturation
of deepwater layers (Hirslund 2012). Nevertheless,
such an intervention may have dramatic conse-
quences for the *2 million people living in the
lake surroundings whose survival strongly depends
on lake water for personal use and fishery (Pasche
et al. 2009). This suggests that the hazard mitiga-
tion approaches at Lake Kivu should be carefully
evaluated on the basis of further studies to evaluate
different strategies aimed to mitigate the limnic
eruption hazard in this area.

5 Summary and Conclusions

Clearly, volcanic lakes are dynamic environ-
ments which are highly responsive to the inputs
of magmatic heat and/or volatiles. We have

shown that the depth of magmatic degassing is a
primary control on the compositional character-
istics of the volatile stream entering the limnic
environment, and this effectively controls the
chemical nature of the associated lakes. Shallow
magmatic degassing (with magma residing at 10s
to 100s of m depth) in volcanically active sys-
tems releases heat, CO2, SO2, H2S, HCl and HF
gases into overlying groundwater and/or lake
environments. This leads to development of a
magmatic hydrothermal system which envelopes
the magma conduits, and is characterised by
highly acidic solutions in its core which drive
hydrolysis reactions with their enclosing rocks.
Lakes sitting atop such conduit systems are
likewise acidic in nature, hot and they typically
carry high total dissolved solids. Modelling
results show that the precipitation of elemental
sulphur occurs close to the conduit within the
two phase liquid-vapour region, along with a
suite of advanced argillic alteration minerals,
which collectively fill pore space and reduce
permeability. Modelling also shows that acid as
fluids flow laterally away from the conduit,
neutralisation (i.e., water-rock) reactions lead to
the development of propyllitic mineral assem-
blages (including carbonates) in the presence of
fluids with near-neutral pH.

Deep magmatic degassing (i.e., sourced at
perhaps 10s of kms depth), on the other hand,
releases primarily CO2, N2 and noble gases into
conduits, with sulphur and halogen gases
remaining largely or totally within the melt phase.
With low emission rates and/or long transport
pathways, such volatile streams typically decou-
ple from their associated heat to reach the surface
as cold gas emissions. CO2 is the primary agent
driving hydrolysis in these systems, and model-
ling shows that equilibrium is rapidly achieved
with carbonate minerals, and in the presence of
argillic to propylitic alteration mineral assem-
blages. Of course, these examples represent the
extreme endmembers of a continuous spectrum of
possible intermediate degassing depths, and
potential intermediate crater lake characteristics.

Two principle hazards are associated with
gases in volcanic lake environments. In the acidic
systems, mineralogic seal formation resulting
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from hot gas-water-rock interaction may lead to
accumulation of gas behind the seal, and raise pore
pressures to the point where the seal becomes
critically stressed, leading to its failure and con-
sequent phreatic eruptions. While seal formation
and consequent phreatic eruptions cannot be pre-
cluded in crater lakes which receive only cold,
deeply derived CO2 discharge, an additional threat
in these lakes is that the gases may become strat-
ified in the otherwise stagnant water column. Once
the water column is saturated, experience from
Lake Nyos and Monoun show that even minor
perturbance of the lake may lead to explosive
exsolution and release of voluminous clouds of
heavy, suffocating CO2 into adjacent environs.
Tropical regions, where seasonal limnic overturns
typically do not occur are most at risk from these
events, whereas lakes with significant heat inputs
are generally safe from stratification owing to
thermal instability, and consequent convection of
their water columns.
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Hyperacidic Volcanic Lakes, Metal Sinks
and Magmatic Gas Expansion in Arc
Volcanoes
R.W. Henley

Abstract

Hyperacidic volcanic lakes are expressions of much larger scale magmatic
gas expansion inside volcanoes from source to surface. Their temperature
and acidity are sustained by the capture of heat and SO2 (and HCl) and a
suite of metals and metalloids, including Cu, Fe, As, Au, Bi, Se, Te, and
Sb, from the magmatic gas. These lakes, together with high temperature
fumaroles, therefore provide clues about the physics and chemistry of high
temperature gas flow at the volcano scale that otherwise are inaccessible to
direct observation. Understanding of the relationship between acidic
volcanic lakes and these larger scale processes also has implications for
modeling the flank stability of active volcanoes and how economically-
valuable copper and gold deposits formed in ancient volcanoes. Such
understanding may also translate to considerations of sulfur-rich environ-
ments on other planets as well as to the origin of life on earth.

Keywords

Hyperacidic crater lake � Volcanic gas � Magmatic vapor plume �
Porphyry Copper � Gold

1 Introduction

Hyperacidic volcanic lakes are some of the most
extreme geochemical environments in the present
day earth’s crust. They provide a tantalizing
glimpse of the true scale of heat and mass
transfer in active volcanoes and are implicated in

their collapse and eruption histories, but what
exactly makes them tick? What is their relation-
ship to other volcanic phenomena, past and
present, including the transport of gold, copper
and other metals from intrusive suites beneath
active volcanoes through to their dispersion
around volcanoes via extensive geothermal sys-
tems as well as into the atmosphere via fumaroles
and ash plumes?

While the dynamics and chemistry of hyper-
acidic lakes themselves have been detailed at
lake scale in a number of major studies, these
broader questions need to be addressed in the
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context, and at the scale, of volcanic systems.
Figure 1 provides an example, for the hyperaci-
dic Kawah Ijen crater lake in Java, Indonesia.
This lake occupies one of a number of much
smaller volcanoes that developed after the cal-
dera-collapse of the original Ijen stratovolcano
about 50,000 years ago (van Hinsberg et al.
2010). The surface area of the lake varies around
*2 km2, and is tiny in relation to the *700 km2

footprint present-day Ijen volcanic system in
which it is hosted.

Volcanic systems such as the suite of active
vents in the Ijen volcano (Fig. 1) are character-
ized by the sustained discharge of major quanti-
ties of sulfur. SO2-specific COSPEC and other
remote sensing data (Williams-Jones et al. 2008)
for gas and ash plumes suggest that the mass flux
of sulfur from many volcanoes greatly exceeds

Fig. 1 Top This picture spectacularly captures the interplay of volcanic gas discharge, extensive rock alteration and
solfatara and elemental sulfur and the scale of the hyperacidic crater lake at Kawah Ijen, Java, Indonesia. Note on the left
the blue haze due to SO2 and aerosols in the vapor plume, and the yellow–green color of the lake due to suspended
silica and other particles. Copyright© Jessy Eykendorp. Bottom SRTM3 image of the andesitic Kawak Ijen volcanic
complex showing the approximate location of the hyperacidic volcanic lake (red outline) in relation to the Ijen caldera
and tephra cones on the rim and flank of the caldera (Image enhancement by DM Henley)
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the mass available from simple shallow intrusive
bodies (Shinohara 2008; Bani et al. 2012) sug-
gesting that volcanic systems are open to fluxes
of sulfur, water, CO2 and other components
released by sub-volcanic mantle wedge and slab
dehydration processes (Stern et al. 2006;
Oppenheimer et al. 2011) including via deep
intrusion complexes. Kawah Ijen (Takano et al.
2004) epitomizes such sustained sulfur discharge
with its sulfur-encrusted fumaroles and the lake
itself, a 180 m deep, 30 million cubic meter body
of hot, extremely toxic, sulfuric acid! Mineral
deposits that are now exposed within now-dis-
sected ancient volcanoes, reveal a similar picture
of continuous magmatic gas streaming through
volcanic systems interspersed by episodic intru-
sion and eruption (Henley and Berger 2013).
Hunt (1977) noted that ‘porphyry’ copper
deposits—one of the world’s primary source of
industrial metals—are primarily large crustal
sulfur anomalies formed at a few kilometers
depth beneath ancient volcanoes. They are
characterized by kilometer-scale, highly frac-
tured cylindrical regimes enriched in copper,
molybdenum, gold and other metals, within an
extensive volcano-scale annulus of disseminated
pyrite (FeS2). In some of them, Cu–Pb–Zn–Au–
Ag skarn deposits occur as a result of aggressive
replacement of carbonate rocks. These, and
nearer surface sulfosalt deposits that are rich in
copper and arsenic, are sinks of metals that pro-
gressively accumulated during the sustained

streaming of magmatic gas from source to sur-
face. As well as their economic significance, they
potentially tell us a great deal about geochemical
processes inside volcano-hosted hydrothermal1

systems that otherwise remain hidden and yet
may fundamentally control the history of volca-
noes and the risks they represent to modern
civilization.

Hyperacidic volcanic lakes, along with fu-
maroles high on volcanoes, are one of the surface
manifestations of deeper-seated processes. The
common features of these lakes are their associ-
ation with solfatara,2 their very low pH, high
concentrations of oxidized and elemental sulfur,
in some cases as subaqueous pools of molten
sulfur. They are also enriched in a range of
otherwise rare metals but, as discussed in this
paper, they represent only a small component of
the much larger scale hydrothermal systems that
evolve inside active volcanoes. This paper
focuses on how these lakes and their exotic
chemistry are related to the larger scale transport
of metals through active volcanoes—in other
words, what is happening beneath these lakes?

2 Fumaroles, Solfatara
and Hyperacidic Lakes

Geological associations—the temporal and spa-
tial relationship to solfatara and active volcanism
—lead to the widely accepted explanation that
acidic volcanic lakes are a ‘cold trap’ for
expanding magmatic gas, that, close by, is
otherwise expressed as active, high temperature
fumaroles and extensive rock alteration (solfa-
tara), and by ash and gas plumes from more active
volcanoes. Since the SO2 concentration in high

1 Terminology is always important. Here the term
‘hydrothermal’ refers to processes involving hot water
whether liquid or gas. Vapor means a gas phase in
equilibrium with a condensed phase whether solid, liquid
or melt. In this paper, the term ‘gas’ is used rather than
‘vapor’ except where specific to a phase relationship. Mis-
cellaneous terms that are avoided here are ‘brine’ ( water
close to saturation with salt) and ‘boiling’ which means
phase separation due to continuous vigorous heating (as in
a kettle), whereas phase separation in volcano-hosted
hydrothermal systems occurs through simple processes as
described in the text. The generic term fluid is used only
in the context of fluid dynamics, i.e. how liquid, gas (or
vapor) move through bodies of rock and otherwise
sparingly as in convenient terms such as geothermal fluid
where vapor and liquid phase properties are involved
together.

2 Although having its roots in the Italian, solfo, meaning
sulphur, the term, solfatara, is used broadly to refer to
volcano and geothermal regimes characterised by acidic
rock alteration and steam discharges. The term, fumarole,
refers specifically to vents inside solfatara. In geothermal
systems, these features are associated with shallow
processes (Henley and Stewart 1983). In this chapter the
emphasis on is much higher enthalpy and temperature
solfatara and fumaroles directly related to the discharge of
volcanic gas.
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temperature magmatic gas condensate from vol-
canoes worldwide, is around 7 wt%, lake water
acidity and intense rock alteration are therefore
readily ascribed to the dissolution of SO2 (and to
a lesser extent HCl since mSO2 [mHCl ) into
surface bodies of meteoric water with the for-
mation of sulfuric acid and elemental sulfur
(Delmelle and Bernard 2014, this issue). At Ka-
wah Ijen the adjacent rhyolite dome is strongly
degassing and is the likely source of additional
inflow of acid condensate and heat into the lake
(Williams-Jones et al. 2010).

The dynamics of hyperacidic lakes are well
established and Takano et al. (1994), based on
Yugama Lake (Kusatsu-Shirane Volcano, Japan)
provide a graphic sequence of the kinds of heat
and mass transfer processes that occur during the
evolution of a lake system. As confined, but not
closed, basins, an important aspect of these lakes
is that mass and heat transfer models may be
developed based on measurements of tempera-
ture profiles, outflows via spillover into drain-
ages, estimates of evaporative heat loss and
estimates of meteoric water inflow (Rouwet and
Tassi 2011; Hurst et al. 2012). The value of these
input-output models is that they place limits on
the heat flux into such lakes due to magmatic gas.
There are evident limitations relating to how
constraints are placed on the enthalpy and com-
position of magmatic gas, and the relative heat
and mass losses due to subsurface seepage away
from the lakes, a critical factor in assessing risks
of flank failure (Delmelle et al. 2014, this
volume).

Figure 2 summarizes the range of heat flux
inputs estimated for a number of hyperacidic
lakes. Strict comparison of values is not appro-
priate given the limitations and uncertainties but
they do suggest that heat fluxes3 commonly lie in
the range 100–1,000 MWH, although values, are
necessarily dependent on the scale of the lake
and the eruptive stage of the host volcano (e.g.,
Brown et al. 1989; Hurst et al. 2012). Estimated

total sulfur fluxes range from a few tens to
hundreds of tonnes per day, but, as discussed
below, both the thermal power and SO2 flux
estimates for these lake settings are small com-
pared to independent estimates of the heat bud-
gets of volcanic systems.

The overall chemistry of sulfur species (‘dis-
proportionation’) in volcanic lakes are described
in detail in a number of detailed analytical
studies, such as Delmelle and Bernard (1994),
Varekamp et al. (2000), Takano et al. (2008), van
Hinsberg et al. (2010) and others reported in this
volume. Kawah Ijen has been extensively stud-
ied. The lake water at Kawah Ijen, for example,
has very high ionic strength dominated by sulfate
ion pairs (ΣSO4 = *0.7 molal[m]), chloride
(*0.6 m) and fluoride (*0.07 m), and balanced
by protons, H+ (*0.3 m), aluminium (*0.2 m)
and smaller concentrations of sodium
(*0.04 m), iron, and magnesium (Table 1).
However the focus in this paper is on the larger
scale metal and metalloid flux in volcano-hosted
hydrothermal systems as glimpsed through the
chemistry of hyperacidic lakes, fumaroles and
fossil hydrothermal systems now exposed as
porphyry copper deposits. Table 1 therefore
summarizes some of the available minor and
metallic element data for lakes and high tem-
perature (>800 °C) fumarole gas mixtures as
indicative of magmatic gas compositions.

Very broadly the relative concentrations of
minor elements (Table 1) are similar across the
selection of lakes and fumaroles. Mass balance
models for Kawah Ijen (van Hinsberg et al.
2010) confirm that the concentrations of many
components in the lake water reflect a general
process of aggressive acid dissolution of fresh
rock, derived as rockfall, ash and the walls of the
lake itself. These models show that lead, tin and
antimony are enriched relative to this process and
most likely are a consequence of input from
magmatic gas. The sensitivities of the mass bal-
ance models do not rule out derivation of pro-
portions of other metals and metalloids from
magmatic gas particularly when note is taken of
observed metal precipitates (Delmelle and Ber-
nard 1994) that indicate sequestering of metals,
including Cu and As, from the lake water.

3 Heat flux is expressed as a unit of power; a megawatt
(MWH) is equivalent to an energy flow of 106 J of heat per
second.
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At Kawah Ijen, the chemistry of the adjacent
fumaroles differs by only about 10 % from that of
the lake with the exception of barium which, not
surprisingly, precipitates as highly insoluble bar-
ite (BaSO4) into lake sediments (Delmelle and
Bernard 1994). Other sulfate precipitates include
gypsum (CaSO4, 2H2O) and celestite (SrSO4).
Particulate amorphous silica and anatase (TiO2)
are also abundant in the suspended solids and
sediments in the lake, while enargite (Cu3AsS4),
‘covellite’ (CuS) and pyrite (FeS2) actively grow
within sulfur globules (Fig. 3 a–d). The impor-
tance of these data is that they provide a link to
active fumaroles as well as to now extinct solfatara
and crater lake environments. Figure 4 shows the
range of metal and semi-metals that have been

documented in sublimates from modern high
temperature volcanic fumaroles (Henley and
Berger 2013). Exotic lead, bismuth and thallium
sulfosalts are common along with more familiar
minerals including pyrite, anatase, molybdenite
(MoS2) and elemental sulfur. Native gold occurs
at Kudryavy, Kurile Islands (Yudovskaya et al.
2006) and at Colima, Mexico (Taran et al. 2000),
and interestingly zirconium occurs in sublimates
at Kudryavy (Churakov et al. 2000) and Merapi,
Java (Kavalieris 1994). Of particular interest in
these fumarolic environments is the relative, but
not complete, absence of copper and arsenic.
Trace quantities of idaite (*Cu5FeS6) and
covellite (CuS) occur as hypogene minerals in the,
now closed, sulfur mine (an extinct fumarole) near

Fig. 2 a Simple heat balance model for a hyperacidic
volcanic lake showing principal components as follows;
QM heat input by volcanic fluid, QE heat output due to
evaporation, QI heat input via meteoric and ground water,
QO heat output through overspill and seepage under-
ground. The simple model relates to an equivalent mass
input—mass output model for dissolved components
including isotopes. DR a dispersive regime immediately

below the lake where magmatic gas, heated groundwater
and lake water interact. Additional chemical sinks are
shown as SS—the sediment layer including sulfur lakes,
and SP—the suspended particulate load that includes sub-
micron and larger amorphous silica and anatase(TiO2).
b Relative heat flows (QM expressed as MWH) due to
volcanic gas input to a number of well-characterized
hyperacidic lakes
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Fig. 3 Metals in sulfur from acidic volcanic lakes and
submarine sulfur lakes. a Sulfur globule from Kawah Ijen
(# KJ92) showing location of enargite (en) shown in (b).
b Enargite growing on the inside of a sulfur globule
through a coating of particulate silica, anatase (TiO2) and
sulfur. c Acicular CuS (nominally covellite, cv) and sulfur
globules growing inside spherical gas cavities in floating
sulfur globules, Maly Semiachik crater lake, Kamchatka (#
MS93.1). d Acicular CuS growth overgrown by a crystal-
line NaAl-silicate inside sulfur from the submarine sulfur
lake in the Lau basin (Kim et al. 2011). Pyrite, py, and

native gold crystallites occur adjacent to the CuS. eLepanto
Cu–As–Au deposit, Lepanto, Philippines. Finely-lami-
nated microcrystalline SiO2–TiO2 sediment containing
isolated clasts of barite, ba, encrusted with tennantite
(tn = Cu–As–S sulfosalt). This sample is interpreted as a
recrystallized acid lake sediment similar to that at Kawah
Ijen (Berger et al. 2014). The clasts and soft-sediment
deformation structures are interpreted as drop-clasts and
gas escape, ge, structures. f Sulfide-sulfosalt assemblage
typical of minable-grade material within the fracture array
a few hundred meters below the level of (e)
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the summit (6.176 m) of the quiescent Aucan-
quilcha volcano in northern Chile with a forma-
tion temperature interpreted from phase equilibria
of about 450 °C (Clark 1970). Sulfur deposits such
as these are also often seleniferous (Brown 1917).
However these minor occurrences are insignifi-
cant relative to the extreme concentrations of
copper—and arsenic—in deposits exposed by
erosion deep into the interior of ancient volcanoes.
Such deposits are extraordinarily well known and
documented as a result of their economic signifi-
cance as so-called ‘high sulfidation’ and ‘por-
phyry’ deposits. These deposits spatially and
temporally track ancient volcanic arcs around the
Pacific, through central Europe and many other
paleo-arcs. For volcanologists though, their sig-
nificance lies in providing access, through fossil
equivalents, to the otherwise inaccessible hydro-
thermal regimes inside modern volcano-hosted
hydrothermal systems (Henley and Ellis 1983,
Henley and Berger 2013).

3 Copper-Arsenic-Gold Deposits
Associated with Paleo-
Solfatara

Figure 5 shows the mapped distribution of
characteristic silica-alunite wallrock alteration
that preceded and localized the formation of
‘high sulfidation’ enargite-gold veins at Lepanto,

Philippines (Berger and Henley 2011). This
deposit occurs within the Manakayan volcanic
complex that also hosts a number of other vein
and porphyry copper deposits, and is dated at
1.33 ± 0.15 million years BP (Arribas et al.
1995). Berger et al. (2014) recently recognized
fossil acidic lake sediments (Fig. 3e) along and
upstrike of the sulfosalt mineralisation (Fig. 3f).
Little erosion appears to have occurred since
alteration and mineralisation so that pyrite-
enargite-gold deposition along the Lepanto and
related fracture array occurred between depths of
only 200 m and the paleo-surface, still marked by
extensive silica-alunite alteration representing the
paleo-solfatara around the former lake. The lake
sediment, paralleling that at Kawah Ijen, is
characterized by recrystallized silica with ana-
tase, clasts of barite rimmed by sulfosalt and gas
escape structures typical of soft-sediment defor-
mation (Fig. 3e). Detailed micro-analysis of the
sulfide-sulphosalt vein assemblages from Le-
panto (Berger and Henley unpublished data)
shows that primary sulfosalt-pyrite sublimate
recrystallized post deposition with fractionation
of antimony to the surface of the growing
enargite-luzonite crystals. Tennantite (idealized
formula Cu12As4S13) in the Lepanto assemblages
is commonly substituted by Zn, Te, Ag, Sn, Pb
and V in some cases forming colusite (Cu12V
(As, Sb, Sn)3S16) and this same element suite is
noted in the chemistry of the Kawah Ijen.

Fig. 4 Summary of elements reported in fumarole
sublimates, hyperacidic lakes and ash plumes shown in
terms of their position in the periodic table of the
elements. The table is inverted here in order to illustrate
the general fractionation from metallic elements (Cu, Fe)
that are most common in the core of a magmatic vapor

plume beneath an active volcano to the larger and heavier
metals that characterize fumarole environments (As, Bi,
Pb) and gas plumes (Cd, Tl). Silica, sulfur, chlorine, etc.,
are ubiquitous as ligands and as salts, sublimates and
alteration minerals
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Similar associations, including with native
sulfur at Chinkuashih, Taiwan (Henley and
Berger 2012) and surficial silica-alunite alteration
blankets (Pascua, Chile-Argentina, Chouinard
et al. 2005) emphasize the correlation of high
sulfidation deposits with modern acid lake-sol-
fatara environments and their direct relation to
chemical processes consequent on magmatic gas
expansion to the surface. Moreover, the veins
mined at El Indio (Chile) formed at around
1,000 m below the paleosurface and contain
evidence of fractionation of large atomic volume,
heavy metals into the gas phase as arsenic-rich
sulfosalts precipitated as solid sublimates and
sulfosalt melts (Henley et al. 2012). This deposit
may be related to the higher elevation, Tambo
deposit (Deyell et al. 2004) that is characterized
by solfataric alteration with abundant barite.

These occurrences may be interpreted as
showing very rapid and efficient dumping of
pyrite-sulfosalt sublimate assemblages during
expansion of magmatic gas from a few hundred
bars to surface pressures (Henley and Berger
2011) through a sequence of throttles along the
fracture array that fed surface discharges. Similar
processes may be considered as occurring below

Kawah Ijen and other modern crater lakes and
solfatara to evolve sinks for copper and arsenic
and limit the observed fluxes of Cu, As, Au, Ag
and other metals and metalloids at the surface.

4 Cu–Au–Mo Deposits Associated
with Sub-volcanic Intrusions

The scale of high sulfidation deposits and their
contained metals is trivial relative to the masses
of copper deposited deeper in volcanic systems
by magmatic gas as it expands from source
toward surface. The 3.17 + 0.16 million year old
Grasberg deposit, Irian Jaya (Indonesia), for
example, may be viewed as a Cu–Au–Ag sink
formed only a few kilometers below the surface
of a then active volcano (Pollard et al. 2005).
With inclusion of cogenetic skarn deposits in
limestones adjacent to the’ porphyry’ minerali-
sation, this metal sink contains more than
30 million tonnes of copper, 2,700 million tonnes
of gold and 10,700 million tonnes of silver. The
giant Bingham Canyon ‘porphyry’ copper
deposit (Utah) similarly relates to a composite
volcanic system that, on the basis of stable

Fig. 5 Cu–As–Au–Au sulfide and sulfosalt distribution
at the Lepanto deposit, Philippines. In this interpretive
three-dimensional perspective view silica-alunite alter-
ation is shown in grey. Pyrite-sulfosalt mineralisation
occurs in veins inside this host (Berger and Henley 2011)

and highlighted in a range of colors simply to help view
the 3D perspective. The location of the acid lake sediment
sample (Fig. 3e) is shown by the red box. This 3D
compilation of level plans was prepared from the detailed
underground mapping by González (1959)
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isotope data from alteration minerals, has even
been suggested to have been topped by an acidic
crater lake (Cunningham et al. 2004). Figure 6
provides another example, the 42–43 Ma por-
phyry copper at El Salvador, Chile, that illus-
trates the scales and distribution of mineralisation
and alteration through the largely preserved
volcanic structure (Gustafson and Hunt 1975).

The geology, geochemistry and environment
of formation of porphyry copper deposits have
been extensively reviewed (e.g. Sillitoe 2010).
Key features interpreted from detailed mineral-
ogical, fluid inclusion and stable isotope studies
indicate that sulfide vein assemblages, at tem-
peratures in the range 500–850 °C (e.g.

Heithersay and Walshe 1995), deposited from an
expanding plume of magmatic gas that interacted
to varying degrees with surrounding groundwater
(Henley and McNabb 1978). In the present
context it is now established from deep drilling
that anhydrite is ubiquitous in association with
pyrite and Cu-Fe sulfides in porphyry copper
deposits (Sillitoe 2005) but commonly removed
by groundwater during plume collapse and later
weathering. As noted above Hunt (1977) made
the crucial observation that ‘porphyry’ deposits
were, as well as economic metal accumulations
at a scale of around 0.5 wt% Cu. large crustal
sulfur anomalies comprising both a core of
anhydrite and iron-copper sulfides and an

Fig. 6 Simplified interpretive cross section for
the *40 Ma El Salvador porphyry copper deposit, Chile,
after Gustafson and Hunt (1975). This illustration shows
the projected scales of the different zones of alteration
and mineralisation associated with a paleo-volcano

comprised of rhyolite-andesite volcanic and sub-volcanic
intrusions (not shown). For the relative order of formation
of zones, see Gustafson and Hunt: also not shown here
are post-mineralisation veins, pebble dykes and an
overprint of advanced argillic-supergene alteration
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extensive aureole of pyrite. This provides a major
insight to the processes occurring inside modern
degassing volcanoes. Even more intriguing in
their very detailed study of the El Salvador
‘porphyry’ deposit, Gustafson and Hunt (1975)
noted that sulfate abundance exceeded sulfide
through the deposit, and that deep veins have
anhydrite and copper-iron sulfides (chalcopyrite,
bornite and pyrite) occurring together. This close
association of abundant oxidized sulfur (SVI) and
reduced sulfur (SII and sometimes S0) evolves as
magmatic gas expands from source to surface at
the volcano-scale, an observation that returns us
to consideration of processes inside active vol-
canoes especially with the recognition of excess
SO2 emission in the plinean Pinatubo and other
eruptions (Jakubowski et al. 2002; Luhr 2008).

5 Heat and Mass Transfer
in Volcano-Hosted
Hydrothermal Systems

Crater lakes, high temperature fumaroles and
the extreme gas flux from erupting volcanoes all
provide evidence of magmatic gas expansion from
intrusive complexes and deeper sources beneath
active volcanoes through to the surface. Where
expanding magmatic gas interfaces with ground-
water, a magmatic ‘vapor’ plume is established
(Henley and McNabb 1978). The distal compo-
nents of such dispersion plumes are more familiar
in volcanic terranes as high enthalpy, near neutral
pH, geothermal systems (Henley and Ellis 1977).
The relationships between these key components
of volcano-hosted hydrothermal systems are
summarized in Fig. 7. Examples include the geo-
thermal systems and volcanic activity of Copahue,
Argentina (Varekamp et al. 2009) and Galung-
gung, Java (Moore et al. 2008).

6 Magmatic Gas Expansion
and Dispersion

It is well established through sulfur, oxygen
and deuterium isotope studies that the forma-
tion of high temperature (at quasi-magmatic

temperatures such as on Kudryavy volcano,
Kurile Islands) fumaroles on the summits and
flanks of volcanoes is the consequence of
expansion of magmatic gas from a high pressure
source regime to surface pressure. Such expan-
sion is consequent on the maintenance of fracture
permeability and internal gas pressure above that
of groundwater through the volcanic system
(Henley and Berger 2013). The crucial control on
magmatic gas—groundwater interaction beneath
volcanoes (Fig. 7 a, b) is therefore fracture per-
meability and, at the volcano scale, the ratio of
vertical to horizontal permeability (Rk = Kv:Kh).

Fig. 7 Principal volcano-hosted hydrothermal system
flow components associated with magmatic gas expansion
as described in the text. In a Kp (the ratio of vertical to
horizontal bulk fracture permeability) is about 5 so that a
narrow plume develops through to surface discharge
features including hyperacidic volcanic lakes. In b Kp is
about 1, corresponding to the plume dimensions modeled
by Henley and McNabb (1978). Major dispersion (shown
by the partial streamline flow arrows) of the single phase
(1ϕ) magmatic gas component occurs through interaction
with groundwater leading to a much larger two-phase (2ϕ)
plume and dispersion away from the volcano. The virtual
source is a mathematical convenience representing a
source of magmatic gas (Henley and McNabb 1978)
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This ratio varies in time consequent on responses
to sub-volcanic stress and mineral deposition that
clogs fracture permeability (Henley and Berger
2013). Where lateral dispersion is constrained by
high Rk, volcanic gas expansion occurs to higher
levels within a volcanic system in contrast to low
Rk systems where groundwater dispersion dilutes
the magmatic input very quickly and may pre-
vent surface indications of deep magmatic gas
release (Hurwitz et al. 2003) as exemplified by
the Cascade volcanoes of the Pacific Northwest
(USA).

An important lesson from studies of volcano-
related mineral deposits is that hydrothermal
activity is continuous through the lifetime of a
volcano but interspersed by episodic high level
intrusive activity and eruptions. Short term vari-
ations occur at smaller scale in the near-surface
regime due to local variations in rock strength,
and even atmospheric pressure (Delmelle et al.
2014, this issue); a well documented example is
the series of lake eruptions at Ruapehu volcano’s
crater lake (Christenson et al. 2010) in response
to processes at the scale of around 1,000 m.
Degassing of volcanoes is therefore more
appropriately referred to a large scale sub-vol-
canic magmatic gas reservoir over a longer time
period than to discrete short term intrusive events
(Henley and Berger 2011, 2013). Fumarole data
(Taran 2009) also suggest continuous degassing
occurs through volcanic lifetimes with gases
sourced from a reservoir encompassing silicate-
melt systems deep below the volcano, the mantle
wedge-subduction couple and intermittent, shal-
low intrusive activity (Wallace and Edmonds
2011; Webster and Botcharnikov 2011). Release
of gas from the magmatic gas reservoir occurs
across a permeability discontinuity (Cox 2005)
from high to low pressure with subsequent
expansion occurring through throttles in the
controlling sub-volcanic fracture array resulting
in a stepped gas-static pressure profile through to
the surface (Henley and Berger 2011). As dis-
cussed below it is the time and space history of
such pressure transients that focuses the forma-
tion of Cu–Au deposits. These deposits should,
more appropriately be considered in the context
of volcano scale processes as geochemical sinks

for metals to avoid overlaying connotations of
scale and economic value.

6.1 Phase Relationships

The thermal and chemical dynamics of the com-
ponents of volcano-hosted hydrothermal systems
are linked through simple phase and partitioning
relationships. The binary system, NaCl-H2O, may
be used as a proxy4 to trace enthalpy-pressure
relations within these systems from source to
surface (Fig. 8). There are an almost infinite
number of pressure-enthalpy paths constrained by
flow rate-permeability relations, and relative
pressures of groundwater and expanding gas.
Figure 8b includes a suite of illustrative pressure-
enthalpy paths for heat and mass transfer pro-
cesses beneath volcanoes for a magmatic gas (A)
with less than 5 wt% NaCl, and with respect to the
formation of high enthalpy fumaroles (B and C)
and crater lakes (F).

6.2 Expansion

Nuccio et al. (1999) showed that the formation of
high flux, high temperature fumaroles, such as on
Kudryavy and St Augustine (Table 1), corre-
sponds to irreversible isenthalpic expansion of
magmatic gas (AB). Expansion at much lower
flow rates may be isentropic with a much higher
temperature drop. Low flux fumaroles may also
be due to lower fracture permeability where,
because conductive heat loss is relatively high
(AC), the enthalpy and temperature of the
expanding gas decreases relative to the initial
magmatic temperature. Expansion path, AD,
intersects the halite plus vapor field whose
boundary (HLV) is shown in Fig. 8b. This field
may have special significance to deposition of
chloride-complexed metals in shallow environ-
ments as discussed below.

4 Figure 8 charts phase boundaries and specific enthalpies
for fluids in the NaCl–H2O system. The CO2 content of
volcanic gases tends not to exceed a few mole percent and
therefore contributes only a minor pressure effect on these
systematics.
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6.3 Mixing

Heat transfer processes beneath volcanoes com-
monly include mixing with groundwater (G), or
shallow meteoric water inputs near surface. They
occur through pressure differentials between
groundwater and the expanding magmatic gas,
after and because mixing involves the addition of
mass (i.e. a mass of magmatic gas plus a mass of
groundwater), heat transfer paths are not linear in
pressure-enthalpy space (Fig. 8b). Path AG curves

over the two phase field and describes the forma-
tion of geothermal systems inside volcanoes, the
temperature of the mixed liquid phase becoming
limited by the boiling-point depth curve in its
outflow regime.

Path AE has limited expansion, and intersects
the 500 °C two-phase envelope, in this illustrative
example, with consequent separation of a small
liquid fraction (E’). Such paths are responsible for
the development of two-phase envelopes to
expanding magmatic gas plumes (Fig. 7) as

Fig. 8 Phase relations in
the system NaCl–H2O as
proxy for the magmatic gas
phase (<5 wt%
NaClequivalent) and its
derivatives during
expansion and mixing
processes (see text).
Figure 8(b) is a projection
of the 3D data onto the
pressure-enthalpy plane.
Note that in b, heat and
mass transfer paths are
simplified for clarity. VLH
is the trace of the three
phase
vapor + liquid + halite
triple point
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described elsewhere (Henley and McNabb 1978).
Mixing in the two phase regime is constrained by
the relative permeabilities to each phase and their
respective volumes. In the sub-crater lake (F)
environment, the high salinity liquid fraction may
become isolated from the gas phase, evaporate or
mix with cold groundwater. Shallow groundwater
interactions (not shown in Fig. 8b) also occur in
the vent regime of fumaroles with consequent
relative lowering of the enthalpy of the exiting
fumarole gas mixture coupled with changes in
chemical and isotope composition (Botcharnikov
et al. 2003). A special case is the shallow capture
by ground- and meteoric water of expanding high
enthalpy magmatic gas (AB), with its high SO2

content, to form hyperacidic crater lakes (F).

6.4 Heat Flux

Economic exploitation of geothermal systems is
dependent on the bulk enthalpy of the liquid
phase encountered by drillholes to depths of
about 4 km. Stable isotope systematics for the
fluid phases in volcano-hosted hydrothermal
systems confirm a mass fraction of up to about
0.25 of magmatic gas mixed with groundwater.

Since the enthalpy of water-dominant magmatic
gas is about 4,500 kJ/kg (M, Fig. 8a) and that of
conductively heated groundwater (W) at 100 °C
is about 420 kJ/kg, a consequent geothermal
‘fluid’ has an enthalpy of 1,440 kJ/kg such that,
through isenthalpic upflow by convection
through fracture arrays, it encounters boiling
point-depth conditions at about 320 °C above
*1.5 km groundwater depth (*11 Mpa). Sur-
face heat flow measurements for such systems
show that exploitable systems such as this have
energy fluxes of a few hundred megawatts
(MWH); Wairakei, New Zealand for example,
had a pre-exploitation heat flux equivalent to
about 430 MWH corresponding to a steady state
input of about 95 kg/s of water-rich magmatic
gas at a depth of about 10 km (Heise et al. 2010).
Corresponding power inputs for other geother-
mal fields in the Taupo Volcanic Zone are from a
few tens to a few hundred MWH.

For comparison, estimates of the power output
of active volcanoes may be made from SO2 flux
data from atmospheric gas plumes as well as
other flux data such as for CO2 and H2O. Table 2
provides such estimates assuming, for first order
approximations mean SO2 and H2O contents of 2
and 98 mol % respectively; here other gases such

Table 2 Estimates of the gas phase discharge power of volcanoes at various levels of activity, based on measured SO2

flux data

Country SO2 flux t/d H2O flux t/day Power (MWH)

Etna Italy 4,000 251,392,000 11,600

Bagana Papua New Guinea 3,300 207,398,400 9,600

Lascar N. Chile 2,400 150,835,200 7,000

Ruiz Colombia 1,900 119,411,200 5,500

Sakurajima Japan 1,900 119,411,200 5,500

Manam PNG 920 57,820,160 2,700

Yasur Vanuatu 900 56,563,200 2,600

Kilauea Hawaii 800 50,278,400 2,300

Masaya Nicaragua 790 49,649,920 2,300

San Cristobal Nicaragua 690 43,365,120 2,000

Stromboli Italy 730 45,879,040 2,100

Langila Papua New Guinea 690 43,365,120 2,008

Galeras Colombia 650 40,851,200 1,900

Fuego Mexico 640 40,222,720 1,900

Satsuma-Iwojima Japan 570 35,823,360 1,700

Mutnovsky Kamchatka, Russia 200 12,569,600 600

Data sources Shinohara (2008), Mather et al. (2006). Power estimates have been rounded
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as CO2 are accommodated as H2O-equivalent
through the base (98 mol % H2O) assuming ideal
gas mixing. These crude estimates are for rela-
tively quiescent stages of volcanic activity from
500 (Mutnovsky, Kamchatka) to over 1,100 MW
(Etna, Sicily). SO2 flux self-evidently increases
with eruption magnitude and this same estima-
tion procedure gives a thermal power output of
3.3 × 108 MWH for the Plinean phase of the
Pinatubo eruption in 1991. The equivalent and
more directly estimated heat flux for the hyper-
acidic lakes at Kawah Ijen and Aso, Japan
(Fig. 2) is *200 MWH (Takano et al. 2004;
Terada et al. 2012). If multigas sensor data for
the degassing rhyolite dome immediately adja-
cent to Kawah Ijen (Williams-Jones et al. 2010)
are added in, then the total heat flux of the Ka-
wah Ijen gas system is about 14,000 MWH—
substantially more than the estimate for Etna. A
range of assumptions are included in the Kawah
Ijen estimate including the time scale for such a
massive heat flux but, for perspective it is
equivalent to the heat released by crystallization
of about 3 m3/s of basalt and magmatic gas flux
of about 3 kg/s.

This analysis of the dynamics of magmatic
gas discharge through volcano-hosted hydro-
thermal systems shows that hyperacidic crater
lakes and fumaroles represent a small, but still
significant, fraction of the continuous magmatic
gas flux through a volcanic system with the
remainder dispersed by groundwater mixing and
outflow through the periphery of the system over
distances of perhaps 10–20 km (Henley and Ellis
1983; Ingebritsen and Mariner 2010).

7 Metal Transport
and Deposition in Volcano-
Hosted Hydrothermal Systems

Van Hinsberg et al. (2010) showed that while a
range of trace element concentrations in the fil-
tered lake water at Kawah Ijen and altered rock
material could be ascribed to aggressive acidic
alteration of primary volcanic rocks, others
(particularly Pb, Sn and Sb) required a separate
influx coupled with the heat flux due to

magmatic gas expansion into the lake. Since the
thermal flux of hyperacidic volcanic lakes such
as this is a fraction of the total heat flux of their
host volcanic systems, the occurrence of trace
metals as sulfides within them (Fig. 3) may be
interpreted as indicating more substantial metal
transport in the system as a whole. Evidence
from equivalent fossil systems, as described
above, also shows that substantial metal deposi-
tion is likely to occur into subsurface metal sinks
unless very high permeability allows efficient and
widespread dispersion of metals out into
peripheral geothermal systems. In turn these data
raise questions about how metals are transported
in magmatic gases and more importantly what
controls their distribution as precipitated sulfides
and sulfosalts through volcano-hosted hydro-
thermal systems.

8 Metal Transport: Source to Sink

The wide range of metals and metalloids trans-
ported and deposited as sublimates in high tem-
perature fumaroles is detailed in Table 1. A
similar range is encountered as precipitates
coating particles in ash plumes (Hinkley 1991)
with Cd and Tl becoming highly enriched in this
setting. In combination with the recognition of
metal Fe–Cu–Au–Ag–Mo–S sinks deep within
volcano-hosted hydrothermal systems, an overall
pattern of increasing electronegativity and atomic
volume is recognizable in the sulfide-sulfosalt
assemblages as magmatic gas expands from its
source reservoir to and through the surface
(Vigneresse 2012, Henley and Berger 2013).
This trend corresponds closely with the patterns
of increasing covalency both from left to right
and down series in the Periodic Table of the
Elements (Fig. 4) as described by Crerar et al.
(1985). Crerar et al. (1985) focused primarily in
the consequences of these trends for sulfide
assemblages deposited in liquid-water dominated
systems (<*350 °C) where ionic species pre-
dominate, but the same trends broadly describe
the overall source-to-sink distribution of metals
and metalloids through much higher temperature
flows in volcano-hosted hydrothermal systems.
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These trends toward predominance of molec-
ular rather than ionic species also follow from
consideration of changes in the association con-
stant, density and dielectric constant of water as
temperatures increase toward magmatic condi-
tions under relatively low pressure conditions
(Liebscher 2010). The solubilities of common
rock forming minerals follow these trends closely
(Dolejs and Manning 2010) with much higher
solubilities at high pressure relative to low
pressure. The solubilities and speciation of metal
and metalloids are not however so well known
primarily because of difficulties of high temper-
ature experimentation with low density, chemi-
cally aggressive gases and redox controls.
However in an elegant series of solubility
experiments at 150 MPa and 1,000 °C, Zajacz
et al. (2011) showed, via ab initio calculations,
that copper occurred as solvated cluster-like
species of the form Na(/K)CuCl2, Na(/K)Cu
(HS)2, H2SCuHS, and Na(/K)ClCuHS, the rela-
tive abundance of which are determined by H2S/
total chloride and HCl/alkali chloride ratios in the
gas phase. A similar range of mixed metal sol-
vated species is likely for other metals released
from magmatic systems during crystallization.
For example gold may be transported as the
solvated species NaAuCl2(g) (Zajacz et al. 2010).
More covalent metals such as tungsten, and
transition metals such as titanium and metalloids
such as arsenic are transported as OH-species
(Dolejs and Manning 2010; Pokrovski et al.
2005). The concentrations of chalcophile metals
in a magmatic gas phase are also redox depen-
dent through solubility reactions involving the
fugacity of hydrogen in the gas mix.

Beyond solubility controls, the concentrations
of metals and metalloids in a magmatic gas when
it is released are primarily dependent upon their
abundance in silicate melts, and when or if they
are available as a gas phase evolves (Huber et al.
2012) to form a reservoir. This is important
because it allows that metal concentrations may
vary with time and, more importantly, that con-
centrations may not reach solubility maxima, both
of which factors control their depositional profiles
within volcano-hosted hydrothermal systems.

9 Metal Deposition: Sinks

As discussed above, reconstruction of the habitat
of metal deposits within their sub-volcanic con-
text, shows that substantial, but not necessarily
economic, concentrations of metals occur as
depositional sinks within volcano-hosted hydro-
thermal systems. Some metals, such as Cd and Tl
do not deposit appreciably until very high in the
volcanic system and in ash plumes, whilst others,
such as copper, appear to deposit very efficiently
deep within the core of the magmatic gas plume
as gas expands into the hydrostatic regime; their
ephemeral occurrence in fumaroles such as on
Kudryavy and Colima volcanoes may therefore
be regarded as residual components carried
through to the surface in the expanding gas
plume. Expansion from about 100 MPa (1,000
bars) in the upper part of the suprahydrostatic
magmatic gas reservoir to 10 Mpa or less in the
hydrostatic regime, for example, results in a gas
phase density change from 280 to < 22 kg/m3, a
more than tenfold decrease. In essence, large
cluster-like solvated species simply fly apart due
to decompression of their carrier gas mixture.

As well as magmatic gas expansion itself,
consequent changes in the redox state and sulfur
speciation of the gas phase, phase separation and
temporal changes in primary metal concentration
all contribute, as described below, and lead to the
eventual depth profile of metals (Sec.10) depos-
ited through a volcanic hydrothermal system.

9.1 Magmatic Gas Expansion

One of the most important drivers for mineral
deposition is the exponential decrease in water
density ( and therefore fugacity) due to expansion.
This is amply demonstrated through the density-
dependent hydrothermal solubility data for quartz
(Manning 1994). For example, under magmatic
conditions at about 4 km depth, the solubility of
quartz is about 3,000mg/kg but decreases to about
30 mg/kg during isenthalpic expansion to a few
MPa through a fracture array to the surface. Dolejs
and Manning (2010) demonstrate similar density
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dependence for the solubility of a number of rock-
forming minerals including rutile.

The solubility of enargite, as a principal com-
ponent of high level arsenic sinks in volcano-
hosted hydrothermal systems, is dependent on the
gas phase species (As(OH)3,g) as well as gas phase
copper species, so that its deposition as Asv in
enargite or AsIII in tennantite is necessarily
dependent on water fugacity (Henley and Berger
2011) as well as redox changes during expansion.
Expansion into the halite-vapor field (Fig. 8b)may
also be extremely important for metals transported
as chloride species, since most of the chloride
ligand becomes rapidly removed into halite.
Decompression may also be the principle driver
for characteristic potassic alteration in ‘porphyry’
systems (Lagache and Weissbrod 1977).

9.2 Redox State Changes in sulfur
speciation

Since metal deposition in volcanic hydrothermal
systems occurs primarily to form sulfide (S-2)
minerals, a paradox arises because sulfur in

magmatic gas mixtures when released from
crystallizing intrusives, is almost completely in
the form of SO2 with S in its +4 state (Henley
et al. 2014). Redox changes occur in the crater
lake environment to aqueous sulfate (S+6) as well
as thiosulfate species due to interaction with the
atmosphere and may produce native sulfur (S0)
by disproportionation as at Kawah Ijen (Fig. 1).

In sub-volcanic fracture arrays where gas
expansion is isolated from wallrock the redox
state of sulfur is governed by homogenous gas
reactions such as SO2 disproportionation to sulfate
and reduced sulfur (H2S) as pressure and temper-
ature decrease during expansion (Giggenbach
1987). Deep inside the gaseous core of volcanoes
the very fast chemisorption reactions between SO2

in expanding magmatic gas and Ca-Mg alumino-
silicates occur to form H2S and sulfate minerals
(Henley et al. in prep; Henley et al. 2014; King
et al. 2014). Figure 9 shows the rapid growth of
anhydrite across the surface of plagioclase (An60)-
rich rock at 600 °C in a flow of SO2 gas for only 96
h. The formation of sulfate from SO2 necessarily
releases reduced sulfur to the gas phase and the
removal of Ca into anhydrite leaves behind an

Fig. 9 ‘Chickenwire’ textured anhydrite growth layer on
plagioclase-rich rock developed by exposure to SO2 gas at
600 °C. Here SO2 penetration of the rock releases Ca to
the surface where, exposed to SO2, it generates supersat-
uration with respect to anhydrite and rapid growth of
crystal clusters and a porous anhydrite layer. This
experiment mimics the growth of anhydrite veins by Ca

removal from wallrock leaving an aluminous selvedge. In
natural systems where SO2 is commonly aroun 5 mole
percent, H2O reacts with reduced sulfur to form H2S
in situ and the consequent concommitant rapid deposition
of Cu-Fe sulfides from gas-phase metal species at a few
thousand mg/kg
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aluminous sodium-enriched altered rock. This is
very well demonstrated in porphyry copper
deposits that have been drilled below a surface
regime where anhydrite has been removed by
groundwater during plume collapse and sub-
sequent erosion. Other alteration reactions, such as
alkali exchange and hydration reactions, then
proceed rapidly with the then destabilized primary
mineral lattices in the Ca-depleted host rock.

Iron and copper carried as cluster-like gas
species into the plume,at several thousand mg/
kg, are captured rapidly and efficiently by the
H2S generated in situ by SO2-aluminosilicate
reactions to form Cu–Fe–S sulfides (King et al.
2014; Henley et al. 2014) co-precipitated with
anhydrite. Drillcore from exploited geothermal
fields peripheral to volcano-hosted hydrothermal
systems, almost ubiquitously shows the conver-
sion of ‘FeO’, as proxy for primary disseminated
magnetite, Fe3O4, to form a very large annulus of
pyrite, one of the signatures of ‘porphyry’ copper
systems. Here pyrite constitutes a sink for both
iron and reduced sulfur during dispersion of their
magmatic gas plume source into groundwater
(Henley and McNabb 1978).

9.3 Phase Separation

As described above, groundwater interaction
with the margins of a magmatic gas plume results
in the formation of a two-phase regime. Metal
partitioning between gas and liquid phases is a
function the relative phase densities and the mass
fraction of liquid. Phase separation progressively
sequesters NaCl and SO2 to the liquid phase
promoting ‘CuS’ deposition but is offset by the
capture of Cu to the saline liquid phase. Parti-
tioning of SO2 to the small liquid fraction also
involves a relative change in the redox (fH2 )
states of the liquid and gas fractions as well as
developing a high liquid phase acidity. Whether
these changes promote the deposition of Cu–Fe
sulfides is unknown.

Partitioning of highly soluble acidic gases
between the two phases is the determinant for

developing the aggressive alteration of wallrock
beneath low flux fumaroles and in equivalent
Cu–As–Au deposits.

9.3.1 Hyperacidic Lakes
Phase relationships show that hyperacidic crater
lakes are a consequence of high enthalpy, single
phase magmatic gas flow to the surface with the
gas and its contained heat captured into the cooler
mass of lake water (Fig. 8b). Heat exchange with
host rocks and dynamic interplays with gravity-
driven groundwater and condensate flows, enable
phase separation to occur marginal to the single
phase gas flow into the base of these lakes. Since
SO2 is highly soluble in a liquid phase, its parti-
tioning to the liquid fraction in a two-phase
regime effectively sequesters sulfur into the acid
condensate fraction and to sulfate minerals such
as alunite ((Na, K(Al3(SO4)2(OH)6)—a phase
implicated in sealing fractures and the eruption
cycle at Ruapehu crater lake (Christenson et al.
2010). As shown elsewhere (Delmelle et al. 2014,
this issue) density differences and two-phase
permeability constraints lead to gravity separation
of phases so that acid sulfate-rich liquid separated
in this way recirculates into the lake system or
leaks out with consequent aggressive alteration of
surrounding rocks. The corollary is that the
remaining lower enthalpy, gas phase is depleted
in sulfur relative to less soluble gases such as
CO2, and likely is the gas-source for cooler, less
acidic volcanic lakes.

Separation of halite (NaCl), rather than liquid,
from gas is a variant of these mixing phenomena
at very low pressures, as is evident in fumarole
sampling tubes, and may occur on the margins of
magmatic gas expansion below hyperacidic lakes
(L) with subsequent recycling of NaCl into the
flow regime. Interestingly halite and sylvite were
found in ejecta from Ruapehu crater lake
(Christenson and Wood 1993). For gas phase
metal species, such as NaCuCl2g, the fast
removal of NaCl during expansion (AD in Fig. 8)
through a throttle self-evidently leads to fast
copper deposition.
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9.4 Fractionation

Henley et al. (2012) suggested, from high reso-
lution SEM imagery, that strong fractionation of
metalloids and other metals occurred during
tennantite deposition from an expanding mag-
matic phase in the El Indio arsenic-gold deposit
in Chile. This vein deposit formed at a depth of
<1,000 m beneath an ancient solfatara containing
low concentrations of gold and silver with
abundant barite (Deyell et al. 2004). In this
deposit textural evidence suggests that tennantite
deposited as a sulfosalt melt (Mavrogenes et al.
2010; Henley et al. 2012) at about 15 MPa (150
bars) and >650 °C. This sulfosalt melt phase was
highly aggressive to earlier deposited crystalline
pyrite and enargite, and, post solidification to the
recently mined sulfide-sulfosalt assemblages,
contains micro-vugs containing fractionated
metals including gold. A similar process is evi-
dent at Chinkuashih with solid sublimate of
enargite composition forming from the expand-
ing gas phase, subsequently crystallizing to
enargite with fractionation of heavy metals,
including Sb, Bi, Tl, etc. to the gas phase and
their deposition along with elemental sulfur
(Henley and Berger 2012). The range of heavy
metals and metalloids observed in fumaroles
(Fig. 4) suggest that, if arsenic-rich sulfosalts
deposit as an arsenic-sink below fumaroles,
similar fractionation occurs to enrich the gas
phase with consequent formation of exotic Bi–Tl
sublimates with other heavy metals at surface.

10 Metal Profiles

The mineral assemblages observed in fumarole
sublimates and sub-surface mineral deposits in
ancient systems, show no hint of equilibrium
depositional relationships thereby invalidating
equilibrium-constrained models for ore forma-
tion and the sequencing of sublimate minerals
along fumarole sampling tubes. At best they
provide a base case scenario but one that often
translates into limitations on the effective mod-
eling of processes within volcano-hosted

hydrothermal systems. Henley and Berger (2000)
showed that the sequencing of mineral deposition
reactions could be modeled as far-from-equilib-
rium chemical processes triggered by, for
example, gas or liquid expansion as active frac-
tures develop in these systems. Far-from-equi-
librium reactions are fast and efficient due to the
consequent high initial super saturations whereas
near-equilibrium deposition reactions are inevi-
tably slow and inefficient since their reaction free
energies tend to zero.

Consider the expansion of magmatic gas as a
sequence of steps and assume that only a fraction
of the excess metal or silica is removed in each
step. Ignoring changes in temperature and in the
ratio of sulfur species, the principal driver for
deposition from a magmatic gas is decreasing
water fugacity or density, and the consequential
change in solvation number (Migdisov and
Williams-Jones 2013). The mass deposited, Mz,
as a function of decreasing depth, may be
expressed through

Mz ¼ m: Iðz�1Þ � d0=dzð Þv ð1Þ

where Mz is the mass deposited in depth inter-
val, z, where water pressure is a function of
depth(d0 − dz), I(z − 1) is the mass of metal or
silica remaining in the gas mixture following
the prior step (z − 1), m is an expression of the
efficiency of metal deposition and v is the
assumed a quasi-reaction order dependence of
the reaction rate (Henley and Berger 2013). As
described above, fast, in situ, generation of H2S
from the dominant SO2 of magmatic gas mix-
tures by aluminosilicate reactions to form
anhydrite, immediately triggers the efficient,
likely first order (Fig.10), capture of hard metals
such as Cu and Fe and cogeneration of pyrite
and Cu-Fe-sulfides with anhydrite. This is the
signature reaction of porphyry copper forma-
tion. The analogous reaction with carbonate is
responsible for the generation of accompanying
metalliferous skarns in limestone rocks adjacent
to porphyry copper deposits It is reaction kinetic
profiles such as these (Fig. 10) that control the
fluxes of metals observed at surface in crater
lakes and high temperature fumaroles.
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11 Discussion

As extreme environments, hyperacidic volcanic
lakes have their own intrinsic fascination. They
provide links to deep seated volcanic processes
and they may be the trigger for disastrous flank
collapse on active volcanoes (Delmelle et al.
2014, this issue). Their importance in earth his-
tory may go a degree further. As with other hot
spring settings (Henley 1996; Nisbet and Sleep
2001) volcanic gas and geothermal discharges
provide a wide variety of high surface area,
nutrient-enriched environments to provide sub-
strates for early biochemical synthesis and sup-
port of hyperthermophiles, and provide an
alternative, and highly competitive, environment
to those provided by submarine hydrothermal
discharges. It is important in these contexts to
fully understand hyperacidic and other volcanic
lakes at a scale larger than the lakes themselves.
To achieve this, data from modern and ancient
volcano-hosted hydrothermal systems have here
been joined to integrated show that large scale
metal flux is a normal component of the
dynamics of active volcanic systems. Observa-
tions of high SO2 flux or ‘excess’ degassing from

erupting volcanoes (Shinohara 2008), measure-
ments of diffuse degassing on the slopes of qui-
escent volcanoes (Williams-Jones et al. 2000;
Varley and Taran 2003) and the temporal and
spatial distribution of metals within ancient and
modern volcanoes may, through this integrative
approach, be married into a single continuous
gas streaming hypothesis for volcanic systems
(Henley and Berger 2013). In this hypothesis
volcanic degassing occurs throughout the history
of a volcano from a magmatic gas reservoir that
evolves at suprahydrostatic pressure in associa-
tion with the progressive assembly of subvolca-
nic intrusions and magmatic gas release from
them. Deeper gas flux from the mantle wedge-
subduction couple and derivative mid and upper
crustal intrusion complexes may also contribute
to heat and gas flow in these systems. Since arc
volcanoes are localized at convergent margins,
the mass flux of gas to the surface is dependent
on the state of stress in the sub-volcanic regime
and the evolution of fracture permeability (Hen-
ley and Berger 2013)—a factor that links gas
discharge and eruption frequency to regional
seismicity. This hypothesis places less emphasis
on the shorter term degassing of individual
shallow (1–2 km) intrusions than is often
assumed—intrusive activity itself being a func-
tion of stress release and fracture permeability.

Intrusive and eruptive activity release aston-
ishing amounts of oxidized sulfur into the Earth’s
atmosphere (Bani et al. 2012). High SO2 flux,
with associated metals, also occurs through
submarine volcanoes (Butterfield et al. 2012) and
is manifest spectacularly by sulfur lakes on the
sea floor. Such sulfur lakes (de Ronde et al. 2014,
this issue) also contain traces of copper and gold;
Fig. 3b provides an example from the Lau Basin
that, as documented by Kim et al. (2011), con-
tains the familiar element suite, Cu, As, Au, Bi,
Te, and Sb, that suggests entrapment of
expanding magmatic gas. These processes are
mirrored elsewhere in the Solar System, includ-
ing on Venus and Io (Esposito 1984; Moses et al.
2002), and doubtless, some exoplanets (Kalte-
negger and Sasselov 2009). Moreover, remote
observations of the surface and SO2-rich atmo-
sphere of Venus show enrichments of the again

Fig.10 Depositional profiles for metals and other com-
ponents based on a simple model for an expanding
magmatic gas (see text) based on depositional efficiency
and apparent reaction order or molecularity as calculated
for a sequence of vertical steps
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familiar metal-metalloid suite, Cu, Zn, Sn, Pb,
As, Sb, Bi (Brackett et al. 1995) with evidence of
‘metallic snow’ on the summits of Highlands
volcanoes.

Where topography localizes high enthalpy gas
discharge to form hyperacidic lakes in terrestrial
volcanoes, a significant portion of this oxidized
gas flux is captured. The lakes themselves
become sinks for sulfur, as sulfate and associated
species, and as elemental sulfur. Trace metals
and metalloids, including copper and arsenic, and
have escaped subsurface deposition, are trapped
into molten sulfur and released during globule
formation (Fig. 3 and Henley unpublished data)
as well as disseminated through the acid sulfate
lake water. These represent perhaps only the
residue of the total flux of metals through the
volcanic system, the bulk of the metal flux being
trapped as sinks consequent on major pressure
drops along the fracture arrays that feed through
to surface features (Fig. 9). Dissected ancient
volcanoes provide an independent record of these
processes with the preservation of metal sinks
(Cu–Fe–S) at paleo-depths of a few kilometers
(Fig. 6) and arsenic-rich metal sinks near the
paleo-surface (Fig. 5) perhaps in association with
the formation of acidic lakes.5 Hyperacidic vol-
canic lakes then are analogous to icebergs—the
beautifully complex features that we see on sur-
face (Fig. 1) are only a small part of much larger
systems.
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Isotope Fractionation and HCl
Partitioning During Evaporative
Degassing from Active Crater Lakes
Dmitri Rouwet and Takeshi Ohba

Abstract

This chapter provides the theoretical background and necessary practical
tools to study one of the most spectacular natural features: vigorous
evaporation from active crater lakes. We will give qualitative insights (lake
water chemical—Cl content, and isotopic composition) rather than quantify
evaporation fluxes from lakes. A major problem is that, with the current
methods, we are only able to sample the lake water, while the input fluid
rising into the lake (sublacustrine) and evaporation plume coming off the
lake remain “inaccessible”. This means that the lake behaves as a “black
box”, being the result of incoming and outgoing fluids of unknown chemical
and isotopic composition. As visually demonstrated at many active crater
lakes, evaporation is a major process. Strong evaporation from the lake
surface will affect the isotopic composition of the remnant lake water, and
the “steam devils” (evaporation plume) swirling over the lake. It is found
that the kinetic (diffusion) isotope fractionation overshadows the equilib-
rium isotope fractionation effect, as a dynamic crater lake is intuitively hard
to imagine as an equilibrated system. Besides a hot water mass in
evaporation, water of active crater lakes is generally a hyper-saline (total
salinity >100,000 mg l−1) and hyper-acidic brine (pH as low as −0.5).
Although “small scale” equilibrium fractionation effects, the “isotope salt
effect” and “isotope acid effect” lead to isotopically heavier evaporation
plumes, with respect to vapor coming off pure neutral water. Besides isotope
fractionation of the water itself under such extreme lake conditions, HClgas
(and HF) will partition between the liquid and vapor phases. HCl degassing
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is enhanced when pH is continuously lowered by the input of acidic gases
(SO2, HCl, HF), lake temperature is higher, and evaporation is physically
favored by wind or lake convection. It is empirically deduced that HCl
partitioning into the vapor phase is chemically controlled by the lake water
temperature and density, rather than the Cl content or pH. A better
quantification of the chemical and isotopic composition of evaporative gas
plumes from active crater lakes will be of importance for volcano
monitoring when we aim to deduce the flux and composition of the “hot
magmatic end member”, through chemical and isotope budget analyses. A
major challenge for the future is to develop field methods to enable to
sample the evaporation plume coming off lake surfaces, so we can directly
determine its chemical and isotopic composition and compare themwith the
theoretical approach presented in this review chapter.

Keywords

Active crater lakes � Evaporation � Isotope fractionation � Isotope salt
effect � Isotope acid effect � HCl partitioning � Evaporative degassing

1 Introduction

Crater lakes are windows into the depth of volca-
nic-hydrothermal systems. They provide the
advantage to preserve eventual changes in fluid
cycling with time, whereas such variations in
fumarolic gases fromvolcano craterswill be lost to
the atmosphere as a “snapshot”. Nevertheless, this
“memory” of the crater lake can never trace back in
time for periods longer than the residence time of
the lake water (Varekamp 2002, 2015; Taran et al.
2013; Rouwet et al. 2014). As will turn out from
this chapter: the lake water is the best we have
available. But is it sufficient to close our story?

It is sometimes accepted that increases in Cl
and SO4 contents in crater lake waters directly
point to enhanced degassing of the underlying
magmatic-hydrothermal system (Martínez et al.
2000). This is not always true, for several rea-
sons: (1) it has been demonstrated that crater lake
water, and thus its solutes and isotopic compo-
sition, are subject to fast (re)cycling in a heat pipe
mechanism (Hurst et al. 1991; Rowe et al. 1992a;
Christenson and Wood 1993), implying that the
measured Cl, SO4 contents and isotopic compo-
sition are not necessarily newly derived from a
fresh magma, and (2) considering the crater lake
as an “open system”, the interaction with the

atmosphere can strongly modify the chemical and
isotopic composition at any instant, especially
under high-temperature (occasionally near-
boiling) and extremely acidic lake water condi-
tions (near zero pH). To partially solve these
inconveniences, it is useful to track variations
with time of ratios between solutes, such as
SO4/Cl and Mg/Cl ratios (Giggenbach 1975;
Rowe et al. 1992b; Ohba et al. 2008; Rouwet
et al. 2014). Due to the presence of a water body
(i.e. the crater lake and surrounding volcano-
hydrothermal system), these ratios definitely do
not reveal the same information as for open-
conduit degassing volcanoes: processes of
scrubbing/absorption and evaporation/boiling
strongly overprint the marker of direct magmatic
degassing (Symonds et al. 2001), although a
similar concept can be adopted, respecting
particular rules for a water-dominated system,
instead of magma. A steady increase in SO4/Cl
ratios of extremely acidic crater lake water often
indicate enhanced loss of Cl (HClgas) during
evaporation (Rowe et al. 1992b) (Fig. 1), while
an increase in Mg/Cl ratios rather suggest
renewed Mg-leaching from a recently crystallized
magma during water-rock interaction (Giggen-
bach and Glover 1975; Ohba et al. 2008),
and/or, again, enhanced Cl loss by evaporation.
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The physical manifestation of evaporative
degassing from active crater lakes strongly
depends on the lake water temperature and the
atmospheric conditions near the lake (Fig. 1). A
more visual evaporation plume does not neces-
sarily mean a higher evaporation rate, as the
plume is better distinguished for a low relative
temperature and low humidity climatic condi-
tions: the El Chichón crater lake (Chiapas,
Mexico) is of medium temperature (30 °C) and
atmospheric conditions are tropical (high
humidity, high ambient T) (Fig. 1a) leading to a
practically invisible plume; Paulina Lake at the
Newberry Caldera (Oregon, USA) has a low
temperature (<20 °C) but cold ambient air is at
low humidity (Fig. 1b) resulting in well defined
clouds hovering over the lake; Poás’ Laguna
Caliente has a high temperature (49 °C) under
high altitude conditions (*2,500 m asl) in a

tropical climate (Fig. 1c), leading to a well visible
plume; the hot lake at Copahue (>50 °C) in dry,
high altitude Andean climatic conditions leads to
visually vigorous plume degassing (Fig. 1d).

The ambiguous observations discussed above
stress the need to review existing theoretical
findings and provide practical tools to best
describe the dynamic and complex systems of
active crater lakes, subject to evaporative
degassing. This review chapter will mainly focus
on how Cl and water isotopes partition from its
source (magmatic-hydrothermal system) to the
atmosphere, passing a crater lake. The main
focus is on evaporative degassing of acid saline
crater lakes. We aim to give a partially quanti-
tative insight into isotopic fractionation and
Clliq − HClgas partitioning during evaporation
and boiling/steam separation, the two major
processes in crater lake bearing systems.

Fig. 1 Evaporation and degassing features from active
crater lakes. a El Chichón, Mexico (November 2009;
Picture D. Rouwet). b Paulina lake, Newberry Caldera,
Oregon-USA (August 2010; Picture D. Rouwet).

c Laguna caliente, poás volcano, Costa Rica (December
2009; PictureR.A.Mora-Amador). dCopahue, Argentina-
Chile (January 2012; Picture A.T. Caselli)
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2 The Behavior of Cl and Water
Isotopes in Crater Lakes

Figure 2 shows the relationship between the two
major parameters in this review chapter, Cl and δD,
for waters of several peak and high activity crater
lakes (Pasternack andVarekamp1997; active crater
lakes hereafter): El Chichón (Mexico; Rouwet
et al. 2008), Lake Yugama (Kusatsu-Shirane
volcano, Japan; Ohba et al. 2000), Kawah Ijen
(Indonesia; Delmelle et al. 2000), Kawah Putih
(Indonesia; Sriwana et al. 2000), Copahue
(Argentina; Agusto 2011), Pinatubo (Philippines;
Stimac et al. 2004), Taal (Philippines; Delmelle
et al. 1998), Poás (Rouwet, Mora-Amador personal
data), Rincón de la Vieja (Tassi et al. 2005), Irazú,
Turrialba (ephemeral lake 2009, Rouwet, Mora-
Amador personal data) (Costa Rica, the latter four).
Most data sets for separate lakes show positive

linear trends. This indicates: (1) mixing between a
Cl-free meteoric end member and a Cl-rich, isoto-
pically heavy “volcanic” end member, and/or
(2) the occurrence of a common process which
enriches the lake water in both Cl and the heavy
isotope (Federico et al. 2010). Without entering in
detail on the theoretical background, at this point
the evaporation of a heated water body and the
input of a Cl-rich “magmatic” fluid intuitively seem
to be the most plausible processes to fit the
observations.

Taran et al. (1989) and Giggenbach (1992)
defined the “andesitic water” (AW hereafter) as the
high temperature parental magmatic fluid that
occasionally affects the isotopic composition of
hydrothermal fluids (δ18O = 7.5 ± 2.5 ‰,
δD = −20 ± 10‰). Considering that this AW will
be accompanied by a high temperature volcanic gas
phase (HTVG hereafter), this fluid is also the

Fig. 2 a Cl versus δD
diagram for the selected
crater lake waters.
HTVG = high temperature
volcanic gas, with a Cl
content of 11,000 mg/l and
δD composition as the
“andesitic water” (Taran
et al. 1989; Giggenbach
1992). b Cl versus ΔδD
diagram for selected crater
lake waters.
ΔδD = δDL−δDlmw

(L = lake, lmw = local
meteoric water). The
HTVG area for Yugama
and Poás crater lakes are
presented
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major, or often, the only Cl-source for active crater
lakes. A proxy of the HTVG is liberated at high
temperature fumaroles of actively degassing vol-
canoes. For 37 samples of such fumaroles at six
different volcanoes (White Island, Momotombo,
Poás, Satsuma-Iwojima, Kudryavy, Volcán de
Fuego de Colima; Giggenbach 1975; Menyailov
et al. 1986; Brantley et al. 1987; Shinohara et al.
1993; Taran et al. 1995, 2001), assuming all HCl is
condensed in the liquid phase, an average Cl con-
tent of 11,000 mg/l was detected, although with a
large natural range from2,000 to 35,000mg/l of Cl.

Plotting the HTVG-AW in Fig. 2a, no clear
trend exists with the hypothetical HTVG-AW
suggesting that the input of HTVG-AW is a
dominating process even for the most active
crater lakes. Only one crater lake consistently
plots within the HTVG-range (Kawah Putih),
although more data are necessary to rule out
coincidence. For Lake Yugama, a direct mixing
between a meteoric end-member and the HTVG-
AW is plausible (Ohba et al. 2000). Higher Cl
contents and δD values for Poás and Kawah Ijen
waters, beyond the HTVG-AW values, suggest
the input of an even more Cl-D-enriched fluid, or
the additional effect of evaporation from a
HTVG-AW containing fluid. Data for Copahue
crater lake (two samples) fit the lower end of the
Poás-Kawah Ijen trend. Single data for Taal and
Rincón de la Vieja crater lakes are heavier than
the HTVG-AW (Fig. 2a). Delmelle et al. (1998)
suggest a seawater source for Cl in Taal crater
lake, thus anomalous within the present point of
view. The virtually Cl-free crater lakes of
Turrialba and Irazú volcanoes result from steam
condensation upon HCl scrubbing in the under-
lying boiling aquifer. Pinatubo and El Chichón
crater lakes are Cl-poor and relatively enriched in
D. For these lakes, a peculiar dynamics was
discovered: the surface runoff entrance of
Cl-containing waters from geyser-like springs in
the crater is thought to be the only Cl-source for
these lakes (Rouwet et al. 2004, 2008; Stimac
et al. 2004). The large scatter of El Chichón data
is the effect of (1) evaporation of a meteoric
water body, (2) mixing with the geyser waters,
and (3) evaporation of the resulting mixed fluid.

A direct input of the HTVG-AW was excluded
by Rouwet et al. (2008). The Cl content and
isotopic composition of Pinatubo crater lake
waters are probably due to similar processes.

As the main water source of any crater lake is
meteoric precipitation, it is more appropriate to
plot the difference between δDL and δDlmw (ΔδD
is the shift in δD relative to the local meteoric
water), using the δDlmw for local meteoric water
at each lake (Fig. 2b). This allows a direct
comparison between the various lakes. The same
trends as in Fig. 2a are observed, suggesting that
evaporation and the eventual input of the isoto-
pically heavy, Cl-rich “magmatic” end member
(HTVG-AW) is overwhelming.

With the reasonable assumptions that the
isotopic enrichment in the lake water is linearly
correlated with the temperature difference
between lake and air (see next section), and that
the Cl content is proportional to the input of the
“hot magmatic end member” (to be defined for
each lake and thus not necessarily HTVG or
AW), Ohba et al. (2000) introduced a simple
model to quantify the above processes, expressed
by the following equation:

DdD ¼ aDT þ bClL ð1Þ
where ΔδD is the shift in δD relative to the local
meteoric water, ΔT is the difference in tempera-
ture between the lake and the air, and ClL is the
Cl content in the lake water. The coefficients “a”
and “b” are empirical for now. Dividing both
sides by ClL yields:

DdD=ClL ¼ aDT=ClL þ b ð2Þ
The coefficient “b” is the intercept of the

regression line with a slope “a” and indicates
the relationship between the Cl content and the
isotopic shift in case no evaporation takes place
(Fig. 3). On the other hand, “a” reflects the effect
on the Cl content and isotopic shift in the lake
water due to evaporation only (Ohba et al. 2000)
(Fig. 3). This procedure was applied for the three
crater lakes with the larger data sets (Poás,
Yugama and El Chichón) (Fig. 3a). The calcu-
lated values for the “a” and “b” coefficients are
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shown in Table 1. The percentage of enrichment
due to evaporation, “% E”, is obtained by (Ohba
et al. 2000):

% E ¼ ½aDT = ðaDT þ bClLÞ �100 %ð Þ ð3Þ

It is clear that the Laguna Caliente crater lake
of Poás is more affected by the input of the hot
magmatic end member, with respect to Lake
Yugama and the El Chichón crater lake. Despite
the high temperature difference between the lake
water and the atmosphere, isotopic enrichment is

only accounted for by evaporation for 2–6 %,
while 72–82 % and 77–82 % for Lake Yugama
and El Chichón crater lake, respectively. This is
demonstrated by the low slope (“a” value) in
Fig. 3a. Nevertheless, at this point it is impossi-
ble to better characterize this hot magmatic end
member for Poás’ Laguna Caliente; it probably is
a Cl-rich, isotopically heavy fluid as the residual
fluid after steam separation from recycled lake
water. Ohba et al. (2000) defined the parental
fluid, a liquid phase or vapor phase quenched in
the cooler lake water (i.e. hot magmatic end

Fig. 3 a ΔT/ClL versus ΔδD/ClL diagram for Lake
Yugama, Laguna Caliente (Poás) and El Chichón crater
lake, as deduced by Ohba et al. (2000) as shown in
Eq. (2). The linear regression lines are graphed to deduce
the “a” and “b” values (following “y = ax + b”, where
x = ΔT/ClL and y = ΔδD/ClL) where “a” reflects the effect
on the Cl content and isotopic shift in the lake water due
to evaporation only, and “b” indicates the relationship

between the Cl content and isotopic shift in case no
evaporation takes place. Data for El Chichón do not
include the Cl-rich samples which are subject to the
peculiar “lake-spring” dynamics (Rouwet et al. 2008),
while b deals with the entire El Chichón data set, to
demonstrate the large effect of the springs discharging
into the crater lake
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member) for Lake Yugama as an isotopically
heavy end member with a Cl content of
*11,600 ppm and a temperature of *197 °C,
entering from beneath the lake (Fig. 3a). At Lake
Yugama in 1988 to 1996, the a and b values were
evaluated to be 1.438‰/C and 0.002 ‰/ppm,
respectively (Table 1). The averaged ΔT and ClL
during the corresponding period were respec-
tively 11.25 °C and 2,550 mg/l, resulting in the
observation that 72–82 % of ΔD is due to the
evaporation effect. The remaining 18–28 % of
ΔD is attributed to the addition of an isotopically
heavy fluid.

For the entire data set of El Chichón crater
lake, an “a” value of 3.218 and a negative “b”
value of −0.007 are obtained (Fig. 3b, and El
Chichón* in Table 1). These outcomes confirm
that no magmatic Cl-rich fluid enters El Chichón
crater lake and that isotopic enrichment seems to
completely result from evaporation (*100 % in
Table 1). Nevertheless, these outcomes are
strongly overprinted by the geyser-lake dynamics
(Rouwet et al. 2004, 2008; Taran and Rouwet
2008): instead of a hot magmatic end member
entering from beneath the lake such as for Lake
Yugama and Laguna Caliente, the geyser at El
Chichón periodically discharges Cl-rich water
into the lake. This water seems to have its par-
ticular isotopic composition of δD = −10 ± 10 ‰
and Cl content near 2,000 mg/l (Rouwet et al.
2008). When this Cl-input ceases, the lake
becomes Cl-free almost immediately. To make a
comparison with Lake Yugama and Poás possi-
ble, we should take the Cl-poor samples out of
the data set, as they demonstrate the El Chichón
crater lake as a steam-heated pool without other
external influences. The “a” and “b” values

become very similar as for Lake Yugama
(Table 1), resulting in an isotopic enrichment
upon evaporation (77–82 %).

3 Theoretical Background
Behind These Observations

3.1 Isotopic Fractionation of Water
During Evaporation

Beyond the approach on what the data can teach
us in the first place, what is the theoretical
background of the behavior of δD and Cl in
active crater lake waters? In nature, evaporation
is the first step of the hydrologic cycle. It is
demonstrated that quantifying the evaporation
flux from water bodies is extremely difficult,
especially for natural, dynamic and heated sys-
tems such as active crater lakes (Harbeck 1964;
Weisman and Brutsaert 1973; Ryan et al. 1974;
Sill 1983; Brown et al. 1989; Adams et al. 1990;
Hurst et al. 1991, 2012, 2015; Ohba et al. 1994;
Lee and Swancar 1997; Pasternack and Varek-
amp 1997; Sartori 2000; Taran and Rouwet
2008; Fournier et al. 2009). Moreover, with a
more qualitative scope: what is this liberated
vapor composed of? An adequate method to
sample the “steam devils” swirling over lake
surfaces (Hurst et al. 2012) remains challenging,
and the isotopic composition of the evaporation
plume can so far only be calculated from
empirically or theoretically deduced equations.
As the light isotope prefers to partition in the
vapor phase we know that the evaporation plume
will be isotopically lighter than the remnant lake
water, but to which extend and why?

Table 1 Numerical results of the method introduced by Ohba et al. (2000) for the data set of Poás’ Laguna Caliente,
Lake Yugama, and El Chichón crater lake

Lake ΔTmin (°C) ΔTmax (°C) Clmin (mg/l) Clmax (mg/l) a (‰/°C) b (‰/ppm) % evap

Poás 9 48 6,800 27,000 0.015 0.001 2–6

Yugama 9.5 12.4 1,660 3,283 1.438 0.002 72–82

El Chichón 11 25 1,148 3,413 1.487 0.001 77–82

El Chichón* 11 33 32 3,413 3.218 −0.007 *100

The *indicates the results for El Chichón crater lake including the Cl-rich samples, which are subject to a particular
“lake-spring” dynamics (Rouwet et al. 2008)
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We should keep in mind that even for crater
lakes topping highly active magmatic-hydro-
thermal systems, the major constraint in defining
the isotopic composition of the lake water and its
derived evaporative vapor is initially the mete-
oric precipitation. In physical terms, a crater lake
would not even exist without abundant meteoric
recharge (Pasternack and Varekamp 1997).

3.1.1 Evaporation Models Revised
Evaporation is the major water mass exchange
process at the interface between two inherently
non-equilibrium systems, in our case, the atmo-
sphere and a heated crater lake disturbed by an
active volcano—in an unknown way that we aim
to decipher. If the atmosphere-lake interface
would be in thermodynamic equilibrium, the
equilibrium isotopic fractionation would be
determined by well defined theoretical and
experimental laws (e.g., Bigeleisen 1961; Horita
and Wesolowski 1994). Horita et al. (1993a)
demonstrated experimentally that an equilibrium
δD was only attained after a few hours, utopia
for a natural system such as a crater lake.
Moreover, many authors have demonstrated that
for heated pools and lakes the diffusion-
controlled (kinetic) fractionation process pre-
dominates over equilibrium fractionation (Craig
et al. 1963; Craig and Gordon 1965; Giggenbach
and Stewart 1982; Gonfiantini 1986; Rowe
1994; Varekamp and Kreulen 2000). Besides the
difference between the equilibrium and kinetic
fractionation, affecting the isotopic composition
of the remnant lake water and evaporation
plume, the mode of steam separation strongly
influences isotopic fractionation. During single-
step steam separation the vapor phase separates
from the liquid continuously meanwhile both
phases are assumed to “travel together” and thus
seek isotopic equilibrium until the vapor is lib-
erated from the system, at a given pressure
(depth) and temperature. On the contrary, during
continuous steam separation the vapor phase is
immediately removed from the liquid phase as it
is formed, at a given pressure (depth) and tem-
perature. More in particular for vapor separation

at atmospheric pressure (i.e. evaporation), the
single-step steam separation refers to steady-state
evaporation from a continuously heated and
replenished pool (e.g., an active crater lake
unaffected by wind removal of the evaporation
plume), while continuous steam separation rather
implies the constant removal of the evaporating
liquid phase (e.g., an active crater lake where the
evaporation plume is constantly removed by
wind). The latter is called Rayleigh evaporation
(Giggenbach 1978; Giggenbach and Stewart
1982). It is clear that the mode of evaporation of
active crater lakes is not unambiguously defined,
nor constant with time.

3.1.2 From the Lake Boundary Layer
into the Atmosphere: Where It
All Happens

The vapor emitted from crater lakes will have its
characteristic isotopic composition (δD and
δ18O) reflecting the physical-chemical conditions
of the lake surface layer and the atmospheric
conditions of the boundary layer between the
lake and atmosphere (Varekamp and Kreulen
2000). More in particular, the isotopic composi-
tion of the evaporation plume of a heated crater
lake results from both (1) equilibrium fraction-
ation at the thin turbulent boundary layer with a
vapor pressure dependent on the lake water
temperature, and (2) kinetic fractionation at the
interface between the boundary layer and the
open-air with a vapor pressure dependent on the
atmospheric temperature and relative atmo-
spheric humidity (Varekamp and Kreulen 2000;
Cappa et al. 2003, and references herein). Fig-
ure 4 schematically shows what happens when a
heated crater lake evaporates. Evaporation takes
place in two interdependent steps. Right above
the lake surface, a thin boundary layer forms,
which is composed of saturated water vapor
reigned by the lake water temperature. The iso-
topic composition of this vapor relates to the one
of the lake by the equilibrium fractionation factor
αeq (Fig. 4). The value of the T-dependent αeq is
well constrained (Majoube 1971; Gonfiantini
1986; Horita and Wesolowski 1994; Barkan and
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Luz 2005). Based on earlier work and on further
experiments, Horita and Wesolowski (1994)
reported a now generally accepted equation to
estimate the δD and δ18O of the vapor phase by
equilibrium isotope fractionation (αeq) during
evaporation (αeq is expressed in per mil versusV-
SMOW):

103ln aeq Dð Þ ¼1158:8 T3 =109
� ��1620:1 T2 =106

� �

þ 794:84 T=103
� ��161:04

þ 2:9992 109 = T3
� �

ð4Þ

103lnaeq 18O
� � ¼ � 7:685þ 6:7123 103=T

� �

�1:6664 106=T2
� �

þ 0:35041 109 = T3
� �

ð5Þ

Figure 5 presents the classic Craig diagram,
the δ18O versus δD plot, for the data compiled for
the selected crater lakes. Several near linear
trends are immediately evidenced. The linear
evolution of the stable isotope composition of a
remnant water body was established as the
“Craig-Gordon model” (Craig and Gordon 1965;
Gat 1981, 2008; Gonfiantini 1986; Horita et al.
2008). With respect to the Global Meteoric Water
Line (GMWL in Fig. 5) the data for the warm
crater lake waters plot with “flatter slopes”
(Varekamp and Kreulen 2000). This was first

thought as being the effect of water-rock inter-
action processes between the lake water and
sediments, causing a positive oxygen shift, but
(Rowe 1994) explained that this effect is dwarfed
by kinetic evaporation processes. The flat slopes
are rather created by the difference in relative
kinetic isotopic fractionation (Giggenbach 1978),
being larger for 18O than for D, with the slope a
function of h, the relative atmospheric humidity.
Data confirm here that the kinetic evaporation
effect by turbulent diffusion into the atmosphere
(Fig. 4) dominates over the equilibrium evapo-
ration effect at the lake boundary layer. Concep-
tually, the proportion of this kinetic fractionation
can be described as the “concentration difference”
between the open atmosphere and the boundary
layer, although it consists of molecular diffusion
through a laminar boundary layer and “eddy
diffusion” through a turbulent zone (Craig and
Gordon 1965) (Fig. 4).

As the kinetic fractionation effect on evapo-
rating lakes is larger than the well constrained
equilibrium fractionation effect (Eqs. (4) and (5),
Horita and Wesolowski 1994), there is a strong
need to better define the kinetic fractionation
effects of oxygen and hydrogen. Only recently,
experimental work by Cappa et al. (2003) and
Luz et al. (2009) dealt with the question about
the ratio between the kinetic fractionation factors
for O and H. The total isotopic fractionation
factor (αev) between the steam devils and the lake
is defined as (Luz et al. 2009):

aevap ¼ Rw=Re ð6Þ
where Rw and Re are the ratios between the
heavy and the light isotopic species of water in
the lake water and evaporative plume
(1H2H16O/1H2

16O or 1H2
18O/1H2

16O), respectively.
If we consider the moment of observation (typi-
cally the moment of lake water sampling) as
representative for a period of steady-state evap-
oration, the following equation counts (Luz et al.
2009):

aevapðH2OÞ ¼
Rw

Re
¼ akin H2Oð Þaeq H2Oð Þð1� hÞ

1� aeq H2Oð Þh Ra
Rw

� � ð7Þ

Fig. 4 Sketch of the evaporation dynamics from the lake
surface, through the thin boundary layer (equilibrium
isotopic fractionation effect), towards the open atmo-
sphere by diffusion and turbulent transport (kinetic
isotopic fractionation effect) [modified from Varekamp
and Kreulen (2000)]
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where a eqðH2OÞis the equilibrium isotopic frac-
tionation factor between liquid and vapor (for
H2O); Ra is the isotopic ratio of air moisture
above the lake; a kinðH2OÞ is the kinetic isotopic
fractionation factor between liquid and vapor; h
is relative humidity normalized to average lake-
surface temperature (vapor pressure of the air
divided by saturation vapor pressure at the lake-
surface temperature, Varekamp and Kreulen
2000). This normalization is necessary, as for hot
lakes the lake water temperature strongly influ-
ences the air humidity in the boundary layer.
Oppenheimer (1997) stressed that the directly
measured lake water temperature at the lake
surface is typically a few degrees higher than the
actual lake surface temperature. This “skin
effect” should be considered when calculating h.
Similarly, Ward and Stanga (2001) demonstrated
that the top 0.5 mm thick layer of the evaporating
surface (the “skin”) has a uniform temperature
which is lower than the bulk water temperature.
Moreover, evaporation is intrinsically an endo-
thermic process, which leads to surface cooling if
no heat is supplied to the surface (Cappa et al.
2003). On the other hand, for highly active crater
lakes, where heat supply is high and continuous,

the “skin effect” is extremely hard to quantify,
which inevitably leads to large uncertainties in
evaporation flux estimates (e.g., Brown et al.
1989 and later work) and isotopic fractionation
effects. If the “simple” atmosphere is inherently a
non-equilibrium system, the atmosphere above a
hot crater lake is even further from equilibrium.

With the reasonable assumption that the lake
water itself is the only source of water vapor in
the air column overlying the lake, Ra = Re and
αevap = Rw/Ra, and so Eq. (7) can be written in
function of e kinðH2OÞ(Luz et al. 2009):

akinðH2OÞ ¼
aevapðH2OÞ
aeqðH2OÞ

� h

1� h
ð8Þ

where h is calculated as before, and a evapðH2OÞ
from Rayleigh fractionation experiments. Earlier
work on evaporating lakes in tropical areas used
the slope of the evaporation trend as a major
variable, hence the theoretical relation with the
equilibrium and kinetic evaporation process can
be expressed as (Sacks 2002; Taran and Rouwet
2008):

slope ¼ h da � dið ÞDþeevap�D

h da � dið Þ18þeevap�18
ð9Þ

Fig. 5 Craig diagram, δ18O versus δD, for the selected
crater lake waters. AW = andesitic water (Taran et al.
1989; Giggenbach 1992), SMOW Standard Mean Ocean
Water (standard), GMWL Global Meteoric Water Line.
The black squares along the GMWL are selected meteoric

end members for the various lake areas (KI Kawah Ijen,
EC El Chichón, P Poás, Y Yugama, C Copahue). Data
sets for single lakes plot along “flatter slopes” with respect
to the GMWL
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δa is the isotopic composition of atmospheric
moisture; δi is the isotopic composition of inflows
to the lake (volume-weighted precipitation,
ground inflow of thermal waters or sublacustrine
input of fluids); εevap is the total isotopic separa-
tion factor for H and O separately, equal to:

eevap ¼ 1000ð1�aeqÞ þ ekin ð10Þ
with αeq the equilibrium isotopic fractionation
factor at the temperature of the air-water interface
[Eqs. (4) and (5)]; and εkin the kinetic isotopic
separation factor, estimated by Gonfiantini
(1986) as:

ekin ¼ 12:5ð1� hÞ for dD ð11Þ
and

ekin ¼ 14:2ð1� hÞ for d18O ð12Þ
D and 18 designate that the terms are for δD

and δ18O, respectively. It is observed that for
evaporating lakes in tropical areas (e.g., Indo-
nesian crater lakes, Varekamp and Kreulen
2000), the slope of the evaporation trend is “less
flat” as air humidity is higher. The flatter the
slope in Fig. 5, the larger the evaporation effect.

For practical applications (e.g., isotopic bud-
get analyses of crater lakes, see next section) it is
often useful to calculate the isotopic composition
of the evaporative steam coming off a lake. The
following equation counts (Craig and Gordon
1965; Krabbenhoft et al. 1990; Sacks 2002):

dE ¼ aeqdL� hda � aevap
ð1� h þ 0:001ekinÞ ð13Þ

with δL the isotopic composition of the evapo-
rating lake, and all other parameters as earlier
defined, for H and O separately.

So far, we have assumed that the observed
slope is only the result of evaporation, but how
can we assure that this slope is not affected by the
input of the hot magmatic end member? As for
instance demonstrated by the low E % (Table 1)
and the “AW-edging” trend for Poás’ Laguna
Caliente (Fig. 5), it is more appropriate to first

calculate δE (Eq. 13), and weigh the proportion
of evaporative loss in an isotopic balance of the
particular crater lake.

3.1.3 δD Versus δ18O: Which One Is
More Straightforward?

In this section we demonstrate why δD is prac-
tically more indicative than δ18O at active crater
lakes. Significant oxygen isotopic exchange can
occur between water and other oxygen-bearing
species:
1. Prolonged water-rock interaction processes

can lead to a positive oxygen shift, due to the
absorption of 16O in silicate minerals (Craig
1963), which results in a misleading “flatter
slope” of the evaporation trend. Nevertheless,
δ18O in crater lakes probably hardly reflects
water-rock interaction processes, as the lake
sediment is strongly altered and hence insen-
sitive to oxygen exchange.

2. Isotopic exchange with CO2, abundant in
active crater lake systems, can lead to a neg-
ative oxygen shift. This is often observed for
hydrothermal steam condensates at relatively
low temperatures and high salinities. Besides
isotopic exchange with CO2, the heavy
oxygen can be absorbed to clay minerals in
relatively low temperature regimes (Lawrence
et al. 1975; Fritz and Frape 1982; Taran et al.
1986, 1998; Vuataz and Goff 1986; Goff et al.
1995; Adams 1996).

3. Significant oxygen isotopic exchange can occur
between H2O and the most abundant species in
most active crater lakes, SO4, especially at low
pH and high temperature which are typical
conditions for active lakes (Lloyd 1968;
Mizutani and Rafter 1969; Chiba and Sakai
1985; Delmelle et al. 1998, 2000). Under
equilibrium conditions, the δ18OSO4 − δ18 OH2O

system can be used as a geothermometer: more
negative δ18 OH2O shifts indicate lower equi-
librium temperatures. For near-neutral pH
conditions, oxygen exchange is extremely
slow, but is faster for more acidic conditions—
the case of crater lakes, combined with
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intrinsically high SO4-water. Nevertheless,
SO4-abundance and extremely dynamic fluid
flushing in most active lake systems makes it
impossible to quantify this SO4−H2O isotopic
exchange effect.
Using the δ18O of crater lake water to high-

light evaporation is sometimes an unfortunate
choice; δD certainly behaves less capriccioso.

3.2 The Influence of Salinity
and Acidity on Isotopic
Fractionation

“The isotope salt effect”
Highly acidic crater lake brines are contempo-

raneous surface analogs of ancient ore depositing
hydrothermal fluids (Brantley et al. 1987; Heden-
quist and Lowenstern 1994; Henley 2015). Besides
thermal heterogeneity in time and space of active
crater lakes, which was demonstrated to subtly
affect the humidity and temperature of the lake
boundary layer and thus evaporation, extreme
salinity and acidity can also influence the isotopic
fractionation. The term “isotope salt effect” was
introduced in the 1950s by Taube and co-workers
(Hunt and Taube 1950, 1951; Feder and Taube
1952; Taube 1954), to better understand such
hydrothermal fluid circulation in ore-forming sys-
tems. The isotope salt effect infers that the liquid-
vapor partitioning of water molecules is different
for pure water than for saline solutions, with its
effect on the isotopic composition of the vapor
phase. Without a doubt, crater lake brines are
subject to the isotope salt effect, an unstudied topic
so far in lake research. The effect results from the
“hydration of ions because the vibrational energies
of water molecules in the hydration shell are dif-
ferent from those in bulk solvent water” (Driesner
and Seward 2000). What this apparently “surreal”
definition stands for at this point is open for dis-
cussion. It is clear that the isotopic composition of
brines and their vapors under high-temperature and
pressure (e.g., for ore-depositing brines) do not
behave as boiling or evaporating pure water. Pio-
neering experiments on the isotope salt effect

(Taube 1954; Sofer and Gat 1972; Götz and
Heinzinger 1973; Bopp et al. 1977; Truesdell
1974; Graham and Sheppard 1980; O’Neil and
Truesdell 1991) were revised in new experimental
setups byHorita et al. (1993a, b, 1995). The isotope
effect in an aqueous solution can be defined as:

C ¼ a HDOð Þ=aðH2OÞ cðHDOÞ
X HDOð Þ=XðH2OÞ cðH2OÞ ð14Þ

The Γ is not an isotope fractionation factor,
such as in previous equations, but rather a coeffi-
cient explaining how water molecules behave in a
solution. Moreover, a (activity), Χ (mole fraction)
and γ (activity coefficient) are not measurable
parameters in isotope geochemistry, a problem
which should be solved. When adding a hydrogen-
bearing phase A to the solution, in order to permit
exchange of D-H with this phase A, we approxi-
mate a salt solution. Assuming that pure water and
a salt solution isotopically equilibrate separately
with the same phase A at the same temperature,
and if for pure water the isotopic activity a and
composition ratios are identical, Γ can be approx-
imated as a fractionation factor in the form:

103lnC � dpure water�dsalt solution ð15Þ
where δ is the isotopic composition expressed in
the conventional δ-notation in per mil (and thus
measurable). After experiments with varying
temperatures and salinities of the salt solutions,
the following equation for Γ is obtained (Horita
et al. 1995):

103lnC ¼ m a þ b=Tð Þ ð16Þ
where a (molality−1) and b (K molality−1) are
coefficients dependent on the type of salt (NaCl,
KCl, MgCl2, CaCl2, Na2SO4, or MgSO4), m is
the molality of the salt solution, and T (K) the
temperature of the solution. Natural solutions,
such as crater lake brines, are rather mixed salt
solutions than single salt solutions, so:

103lnCmixed salt solution ¼
X

fmiðai þ bi=TÞg
ð17Þ
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For each salt i. The higher Γ (or 103 ln Γ) the
higher the salt isotope effect, as for an evapo-
rating salt solution the vapor phase will become
isotopically heavier with respect to the vapor
phase from evaporating pure water, under the
same P-T conditions. Or in other words, the
remnant salt solution will become isotopically
lighter with respect to pure water, under the same
P-T conditions. Following Eqs. (16) and (17) Γ
will be higher for higher molalities (m- more
saline), and lower temperatures. For the most
active crater lakes—subject to relatively low
temperatures compared to the experimental con-
ditions by the various authors chasing ore-fluid
conditions- the lake water is a highly saline
“cold” brine, and the isotope salt effect can thus
be high. Nevertheless, the natural conditions of
the most saline lake brines are more complicated
than simple NaCl-KCl-MgCl2-CaCl2-Na2SO4-
MgSO4 solutions [Eq. (17)], characterized by a
complicated S-speciation, secondary minerals,
density differences, and HCl degassing (see next
section), making a crater lake brine highly exotic
and far-from-experimental. Moreover, the salt
isotope effect is an equilibrium “fractionation”

effect, strongly overshadowed by the kinetic
isotopic fractionation effect in evaporating lakes,
as earlier discussed.

For NaCl solutions (Horita et al. 1995) pre-
sented the following equations:

103lnC ðDÞ ¼ m 0:01680 T�13:79þ 3255=Tð Þ
ð18Þ

And

103lnC 18O
� �

¼ m �0:033þ 8:93 x 10�7 T2 �2:12 x 10�9 T3
� �

ð19Þ
Crater lake brines contain more than just NaCl

as major salt, but if we assume m in Eqs. (18)
and (19) to be equal to the total molality of all
salts in solution, we are able to calculate the
isotope salt effect [Γ(D) and Γ(18O)] for selected
data sets of active crater lakes (Poás, El Chichón,
Lake Yugama and Ruapehu) (Fig. 6), without
even knowing the isotopic composition of the
lake water. The results are graphically presented
in Fig. 6. For lower salinity lakes (Lake Yugama
and El Chichón) the isotope salt effect is

Fig. 6 Γ(D) versus Γ(18O) diagram for selected data from
laguna caliente (Poás, 2005–2010, DR personal data), El
Chichón (Casadevall et al. 1984—white arrow; 1995–
2011, Rouwet et al. 2008 and personal data), Yugama
(1949–2005; Ohba et al. 2008 and references therein) and

Ruapehu crater lakes (Christenson 2000). Calculations are
based on Eqs. (18) and (19), using TL (K) and total
molalities. The isotope salt effect becomes proportionally
more significant for D with respect to 18O for extremely
saline lakes
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proportionally more significant for 18O than for
D, while for highest salinity lakes (Poás, the
1983 El Chichón “magmatic” crater lake, and to
some extent Ruapehu’s Crater Lake) Γ(D)
increases exponentially. This means that, except
for extremely saline lakes (Poás), the isotope salt
effect results in “flatter slopes” of the evaporation
trend in the Craig diagram.

“The isotope acid effect”
In pure water hydrogen isotopes distribute

among the species H2O, H3O
+ and OH−. In near-

neutral solutions the contents of the latter two
species is too low to affect the isotopic compo-
sition, but in strongly acidic solutions, such as
active crater lake waters, H3O

+(H+) concentra-
tions can be extremely high (remember: a pre-
sumed pH of -1 means a H3O

+ content of
10 mol l−1, considering that pH = −log [H3O

+]),
and so hydrogen will be massively present as a
proton. Will hydrogen distribute equally between
H2O and H3O

+, or will fractionation due to
acidity take place? For active volcanic lakes, the
acidity is provided by magmatic gases, such as
SO2, H2S, HCl and HF. Sulfate enters through
scrubbing of SO2 and H2S in the lake water, gas
and can partly leave the liquid phase as poorly
soluble H2S (Symonds et al. 2001). On the other
hand, monoprotic acids (HCl, HF) will leave the
acidic solution as a gas phase (see next section)
which also will affect the isotopic fractionation
during evaporative degassing of an active crater
lake; the hydrogen isotopes are distributed
among the species H2O, H3O

+, HX (i.e., HCl or
HF) and the hydration sphere of the anion, X
(H2O) (Deines 1979). The fractionation factor of
hydrogen isotope fractionation during evapora-
tion of an acidic solution is given by:

aHX ¼ D=Hð Þv= D=Hð Þs ð20Þ
where (D/H)v is the D/H ratio of the total vapor,
and (D/H)sof the total solution. This apparently
simple equation leads to a more complicated
equation (Deines 1979):

aHX ¼ fawc’H2O þ ½ðaPAaHþWÞ=ð2aHþPAÞ�ð1� c’H2OÞgf2cH2O þ ½ð1� cH2OÞ= 1þ dð Þ� 1þ 2d 1þ nð Þ½ �g
½c’H2O þ 1�fcH2O þ ½ð1� cH2OÞ= 1þ dð Þ�½ðaHþW=2aHþPAÞ 1� dð Þ þ dð3=2aHþW þ naHSW�g

ð21Þ

where α are fractionation factors, with the sub-
scripts meaning: W = pure water, PA = pure acid,
and HS = hydration sphere; c is the concentration
in solution, c’ the concentration in the vapor phase;
d is the degree of ionization of the acid, and n is the
hydration number (for HCl, n = 1). Note the
combined subscripts as well. αHX depends on
various isotope fractionation factors between the
various species and phases and on the chemical
properties of the acid. Hydrogen 1H in the liquid
phase will be distributed among the species H2O,
HX, H3O

+ andX(H2O), while deuteriumDwill be
distributed among the species HDO, DX, H2DO

+

and X(HDO). For the vapor phase 1H will be
present as H2O or HX, while D as HDO and DX.
Fortunately, the chemical properties of HCl –the
gas we are most interested in for degassing crater
lakes- are pretty well known.

What does this practically mean for an evap-
orating acidic crater lake? As is the case for saline
solutions, for acidic lake waters the vapor is
enriched in D with respect to neutral lake waters
(remember that δDv is isotopically lighter than
δDL), as αHX > αW. This effect becomes less
strong for higher temperature lakes. Again, the
isotope acid effect is an equilibrium fractionation
effect, dwarfed by the kinetic isotopic fraction-
ation effect. Despite this, we believe that the iso-
tope acid effect should be quantified for the most
acidic evaporating crater lakes (e.g., Poás, Kawah
Ijen, Copahue). The evaporative degassing of HCl
(HX above) from acidic crater lakes does not only
affect the isotopic composition of the vapor and
remnant lake water, but will also induce changes
in the chemical composition of the lake water.

3.3 Liquid-Vapor Partitioning
of Chlorine

Starting with a contradictio in terminis: chlorine is
a highly volatile, but hydrophile element. In a high
temperature magmatic/geothermal environment,
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chlorine tends to move as the volatile species, HCl.
The tendency of HCl to partition in a vapor phase
was recognized as HCl-induced corrosion of well
casings in (superheated) geothermal systems
(Truesdell et al. 1989). HCl is definitely not the
most abundant species in volcanic gases: water
vapor (90–99 %), CO2 (1–10 %) and the sulfur
species SO2-H2S (1–10 %) are generally present in
higher concentrations (Menyailov et al. 1986;
Giggenbach 1987; Shinohara et al. 1993; Taran
et al. 1995). The acidity of the water of active
crater lakes only depends on the absorption of
SO2-H2S, HCl and HF. Only acid mine drainage
fluids are discovered to be more acidic than e.g.,
Poás’ Laguna Caliente and Kawah Ijen lake waters
(Nordstrom et al. 2000; Rowe et al. 1992a, b;
Delmelle and Bernard 1994), but the extreme
acidity (pH as low as −3.6; Nordstrom et al. 2000)
for mine drainage waters is purely due to the oxi-
dation of pyrite to H2SO4 (the stronger acid), while
Cl and F are absent in such fluids. On the other
hand, for crater lake water with a pH ranging from
−1 to 1, HSO4

− is the main H+-donor (often
determined as SO4), but HCl and HF also con-
tribute to the H+-activity. Besides the volatile
character of HCl (and HF), even at low tempera-
tures, the volatilization of HCl is favored by:
1. A higher abundance of H2SO4, and thus lower

pH (Truesdell et al. 1989);
2. A higher water temperature (Truesdell et al.

1989); calculating the Cl content of the
vapour in equilibrium with a 2 % HCl solu-
tion (20,000 mg/l) for a temperature ranging
from 35°C to 60°C, a characteristic T range
for actively degassing non disappearing crater
lakes results in Cl contents in the evaporative
plume of 9–26 mg/l (Washburn et al. 1928);

3. A higher content of Cl− in the liquid phase
(Truesdell et al. 1989);

4. Bubbling or boiling processes at the evapo-
rative degassing lake surface;

5. A more efficient thermal convection of crater
lake water;

6. Strong winds, to continuously remove HCl
from the degassing surface;

7. Continuous recycling or new input of H2SO4

and Cl rich fluids at the lake bottom.

With continuous recharge or recycling of lake
water from below, degassing and evaporation from
a crater lake surface is an extremely dynamic, non-
equilibrium process. The moment of sampling of
the surface water of such a crater lake is thus only a
snapshot of this dynamic degassing process.
Moreover, recently it has been discovered that Cl
(and F) contents can drastically decrease after
multiple analyses (after several days) of the same
ultra-acidic lake water sample (Copahue volcano
2012 pre-eruption; B. Capaccioni and F. Tassi,
oral communication). It seems that for extremely
acidic and saline solutions HCl (and HF) degassing
continues even after cooling until room tempera-
ture, and the analytical results will not be repre-
sentative for the physical-chemical conditions at
the time of sampling. For now, this post-sampling
effect is hardly quantifiable—as is the degassing
process from the lake itself. This stresses the need
to dilute acidic lake water sampled directly in the
field (10–1,000 times), do not leave a headspace in
the sampling flask, and refrigerate or, ideally,
freeze the samples, to ensure no post-sampling loss
of HCl(g) and HF(g).

When entering the lower temperature hydro-
thermal environment, chlorine will absorb in the
aqueous phase rather than be lost by precipitation
of intrinsically rare Cl-minerals. This opposite
characteristic of chlorine converts it into an ideal
tracer, transported by the water phase as a con-
servative element, although we know that HCl is
actually not conservative at all under almost any
condition.

From an experimental setup, Simonson and
Palmer (1993) empirically deduced the parti-
tioning coefficient Κ for HCl between the liquid
and vapor phase. The partitioning coefficient Κ is
simply dependent on the water temperature and
density, rather than being expressed in function
of salinity (e.g., molality or NaCl content):

LogK ¼ �13:4944�934:466=T �11:0029 log q
þ 5:4847 log T

ð22Þ
where K is:

K ¼ mv=m
2
1c

2
1 ð23Þ
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With mv and ml the vapor phase and liquid
phase molalities of HCl, respectively, and γl
stoichiometric activity coefficients (see Simonson
and Palmer 1993 for further details); ρ is the
density of the liquid (g cm−3) and T (K) the lake
water temperature. As follows from Eq. (22), a
higher temperature and lower density of the lake
water favors the vapor partitioning of HCl (higher
K values in Fig. 7). For the density reported for the
January 1987 Laguna Caliente at Poás
(1.0575 ± 0.0015 g cm−3) and a T range from 58 to
64°C (Brantley et al. 1987), the calculated Κ
ranges from 0.00175 to 0.0021(Fig. 7). Fact is that
hot crater lakes are mostly saline, acidic and
suspension-loaded and thus dense; these two
typical characteristics for active crater lakes
counterbalance each other regarding the Cl-par-
titioning into the vapor phase. Shinohara et al.
(2015) found that the HCl from Nakadake lake
(Aso volcano, Kyushu, Japan) is controlled by
equilibrium evaporation. This probably results
from the high HCl concentrations in the gas plume
as the steep-walled Nakadake crater is protected
from the wind. This equilibrium degassing counts
for HCl, but not necessarily for the isotope frac-
tionation of the water vapor in the plume.

A recent study on Cl isotope fractionation in
acidic systems and fumaroles (Sharp et al. 2010),

including the crater lake hosting systems of Poás
and Santa Ana (El Salvador) states that the lake
and the underlying hydrothermal plumbing sys-
tem functions as a condenser for rising HCl-rich
fumarolic vapors which leads to a strong kinetic
isotope fractionation of *10‰ (vs V-SMOC,
Standard Mean Ocean Cl) in δ37Cl (e.g., δ37Cl
for Laguna Caliente water = +0.25 to +0.50‰,
while δ37Cl for high-T fumaroles near the
lake = 10.6 ± 1.2 ‰). The direct effect of
evaporative degassing from the lake surface has
not been dealt with, but experiments showed that
equilibrium and kinetic isotope fractionation(for
δ37Cl) have opposite effects (Sharp et al. 2010):

Equilibrium fractionation :
1000 ln aHCl gð Þ�Cl� ¼ 1:4 to 1:8%

ð24Þ

Kinetic fractionation :
1000 ln aHCl gð Þ�Cl� ¼ �3:92%

ð25Þ

This demonstrates that multiple redissolving
and consequent stripping of the light 35Cl when
lake water is encountered is necessary to explain
the high δ37Cl of high-T fumaroles. The above
Eqs. (24) and (25), and the earlier idea that the
kinetic isotope fractionation effect is larger than
the equilibrium isotope fractionation effect (for
δD and δ18O), only suggests that the remnant

Fig. 7 T(°C) versus K diagram, where K is calculated by
Eq. 22 (Simonson and Palmer 1993). The higher K, the
higher the Cl-partitioning in the vapor phase. The

temperature is chosen for being realistic for active crater
lakes, until boiling point (complete evaporation)
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lake water becomes isotopically heavier upon
evaporative degassing. A future challenge is to
focus on this fractionation effect, ideally mea-
sured in the sampled vapor plume coming off the
lake (δD, δ18O, but also δ37Cl).

3.3.1 Why Not Sulfur Species?
S-species (SO2-H2S) are more abundant in a
volcanic gas phase with respect to HCl, hence the
SO4 contents in crater lake waters will generally
be higher than Cl contents. At first sight, varia-
tions in SO4 content seem to be more indicative
of eventual changes in contribution from the
underlying magmatic system, entering the lake as
SO2, a commonly used trace gas in geochemical
monitoring and remote sensing techniques at
open-conduit degassing volcanoes (Aiuppa et al.
2002; Shinohara et al. 2015). Even more, once
magmatic SO2(g) is scrubbed by the hydrother-
mal system or crater lake, sulfur gases are less
liberated from a hydrothermal system with
respect to HCl (Symonds et al. 2001). With all
these advantages, why don’t we prefer to track
SO4 contents instead of the more volatile HCl
species? First of all, the original proportion
between SO2 and H2S in the entering gas phase
(Giggenbach 1987) will be hardly preserved
when scrubbed. Both species initially oxidize
until SO4, but SO2 will disproportionate forming
partly H2S and partly SO4 (Delmelle and Bernard
2015). Moreover, in acidic solutions, SO2 and
H2S will react forming elemental sulfur, often
massively precipitating as molten sulfur pools at
crater lake floors, and thus lost from the solution.
Sulfate minerals, such as anhydrite, gypsum and
alunite can be abundant in volcanic lakes and
represent another sink of SO4 from solution. The
sulfur speciation becomes even more compli-
cated if considering polythionate ions (SnO6

2−

with n = 4 to 9) (Takano 1987; Delmelle and
Bernard 2015). Despite HCl degassing from the
most extremely acidic crater lakes, Cl often
remains the best tracer available.

4 Implications for Chlorine
and Isotope Budget Analyses

Mass balances equations can be expanded
towards isotopic and chemical budget analyses of
crater lakes by multiplying each flux term with
its corresponding isotopic or chemical composi-
tion (Hurst et al. 1991; Ohba et al. 1994; Rouwet
et al. 2004, 2008; Taran and Rouwet 2008;
Rouwet and Tassi 2011):

VLCL ¼ VL0CL0 þ QmCmdt þ QfCfdt

þ QiCidt � QsCsdt � QeCedt � QoCodt

ð26Þ
where VL is the estimated lake water volume at a
certain period of observation, VL0 is the lake
water volume for the previous period of obser-
vation; Q expresses a flux (kg s−1) for meteoric
precipitation—m, for hot fluid input from the
underlying volcanic-hydrothermal system—f, for
surface inflow from an external source—i, for
loss by lake water seepage—s, for loss by
evaporation from the lake surface—e, for loss by
direct lake overflow—o; C expresses the chemi-
cal or isotopic composition of the involved end
members, with respective subscripts. During
volcanic surveillance, the Qf parameter should be
tracked with time, as it reflects eventual changes
in the direct input (heat and chemical compo-
nents) from the underlying volcano-hydrothermal
system and possibly magmatic activity. Thus, Qf.
Cf will affect the thermal regime, Cl content and
δD of the lake water itself, which will directly
influence the evaporative degassing and related
fractionation and partitioning effects. Many of
the other fluxes can be measured (VL−L0, Qm, Qi,
Qo), calculated (Qe, Hurst et al. 2015 and refer-
ences therein) or indirectly deduced by numerical
simulations(Todesco et al. 2015) or chemical
modeling routines (Qs). All but two end mem-
bers, the evaporation plume and the hot fluid
from the volcano-hydrothermal system, can be
sampled in order to determine their chemical (Cl)
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and isotopic composition. If high temperature
fumaroles are present near the studied crater lake,
the chemical and isotopic composition can be
determined and used as a proxy for Cf, convert-
ing Ce in the only unknown parameter in
Eq. (26). It is clear that a better quantification of
major unknowns of Eq. (26) -the isotopic com-
position and Cl content of the evaporation plume
and entering hot magmatic end member- leads to
better estimate extensive monitoring parameters
such as the evaporative and input fluxes of the
hot magmatic end member.

5 Conclusions and Suggestions
for Future Research

An active crater lake often behaves as a kind of
“open-air” large fumarole, with somememory of its
recent past: (1) rising gases and fluids are absorbed
in the lake water, reflected by the lake’s chemical-
physical properties, (2) fluids (vapor and gas) are
partially released from the lake surface following
“well established” chemical and physical rules. The
term “well established” is often not straightforward,
as a natural, dynamic and extreme system of an
active crater lake does not follow the often empir-
ically deduced rules through laboratory experi-
ments. This disequilibrium behavior of a crater lake
is for instance demonstrated by the larger kinetic
isotope fractionation with respect to equilibrium
isotope fractionation. Although recognized since
long, only recently, this kinetic isotope fraction-
ation is better understood (Cappa et al. 2003; Luz
et al. 2009). The fact that this kinetic isotope frac-
tionation is dominant has lead to the lack of atten-
tion for minor processes, such as the isotope salt
effect and isotope acid effect, although active crater
lakes are probably the best natural laboratories to
study those. It is found that the more acidic and
saline the lake brine is, the more D-enriched the
evaporation plume will be. The observations
of increasing Mg/Cl and SO4/Cl ratios in crater
lake waters—often used, however, ambiguous

monitoring parameters- already suggested the loss
of Cl from the lake. Acidic plumes coming off
extreme lake brines (e.g., Poás, Kawah Ijen,
Ruapehu, Copahue) release HCl to the vapor phase
depending on the lake water temperature and den-
sity (Simonson and Palmer 1993).

A challenge for the future is to develop a
sampling method for the vapor above the lake.
This will permit to analyze the vapor for its
chemical (HCl and HF content, pH) and isotopic
composition (δD, δ18O, δ37Cl). Chlorine isotopes
have been applied to crater lakes but so far fol-
lowed a top down (the lake as a fumarole reser-
voir) instead of bottom up approach (the lake as
the reservoir for evaporative degassing, Sharp
et al. 2010). If these parameters can be deduced
on field or in continuous, crater lake chemistry
could keep up with remote sensing methods in
volcano monitoring set ups. Multi-gas setups
around vigorously evaporating crater lakes are
promising (Di Napoli et al. 2013; Shinohara et al.
2015; Rouwet et al. 2014). Water isotopes and
δ37Cl provide two semi-independent tracers to
track evaporative regime of a crater lake.

We should elaborate experiments, mimicking
the natural situation of a crater lake, with con-
trollable factors to better understand how evap-
oration and HCl degassing occurs, and how they
relate to the underlying processes of magmatic
heat and solute input and fluid recycling. The
here reviewed literature of similar experiments
provide the theoretical base for such future work
(Horita et al. 1993a, b, 1995; Simonson and
Palmer 1993; Horita and Wesolowski 1994;
Sharp et al. 2010). Evaporating real lake samples
under various conditions is probably most suit-
able, as crater lake brines are extremely complex
solutions very hard to copy in the laboratory.

Acknowledgments The authors wish to thank R.A.
Mora-Amador, C.J. Ramírez-Umaña and G. González-
Ilama for additional sampling of the Poás crater lake.
INGV-Palermo staff is grateful for support in analyses.
We thank Cinzia Federico and Bruno Capaccioni for
insightful comments as reviewers of this chapter Franco
Tassi is acknowledged for efficient editorial handling.

196 D. Rouwet and T. Ohba



References

Adams MC (1996) Chemistry of fluids from ascension n1,
a deep geothermal well on ascension island, South
Atlantic ocean. Geothermics 25:561–579

Adams E, Cosler DJ, Helfrich KR (1990) Evaporation
from heated water bodies: predicting combined forced
plus free convection. Water Resour Res 26:425–435

Agusto M (2011) Estudio geoquímico de los fluidos
volcánicos e hidrotermales del Complejo Volcánica
Copahue-Caviahue y su aplicación para tareas de
seguimiento. PhD dissertation. Universidad de Buenos
Aires, Argentina, pp 294

Aiuppa A, Federico C, Paonita A, Pecoraino G, Valenza M
(2002) S, Cl and F degassing as an indicator of volcanic
dynamics: the 2001 eruption of Mount Etna. Geophys
Res Lett 29(11):1559. doi:10.1029/2002GL015032

Barkan E, Luz B (2005) High precision measurements of
17O/16O and 18O/16O of O2 in H2O. Rapid Commun
Mass Spectrom 19:3737–3742

Bigeleisen J (1961) Statistical mechanics of isotope
effects on the thermodynamic properties of condensed
systems. J Chem Phys 34:1485–1493

Bopp P, Heinzinger K, Klemm A (1977) Oxygen
isotopefractionation and the structure of aqueous
alkali halide solutions. Z Naturforsch 324:1419–1425

Brantley SL, Borgia A, Rowe G, Fernández JF, Reynolds
JR (1987) Poás volcano crater lake acts as a condenser
for acid metal-rich brine. Nature 330:470–472

Brown G, Rymer H, Dowden J, Kapadia P, Stevenson D,
Barquero J, Morales LD (1989) Energy budget
analysis for Poás crater lake: implications for predict-
ing volcanic activity. Nature 339:370–373

Cappa CD, Hendricks MB, DePaolo DJ, Cohen RC
(2003) Isotopic fractionation of water during evapo-
ration. J Geophys Res 108(D16):4525. doi:10.1029/
2003JD003597

Casadevall TJ, De la Cruz-Reyna S, Rose Jr WI, Bagley S,
Finnegan DL, Zoller WH (1984) Crater lake and post-
eruption hydrothermal activity, El Chichon volcano,
Mexico. J Volcanol Geotherm Res 23:169–191

Chiba H, Sakai S (1985) Oxygen isotope exchange rate
between dissolved sulfate and water at hydrothermal
temperatures. Geochim Cosmochim Acta 43:993–1000

Christenson BW, Wood CP (1993) Evolution of the vent-
hosted hydrothermal system beneath Ruapehu crater
lake, New Zealand. Bull Volcanol 55:547–565

Craig H (1963) The isotopic geochemistry of water and
carbon in geothermal areas. In: Tongiorgio (ed)
Nuclear geology in geothermal areas, conference
proceedings (Spoleto, Italy), pp 17–53

Craig H, Gordon LI (1965) Stable isotope in oceano-
graphic studies and paleotemperatures. V Lischi e
Figli, Pisa, pp 122

Craig H, Gordon LI, Horibe Y (1963) Isotopic exchange
effects in the evaporation of water. J Geophys Res
68:5079–5087

Deines P (1979) A note on hydrogen isotope fractionation
involving acidic and basic solutions. Geochim Cos-
mochim Acta 43:1575–1577

Delmelle P, Bernard A (2015) The remarkable chemistry
of sulfur in volcanic acid crater lakes: a scientific
tribute to Bokuichiro Takano and Minoru Kusakabe.
In: Rouwet D, Tassi F, Vandemeulebrouck J, Chris-
tenson B (eds) Volcanic Lakes. Springer, Berlin. doi:
10.1007/978-3-642-36833-2_10

Delmelle P, Bernard A (1994) Geochemistry, mineralogy,
and chemical modeling of the acid crater lake of
Kawah Ijen volcano, Indonesia. Geochim Cosmochim
Acta 58:2445–2460

Delmelle P, Kusakabe M, Bernard A, Fischer T, de
Brouwer S, del Mundo E (1998) Geochemical and
isotopic evidence for seawater contamination of the
hydrothermal system of Taal Volcano, Luzon, the
Philippines. Bull Volcanol 59:562–576

Delmelle P, Bernard A, Kusakabe M, Fischer TP, Takano
B (2000) Geochemistry of the magmatic-hydrothermal
system of Kawah Ijen volcano, East Java, Indonesia.
J Volcanol Geotherm Res 97:31–53

Di Napoli R, Aiuppa A, Allard P (2013) First Multi-GAS
based characterization of the Boiling Lake volcanic
gas (Dominica, lesser antilles). Ann Geophys 56(5):
S0559. doi:10.4401/ag-6277

Driesner T, Seward TM (2000) Experimental and simu-
lation study of salt effects and pressure/density effects
on oxygen and hydrogen stable isotope liquid-vapor
fractionation for 4–5 molal aqueous NaCl and KCl
solutions to 400 C. Geochim Cosmochim Acta 64
(10):1773–1784

Feder HM, Taube H (1952) Ionic hydration: an isotopic
fractionation technique. J Chem Phys 20:1335–1336

Federico C, Capasso G, Paonita A, Favara R (2010)
Effects of steam-heating processes on a stratified
volcanic aquifer: stable isotopes and dissolved gases
in thermal waters of Volcano Island (Aeolian archi-
pelago). J Volcanol Geotherm Res 192:178–190

Fournier N, Witham F, Moreau-Fournier M, Bardou L
(2009) Boiling Lake of Dominica, West Indies: High-
temperature volcanic crater lake dynamics. J Geophys
Res 114:B02203. doi:10.1029/2008JB005773

Fritz P, Frape SK (1982) Saline groundwaters in
the Canadian Shield: a first overview. Chem Geol
36:179–190

Gat JR (1981) Paleoclimate conditions in theLevant as
revealed by the isotopic compositionof paleowaters.
Israel Meteorol Res Pap 3:13–28

Gat J (2008) The isotopic composition of evaporatingwaters
—review of the historical evolution leading up to the
Craig-Gordon model. Isot Environ Health Stud 44:5–9

Giggenbach WF (1975) Variations in the carbon, sulphur
and chlorine contents of volcanic gas discharges from
White Island, New Zealand. Bull Volcanol 39:15–27

Giggenbach WF (1978) The isotopic composition of
waters from the El Tatio geothermal field, Northern
Chile. Geochim Cosmochim Acta 42:979–988

Isotope Fractionation and HCl Partitioning During Evaporative … 197

http://dx.doi.org/10.1029/2002GL015032
http://dx.doi.org/10.1029/2003JD003597
http://dx.doi.org/10.1029/2003JD003597
http://dx.doi.org/10.1007/978-3-642-36833-2_10
http://dx.doi.org/10.4401/ag-6277
http://dx.doi.org/10.1029/2008JB005773


Giggenbach WF (1987) Redox processes governing the
chemistry of fumarolic gas discharges from White
Island, New Zealand. Appl Geochem 2:143–161

Giggenbach WF (1992) Magma degassing and mineral
deposition in hydrothermal systems along convergent
plate boundaries. Econ Geol 87:1927–1944

Giggenbach WF, Glover RB (1975) The use of chemical
indicators in the surveillance of volcanic activity
affecting the crater lake on Mt Ruapehu, New Zealand.
Bull Volcanol 39:70–81

Giggenbach WF, Stewart MK (1982) Processes control-
ling the isotopic composition of steam and water
discharges from steam vents and steam-heated pools
in geothermal areas. Geothermics 11:71–80

Goff F, McMurty GM, Roldan-Manzo A, Stimac JA,
Werner C, Hilton D, van Soest MC (1995) Contrasting
magma–hydrothermal activity at Sierra Negra and
Aliedo volcanoes, Galapagos hot spot Ecuador. EOS
Trans Am Geophys Union 76(46):F702 (Abstract)

Gonfiantini R (1986) Environmental isotopes in lake
studies. In: Fritz P, Fontes JCh (eds) Handbook of
Environmental Isotope Geochemistry, vol 2., The Ter-
restrial Environment, Elsevier, Amsterdam, pp 113–168

Götz D, Heinzinger K (1973) Sauerstoffisotopieeffekte
undhydratstruktur von alkalihalogenid-lösungen in
H2O und D2O2. Naturforschende 281:137–141

Graham CM, Sheppard SMF (1980) Experimental hydro-
gen isotope studies, II. Fractionations in the systems
epidote-NaCl-H20, epidote-CaCl2-H2O and epidote-
seawater, and the hydrogen isotope composition of
natural epidote. Earth Planet Sci Lett 48:237–251

Harbeck GE (1964) Estimated forced evaporation from
cooling ponds: proceedings of the American Society
of Civil Engineers. J Power Div 90(P03):1–9

Hedenquist JW, Lowenstern JB (1994) The role of
magmas in the formation of hydrothermal ore depos-
its. Nature 370:519–527

Henley RW (2015) Hyperacidic volcanic lakes, metal
sinks and magmatic gas expansion in arc volcanoes.
In: Rouwet D, Tassi F, Vandemeulebrouck J, Chris-
tenson B (eds) Volcanic Lakes. Springer, Berlin. doi:
10.1007/978-3-642-36833-2_6

Horita J, Wesolowski DJ (1994) Liquid-vapor fraction-
ation of oxygen and hydrogen isotopes of water from
the freezing to the critical temperature. Geochim
Cosmochim Acta 58:3425–3437

Horita J, Cole DR, Wesolowski DJ (1993a) The activity-
composition relationship of oxygen and hydrogen
isotopes in aqueous salt solutions: II. Vapor-liquid
water equilibration of mixed salt solutions from 50 to
100°C and geochemical implications. Geochim Cos-
mochim Acta 57:4703–4711

Horita J, Wesolowski DJ, Cole DR (1993b) The activity-
composition relationship of oxygen and hydrogen
isotopes in aqueous salt solutions: I. Vapor-liquid
water equilibration of single salt solutions from 50 to
100°C. Geochim Cosmochim Acta 57:2797–2817

Horita J, Cole DR, Wesolowski DJ (1995) The activity-
composition relationship of oxygen and hydrogen
isotopes in aqueous salt solutions: III. Vapor-liquid

water equilibration of NaCl solutions to 350°C.
Geochim Cosmochim Acta 59(6):1139–1151

Horita J, Rozanski K, Cohen S (2008) Isotope effects in
the evaporation of water: a status report of the Craig-
Gordon model. Isot Environ Health Stud 44:23–49

Hunt JP, Taube H (1950) The exchange of water between
aqueous chromic ion and solvent. J Chem Phys
18:757–758

Hunt JP, Taube H (1951) The exchange of water
between hydrated cations and solvent. J J Chem Phys
19:602–609

Hurst AW, Hashimoto T, Terada A (2015) Crater lake
energy and mass balance. In: Rouwet D, Tassi F,
Vandemeulebrouck J, Christenson B (eds) Volcanic
Lakes. Springer, Berlin. doi: 10.1007/978-3-642-
36833-2_13

Hurst AW, Bibby HM, Scott BJ, McGuinness MJ (1991)
The heat source of Ruapehu crater lake; deductions
from the energy and mass balances. J Volcanol
Geotherm Res 6:1–21

Hurst T, Christenson B, Cole-Baker J (2012) Use of a
weather buoy to derive improved heat and mass
balance parameters for Ruapehu crater lake. J Volcanol
Geotherm Res 235–236:23–28

Krabbenhoft DP, Bowser CJ, Anderson MP, Valley JW
(1990) Estimating groundwaterexchange with lakes 1.
The stable isotope mass balance method. Water
Resour Res 26:2445–2453

Lawrence JR, Geiskes JM, Broecker WS (1975) Oxygen
isotopes and cation composition of DSDP pore waters
and the alteration of layer II basalts. Earth Planet Sci
Lett 27:1–10

Lee TM, Swancar A (1997) Influence of evaporation,
ground water, and uncertainty in the hydrologic budget
of Lake Lucerne, a seepage lake in Polk County,
Florida. USGS Water-Supply Papers 2439:61 p

Lloyd RM (1968) Oxygen isotope behavior in the sulfate–
water system. J Geophys Res 73:6099–6110

Luz B, Barkan E, Yam R, Shemesh A (2009) Fraction-
ation of oxygen and hydrogen isotopes in evaporating
water. Geochim Cosmochim Acta 73:6697–6703

Majoube M (1971) Fractionnement en oxygene-18 et
deuteriumentre l’eau et sa vapeur. J Chim Phys
197:1423–1436

Martínez M, Fernández E, Valdés J, Barboza V, Van der
Laat R, Duarte E, Malavassi E, Sandoval L, Barquero
J, Marino T (2000) Chemical evolution and activity of
the active crater lake of Poás volcano, Costa Rica,
1993–1997. J Volcanol Geotherm Res 97:127–141

Menyailov IA, Nikitina LP, Shapar VN, Pilipenko VP
(1986) Temperature increase and chemical changes of
fumarolic gases at Momotombo volcano, Nicaragua,
in 1982–1985: are these indicators of a possible
eruption? J Geophys Res 91:12199–12214

MizutaniY,RafterAT (1969)Oxygen isotopic fractionation
in the bisulphate ion-water system. NZ J Sci 12:54–59

Nordstrom DK, Alpers CN, Ptacek CJ, Blowes DW
(2000) Negative pH and extremely acidic mine waters
from Iron Mountain, California. Environ Sci Technol
34:254–258

198 D. Rouwet and T. Ohba

http://dx.doi.org/10.1007/978-3-642-36833-2_6
http://dx.doi.org/10.1007/978-3-642-36833-2_13
http://dx.doi.org/10.1007/978-3-642-36833-2_13


O’Neil JR, Truesdell AH (1991) Oxygen isotope frac-
tionation studies of solute-water interactions. In stable
isotope geochemistry: a tribute to Samuel Epstein (ed
HP Taylor Jr et al.) Geochem Sot, pp 17–25

Ohba T, Hirabayashi J, Nogami K (1994) Water, heat and
chloride budgets of the crater lake, Yugama at Kusatsu-
Shirane volcano, Japan. Geochem J 28:217–231

Ohba T, Hirabayashi J, Nogami K (2000) D/H and
18O/16O ratios of water in the crater lake at Kusatsu-
Shirane volcano, Japan. J Volcanol Geotherm Res
97:329–346

Ohba T, Hirabayashi J, Nogami K (2008) Temporal
changes in the chemistry of lake water within Yugama
Crater, Kusatsu-Shirane volcano, Japan: Implications
for the evolution of the magmatic-hydrothermal sys-
tem. J Volcanol Geotherm Res 178:131–144

Oppenheimer C (1997) Ramifications of the skin effect for
crater lake heat budget analysis. J Volcanol Geotherm
Res 75:159–165

Pasternack GB, Varekamp JC (1997) Volcanic lake
systematics 1. Physical constraints. Bull Volcanol
58:528–538

Rouwet D, Tassi F (2011) Geochemical monitoring of
volcanic lakes a generalized box model for active
crater lake. Ann Geophys 54(2):161–173

Rouwet D, Taran Y, Varley NR (2004) Dynamics and
mass balance of El Chichón crater lake, Mexico.
Geofís Int 43:427–434

Rouwet D, Taran Y, Inguaggiato S, Varley N, Santiago SJA
(2008) Hydrochemical dynamics of the lake-spring
system in the crater of El Chichón volcano (Chiapas,
Mexico). J Volcanol Geotherm Res 178:237–248

Rouwet D, Tassi F, Mora-Amador R, Sandri L, Chiarini V
(2014) Past, present and future of volcanic lake
monitoring. J Volcanol Geotherm Res. doi:10.1016/j.
jvolgeores.2013.12.009

Rowe GL (1994) Oxygen, hydrogen, and sulphur isotope
systematics of the crater lake system of Poás Volcano,
Costa Rica. Geochem J 28:264–275

Rowe GL, Brantley SL, Fernández M, Fernández JF,
Borgia A, Barquero J (1992a) Fluid-volcano interac-
tion in an active stratovolcano: the crater lake system
of Poás volcano, Costa Rica. J Volcanol Geotherm
Res 64:233–267

Rowe GL, Ohsawa S, Takano B, Brantley SL, Fernández
JF, Barquero J (1992b) Using crater lake chemistry to
predict volcanic activity at Poás volcano, Costa Rica.
Bull Volcanol 54:494–503

Ryan PJ, Harleman DRF, Stolzenbach KD (1974) Surface
heat loss from cooling ponds. Water Resources Res
10:930–938

Sacks LA (2002) Estimating ground-water inflow to lakes
in Central Florida using the isotope mass-balance
approach. US Geological Survey. Water-resources
investigations report 02-4192:68 pp

Sartori E (2000) A critical review on equations employed
for the calculation of the evaporation rate from free
water surfaces. Sol Energy 68:77–89

Sharp ZD, Barnes JD, Fischer TP, Halick M (2010) An
experimental determination of chlorine isotope frac-
tionation in acid systems and applications to volcanic
fumaroles. Geochim Cosmochim Acta 74:264–273

Shinohara H, Yoshikawa S, Miyabuchi Y (2015) Degas-
sing activity of a volcanic crater lake: Volcanic plume
measurements at the Yudamari crater lake, Aso
volcano, Japan. In: Rouwet D, Tassi F, Van-
demeulebrouck J, Christenson B (eds) Volcanic Lakes.
Springer, Berlin. doi: 10.1007/978-3-642-36833-2_8

Shinohara H, Giggenbach WF, Kazahaya K, Hedenquist
JW (1993) Geochemistry of volcanic gases and hot
springs of Satsuma-Iwojima, Japan: Following Ma-
tsuo. Geochem J 27:271–285

Sill BL (1983) Free and forced convection effects on
evaporation. J Hydraul Engin ASCE 109:1216–1231

Simonson JM, Palmer DA (1993) Liquid-vapor partition-
ing of HCl(aq) to 350 C. Geochim Cosmochim Acta
57:1–7

Sofer Z, Gat JR (1972) Activities and concentrations of
oxygen-18 in concentrated aqueous salt solutions:
Analytical andgeophysical implications. Earth Planet
Sci Lett 15:232–238

Sriwana T, van Bergen MJ, Varekamp JC, Sumarti S,
Takano B, van Os BJH, Leng MJ (2000) Geochem-
istry of the acid Kawah Putih lake, Patuha volcano,
West Java, Indonesia. J Volcanol Geotherm Res
97:77–104

Stimac JA, Goff F, Counce D, Larocque ACL, Hilton DR,
Morgenstern U (2004) The crater lake and hydrother-
mal system of Mount Pinatubo, Philippines: evolution
in the decade after eruption. Bull Volcanol 66:149–167

Symonds RB, Gerlach TM, Reed MH (2001) Magmatic
gas scrubbing: implications for volcano monitoring.
J Volcanol Geotherm Res 108:303–341

Takano B (1987) Correlation of volcanic activity with
sulfur oxy-anion speciation in a crater lake. Science
235:1633–1635

Taran Y, Rouwet D (2008) Estimating thermal inflow to
El Chichón crater lake using the energy-budget,
chemical and isotope balance approaches. J Volcanol
Geotherm Res 175:472–481

Taran YA, Esikov AD, Cheshko AL (1986) Deuterium
and oxygen-18 in waters of the Mutnovsky geother-
mal area. Geochem Int 4:458–468

Taran YA, Pokrovsky BG, Dubik YM (1989) Isotopic
composition and origin of water from andesitic
magmas. Dokl (Trans) Ac Sci USSR 304:440–443

Taran YA, Hedenquist JW, Korzhinsky M, Tkachenko SI,
Shmulovich KI (1995) Geochemistry of magmatic
gases from Kudryavy volcano, Iturup, Kuril Islands.
Geochim Cosmochim Acta 59:1749–1761

Taran Y, Fischer TP, Pokrovsky B, Sano Y, Armienta
MA, Macías JL (1998) Geochemistry of the volcano-
hydrothermal system of El Chichón Volcano, Chiapas,
Mexico. Bull Volcanol 59:436449

Taran YA, Bernard A, Gavilanes JC, Lunezheva E,
Cortés A, Armienta MA (2001) Chemistry and

Isotope Fractionation and HCl Partitioning During Evaporative … 199

http://dx.doi.org/10.1016/j.jvolgeores.2013.12.009
http://dx.doi.org/10.1016/j.jvolgeores.2013.12.009
http://dx.doi.org/10.1007/978-3-642-36833-2_8


mineralogy of high-temperature gas discharges from
Colima volcano, Mexico. Implications for magmatic
gas-atmosphere interaction. J Volcanol Geotherm Res
108:245–264

Taran Y, Inguaggiato S, Cardellini C, Karpov G (2013)
Posteruption chemical evolution of a volcanic caldera
lake: Karymsky lake, Kamchatka. Geophys Res Lett
40:5142–5146. doi:10.1002/grl.50961

Tassi F, Vaselli O, Capaccioni B, Giolito C, Duarte E,
Fernández E, Minissale A, Magro G (2005) The
hydrothermal-volcanic system of Rincon de la Vieja
volcano (Costa Rica): a combined (inorganic and
organic) geochemical approach to understanding the
origin of the fluid discharges and its possible appli-
cation to volcanic surveillance. J Volcanol Geotherm
Res 148:315–333

Taube H (1954) Use of oxygen isotope effects in the study
of hydrationof ions. J Phys Chem 58:523–528

Todesco M, Rouwet D, Nespoli M, Bonafede M (2015)
How steep is my seep? seepage in volcanic lakes, hints
from numerical simulations. In: Rouwet D, Tassi F,
Vandemeulebrouck J, Christenson B (eds) Volcanic
Lakes. Springer, Berlin. doi: 10.1007/978-3-642-
36833-2_14

Truesdell AH (1974) Oxygen isotope activities and
concentrations in aqueous salt solutions at elevated
temperatures: consequences for isotope geochemistry.
Earth Plant Sci Lett 23:387–396

Truesdell AH, Haizlip JR, Armannsson H, D’Amore F
(1989) Origin and transport of chloride in superheated
geothermal steam. Geothermics 18:295–304

Varekamp JC (2015) The chemical composition and evolu-
tion of volcanic lakes. In: Rouwet D, Tassi F, Van-
demeulebrouck J, Christenson B (eds) Volcanic Lakes.
Springer, Berlin. doi: 10.1007/978-3-642-36833-2_4

Varekamp JC (2002) Lake contamination models for
evolution towards steady state. J Limnol 62:67–72

Varekamp JC, Kreulen R (2000) The stable isotope
geochemistry of volcanic lakes, with examples from
Indonesia. J Volcanol Geotherm Res 97:309–327

Vuataz FD, Goff F (1986) Isotope geochemistry of
thermal and nonthermal waters in the Valles caldera,
Jemez Mountains, Northern New Mexico. J Geophys
Res 91:1835–1853

Ward CA, Stanga D (2001) Interfacial conditions during-
evaporation or condensation of water. Phys Rev E 64
(051509):U347–U354

Washburn EW, West CJ, Dorsey NE, Bichowsky FR,
Klemenc A (1928) International critical tables of
numerical data, physics, chemistry and technology.
International research council of the national academic
of science. (1st edn) McGraw-Hill Book Company,
Inc, New York, p 301

Weisman RN, Brutsaert W (1973) Evaporation and
cooling of a lake under unstable atmospheric condi-
tions. Water Resour Res 9:1242–1257

200 D. Rouwet and T. Ohba

http://dx.doi.org/10.1002/grl.50961
http://dx.doi.org/10.1007/978-3-642-36833-2_14
http://dx.doi.org/10.1007/978-3-642-36833-2_14
http://dx.doi.org/10.1007/978-3-642-36833-2_4


Degassing Activity of a Volcanic Crater
Lake: Volcanic Plume Measurements
at the Yudamari Crater Lake, Aso
Volcano, Japan
H. Shinohara, S. Yoshikawa, and Y. Miyabuchi

Abstract

Surface degassing is an important volatile discharge process for an active
volcanic crater lake. The compositions of volcanic gases discharged from a
lake surface (lake gas) were quantified by volcanic plume measurements
using a Multi-GAS and alkaline-filter techniques at the Yudamari crater
lake,Aso volcano, Japan. Compositions of the lake gaseswere quite variable
and are clearly different from the gases from adjacent fumaroles. Differen-
tiation processes of the lake gas, the lake water, and the fumarolic gases are
evaluated based on their compositions.Concentrations ofHCl in the lake gas
and the lake water indicate that the lake gas composition is controlled by the
equilibrium evaporation of the lake water at the lake temperature.
Contrasting compositions of the lake gas and the lake water indicate that
sulfate and elemental sulfur formation controls chemical differentiation in
the lake. The composition of the hydrothermal fluids supplied to the lake is
estimated based on mass balance of the lake gas and the lake water. The
hydrothermal fluids have similar H2O/S and H2O/Cl ratios but lower CO2/S
ratios than the fumarolic gases. This composition contrast indicates that the
fumarolic gases are amixture ofmagmatic gases and a vapor phase separated
from the hydrothermal fluids supplied to the lake.

Keywords

Lake gas � Volcanic gas composition � Multi-GAS � Aso volcano �
Degassing � Evaporation � Gas solubility � Hydrothermal system

1 Introduction

Volcanic lakes are efficient traps of volcanic vol-
atiles supplied from depth, and a lake’s water
composition is considered as an indicator of the
flux and composition of supplied volcanic fluids
(Delmelle and Bernard 2000). Chloride and sul-
fates are the most abundant dissolved constituents
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in volcanic lake waters, and their contents posi-
tively correlate with the acidity of the lake water,
indicating that these components are supplied as
acid volcanic gases to the lake (Varekamp et al.
2000). Volcanic gases are mixtures of various gas
species—not only Cl and S species, but also of
CO2, H2, and other inert gases. The concentration
of inert gas species in lake waters have been rarely
measured, but are likely very low because of their
low solubility in water. The inert gases supplied to
a lake are likely to escape from the lake surface
immediately. In order to estimate the composition
of the volcanic gas supplied to the lake, it is nec-
essary to measure the composition of the gas
emitted from the lake surface.

Evaporation and bubbling are major degas-
sing processes of volcanic lakes. The stability of
a volcanic lake is controlled by the energy and
water budget between input by meteoric water
and deep high-temperature fluids (e.g., volcanic
gases) and output by lake water seepage, evap-
oration, radiation, and heat loss by conduction
(Brown et al. 1989; Varekamp et al. 2000).
Evaporation is a major energy and water sink in
hot lakes that are heated by a large volcanic fluid
input (Varekamp et al. 2000; Terada et al. 2012).
For example, 50–90 % of the energy lost from
Poás crater lake, Costa Rica, in 1985–1988 was
by means of evaporation (Brown et al. 1991).
Inert gas species such as CO2 may be discharged
from the lake not only by evaporation but also by
bubbling through the lake; these emission rates
need to be quantified separately from the energy
budget estimate. Recent airborne measurements
of volcanic plumes from crater lakes of Ruapehu
and White Island, New Zealand, demonstrated
that the crater lakes are significant sources of
CO2 degassing, similar to actively degassing
volcanoes (Werner et al. 2006, 2008).

Gas emission from a lake often occurs by diffuse
degassing from a large area of the lake surface. The
composition of inert gas species discharged
through lake degassing can be estimated by mea-
suring the composition of bubbling gases or dis-
solved gases in the lake water (Inguaggiato and
Rizzo 2004; Mazot et al. 2011). The composition
determined by these methods, however, does not
always represent the bulk composition of lake

degassing, in particular when degassing activity is
not homogeneous, such as when indicated by
bubbling. Recently a new instrument, the Multi
component gas analyzer system (Multi-GAS), was
developed to estimate volcanic gas composition
based on the measurements of an air-diluted vol-
canic gas plume composition (Shinohara 2005;
Aiuppa et al. 2005). This method is also useful for
measuring the composition of gases discharged
from the surface of volcanic lakes. We applied this
technique to estimate the composition of lake gases
emitted from the Yudamari crater lake, Aso vol-
cano, Japan. In this paper, we report the methods
used for volcanic plume measurements and the
results obtained and discuss the origin of the lake
gases, by considering the differentiation processes
in the lake as well as an underlying hydrothermal
system.

2 Methods

A volcanic plume is a mixture of volcanic gas and
air, and the original volcanic gas composition can
be estimated by subtracting the atmospheric con-
tribution from the plume composition. By com-
bining the Multi-GAS and alkali-filter pack
techniques, we can measure most of the major
components in volcanic gases, including H2O,
CO2, SO2, H2S, H2, HCl, and HF (Shinohara et al.
2011a, b). This method was developed to estimate
the composition of volcanic gases emitted from an
open vent or inaccessible vents, and is also appli-
cable to plumes originating from lake degassing.

2.1 Multi-GAS

The Multi-GAS is an instrument comprising
various gas analyzers and sensors to measure
concentrations of volcanic gas species in volca-
nic plumes, and thus to estimate the original
volcanic gas composition (Aiuppa et al. 2005;
Shinohara 2005). Plume measurements with
Multi-GAS were begun at Aso volcano in 2003.
Measurements were made in 2003 and 2004
using the Multi-GAS instrument described by
Shinohara (2005), whilst an upgraded system has
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been used from 2005 onwards (Shinohara et al.
2011b). The new Multi-GAS instrument has a
non-dispersive infrared CO2–H2O analyzer
(LI-840, LI-COR, Inc., Lincoln, USA), SO2 and
H2S electrochemical sensors (KTS-512 and
KHS-5TA, respectively, Komyo Rikagaku K.K.,
Kawasaki, Japan), and a H2 semiconductor sen-
sor (Model GM12s, Sensor Tech K.K., Rittou,
Japan). The electrochemical SO2 and H2S sen-
sors have significant cross sensitivity, and filter-
type scrubbers for H2S and SO2 were placed in
front of the KTS-512 and KHS-5TA sensors,
respectively, to reduce the cross-sensitivity
(Shinohara et al. 2011b). Cross-sensitivity of the
H2S sensor to SO2 is about 0.1 %, but is variable,
ranging from 0.02 to 0.2 %, depending on
the condition of the scrubber (Type KP-SO2J,
Komyo Rikagaku K.K., Kawasaki, Japan).
Cross-sensitivity of the SO2 sensor to H2S is
about 1 %, which is insignificant for the mea-
surements at Aso volcano since the measured
SO2/H2S ratios are always larger than unity. The
semiconductor H2 sensor is sensitive only to H2,
but its sensitivity is affected by H2O concentra-
tions. This effect is corrected for on the basis of
the actual H2O concentration measured in the
plume (Shinohara et al. 2011b). The H2S sensor
was not used in 2003 and 2004, and the SO2/H2S
concentration ratio in the plume was measured
using Gas Detector Tubes (5La for SO2 in the
range 4–60 ppm and 4LT for H2S in the range
0.2–2 ppm) manufactured by GASTECH Co
(Ayase, Japan).

2.2 Alkali-filter

Relative concentrations of S, Cl, and F were mea-
sured with the alkali-filter technique (Pennisi and
Le Cloarec 1998; Shinohara and Witter 2005).
Each filter pack consisted of one 0.2-µm particle
filter followed by two filter holders, each contain-
ing two filters impregnated with 0.2 ml of 1N
KOH + 20 % glycerol solution. Sampling was
performed at a flow rate of 1–2 l/min for 30–
60 min. After sampling, filters in each holder were
rinsed with pure water, and concentrations of F, Cl,
and S were measured by ion-chromatography after

oxidation with H2O2. Chloride and fluoride on the
alkaline filters are considered as representative of
HCl andHFgases trapped on thefilter. S content on
the filter is considered as representative of SO2,
whereas the volcanic gases contain both SO2 and
H2S. Laboratory tests revealed that the absorption
efficiencies of SO2 and H2S by each holder are
about 100 % and 0–30 %, respectively (Shinohara
et al. 2011b), and the S trapped by the second filter
holder is mostly derived from H2S, unless the first
holder is saturated. For a large SO2/H2S ratio (e.g.,
>3), S content on the second filter holder is negli-
gible; however, for a small SO2/H2S ratio, a sig-
nificant amount of S is trapped on the second filter
holder, suggesting the significant contribution of
H2S. In order to reduce the H2S contribution, the S
content is reported after correction by subtracting
the S content on the secondfilter holder from that of
the first filter holder (Shinohara et al. 2011b).

3 Yudamari Crater Lake, Aso
Volcano

Yudamari crater lake, located within the summit
crater of Nakadake stratocone, Aso volcano,
Japan (Figs. 1 and 2), is one of the hottest andmost
acidic crater lakes in the world, with water tem-
perature ranging 40–80 °C and acidity levels of
pH = −1 to +1 (Ohsawa et al. 2003, 2010; Miy-
abuchi and Terada 2009). The high temperature
and acidity indicate a large volcanic gas flux into
the crater lake. Energy and material budget mod-
eling of the Yudamari crater lake revealed that
more than half of H2O in the lake is supplied as
high-temperature volcanic gases and more than
half of H2O in the lake is lost by evaporation
(Saito et al. 2008; Terada et al. 2012).

The lake is inaccessible because of the steep
crater wall surrounding the crater lake, which is
about 300 m in diameter and 120 m deep as
measured from the rim (Fig. 1). In order to study
the lake, various efforts have been made to con-
duct measurement using a rope stretched across
the lake (Terada and Yoshikawa 2009). Water and
lake sediments were sampled several times by
bringing sampling devices to the lake surface with
the rope (Ohsawa et al. 2003, 2010; Miyabuchi
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and Terada 2009). The instruments for continuous
lake water temperature monitoring were also
installed with the stretched rope (Terada et al.
2012).

The Nakadake cone is a presently active basalt
to basaltic-andesitic stratocone of the Aso vol-
cano. The activity of the Yudamari crater lake
significantly changes with time and is closely
correlated with the eruptive activity of the vol-
cano (Ono et al. 1995; Sudo et al. 2006). Lake
surface area and water temperature are frequently
measured to monitor volcanic activity (Japan
Metrological Agency Monthly Report; Terada
et al. 2008; Fig. 3). The last significant eruptive

activity occurred from 1988 to 1995 and was
characterized by Strombolian and phreatomag-
matic eruptions, and continuous ash venting
(Ono and Watanabe 1985; Ono et al. 1995; Ikebe
et al. 2008). After a quiet period during 1995–
2003, the lake water volume decreased and the
lake dried up, exposing the lake bottom. Several
minor ash emissions occurred from 2003 to 2005
(Miyabuchi et al. 2008). The lake water level
recovered to occupy most of the original lake
area in 2006 and maintained a high level during
most of the period of this study (Fig. 3). The lake
water volume ranged from 2 to 8 × 105 m3 during
the high water level period (Saito et al. 2008;

1250

Yudamari
(Lake)

0 100 m

N

1
Fumarole

Aso Volcano

500(km)0

N

1

2
4

3

3

2

Measurement Site
    :Plume from Fumaroles
    :Plume from Lake

1250

1250

1200

1300
1300

(a) (b)

Fig. 1 Location maps. a The location of Aso volcano in
Japan; b Distribution of the Yudamari crater lake and the
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Fig. 2 A photograph of
the Yudamari crater lake
and the fumarolic area,
taken on August 19, 2010
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Terada et al. 2008). Magnetotelluric surveys
suggest that a hydrothermal fluid reservoir is
located a few hundred meters beneath the crater
lake (Kanda et al. 2008).

The Nakadake cone is a persistently degassing
volcano with SO2 emission rates ranging from 200
to 400 ton/d (Japan Meteorological Agency,
Monthly Report). Volcanic gases are emitted from
the crater lake surface and a fumarolic area located
at the southernwall of the summit crater (Figs. 1 and
2). These two gases create volcanic plumes with
different appearances, particularly under dry con-
ditions. Volcanic plumes from the lake surface are
white and dense, whereas the plumes from the fu-
maroles are transparent with a pale-blue color
(Fig. 2). This contrast is likely causedbydifferences
in water condensation of the plume reflecting tem-
perature difference of the sourcegases (Matsushima
and Shinohara 2006). Low-temperature gases are
emitted from the lake surface and high-temperature
gases from the fumaroles.

We attempted separate quantification of
the composition of the gases emitted from the
Yudamari crater lake (lake gas) and the fumarolic
area at the southern wall (fumarolic gas). Since
both the crater lake and the fumaroles are inac-
cessible, plume measurement is the only way to
measure their compositions. Under certain wind

conditions, the plumes derived from the two
sources reach different locations on the crater
rim, and each plume can be measured by
selecting an appropriate measurement site
(Fig. 1). Cross-contamination of these gases,
however, is inevitable because of the adjacent
location of the sources. The effect of contami-
nation was minimized by removing sporadic
peaks with different compositions in the Multi-
GAS data. The effect of contamination on the
alkaline-filter data, however, could not be
reduced because these data are average compo-
sitions during sampling periods of 30–60 min.

4 Results

Gas compositions were obtained as concentration
ratios, which commonly have an uncertainty of
about 10 % attributed to the instrumental error.
The measured ratios, however, have larger and
more variable errors depending on the measure-
ment conditions, such as the plume concentra-
tions and atmospheric conditions. Since the gas
source is not a single vent both for the lake gases
and the fumarolic gases, there can be some het-
erogeneity in composition as well as composition
fluctuation. Therefore, it is quite difficult to
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jp/tokyo/STOCK/monthly_v-act_doc/monthly_vact.htm).
As an approximate measure, the lake area is expressed in
percentage relative to the maximum size, which is defined

by the steep wall of the crater. Lake water volume or
water level data are available for some of the periods
(Saito et al. 2008; Terada et al. 2008, 2012). Temperature
of the lake surface and the fumarolic area are measured
with an infrared thermometer from the western rim of the
crater at about 150 m from the target
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estimate the real error in composition determi-
nation. In some cases, multiple data sets were
obtained within a day or two. Each data set was
obtained by 30–60 min measurements. The
multiple data agree well in many cases but also
show fairly large scatters—up to 50 % in some
cases (Table 1, Fig. 4). We consider these scat-
ters as the maximum of the possible errors
associated with the composition measurement.

The compositions of lake gases and fumarolic
gases show large variations with time but are
within distinct ranges (Fig. 4). The magnitude of
the temporal variation and the compositional
contrast between the two are variable for differ-
ent concentration ratios. The variation of CO2/
SO2 ratios is relatively small and the difference
between the ratio between the lake gas and the
fumarolic gas is also relatively small compared
with other ratios (Fig. 4a). Lake gas CO2/SO2

ratios are always smaller than the ratios for the
fumarolic gases and averages of the two gas
compositions are relatively constant at about two.
The CO2/SO2 ratios of the lake and fumarolic
gases vary inversely; small lake gas ratios are
commonly associated with large fumarolic gas
ratios. When the two gases have similar CO2/SO2

ratios, such as for October 4, 2004, February 28,
2008, and October 28, 2008, the ratio is close to
two, which is a median value of the variation.

Fumarolic gas SO2/HCl ratios are relatively
constant around 10, in particular excluding two
data points obtained at site 2 and 3, which are
likely affected by lake gas contamination
(Table 1). In contrast, lake gas SO2/HCl ratios
show a large variation and are larger than that for
the fumarolic gases, with two exceptions
obtained during the low lake volume periods in
2003 and 2005 (Fig. 4b). HCl/HF ratios show
similar variation as SO2/HCl ratios; the HCl/HF
ratios are relatively constant at *5 for fumarolic
gases, and are quite variable in lake gases
(Fig. 4c). Large ratios (>20) were observed dur-
ing the low lake volume periods, and very low
ratios (<2) were observed during the period when
the lake volume was increasing. The SO2/H2S
ratios also show a similar level of variation as the
SO2/HCl ratios; lake gas ratios are almost always
larger than for fumarolic gases, and a low ratio is

observed during the low lake volume period
(Fig. 4d). A very large SO2/H2S ratio of 2,000
was measured for lake gases in 2009. Since
cross-sensitivity of the H2S-sensor to SO2 is
about 0.1 %, which corresponds to an SO2/H2S
ratio of 1,000, this large value indicates that H2S
content in this gas was below the detection limit.
Lake and fumarolic gases show similar H2/CO2

ratios (Fig. 4e).
Compositions of volcanic gases were estimated

based on volcanic plume measurement by Fourier
transform infrared spectroscopy (FT-IR) at Aso
volcano (Ono et al. 1999; Hirao et al. 2001; Mori
and Notsu 2008). The measurements were con-
ducted at the south-western rim of the crater
overlooking the fumarolic area at the southern
crater wall, which was used as an infrared light
source. These studies intended to measure fuma-
rolic gas composition but did not explicitly try to
minimize contribution of the lake gases, and the
variable contributions of lake gases might have
affected the measurements. Compositions repor-
ted byMori and Notsu (2008) agree with the range
for the fumarolic gas as obtained in this study,
whereas the compositions reported by Hirao et al.
(2001), Ono et al. (1999) are similar to those of the
lake gases, suggesting that the former study mea-
sured plumes mainly from the fumarolic area,
whilst he latter studies measured a mixed plume
with a large contribution from the lake gases
(Fig. 4). The FT-IR results obtained by Mori and
Notsu (2008) on the same day of our measurement
(October 15, 2003) agree well with those for the
fumarolic gas obtained by this study, in particular
for the CO2/SO2 ratio.

5 Discussion

The lake gases are separated from the lake water
at the surface, and both fluids are derived from a
single hydrothermal fluid. The fumarolic area is
located just by the lakeshore (100 m from the
center), and gases from a common magmatic
source are likely supplied to the lake and the
fumarole. In the following sections, we will
discuss conditions of differentiation processes to
explain the compositional contrast between the
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lake gases, the lake waters and the fumarolic
gases. First, we will discuss the distribution of
volcanic gas species between the lake gases and
the lake waters that occurs at the surface of the
lake. Then, we will estimate compositions of the
hydrothermal fluids supplied to the lake. Finally,
we will compare compositions of the hydrother-
mal fluids and the fumarolic gases to evaluate
differentiation processes of these fluids.

5.1 Differentiation in the Lake

Lake gases are separated from lake waters at the
lake surface. Assuming equilibrium, the distri-
bution of gas species between the lake gas and
the water can be evaluated based on solubility
data. Distribution of an inert gas component
i between the vapor and liquid phases can be
expressed by the Henry’s solubility constant (Ki),
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Fig. 4 Variation in gas
concentration molal ratios
estimated by the plume
measurements. a CO2/SO2,
b SO2/HCl, c HCl/.HF,
d SO2/H2S and e H2/CO2.
Circles and squares are the
lake gas and the fumarolic
gas compositions,
respectively, and a
diamond represents the data
from September 18, 2007,
considered as a mixture of
the two gas types. Open
and closed triangles and
closed diamonds indicate
the compositions estimated
by Fourier transform
infrared spectroscopy
(FT-IR) measurements in
previous studies. Shadowed
areas indicate the low lake
volume periods. Arrows on
d indicate the data obtained
when the SO2-filter was
saturated, implying that the
data are minimum
estimates of the ratios
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which is given as a function of temperature
(Schulte et al. 2001; Fig. 5);

Ki ¼ Cliq
i

Pi
¼ Xliq

i � Nw

Pi � Xvap
i

¼ Xliq
i � Nw

PH2O � Xlake�gas
i

; ð1Þ

where C is molality (mol/kg) of a component
indicated by the subscript in a phase indicated by
the superscript; P, pressure in bars; X, mole
fraction; and Nw, a constant to convert mole
fraction to molality (≈1,000/18.01 = 55.5). The
partial pressure of each gas component can be
calculated from the lake gas composition and
saturated water vapor pressure at lake water
temperature. Solubility of SO2, H2S, CO2, and
H2 is low, and dissolved contents of these species
in the lake water will be quite low. Among these
species, SO2 is the most soluble gas component,
but the SO2 mol fraction in the lake gas is 500
times that in the lake water at 60 °C, where
Ki = 0.6 and PH2O ¼ 0:2. Other gas species,
whose solubility is more than an order of mag-
nitude less than that of SO2 in the crater lake
temperature range, are predominant in the lake
gas.

HCl is a soluble gas species, and Cl is the most
dominant component of the lake water (Ohsawa
et al. 2003, 2010; Miyabuchi and Terada 2009;
Terada pers. com; Table 2). As HCl dissociates in
an aqueous solution, its solubility does not obey the
law of Henry’s solubility, but is expressed by
the variation in vapor pressure as a function of

temperature and concentration in the aqueous
solution (Washburn 2003). By assuming the lake
water as a simple HCl–H2O system, the HCl con-
centration in the lake water can be calculated from
the lake gas HCl/H2O ratio at a given temperature
based on a vapor pressure data set of HCl acid
solution (Washburn 2003; Fig. 6). The lake water
HCl concentrations calculated from the gas
compositions agree well with the measured Cl
concentrations in the lake water for the July–
September 2007 and July 2008 datasets. This
agreement indicates that the HCl and H2O contents
in the lake gases are controlled by the equilibrium
evaporation of the lake waters and that the evapo-
ration can be modeled with a simple HCl–H2O
solution in spite of the high concentration of
sulfates in the lake water (Table 2). The negligible
effect of the sulfate may be attributed to its smaller
ionic dissociation constant compared to that of
HCl.

A large difference was observed between the
calculated and measured HCl concentrations in
March 2009 (Fig. 6). This difference can be due to
contamination of plumes coming from the
fumarolic area. Since HCl/H2O ratios of the
fumarolic gases are one to two orders of magni-
tude larger than they are for the lake gases, even a
small amount of contamination, such as a few %,
can cause a significant deviation. The composi-
tion measured by the alkaline filter is an average
plume composition during the 30–60 min sam-
pling period and a small amount of cross con-
tamination is inevitable in some cases, such as
unstable wind conditions.

The lake gas compositions are controlled not
only by simple gas dissolution in the lake water
but also by various chemical reactions in the gas
and water phases. The lake gases have high SO2/
H2S ratios, commonly one to two orders of
magnitude larger than the ratios for the fumarolic
gases, except during the low lake volume period
(Fig. 4d). Since SO2 is more soluble in an
aqueous phase than H2S, these high ratios cannot
be due to selective dissolution of these species
into the lake water. High-temperature fumarolic
gases commonly have high SO2/H2S ratios, and
low-temperature fumarolic gases often have low
SO2/H2S ratios (Mizutani and Sugiura 1966;
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Fig. 5 Henry’s law for solubility of volcanic gas species
as a function of temperature (Schulte et al. 2001)
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Giggenbach 1987). However, very high SO2/H2S
ratios, such as those obtained for the lake
gases in this study, can also be found at low-
temperature fumaroles because of S deposition
by the following reaction (Mizutani and Sugiura
1966; Giggenbach 1987):

SO2 þ 2H2S ¼ 2H2Oþ 3Se; ð2Þ
where Se is elemental S. When the initial ratio of
SO2/H2S is higher than 0.5, the ratio increases by
the reaction (2). Based on the temperature
dependence of the equilibrium constant of reaction

(2), S saturation temperatures are calculated (T-Se
in Table 1). The S saturation temperatures of the
lake gases are almost always higher than the lake
temperatures, implying that the lake gases are
supersaturated with Se and the high SO2/H2S
ratios of the lake gases are likely the results of
reaction (2). The higher S saturation temperatures
indicate that reaction (2) does not achieve equi-
librium, likely because of the short residence time
of the gas species in the lake water (either as dis-
solved species or as bubbles). Formation of Se
through reaction (2) agrees with the S-rich lake
sediments (Miyabuchi and Terada 2009). A low
SO2/H2S ratio of the lake gas was observed in
October 2003 during the low lake volume period
(Fig. 4d). The low ratio might be due to poor
interaction of the gas species in the lake water.

Sulfate is the predominant S species in the
lake water and is likely formed by dispropor-
tionation of SO2 through the following reactions
(Giggenbach et al. 2003; Werner et al. 2008);

4SO2 þ 4H2O ¼ 3H2SO4 þ H2S ð3Þ
or

3SO2 þ 2H2O ¼ 2H2SO4 þ Se: ð4Þ
The sulfate formed by reaction (3) is also

considered as a minor component of the lake
water, which is supersaturated with H2S in terms
of reaction (2). Therefore, reaction (4) is likely
the major source of sulfate in the lake.

Table 2 Composition of lake water and calculated H2O/HCI ratio in a vapor phase

Date Temp (°C) pH Cl
(mg/kg)

SO4

(mg/kg)
F
(mg/kg)

(H2O/HCl)v
a

mol ratio
References

(yy/mm/dd)

93/10/19 66.2 0.38 16,330 14,400 40,000 Ohsawa et al. (2003)

00/08/04 55.3 0.81 29,110 44,160 2,350 22,000 Ohsawa et al. (2003)

03/04/22 71.2 −0.72 113,600 105,600 12,000 400 Ohsawa et al. (2003)

03/08/04 90.0 −0.6 120,000 108,000 12,100 180 Ohsawa et al. (2010)

07/03/28 56.0 0.3 20,000 24,600 2,400 45,000 Ohsawa et al. (2010)

07/07/26 65.0 0.4 21,400 28,000 2,700 25,000 Ohsawa et al. (2010)

08/07/08 71.6 0.4 38,000 59,700 5,790 6,000 Miyabuchi and
Terada (2009)

09/02/12 56.2 0.4 44,300 66,700 6,550 8,000 Terada pers. com.

09/03/24 60.0 −0.1 46,900 74,400 6,930 6,000 Terada pers. com.
a Calculated ratio in a vapor phase equilibrated with the lake water
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Fig. 6 Variations in HCl concentration in the lake water.
Open squares and an open diamond represent HCl
concentrations in the lake water calculated from the
measured gas composition of the lake gas and of the
mixed plume, respectively (Table 1). Closed diamonds
show the measured HCl concentration in the lake water
(Table 2; Ohsawa et al. 2003, 2010; Miyabuchi and
Terada 2009; Terada pers. com.)
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5.2 Hydrothermal Fluids Supplied
to the Lake

The composition of the hydrothermal fluids
supplied to the lake can be estimated based on
mass balance of the lake gases and the lake
water. In recent times, the energy and material
budget of the Yudamari crater lake were studied
extensively (Saito et al. 2008; Terada et al. 2008,
2012; Terada and Yoshikawa 2009). Energy and
water budget modeling revealed that the water
discharge rate by evaporation is 2–7 times the
lake water seepage (Saito et al. 2008; Terada
et al. 2012). Based on these water flux ratios and
compositions of the lake gases and waters,
compositions of their mixture are calculated
(Fig. 7). Since both lake gases and waters have
variable compositions, two end member compo-
sitions are assumed both for the lake water and
the lake gas (open and closed small circles;
Fig. 7), and a range of compositions is calculated
to cover the possible composition range of the

hydrothermal fluids (shaded area; Fig. 7). The
lake sediments are rich in Se (Miyabuchi and
Terada 2009). The lake water and the lake gas
are not the only outputs of the lake; the Se
deposition on the lake bottom too should be
considered as an output of the lake in the geo-
chemical model since the Se will react with nei-
ther the water nor the gases. Therefore, the Se
deposition rate should be also considered for the
mass balance calculations to estimate the
hydrothermal fluids composition.

The S output fluxes as the Se, the lake gas SO2

and the lake water sulfate can be summarized as
follows. The accumulation rate of the Se on the
lake bottom was estimated based on S content in
the lake sediments and a deposition rate of 250 t/d,
which is comparable with the SO2 gas flux (100–
200 t/d as S) from the volcano (Miyabuchi and
Terada 2009). Although both the lake gas and the
fumarolic gas contribute the SO2 emission, there
is no quantitative estimate on their relative con-
tribution. For simplicity, we assume that the lake
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thick lines shows compositions of the hydrothermal fluids
estimated with an assumption that half of the sulfur in the
lake fluids was deposited as elemental sulfur (see text for
details). The area surrounded by the dashed circle line
shows compositions of the magmatic gases estimated as
the average of the fumarolic gases and the hydrothermal
fluids. The H2O content of the magmatic gases is
estimated with an assumption that half of the H2O in
the hydrothermal fluids is derived from the meteoric water
(see text for details)
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gas is the major source of SO2 with the flux of
200 t/d S. The water output flux by the lake gas
(evaporation) is two to seven times larger than that
by the lake water (seepage; Terada et al. 2012).
Since the H2O/S ratio of the lake water and gases
are similar (Fig. 7a), the S output flux by the lake
gas is also two to seven times larger than the flux
by the lake water. As the lake gas S flux is 200 t/d,
the S output flux by the lake water sulfate ranges
from 30 to 100 t/d. The results show that the S
output flux by the Se deposition is about half (250/
550–250/480) of the total S output from the lake,
and S content of the hydrothermal fluids supplied
to the lake is about double that of the lake
gas + water mixture (the areas surrounded by the
grey lines; Fig. 7). This is a crude estimate because
we do not have enough data to evaluate the rela-
tive SO2 flux of the lake gas and the fumarolic gas,
and the correlation of compositions and fluxes of
the lake water and lake gases. This estimate,
however, indicates that the hydrothermal fluids
are more S-rich than the lake gas + water mixture,
and have a similar composition to the fumarolic
gases on the H2O–S–Cl plot (Fig. 7a).

The deposition of half of the S in the hydro-
thermal system as Se can be an overestimate,
because the reactions (2) and (4) convert only a
small proportion of S species to Se. Reaction (4)
can produce Se with only half the amount of
sulfate. Efficiency of Se formation by reaction (2)
depends on the initial SO2/H2S ratio. If the initial
SO2/H2S ratio is similar to that of the fumarolic
gases (ten), only 15 % of the total S can be con-
verted to Se. In contrast, if the original SO2/H2S
ratio of the fumarolic gases was small, such as
around 0.5, a large amount of S can be formed by
reaction (2) and the high ratio of the fumarolic
gases can be considered as the result of reaction
(2). This idea is consistent with the model that the
fumarolic gases are a mixture of magmatic gases
and a vapor phase formed under hydrothermal
conditions as will be discussed in the next section.
We need better constraints on the Se deposition
rate not only to estimate the S budget in the lake
but also to model the geochemical differentiation
process of the hydrothermal system.

5.3 Differentiation
in a Hydrothermal System

The estimated compositions of the hydrothermal
fluids are plotted near the fumarolic gases with
some overlap (Fig. 7). Both compositions have
wide ranges with similar H2O/S and H2O/Cl
ratios, but the hydrothermal fluids have signifi-
cantly lower CO2/S and S/Cl ratios than do the
fumarolic gases. The close occurrence of these
two fluids suggests that a common magmatic gas
is the source of the both fluids. The fumarolic
gases can be either the source magmatic gas itself
or the gas phase separated from the hydrothermal
fluids in a hydrothermal system formed as a
mixture of the magmatic gas and meteoric water.

The fumarolic gases are likely derived from
high-temperature gases. Very high-temperatures
of >500 °C were recorded by infrared ther-
mometer measurements from the crater rim on
some occasions (Fig. 3). Equilibrium tempera-
tures calculated based on chemical and isotopic
compositions also indicate that the fumarolic
gases have a high-temperature origin. Apparent
equilibrium temperatures (AET; Matsuo 1960;
Ohba et al. 1994) for the following reaction were
calculated for the fumarolic gas compositions
(Table 1);

H2Sþ 2H2O ¼ 3H2 þ SO2: ð5Þ
The calculated AETs range from 718 to

974 °C; an exceptionwas observed onOctober 26,
2006, for which an AET of 498 °C was calculated
(Table 1). The AETs agree with equilibrium
temperatures estimated by other studies. High
temperatures, ranging from 700 to 1050 °C, were
estimated with the method of Mori and Notsu
(1997) based on the CO/CO2 ratio measured by
the FT-IR in 1996–2003 (Hirao et al. 2001; Mori
and Notsu 2008). Tsunogai et al. (2011) measured
the H2 isotope compositions of the Aso volcanic
plumes in November 2010 and estimated an iso-
topic equilibrium temperature of 870 °C for the
H2–H2O isotopic exchange reaction. The similar
temperature estimates, regardless of the method
used or the periods, indicate that the maximum
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temperature of the fumarolic gases are constant
around 800–900 °C.

High-temperature emission of the fumarolic
gases suggests that the fumarolic gas is a direct
discharge of a magmatic gas, implying that the
hydrothermal fluids are formed by differentiation
of the fumarolic gas and meteoric water mixture.
The composition contrast between the fumarolic
gases and the hydrothermal fluids, however,
disagrees with such a differentiation processes.
Under acidic and high-temperature conditions,
CO2 behaves as a conservative component. In
order to create the CO2-poor hydrothermal fluids
from the fumarolic gases, a CO2-rich fluid needs
to be created as the counterpart. Emission of such
CO2-rich fluids, however, is not observed around
the Nakadake crater. Although diffuse emission
of CO2-rich soil gases is a candidate of such a
CO2-rich gas emission, a detailed soil gas survey
concluded that soil CO2 flux in the crater area is
only 0.12 t/d (Saito et al. 2007). Therefore, the
fumarolic gas needs to be the differentiation
counterpart of the hydrothermal fluids. This idea
is supported by the inversely correlated variation
in CO2/SO2 ratios of the fumarolic gas and lake

gas with a constant median value of about two
(Fig. 4a).

The fumarolic gases have higher CO2/S and
S/Cl ratios than the hydrothermal fluids (Fig. 7b).
This composition contrast is similar to the com-
position contrast between the lake gas and the
lake water, and as that contrast is caused by
vapor-liquid separation, this suggests that the
composition contrast between fumarolic gases
and hydrothermal fluids is also the result of
vapor-liquid separation under hydrothermal
conditions. Direct input of magmatic gases to the
fumarolic gases, however, is also necessary
because of the quite high measured and calcu-
lated equilibrium temperatures of the fumarolic
gases. This idea is also supported by the fact that
deviation in CO2/SO2 ratios of fumarolic gas and
lake gas from the median value is not symmetric.
Therefore, the fumarolic gases are likely a mix-
ture of magmatic gases and a vapor phase sepa-
rated from the hydrothermal fluids (Fig. 8).
Because of the vapor loss to the fumarolic gases,
the composition of the hydrothermal fluids also
differs from the original composition of a mag-
matic gas-meteoric water mixture. The wide
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the lake gas, the lake water and the elemental sulfur. The
fumarolic gases are a mixture of the magmatic gas and a
vapor phase in the hydrothermal system. The vapor phase
loss to the fumarolic gases causes the hydrothermal fluids to
be deficient in insoluble gas components such as CO2
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range of the fumarolic gas and the hydrothermal
fluids compositions might be a result of the
variable degrees and conditions of the vapor
transfer to the fumarolic gases (Fig. 8).

Input of a vapor phase separated from the
hydrothermal fluids results in composition shifts
similar to those caused by magmatic gas scrub-
bing (Symonds et al. 2001). Since a crater lake
and an associated hydrothermal system are
effective sites for magmatic scrubbing, gas
emission from a crater lake can be largely
affected by this process. Werner et al. (2008)
quantified CO2/SO2 ratios of the plumes dis-
charged from White Island, New Zealand, by
airborne measurements and observed inverse
correlation with the crater lake growth; increases
in the CO2/SO2 ratios were observed at the
beginning of the crater lake formation, indicating
significant magmatic gas scrubbing during this
period. The simple magmatic gas scrubbing,
however, will remove HCl more efficiently than
SO2, and the high HCl contents in the fumarolic
gases indicate that the fumarolic gases cannot be
formed simply by magmatic scrubbing.

The magmatic gases should have intermediate
compositions between the fumarolic gases and
the hydrothermal fluids. If the discharge rate ratio
of the fumarolic gases and the hydrothermal flu-
ids is known, we can calculate the magmatic gas
composition by mass balance. Emission rates of
SO2 of the Aso volcano are regularly measured by
the Japan Meteorological Agency and commonly
range between 200–400 t/d, but contributions of
the fumarolic gas and the lake gas are not sepa-
rately quantified. Based on the energy and water
budget of the lake, Terada et al. (2012) estimated
that H2O flux by the fumarolic gas is 50–100 % of
the flux from the lake surface. This estimate
implies that the magmatic gas compositions are
similar to the average compositions of the fuma-
rolic gases and the hydrothermal fluids (Fig. 7).
Since the hydrothermal system is formed by
mixing of the magmatic gases and meteoric water
(Fig. 8), the magmatic gas composition is more
H2O-poor composition than the average compo-
sitions of the fumarolic gases and the hydrother-
mal fluids. Terada et al. (2012) estimated that the
meteoric water contribution to the lake is similar

to but commonly less than that by the high tem-
perature steam. Therefore the H2O/S ratio of the
magmatic gas is likely larger than a half of
the ratio for the average composition of the
hydrothermal fluids and fumarolic gases (Fig. 7).

Wide ranges of compositions are estimated for
the hydrothermal fluids and the source magmatic
gases because of poor constraints on the material
budget such as correlation of compositions and
fluxes, and flux ratios of the lake gas, lake water,
and fumarolic gases. Further quantification of
these correlations will provide better constraints
for more precise geochemical modeling. In some
occasions, gas plumes from the lake surface and
the fumaroles ascend as separate plumes (Fig. 2),
and DOAS or SO2-camera measurements (Mori
and Burton 2006) in such occasions may enable
separate quantification of discharge rates from
the two sources. Such quantification of the dis-
charge rates and compositions of the lake gases
and the fumarolic gases is necessary for better
estimating the magmatic gas composition and
their differentiation processes.

6 Conclusions

Compositions of the lake gases and the fumarolic
gases are quantified by plume measurements
with Multi-GAS and alkaline-filter techniques.
Compositions of both gases show large temporal
variations and have distinct features; the fuma-
rolic gases have larger CO2/SO2 ratios and
smaller SO2/HCl and SO2/H2S ratios than those
of the lake gases. The HCl/H2O ratio of the lake
gas is close to that of a vapor phase in evapo-
ration equilibrium with the lake water, implying
that the lake gas and the lake water are differ-
entiated by vapor-liquid equilibrium at lake sur-
face conditions. Solubility of lake gas species
indicates negligible gas contents in the lake water
under the equilibrium conditions. Although dis-
solved gas contents are quite low, reactions of the
gas species in the lake also control the lake gas
and the lake water compositions. The large SO2/
H2S ratios of the lake gases are attributed to Se
formation at lake temperature. A disproportion-
ation reaction of SO2 is the source of sulfate and
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Se in the lake and likely controls distribution of S
species in the crater lake system.

Compositions of hydrothermal fluids supplied
to the lake are estimated based on the composi-
tions of the lake gases and the lake waters, and
water discharge rates by lake gas evaporation and
lake water seepage. The hydrothermal fluid com-
positions are also estimated considering formation
of Se, which contributes about 50 % of the total S
in the lake fluids. The estimated hydrothermal
fluids compositions have H2O/S and H2O/Cl
ratios similar to the fumarolic gases but have
slightly smaller S/Cl ratios and significantly larger
CO2/S ratios. The composition contrast between
the fumarolic gases and the hydrothermal fluids
and their occurrences suggest that these fluids are
derived from vapor and liquid phases formed
under hydrothermal conditions. Direct contribu-
tion of magmatic gases to these fluids is also
suggested based on the high-temperature features
of the fumarolic gases and gas-rich compositions
of the lake gases. The large temporal variation in
the lake gas and the fumarolic gas compositions is
likely the results of changes in the mixing ratios of
the magmatic gases and conditions of the hydro-
thermal phase separation.
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The Other Side of the Coin:
Geochemistry of Alkaline Lakes
in Volcanic Areas
Giovannella Pecoraino, Walter D’Alessandro, and Salvatore
Inguaggiato

Abstract

Among surface waters, lakes in volcanic areas display the greatest range in
pH values: from negative values up to about 12. The present chapter is a
short review of the main features of alkaline lakes, which belong to the
high-pH part of this range. They are characterised by saline or hypersaline
waters, pH values higher than 9 and high Na+, HCO3

− and CO3
2− and low

Ca2+ concentrations. Alkaline lakes are found in quiescent or recently
extinct volcanic areas where neither water vapour nor acidic magmatic
gases can reach surface waters. Their occurrence depends on peculiar
climatic and geological conditions that allow evaporative concentration of
the water (potentially evaporation much higher than water inputs and in
endorheic basins) and on geochemical factors that favour a chemical
evolution towards an alkaline environment (composition of the dilute
input waters characterised by a ratio between total dissolved inorganic
carbon and earth-alkaline elements much higher than 1). Such initial
composition, due to evaporative concentration, after the deposition of
earth-alkaline carbonate minerals, will lead to the above-mentioned typical
composition. Alkaline lakes also host microbial communities sometimes
characterised by extremely high productivity. These microbial communi-
ties are scientifically remarkable because they comprise some interesting
extremophiles, which can grow not only at very high pH and salinity
conditions but also in the presence of elevated concentrations of toxic
elements (e.g. As, Se, Te).
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1 Introduction

The word “volcanic lake” is instinctively linked to
a hot and acidic water body (Christenson et al., this
issue). Indeed this is true in active volcanic systems
where water vapour and acidic magmatic gases
(mainly SO2 and HCl) have the possibility to
directly reach a lake and thedissolutionof thegases
will necessarily lead to high temperatures and very
low pH (<0) values of the lake water (Christenson
and Tassi, this issue). As widely shown in the
previous chapters, such extreme conditions will
consequently lead to very high salinities and unu-
sual chemical compositions do to intense water-
rock interaction processes (Varekamp, this issue).

But, if we look at the compilation of pH values
in volcanic lakes made by Varekamp et al. (2000)
and Marini et al. (2003) we can observe that,
although clustering around a few acidic values,
they span over a wide range with alkaline values
being not too rare. Furthermore, it should be
considered that the compilation is probably
biased towards acidic values because acidic lakes
are both more attractive to study and their regular
survey is important for estimating the activity of
the related volcanic system (Giggenbach 1990;
Rowe et al. 1992; Aguilera et al. 2000; Varekamp
et al. 2000; Marini et al. 2003; Taran et al. 2008).

In some active volcanic areas acidic magmatic
gases do not have the possibility to reach surface
water bodies. This is generally due to the presence
of hydrothermal systems at depth. The most solu-
ble of the magmatic gases (like SO2, HCl and HF)
interacting with the hydrothermal system dissolve
in the liquid phase forming mainly anionic species
(SO4

2−, Cl− and F−). This process leaves the
residual gas phase enriched in CO2. The latter is
also the main component of the gases released in
quiescent or recently extinct volcanic areas.

The fate of the abundant upflow of CO2 upon
interaction with surface water bodies depends on
their chemical and hydrological characteristics.

Carbon dioxide can passively accumulate as dis-
solved gas in the deepest layers of the lakes leading
to dangerous pressure build up that eventually
could evolve in deadly massive gas releases (Ku-
sakabe, this issue; Vaselli et al., this issue). The
most known examples are the fatal episodes hap-
pened at theCameroonian lakesMonoun andNyos
in the 1980s, which led to 37 and more than 1,700
casualties, respectively (Witham 2005; Kusakabe,
this issue and references therein). The abundant
geogenic CO2 also contributes to weathering
reactions within cold or thermal aquifers that
release alkalis and bicarbonate to the groundwater.
Such waters emerging at the surface, together with
the right climatic and hydrological conditions, can
possibly lead to the formation of alkaline lakes.

Alkaline or soda lakes are a peculiar type of
saline lakes whosewaters display pH values above
9andwhose chemical composition is characterised
by Na+ as the main cation and by the presence of
high HCO3

− and CO3
2− contents. Nevertheless,

sometimes the main anionic species are Cl−, or
rarely SO4

2−. In the most extreme cases of evap-
oration (e.g., Magadi Lake, Kenya) the salinity
may reach values at or near halite saturation, and
the concentrations of carbonate may be very high
(up to thousands of meq/l). The pH of such brines
may reach 10–11or evenhigher (Grant andTindall
1986). Trona (NaHCO3·Na2CO3·2H2O) and
Natron (Na2CO3·10H2O) often precipitate in such
environments. Examples of the chemical compo-
sition of alkaline lakes in volcanic areas are dis-
played in Table 1.

One of the most striking features of many soda
lakes is their colour. Depending on the water
chemistry of the individual lakes, they are likely
to be green, pink, red or orange, due to massive
permanent or seasonal blooms of microorganisms
(Grant et al. 1990; Christenson et al., this issue).
This is reflected in the extremely high primary
productivity and wide variety of microbial life
associated with some of these lakes.
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This review chapter highlights the geological,
hydrological and climatic conditions occurring in
the formation of alkaline lakes and the geo-
chemical processes leading to high salinity and
high pH waters. Some case studies in volcanic
areas are discussed and finally, an overview of
the rich and peculiar microbial life in alkaline
lakes is given.

2 Hydrological and Geochemical
Processes in Alkaline Lakes

2.1 Occurrence of Alkaline Lakes

Alkaline lakes are mostly found within closed
(endorheic) basins and their occurrence depends
on the combination of climatic (amount of rain
waters, evaporative processes), geological/topo-
graphic and geochemical (gas-water-rock inter-
actions) factors.

The climate provides an important function in
the water balance of endorheic lakes, because it
regulates the water supply coming into the basin
as rain and runoff, and it determines the evapo-
ration rate. The inflow, generally limited, must be
sufficient to sustain a permanent lake. Arid and
semi arid climates, where potential evaporation is
always higher than the meteoric recharge, are the
ideal location to form saline lakes and conse-
quently alkaline lakes.

Geological/topographic conditions allow, or
do not, the development of a closed basin (mor-
phology of the site = closed basin, presence of
springs, impermeability of shallow strata, absent
or near absent outflow, etc.). Many soda lakes
were formed within volcanic craters or calderas
(e.g., Mono Lake, USA, and Specchio di Venere,
Pantelleria Island, Italy), within a graben in areas
characterised by extensional tectonics (like the
lakes of African Rift Valley, e.g., Natron Lake,
Kenya) or upon abrupt interruption of a riverbed
by lava flows or lahars (e.g., Lake Van, Turkey
Pátzcuaro Lake, Mexico). Furthermore, the pres-
ence of regional tectonic or volcano-tectonic
structures favours the input to the lake of thermal
waters charged with endogenous carbon dioxide,

important in the evolution of alkaline lakes. The
topography can also strongly influence the cli-
mate of the area creating arid conditions due to a
rain shadow. A particular morphology is repre-
sented by the Lonar Lake, in India, that was
formed by a high velocity meteorite impact on
basaltic rocks of the Deccan traps about 50 ka ago
(Wani et al. 2006; Deshmukh et al. 2011).

The chemical composition of rocks (through
weathering), of groundwater, spring or surface
water flowing into the lake, the presence of dis-
solved CO2, and mineral precipitation-dissolu-
tion all control the final chemical composition of
the lake water. According to Spencer et al.
(1990), in the case of evaporative processes,
water assumes a composition that is a function of
the original, initial dilute composition. The
evaporation induces oversaturation and the first
solid phases that are precipitated are alkaline-
earth carbonates. At this stage the ratio between
total dissolved inorganic carbon (TDIC) and the
main alkaline–earth species (Ca2+ and Mg2+) will
be the main parameters that will drive the evo-
lution of the evaporating lake towards an alkaline
composition or not (Hardie and Eugster 1970).

2.2 Water and Solute In-
and Outputs

Four main types of input can generally be
recognised (Volkova 1998; Jones and Deocampo
2003; Aiuppa et al. 2007; Jones et al. 2009):
1. Meteoric recharge occurs either directly to the

lake surface or through the runoff along the
hydrologic basin. Depending on climate, it
could be a more or less important part of the
water input. The solute input is generally
limited for the part attaining to the direct
recharge while runoff could play a significant
role in dissolving previously precipitated salts
along its shores.

2. Focused discharge occurs through springs from
the drainage area or diffuse seeps percolating
slowly through the shores. They can represent
an important part of both water and solute
recharge to the lake. A slow flow rate may
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induce an incipient evaporation of the waters
before they reach the main body. In volcanic
environments such input sometimes derives
from geothermal systems and the water chem-
istry can be modified by precipitation of solid
phases at the spring mouth induced by rapid
changes in physico-chemical conditions (tem-
perature drop, loss of CO2, shifting of redox
equilibria towards more oxidising conditions).

3. Rivers, generally of short length and low
discharge due to the usually small area of their
drainage basin can feed the lake.

4. Undergroundwatersfill aquifers in thedrainage
basins. They discharge into the lake underwater
through springs and seeps.Their contribution in
terms of water and solute input can be variable
and is often difficult to quantify depending on
many geological and hydrological conditions.
As alkaline lakes are found almost always

within closed basins, only three outputs can be
recognized (Jones and Deocampo 2003 and ref-
erences therein, Stumm 2004):
1. Evaporation accounts for the main output of

the lake water, although generally without
losing solutes;

2. Infiltration to the groundwater is generally
limited in terms of water loss and can also be
a significant solute output;

3. Precipitation of solid phases due to oversatu-
ration of the lake waters accounts for the main
loss in solutes (Fig. 1).

2.3 Geochemical Evolution

Waters undergoing evaporative concentration
precipitate a sequence of minerals in order of
increasing solubility. Hardie and Eugster (1970)
and Eugster and Hardie (1978) introduced the
basic concept of “chemical divide” to account for
the evolution of solute concentration during
evaporation.

The whole process is graphically shown in
Fig. 1 which accounts for most natural waters.
The reaching of oversaturation for a few minerals
plays an important role in the water evolution.
The least soluble minerals (i.e. the first to pre-
cipitate) are carbonates (CaCO3 and MgCO3),
followed by gypsum (CaSO4·2H2O). The min-
eral forming ions (both cations and anions) are
removed from the water solution as they con-
tribute to the solid phases. When the mineral
precipitates, the solubility product
(Ks = [X−]·[Y+]) must remain constant and the
more abundant constituent in solution becomes
dominant with respect to the others (i.e. during

Fig. 1 Flow diagram
showing both the
geochemical brine
evolution and mineral
precipitation sequence
during evaporative
phenomena of lake waters.
Solute constituents are
indicated by square
brackets, mineral
precipitates are indicated
by boxes (modified after
Hardie and Eugster 1970;
Eugster and Jones 1979)
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CaCO3 precipitation, if Ca increases the C spe-
cies decrease or vice versa). The outcome of this
process is the generation of three main groups of
brines: alkaline (Na+/HCO3

−
–CO3

2−
–Cl−), sul-

fate-rich (Na+/SO4
2−
–Cl−) and calcium-rich

(Na+–Ca2+/Cl−) brines.
As such, the final composition of the brines

strongly depends on the initial composition of the
dilute water. A small variation of the initial ratio of
the critical components in the dilute water TDIC/
Ca2+ and TDIC/(Ca2+ + Mg2+) may cause drastic
changes in the final brine composition. In turn, the
composition of dilute inflow waters is mainly
inherited from rock alteration. Therefore, there is
an overall relationship between lithology and the
final lake water composition. Each broad type of
lithology is reflected in the composition of the
dilute water which is further amplified by evapo-
rative concentration. In a pioneering study, Gar-
rels and Mackenzie (1967) first evidenced the
strict relationship between igneous rocks and
alkaline brines. High-purity igneous rocks are
composed of silicateminerals being almost devoid
of anionic components (Cl−, SO4

2−). The only
available anion that can balance the cations
derived from the weathering of pure igneous rocks
is HCO3

−, which is, in active and recently extinct
volcanic areas, mainly derived from CO2 of
endogenous origin. Weathering of silicate miner-
als produces HCO3

− and cations through silicate
hydrolysis (Eqs. 1 and 2). The cations produced in
a silicate hydrolysis reaction reflect the cations in
the mineral being weathered. For instance, min-
erals with high Na content would tend to yield Na+

when subjected to hydrolysis. Weathering of
granitic and rhyolitic rocks (or sediments derived
from them) is a common means of producing
alkaline waters, as these rocks are composed pri-
marily of K-feldspar, quartz, and Na-plagioclase,
with generally little Ca (Eq. 1). Therefore,
hydrolysis of granitic and rhyolitic rocks will yield
HCO3

−, Na+, and K+, but minor Ca2+ contents:

CO2 þ H2O þ rhyolite Na-plagioclase; K-feldspar; quartzð Þ
) clay minerals þ Kþ þ Naþ þ HCO�

3

ð1Þ

As a result, waters whose chemistry is con-
trolled by silicate hydrolysis of granitic/rhyolitic
rocks will have HCO3

− ≫ Ca2+. This explains

the presence of alkaline waters in granitic/rhyo-
litic terrains, but such waters are found also in
areas dominated by andesitic/basaltic lithologies
whose weathering reactions can be summarised
as follows:

CO2 þ H2O þ basalt plagioclase; olivine; pyroxeneð Þ
) clay minerals þ Ca2þ þ Mg2þ þ Naþ þ HCO�

3

ð2Þ

In these cases, the silicates are more reactive
due to their smaller grain sizes and to the pres-
ence of mafic minerals and/or volcanic glass
(Jones 1966); the fast silicate weathering rates
lead to a hydroxyl-neutralizing reaction

Ca2þ þ HCO�
3 þ OH� ) CaCO3 # þH2O

ð3Þ
that effectively removes alkaline earths from
solution, and produces alkaline waters (OH−

consumption) (Jones 1966).
Although examples of pH as high as 11–12 in

soda lakes can be found in literature (Grant et al.
1990; Jones et al. 1998) these cases are rare. Pure
sodium carbonate solutions have pH values of
11.3–11.5. The contact with atmospheric CO2

and the presence of other salts, which is the real
situation in the soda lakes, result in lower pH
values. The sodium carbonate/bicarbonate sys-
tem has its maximum buffering capacity in the
pH range 9.5–10.2. Therefore, the most common
pH values for soda lake waters can be expected
to be found within this range, unless other buf-
fering systems are dominating.

A useful tool to represent the compositional
trend of water during evaporation is the Spencer
diagram (Fig. 2): it is a Ca2+, SO4

2−,
HCO3

− + CO3
2− (expressed in equivalent/l) ter-

nary phase diagram in which three compositional
fields, divided by compositional lines (the
“chemical divides”), are indicated. The diagram
shows how inflow waters evolve in composition
due to evaporation and mineral precipitation.
Arrows starting from the composition of the
forming solid phase evidence precipitation pro-
cesses. If calcite is the first mineral to precipitate
(inflow water in the lower right compositional
field), the water evolution always follows a trend
that diverges from the calcite compositional point
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(Fig. 2a) becoming Ca-poor and Na, Cl, SO4-
enriched depending on the initial water compo-
sition. Waters in the Ca–Cl field evolve towards
the Ca vertex as a consequence of SO4 and
HCO3 depletion due to precipitation of calcite
and gypsum. Some examples based on literature
data are shown in Fig. 2b.

Due to evaporative concentration and high
solubility in alkaline environments many trace
elements can reach very high contents in alkaline
hypersaline lakes. This could be of concern for
their often high toxicity (Ochieng et al. 2007).
But sometimes this could lead to elevated con-
centrations of elements of high economic value.
For example Li and REE elements are sometimes
extracted from highly concentrated brines
obtained from the evaporation of the waters of
alkaline lakes.

3 Geographical Distribution

Figure 3 shows the position of the alkaline lakes
that were considered for the present review. As
seen before among the conditions that favour the
formation of an alkaline lake there is the presence
of an arid or semi-arid climate, consequently
there is no surprise to find them prevailingly in

sub-tropical regions. These areas are the site of
high atmospheric pressure feeding divergent
atmospheric circulation cells. The greatest
deserts are all found along this belt (Sahara,
Arabian desert, central Asia deserts, Mexican and
western USA deserts, Namibia, Australian
desert).

The probability for a certain area to host one
or more of these lakes greatly increases if the
area is also endorheic and is, or was in the recent
geological past affected by volcanic activity.
Most of the alkaline lakes considered in this
review are concentrated along the East African
Rift Zone (EARZ hereafter, Lake Magadi and
Lake Bogoria) (Talling et al. 1973; Melack and
Kilham 1974; Jones et al. 1977; Melack 1979;
Macintyre and Melack 1982; Yuretich and Cer-
ling 1983; Renaut et al. 1986; Cerling 1996;
Gizaw 1996; Grant et al. 1999; Deocampo 2005;
Ochieng et al. 2007; Oduor and Schagerl 2007;
Ayenew 2008; Dawson 2008; Ma et al. 2011).

The EARZ is an area of recent intense vol-
canic activity and also represents an endorheic
area stretching about 4,000 km along the eastern
part of Africa. The entire area is filled by thou-
sands of lakes of different sizes. Despite its
position close to the equator, precipitations are
often rare due to a rain-shadow effect. Such

Fig. 2 a The spencer ternary phase diagram with
compositional trends (arrows) of different composition
evaporating waters indicated (see text for explanations);

b some example of inflow waters (initial original com-
position) and lake waters (final composition) based on
literature data
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climatic and hydrologic conditions led to the
formation of many saline lakes, most of which
are also alkaline.

Two other areas in which many alkaline lakes
are present are the south-western part of North
America, e.g. Western USA (Mono Lake and
Albert Lake) and Mexico (Lake Atlacoya)
(Anderson 1958; Castenholz 1960; Jones 1966;
Bischoff et al. 1993; Vilaclara et al. 1993; Jo-
hannesson et al. 1994; Connell and Dreiss 1995;
Neumann and Dreiss 1995; Bischoff et al. 2004;
Oremland et al. 2004; Baesman et al. 2009; Sa-
hajpal et al. 2011) and the central-southern part
of the Andean chain in South America (Laguna
Cachi, Bolivia; Fig. 3). Both areas are within the
volcanically active Ring of Fire around the
Pacific Ocean. In the latter area, which comprises
the territories of Bolivia, Chile and Argentina
(Risacher and Fritz 1991; Risacher et al. 2003),
notwithstanding the necessary hydrologic and
climatic conditions, alkaline lakes are not as
widespread as expected. For example, in their
review on saline lakes of northern Chile, Ris-
acher et al. (2003) state that only one of the
considered 226 lakes and ponds could be clas-
sified as alkaline. The authors ascribe this to the
abundance of both reduced and oxidised volcanic

sulfur species. The alkalinity/calcium ratio of
inflow waters is consequently lowered by the
oxidation of native sulfur (reducing alkalinity)
and the deposition of anhydrite or gypsum
transported by strong winds (increasing Ca
concentration).

Another area where climatic and hydrologic
conditions favour the formation of alkaline lakes
is the central part of Asia (Fig. 3) stretching from
the Caspian Sea in the west to China (Tibet and
Qinghai) in the east (Zheng et al. 1993; Volkova
1998; Zhang et al. 2008; Zheng and Liu 2009).
Unfortunately, the literature on alkaline lakes in
this area focuses on microbiology (Kompantseva
et al. 2007, 2009). Despite the few notices about
these lakes, the connection between the presence
of alkaline lakes and recent volcanic activity of
the area was highlighted by Zheng et al. (1993),
at least for China.

Australia, being for its greatest part arid and
composed of endorheic basins, is the host of
numerous saline lakes, but the geology of the area
does not create the necessary conditions for the
evolution of these lakes towards alkaline condi-
tions. On the contrary, the waters of these lakes
display pH values from strongly acidic to mod-
erately alkaline (1.7–8.6, Bowen and Benison

Fig. 3 Global distribution of soda lakes. Volcanoes of the ring of fire (triangles), soda lakes (circles), arid and semi-
arid zones (light gray and dark gray areas respectively) and endorheic zones (light gray shaded areas ) are indicated
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2009). Most of Australia is formed by a tectoni-
cally stable Archean shield which remained
above sea level exposed to weathering since the
Mesozoic. As a result, the basement rocks are
covered with thick zones of highly-weathered and
chemically-altered regolith. In such geological
framework, sulfide and Fe oxidation strongly
contribute to acid formation following processes
geochemically similar to those active in acid mine
drainage systems (Long et al. 1992; Bowen and
Benison 2009).

Even Antarctica, despite being covered for
more than 99 % of its surface by a permanent ice
cap, hosts some saline lakes (Green and Lyons
2009). Although some of them display pH values
up to 10, no significant relation to volcanic
activity or magmatic rocks has been ascertained.

4 Some Case Studies

4.1 Lake Van (Turkey)

Lake Van (Fig. 4a) is a terminal lake located on
the high plateau of Eastern Anatolia (Turkey) at
1,648 m asl. This area is tectonically highly
active, and earthquakes within the basin and the
surrounding area of Lake Van are very frequent
(Degens et al. 1984). The lake with a surface area
of ca 3,600 km2, a maximum depth of 451 m and
a volume of about 600 km3 is the largest alkaline
lake and, after the drying up of Lake Aral, the
third largest closed basin in the world (Land-
mann et al. 2011). The origin of Lake Van was
ascribed to a remnant of a palaeovalley of the
river Euphrates dammed about 60 ka ago by an

Fig. 4 Photos of selected lakes. a Van, Turkey. b Natron, Tanzania. c Mono, California. d Specchio di Venere (in
Italian Mirror of Venus), Italy. Photos a b, c from http://landsat.gsfc.nasa.gov and d by Walter D’Alessandro
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eruption of Nemrut volcano located about 15 km
west of the Lake Van (Degens and Kurtman
1978; Wong and Degens 1978; Yilmaz et al.
1998 and references there in; Utkutu 2006). Four
composite volcanoes are aligned north of the
lake, from WSW to ENE (Fig. 4a): Nemrut
volcano (2,948 m), considered still active;
Süphan volcano (4,158 m), inactive for several
millennia; the older Meydan volcano (3,290 m);
and Tendurek shield volcano (3,584 m) at the NE
limit of the drainage area, recently active (Aydar
et al. 2003). All tephra layers observed in lake
cores are attributed to Nemrut volcano (Land-
mann et al. 1996) which erupted alkaline trachyte
and basalt lavas, rhyolites and phonolites.

On the other hand, most of the drainage basin
is constituted by volcanic rocks of Süphan vol-
cano while the southern area comprises intrusive
and metamorphic rocks of the Bitlis massif
(Tomonaga et al. 2011). The lake has many
tributaries but more than half of the runoff
(highest discharge in April–May) can be attrib-
uted to Zilan, Bendimahi and Engil rivers (Rei-
mer et al. 2009).

Christol et al. (2008) estimated a loss of
3.6 km3 of water by evaporation and a recharge
of 2.2 km3 by rivers and 1.4 km3 by precipita-
tion. The lake is stratified in summer while in
winter, cooling of the surface water and impact
of winds induces homogeneity of water from 0 to
70 m.

Lake Van is characterised by strong seasonal
oscillations in temperature, precipitation, dis-
solved ions and nutrient input (Kempe 1977;
Huguet et al. 2011 and references therein).
Salinity is around 21 g/kg and pH > 9. Sodium
carbonate and sodium chloride equally contribute
to the lake salinity with minor contribution of
SO4

2−, K+ and Mg2+ (Fig. 5). Calcium results
largely depleted. Water column profiles have
shown an increase in salinity with depth. The lake
floor is characterised by the presence of Tufa
towers, huge carbonate microbialites, up to 40 m
high, probably the largest on Earth reported so far
(Kempe et al. 1991; López-García et al. 2005).
The microbialites are externally covered by mats
of coccoid cyanobacteria that appear to permin-
eralize in situ with aragonite and inorganically

Fig. 5 Piper diagram
showing the types and the
main components of waters
on the basis of
concentration in eq/l
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precipitated calcite, whereas their interiors are
traversed by channels transporting neutral, rela-
tively Ca-enriched spring water flowing into the
highly alkaline Ca-poor lake water. The mixing of
the two water masses locally induces high cal-
cium carbonate oversaturation and hence car-
bonate precipitation.

Waters flowing into the lake are predomi-
nantly bicarbonate with alkaline elements
slightly exceeding alkaline earth elements
(Fig. 6; Reimer et al. 2009). Furthermore, the
diffuse volcanic CO2 soil emission in this area
contributes to maintain the TDIC/(Ca2+ + Mg2+)
of the rivers and springs above 1, driving the lake
chemistry towards alkaline conditions.

4.2 Lake Natron (Tanzania)
and the East African Rift Zone
Lakes

The EARZ is the most extensive (4,000 km),
NNE-SSW elongated, presently active, conti-
nental extensional zone in eastern Africa. The
consequence of the extension-related fracturing
was the formation of two sub parallel elongate
shallow depressions, stretching from Ethiopia to
Tanzania, now filled with volcanic rocks, vol-
cano-clastic sediments, and fresh and saline
lakes. The rift branch topography is characterised
by half-graben basins associated with steeply-
dipping border faults (Dawson 2008; Bergner
et al. 2009; Corti 2009). The EARZ contains

features such as snow-capped Kilimanjaro, the
highest mountain on the African continent;
Ngorongoro, one of the largest calderas on Earth;
and active volcanoes like Nyiragongo, Nyam-
uragira (Tedesco et al. 2011) and Oldoinyo
Lengai (Kervyn et al. 2008), which is unique for
its extrusion of alkali carbonatites.

Most parts of the EARZ can be considered a
closed basin with no obvious outflow where
groundwater and seasonal streams flowing from
the surrounding highlands collect to form (semi)
permanent standing basin lakes. The EARZ lakes
vary in size from large and deep lakes such as
Turkana Lake (6,750 km2 in surface and 109 m
deep, Yuretich and Cerling 1983; Cerling 1996),
to shallow and relatively large lakes such as
Magadi Lake (100 km2 and *1 m depth, Jones
et al. 1977), to many very small lakes.

While some of the lakes aremainly fed by rivers
(Turkana, Baringo, Nakuru, Natron), others
receive a considerable part of the inflow from
springsoften fedbyhydrothermal systems (Logipi,
Bogoria, Elementeita, Magadi). Sometimes, sur-
face evaporation rates exceed the rate of water
inflow allowing the dissolved minerals to concen-
trate into caustic alkaline brineswith a pH up to 12.

Total salts vary from about 5 % in the
northern lakes (Bogoria, Nakuru, Elmenteita,
Sonachi) up to halite saturation (>30 %) in the
southern ones (Magadi and Natron Lakes).
EARZ lake waters are prevalently Na–Cl and
Na–HCO3–CO3 (Fig. 5). The chemistry (Fig. 6)
can be explained in terms of both chemical

Fig. 6 Major ion
triangular plots showing
the compositional evolution
of lake waters from inflow
(crosses) to lake (open
circles). Arrows indicate
the water compositional
trend evolution. Symbols as
in Fig. 2b
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weathering of rocks and evaporative phenomena.
According to Kilham (1971), in the relatively
humid areas along the rift, high temperature and
rain water support the dissolution of the more
soluble minerals of volcanic rocks (e.g. nephe-
line) and, on the contrary, in dry areas weath-
ering is nearly absent and waters initially have a
composition similar to rain water. Consequently,
Na–HCO3–CO3 lakes develop in relatively
humid basins whereas Na–Cl lakes develop in
the more arid basins. Most of the alkalinity is
acquired by hydrolysis of volcanic rocks (Eqs. 1–
3), mainly glass and lavas, generating high con-
centrations of Na+, SiO2 and TDIC, which are
reflected in the Na–CO3 or Na–CO3–Cl type
chemical composition (Figs. 1 and 2) (Jones and
Deocampo 2003). Further concentration of the
lake waters (>30 %) causes the precipitation of
halite, carbonates (trona and gaylussite) or sili-
cates (Na-silicates and zeolites).

Lake Natron (Fig. 4b) is located in a closed
drainage system in northern Tanzania, in the
eastern branch of the East African Rift. The lake
lies at 610 m asl, is 22–35 km wide and 50–75 km
long, with a surface area of about 1,100 km2. The
lake is only 3–4 m deep and the evaporation rate
is up to 20 mm/d (Dawson 2008). The lake is fed
by four rivers: Ewaso Nyiro, Peninj, Moinik and
Engare Sero. It is surrounded by escarpments and
volcanoes. Pliocene to Recent volcanism resulted
in basaltic and trachytic lavas to trachyandesitic
and carbonatitic ashes, most recently originating
from the active volcano Oldoinyo Lengai. Several
mineral-rich hot springs enter on the western and
eastern shores of the lake (Dawson 2008). Its
waters are rich in sodium carbonate/bicarbonate,
NaCl (Figs. 5 and 6) and silica, with a pH near 9.5
(Howell 1972; Dawson 2008 and references
therein). The water of Lake Natron is so rich in
dissolved sodium carbonate that it often feels
viscous to touch.

4.3 Mono Lake (California, USA)

Mono Lake (Fig. 4c), a great endorheic and
monomictic (Christenson et al., this issue) alka-
line salt lake, is located on the western edge of

the Great Basin in northeastern California
bounded to the west by Sierra Nevada fault, to
the north by the Body Hills, to the east by the
Anchorite Hills and Cowtrach Mountains, and to
the south by Long Valley Caldera and other
rhyolitic, andesitic and basaltic volcanoes (Sa-
hajpal et al. 2011). Mono basin itself contains
young volcanic centres: Mono-Inyo craters,
where the lake is located, and Paoha and Negit
Islands inside the lake. The most recent eruptions
in the area occurred at Paoha Island about
200 years ago (Kelleher and Cameron 1990)

Mono Lake is a terminal lake, lies at ca
1,940 m asl, is 25 km wide along its east-west
axis, and has a surface area of 150–180 km2

(depending of the evaporative status) and a
maximum depth of 46 m. Snow melt from Sierra
Nevada (85 %) and perennial hot and cold
springs feed the lake together with a negligible
amount of direct rain waters (Sahajpal et al.
2011, and references therein). Evaporation rep-
resents the main lake (and groundwater) water
loss (Connell and Dreiss 1995).

The lake is fed by both alkaline and acidic
(pH * 6) springs, with different salinities in
function of their origin (Neumann and Dreiss
1995). As in other closed basin lakes, changes in
hydrology strongly affect the water chemistry of
Mono Lake, highlighted by the salinities ranging
from 20 to 100 g/l. Differences are mostly due to
the sampling point (e.g. nearness to more diluted
springs coming from Sierra Nevada) and evapo-
ration processes during the hot season. Mono
Lake waters are strongly alkaline (pH up to 9.8,
Whiticar and Suess 1998), of Na-Cl type (Fig. 6)
and the ion abundance is Na > Cl > HCO3 > SO4.
Potassium is removed by ion exchange in which
K+ displaces Ca2+ in clays or volcanic glasses in
ash layers (Connell and Dreiss 1995). Calcium is
removed by precipitation of ikaite
(CaCO3·6H2O) rather then calcite, whose pre-
cipitation is inhibited by high concentration of
orthophosphate (Bishoff et al. 1993).

Mixing between high-calcium groundwaters
discharging into the lake and high bicarbonate
lake waters causes the development of specta-
cular up to 3 m diameter tufa towers.
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4.4 Specchio di Venere Lake
(Pantelleria Island, Southern
Italy)

Pantelleria Island (Fig. 4d) is a Pleistocene stra-
tovolcano located in the NW–SE trending con-
tinental rift between North Africa and Sicily,
Italy. Pantelleria represents the emerged part of a
836 m asl high volcanic structure, extending
below sea-level to *1,200 m depth. The struc-
tural setting of the island is defined by both
tectonic and volcano-tectonic lineaments includ-
ing regional faults and fractures with the same
orientation as the rift (Boccaletti et al. 1987;
Acocella et al. 2004; Mattia et al. 2007; Rotolo
et al. 2007; Civile et al. 2008; Catalano et al.
2009; Civile et al. 2010). Specchio di Venere
Lake (called also Venere lake or Bagno
dell’Acqua) is a small alkaline saline lake located
in a closed basin on the northern side of Pan-
telleria Island (Azzaro et al. 1983; Dongarrà et al.
1983; Duchi et al. 1994; Aiuppa et al. 2007;
Cangemi et al. 2010; Pecoraino et al. 2011). Its
basin is delimited in the northern part by the
scarp of the Cinque Denti caldera and to the
south by the slopes of domes and cones (Mt
Gelfiser) which are the expression of Holocene
volcanic activity.

Specchio di Venere Lake is sub-squared in
shape, around 450 m long and 350 m wide, and
has a maximum depth of *12 m. The water
depth and the shoreline are subject to seasonal
adjustments as a function of the annual hydro-
logical balance. In the period 1992–1996 its
surface area varied between 0.136 and 0.2 km2

(Aiuppa et al. 2007). Specchio di Venere Lake
can occasionally undergo thermal and chemical
stratification but due to its small water volume
these are generally short lasting events and
atmospheric disturbances such as strong wind are
capable to totally remix its waters (Aiuppa et al.
2007). The lake is mainly fed by rainfall and by
the inflow of thermal springs. The morphology of
the lake floor is quite irregular. In correspon-
dence with springs inflowing at the lake floor, in
particular in the shallow south-western sector,

Cangemi et al. (2010) recognise some structures
related to the formation of siliceous stromatolites.

Lake water presents high Cl− and alkali con-
tents (Fig. 6), high electrical conductivity (up to
40 mS/cm2) and pH values up to 9.3. The high
concentrations in alkali, mainly Na+, are the
result of notable interactions between thermal
waters and Na-rich peralkaline rhyolite (Pan-
tellerite). Due to the small volume of water,
change in hydrological and meteorological/rain-
fall inputs strongly control the composition of
lake waters (Pecoraino et al. 2011).

Despite the large amount of bubbling CO2 and
the high content of HCO3

− in inflowing springs,
the TDIC in lake waters is not very high because
of the intense precipitation of carbonate minerals.
Lake waters are supersaturated with respect to
aragonite, calcite, dolomite, accounting for the
occurrence of aragonite and dolomite and spo-
radically calcite in lake sediments and the car-
bonate layers capping the exposed stromatolites
(Azzaro et al. 1983; Cangemi et al. 2010).

5 Microbial Communities
in Alkaline Lakes

Abundant microbial life is found in alkaline lakes
up to the highest salinities. Because of the unu-
sual characteristics of alkaline, hypersaline
environments their bacterial communities have
been studied for many years, in part in the quest
for commercially valuable biotechnology. These
studies have been summarized by Grant et al.
(1990) and Oren (2002). A wealth of interesting
microorganisms can be found in the soda lakes.
Halophilic and alkaliphilic microorganisms are
found in all three domains of life: Archaea,
Bacteria and Eucarya. They have already made a
large impact in the application of biotechnology
for the manufacturing of mass-market consumer
products. “Biological detergents” contain
enzymes that have usually been obtained from
alkaliphilic or alkalitolerant bacteria. The current
proportion of total world enzyme production
destined for the laundry detergents market
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comfortably exceeds 25 %, and there are other
possible applications in food and waste treatment
industries (Grant et al. 1990).

In those cases in which the total dissolved
salts concentration exceeds 250–300 g/l such as
in Lake Magadi and its solar salterns and in some
of the Wadi Natrun lakes, halophilic and alkali-
philic Archaea of the order Halobacteriales often
impart a red colour to the brines. The occurrence
of red brines is a phenomenon long known in salt
production from sea water. The first descriptions
may date back to about 2700 BC in the ancient
Chinese literature (Oren 2002) and it has been
suggested that the first Plague of Egypt (Exodus
7: 17–25), in which the water of the Nile “turned
into blood”, refers to such red waters. The first
scientific descriptions of red bacteria in brines
were made at the beginning of the 20th century,
although important scientific findings about the
microbiology of alkaline and hypersaline lakes
were obtained since the second half of the pre-
ceding century (Oren 2002).

One of the most impressive characteristics of
alkaline lakes is their extremely high primary
productivity despite the extreme nature of such
environments. Compared to the global mean
gross primary productivity for streams and lakes
(Whittaker and Likens 1972) of about
0.6 g C m−2 day−1, alkaline lakes are character-
ised by productivity rates exceeding
10 g C m−2 day−1 (Talling et al. 1973; Melack
and Kilham 1974). They are probably the most
productive, naturally occurring aquatic environ-
ments, presumably because of the relatively high
ambient temperatures, high light intensities,
availability of phosphate and unlimited access to
CO2 in these carbonate-rich waters (Melack and
Kilham 1974; Grant et al. 1990). They are also
regarded as naturally eutrophic reservoirs and,
like all eutrophic bodies of water, they feature
considerable microbial diversity (Zavarzin et al.
1999). The soda lakes of the EARZ are shown to
support a dense and diverse population of aero-
bic, organotrophic, halophilic, alkaliphilic and
alkali-tolerant representatives of major bacterial
and archaeal phyla (reviewed by Duckworth
et al. 1996; Jones et al. 1998; Grant et al. 1999;
Zavarzin et al. 1999). The primary productivity is

generally due to the presence of dense popula-
tions of cyanobacteria (up to 13,000 cyanobac-
terial filaments per ml, Talling et al. 1973;
Melack and Kilham 1974). In extreme cases, the
blooms may consist almost entirely of one spe-
cies, usually Spirulina sp. These particular cya-
nobacteria are the principal food of the immense
flocks of flamingos that inhabit the Rift Valley.

In contrast to aerobic habitats, the anaerobic
alkaline environments received less attention.
But anaerobic processes have a significant role
because of dissolved O2 shortage consequence of
the very high productivity of these environments
(Jones et al. 1998). Lacustrine muds are black
and anoxic, implying the presence of sulfides and
of specific anaerobic populations of sulfate-
reducing bacteria.

The nutrient cycle in soda lakes is summarised
in Fig. 7 (Jones et al. 1998).

Like in other environments characterised by
extreme ecological conditions also in hypersa-
line, closed basin soda lakes and their remnant
brines microbial life coping with high concen-
trations of toxic elements can be found. Extreme
contents of arsenic occur for example in Mono
Lake (Oremland et al. 2004). Although arsenic is
a well-known toxicant to eukaryotes and pro-
karyotes alike, some prokaryotes have evolved
biochemical mechanisms to exploit arsenic
oxyanions (i.e., arsenate and arsenite); they can
use them either as an electron acceptor for
anaerobic respiration (arsenate), or as an electron
donor (arsenite) to support chemoautotrophic
fixation of CO2 into cell carbon. Despite the
freshwater or marine ecosystems, these processes
may assume quantitative significance with
respect to the carbon cycle in arsenic-rich soda
lakes (Oremland et al. 2004).

Furthermore, it was recently discovered that
also Se- and Te-oxyanions are used as respiratory
electron acceptors to sustain anaerobic growth of
certain bacteria in the sediments of Mono Lake
(Baesman et al. 2009). But most intriguing was
the discovery in the same environment of “a
bacterium that can grow by using arsenic instead
of phosphorus” (Wolfe-Simon et al. 2011).
Although some doubts have meanwhile arisen
about these findings (Foster 2011) it testifies for
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the highly interesting microbial communities
found in such extreme environments.

6 Summary

Alkaline lakes are a peculiar type of saline or
hypersaline lakes characterised by pH values
higher than 9 and whose chemical composition is
characterised by Na+ as the main cation and by
the presence of high HCO3

− and CO3
2− contents,

although sometimes the main anionic species
could be Cl−, or rarely SO4

2−. The evolution of
these lakes towards alkaline conditions is
favoured by an environment in which hydrologic
(endorheic) and climatic (arid or semiarid) factors
cause evaporative concentration of its waters.
Due to the fact that earth-alkaline carbonates are
the first solid phases to reach oversaturation, the
initial ratio between the total dissolved inorganic
carbon (TDIC) to the main earth-alkaline ele-
ments (Ca2+ and Mg2+) of the starting dilute
waters is very important in driving the subsequent
evolution of the lake waters. TDIC/(Ca2++Mg2+)
ratios much higher than 1 will leave the waters
enriched in TDIC and devoid of Ca2+ and Mg2+

which is the typical composition of alkaline lakes.
If the necessary hydrologic and climatic condi-
tions are present, quiescent or recently extinct

volcanic areas are the most favourable candidates
in hosting waters that will evolve towards alkaline
conditions. In these areas, where acidic magmatic
gases do not have the possibility to reach the lake
waters, there is an abundant input of endogenous
CO2 that will contribute to the increase of TDIC
and the weathering of the volcanic silicate rocks
will release to the waters prevailingly alkaline
elements either because earth-alkaline elements
are rare (silicic rocks) or are scarcely mobile
(mafic rocks).

Alkaline lakes are also characterised by
abundant and diversified microbial life. They are
among the most productive, naturally occurring
aquatic environments. Productivity rates
exceeding 10 g C m−2 day−1 are sustained by
euthrophic conditions, relatively high ambient
temperatures, high light intensities and unlimited
access to CO2. Microbes living in alkaline lakes
have found applications in the production of
enzymes for detergents, as animal feed (Spiru-
lina) and for waste treatment industries.

Due to evaporative concentration and high
solubility in alkaline environments many trace
elements can reach very high contents in alkaline
hypersaline lakes. This could be of environ-
mental concern in the case of toxic elements but
also represent an important mineral resource (Li,
B, REE).

Fig. 7 Flow diagram of
the nutrient cycle in soda
lakes (modified after Jones
et al. 1998)
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The Remarkable Chemistry of Sulfur
in Hyper-Acid Crater Lakes: A Scientific
Tribute to Bokuichiro Takano
and Minoru Kusakabe
Pierre Delmelle and Alain Bernard

Abstract

This chapter is a tribute to Bokuichiro Takano and Minoru Kusakabe for
their important contributions to our knowledge of sulfur chemistry and
dynamics in hyper-acid crater lakes and geothermal lakes. Hyper-acid
crater lakes are perched at the summit of active volcanoes and represent
the uppermost manifestation of a shallow active magma-hydrothermal
system. They act as traps for strongly acidic condensates formed as sulfur-
rich magmatic gases rising from depth expand and cool in the main
hydrothermal upflow zone. The remarkable sulfate content of hyper-acid
crater lakes is sourced to disproportionation-hydrolysis of magmatic SO2

in the upper part of the hydrothermal conduit. This reaction generates a
strong, temperature-dependent sulfur isotopic fractionation, which typi-
cally produces high d34SSO4 values. In contrast, sulfate in geothermal lakes
displays much lighter sulfur isotopic compositions linked to oxidation of
H2S-rich hydrothermal discharges. Polythionates are ubiquitous in hyper-
acid crater lakes and are usually attributed to aqueous interaction between
SO2 and H2S in the lake. Fluctuations in lake polythionate concentrations
have been used to infer changes in the SO2/H2S ratio of magmatic
hydrothermal inputs. However, polythionates may also originate from
hydrolysis of elemental sulfur. Elemental sulfur in hyper-acid crater lakes
occurs primarily as a molten body at the hydrothermal vent-crater floor
interface. The origin of this material is not entirely clear; several
deposition reactions are compatible with the observed range of sulfur
isotopic compositions. Sulfide and sulfosalt minerals commonly occur as
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impurities in molten sulfur from hyper-acid crater lakes. Molten sulfur is
also found in some geothermal lakes. There are still plenty of research
opportunities for decoding the complex cycling of sulfur between aqueous
and gaseous species and elemental sulfur in hyper-acid crater lakes. In
particular, efforts are needed to track intermediate sulfur species. The role
that subaqueous molten sulfur plays in modulating heat and mass transfers
to the overlying lake and in trapping metals transported by magmatic
gases deserves further investigations.

Keywords

Hyper-acid crater lake � Sulfur chemistry � Polythionates � Hydrothermal
system � Volcano monitoring

1 Introduction

On Earth, sulfur is present in vapors continu-
ously exhaled through degassing of magma
intrusions within volcanic edifices. Perched
groundwater reservoirs in composite active vol-
canoes interact with sulfur-bearing magmatic
gases to produce acid, sulfate-rich hydrothermal
waters. Hyper-acid lakes hosted in summit active
craters (Fig. 1a) represent the uppermost surface
expression of these systems. Acid crater lakes are
usually thoroughly mixed, display temperatures
above those of ambient air and often exhibit
extremely acidic pH values; they are termed
hyper-acid crater lakes (Varekamp et al. 2000).
The sulfur chemistry in such volcanic lakes is
spectacular; gaseous, liquid and solid sulfur
species interact with each other to produce waters
that are greatly enriched in sulfate but also con-
tain polythionates. Further, hyper-acid crater
lakes host molten sulfur bodies, a very rare fea-
ture on our planet.

This chapter is a tribute to the contributions of
our now-retired colleagues Bokuichiro Takano
and Minoru Kusakabe to our knowledge of the
remarkable sulfur chemistry in hyper-acid crater
lakes. More than 25 years ago, Takano recog-
nized for the first time the potential of using
aqueous polythionates in hyper-acid crater lakes
for monitoring subsurface magma-hydrothermal
activity (Takano 1987). In parallel, Kusakabe
investigated the sulfur isotopic chemistry in these
environments and made a major breakthrough by

establishing the formation conditions of dis-
solved sulfate (Kusakabe et al. 2000). Today, it is
relatively common to apply polythionate and
sulfur isotope determinations to hyper-acid crater
lake studies, but it is fair to say that it is in part to
Takano’s and Kusakabe’s efforts that we owe
this approach.

Here we review the occurrence and formation
of aqueous sulfur species, elemental sulfur and
major sulfur minerals in hyper-acid crater lakes.
Geothermal lakes, i.e., volcanic lakes very indi-
rectly related to magmatic gases, containing acid
sulfate waters and featuring subaqueous molten
sulfur (Fig. 1b) are also briefly considered. We
then discuss how the measurements of sulfur
species in hyper-acid crater lakes can be applied
to monitor volcanic activity. Future research
directions are briefly proposed.

2 Overview of Sulfur Occurrence

2.1 Origin of Sulfur

Sulfur in lakes receiving hydrothermal inputs
ultimately originates from vapors released from
subsurface magmas. Magmatic sulfur is exsolved
principally as SO2 and H2S in various relative
proportions, depending on temperature-, pres-
sure- and redox-controlled partition coefficients
between vapor and melt, the mixing or mingling
of different magma sources and the dynamics of
degassing (Oppenheimer et al. 2011 and refer-
ences therein). Sulfur dioxide is normally the
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dominant sulfur species in magmatic gases, but
H2S is also present as revealed by high temper-
ature fumarole compositions (e.g., Giggenbach
et al. 2001). In addition, the abundance of SO2 in
the original deep magmatic vapor expanding
through fracture arrays to the surface of the
volcanic edifice may be modified due to sec-
ondary processes, such as cooling and re-equili-
bration, and interaction with rock. At high
temperature (i.e., >300 °C), the following equi-
librium is effective and buffers the SO2/H2S ratio
in the gas phase (Giggenbach 1987):

3SO2 þ 7H2 ¼ H2Sþ 2S� þ 6H2O ð1Þ

Below 300 °C, reactions between the gas
phase and the rock become significant, resulting
in the consumption of SO2, as generically
expressed by:

SO2 þ 6 FeOð ÞrockþH2O ¼ H2Sþ 6 FeO1:5ð Þrock
ð2Þ

This equation reflects equilibrium with the
major rock redox system, i.e., the assemblage of
Fe2+- and Fe3+-containing minerals. Giggenbach
(1987) emphasizes that the rock efficiency in
converting SO2 to H2S relates to the intensity and
duration of gas-rock interaction and relative flux

Fig. 1 a The turquoise-
green hyper-acid crater
lake of Keli Mutu volcano,
Indonesia. Slicks of yellow
sulfur spherules are visible
toward the center of the
lake surface and
accumulate near the lake
shore. b Oyunuma lake is
part of the Noboribetsu
geothermal field, Kuttara
volcano, Japan. The dark
color of the lake is due to
elemental sulfur
precipitates that contain
high concentration of Fe
impurities. Dark streaks of
sulfur spherule slicks cover
the lake surface
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of high temperature SO2-bearing magmatic
vapors. Thus, H2S-rich gases will be produced by
prolonged interaction with wall rock, whereas
SO2-rich compositions will likely be maintained
in the highly permeable fractures constituting the
main hydrothermal conduit connected to the
surface. Rocks in this part of the magma-hydro-
thermal system are also typically highly silicified
(Delmelle et al. 2015), thus limiting the impor-
tance of reaction (2).

A small fraction of the magmatic vapor phase
expanding from depth can condense in the sub-
surface environment. In this case, SO2 and other
acid species partitionate into the liquid phase to
form hyper-acid condensates. However, com-
plete condensation of the high-enthalpy mag-
matic vapor is most efficient when rapid heat
transfers are allowed, for example upon entry
into shallow groundwater or a hydrothermal
vent-crater lake system (Henley and McNabb
1978; Henley and Berger 2011). In the waning
stages of magmatic activity or if the magma
intrusion is deep-seated, boiling of a liquid-
dominated hydrothermal reservoir typically
releases a H2S-rich steam that may mix with
shallow ground water or a lake (e.g., Henley and
Ellis 1983). The results of a recent modeling
study on Ruapehu Crater Lake, New Zealand,
also suggest that convection dynamics within the
subaqueous hydrothermal vent can lead to H2S-
rich inputs to the overlying hyper-acid crater lake
(Christenson et al. 2010).

2.2 Occurrence of Aqueous Sulfur,
Elemental Sulfur and Sulfate,
Sulfide and Sulfosalt Minerals

2.2.1 Aqueous Sulfur Species
Dissolved sulfur in hyper-acid crater lakes and
geothermal lakes occurs chiefly in the most oxi-
dized forms, i.e., sulfate (SO4

2−). At pH below 2,
SO4

2− is protonated into bisulfate (HSO4
2−). In the

following sections, we will simply refer to SO4
2−.

It is practically impossible to remove SO4
2− from

the water by inorganic oxidation; only formation
of secondary minerals through precipitation or

extensive water-rock interaction can do so. Hyper-
acid crater lakes hosted by active craters (e.g.,
Kawah Ijen, Indonesia; Kusatsu-Shirane (Yugama
Lake), Japan; Ruapehu; Maly Semiachik, Russia;
Poás, Costa Rica) often exhibit extreme SO4

2−

concentrations, on a par with those reported for the
most acidic mine drainages (Table 1). For exam-
ple, the 3.0 × 107 m3 crater lake of Kawah Ijen
contains*77,000mg l−1 of SO4

2−, corresponding
to a total amount of *2.1 Tg. At Poás, transient
SO4

2− concentrations up to *167,000 mg l−1

were measured in the waters during an episode of
intense heating and evaporation of the lake (Rowe
et al. 1992a).

Hyper-acid crater lakes are also strongly
mineralized (total dissolved solid content
>50,000 mg l−1) and commonly display pH
values below one (Table 1; Varekamp et al.
2000). These characteristics results from contin-
uous supply of hyper-acid, sulfur-enriched liq-
uids which form as high-enthalpy, SO2-rich
magmatic vapors expand and condense near the
surface (Henley and Berger 2011; Henley and
McNabb 1978). Crater lakes that sit on top of
less vigorous and probably deeper subsurface
magma-hydrothermal systems (e.g., Kelud,
Indonesia; El Chichón, Mexico; Pinatubo, Phil-
ippines) typically show less acidic pHs and lower
dissolved SO4

2− concentrations (Taran et al.
1998; Varekamp et al. 2000; Table 1). Similarly,
geothermal lakes (e.g., Oyunuma, Noboribetsu
geothermal field; Bannoe, Uzon caldera, Russia)
which receive sulfur inputs dominated by H2S-
rich steam display comparatively higher pH
values and lower SO4

2- concentrations (Table 1).
Polythionates (sulfur oxyanions of the type

SxO6
2−, x = 4–6) are the most abundant aqueous

sulfur species after SO4
2− in hyper-acid crater

lakes, occurring in concentrations of several tens
to hundreds of mg l−1 (Table 1). To our knowl-
edge, no SxO6

2− data are available for geother-
mal lakes, but these sulfur compounds have been
documented in a hot spring at Yellowstone
National Park (e.g., Xu et al. 2000). Very few
determinations exist for the other stable or
metastable sulfur species, including H2S, SO2,
polysulfides (HSn

−), elemental sulfur (S°), sulfite
(SO3

2−) and thiosulfate (S2O3
2−), susceptible to
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exist in hyper-acid crater lakes and geothermal
lakes. Measurements conducted at Kusatsu-
Shirane, Ruapehu and Kawah Ijen hyper-acid
crater lakes indicate dissolved SO2 and H2S
concentrations in the range 10–50 and
<0.2 mg l−1, respectively (e.g., Takano et al.
1994a, 2004; Christenson 2000 ). Unsurpris-
ingly, comparatively higher H2S concentrations
are found in geothermal lakes; for example up to
56 mg l−1 of H2S was determined in the water
column of Oyunuma lake (Inoue and Aoki 2000).

2.2.2 Elemental Sulfur
Elemental sulfur (S°) is commonly found in
hyper-acid crater lake environments. Colloidal S°
precipitated from the lake water has been repor-
ted at a few sites (Christenson and Wood 1993;
Ohsawa et al. 2010). At Kawah Ijen, thick
exposures of laminated S°-rich sediments suggest
that the lake waters can become saturated with
respect to S° for prolonged periods of time
(Brouwer 1925; Delmelle et al. 2000; Takano
et al. 2004). Similar crater lake sediments can be
found at Dempo volcano, Indonesia (Fig. 2)
and Tateyama volcano, Japan (Kusakabe and
Hayashi 1986). Thermodynamic considerations
corroborate the view that S° can precipitate from
hyper-acid crater lake waters (e.g., Christenson
and Wood 1993; Delmelle and Bernard 1994).

The acid crater lake which formed immediately
after the 1982 Plinian eruption of El Chichón
volcano accumulated 3.8 × 107 kg of S° in less
than a year, equivalent to a production rate of
*1.2 kg s−1 (Casadevall et al. 1984). The rate of
S° deposition in the hydrothermal vent-crater
lake system of Poás is estimated by Rowe et al.
(1992b) to be on the order of 0.3 kg s−1. Com-
parable values are deduced for Copahue,
Argentina (Varekamp et al. 2001) and Kawah
Ijen hyper-acid crater lakes (Delmelle, unpub-
lished data).

Perhaps one of the most remarkable aspects of
sulfur chemistry in hyper-acid crater lakes is the
capacity of some of them to host a subaqueous
molten body (or bodies) of S°. This was inferred
nearly a century ago from observations of float-
ing sulfur spherules found at Yugama Lake
(Ohashi 1919). Sulfur spherules (Figs. 1a and 3a)
seems to be a typical feature of hyper-acid crater
lakes (e.g., Giggenbach 1974; McClelland et al.
1989; Delmelle and Bernard 1994; Pasternack
and Varekamp 1994; Sriwana et al. 2000). These
hollow spherules probably form as expanding
volcanic gas bubbles en route to the lake surface
pass through, and become coated with molten
sulfur (Ohashi 1919; White et al. 1988; Delmelle
et al. 2000). A few acid-sulfate geothermal lakes,
for example Oyunuma (Murozomi et al. 1966)
and Bannoe (Karpov and Fazlullin 1995), also

Table 1 pH and sulfate (SO4
2−) and corresponding total polythionate (ΣSxO6

2−, x = 4–6) concentrations (mg l−1) in
some (hyper-)acid crater lakes and geothermal lakes

pH SO4
2− ΣSXO6

2− Reference

(Hyper-)acid crater lakes

Kawah Ijen, Indonesia 0.2/0.3 59,300/71,300 343/1157 Delmelle et al. (2000)

Kusatsu-Shirane,
Yugama Lake, Japan

*1 *3,510 850 Takano and Watanuki (1990)

Poás, Costa Rica 0.2/−0.3 40,100/103,000 4,207/8 Rowe et al. (1992a)

Maly Semiachik, Russia *1 9,700/11,000 857/350 Sugimori et al. (1995)

Ruapehu Crater Lake,
New-Zealand

*0.7 20,450/16,300 192/497 Takano et al. (1994a),
Christenson and Wood (1993)

El Chichón, Mexico 2.7/2.2 240/1,850 Rouwet et al. (2008)

Kelud, Indonesia 5.9 530 Bernard (unpublished data)

Voui, Vanuatu 1.6 3,780 Bani et al. (2009)

Geothermal lakes

Oyunuma, Japan 2.5 740 Inoue and Aoki (2000)

Bannoe, Russia 4.9 90 Hollingsworth (2006)
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possess a subaqueous molten sulfur pool and
similarly display production of sulfur spherules
(Fig. 1b).

A spectacular confirmation for occurrence of
molten sulfur in hyper-acid crater lakes emerged
at Poás volcano in 1989 when temporary disap-
pearance of the lake exposed active pools of
liquid sulfur at the crater floor (Oppenheimer and
Stevenson 1989). Earlier discovery of molten
sulfur was made at White island, when shallow
boreholes sunk into the desiccated crater lake bed
in 1885 penetrated 1-m-thick seams of S° (Luke
1959). Other evidence comes from the recovery
of sulfur pyroclasts (Fig. 3b) ejected by phreatic
eruptions through crater lakes (Bennett and
Raccichini 1978; Francis et al. 1980; Delpino
and Bermúdez 1996; Delmelle et al. 2000;
Christenson et al. 2010). The morphology of the
sulfur ejecta, as in the case of spherules, indicates
formation in the liquid phase and therefore,
existence of temperatures at the lake bottom
above the sulfur melting point (*119.6 °C for
monoclinic β-sulfur; Meyer (1976)). Direct
sampling of subaqueous molten sulfur at
Yugama Lake (Takano et al. 1994b), Ruapehu
Crater Lake (Christenson 1994), Maly Semiachik
(Takano et al. 1994b) and Bannoe (Karpov and
Fazlullin 1995) suggest temperatures in the range

118−177.3 °C. The subaqueous sulfur pool at
Ruapehu Crater Lake may be 50 m in diameter
and at least 6 m deep (Christenson and Wood
1993). In a recent paper, Christenson et al.
(2010) show that deposition of S°, along with
anhydrite and alunite, in the hydrothermal vent
feeding the lake causes a drastic reduction in
permeability and sealing of the upper part of the
vent.

A detailed mineralogical and chemical study of
sulfur slicks from Yugama lake indicates the
presence of homocyclic sulfur (Sx, 6 ≤ x ≤ 16) and
sulfane monosulfonates (HS8SO3H); the latter
compounds are linked to H2S dissolution in S°
(Takano et al. 1994b). Moreover, impurities,
mostly in the forms of minor and trace elements,
in sulfur spherules and pyroclasts from hyper-acid
crater lakes and geothermal lakes are ubiquitous.
Iron is typically the most abundant contaminant
(few tenths to a few wt %), but other metals such
as As, Au, Bi, Cd, Cu, Mo, Ni, Pb, Se, Sn, Te, Tl
and W are also detected, albeit in trace concen-
trations (Karpov and Fazlullin 1995; Kargel et al.
1999; Mason et al. 2001; Martínez et al. 2002;
Takano et al. 2004). Elemental sulfur samples
which display extreme As, Se and Sb enrichments
(tens to thousands of times crustal abundances)
probably contain sulfide and sulfosalt mineral

Fig. 2 Elemental sulfur
sediments exposed in a cliff
on the lake shore of the
hyper-acid crater lake of
Dempo volcano, Indonesia.
Silica-rich sediments occur
below (dotted red line) the
S°-rich layers
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inclusions (see Sect. 2.2.3). Kargel et al. (1999)
attribute the diverse colorations, from yellow to
green to black, of sulfur spherules and pyroclasts
to metal impurities (Fig. 3a).

2.2.3 Sulfate, Sulfide and Sulfosalt
Minerals

Sulfur in hyper-acid crater lakes may also occur
as sulfate, sulfide and sulfosalt minerals. Gypsum
(CaSO4·2H2O) and alunite ((Na, K)Al3(SO4)2
(OH)6) have been identified in the suspended
sediments of Ruapehu’s lake waters (Giggenbach
1974; Christenson and Wood 1993). Rowe et al.
(1995) mention the presence of alunite in old lake
sediments exposed in the summit crater of Poás.
This mineral is ubiquitous in sediments collected
from Oyunuma and Bannoe geothermal lakes
(Inoue and Aoki 2000; Karpov and Fazlullin
1995). Barite is the only sulfate mineral stable in
Kawah Ijen crater lake, although spectacular
gypsum formation was witnessed following a
recent cooling event of the lake (Fig. 4a). Gypsum
also occurs as surface coatings and infill material
of rocks that are intermittently exposed to the

low-pH lake waters (Delmelle and Bernard 1994).
Moreover, anhydrite (CaSO4), gypsum and alu-
nite occur in the ejecta produced by phreatic/
phreatomagmatic eruptions through the lake (van
Hinsberg et al. 2010), similar to findings at Ru-
apehu (Wood 1994; Christenson et al. 2010). At
Kawah Ijen, massive deposition of gypsum mixed
with a suite of aluminium sulfate minerals,
including alunogen (Al2(SO4)3·16H2O), picker-
ingite (MgAl2(SO4)4·22H2O), tamarugite (NaAl
(SO4)2·6H2O) and kalinite (KAl(SO4)2·11H2O)
is observed where the hyper-acid lake water
seepages escape the summit crater (Fig. 4b).
Finally, an iron sulfate phase (K-jarosite,
KFe3(OH)6(SO4)2) is suggested to have precipi-
tated in the acid crater lake of Ambae volcano
(Lake Voui), Vanuatu, during a recent unrest in
2005–2006 (Bani et al. 2009). However, this
occurrence is not confirmed since the iron sulfate
mineral was detected as a precipitate in the sam-
pling bottles and not in the suspended matter
collected directly from the lake.

Not only sulfate minerals, but sulfides and
sulfosalts can form in hyper-acid crater lakes.
Mineralogical analyses of quenched molten

Fig. 3 a Sulfur spherules
(left and middle) and
quenched molten sulfur
(right) collected from
Kawah Ijen hyper-acid
crater lake, Bannoe
geothermal lake, and
Kusatsu-Shirane hyper-acid
crater lake, respectively.
Photo courtesy of F.
Africano. b Sulfur
pyroclasts ejected by an
eruption through the hyper-
acid crater lake of Dempo
volcano, Indonesia
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sulfur materials from hyper-acid crater lakes and
geothermal lakes disclose the presence of pyrite
(cubic form of FeS2) inclusions, sometimes in
quantities exceeding 10 wt % (Takano et al.
1994b; Inoue and Aoki 2000). At Kawah Ijen,
pyrite is the dominant sulfide mineral in sulfur
spherules, but other sulfide and sulfosalt inclu-
sions (size <20 µm), including Sb-rich enargite
(Cu3AsS4), bismuthinite (Bi2S3) and rare stannite
(Cu2FeSnS4) are also identified (Delmelle and
Bernard 1994). Marcasite (orthorhombic form
of FeS2) coexists with pyrite in the quenched
molten sulfur from Bannoe and Oyunuma geo-
thermal lakes (Delmelle, unpublished data).

3 Sulfur Chemistry

3.1 Aqueous Sulfate

Various chemical reactions can lead to SO4
2−

generation in hyper-acid crater lakes and geo-
thermal lakes. These include abiotic and biotic
oxidation of H2S (O’Brien and Birkner 1977;
Oprime et al. 2001; reaction 3), hydrolysis of S°
(Ellis and Giggenbach 1971; reaction 4), dis-
proportionation-hydrolysis of SO2 (Iwasaki and
Ozawa 1960; Ellis and Mahon 1977; reactions
5a and 5b), disproportionation-hydrolysis of
SxO6

2− (Meyer and Ospina 1982; Xu et al. 2000;
reaction 6) and oxidation of tetrathionate (S4O6

2

−; Druschel et al. (2003a, 2003b); reaction 7):

H2Sþ 2O2 ¼ SO4
2� þ 2Hþ ð3Þ

4S� þ 4 H2O ¼ SO4
2� þ 3H2Sþ 2Hþ ð4Þ

4SO2 þ 4H2O ¼ 3SO4
2� þ H2Sþ 6Hþ ð5aÞ

3SO2 þ 3H2O ¼ 2SO4
2� þ H2Oþ S� þ 4Hþ

ð5bÞ

SxO6
2� þ H2O ¼ SO4

2� þ Sx�1O3
2� þ 2Hþ

ð6Þ

S4O6
2� þ 3Fe3þ þ 2:75O2 þ 4:5H2O

¼ 4SO4
2� þ 3Fe2þ þ 9Hþ ð7Þ

Measurement of the sulfur isotopic composi-
tion (δ34S) of SO4

2− has been determinant in
unraveling its main formation pathway in hyper-
acid crater lakes. Figure 5 highlights the exis-
tence of a broad range of d34SSO4 values, but
SO4

2− from hyper-acid systems always displays
the heaviest isotopic compositions. Oana and
Ishikawa (1968) first postulated that dispropor-
tionation of SO2 yields SO4

2− distinctively enri-
ched in the heavy sulfur isotope. Later, Kiyosu
and Kurahashi (1983) concluded that this reac-
tion explain the high d34SSO4 values of acid
sulfate-chloride thermal waters from Japan.
Rowe et al. (1995) reached the same conclusion
for Poás’crater lake waters. In 2000, Kusakabe
and his colleagues published the results of an
elegant experiment which unambiguously source
the heavy sulfur isotope ratios of SO4

2− in hyper-
acid crater lakes to disproportionation of SO2.
The authors further establish the temperature
dependence relationship of the equilibrium sulfur
isotope fractionation, α, between SO4

2− and S°
associated with this reaction:

1000 ln aSO4�S� ¼ 6:21� 106=T2 þ 3:62 ð8Þ
They also emphasize that the magnitude of the

isotopic exchange for the SO4
2−-S° system is

probably similar to that for the SO4
2−-H2S

system, although a stronger dependency on
temperature is expected.

Other SO4
2− generation pathways in hyper-

acid crater lakes fed by magmatic hydrothermal
inputs are of minor importance, or simply do not
occur. There is no enough dissolved H2S in these
lakes and oxidation of H2S (reaction 3) is a
negligible source of SO4

2−; the latter mechanism
is also incompatible with the measured heavy
δ34SSO4 values (see below). Hydrolysis of S°
(reaction 4) requires relatively high temperatures
(*100–350 °C) to become efficient, thus con-
fining SO4

2− production through this mechanism
within the upper and hotter part of the hydro-
thermal vent-crater lake system. The importance
of SxO6

2− hydrolysis and oxidation (reactions 6
and 7, respectively) in SO4

2− production in
hyper-acid crater lakes is not known.
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Fig. 4 a A nylon rope
coated with macroscopic
gypsum crystals after
having been immersed
(40 days) in the hyper-acid
waters of Kawah Ijen
during a cooling episode
(from 37 to 30 °C)of the
crater lake in August-
September 2011. bMassive
gypsum-and aluminium
sulfate-containing deposits
formed by intense
evaporation of crater lake
seepages at Kawah Ijen
volcano
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As illustrated in Fig. 5, acid-sulfate waters
from geothermal lakes (e.g., Oyunuma; Niseko,
Japan; Khloridnoe, Russia) tend to exhibit
markedly lower δ34SSO4 values as compared to
hyper-acid crater lakes. This trend simply points
to oxidation of H2S in steam separated from a
deep hydrothermal reservoir of near-neutral pH,
reduced water as the principal pathway for SO4

2−

formation. Reaction (3) produces a limited sulfur
isotope exchange and thus, isotopically light
SO4

2− (Sakai 1957; Ohmoto and Rye 1979).
However, relatively high δ34S values (*10 ‰,
Fig. 5) are reported for SO4

2− in Bannoe geo-
thermal lake. This may indicate hydrothermal
water inflows containing isotopically heavy SO4

2

− mobilized from old sulfate mineral deposits
(e.g., alunite, anhydrite, gypsum), which them-
selves contain SO2-derived SO4

2− formed during
a previous episode of shallow magmatic hydro-
thermal activity in the caldera. Conversely, the
comparatively low d34SSO4 measured in Lake
Voui during the 2005–2006 unrest probably
points to H2S-rich hydrothermal inputs to the
acid crater lake.

Oxidation of H2S into SO4
2− takes place in

the near-surface environment where oxygen is
available but the reaction is kinetically limited
(Chen and Morris 1972). It normally proceeds
through a complex chain of reactions that involve

both abiotic and biotic processes. At low con-
centrations of oxygen, the abiotic oxidation of
H2S produces S2O3

2−:

2H2Sþ 2O2 ¼ S2O3
2� þ H2Oþ 2Hþ ð9Þ

Thiosulfate is unstable under acid conditions
and breakdown to S° and SO3

2− or sulfides (e.g.,
Davis 1958):

S2O3
2� ¼ S� þ SO3

2� ð10Þ
Sulfite is then rapidly oxidized abiotically to

SO4
2−:

SO3
2� þ 0:5O2 ¼ SO4

2� ð11Þ
Elemental sulfur generated via reaction (10)

tends to accumulate because of its slow reactivity
with water below 100 °C, and a catalyst or bac-
teria is required to proceed further. In particular,
sulfur oxidizing bacteria such as Thiobacillus
thiooxidans can utilize sulfur (enzymatic oxida-
tion) as an energy source and converts it to SO4

2

− (e.g., Kelly 1982):

S� þ 1:5O2 þ H2O ! SO4
2� þ 2Hþ ð12Þ

Thiobacillus thiooxidans is identified in several
acid crater lakes and geothermal lakes (Ivanov and
Karavaik 1966; Sugimori et al. 1995; Takano et al.
1997), although it is absent at pH < 1. A rate of

Fig. 5 Sulfur isotopic
composition (δ34S) of
dissolved SO4

2− and
elemental sulfur from
(hyper-)acid crater lakes
and geothermal lakes. The
lakes are listed in
increasing order of isotopic
distance (DSO4�S�

¼ d34SSO4 � d34SS� ). Data
from Kusakabe et al.
(2000) and Bernard
(unpublished)
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SO4
2− production from H2S by Thiobacillus

thiooxidans of 8.4 g m−2 day−1 has been deter-
mined in Yugama Lake. It is nearly ten times
higher in Oyunuma geothermal lake (Murozomi
et al. 1966; Schoen 1969). Aerobic bacterial
oxidation of S° produces a small isotopic effect
(Nakai and Jensen 1964) and as a consequence,
SO4

2− formed through this pathway exhibits light
δ34S values.

3.2 Aqueous Polythionates

Complex mixtures of S4O6
2−, S5O6

2− and S6O6
2

− are commonly found in hyper-acid crater lakes
(e.g., Takano and Watanuki 1990; Takano et al.
1994a; Rowe et al. 1992a; Delmelle et al. 2000;
Sriwana et al. 2000). The presence of SxO6

2− is
linked to reactions between H2S and SO2 gases
in acidic waters (Takano 1987; Takano and
Watanuki 1990), sometimes referred as a
Wackenroders solution (Haff 1970), such as:

H2Sþ 3SO2 ¼ S4O6
2� þ 2Hþ ð13aÞ

5H2Sþ 10SO2 ¼ 3S5O6
2�

¼ 3S5O6
2� þ 6Hþ þ 2H2O

ð13bÞ

7H2Sþ 11SO2 ¼ 3S6O6
2�

¼ 3S5O6
2� þ 6Hþ þ 4H2O

ð13cÞ
These poorly-constrained reactions involve

various unstable intermediate sulfur species that
are difficult to measure. Takano et al. (1994a)
suggest that S4O6

2− is preferentially formed
when the aqueous SO2/H2S molar ratio is *3,
whereas S5O6

2− and S6O6
2− dominate at lower

ratio values of *1 (Fig. 6). The temperature
dependence of equilibrium SxO6

2− distribution is
not documented, but SxO6

2− species are known
to degrade above 100 °C (Takano and Watanuki
1990).

An alternative pathway for SxO6
2− formation

in hydrothermal waters has been proposed (Wil-
liamson and Rimstidt 1993; Xu and Schoonen
1995; Xu et al. 2000); it involves oxidation of

S2O3
2−, enhanced by the catalytic action of pyrite

(and possibly other metal sulfides) or Fe3+.
Thiosulfate may originate from the initial step of
S° hydrolysis, expressed as:

4S� þ 3H2O ¼ S2O3
2� þ 2H2Sþ 2Hþ ð14Þ

or/and from the shortening (sulfitolysis) of SxO6
2

− chain length by reaction with SO3
2− produced

via oxidation of SO2, according to:

Sxþ1O6
2� þ SO3

2� ¼ SxO6
2� þ S2O3

2� ð15Þ
Oxidation of H2S also yields S2O3

2− as an
intermediate sulfur species (reaction 9). The oxi-
dation of S2O3

2− into S4O6
2− can be written as:

2S2O3
2� þ 0:5O2 þ 2Hþ ¼ S4O6

2� þ H2O

ð16Þ
The rate of S4O6

2− formation via this reaction
was shown to increase with temperature (Xu
et al. 2000).

Since pyrite is a common mineral impurity in
sulfur spherules from hyper-acid crater lakes and
geothermal lakes, SxO6

2− production through
S2O3

2− oxidation cannot be ruled out. At Yugama
lake, Takano et al. (1994b) reported a remarkably
high total SxO6

2− concentration (3,900 mg l−1) in
the solution obtained by squeezing sulfur spher-
ules, possibly pointing to efficient production of
SxO6

2− through pyrite-mediated oxidation of
S2O3

2−. Similarly, Webster (1989) measured
S2O3

2− concentrations up to 10 mg l−1 in Ruapehu
Crater Lake waters. However, the importance of a
pyrite-mediated reaction pathway in hyper-acid
crater lakes may be confounded by the availability
of S2O3

2−, which is rapidly decomposed (reaction
10) under low pH and elevated temperature con-
ditions (>150 °C; Xu et al. 2000).

Since SxO6
2− anions are expected to be

unstable above 100 °C (Takano and Watanuki
1990), most of SxO6

2− production probably takes
place in the hyper-acid crater lake itself. How-
ever, part of the S4O6

2− content could be sourced
to the subaqueous hydrothermal vent; kinetic
data suggest that the half-life of this sulfur oxy-
anion below 200 °C is long enough to allow its
transfer to the lake (Takano et al. 2004).
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3.3 Elemental Sulfur

Elemental sulfur in hyper-acid crater lakes can
form through several reaction pathways. In the
main hydrothermal upflow zone beneath the lake,
S° is readily deposited from the volcanic gas
phase containing SO2 and H2S (Mizutani and
Sugiura 1966; Giggenbach 1987):

SO2 þ 2H2S ¼ 3S� þ 2H2O ð17Þ
Reaction (17) is thermodynamically favored

upon expansion and cooling of the magmatic
gases en route to the surface. There is a positive
sulfur isotopic fractionation between SO2 and H2S
in fumarolic gases which increases as temperature
decreases, but still can be several‰ above 400 °C
(Richet et al. 1977; Taylor 1986). This effect
explains the light isotopic composition of fuma-
rolic S° deposits (e.g., Sakai 1957; Delmelle et al.
2000) and is also compatible with the mildly to
moderately depleted δ34S values measured in
sulfur spherules and pyroclasts (which correspond
to ‘quenched’ molten sulfur) from hyper-acid
crater lakes (Fig. 5). The conspicuous presence of
liquid sulfur in the porosity of subsurface rocks
ejected from a small gas-driven eruption through

Ruapehu Crater Lake (Christenson et al. 2010)
gives further credence to substantial S° deposition
via reaction (17). Since this reaction consumes
two moles of H2S for one mole of SO2, it can
also explain the typically low concentration of
dissolved H2S measured in hyper-acid crater
lakes.

Some hyper-acid crater lakes (e.g., Poás and
Maly Semiachik) host S° with noticeably light
isotopic compositions (δ34S as low as −10.4‰,
Fig. 5). Since SO4

2− production through SO2

disproportionation gives rise to a large sulfur
isotope exchange (Sect. 3.1), strongly negative
δ34SS° values are attributed to S° formation
through reaction (5b), or indirectly via reaction
(5a) followed by subsequent oxidation of H2S
(reactions 9 and 10; Kusakabe et al. 2000).

A few studies (e.g., Bernard et al. 2004; Rowe
1994) posit that precipitation of S° can also result
from oxidation of H2S by Fe3+ in the low pH
waters:

2Fe3þ þ H2S ¼ 2Fe2þ þ S� þ 2Hþ ð18Þ
Ferrous iron is the stable dissolved iron spe-

cies in strongly acidic conditions, and reaction
(18) implies that the Fe2+/Fe3+ ratio should

Fig. 6 Distribution of polythionates (SxO6
2−, x = 4–6),

elemental sulfur, aqueous H2S and SO2 as a function of
the aqueous SO2/H2S molar ratio (the corresponding
SO2/H2S ratio in the gas is also shown). The concentrations

of SxO6
2− and aqueous SO2 and H2S represent values

determined experimentally. Reproduced from Takano et al.
(1994a) with permission from Elsevier
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decrease with increasing lake water acidity.
However, this trend has never been observed in
hyper-acid crater lakes and therefore, oxidation
of H2S by Fe3+ is unlikely to govern S°
precipitation.

Elemental sulfur deposition in hyper-acid
crater lakes may also relate to SxO6

2− sulfitolysis
(reaction 15), and subsequent degradation of
S2O3

2− (reaction 10). The overall reaction is
summarized by Takano (1987) as:

SxO6
2� þ 3x� 7ð ÞHSO3

�

¼ 2x� 3ð ÞSO4
2� þ 2x� 4ð ÞS� þ x� 1ð ÞHþ

þ x� 3ð ÞH2O

ð19Þ
At Poás, Rowe (1994) argued that, over short-

time periods, SxO6
2− destruction through reaction

(19) can lead to significant S° deposition.A similar
conclusion was reached by Delmelle et al. (2000)
for Kawah Ijen hyper-acid crater lake. Alterna-
tively, S° can be a product of SxO6

2− decomposi-
tion due to interaction with H2S (Xu et al. 2000):

SxO6
2� þ H2S ¼ 2S2O3

2� þ x� 2ð ÞS� þ 2Hþ

ð20Þ
Thus, in the presence of SxO6

2−, the amounts
of S° and SO4

2− derived from H2S oxidation may
be limited due to diversion of this species via
reaction (20).

In geothermal lakes, S° originates from abi-
otic oxidation of H2S (reactions 9–10 and per-
haps, reaction 18) conveyed by hydrothermal
steam discharges. Accordingly, S° in these lake
settings tends to display less negative isotopic
compositions (e.g., Oyunuma and Khloridnoe,
Russia; Fig. 5) compared to those found in
hyper-acid crater lakes fed by SO2-rich magma-
hydrothermal inputs. The cases of Bannoe and
Niseko geothermal lakes, which display atypical
δ34SS° values, are briefly discussed later.

Molten sulfur bodies in hyper-acid crater lakes
may correspond to S° deposited directly from the
sulfur-bearing magmatic gas phase (reaction 17)
and/or through SO2 disproportionation (reactions
5a and 5b). Alternatively, remobilization of
S°-rich lake sediments previously deposited on

the crater floor (Fig. 2) may also be responsible
for the formation of molten material. Interest-
ingly, the isotopic composition determined for
lacustrine S° sediments exposed in the crater of
Kawah Ijen volcano falls within the range
reported for the sulfur spherules and pyroclasts
(Delmelle et al. 2000). Melting of S°-rich sedi-
ments may also account for the comparatively
depleted δ34SS° values of quenched molten sulfur
samples from Bannoe and Niseko geothermal
lakes (Fig. 5).

3.4 Sulfate, Sulfide and Sulfosalt
Minerals

Sulfate minerals in hyper-acid crater lakes and
geothermal lakes are restricted to the hydrous
aluminum and alkaline-earth phases. As
observed at a few sites, alunite can precipitate
directly from the lake waters (e.g., Giggenbach
1974; Takano and Watanuki 1990; Inoue and
Aoki 2000). In hyper-acid crater lakes powered
by magma-hydrothermal interaction, alunite and
anhydrite may form in the upper part of the
hydrothermal vent due to magmatic vapor
expansion (Christenson et al. 2010; Henley and
Berger 2011). Such deposits can constitute a
reservoir of SO4

2− for the overlying crater lake
when subsurface magma-hydrothermal activity
fosters mineral dissolution (Christenson and
Wood 1993; Takano and Watanuki 1990).

Formation of macrocrystals of gypsum in
hyper-acid crater lakes is normally attributed to
evaporation and enhanced saturation in the
waters, although lake cooling may also prompt
gypsum precipitation (Fig. 4a). Unsurprisingly,
the sulfur isotopic signature of gypsum reflects
that of dissolved SO4

2− (Rowe 1994). Besides
gypsum, various hydrated aluminum sulfate
minerals may precipitate upon intense evapora-
tion of the lake waters, as epitomized by the
spectacular deposits which form on the outer
flank of Kawah Ijen where lake seepages resurge
(Fig. 4b; Delmelle and Bernard 2000).

Sulfides or sulfosalts have not been detected
in suspended matter retrieved from hyper-acid
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crater lakes, although there is suspicion that
pyrite is close to saturation in Ruapehu Crater
Lake (Christenson and Wood 1993; Christenson
et al. 2010). Pyrite is reported to occur in lake
bottom sediments at Ruapehu and Kawah Ijen.
Thermodynamic calculations predict that a typi-
cal hyper-acid crater lake water becomes satu-
rated with respect to minerals such as bornite
(Cu5FeS4), chalcocite (Cu2S), covellite (CuS),
enargite, tennantite, bournonite (PbCuSbS3),
chalcopyrite (CuFeS2), tetrahedrite ((Cu,
Fe)12Sb4S13), stibnite (Sb2S3) and orpiment
(As2S3) when the dissolved concentration of H2S
is slightly raised (Delmelle and Bernard 1994;
Pasternack and Varekamp 1994; Sriwana et al.
2000). Overall, these findings point to lack of
reliable aqueous H2S measurements in hyper-
acid crater lake waters. In geothermal lake set-
tings (e.g., Oyunuma and Bannoe), continuous
supply of H2S-rich steam maintains reducing
conditions in the water column, thereby allowing
readily precipitation of pyrite (Inoue and Aoki
2000).

The presence of sulfide and sulfosalt inclu-
sions in sulfur spherules and pyroclasts from
hyper-acid crater lakes is not fully understood.
These minerals may precipitate in the subaque-
ous hydrothermal vent which hosts molten sulfur
and where redox conditions are probably more
reducing than in the thoroughly mixed lake water
column. Interaction between magmatic gas dis-
charges and molten sulfur may also lead to sul-
fide and sulfosalt formation. There is plenty of
evidence that metal deposition occurs as a deep
magmatic vapor expands and cools during ascent
to the surface (e.g., Bernard and Le Guern 1986;
Symonds and Reed 1993; Taran et al. 1995;
Africano et al. 2002; Henley 2015). Fine pyrite
and covellite grains and Cu-As sulfosalt inclu-
sions in molten sulfur from a submarine volcano
in the Lau Basin, southwestern Pacific Ocean, are
thought to result from condensation of metal-
transporting magmatic vapor (Kim et al. 2011).
The same mechanism may apply to hyper-acid
crater lake environments.

4 Geochemical Monitoring
of Volcanic Activity at Hyper-
Acid Crater Lakes Using Sulfur
Compounds

4.1 Aqueous Polythionates
and Sulfate

In a series of papers published between 1987 and
2008, Takano and others proposed that SxO6

2−

total concentration and distribution in hyper-acid
crater lakes are coupled to changes in the SO2/H2S
gas ratio ofmagma-hydrothermal inputs. Based on
the analysis of water samples collected from
Yugama Lake between 1960 and 1986, Takano
(1987) and Takano and Watanuki (1990) demon-
strated that phreatic activity is systematically
preceded by a decrease in SxO6

2− and a concom-
itant increase in SO4

2− in the lake waters (Takano
1987; Takano and Watanuki 1990). A similar
pattern was reported for Poás prior to a magmatic
eruption (Rowe et al. 1992a). The inverse rela-
tionship between SxO6

2− and SO4
2 is attributed to

enhanced sulfitolysis (reaction 15) consequent on
the injection of SO2-rich gases into the lake and
subsequent production of SO3

2−. Takano and
Watanuki (1990) also emphasized that there is a
sharp increase in SxO6

2− prior to onset of sulfi-
tolysis-driven degradation. They explain this
observation in terms of fresh arrival of H2S into the
lake which in turn, brings the aqueous SO2/H2S
ratio to values optimal for SxO6

2− production
(Fig. 6; Takano and Watanuki 1990). Based on
these findings and using times-series SxO6

2− data,
Takano et al. (1994a) recognize four stages of
magma-hydrothermal activity at Ruapehu Crater
Lake during the period 1968–1991.

Some caution is needed when interpreting
SxO6

2− and SO4
2− in hyper-acid crater lakes in

relation to changes in volcanic activity as other
processes than those evoked above may alter the
concentration and distribution of these species.
Our understanding of the chemistry and kinetics
of SxO6

2− formation and destruction, which may
be governed in part by complex sulfur chemistry
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involving gaseous, liquid and solid sulfur spe-
cies, is still fragmentary. For example, it has been
shown that SxO6

2− decomposition can also result
from interaction with excess H2S (reaction 20;
Xu et al. 1998, 2000). The significance of S2O3

2−

for SxO6
2− chemistry in acid waters may also

have been overlooked. Further, Takano’s studies
imply that the concentration and distribution of
SxO6

2− will vary with intensity of SO2 removal
in the subsurface magma-hydrothermal system,
notably through reactions (5a, 5b) and (15).
Sulfur dioxide scrubbing beneath the crater lake
is difficult to quantify as it encompasses various
processes involving gas, water and sometimes
wall rock (Symonds et al. 2001). At Yugama
Lake, inter-eruptive periods are characterized by
cyclic changes of total SxO6

2− content (Takano
et al. 2008). This pattern is thought to reflect
alteration of the sulfur-bearing gas composition
due to periodic fluctuations in meteoric water
inputs to the magma-hydrothermal reservoir
beneath the lake. Lastly, variations in lake SO4

2−

may also relate to dissolution/precipitation reac-
tions involving sulfate minerals (e.g., alunite)
deposited in the upper zone of the hydrothermal
vent connected to the crater lake (e.g., Takano
and Watanuki 1990; Christenson et al. 2010).

Another point to address when applying
SxO6

2− monitoring to hyper-acid crater lakes is
linked to the stability of sulfoxyanions during
storage. In the absence of bacteria, SxO6

2− are
remarkably stable under low-pH conditions
(Takano et al. 1994a; Takano and Watanuki
1988, 1990), but Xu et al. (2000) pointed out that
concentrations in aged samples could be over-
estimated due to oxidation of other intermediate
sulfur species such as S2O3

2−.

4.2 Sulfur Isotopic Composition

Evolution of the sulfur isotopic composition of
SO4

2− in hyper-acid crater lakes may also provide
insights into subsurface magma-hydrothermal
activity. Ohsawa et al. (1993) and Kusakabe et al.
(2000) analysed a 23-year dataset (1972–1995)
obtained at Yugama Lake. From 1973 to 1985,
d34SSO4 was remarkably constant at 20–21 ‰

(a similar value was measured for one lake water
sample collected in 1955), but it decreased
afterwards to reach a low of *13 ‰ in 1990,
before returning to pre-1985 levels in 1995. A
subsequent survey unveils similar fluctuations
between 1995 and 2007 (Shimizu and Ohba
2008). This alternation of high and low d34SSO4

values is thought to reflect changes in the
respective contributions to the lake of SO4

2−

derived from SO2 disproportionation and surface
runoffs containing SO4

2− produced through biotic
oxidation of S° and sulfides present in the ground.

In hyper-acid crater lakes, the isotopic dis-
tance between SO4

2− and S° in quenched molten
sulfur often exceeds 20 ‰ (DSO4�S� ¼ d34SSO4

�d34SS� , Fig. 5). Based on this observation and
assuming isotopic equilibrium, Kusakabe et al.
(2000) used relationship (8) to infer that SO4

2− in
these lakes is probably formed above 200 °C in
the sublimnic hydrothermal conduit where mag-
matic gases condense. Thus, determination of
DSO4�S� could provide information on the tem-
perature regime in the upper part of the magma-
hydrothermal system. However, the possibility
that molten sulfur bodies in hyper-acid crater
lakes correspond to remobilization of old lake
sediments that are not contemporaneous of SO4

2

− formation puts a cast on this approach. More-
over, sluggish reaction kinetics below 200 °C can
yield smaller apparent isotopic fractionations
(Kusakabe et al. 2000), thus limiting applicabil-
ity of equation (8) at lower temperatures.

The sulfur isotopic composition of SO4
2− in

hyper-acid crater lakes has also been linked to
the initial molar H2S/SO2 ratio, rs, of the source
magmatic hydrothermal inputs. Taran et al.
(1996) and later Kusakabe et al. (2000) proposed
the following expression:

d34SSO4 ¼ d34SRS þ DSO4�H2S rs=1þ rsð Þ
þ DSO4�S�1=3 1=1þ rsð Þ ð21Þ

where DSO4�H2S and DSO4�S� denote the isotopic
fractionation factors at equilibrium and δ34SΣS is
the isotopic composition of total sulfur in the
system. According to this expression, a decrease
in rs produces lighter δ

34S in SO4
2−. In general,

the rs values calculated using relationship (21)
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are lower than estimates obtained from SxO6
2−

distribution (Takano et al. 1994a; Fig. 6). This
discrepancy corroborates the idea that SxO6

2− are
mainly formed in the crater lake itself rather
than in the hydrothermal vent where higher
temperatures occur.

4.3 Elemental Sulfur

Subaqueous body (or bodies) of molten sulfur in
hyper-acid crater lakes and geothermal lakes may
influence heat and mass transfers from a sub-
surface magma-hydrothermal system to the
overlying lake. Hurst et al. (1991) suggested that
fluctuations in the flux of hot steam and non-
condensable gases to Ruapehu Crater Lake are
responsible for lake temperature variations. They
explained this in terms of the strong dependence
of sulfur viscosity on temperature. Above
159 °C, sulfur viscosity is such that heat and
mass transfers through the hydrothermal vent-
hosted molten sulfur would be blocked. How-
ever, Takano et al. (1994b) challenged this idea
by showing that significant heat transfer to the
lake is possible through convection within the
molten sulfur body, even when the viscosity of
pure sulfur is maximum (i.e., viscosity = 92 Pa

s−1 at 187 °C). Moreover, they highlighted the
impact of H2S on sulfur viscosity; dissolution of
this gas in liquid sulfur alters the molecular
structure, thus leading to a lower viscosity of the
sulfur body and thereby, enhanced convection
and associated heat transfer. A similar effect is
suspected for SO2, but the solubility of H2S in
sulfur is higher (Touro and Wiewiorowski 1966;
Wiewiorowski and Touro 1966) and increases
(non-linearly) in the range 120–220 °C (Fanelli
1949; Marriott et al. 2008).

While Takano et al. (1994b) dismissed a
direct link between molten sulfur viscosity and
temperature variations at Ruapehu Crater Lake,
they acknowledged that temperature conditions
at the hydrothermal conduit-crater lake interface
dictates when sulfur forms a fully molten body or
a partially encrusted material, which may limits
heat and mass exchanges. They also argued that
the mineralogy (i.e., presence or absence of
sulfides), chemistry (i.e., distribution of sulfur
homocycles, Sx with x = 6−8) and morphology
of sulfur spherules collected at the lake surface
convey information on the state of the subaque-
ous sulfur mass from which they derive. Notably,
Takano et al. (1994a) established a positive
temperature dependence of the S7/S8 ratio in the
sulfur spherules.

Fig. 7 Cartoon diagram
illustrating the possible
reactions involving the
main gaseous and aqueous
sulfur species and
elemental sulfur in hyper-
acid crater lakes. See text
for details
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5 Summary

A schematic diagram of major interactions
involving gaseous, liquid and solid sulfur species
in hyper-acid crater lakes is shown in Fig. 7.
(a) Sulfate in hyper-acid crater lakes overlying

shallow magma-hydrothermal systems is
mainly produced through disproportionation of
magmaticSO2 (reactions 5a and5b) in theupper
part of the hydrothermal conduit connected to
the lake. Sulfur dioxide disproportionation is
accompanied by a large sulfur isotopic frac-
tionation, which produces heavy d34SSO4 val-
ues. Polythionate decomposition (reactions
6 and 7) may also be a source of SO4

2− in
hyper-acid crater lakes. In geothermal lakes,
SO4

2− derives from oxidation of H2S-rich
steam inputs. Gypsum, barite and alunite may
precipitate in hyper-acid crater lakes and
geothermal lakes, but these phases constitute a
negligible part of the SO4

2− budget.
(b) Polythionates in hyper-acid crater lakes are a

product of aqueous reactions between SO2

and H2S gases (reactions 13a–13c). The
concentration and distribution of SxO6

2− in
hyper-acid crater lakes are thought to be
controlled by SO2/H2S ratio in the magma-
hydrothermal inputs. Sulfitolysis of SxO6

2−

is enhanced during episodes of strong SO2

discharge (reaction 15), but reaction with
H2S also leads to SxO6

2− decomposition
(reaction 20). The role of S2O3

2− oxidation
in SxO6

2− generation is poorly understood.
(c) Elemental sulfur deposition in hyper-acid

crater lakes occurs predominantly within the
subaqueous hydrothermal vent due to cooling
of SO2-, H2S-bearing magmatic gases (reac-
tion 17). Disproportionation of SO2 may also
generate S° (directly via reaction 5b, or
indirectly via reaction 5a). Both mechanisms
impart an isotopically light composition to S°.
There is also evidence the hyper-acid crater
lake waters can become saturated with respect
to S° for prolonged periods of time. Polythi-
onate degradation is another pathway for S°
generation in these environments (reactions
19 and 20). In geothermal lakes, S° formation

is sourced to abiotic oxidation of H2S (reac-
tions 9 and 10).

(d) Subaqueous molten sulfur in hyper-acid cra-
ter lakes probably captures a portion of the
metal flux carried through to the surface by
expanding magmatic gases. Metals may also
precipitate as sulfide and sulfosalts in the lake
waters if more reduced conditions develop.
While the combined use of chemical and

isotopic measurements has provided a solid
foundation for unraveling the origin of sulfur
compounds occurring in hyper-acid crater lakes,
important unknowns remain regarding the com-
plex chemistry and temperature-dependent
kinetics which govern the cycling of sulfur
between its different redox forms in the mag-
matic hydrothermal-lake system. This gap in
knowledge complicates interpretation of SxO6

2−

measurements, thereby jeopardizing geochemical
monitoring efforts. Thus, more work involving
on-site analyses (Druschell et al. 2003c) coupled
with carefully designed laboratory experiments is
needed to unravel sulfur speciation in hyper-acid
crater lakes. Another rich topic for future study
relates to the presence of molten sulfur in these
environments. It is fundamental to better under-
stand the ultimate origin of this material, and
how a molten sulfur body influences heat and
mass exchanges between the lake and the
underlying hydrothermal vent. This requires
improved knowledge on the impact of impurities
such as SO2, H2S and metals on sulfur viscosity.
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Molten Sulfur Lakes of Intraoceanic Arc
Volcanoes
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R.W. Embley, V. Tunnicliffe, E.T. Baker, S.L. Walker,
V.L. Ferrini, and S.M. Merle

Abstract

Intraoceanic arcs of the world are dominated by submarine volcanoes,
many of which host active hydrothermal systems. A considerable number
of the morphological features common to subaerial volcanoes are also
present on the submarine edifices, including summit craters. Surprisingly,
some of the craters, such as at Daikoku and Nikko volcanoes of the
Mariana Arc, and Macauley Cone of the Kermadec Arc, are host to lakes
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of molten sulfur, both ancient and modern. These lakes, up to *200 m in
diameter, act as condensers of gases that derive from the underlying
magmas. Volcanic vents beneath these lakes provide a steady outflow of
hot gases that continuously generate molten sulfur. At Daikoku, an
extraordinary lake of liquid sulfur is in constant convective and gas
escape-driven motion. Smaller pools of molten sulfur occur on Nikko, and
there is evidence of older, larger lakes on both this volcano and Macauley,
based on the accumulation of large quantities of sulfur in the subsurface.
The elemental S at these sites is produced largely by the reac-
tion 2H2S + SO2 = 3S + 2H2O and the disproportionation of magmatic
SO2. Anomalous concentrations of Au and Cu in the lakes are most likely
transported by vapor.

Keywords

Intraoceanic arc volcanoes � Submarine crater lakes � Daikoku � Nikko �
Macauley cone � Elemental sulfur � Trace elements � Sulfur isotopes

1 Introduction

The oceans cover *72 % of the Earth’s surface,
obscuring most of the globally-dominant volca-
nism that occurs along divergent and convergent
plate boundaries (Crisp 1984). As a consequence,
most volcanic activity, including eruptions lead-
ing to volcano building and the discharge of
associated volcanic gases, occurs out of sight on
the seafloor. Only recently, with the deployment
of manned submersibles and remotely operated
vehicles (ROVs), have we been able to witness
these processes and begun to monitor the fre-
quency of eruptions, measure their effects, and
provide insight into the realm of submarine vol-
canism. In some cases this volcanism has been
truly spectacular, including eruptions on the
seafloor witnessed for the first time in 2004 (e.g.,
Embley et al. 2007; Chadwick et al. 2008).

Convergent plate boundaries of the western
Pacific mark a significant proportion of all in-
traoceanic arcs, totaling some 6,380 km in length
(de Ronde et al. 2003). The Izu-Bonin/Mariana
and Kermadec/Tonga arcs are prominent
intraoceanic arcs within this region, with lengths
of *1,600 and *1,530 km, respectively

(Fig. 1). Each of these arcs hosts numerous
volcanic centers that comprise either single or
clustered edifices, cone- or caldera-type volca-
noes, or groups of smaller cones. These two arcs
have been the focus of regional-scale exploration
for hydrothermal plumes that delineate mag-
matic-hydrothermal systems on the seafloor (de
Ronde et al. 2001; Baker et al. 2008). Those
studies initially identified hydrothermally-active
sites by using a conductivity-temperature-depth-
optical (CTDO) instrument package, fitted with
Niskin bottles for collecting water samples, to
detect and sample physical and chemical anom-
alies in the water column above a target volcano.
Subsequent investigations by manned sub-
mersible and ROV expeditions enabled first-hand
observations of volcano building (e.g., NW Rota-
1 volcano, Chadwick et al. 2008, 2012; Embley
et al. 2006), discharge of liquid CO2 from sea-
floor vents (i.e., Eifuku volcano, Lupton et al.
2006), formation of significant seafloor massive
sulfide deposits (i.e., Brothers volcano, de Ronde
et al. 2005), identification of new vent-related
animal communities (i.e., Tunnicliffe et al.
2010), and the remarkable discovery of seafloor
crater ‘lakes’ of molten sulfur perched on some
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of the volcanoes (Embley et al. 2007), which is
the subject of this chapter.

Discharge of volatiles from volcanoes can be
associated with eruptive activity and/or the
degassing of deep-seated magma. At subaerial
arc volcanoes, rock compositions range from
basaltic to rhyodacitic, with volatiles dominated
by H2O, CO2 and S (SO2 + H2S) (e.g., Giggen-
bach 1992, 1996). This is also true for submarine
arc volcanoes, where high concentrations of

CO2, SO2, and H2S have been measured at sea-
floor vents (e.g., Resing et al. 2007; Lupton et al.
2008; Butterfield et al. 2011; de Ronde et al.
2011). The obvious difference between the dis-
charge of volatiles from subaerial versus that
from submarine volcanoes is the column of sea-
water above the latter (and the pressure it exerts),
acting as a huge condenser and ensuring mixing
of gas species with seawater at, or immediately
below, the seafloor.
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Fig. 1 Map showing the
location of the submarine
intraoceanic arc volcanoes
Daikoku and Nikko of the
northern Mariana arc, and
Macauley volcano of the
mid-Kermadec arc
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1.1 Submarine Arc Volcanoes
and the Preponderance of Sulfur

Plume mapping surveys of the Mariana, Tonga
and Kermadec arcs show the incidence of vent-
ing at volcanoes along these arcs is approxi-
mately 43, 30 and 77 %, respectively (Baker
et al. 2005, 2008; de Ronde et al. 2001, 2007;
unpublished data). The majority of venting at
seafloor sites along these arcs can be described as
magmatic-hydrothermal in origin, with volcanic
vent fluids derived from hot, condensed mag-
matic gases reacting with seawater and volcanic
rock as they ascend from depth into relatively
shallow reaction zones immediately subseafloor.

Elemental S at these sites is produced mainly
via the reaction:

2H2Sþ SO2 ¼ 3Sþ 2H2O ð1Þ
This reaction will take place where H2S and

SO2 are present in the gas phase, where it is both
kinetically and thermodynamically favorable
(Mizutani and Sugiura 1966). The redox poten-
tial (RH = log fH2/fH2O) associated with the rock
buffers quartz-fayalite-magnetite or nickel-nickel
oxide is very close to that of the H2S-SO2 buffer
at 1,000–1,200 °C, hence the importance of
reaction 1 once vapors leave the melt, where
these gases are assumed to be equimolar
(Giggenbach 1987). The gas stream is rapidly
depleted in H2S through the formation of ele-
mental S, according to reaction 1, whereupon
disproportionation reactions involving SO2

become more dominant.
Sulfur dioxide (SO2) gas is a major compo-

nent of high-temperature magmatic gas (Moretti
and Papale 2004). It is highly soluble in water,
although SO2(aq) is thermodynamically unstable
under hydrothermal conditions (i.e., <350 °C)
where H2S is the dominant form of sulfur (e.g.,
Giggenbach 1987; Seyfried 1987; Symonds et al.
2001). Aqueous SO2 can undergo the following
reactions (from Butterfield et al. 2011):

SO2ðaq)þ H2O ¼ HSO�
3 þ Hþ ð2Þ

3SO2 aqð Þ þ 2H2O ¼ Seþ 2H2SO4 ð3Þ

4SO2 aqð Þ þ 4H2O ¼ H2Sþ 3H2SO4 ð4Þ
Sulfur dioxide rapidly hydrates to form sul-

furous acid, which in turn dissociates to yield
dissolved bisulfite (reaction 2). SO2 may also
disproportionate in water to yield H2SO4 and
either elemental sulfur (Se, reaction 3) or H2S
(reaction 4). Sulfur dioxide (detected as dis-
solved HSO3

−), H2SO4, and Se are the dominant
forms of sulfur emitted at volcanic vents such as
at NW Rota-1 of the Mariana Arc (Butterfield
et al. 2011), indicating that reactions 2 and 3
prevail over reaction 4 when condensed mag-
matic gases rapidly mix with oxygenated ambi-
ent seawater. SO2 quenching experiments by
Kusakabe et al. (2000) support the formation of
elemental sulfur and H2SO4 (reaction 3) when
SO2-rich condensed gases are injected directly
into seawater.

2 Mariana Arc

Volcanoes with magmatic-hydrothermal dis-
charge noted along the Mariana Arc include:
Seamount X, Ruby, NW Rota-1, NE Eifuku,
Daikoku and Nikko volcanoes. The latter two are
host to molten sulfur ‘lakes’ on the seafloor, both
past and present. Below, we describe the physical
setting of these lakes and later we detail the trace
element geochemistry and isotopic composition
of the sulfur.

2.1 High-Resolution Bathymetric
Mapping by ROV

To better understand the physical and geological
setting of the molten sulfur lakes at both Daikoku
and Nikko seamounts (Fig. 1), high-resolution
bathymetric mapping was conducted during the
2006 Submarine Ring of Fire expedition (Embley
et al. 2007). The surveys were executed with a
Kongsberg SM2000 multibeam sonar (200 kHz)
mounted on the Jason II remotely operated
vehicle (ROV) driven at an altitude of *25 m
above the seafloor while navigated by doppler
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sonar (DVL). The Daikoku survey was collected
during 8 h on Jason II dive J2-195, while the
Nikko survey took 14 h during dive J2-198. Steep
slopes and rough topography at both sites made
the surveys challenging, particularly at times
when DVL bottom-lock was lost. However, the
SM2000 sonar data were feature-matched in post-
processing to overcome navigational offsets that
obscured bathymetric features (Roman and Singh
2007; Ferrini et al. 2007, 2008). Each SM2000
bathymetric survey is 300–500 m on a side and is
roughly square in map view.

2.2 Case Study: Daikoku

Daikoku is one of over sixty submarine volcanoes
that populate the Mariana arc (Fig. 1). It is
hydrothermally active and in both 2003 and 2004
was emitting an intense light-backscattering
plume (measured as deviations in “nephelometry
transmission units”; DNTU), consistent with high
concentrations of elemental S (Baker et al. 2001,
2008). Daikoku is elongate in an east-west
direction with a large summit cone built on a flat
platform, possibly an older filled caldera
(Fig. 2a). The cone rises over 700 m from its base
at 1,050 m, with the upper NW slope covered by
unconsolidated ash and sediment. It appears to
have experienced significant mass wasting, based
on its dissected and eroded morphology. Daikoku
has a summit crater 200 m in diameter that is
breached on its northwestern side (Fig. 2b). Water
column sampling mapped an optically concen-
trated hydrothermal plume extending from near
the volcano’s summit (320 m) to a depth of
*480 m, thus indicating that venting was con-
centrated below the summit. The concentration of
elemental S in the Daikoku plume (up to 200 nM;
Resing et al. 2009) was among the highest sam-
pled anywhere along the Mariana arc.

ROV dive J2-195, spanning *24 h, discov-
ered a remarkable feature in a small
(*20 m × 14 m) depression on the NW slope of
the volcano; a small pond of molten sulfur,
named “Sulfur Cauldron” (Embley et al. 2007).
The high-resolution survey of Daikoku’s summit

shows that Sulfur Cauldron vent is located at
415 m water depth, about 250 m of NNW and
95 m deeper than the volcano summit at 320 m
(Fig. 2b). The pond is elongate like the depres-
sion it occupies, and measures *5 m long by
3 m wide (Fig. 3a, SM Videos 1–2). It has a rim
projecting over the edges of the pond, reminis-
cent of the silica ledges formed in the hydro-
thermal eruption craters occupied by chloride
pools, such as Champagne Pool at Wai-o-tapu,
New Zealand. At the time the ROV visited the
pond in 2006, the surface of the molten sulfur
was *1 m below the rim, indicative of a
dynamic environment where the pond levels rise
and fall (Fig. 3a). The apron surrounding the
pond is conspicuous, formed as a sulfur-rich
crust coated with a pavement of numerous
spherules of sulfur, representing fallout of
‘lapilli’ from S-rich plumes (Fig. 3b). Inclusion
of very fine-grained pyrite results in the sulfur in
the pond being black (Fig. 3a, d). Quenching by
overlying seawater makes the surface of the pond
semi-brittle and semi-ductile, as shown by liquid
flow patterns ‘frozen’ into the surface crust
(a few cm thick), including the pāhoehoe-like
textures shown in Fig. 3c (left-hand side) and
more geometric fracture patterns shown in
Fig. 3d. The pond surface is continuously being
ruptured by vigorous degassing of upwelling
S gases and CO2, causing cracks to appear and
resulting in undulating ‘waves’ rippling beneath
the crust, resulting in mini ‘plates’ of sulfur
breaking up and sometimes overturning and
sliding beneath the surface (SM Videos 1–2). On
occasion, the molten sulfur appeared to be cir-
culating within the confines of the crater.

A number of S-rich crusts occur on the vol-
cano slopes surrounding Sulfur Cauldron
(Fig. 3e). Samples recovered by the ROV show
individual crusts on the order of 5–10 cm thick
(Fig. 3f) where even thinner layers of sulfur bind
others dominated by ash (inset Fig. 3f). This
suggests that the Sulfur Cauldron environs have
been subjected to overflow of the pond on
numerous occasions, indicative of a protracted
history of discharge. A number of small (cm size)
vents punctuate the apron around Sulfur
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Cauldron and point to the discharge of S gases
(Fig. 3a).

A broad basin-like crater*200 m across from
rim to rim, with a relatively flat bottom at a depth

of 375 m lies northeast of Daikoku’s summit
(Fig. 2b). The crater hosts two very narrow, deep
craters (or pipes) apparently explosive in origin
and/or possibly lava feeder conduits. These
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Fig. 2 a Bathymetric map
of Daikoku volcano
derived from ship-based
EM300 multibeam sonar
data. The black box
outlines the location of the
detailed map shown in
b. b High-resolution
bathymetric map of
Daikoku summit (2-m grid)
obtained during a 2006
SM2000 multibeam sonar
survey by the ROV Jason
II, overlain on coarser
(25-m grid) EM300
bathymetry. See Fig. 3 for
photographs of Sulfur
Cauldron and
Supplementary Material
(SM) Fig. 1 for 3-D images
of the volcanic pipes.
A December 2014
Submarine Ring of Fire—
Ironman cruise shows
Daikoku was likely
erupting at the time with
the volcanic pipes likely
destroyed and new craters
formed (see: http://
oceanexplorer.noaa.gov/
explorations/14fire/
welcome.html)
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craters are *50 m in diameter although only
50 m apart, essentially vertical and cylindrical,
and both likely host hydrothermal activity at their
base. The 2006 high-resolution bathymetric sur-
vey imaged parts of the upper walls of the
explosion craters (one down to 461 m depth, or
86 m below the rim at 375 m), but the sonar was
not able to resolve the bottoms of the craters (see

Supplementary Material [SM] Fig. 1). A more
detailed survey inside one of the craters was
accomplished during the 2004 Ring of Fire
expedition with the ROPOS ROV. During dive
R795, ROPOS descended 75 m down inside the
NE crater to a depth of 450 m while imaging the
shape of the crater in horizontal slices with its
Kongsberg SM1000 obstacle-avoidance sonar.

(a)

(c)

(e)

(b)

(d)

(f)

Fig. 3 a Sulfur Cauldron. Taken from aboard Jason II. A
downward looking camera aboard Medea (a wide area
survey vehicle linked to, and which hovers above Jason
II) suggests the pond is *5 m across when compared to
the size of the ROV, and sits within a depression that is
only a few m’s bigger than the pond itself (see Fig. 2b).
Vigorous gas discharge can be seen through a relatively
hard crust at the top of the photograph against the back
wall of the depression that is just out of view. Black
arrows point to 5 of 15 well camouflaged fish in this
image. b Close-up of the apron a few m distant from the
sulfur pond (see a). Twelve Thermophilus symphurus and

two Gandalfus yunohana on sulfur ‘pebbles’; closer
inspection shows the sulfur crust is also covered by
numerous spherules of sulfur (inset). c Distinct ropey
texture of S lake surface. d Brittle mini ‘plates’ of S crust
move about on the surface of the lake, driven by gas
discharge. e Sulfur crusts in the immediate vicinity of
Sulfur Cauldron. Locally, small vents extrude molten
S. f Surface of layered S sample intercalated with ash
recovered from the same areas as that shown in e. Inset
shows close-up S and ash layers. Red laser dots seen in b,
e and f are 10 cm apart
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At that depth, the down-looking altimeter on
ROPOS was still registering its maximum range
of 60 m (to 510 m), meaning that this crater
(pipe) was at least 135 m deep, and possibly
more (Fig. 4a). The map-view outline of the NE
crater is lens-shaped near the top (Fig. 4b), but
almost circular with a diameter of 50 m at a depth
of 60 m below the rim (Fig. 4c). The crater rim
appeared to be composed of layers of sulfur-
cemented ash (see SM Figs. 2a, b). Deeper in the
crater, outcrops of massive lava flows were
exposed in the near-vertical walls dusted by a
ubiquitous “snow” of fine sulfur particles (SM
Fig. 2c). While inside the crater, and near the
summit of Daikoku, the visibility from the
ROPOS video camera was only a few m due to a

milky white, almost certainly sulfur-rich, particle
plume (SM Fig. 2c, d). The presence of this
dense plume and sulfur snow inside the crater
suggests that molten sulfur ponds may exist at
the bottom of the crater, or at least that it hosts
vigorous sulfur-rich hydrothermal vents with a
high magmatic gas component (e.g., Butterfield
et al. 2011; de Ronde et al. 2011). The obser-
vation of high (0.1–1.0) DNTU, S-rich plumes in
2003 and 2004, and the absence of any detectable
plume in 2006, suggests that venting and
S emission is intermittent at Daikoku.

We believe there is likely a subterranean
connection between the two deep eruptive craters
(pipes) and the molten pond at Sulfur Cauldron
vent located on the NW flank of Daikoku,
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Fig. 4 a Diagramatic cross-section of the NE explosion
crater at Daikoku, based on SM1000 sonar imaging from
the ROPOS ROV in 2004 (see Fig. 2b). A small image of
the ROPOS ROV shows its relative size at approximately
the correct scale. The NE crater is vertical and cylindrical
with a diameter of about 50 m, and is at least 135 m
deep. b A SM1000 sonar image recorded 21 m below the
rim of the NE crater showing its lens-shaped outline. In

this map view, the ROV is at the center at a depth of
396 m, with a heading of 073° (up), and the crater walls
are shown by high acoustic returns in pink; the red
concentric circles are at 8-m spacing, the largest having a
diameter of 80 m. C. SM1000 sonar image when the ROV
was 58 m below the rim of the crater where it is more
circular in outline (ROV depth is 433 m, heading is 140°;
same scale as in b)
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considering the bottom of the NE crater is more
than 95 m below the depth of Sulfur Cauldron. A
haze of cloudy sulfur-rich water enveloped the
entire summit of Daikoku (SM Fig. 2d), sug-
gesting that its fragmental carapace is highly
permeable and that native sulfur pools and flows
might be found at other sites around the top of
the volcano. The chemosynthetic ecosystem at
Daikoku is described in the Supplementary
Material to this paper (see SM Videos 3–6).

2.3 Coffee Can Experiment

During Jason II dive J2-197 in 2006 we collected
a sample of sulfur from Sulfur Cauldron. Our aim
was to dunk our sampling device into the S lake,
draw it up into the overlying seawater quenching
the molten sulfur and hopefully retaining all the
trace elements dissolved in the sulfur. The sam-
pling device was a simple tin coffee can, mea-
suring *15.2 cm in diameter and *15.2 cm
long. We attached the can to a *2 m long alu-
minum pole (SM Fig. 3a, SM Video 4) that could
be held by the ROV’s manipulator arm. The
ROV sat near the edge of the lake with the arm of
the ROV extended. The pole plus can were dri-
ven into the molten sulfur (through the surface
crust) where earlier a maximum temperature of
187 °C was recorded. As the can was lifted out of
Sulfur Cauldron, the ‘plug’ of molten sulfur in
the can reacted vigorously once in contact with
the ambient seawater (12.8 °C), with ‘smoke’
emanating from the can.

The sulfur plug was carefully extracted from
the coffee can by cutting the sides of the can
away with tin snips. This fragile sample was then
cut longitudinally, by hand, using a hacksaw
blade; the face of one side of the sample was
smoothed with wet carborundum paper to pro-
vide an unmarked surface for photography. The
off-cuts and unpolished piece were used for
chemical and isotope analysis. The top surface of
the plug is smooth and bumpy with a shiny
metallic sheen, and only a few mm thick, giving
way to a vesicle-rich, honeycomb- or foam-tex-
tured central core (SM Figs. 3b, c). The margins

of the plug, where in contact with the can, show a
*1 cm thick outer zone of fine-grained sulfur as
a result of quenching (SM Fig. 3d). A central
cavity had formed towards one side of the can
(SM Fig. 3e)—most likely due to the can being
slightly tilted as it was pulled from Sulfur
Cauldron into the overlying seawater—where the
sulfur was very foamy. Elongated vesicles/cavi-
ties of variable size (which still contained H2S
prior to cutting the sample) and cracks indicate
the (outwards) direction in which the gases
escaped during quenching (SM Fig. 3f). A light-
grey, spongy material was seen in the centre of
the plug that, upon drying, became yellow and
solid, but crumbled easily (see sample J2-197-
22A in SM Fig. 7 later). This spongy material
has a sandy matrix while its rectangular shape
suggests that it had not mixed into the sur-
rounding sulfur. The black color of the sulfur is
attributed to fine-grained pyrite, as determined by
X-ray diffraction analysis and wet chemical
techniques (see below).

2.4 Case Study: Nikko

The summit of Nikko volcano comprises two
young cones built on top of an older filled cal-
dera, similar to Daikoku (Fig. 5a). Sitting atop
the western cone is a crater 350 m wide from
rim-to-rim, and 150 m wide across its floor at a
depth of *470 m. In May 2006, a high-resolu-
tion SM2000 bathymetric survey by the Jason II
ROV mapped the interior of this crater (Fig. 5b
and SM Fig. 4). The survey shows the crater is
bowl-shaped with a rim that is highest on the
western and southern sides and lowest on the
northeastern side. There is >100 m relief between
the highest point on the SW rim to the lowest
point on the crater floor, although the floor is
only 30 m deeper than the low saddle on the NE
side of the crater (Fig. 5b). The arcuate fan NE of
breached crater rim may represent sector collapse
in this part of the volcano. The crater walls in the
SW and SE corners are nearly vertical cliffs of
intact lavas. There are two prominent, curved
benches that extend outward from the base of the
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crater walls, one on the north side of the crater
and the other in the SE corner (Fig. 5b and SM
Fig. 4). These benches appear to be formed by

landslide deposits from the adjacent, inner crater
walls, although they could be remnants of pre-
vious crater fill.
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Fig. 5 a Bathymetric map
of Nikko volcano derived
from ship-based EM300
multibeam sonar data.
Black box shows location
of detailed map in
b. b High-resolution (2 m
grid) bathymetric map of
Nikko summit derived from
a SM2000 multibeam sonar
survey using the Jason II
ROV, overlain on coarser
(25-m grid) EM300
bathymetry. Pools of
molten S were found both
inside and outside the main
summit crater
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Hydrothermal plume layers over Nikko
extended from 350 to 430 m in both 2003 and
2006. DNTU values were similar to those of
Daikoku in 2003, but at least an order-of-mag-
nitude higher in 2006. Water samples contained
elemental S concentrations up to 250 nM, higher
even than at Daikoku (Resing et al. 2009). These
observations imply a substantial number of sul-
fur-discharging vents in the crater.

Sulfur is the most voluminous substrate seen
inside the summit crater at Nikko (SM Videos
7–8). The relatively flat floor of the crater is host
to some remarkable features, including pillars
standing up to 1.5 m off the floor that are com-
posed of numerous, horizontal layers of sulfur
with drip-like structures protruding from some of
the layers, similar in appearance to candle wax
(Fig. 6a, SM Video 9). A series of these pillars
were seen in the northern sector of the crater,
growing upwards from the seafloor at 469 m
depth, while others were seen on the floor in the
central part of the crater at 470, 476 and 466 m,
respectively, suggesting a sulfur lake at one time
>10 m deep. The pillars are reminiscent of lava
pillars, or remnants of lava lakes at mid-ocean
ridges. Locally, a*50 cm tall sulfur chimney, or
spire, was also seen. The crater floor is covered
in part by ubiquitous sulfur crusts that appear
very thin (Fig. 6b). At the margins of the crater
can be seen sections through ash and sulfur,
some of the latter up to 1 m thick, consistent with
an earlier, deeper sulfur lake. Overhang slabs of
sulfur are also seen near the crater margins.
Innumerable hydrothermal vent sites dot the
crater floor, most of which are dominated by
sulfur on the seafloor (Figs. 6c, d), and which
also extend outside the crater.

In places, the sulfur seen on the crater floor is
fragmental—the result of mechanical break-up of
thick sulfur flows—with boulders of sulfur
strewn over the crater floor, especially in the SE
corner. These large pieces of sulfur commonly
have scallop-patterned exterior surfaces, are
semi-translucent and contain large crystals, a
function of relatively slow cooling (cf. the coffee
can sulfur). They also contain over-pressured,
gas-filled inclusions/cavities that burst once the

sample is at sealevel, emitting a strong smell of
H2S, and rendering large pieces into piles of
small chips within minutes (Fig. 6e). Most of the
crater floor and parts of its rim and upper flank is
spectacularly covered by dense chemosynthetic
animal communities (Fig. 6f; SM Fig. 5).

Molten sulfur has been observed at two vent
sites at Nikko: (1) on the northern floor of the
crater (at a depth of 462 m); and (2), outside the
crater, *100 m south of, and 40 m below, the
south crater rim (at a depth of 428 m; see Fig. 5b,
SM Videos 10–12). The southern site comprises
a number of basketball-size pools of molten
sulfur where the bubbling sulfur is black inside
the pool, but yellow on the margins of the pool
(Fig. 6g). White smoke (S-rich plumes) and
clearer bubbles (typically CO2) were being
expelled from the pools (SM Videos 10–11).
Here, a maximum temperature of 197.8 °C for
the molten sulfur was recorded, similar to that
measured at Daikoku (187 °C). The crater floor
surrounding the small molten pool shown in
Fig. 6g appeared to be ‘heaving’ during our
observations (SM Videos 11–12), suggesting that
the solid-looking edges of this pool were merely
a thin crust on a much larger pond of molten
sulfur. This was confirmed when the ROV Jason
II inadvertently broke through this crust, coating
the undercarriage of the vehicle with an esti-
mated 27 kg of sulfur (Fig. 6h). The chemosyn-
thetic ecosystem at Nikko is described in the
Supplementary Material to this paper (see SM
Videos 7–12).

2.5 Age of the Sulfur

Sulfur-rich sample J2-199-26R (SM Fig. 6) was
collected from a thick sulfur flow in the southern
molten sulfur pools area at Nikko. The sulfur
layers contain Ba, 226Ra, 228Ra and its decay
product 228Th that were all recovered when
pyrite (FeS2) and barite (BaSO4) were separated
out from the sulfur. Sufficient barite was recov-
ered from this and other representative sulfur
samples that could be weighed and measured by
gamma spectrometry (Ditchburn et al. 2012). As

Molten Sulfur Lakes of Intraoceanic Arc Volcanoes 271



(a) (b)

(d)(c)

(f)(e)

(h)(g)

Fig. 6 a Oblique view of S columns inside Nikko crater.
All are multi-layered with a flat top and dripping sulfur
appendages. Locally, some have fallen over. They
represent vestiges of an older (deeper) S lake. b Repre-
sentative image of abundant crabs and flatfish on recent
sulfur flows. c The whole interior of the crater was filled
with S-rich smoke from vents such as this one, making
visibility difficult (near Northern liquid S pond site;
Fig. 5b). d Cable leading from an instrument (data
logger) to a sensor probe that has been buried by flows of
sulfur. Molten sulfur was first seen near this northern site
in November 2005 with the ROV Hyper Dolphin,
flowing from an excavated vent during water/gas sam-
pling. e Large piece of semi-translucent S with scalloped
shaped exterior surfaces that disintegrated within an hour

of being recovered as a result of exploding, gas-rich
vesicles. f Typical scene of dense clumps of tubeworms
covering much of the crater floor at Nikko. Inset shows
numerous bythograeid crabs foraging amongst the tube-
worms. g Pool of molten sulfur found at the southern site
(known as Naraku, or ‘hell’ in Japanese) at a depth of
428 m. h 27 kgs of extra S sample(!) when the ROV
Jason II broke through a thin crust of S to the molten S
underneath. The black streaks are very fine-grained pyrite
that easily separates from the liquid sulfur when in a
molten state. Inset shows sample J2-199-26R (see Table 2
and SM Fig. 6) covered by molten S (that also entombs a
crab) as it was initially dropped into a pool of S. Laser
dots shown in b and g are 10 cm apart
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the values for 226Ra (Bq·kg−1) and FeS2 (wt%)
are not correlated for the various samples
(Table 1), barite would appear to occur within the
molten sulfur independently of pyrite.

Barium and chemically similar Ra co-precip-
itate as a sulfate mineral (barite). The abundances
of the Ra isotopes (228Ra and 226Ra) diminish
with time because they have been physically
separated from the parent isotopes that produce
them (232Th and 230Th, respectively), and hence
the decay chain is out of secular equilibrium. In
the Nikko sample, the pyrite/barite fraction
extracted from sample J2-199-26R was gamma
counted to measure 228Ra (half-life 5.75 years)
and its decay product 228Th (half-life 1.91 years),
which had been growing from the time of min-
eralization. Ages were then calculated from the
activity ratio 228Th/228Ra (cf. de Ronde et al.
2011; Ditchburn et al. 2012). Four sub-samples
analyzed from J2-199-26R had ages at the time
of sampling (May 2006) between 2.0 ± 0.9 and
4.4 ± 1.2 years, with an unweighted mean of
3.1 ± 0.5 years (Table 1). Measured 226Ra con-
centrations in zones A to I for this sample indi-
cate that there has been a change in barite content
over a three-year period (Table 1). Unfortunately,
we are unable to resolve if this was an increasing
or decreasing trend due to uncertainty over which
side of the sample represents the top surface.

During recovery of sample J2-199-26R by the
ROV manipulator, the sample was dropped and
fell into molten sulfur beneath. A thin film of
streaky yellow and black sulfur immediately

coated the sample (inset Fig. 6h). This film was
also dated and had an age of 0.7 ± 0.2 years in
May 2006. Similar material found adhering to the
skid of the ROV (Fig. 6h) had a comparable age
of 0.6 ± 0.2 years. Thus, if we assume that there
is no age gradient through layered sulfur sample
J2-199-26R, then there appears to have been two
hydrothermal events fractionating Ra from Th
below the Nikko summit crater; one occurred at
least 3 years prior to sampling and another
0.7 years before. We believe this Ba (and Ra)
was likely derived from subseafloor hydrother-
mal fluids entrained with ascending magmatic
gases. Finally, ash-like material incorporated
within molten sulfur collected from the NE sector
of the crater at Nikko had an age of
3.0 ± 1.0 years, similar to layered sulfur sample
J2-199-26R (Table 1).

3 Kermadec Arc

Volcanoes with known magmatic-hydrothermal
discharge noted along the Kermadec Arc include:
Monowai, Giggenbach, Macauley Cone, Broth-
ers Cone, Rumble III, Rumble V, and Tangaroa
(de Ronde et al. 2001, 2007).

3.1 Case Study: Macauley Cone

Macauley Cone is located inside the eastern rim
of the 10 km-wide Macauley Caldera, located

Table 1 Radiogenic isotopes and ages for sulfur samples from Nikko volcano

Sample no./type FeS2 (%) 226Ra (Bq kg−1) 228Th/228Ra (Bq·Bq−1) Agea (years)

J2-199-1 Ash 0.77 ± 0.17 3.0 ± 1.0

J2-199-26 Sulfur coatingb 6.7 465 ± 11 0.246 ± 0.054 0.74 ± 0.18

J2-199-27 Sulfur on ROV skidc 1.8 775 ± 23 0.214 ± 0.062 0.64 ± 0.20

J2-199-26R layered sulfurd zone A 48.9 52 ± 2 0.57 ± 0.19 2.0 ± 0.9

B 18.9 200 ± 6 0.98 ± 0.15 4.4 ± 1.2

C and D 7.2 283 ± 10 0.83 ± 0.16 3.3 ± 1.0

I 10.9 1,073 ± 27 0.73 ± 0.11 2.8 ± 0.6

Mean 3.1 ± 0.5
a Years before time of sampling (May 2006)
b Molten sulfur that became coated on sample J2-199-26R
c Similar molten sulfur to J2-199-26, where ROV fell through sulfur crust
d See SM Fig. 6
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immediately west of Macauley Island (Fig. 7a).
The Caldera depth averages *525 m, between a
rim 500–650 m below sea level and a floor at
*1,100 m, and is thought to have formed by
explosive eruption and associated caldera col-
lapse. Macauley Cone was the target of two dives
by the manned submersible Pisces V during the
NZASRoF cruise in 2005. It is a post-caldera
basaltic cone mostly composed of blocky talus,
which at depths shallower than *350 m is
increasingly intercalated with black ash units.
The crest of the cone is host to a NE-SW
trending, elongate 80 m long by 40 m wide crater
that narrows to 30 m in diameter at its base (cf.
Daikoku and Fig. 4). The crater rim is continuous
at 280 m although it shallows to a peak at 248 m
on its southern side. The flat crater floor lies
*57 m below the rim (i.e., crater floor depth is
337 m) and is ash- and sulfur-covered.

Surveying and sampling operations at Ma-
cauley Cone included two CTDO tow-yos and
two vertical casts (and three other tow-yos inside
the caldera) during the 2002 NZAPLUME II
cruise, two vertical casts during the 2004
NZAPLUME III cruise, and a single cast during
the 2005 NZASRoF cruise. In 2002, exception-
ally strong optical signals were first measured
over the summit of Macauley Cone and within
the summit crater. The high intensity of the
plumes and their presence at several depth hori-
zons suggested multiple sources (Fig. 7b). A
plume at 250 m exceeded the full scale of the
light-scattering sensor (>5.0 V) for a consider-
able time (56 s), the most optically intense plume
(Fig. 7c) encountered anywhere along the Ker-
madec Arc. As at Daikoku and Nikko, plumes
rich in suspended elemental sulfur particulates
created exceptionally strong light scattering
responses (e.g., Baker et al. 2001, 2012). A pH
sensor also recorded a strong response at 250 m,
consistent with the expulsion of very acidic fluids
(cf. de Ronde et al. 2001; Butterfield et al. 2011;
Fig. 7c).

Vigorous discharge was also observed in the
water column around Macauley Cone in 2004
and 2005. In 2004, the light-backscattering
plume was similar to 2002. While no pH meter
was available in 2004, an oxidation-reduction-

potential sensor, sensitive to reduced hydrother-
mal species such as H2S and Fe+2 that are com-
monly associated with acidic discharge, detected
large anomalies coincident with the optical
plumes (Fig. 7c). During the 2005 NZASRoF
cruise, the CTDO package was successfully
lowered to within 20 m of the crater floor. The
plume samples collected at this time contained
some of the highest concentrations of dissolved
metals (especially Fe and Mn) and particulate S
and Fe among plumes sampled from any arc (de
Ronde et al. 2007). Taken together, the plume
surveys show that S-rich emissions have been
expelled from the pit crater at Macauley Cone
over a period of at least 4 years, and that this
venting is associated with magmatic hydrother-
mal activity.

Two dives made by the submersible Pisces V
surveyed the slopes of Macauley Cone and inside
the pit crater. The flanks of the cone were cov-
ered by dense populations of mussels at depths
shallower than 365 m, accompanied by predator
seastars (Fig. 8a, SM Video 13). Individual lay-
ers of ash could be seen in the walls of the crater
(Fig. 8b) while in places, evidence for autob-
recciation of pyroclastic rock was also noted
(Fig. 8c). Elsewhere inside the crater, veins
related to hydraulic brecciation were seen, with
clasts of wall rock floating in a matrix of finer
grained volcaniclastic material (Fig. 8d, SM
Video 14). Hydrothermal venting occurred at
several places inside the crater (Fig. 8e) where
maximum temperatures of 155 °C were recorded
on the crater floor, near the north wall. Sulfur is
common inside the pit crater and can occur as the
matrix binding the autobreccia (Fig. 8c), thin film
covering the volcanic host rock (Fig. 8d), dis-
crete pieces within talus (background to Fig. 8e)
or as layered, ‘pagoda’ type clumps (Fig. 8f).
However, it is most commonly seen as cm-thick
subhorizontal units intercalated with ash
(Fig. 8g); near the crater floor it dominates the
walls as a series of horizontal layers combining
for over >1 m in thickness (Fig. 8h, SM Video
14). Indeed, some smooth, rounded ‘blobs’ of S
were seen on the crater floor giving the impres-
sion they had recently been extruded in a molten
state. Thus, molten S may well exist today,
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immediately below the seafloor. The crosscutting
of S-stained wall rock by hydraulic veins, cou-
pled with sulfur dominating the matrix and clasts
in the autobreccia, indicate a complex history of
volcanic eruption, magmatic degassing, and
hydrothermal fluid hydraulic fracturing. The
exposed section of layered S at the base of the
crater especially, combined with some sulfur
‘chimneys’ seen 40 m up the crater wall and
images of previously-molten S ‘dripping’ verti-
cally down the rock face several m above the
floor are consistent with the pit crater at Ma-
cauley Cone having almost certainly been host to
a relatively deep S lake in the recent past. The
chemosynthetic ecosystem at Macauley Cone is
described in the Supplementary Material to this
paper (see SM Videos 13–14).

4 Sulfur Geochemistry

4.1 Trace Elements

Several samples of handpicked sulfur from Dai-
koku (n = 10) and Nikko (n = 15) volcanoes were
analyzed by inductively coupled plasma source
mass spectrometry (ICP-MS) and instrumental
neutron activation analysis (INAA) for their trace
element compositions at Activation Laboratories
Ltd, Ontario, Canada. These include samples
from the molten sulfur lakes at both volcanoes
that contain variable pyrite content.

Element abundances, particularly Fe and Cu,
are significantly greater in the sulfur lake samples

of both Nikko (SM Fig. 6) and Daikoku (i.e.,
coffee can; SM Fig. 7) than S samples collected
elsewhere at these volcanoes. Similarly, Au
contents are much higher in the lake samples,
ranging 112–341 ppb for Daikoku, and 37–667
for Nikko (averaging *300 ppb for both lakes),
compared to undetectable for other samples.
Gold and Cu especially, but also Ag, Pb, As, Sb,
Bi and some other metals correlate with Fe that
represents fine-grained sulfides (mainly pyrite)
contained in the samples (Fig. 9). Some elements
have higher contents in the other S samples than
they do from the sulfur lake samples, such as Se
at Nikko (Table 2).

There are notable differences too, between
trace element contents for the sulfur lake samples
from the two volcanoes. For example, Nikko has
average contents for Cd, Pb, As, Sb and Bi
between 2.3 and 3× those of Daikoku, and almost
27× that of Zn. Higher contents of these elements
in the Nikko samples could be due to micro-
sulfosalt crystals (i.e., a ‘nugget’ effect) in the
molten S of Nikko. However, most of the Nikko
samples had similar contents of these elements
suggesting their distribution is reasonably
homogeneous. By contrast, Sulfur Cauldron at
Daikoku has between 3.6 and 7× the average
content of Co, Cr, Re and Ni over Nikko lake
sulfur, 12× Te, 30× Ge, 33× Se and 90× Br. Iron,
Cu, Ag, Au, Mn and Mo contents are similar
between the two lakes. Elements such as Te, Se
and Ge, when plotted against Cu, easily distin-
guish the lake samples from each volcano
(Fig. 9).

Fig. 7 a Map of Macauley volcano showing a small
cone located near the eastern wall of a large caldera. CTD
tows (lines) and casts (diamonds) were conducted in
2002, 2004, and 2005. Mercator projection; 100 m
contour interval. b Cross-section of Macauley cone along
the path of tow T02A-06; crater width and depth
approximated by the stippling at the cone summit.
Plumes with high light-backscattering (DNTU) values
emanate from the summit and form a distinct layer
between *200 and 300 m depth, with another possible
deeper source occurring on the cone flank at *500 m.
Note the strong anomaly in relative pH (upper panel) as
the tow passes directly over the crater of the cone. “pH”
values are uncalibrated voltage levels from an in situ pH

sensor. c Time series of DNTU, relative pH, and
oxidation-reduction-potential (dE/dt) profiles in, and
above, the crater on Macauley cone. Profiles from 2002
are from a vertical excursion during tow T02A-07 as it
passed over the crater; profiles from 2004 and 2005 are
from stationary vertical casts V04D-32 and V05A-02,
respectively. Note the scale change in DNTU values. No
pH sensor was available in 2004, but an oxidation-
reduction potential sensor detected high concentrations of
reduced hydrothermal species in the plumes. High values
for all tracers were present each year at some depth,
implying a continuing discharge that is spatially and
temporally variable

b
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(a) (b)

(d)

(f)

(h)(g)

(e)

(c)

Fig. 8 a The upper flanks of Macauley cone were
densely covered by hydrothermal vent-related mussels,
together with red and yellow predator starfish. b The
upper walls of the summit crater at Macauley cone show
layers of volcanic material, mostly ash. c Autobrecciation
of volcanic rocks is commonly seen in the walls to the pit
crater, with abundant S in the matrix and as fragments in
the breccia. d Good example of a hydraulic vein cutting
earlier, S-stained rock, *25 m up the north crater wall
from the crater floor. e Typical example of venting seen
on the floor of the pit crater (T max = 128.6 °C).
Discharging hydrothermal fluids produce milky, S-rich
plumes from these vents that were detected during the
plume surveys (see Fig. 7). Marker #9 can be seen in the

background (336 m). f Pagoda-like clumps (or mounds)
of S that have been extruded on the seafloor. g In some of
the individual layers of sulfur there are clear vertical
striations, indicative of cooling of a horizontal lake.
Photograph taken just up from the crater pit floor.
h Vertical wall of layered sulfur clearly represents the
remnants of what was once a molten lake of sulfur on the
floor to the Macauley pit crater. This wall measures
*3.5–4.0 m across and*1.5 m tall (*2 × 1 m shown in
photograph). More than 20 each of tonguefish and crabs
are seen to graze the face of the sulfur wall, reminiscent
of those seen hovering above Sulfur Cauldron at Daikoku
(see Fig. 3b)
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Recovery of the coffee can full of sulfur from
Sulfur Cauldron allowed us to look in detail at
the distribution of elements in a molten sulfur
lake. Trace element contents were determined
from samples that traversed the plug of sulfur,
both vertically and horizontally (see SM Figs. 3
and 7). The appearance of the sulfur is fairly
homogeneous except for one sample near the
centre of the can, J2-197-22A, which contains
17.4 wt% S and 2.64 wt% Fe, compared with 65
and 11 wt% for the adjacent samples, respec-
tively (Table 2). This sample contains sandy
material that has 4.7 wt% Al, 0.5 wt% Ti,
13 ppm La, 23 ppm Ce and 565 ppm Sr. In
Sulfur Cauldron, low density silicates as well as
pyrite will be suspended and circulated by dis-
charging gases. Sample J2-197-22A, with its
high apparent silicate content, could be aggre-
gated material from wallrock surrounding the
pond, or accumulated fractions of this material
that migrated to the center of the sample upon
quenching.

Small differences in the distribution of ele-
ments are noted when plotting their relative
concentrations, with respect to the outermost
sample, versus distance from the can wall, both
in a horizontal and vertical sense (not shown).
Through both profiles, elements such as Ag, Au,
Cu, Fe and Pb are distributed almost identically
throughout the coffee can sample. The exception
is sample J2-197-22A (SM Fig. 7). All the
aforementioned elements (and others) decrease
sharply in their content in this zone, whereas Cr
and Re contents increase (Table 2). While the
center of the coffee can sample was the last to
cool, it is difficult to envisage quenching of the
sample causing this extreme fractionation in trace
elements. Rather, it would appear that wallrock-
like material occurs within the molten S lake.

d34S

Sulfur and sulfide samples were analyzed for
their δ34S values with the aim of characterizing
the magmatic signature for the sulfur lakes of
Daikoku and Nikko, and to determine if pro-
cesses occurring at each locality are reflected in
their S isotope compositions.

On average, δ34S values for sulfur and pyrite
are similar at each of the sulfur lakes (Table 3).
That is, average Δsulfur-pyrite is 0.2 and −0.4‰ for
Nikko and Daikoku respectively, suggesting
near-equilibrium conditions existed between the
sulfur and pyrite at the time of precipitation in
these lakes. The δ34S values are therefore a good
proxy for the isotopic composition of magmatic
sulfur for these systems. It is unclear if seawater
is contributing any sulfur (from sulfate) into the
lakes. However, considering the isotopic com-
position of seawater (*21 ‰; Rees et al. 1978),
even small amounts of seawater sulfate in the
molten lakes would likely shift the isotopic
composition of the lake sulfur values to more
positive than have been measured.

δ34S values for pyrite and sulfur extracted
from the Sulfur Cauldron coffee can sample are,
on average, more negative when compared to
values from Nikko samples (Fig. 10). For
example, average Daikoku δ34Ssulfur is −8.8 ‰
compared to Nikko at −7.2 ‰, while average
Daikoku δ34Spyrite is −9.2 ‰ compared to Nikko
at −6.8 ‰. Lower δ34S values are ascribed to
greater magmatic influences in the system (e.g.,
de Ronde et al. 2005). That is, at temperatures
below 400−350 °C, SO2 will disproportionate
according to reactions 3 and 4 above, generating
reduced and oxidized species. This is accompa-
nied by a kinetic isotope effect that causes the
sulfide and sulfur to become enriched in 32S and

Fig. 9 Select variation diagrams plotting some of the
trace element data given in Table 2. The first four plots
clearly show strong correlations between some of the
elements, notably Cu with Ag, Au and Fe, and Se with
Te, with samples from both volcanoes having similar
trends. By contrast, the second four plots clearly differ-
entiate S lake samples in particular, from the two different

volcanoes. ‘Daikoku can’ refers to the coffee can sample
J2-197-22 (SM Fig. 7), ‘Nikko S lake’ to the laminated
sample J2-199-26R from the lake margin (SM Fig. 6),
‘Daikoku’ and ‘Nikko other’ samples to clumps and
chimneys of sulfur, and ‘Nikko molten’ to the sulfur that
covered the ROV Jason II’s skids (see Fig. 6h)

b
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the sulfate in 34S. Thus, the precipitated sulfur
and sulfides will have δ34S values < 0 per mil,
whereas the δ34S values of the sulfates will be >0
per mil (Ohmoto and Rye 1979; Ohmoto and
Lasaga 1982). The sulfur lake at Daikoku,
therefore, would appear to have been more
strongly influenced by magmatic gases than the
one at Nikko.

5 Discussion

It is not intuitive to think of lakes, or ponds of
liquid accumulated on the seafloor. However,
this can happen for lakes of sulfur where tem-
peratures exceed 115 °C (i.e., the melting point
of S). These temperatures are a result of

Table 3 δ34S results for native sulfur and pyrite from Daikoku and Nikko sulfur lakes

Volcano/sample # % Sulfura δ34S in pure sulfur (‰)b δ34S in pyrite residue (‰)b Comments

Daikoku

J2-195-11 97.8 −8.5 ± 0.2 −8.7 ± 0.2

J2-197-22-1 18.9 −8.6 ± 0.2

J2-197-22-3 59.8 −8.8 ± 0.2 −9.7 ± 0.2
−9.4 ± 0.2c Washed with CS

2

J2-197-22-4 69.2 −9.0 ± 0.2 −8.9 ± 0.2

J2-197-22 pieces −8.9 ± 0.2 Dissolved in CS2
Nikko

J2-199-26 93.3 −6.2 ± 0.2 −6.8 ± 0.2 Molten S coating

98.2 −6.7 ± 0.2 ROV skid

J2-199-26R-A 51.1 −7.3 ± 0.2 −7.2 ± 0.2

J2-199-26R-B 81.1 −7.3 ± 0.2
−7.0 ± 0.2c

−7.2 ± 0.2
Dissolved in CS

2

J2-199-26R-C 90.5 −7.0 ± 0.2 −6.7 ± 0.2

J2-199-26R-D 95.1 −6.8 ± 0.2 −6.6 ± 0.2

J2-199-26R-E 58.5 −7.2 ± 0.2 −7.1 ± 0.2

J2-199-26R-F 82.5 −7.2 ± 0.2 −6.5 ± 0.2

J2-199-26R-G 99.5 −7.3 ± 0.2 −6.6 ± 0.2

J2-199-26R-H 87.7 −7.3 ± 0.2 −6.8 ± 0.2

Notes The samples were weighed out in duplicate in tin capsules with equal amounts of VO5 and run on a Sercon
Sulphur Elemental Analyser (SEA) connected to a Europa Geo 20-20 mass spectrometer. All results are averages and
standard deviations of duplicates are reported with respect to VCDT, normalized to GNS laboratory internal standard
R2298 with a reported value of 8.6 ‰ for δ34S. The analytical precision for this instrument is 0.2 ‰ for δ34 S
a Weighing errors can limit the accuracy of the measurement, although the % S seems reliable. Average results for pure
S and the black precipitate are *100 and *43 %, respectively. After allowing for moisture, salt, and silicate in one
black precipitate, the average % S increases to 48.3 %. We believe this material is mainly pyrite (FeS2; 53.5 % S),
although one or more minerals have yet to be identified
b Sulfide precipitates were separated from native sulfur by dissolving the sample in hot benzene, or pyridine, to avoid
any possible isotopic exchange if CS2 had been used. The recrystallised sulfur and sulfide precipitates (mainly pyrite)
were then re-submitted to the GNS Science stable isotope laboratory for further analysis
c Repeat analyses were done on select samples to see if there was any isotopic exchange if the reagent CS2 were used to
dissolve the S. The results are within error from those obtained when benzene or pyridine was used
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hydrothermal (or gas) input and higher confining
pressures at submarine arc volcanoes. That is,
increasing depth equates to increasing pressure,
ensuring solutions like seawater can achieve
temperatures ≫100 °C (i.e., its boiling tempera-
ture at the sea surface). Similarly, with sufficient
pressure, molten sulfur can reach temperatures
well over 100 °C, such as the 187 °C recorded
for Sulfur Cauldron. This relationship may
account for the small difference in maximum
temperatures recorded between Sulfur Cauldron
at Daikoku (187 °C) and the molten pools of
sulfur at Nikko (197.8 °C), where depths are 415
and 426 m, respectively.

Sulfur is also denser than seawater. Solid
sulfur, depending on the allotrope, has a density
of *2 g cm−3. Liquid sulfur is less dense, but
even at 187 °C its density is *1.76 g cm−3

(Espeau and Céolin 2007), notably more dense
than seawater at 1.025 g cm−3. Thus, even
though molten sulfur is hot, its density prevents it

from ascending through the water column and
instead, condenses as ponds, or lakes, occupying
volcanic vents on the seafloor.

Group 16 of the periodic table includes sulfur,
oxygen, selenium, tellurium, and polonium,
commonly referred to as the chalcogens, or ore-
forming elements. Sulfur forms over 30 different
allotropes (variants) in nature, with the most
common allotrope being octasulfur, or cyclo-S8,
which can form large-sized crystals that are
typically vivid yellow in color and somewhat
translucent (see Fig. 6e). Molten sulfur assumes a
dark red color above 200 °C; this color was not
observed for the liquid S seen at Diakoku or
Nikko, consistent with the maximum recorded
temperature of 197.8 °C. A selection of sulfur
samples from Daikoku and Nikko were analyzed
by X-ray diffraction to determine their allotropes.
Only orthorhombic S8 could be identified. SEM
images of select samples show that all the sulfur
samples, including those containing pyrite, were
microcrystalline in habit. Rapid cooling of mol-
ten sulfur, e.g., by quenching—as in the coffee
can experiment—would result in the formation
of amorphous (elastic) sulfur. However, this form
is metastable at room temperature and gradually
reverts to a crystalline molecular allotrope that
can happen within a matter of hours to days. Not
surprisingly then, no amorphous sulfur was seen
in the coffee can sample.

Dissolving select sulfur samples in CS2 to
recover precipitated sulfide minerals (predomi-
nantly pyrite) for gamma spectrometry (dating),
and later recrystallizing the sulfur, showed it
typically to be lemon yellow in color. Two
exceptions were samples from Daikoku that
produced bright orange sulfur (SM Fig. 8) which
trace element analysis showed contained rela-
tively high concentrations of Se when compared
to samples from Nikko (Table 2). Moreover, in
the recrystallized Nikko S sample, Se and Te
contents were 60 and 10 % of their original
values, whereas in the recrystallized Daikoku S
sample they were 100 and 50 %, respectively.
This result confirms that Te-S compounds are
less stable than Se-S. Finally, all the Mariana
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Fig. 10 Histogram of δ34S values for elemental S and
pyrite extracted from the molten sulfur samples from
Daikoku and Nikko. All the samples from Daikoku,
irrespective of elemental S or pyrite, have more negative
values than those fromNikko. This suggests that Daikoku S
gases have experienced a greater degree of disproportion-
ation and/or fractionation between SO2 and H2S than those
of Nikko, indicating a greater degree of magmatic input
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sulfur samples were readily soluble in CS2
showing that long chain molecules (polymers)
were minor, or non-existent within the samples
(Steudel and Eckert 2003).

5.1 Formation of Seafloor Sulfur
Lakes

We propose that the sulfur lake at Daikoku sits
atop a volcanic pipe with a direct connection to a
shallow magmatic body, either a dike, sheet, or
finger (cf. Reyes et al. 2003; Christenson and
Wood 1993). It has been suggested that ‘heat
pipes’ can convectively transfer heat between a
magma body and the region immediately below
some subaerial crater lakes (e.g., Hurst et al.
1991). In this model, the simultaneous upward
movement of a vapor phase, together with the
downward movement of a liquid phase from
condensed vapor, would allow efficient heat
transfer without overall mass transfer (Hurst et al.
1991). Also, the temperature record for Crater
Lake at Mt. Ruapehu (New Zealand), for exam-
ple, has shown over several years a cyclic pattern
of alternate heating and cooling, with the former
lasting one or two months and the latter six
months to a year (Hurst et al. 1991; Christenson
et al. 2010). Hurst et al. (1991, and note added in
proof) and later Christenson (1994) suggested
that liquid sulfur at the bottom of the lake (with
temperatures of*177 °C) acts as a partial barrier
between the heat pipe and the lake, with the
highly viscous sulfur blocking any upward flow
of steam and gases, thus preventing heat input
into the lake and resulting in a cooling phase.
Only after heating from below has elevated
temperatures above the high-viscosity region for
sulfur (i.e., *200 °C; see above) would gases
once again pass through the sulfur barrier at the
top of the heat-pipe (cf. intermittent venting and
S emission at Daikoku). Modeling of the Ru-
apehu Crater Lake system by Christenson et al.
(2010) shows that condensation of magmatic
vapor into a highly porous medium of andesitic
composition leads to rapid formation of an ele-
mental sulfur–anhydrite–natroalunite mineral

assemblage, and a drastic reduction in perme-
ability due to an envelope of this assemblage (but
mostly elemental S) along the margins of the 2-
phase liquid–vapor region enclosing the conduit.
This effectively seals the upper portion of the
vent from the adjacent, hydrostatically controlled
environment until the next eruption.

The combination of volcanic pipes at Daikoku
(SM Figs. 1 and 4), the likelihood of liquid S
occurring at their base given the discharge of S-
rich plumes (SM Fig. 2c), and the probability of a
subterranean connection between them and Sul-
fur Cauldron (Fig. 2), suggests a similar model of
heat pipes transferring heat and gases to seafloor
sulfur lakes. Similarly, the distribution of molten
sulfur vent sites at Nikko (Fig. 5b) suggests that a
subsurface connection may also exist between
sites inside and outside the crater. Our study
suggests that sulfur is deposited, and accumu-
lates, in the shallow subsurface of many sub-
marine arc volcanoes—as a consequence of the
interaction of degassing magmatic SO2 with
seawater—at a number of localities, each of
which are plumbed in the subsurface by conduits
connected to deeper magma bodies.

At Nikko and Macauley in particular, vertical
layers >1 m thick of sulfur crusts indicate that
substantial sulfur flows and lakes have occurred
in the past, and that this process of forming S
lakes has been ongoing over a lengthy period of
time at these volcanoes. Dating of barite micro-
crystals entrained in the molten S at Nikko
showed that two hydrothermal events occurred
almost 3 years apart (Table 2), though this
appears to be confined to a small area, given the
prolific distribution of (older) tubeworms else-
where in the crater. While the areal extent of the
S lake (or where S is known to be immediately
subsurface) at Nikko is today significant
(*200 m in diameter), evidence exists for lake
levels to have been at least 10 m higher, indic-
ative of a much more substantial lake in the
recent past, with the requirement of deposition
and accumulation of large quantities of sulfur in
the subsurface. Repeated cycles of heating,
melting, and remobilization of this sulfur helps
form these large (and small) S crater lakes.
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5.2 Origin and Transport of the S
Lake Metals

The association of large Au–Cu–Ag ore deposits
with convergent margins is commonly attributed
to the higher content of chalcophile elements (or
those that concentrate in sulfides) in the parental
magmas generated at subduction zones compared
with mid-ocean ridges. Limited sampling and
analysis of rocks recovered from Daikoku and
Nikko suggest that the former is an andesitic
volcano and the latter a combination of basaltic
and andesitic lavas (Blommer et al. 1989;
Lin and Stern 1989). Taken as a first order
approximation of composition, the aforemen-
tioned studies would suggest that andesitic
magmas from Daikoku should be enriched in
incompatible elements—preferentially parti-
tioned into silicate melts rather than coexisting
minerals—relative to Nikko mafic magmas. This
could in turn be reflected in the S phase,
assuming that Nikko sulfur was exsolved from a
mafic magma and Daikoku sulfur exsolved from
an andesitic magma.

Oxidized and H2O-rich basaltic magmas of
volcanic arcs carry up to 1.5 wt% S dissolved as
sulfate until at very low pressures (Jugo et al.
2005). As magma differentiates towards more
silicic compositions, sulfur is fractionated into
immiscible sulfide-rich liquid, or sulfate-bearing
phases, depending on the redox conditions
(Métrich and Mandeville 2010). For example, Di
Muro et al. (2008) have suggested that hydrous
flushing and subsequent cooling and oxidation of
basaltic andesite magma beneath Mt. Pinatubo
(Philippines) injected into existing, H2O-rich,
oxidized dacitic magma that resulted in the
release of S into the gas phase and the formation
of low-temperature Cu-sulfides. The latter are
said to have formed from hydrous, Cu-bearing
fluids that coexisted with the dacitic magma.
Similarly, geochemical modeling results of Cra-
ter Lake at Mt. Ruapehu are consistent with the
introduction of fresh magmatic material (andes-
ite) into the volcanic vent, initiating variations in
lake chemistry that are thought to reflect the
dissolution of this material and transport of

metals in the vapor phase (Christenson and
Wood 1993; Christenson et al. 2010). In addi-
tion, Jenner et al. (2010) suggest that the asso-
ciation of major Cu-Au deposits with
convergent-margin magmatism results specifi-
cally from the process of magmatic evolution
under oxidizing conditions. Thus, the trace ele-
ment contents for the molten S samples analyzed
from Daikoku and Nikko could be a reflection of
magma compositions (Table 2). Trace element
enrichments seen in the Daikoku coffee can
sample are, with notably higher Te, Ge and Se
contents, indicative of higher subseafloor tem-
peratures, consistent with a greater direct mag-
matic input than at Nikko. This would be in
keeping with more negative δ34S values from the
Daikoku lake sulfur than at Nikko (Fig. 10).

We believe the metals measured in the S lakes
of Daikoku and Nikko likely were primarily
derived from a degassing magma, transported in
the vapor phase, and condensed in the lakes (cf.
Kamenov et al. 2005; Kim et al. 2011; Henley
and Berger 2010, 2012). For example, systematic
experiments investigating the effect of sulfur
ligands on metal vapor-liquid partitioning in
model H2O–S–NaCl–KCl–NaOH systems at
temperatures from 350 to 500 °C show a dra-
matic increase in the mobility of Cu and Au in
magmatic-hydrothermal vapors that are sulfur-
enriched and acidic (Pokrovski et al. 2008).
Copper and Au contents are similar (and anom-
alous) between the Daikoku and Nikko sulfur
lake samples.

High CO2 contents seen discharging through
these seafloor molten S lakes and pools as
streams of bubbles are also indicative of a direct
injection of magmatic CO2-rich gas into the
system (e.g., Lupton et al. 2008). This might be a
consequence of CO2 being less soluble and/or
less reactive than constituents such as SO2 and
H2S and so will pass through the molten S into
the ocean above. However, it has been suggested
by Lowenstern (2001) that the presence of CO2

will hasten the creation of a vapor phase causing
H2S and possibly HCl to move into the vapor and
act as ligands for some metals. If true, this may
reflect the different solubilities of CO2 and SO2
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in the underlying melts, with the former exsolv-
ing at greater depths (pressures) from the magma
than the latter (Lowenstern 2001).

In summary, the discovery of extraordinary
lakes and pools of molten S in summit craters of
submarine volcanoes attests to largely unseen
processes occurring every day on the seafloor
(though common on land). These S lakes act as
condensers of magmatic gases exsolving from
underlying magmas, transporting metals to the
seafloor and acting as harbingers to the formation
of hydrothermal ore deposits, especially those
rich in Cu and Au.
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Summit Acid Crater Lakes and Flank
Instability in Composite Volcanoes
Pierre Delmelle, Richard W. Henley, Sophie Opfergelt,
and Marie Detienne

Abstract

Volcanic landslides, including flank and sector collapses, constitute a
major hazard in many parts of the world. While composite volcanoes are
innately unstable, the presence of a hydrothermal system maintained by a
magmatic source at depth is recognized as a key factor increasing the risk
of failure. This relates to the formation of hydrothermally altered rock
masses within the core and upper flanks of the volcano which leads to
heterogeneous distribution of rock strength properties and pore fluid
pressures. Here an emphasis is placed on acid crater lakes perched high on
active volcanoes. By acting as a trap for magmatic heat and gas flows,
these lakes localize extreme acid attack on their surrounds, thereby
creating a source of instability. We outline how acid crater lakes form in
relation to magmatic hydrothermal systems hosted within composite
volcanoes, and describe the associated hydrothermal alteration and its
relationships to flank instability. The sustainability of a volcanic slope is
partly governed by the degree of rock alteration, which in turn reflects
the time-integrated flux of acidic gases (SO2 and HCl) released from the
subsurface magmatic source. Transient or longer-term changes in pore
fluid pressure linked to hydrothermal system activity also readily affect the
slope stability of composite volcanoes. Such fluctuations can be initiated
by both magmatic and external non-magmatic processes such as major
rainfall events and regional seismicity. Kawah Ijen hyper-acid crater lake,
Indonesia, is used as a case study to illustrate the cascade of effects that
may ensue following slope rupture linked to hydrothermal alteration.
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1 Introduction

There is abundant evidence that most composite
volcanoes have been affected by large landslides
at some stages of their life cycle (e.g., Belousov
et al. 1999; Carrasco-Núñez et al. 2011; Siebert
1984; Vallance et al. 1995; van Wyk de Vries
and Francis 1997). These events, which can
involve a sector or an entire flank of an edifice,
are typically recorded by the formation of
destructive debris avalanches and, in many
instances, highly mobile debris flows, providing
that sufficient water is present within the moving
rock mass (e.g., Capra et al. 2002; Carrasco-
Núñez et al. 1993; Siebert et al. 1987; Ui et al.
1986; Vallance and Scott 1997). As such, vol-
canic landslides represent a major threat in den-
sely populated regions, e.g., Mombacho volcano,
Nicaragua, Mount Rainier, USA (Carrasco-
Núñez et al. 2011; McGuire 2003; Reid et al.
2001; Siebert 1984; Shea and van Wyk de Vries
2010; Witham 2005). A better understanding of
the factors that lead to flank instability, and
ultimately failure, is paramount to improving our
capacity to assess volcanic hazards. Significantly,
since an eruption is not necessarily needed to
trigger a volcanic landslide (van Wyk de Vries
and Francis 1997; Shea and van Wyk de Vries
2010), established volcano-risk monitoring may
fail to include identification of collapse-prone
areas, or precursor activity.

Volcanoes are inherently unstable. Their
behavior and often catastrophic ruptures are
oscillatory and directly related to magmatic
activity, not just through eruptions but perhaps
more importantly, in the long term, due to the
maintenance of heat and mass transfer through to
the edifice surface during quiescence (Ingebritsen
and Mariner 2010). Eruptions, aided and abetted
by subsequent erosion, progressively build the

familiar upper level, broadly conical structures of
volcanoes that are each characteristically defined
by slope angle; for example, composite volca-
noes tend to relatively stable slope angles of 6 to
10° on their flanks and highly unstable steeper
summit regions at around 30o. Summit elevations
are restricted by the internal cohesion of erupted
materials and active volcanoes often have a
fragile structure, which can be disturbed by
eruptions, pore pressure variations, earthquakes,
weather events and the progressive destabiliza-
tion of the edifice by spreading and hydrothermal
alteration, and importantly the positive rein-
forcements that may occur between them. Even
perfectly symmetrical cones like Mayon volcano,
Philippines, are maintained at critical conditions
through tectonic stress in their basements as well
as gradual load; both of which produce slip
planes and related fractures (Norini and Lagmay
2005), which may also guide hydrothermal and
groundwater flow within the edifice structure.

Progressive hydrothermal rock alteration is
now widely recognized as a principal factor,
directly or indirectly, which promotes the col-
lapse of active composite volcanoes (e.g., López
and Williams 1993; Scott et al. 1995; van Wyk
de Vries and Francis 1997; Reid et al. 2001; John
et al. 2008). The focus of this chapter is on slope
instabilities that may be generated by the intense
hydrothermal alteration found locally in the
summit and flank region of composite volcanoes
consequent on the sustained flux of SO2-rich
volcanic gas. In particular the collapse risk
associated with alteration is increased by the
formation of highly acidic crater lakes on the
summits of active volcanoes (e.g., Rincón de la
Vieja volcano, Costa Rica, Fig. 1) and within the
flank topography (e.g., Kawah Ijen, Indonesia).
How do these lakes form? What is their role in
triggering large volcanic landslides?
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2 Magmatic Gas Expansion
and Hydrothermal Systems
Inside Composite Volcanoes

Volcanic systems are defined by a history of
eruption spaced by generally longer periods of
repose. It is during the latter relatively quiescent
stages that magmatic gases continue to discharge
through solfatara on the summits and flanks of
volcanoes and maintain much large scale hydro-
thermal systems in the core of the volcanic system
(Henley 2015). This sustained flux of heat and
reactive gases is responsible for rock alteration at
the scale of the volcanic system and also for the
more localized, intensely altered, regimes that are
sometimes associated with hyper-acid lakes.
These zones are a focus for flank failure and
consequent events including volcanic eruptions.

2.1 Hydrodynamics at the Volcano
Scale

Drilling for geothermal power and the explora-
tion of major copper-gold resources that formed
within ancient volcanoes (Henley and Ellis 1983)
have provided a wide range of data that enable
definition of the hydrothermal regimes and
associated rock alteration inside active composite

volcanoes. These systems are characterized by (i)
a discrete conduit or ‘chimney’ of magmatic gas
(Reyes et al. 1993) expanding through to high
temperature fumaroles or equivalent acid lakes,
and (ii) a plume of expanding magmatic gas,
sustained by heat from continuing mid-crustal
magmatism, that interacts with cool deep
groundwater to produce the large scale, laterally
extensive geothermal systems characteristic of
composite volcanoes (Henley and McNabb
1978). Within a few kilometers beneath the
rugged topographic surface of these systems,
complexities arise due to the presence of perched
groundwater systems inside the volcano super-
structure, heterogeneities in the distribution of
porosity, and fracture permeability and the con-
sequent maintenance of single (gas) and two
(vapor + liquid)-phase regimes.

The Karaha-Telaga Bodas magmatic-
hydrothermal system associated with the active
Galunggung volcano, Indonesia, has been
extensively drilled and exemplifies these rela-
tions as well as the consequent distribution and
evolution of alteration within these systems.
Figure 2a shows the distribution of fumaroles,
hot springs and drill holes across Galunggung in
relation to the hyper-acid (pH * 0.4) Telaga
Bodas crater lake and the major collapse of the
volcano’s southeast flank, which generated a
170-km2 debris avalanche deposit dated at

Fig. 1 View of Rincón de
la Vieja volcanic complex,
Costa Rica, showing the
hyper-acid crater lake
which is hosted in the
Active Crater. Photo
courtesy: OVSICORI,
Costa Rica
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4,200 years b.p. (Moore et al. 2008). A detailed
resistivity profile obtained for the upper 6 km
region of Karaha-Telaga Bodas was interpreted
in terms of the distribution of alteration assem-
blages as inferred from drill hole data (Fig. 2b).
Temperatures encountered during drilling ranged
up to 334 °C across the hydrothermal system,
with higher temperatures (>353 °C) in drill holes
close to the fumaroles beside the hyper-acid
crater lake. Of particular note, is the projected
pressure profile through the magmatic vapor
chimney in relation to the development of a two-
phase flow regime and its interaction with shal-
low groundwater and condensate to form the
hyper-acid Telaga Bodas crater lake (Fig. 2c),
which itself generates a regime of downward
flowing acid sulfate water (Moore et al. 2004).
Pressures and pressure profiles are complex but
in conjunction with detailed mineralogical and
fluid inclusion analyses, Moore et al. (2008) have
provided a picture of discrete vapor-dominated
flow zones, distal to the magmatic vapor chim-
ney, and their evolution over 6,000 years,
between the deep liquid phase geothermal system
and shallower perched groundwater aquifers
within the volcano (Fig. 2c).

2.2 Hydrology at the Acid Crater
Lake Scale

The results of heat, mass and isotopic balance
calculations for highly acid crater lakes (Hurst
et al. 1991; Ohba et al. 1994, 2000; Rowe et al.
1995; Taran et al. 2008) confirm that they are
smaller scale sub-systems within the much larger
scale magmatic-hydrothermal system hosted by a
volcano. These crater lakes are primarily the
surface expression of the expansion and dis-
charge of magmatic gas through to the surface
and shallow interactions with its condensate and
perched groundwater reservoirs. The expansion
and buoyancy-directed upflow of SO2-rich
magmatic gas below such lakes is constrained by
high permeability fractures (Henley and McNabb
1978; Lowell et al. 1993; Sanford et al. 1995;
Berger and Henley 2011). Fractures also allow
leakage from the lake through the crater floor,

recirculation as dense acid waters within the
subsurface main hydrothermal conduit and
possibly their resurgence as springs on the flanks
of the volcano. The downward and lateral dis-
persion of acid lake waters through structural
fractures leads to rock alteration.

Evidence for the existence of lateral flows,
through highly transmissive fractures, of acidic
waters originating from summit crater lakes exist
for several edifices. At Rincón de la Vieja,
leakage from the acid lake was inferred to
influence directly the chemistry of streams found
on the north flank of the volcano (Kempter and
Rowe 2000; Martínez et al. 2012). At Póas,
Rowe et al. (1992, 1995) demonstrated a
hydraulic connection between the crater lake and
the Rio Agrio river on the north-east slope of the
edifice. Tritium-based residence time estimates
suggest that water flow from the summit crater of
Poás to the Rio Agrio headwaters is hydrologi-
cally rapid (3–17 years). Similarly, the Upper
Rio Agrio watershed draining the west flank of
Copahue volcano, Argentina, is partly fed by a
highly acid crater lake (Varekamp et al. 2001).
The Ijen caldera is another example where very
low-pH lake water exits a magma-hydrothermal
crater lake system and feeds the Banyupahit river
(Delmelle and Bernard 2000; Palmer 2009; van
Hinsberg et al. 2010a). Variations in the perme-
ability provided by fractures in the upper part of
the Irazú volcanic hydrothermal system, Costa
Rica, also probably explain the rapid volume
changes experienced by the summit lake (Rouwet
et al. 2010). The lake-hydrothermal system also
feeds the Río Sucio, of which name reflects the
brownish-orange color of its waters (Fig. 3).

2.3 Chemical Processes During Gas
Expansion

The compositions of the hydrothermal fluids in
volcano-related hydrothermal systems such as
Karaha-Telaga Bodas are a consequence of the
absorption of acidic magmatic gases into
groundwater and subsequent pH-neutralization
reactions that result in extensive rock alteration
throughout the system (Henley and Ellis 1983).
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The hydrodynamics of such large-scale mag-
matic-hydrothermal systems are directly related
to the relative densities of liquid and vapor phases

represented by the proxy system NaCl-H2O
(Henley and McNabb 1978). Low salinity gas
released from crystallizing magma (M, Fig. 4a)

Fig. 2 Volcano-hosted hydrothermal system of Karaha-
Telaga Bodas, Galunggung volcano, Indonesia. a Distri-
bution of thermal features and drillholes. b Resistivity
profile (see inset) showing the distribution of alteration
assemblages relative to the magmatic chimney beneath
Telaga-Bodas hyper-acid crater lake. c Left Generalized
cross-section of the Karaha-Telaga Bodas hydrothermal

system showing the magmatic vapor chimney and the
surrounding, laterally extensive geothermal system; Right
Simplified pressure profile through the magmatic vapor
chimney. a and b are modified from Moore et al. (2008)
and reproduced with permission of The American Journal
of Science and the authors
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expands buoyantly through available fractures
into the deep groundwater regime beneath a vol-
cano to form a single phase plume and may dis-
charge directly at the surface, as discussed below,
to form high temperature fumaroles, solfatara and
acid lakes; i.e., the expressions of magmatic vapor
chimneys. Flow interactions with groundwater on
the margins of the gas plume results in a net
decrease in enthalpy leading to a marginal two-
phase regime that, with further mixing and dis-
persion of heat and solutes, forms large scale
hydrothermal systems, such as Karaha-Telaga
Bodas beneath Galunggung volcano. In volcanoes
that occur in regions of very high rainfall, the
expanding gas plume may intersect, and condense
quantitatively into, substantial perched ground-
water reservoirs, and become dispersed away from
the edifice with little consequential alteration,
obscuring the extent of on-going volcanism
(Symonds et al. 2001; Hurwitz et al. 2003).

High temperature fumaroles at the summit of
andesite-dacite volcanoes provide proxies of the
single phase magmatic gas mixtures that feed
into large scale hydrothermal systems. The
compositions of these discharges are typically
85–95 mol% H2O with a range of less abundant
gases and a wide range of trace elements
(Oppenheimer et al. 2011; Henley and Berger

2013). Carbon dioxide, SO2 and H2S are the next
most abundant gases while volatile salt species,
including (Na,K)Cl and HCl, generally make up
less than about 1 mol% of the gas phase.

The complete condensation of a high tem-
perature fumarole gas mixture results in a highly
acidic liquid phase and consequent intense
localized alteration of host rocks to kaolinite-
alunite-silica assemblages typical of magmatic
vapor chimney environments and crater lakes.
For example, ignoring the formation of sulfur
and intermediate oxidized sulfur species (Delm-
elle and Bernard 2015), it can be shown that
condensation of a high temperature fumarole gas
produces a sulfur-, chloride-rich liquid with
pH < 0.5 (Delmelle and Bernard 1994). Evapo-
ration of water from the surface of a hot acid lake
increases solute concentrations; for the above
example, condensation alone would give a lake
water with *9,500 mg kg−1 chloride compared
to the chloride concentration of Kawah Ijen,
*23,000 mg kg−1, and equivalently higher
acidity (pH = 0.18). It is this acidity that drives
intense hydrolysis of primary silicates in the host
rock around volcanic gas vents (Henley and
Berger 2011) and which is maintained by con-
tinuous heat and gas flow through the fracture
system beneath a crater lake. Continuous input of

Fig. 3 The Río Sucio on
Irazú volcano, Costa Rica.
The brownish-orange color
of the river reveals
oxidation of dissolved iron
originating from acid
hydrothermal water inputs
near the summit of the
volcano. Photo courtesy:
Dmitri Rouwet
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Fig. 4 a Density relations
for liquid and vapor phase
fluids in the system
NaCl-H2O, after Henley
and McNabb (1978). A
water-rich gas mixture
released from the
underlying magma system
at lithostatic pressure is
throttled via fractures to
feed an overlying
magmatic-hydrothermal
system at ME. Heat loss
and mixing result in
condensation of a small
liquid fraction with strong
partitioning of SO2 into this
liquid phase. Further
expansion occurs beneath
and into the base of a crater
lake resulting in hyper-
acidity and sulfur
deposition. The pressure
gradient in the expanding
magmatic gas and two-
phase regimes are close to
vaporstatic and greater than
that of the surrounding
groundwater. b Phase
diagram in the system
NaCl-H2O in relation to
isenthalpic expansion of a
magmatic gas. Reproduced
and modified from Henley
and Berger (2011) with
permission of Ore Geology
Reviews
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SO2 combined with surface evaporation is
responsible for the elevated dissolved sulfate
concentration of hyper-acid lakes. Accumulation
of molten sulfur bodies and sulfur-rich lacustrine
sediments in turn becomes prima facia evidence
of the flux of pristine volcanic gas through vents.

The hydrology beneath crater lakes is neces-
sarily complex because of the density-driven
interactions between cooled lake water and
upflowing gas expanding through available
fractures (Fig. 4a). On a single fracture, fingers of
dense hyper-acidic lake water mix and exchange
heat with magmatic gas in sublake fracture arrays
resulting in reflux of components into the buoy-
ant vapor discharge into the lake. Figure 4b
shows the phase relations for an expanding
magmatic gas at low pressures in the upper few
kilometers of a magmatic gas plume. Since a
small temperature drop is associated with isen-
thalpic expansion, the overall buoyancy of the
plume is preserved when a small liquid fraction
condenses; this is a consequence of the conser-
vation of the volumetric dominance of the low
density vapor. Much of the SO2 and HCl react
directly with aluminosilicate minerals in host
rocks with consequent intense alteration and
development of anhydrite-sulfide veins; these are
well exposed in large scale porphyry copper-gold
deposits that formed beneath paleo-volcanoes
(Henley and Berger 2013). Under low pressure
conditions expansion of the primary magmatic
gas occurs into the halite-vapor field without the
formation of a liquid fraction. Sulfur dioxide
released directly to the surface environment ulti-
mately is adsorbed quantitatively into the lake
water and is responsible, as shown above, for its
hyper-acidity and the intensity of alteration of
wall rocks and fracture arrays below and mar-
ginal to the lake where fluid leakage occurs on
the flank of volcanoes.

3 Hydrothermal Alteration Inside
Composite Volcanoes

The range of alteration minerals and their
apparent temperatures of formation in magmatic
hydrothermal systems associated with active

composite volcanoes have been detailed based on
geothermal drilling to 4,000 m (Reyes 1990). A
prime example is the quiescent Alto Peak volcano
(Reyes et al. 1993). These data emphasize the
occurrence of narrow zones of intense clay-dom-
inated, mostly kaolinite and dickite + pyrophyllite
assemblages due to leaching and alteration asso-
ciated directly with magmatic gas expansion to
depths of at least 2,500m (Reyes 1991). Elemental
sulfur and sulfate minerals, including natroalunite,
alunite, jarosite and anhydrite, also typically form
during interaction of the host rocks with hydro-
thermal acid sulfate waters (e.g., Stoffregen 1987;
Moore et al. 2004). These alteration mineral
assemblages contrast with the much lower inten-
sity alteration due to weak, mainly carbonic acid
and cation-exchange reactions (Henley et al.
1984) within liquid-dominated geothermal sys-
tems through which magmatic components are
widely dispersed. In this latter regime, clay min-
erals range from smectites (<180 °C) through
mixed layer illite-chlorite clays to illites and
chlorites (>200 °C).

The alteration mineralogy beneath and around
volcano-hosted acid crater lakes has been docu-
mented at Mt. Ruapehu, New Zealand, Kawah
Ijen and Póas (Rowe and Brantley 1993; Delm-
elle and Bernard 1994; Wood 1994; Christenson
et al. 2010; van Hinsberg et al. 2010b). In gen-
eral, rocks directly in contact with the low pH
sulfate-chloride lake waters that prevail in these
environments are converted into a silica-enriched
residual rock (Fig. 5), regardless of the primary
mineralogy, bulk composition and texture. At
Kawah Ijen, this material contains >85 wt% SiO2

(Delmelle and Bernard 1994) and although silica
is supersaturated in the lake waters, the silicified
residue is believed to be formed solely by
incongruent rock dissolution; i.e., addition of
silica by precipitation is not involved (Delmelle
and Bernard 1994; van den Boorn 2008). Gyp-
sum is often found as a surface coating and infill
of cracks in rocks which have been in contact
with the acid lake waters, but the presence of this
sulfate mineral seems to reflect the effect of
evaporation on its saturation in the lake water
(Delmelle and Bernard 1994; Christenson et al.
2010).
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Insights into rock alteration in the hydrother-
mal conduit connected to a lake come from
examination of ejecta produced during phreato
and phreatomagmatic eruptions. The ejected
materials have often been reported to be highly
vesicular, with vesicles/vugs partially to com-
pletely filled with hydrothermal alteration min-
erals consisting of assemblages of silica
polymorphs (cristobalite and opal), gypsum,
anhydrite, alunite, natroalunite, elemental sulfur
and pyrite (Giggenbach 1974; Christenson and
Wood 1993, 1994; Christenson et al. 2010; van
Hinsberg et al. 2010b). At Mt. Ruapehu, rock
ejecta sourced to deeper levels in the subsurface
magma-hydrothermal system consisted of cris-
tobalite, anhydrite, halite and magnetite. Rocks
from an actively degassing fumarolic area
adjoining Kawah Ijen hyper-acid crater lake were
completely altered to homogeneous masses of
amorphous silica (van Hinsberg et al. 2010b).
Unsurprisingly, the alteration mineral assem-
blages found in the phreatomagmatic products
from White Island, New Zealand, and Papanda-
yan, Indonesia, two composite volcanoes with
active magma-hydrothermal systems, exhibit
similar alteration mineral assemblages as those
described above (Wood 1994; Mazot et al.
2008).

The clay minerals (kaolinite-dickite + pyro-
phyllite) which are normally part of an advanced
argillic alteration assemblages (Hemley et al.
1969; Stoffregen 1987) have been rarely
observed in the materials erupted through acid
crater lake systems. This may simply reflect the
fact that the rocks brought to the surface during
phreatomagmatic explosions were eroded from
the main hydrothermal conduit where extremely
low pH and high sulfur activity impede clay
mineral formation. However, both kaolinite and
pyrophyllite were found in ejected lake muds
from Mt. Ruapehu (Wood 1994; Christenson
et al. 2010). In common with other magmatic
hydrothermal systems, pervasive argillic alter-
ation probably forms an envelope at the periph-
ery of the high upflow core that discharges
magmatic gas condensates into summit crater
lakes. The vertical and lateral extent of the
silicified and advanced argillic alteration beneath
acid crater lakes is not known, but studies of
ancient volcano-hydrothermal systems provide
some clues. At Mt. Shimokura, Japan, advanced
argillic alteration was inferred to extend to nearly
2,000 m-depth, although it was not present in the
first *250 m (Ohba and Kitade 2005). Strongly
hydrothermally altered rocks linked to shallow
magma-hydrothermal activity at the summit of

Fig. 5 Silicified rock
retrieved from Kawah Ijen
hyper-acid crater lake,
Indonesia
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Citlaltépetl volcano are exposed in a vertical
extent of more than 675 m (Zimbelman et al.
2005).

4 Hydrothermal Alteration
and Flank Instability
at Composite Volcanoes

Many studies emphasize that the presence of
large masses of hydrothermally altered rocks
within a volcanic edifice may promote flank
instability (López and Williams 1993; Scott et al.
1995; van Wyk de Vries and Francis 1997; Reid
et al. 2001; John et al. 2008). Increased slope
instability results from the development of lower
rock shear strengths, which thereby provide
sliding planes or surfaces for rupture. According
to the Mohr-Coulomb failure criterion, slippage
along any internal plane in the rock should occur
when the shear stress along that plane reaches the
critical value τc:

sc ¼ cþ rntan/ ð1Þ
where σn is the effective normal stress on the
rupture plane in the rock, c the cohesive strength
of the rock and ϕ the angle of internal friction of
the sliding rock material (Jaeger and Cook 1976).
Laboratory tests can simulate the material
behavior at a maximum depth of *100 m (i.e.,
σn = 2 MPa). However, sector and large flank
collapses usually are sourced to deeper failure
levels within the volcanic edifice. The non-line-
arity of Eq. (1) becomes apparent when higher
pressure measurements are performed (e.g., see
Figs. 32 and 33 in Voight et al. 2002). This
reflects that ϕ decreases with depth, while
c increases. Slippage condition can also be con-
veniently expressed by the factor of safety, F,
i.e., the quotient of shear strength of the material
and the shear stress required for static equilib-
rium (Voight et al. 2002). A value of F = 1
represents a condition of incipient failure, while
higher values indicate stability. Thus, a decrease
in rock shear strength due to hydrothermal
alteration reduces F and can trigger failure. A
similar effect is expected when shear increases

due to transient seismicity or incremental loading
of the edifice.

In their seminal work, Hubbert and Rubey
(1959) emphasized the importance of considering
pore fluid pressure, λ, in the assessment of slope
stability. Day (1996) later expanded this idea in
the volcanic context. These authors demonstrated
that the critical angle of a slope, θc, necessary for
sliding of a large ‘wet’ rock mass to occur on a
slope flank depends on the pore fluid pressure, λ
(expressed as a fraction of the lithostatic pres-
sure) and the angle of internal friction, ϕ, of the
sliding material according to:

tan hc ¼ 1� kð Þtan/ ð2Þ
In Eq. (2), c is assumed to be negligible, i.e.,

the cohesive strength on the slide surface is zero.
This assumption is valid when failure involves a
pre-existing fracture or immediately after fracture
initiation and subsequent slippage (Hubbert and
Rubey 1959; Day 1996).

The evolution of θc as a function of λ and ϕ is
illustrated in Fig. 6. Clearly, the sustainability of
a volcanic slope is strongly dictated by ϕ and
hence, by the degree of alteration of the rock.
This stems from the observation that altered
rocks, in particular when clays dominate the
alteration mineral assemblages, exhibit lower

Fig. 6 Dependence of the critical angle of a slope, θc, on
pore fluid pressure, λ (expressed as a fraction of the
lithostatic pressure) for different values of the angle of
friction, ϕ, of the sliding rock mass. See Sect. 4 for
explanation
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values of ϕ than the unaltered materials. Igneous
rocks typically have ϕ in the range *35–40°
(Hoek and Bray 1977; Watters et al. 2000), but
the hydrothermally altered rocks from Mount
Rainier and Mount Hood, USA, displayed ϕ
values as low as 24° (Watters et al. 2000).
Similar low values were found for the advanced
argillic altered rocks from the summit area of
Citlaltépetl volcano (Zimbelman et al. 2004). At
Teide stratovolcano, Tenerife, ϕ values in the
range 16–33° were determined for alunite-,
kaolinite-rich hydrothermally altered rocks col-
lected from a fumarolic field (del Potro and
Hurlimann 2009). Even lower ϕ measurements
(3–14°) were reported for a clay-rich material
entrained in the avalanche debris produced by the
26 December 1997 sector collapse at Soufrière
Hills volcano, Montserrat (Voight et al. 2002).
Interestingly, the altered rocks from Teide which
contain kaolinite had lower ϕ values than the
ones where alunite dominated (ϕ = 16–25° and
27–33°, respectively; del Potro and Hurlimann
2009). This may suggest that the type, rather than
the degree or amount, of alteration governs ϕ. It
should also be noted that altered rocks that still
contain crystals are likely to have higher ϕ values
than altered aphyric rocks with similar bulk clay
content (Hoek and Bray 1977).

Figure 6 also highlights the impact of λ on θc
for a given degree of rock alteration, i.e., a pre-
scribed value of ϕ. The development of high pore
fluid pressures within the upper part of the host
edifice in response to gas flow, or to the other
mechanisms, will depend strongly on the per-
meability of the rocks (Day 1996; Reid 2004)
and therefore, is also tied to the intensity of rock
alteration. The variety of materials (lava, pyro-
clasts, debris avalanche/flow deposits, etc.) that
comprise the volcano leads to a highly hetero-
geneous permeability field in the subsurface.
Mean permeability values ranging between 10−11

and 10−16 m2 are reported for hydrothermal
systems (Lowell et al. 1993) and references
therein. However, the formation of clay minerals
and deposition of silica during alteration can
result in gradual closing of fracture permeability
(e.g., Berger and Henley 2011; Lowell et al.
1993). In addition to clay and silica deposition,

precipitates of elemental sulfur and sulfate min-
erals can also play a role in the development of
self-sealed fractures. For example, Christenson
et al. (2010) showed that the hydrothermal vent
beneath Mt. Ruapehu’s crater lake can be
chocked by elemental sulfur and alunite. A recent
geophysical survey of the summit area of Kawah
Ijen volcano also revealed that the shallow
magma-hydrothermal system effectively sealed
itself within the upper volcanic edifice (Mauri
2010), possibly a consequence of the same
alteration/deposition mechanisms. Further, lateral
transport of acidic steam-heated waters at shal-
low level along the upper volcano slopes can
produce layers of clayey materials which form a
low-permeability carapace within the flanks of
the edifice (Moore et al. 2004, 2008). Such a low
permeability carapace can enclose the expanding
magmatic gas plume in the core of the volcano
and allows the development of elevated pore
fluid pressure throughout the edifice.

Day (1996) argued that the rapid or gradual
development of high λ within the materials of a
volcano is the primary factor leading to slope
failure. The pressurization of faults, joints and
more permeable layers within the volcanic edi-
fice allows shear rupture to occur at lower stress
differences than was possible previously. A
variety of mechanisms can produce elevated
values of, and large increase in, λ values within a
volcano. These relate to the thermal and
mechanical effects of shallow or deep magmatic
intrusions, intrusion degassing, discharges of
highly pressurized fluids from depth and defor-
mation associated with faulting (Day 1996; Reid
2004).

From the above considerations, one can see
that the permeability of rocks within a volcano-
hosted magma-hydrothermal system changes
over time and space due to the interplay of
mineral deposition and dissolution and rock
hydrofracturing processes (Lowell et al. 1993;
Day 1996; Reid et al. 2010). Hence, λ and ϕ are
coupled in altered rocks. Therefore, the risk of
volcanic slope failure, as simply expressed by
Eq. (2), appears to be strongly determined by the
extent of alteration, consequent on magmatic
SO2 (and HCl) flux through the volcano. Based
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on these concepts and using high resolution air-
borne magnetic and electromagnetic data (Finn
et al. 2001) at Mt. Rainier volcano, USA, Reid
et al. (2001) performed a three-dimensional
analyses of the edifice stability and concluded
that ‘… flank collapse (>0.1 km3) is promoted by
voluminous, weak, hydrothermally altered rock
situated high on steep slopes’. The large masses
of highly altered rocks were inferred to have
thicknesses greater than 200 m and some con-
siderably thicker, and increase where these rocks
are exposed on the flank of the volcano. Simi-
larly, potential failure volumes at Citlaltéptel
volcano, Mexico, were estimated to range
between 0.04–0.5 km3 (Zimbelman et al. 2004).

Alteration scenarios similar to Mt Rainier
occur in other volcanoes and are implicated in
their flank collapse histories (e.g., Nevado del
Ruíz, Columbia; López and Williams 1993). In
some cases volcanic landslides may be tied to
extreme weather events (e.g., Casita, Nicaragua;
Scott et al. 2005) as well as to seismicity, and
environmental changes. These second order
processes show that the variation of risk level
with respect to mechanical slope rupture during
the life of a volcano is related to small pertur-
bations including renewed magmatic activity and
related changes in internal gas pressure (e.g.,
Newhall et al. 2001). In other words, θc repre-
sents a critical phase state subject to rapid and
catastrophic changes due to small perturbations
(Lighthill 1986). Roughly translated, flank col-
lapse may be predicable within limits but cata-
strophic failure may be triggered by very small
independent ‘Black Swan’ events such as mon-
soon conditions or stress perturbations due to
distant earthquakes in a manner not dissimilar to
modern financial markets (Taleb 2010).

5 Kawah Ijen Volcano Case Study

Kawah Ijen is a *700 m high volcanic cone
built on the western flank of Gunung Merapi
volcano (elevation *2,799 m above sea level),
inside the Ijen caldera rim. It consists of alter-
nating layers of ash, scoria and lava flow deposits
representing basalt to andesitic compositions.

Kawah Ijen hosts a *3.0 × 107 m3 lake of
hyper-acid water (pH < 0.5) from which leakage
occurs into local drainage systems including the
Banyupahit river (Delmelle and Bernard 2000;
Delmelle et al. 2000; Takano et al. 2004; Mauri
2010). The onset of lake development is
unknown but historical reports indicate its exis-
tence in 1789 (Hengeveld 1920).

Figure 7 is a topographic profile through the
volcanic complex; key features with regard to the
risk of flank collapse are the rugged topography
and steep slopes, and the presence of an active
magma at depths of a minimum of 400 m below
the lake (Mauri 2010). High temperature mag-
matic gas sources both the summit crater lake
and associated fumaroles. A magmatic gas flow
regime develops beneath the lake as a conse-
quence of the larger scale heat and mass transfer
through the volcanic complex (Fig. 7). Vapor
volumetrically dominates pressure in this sub-
lake regime and flow and counter-flow of acid
condensate occurs as discussed above as a result
of the density differential of the two phases. It is
leakage from the plume that sustains gaseous
SO2 (and HCl) flows into the lake and conse-
quent hyper-acidity and sulfur accumulation.
This relationship implies pressure steps in the
hydrologic profile similar to those defined by
drilling at the Karaha-Telega-Bodas volcanic
complex (Sect. 2.1). In order to develop a first
order model of the hydrology of this magmatic
hydrothermal system, we note that there is a
pressure balance between expanding magmatic
gas and the perched acidic lake. The latter is
related to a groundwater flow regime through
Gunung Merapi and the slopes below Kawah
Ijen.

Leakages through the flanks of the acid lake
inevitably build a substantial body of highly
altered rock within the upper part of the volcano.
Here alteration grades outward from a simple
unconsolidated assemblage of silica and alunite
to progressively less altered kaolinitic assem-
blages localized by fractures (Sect. 3). It has been
proposed that the formation of silicified rocks
due to intense leaching and dissolution beneath
hyper-acid crater lakes weakens the interior of
the volcano, increasing the risk of flank sliding
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(Rowe et al. 1992, 1995; Varekamp et al. 2001).
Contradicting this hypothesis, strength tests show
that silicified rocks are strong (Watters et al. 2000)

and therefore promote stability rather than
instability. However, Berger and Henley (2011)
and Henley and Berger (2011) have shown that

Fig. 7 Simple model of
the pressure profile through
Kawah Ijen volcano. See
Sect. 5 for explanation
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silicification occurs progressively so that at
inception clay and poorly crystallized or amor-
phous silica occur in the evolving alteration
assemblage, only much later recrystallizing to a
silicified state. Therefore, it is the unconsolidated
silica-clay-filled fractures which probably define
potential zones of flank failure (Sect. 4). A large
landslide generated by this instability would first
lead to catastrophic drainage of the Ijen lake with
the formation of highly corrosive and devastating
debris flows. The pressure release which would
ensue could trigger a phreatic eruption, which in
turn could destabilize the western flank of Gunung
Merapi (e.g., the 1888 eruption of Bandai-san,
Siebert 1984). Ultimately, such cascade of events
could produce a major phreato-magmatic
eruption.

6 Summary

Volcanic edifices are inevitably unstable due to
their growth by tephra accumulation and lava
flow. Flank stabilities are maintained in a critical
state balanced between growth and slope failure.
The relative risk of landslide is heightened in
volcanoes which host an active magma-hydro-
thermal system primarily because of the fracture-
focused and time-integrated flux of acidic gases
(SO2 and HCl) as they expand from a magmatic
source to the surface with the formation of low
pH condensate. These are focused in the flanks
and summits of active volcanoes where topo-
graphic evolution results in the formation of acid
or hyper-acid crater lakes and associated solfa-
tara. Localization of intense silica-clay alteration
in these focal regimes produces critical instabil-
ities due to heterogeneous distribution of rock
strength properties and pore fluid pressures—a
coupled relationship between the flux of acidic
gases and permeability in the system.

Such instabilities are easily perturbed by
changes in pore fluid pressure due to increased
internal permeability consequent on progressive
changes in internal stress, or to blockage of
fracture permeability by rock alteration, inside
the volcanic edifice. Transient fluctuations also
occur due to seismicity or enhanced groundwater

infiltration associated with extreme weather
events. The generation of instabilities in such
volcanic systems is a major source of risk and
includes simple topographic collapses that
change the groundwater regime relative to pres-
sure within the magmatic vapor plume or local
vapor-rich zones, and crater lakes as sources of
extreme hyper-acidic attack on the host rock
sequence. Each of these second order sources of
risk has the potential to trigger extreme events
due to cascades of energy release; thus reduction
of confining pressure due to surficial slip and
catastrophic release of acid lake water (resulting
in a hot acidic debris flow), in turn releases
pressure on the underlying magmatic system that
may then trigger a Plinian eruption as large as Mt
St Helens in 1980 (Vinciguerra et al. 2005) and
Mt Pinatubo in 1991 (Newhall et al. 2002).

Acknowledgments This work was supported by the
Belgian Fonds de la Recherche Scientifique (FNRS) MIS-
Ulysse grant F.6001.11 to P.D., Postdoctoral Researcher
grant 1.7.048.09.F to S.O. and Doctoral studentship to
M. D. R.W.H. thanks the Australian Research Council for
continued support of studies of magmatic hydrothermal
systems. J. Moore kindly provided original graphics for
the Telega-Bodas hydrothermal system and constructive
comments on an early draft of this chapter. We are very
grateful to P. Ayris for producing some of the diagrams.
We thank R. del Potro for his critical and useful com-
ments in review.

References

Belousov A, Belousova M, Voight B (1999) Multiple
edifice failures, debris avalanches and associated
eruptions in the Holocene history of Shiveluch
volcano, Kamchatka, Russia. Bull Volcanol 61
(5):324–342

Berger BR, Henley RW (2011) Magmatic-vapor expan-
sion and the formation of high-sulfidation gold
deposits: structural controls on hydrothermal alteration
and ore mineralization. Ore Geol Rev 39(1–2):75–90

Capra L, Macías JL, Scott KM, Abrams M, Garduño-
Monroy VH (2002) Debris avalanches and debris
flows transformed from collapses in the Trans-Mex-
ican Volcanic Belt, Mexico—behavior, and implica-
tions for hazard assessment. J Volcanol Geotherm Res
113(1–2):81–110

Carrasco-Núñez G, Vallance JW, Rose WI (1993) A
voluminous avalanche-induced lahar from Citlaltépetl
volcano, Mexico—implications for hazard assessment.
J Volcanol Geotherm Res 59(1–2):35–46

302 P. Delmelle et al.



Carrasco-Núñez G, Siebert L, Capra L (2011) Hazards
from volcanic avalanches. In: Veress B, Szigethy J
(eds) Horizons in Earth Science Research, Nova,
p 199–227

Christenson BW, Wood CP (1993) Evolution of a vent-
hosted hydrothermal system beneath Ruapehu crater
lake, New Zealand. Bull Volcanol 55(8):547–565

Christenson BW, Reyes AG, Young R, Moebis A,
Sherburn S, Cole-Baker J, Britten K (2010) Cyclic
processes and factors leading to phreatic eruption
events: insights from the 25 September 2007 eruption
through Ruapehu crater lake, New Zealand. J Volcanol
Geotherm Res 191(1–2):15–32

Day SJ (1996) Hydrothermal pore fluid pressure and the
stability of porous, permeable volcanoes. In: McGuire
WJ, Jones AP, Neuberg J (eds) Volcano instability on
the Earth and other planets. Geological Society,
Special Publications, London, pp 77–93

del Potro R, Hurlimann M (2009) The decrease in the
shear strength of volcanic materials with argillic
hydrothermal alteration, insights from the summit
region of Teide stratovolcano, Tenerife. Eng Geol 104
(1–2):135–143

Delmelle P, Bernard A (1994) Geochemistry, mineralogy
and chemical modeling of the acid crater lake of
Kawah Ijen Volcano, Indonesia. Geochim Cosmochim
Acta 58(11):2445–2460

Delmelle P, Bernard A (2000) Downstream composition
changes of acidic volcanic waters discharged into the
Banyupahit stream, Ijen caldera, Indonesia. J Volcanol
Geotherm Res 97(1–4):55–75

Delmelle P, Bernard A (2015) The remarkable chemistry
of sulfur in volcanic acid crater lakes: a scientific
tribute to Bokuichiro Takano and Minoru Kusakabe.
This volume

Delmelle P, Bernard A, Kusakabe M, Fischer TP, Takano
B (2000) Geochemistry of the magmatic–hydrother-
mal system of Kawah Ijen volcano, East Java,
Indonesia. J Volcanol Geotherm Res 97(1–4):31–53

Finn CA, Sisson TW, Deszcz-Pan M (2001) Aerogeo-
physical measurements of collapse-prone hydrother-
mally altered zones at Mount Rainier volcano. Nature
409(6820):600–603

Giggenbach WF (1974) The chemistry of crater lake, Mt
Ruapehu (New Zealand) during and after the 1971
active period. NZJ Sci 17:33–45

Hemley JJ, Hostetle PB, Gude AJ, Mountjoy WT (1969)
Some stability relations of alunite. Econ Geol 64
(6):599–612

Hengeveld GJN (1920) De mogelijkheid en de plaats
van den bouw van een nieuwe sluis bij het kratermeer
Kawah Idjen. Mededelingen en rapporten van het
departement der burgelijke openbare werken; Geolog-
ische onderzoekingen ten behoeve van’s lands
waterstaat-, gewestelijke- en gemeentewerken in
Nederlandsch-Indie. Weltevreden:93–118

Henley RW (2015) Hyperacidic volcanic lakes, metal
sinks and continuous gas streaming in arc volcanoes.
This volume

Henley RW, Berger BR (2011) Magmatic-vapor expan-
sion and the formation of high-sulfidation gold
deposits: chemical controls on alteration and mineral-
ization. Ore Geol Rev 39(1–2):63–74

Henley RW, Berger BR (2013) Nature’s refineries: metals
and metalloids in arc volcanoes. Earth Sci Rev
125:146–170

Henley RW, Ellis AJ (1983) Geothermal systems, ancient
and modern: a geochemical review. Earth Sci Rev
19:1–50

Henley RW, McNabb A (1978) Magmatic vapor plumes
and groundwater interaction in porphyry copper
emplacement. Econ Geol 73(1):1–20

Henley RW, Truesdell AH, Barton PB, Whitney JA
(1984) Fluid-mineral equilibria in hydrothermal sys-
tems. In: Roberston JM (ed) Reviews in Economic
Geology. Society of Economic Geologists, Socorro

Hoek E, Bray JW (1977) Rock slope engineering. The
Institution of Mining and Metallurgy, Taylor &
Francis, London

Hubbert MK, Rubey WW (1959) Role of fluid pressure in
mechanics of overthrust faulting. I. Mechanics of
fluid-filled porous solids and its application to over-
thrust faulting. Geol Soc Am Bull 70(2):115–166

Hurst AW, Bibby HM, Scott BJ, McGuinness MJ (1991)
The heat source of Ruapehu crater lake; deductions
from the energy and mass balances. J Volcanol
Geotherm Res 46:1–20

Hurwitz S, Kipp KL, Ingebritsen SE, Reid ME (2003)
Groundwater flow, heat transport, and water table
position within volcanic edifices: implications for
volcanic processes in the Cascade Range. J Geophys
Res Solid Earth 108(B12):2557. doi:10.1029/
2003JB002565

Ingebritsen SE, Mariner RH (2010) Hydrothermal heat
discharge in the Cascade Range, northwestern United
States. J Volcanol Geotherm Res 196(3–4):208–218

Jaeger JC, Cook NGW (1976) Fundamentals of rock
mechanics. Science paperbacks

John DA, Sisson TW, Breit GN, Rye RO, Vallance JW
(2008) Characteristics, extent and origin of hydrother-
mal alteration atMount Rainier Volcano, Cascades Arc,
USA: implications for debris-flow hazards and mineral
deposits. J Volcanol Geotherm Res 175(3):289–314

Kempter KA, Rowe GL (2000) Leakage of Active crater
lake brine through the north flank at Rincon de la
Vieja volcano, northwest Costa Rica, and implications
for crater collapse. J Volcanol Geotherm Res 97(1–4):
143–159

Lighthill J (1986) The recently recognized failure of
predictability in newtonian dynamics. Proc Roy Soc
Lond Ser Math Phys Eng Sci 407(1832):35–50

López DL, Williams SN (1993) Catastrophic volcanic
collapse—relation to hydrothermal processes. Science
260(5115):1794–1796

Lowell RP, Vancappellen P, Germanovich LN (1993)
Silica precipitation in fractures and the evolution of
permeability in hydrothermal upflow zones. Science
260(5105):192–194

Summit Acid Crater Lakes and Flank Instability … 303

http://dx.doi.org/10.1029/2003JB002565
http://dx.doi.org/10.1029/2003JB002565


Martínez M, Fernández E, Sáenz W, van Bergen MJ,
Ayres G, Pacheco JF, Brenes J, Avard G, Malavassi E
(2012) Connections between hyper-acid crater lakes
and flank springs: new evidence from Rincón de la
Vieja volcano (Costa Rica). EGU General Assembly
2012, Vienna

Mauri G (2010) Multi-scale analysis of multiparameter
geophysical and geochemical data from active volca-
nic systems, PhD thesis, Simon Fraser University,
Vancouver

Mazot A, Bernard A, Fischer T, Inguaggiato S, Sut-
awidjaja IS (2008) Chemical evolution of thermal
waters and changes in the hydrothermal system of
Papandayan volcano (West Java, Indonesia) after the
November 2002 eruption. J Volcanol Geotherm Res
178(2):276–286

McGuire WJ (2003) Volcano instability and lateral
collapse. Revista 1:33–45

Moore JN, Christenson BW, Allis RG, Browne PRL, Lutz
SJ (2004) The mineralogical consequences and behav-
ior of descending acid-sulfate waters: an example from
the Karaha—Telaga Bodas geothermal system, Indo-
nesia. Can Mineral 42:1483–1499

Moore JN, Allis RG, Nemcok M, Powell TS, Bruton CJ,
Wannamaker PE, Raharjo IB, Norman DI (2008) The
evolution of volcano-hosted geothermal systems based
on deep wells from Karaha-Telaga Bodas, Indonesia.
Am J Sci 308(1):1–48

Newhall CG, Albano SE, Matsumoto N, Sandoval T
(2001) Roles of groundwater in volcanic unrest.
J Geol Soc Philippines 56:69–84

Newhall CG, Power JA, Punongbayan RS (2002) Pina-
tubo eruption—“to make grow”. Science 295
(5558):1241–1242

Norini G, Lagmay AMF (2005) Deformed symmetrical
volcanoes. Geology 33(7):605–608

Ohba T, Kitade Y (2005) Subvolcanic hydrothermal
systems: implications from hydrothermal minerals
in hydrovolcanic ash. J Volcanol Geotherm Res 145
(3–4):249–262

Ohba T, Hirabayashi JI, Nogami K (1994) Water, heat and
chloride budget of the crater lake Yugama at Kusatsu-
Shirane volcano, Japan. Geochem J 28:217–231

Ohba T, Hirabayashi J, Nogami K (2000) D/H and O-18/
O-16 ratios of water in the crater lake at Kusatsu-
Shirane volcano, Japan. J Volcanol Geotherm Res 97
(1–4):329–346

Oppenheimer C, Scaillet B, Martin RS (2011) Sulfur
degassing from volcanoes: source conditions, surveil-
lance, plume Chemistry and Earth system impacts.
Rev Mineral Geochem 73(1):363–421

Palmer SCJ (2009) Hydrogeochemistry of the upper
Banyu Pahit River valley, Kawah Ijen volcano,
Indonesia, MSc thesis, McGill University, Montreal

Reid ME (2004) Massive collapse of volcano edifices
triggered by hydrothermal pressurization. Geology 32
(5):373–376

Reid ME, Sisson TW, Brien DL (2001) Volcano collapse
promoted by hydrothermal alteration and edifice shape,
Mount Rainier, Washington. Geology 29(9):779–782

Reid ME, Keith TEC, Kayen RE, Iverson NR, Iverson
RM, Brien DL (2010) Volcano collapse promoted by
progressive strength reduction: new data from Mount
St. Helens. Bull Volcanol 72(6):761–766

Reyes AG (1990) Petrology of Philippine geothermal
systems and the application of alteration mineralogy
to their assessment. J Volcanol Geotherm Res
43(1–4):279–309

Reyes AG (1991) Mineralogy, distribution and origin of
acid alteration in Philippine geothermal systems.
Geological Survey of Japan Report, Tsukuba

Reyes AG, Giggenbach WF, Saleras JRM, Salonga ND,
Vergara MC (1993) Petrology and geochemistry of
Alto Peak, a vapor-cored hydrothermal system, Leyte
Province, Philippines. Geothermics 22:479–519

Rouwet D, Mora-Amador RA, Ramírez-Umaña CJ,
González G (2010) Seepage of “aggressive” fluids
reduce volcano flank stability: the Irazú and Turrialba
case, Costa Rica. IAVCEI commission on volcanic
lakes 7 workshop, Costa Rica

Rowe GL, Brantley SL (1993) Estimation of the disso-
lution rates of andesitic glass, plagioclase and pyrox-
ene in a flank aquifer of Poás Volcano, Costa Rica.
Chem Geol 105(1–3):71–87

Rowe GL, Brantley SL, Fernández M, Fernández JF,
Barquero J, Borgia A (1992) Fluid-volcano interaction
in an active stratovolcano: the crater lake system of
Poás volcano, Costa-Rica. J Volcanol Geotherm Res
49:23–51

Rowe GL, Brantley SL, Fernández M, Borgia A (1995)
The chemical and hydrologic structure of Poás
Volcano, Costa Rica. J Volcanol Geotherm Res 64
(3–4):233–270

Sanford WE, Konikow LF, Rowe GL, Brantley SL (1995)
Groundwater transport of crater-lake brine at Poás
volcano, Costa Rica. J Volcanol Geotherm Res
64(3–4):269–293

Scott KM, Vallance JW, Pringle PT (1995) Sedimentol-
ogy, behavior, and hazards of debris flows at Mount
Rainier. USGS Professional Paper, Washington 1547

Scott KM, Vallance JW, Kerle N, Macias JL, Strauch W,
Devoli G (2005) Catastrophic precipitation-triggered
lahar at Casita volcano, Nicaragua: occurrence, bul-
king and transformation. Earth Surf Proc Land 30
(1):59–79

Shea T, van Wyk de Vries B (2010) Collapsing volca-
noes: the sleeping giants’ threat. Geol Today 26
(2):72–77

Siebert L (1984) Large volcanic debris avalanches—
characteristics of source areas, deposits, and associated
eruptions. J Volcanol Geotherm Res 22(3–4):163–197

Siebert L, Glicken H, Ui T (1987) Volcanic hazards from
Bezymianny- andBandaï-type eruptions. Bull Volcanol
49:435–459

Stoffregen R (1987) Genesis of acid-sulfate alteration and
Au-Cu-Ag mineralization at Summitville, Colorado.
Econom Geol 82(6):1575–1591

Symonds RB, Gerlach TM, Reed MH (2001) Magmatic
gas scrubbing: implications for volcano monitoring.
J Volcanol Geotherm Res 108(1–4):303–341

304 P. Delmelle et al.



Takano B, Suzuki K, Sugimori K, Ohba T, Fazlullin SM,
Bernard A, Sumarti S, Sukhyar R, Hirabayashi M
(2004) Bathymetric and geochemical investigation of
Kawah Ijen crater lake, East Java, Indonesia. J Volc-
anol Geotherm Res 135(4):299–329

Taleb NN (2010) The black swan: the impact of the
highly improbable. Random house trade paperbacks

Taran Y, Rouwet D, Inguaggiato S, Aiuppa A (2008)
Major and trace element geochemistry of neutral
and acidic thermal springs at El Chichón volcano,
Mexico implications for monitoring of the volca-
nic activity. J Volcanol Geotherm Res 178(2):
224–236

Ui T, Yamamoto H, Suzukikamata K (1986) Characteriza-
tion of debris avalanche deposits in Japan. J Volcanol
Geotherm Res 29(1–4):231–243

Vallance JW, Scott KM (1997) The Osceola Mudflow
from Mount Rainier: sedimentology and hazard
implications of a huge clay-rich debris flow. Geol
Soc Am Bull 109(2):143–163

Vallance JW, Siebert L, Rose WI, Giron JR, Banks NG
(1995) Edifice collapse and related hazards in Guate-
mala. J Volcanol Geotherm Res 66(1–4):337–355

van den Boorn SHJM (2008) Silicon isotopes and the
origin of Archaean cherts, PhD thesis, University of
Utrecht, Utrecht

van Hinsberg V, Berlo K, Sumarti S, van Bergen M,
Williams-Jones A (2010a) Extreme alteration by
hyperacidic brines at Kawah Ijen volcano, East Java,
Indonesia: II metasomatic imprint and element fluxes.
J Volcanol Geotherm Res 196(3–4):169–184

van Hinsberg V, Berlo K, van Bergen M, Williams-Jones
A (2010b) Extreme alteration by hyperacidic brines at
Kawah ben volcano, East Java, Indonesia I Textural
and mineralogical imprint. J Volcanol Geotherm Res
198(1–2):253–263

van Wyk de Vries B, Francis PW (1997) Catastrophic
collapse at stratovolcanoes induced by gradual vol-
cano spreading. Nature 387(6631):387–390

Varekamp JC, Ouimette AP, Herman SW, Bermúdez A,
Delpino D (2001) Hydrothermal element fluxes from
Copahue, Argentina: a “beehive” volcano in turmoil.
Geology 29(11):1059–1062

Vinciguerra S, Elsworth D, Malone S (2005) The 1980
pressure response and flank failure of Mount St.
Helens (USA) inferred from seismic scaling expo-
nents. J Volcanol Geotherm Res 144:155–168

Voight B, Komorowski J-C, Norton GE, Belousov AB,
Belousova MG, Boudon G, Fransis PW, Franz W,
Heinrich P, Sparks RSJ, Young SR (2002) The 26
December (boxing day) 1997 sector collapse and debris
avalanche at Soufrière Hills Volcano, Montserrat. In:
Druitt TH, Kokelaar BP (eds) The eruption of Soufrière
Hills Volcano, Montserrat, from 1995 to 1999. Mem-
oirs, Geological Society, London, pp 363–407

Watters RJ, Zimbelman DR, Bowman SD, Crowley JK
(2000) Rock mass strength assessment and signifi-
cance to edifice stability, Mount Rainier and Mount
Hood, cascade range volcanoes. Pure Appl Geophys
157(6–8):957–976

Witham CS (2005) Volcanic disasters and incidents: a
new database. J Volcanol Geotherm Res 148(3–4):191

Wood CP (1994) Mineralogy at the magma-hydrothermal
system interface in andesite volcanoes, New Zealand.
Geology 22(1):75–78

Zimbelman DR, Watters RJ, Firth IR, Breit GN, Carrasco-
Núñez G (2004) Stratovolcano stability assessment
methods and results from Citlaltepetl, Mexico. Bull
Volcanol 66(1):66–79

Zimbelman DR, Rye RO, Breit GN (2005) Origin of
secondary sulfate minerals on active andesitic strato-
volcanoes. Chem Geol 215(1–4):37–60

Summit Acid Crater Lakes and Flank Instability … 305



Crater Lake Energy and Mass Balance

Tony Hurst, Takeshi Hashimoto, and Akihiko Terada

Abstract

The volume and temperature of a Crater Lake in an active volcano
depends on the balance between the input of volcanic fluids and gases,
with their thermal energy, and the evaporation and other processes by
which the lake loses energy. The general situation is that we can measure
the bulk properties of the lake, and want to determine the mass and energy
that is entering the bottom of the lake from the volcano. This chapter
describes the processes likely to be significantly affecting such a lake, and
how to estimate their effect. Evaporation is the dominant cooling process
for hot lakes, and we compare proposed equations to select those most
suitable for the volcanic lake situation. Several case studies are included to
show how heat and energy balance calculations can be used in actual
situations.

Keywords
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Radiation � Evaporation � Ruapehu � Yudamari � Boiling Lake

1 Introduction

A substantial fraction of the craters produced by
volcanic eruptions fill with water to form a Crater
Lake, especially in areas with humid climates.
This chapter will discuss the situation if this
occurs while the volcano is still active, and the
lake is significantly heated by the volcanic
activity. The temperature of such a lake then
provides an indication of the energy input from
the volcano below, and this is often one of the
best indications of the state of the volcano and
the current hazard from it.
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Hot Crater Lakes, the kind being considered
here, are heated by the input of steam (the gas
phase of water) and hot liquid water. The large
amount of heat released by the condensation of
steam, shown by its high enthalpy (heat content
per unit mass) means that this is usually the main
energy source. Hot gases entering the lake also
contribute heat. Solar radiation heats Crater
Lakes, just like any other water body.

Three main processes tend to cool Crater
Lakes. The hotter they are, the more water will
evaporate. Evaporation reduces the energy in the
lake, as well as the volume. Because of the latent
heat transferred to the atmosphere in the evapo-
ration process, this tends to lower the lake tem-
perature, as does the second process, the heating
of the air immediately above it by the lake. The
third main cooling effect is from the input of cold
water and snow. This comes from direct precip-
itation, from surface streams or, and by sub-
surface groundwater flows. There are other minor
cooling effects, such as long-wave radiation, that
are also discussed in later sections.

The main reason why energy and mass bal-
ance studies are made on hot Crater Lakes is to
improve our understanding of the volcano
underneath. We cannot see what it is doing, but
the changing state of the lake above can often
give better estimates of the volcanic output, in
terms of mass and energy, than we can get for
volcanoes without Crater Lakes. When the total
output of the volcano is into a lake, it is usually
easier to quantify it than it is to estimate the mass
and energy from open vents and fumaroles.
Increases in heat output, or sudden decreases that
indicate a blockage in the vent, can be deduced
from the lake temperature. However, it is still
often difficult to use this information to deduce
what the volcano will do next.

Another reason to study this aspect of Crater
Lakes is to forecast the state of the lake, often
to see how this affects hazards. Overflowing
Crater Lakes have produced many dangerous
lahars, including the 24 December 1953 lahar
from Mt. Ruapehu, New Zealand, in which 151
people were killed when a bridge was destroyed
as an express train was crossing it (O’Shea
1954).

One of the first accounts of the factors
affecting a Crater Lake in an active volcano was
given by Friedlaender (1898), who described
how in Ruapehu Crater Lake, when the heating
effect of hot water, steam and gases was opposed
by the cooling effect of snow from the sur-
rounding glaciers, the final result was a warm
lake. Dibble (1972, 1974) studied this same lake
and was able to use the approximately monthly
readings of lake temperature, level and chemistry
to produce a quantitative model to calculate the
heat and mass flows into the bottom of the lake.
Another early study was that of Robson and
Willmore (1955). They looked at a number of
West Indian soufrières, or fumarolic areas, but
their study included the Crater Lake of Soufrière
St Vincent. Similarly Sugawa (1960) developed
an approximate relationship between lake tem-
perature and evaporation for the hot lake Oyu-
numa in Hokkaido, Japan, to enable the
underground inflow to be better calculated.

2 Mass and Energy Balance
Model

Both the total energy of the Crater Lake, and the
mass of each component, are controlled by con-
servation laws. As an example, if for a particular
period we know how much water is entering or
leaving the lake by every mechanism except for
the input from the volcano, and we know the
total change in mass, then we can calculate what
mass of water has come from the volcano for that
period. Similarly, we might be able to calculate
the volcanic energy input, using the change in
lake temperature.

The first equation is the water mass balance,
which states that the change in mass of the lake
equals the water inflow minus the water outflow.
This is usually expressed as

_M ¼ dM

dt
¼ _Mvolc þ _Mprecip � _Mevap � _Mout ð1Þ

where

M is the lake mass and _M or dM/dt is its
rate of change in kg/s
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_Mvolc is the input rate of steam and hot water
into the lake from the volcano

_Mprecip is the input rate of water and snow from
precipitation (direct and indirect)

_Mevap is the rate at which water is lost by
evaporation

_Mout is the rate of water outflow, both
surface and underground seepage

Then there is the energy balance, which can
be written as

_E ¼ dE

dt
¼ _Evolc � _Eprecip � _Eevap � _Eout

þ _Esolar � _Elong þ _Econd � _Esens

ð2Þ

where E is the thermal energy in the lake, and
dE/dt is its rate of change in W

_Evolc is the power input from steam and hot
water into the lake from below

_Eprecip is the rate at which energy is needed to
heat incoming precipitation

_Eevap is the rate of energy loss by evaporation
_Eout is the rate of energy loss as a result of

water outflow

The four terms above represent changes in
energy related to mass flows, while the four
terms below represent energy change with no
change in mass.

_Esolar is the solar radiation power entering the
lake

_Elong is the net long-wave radiation loss from
the lake

_Esens is the rate of energy loss at the lake
surface by heating the atmosphere (sen-
sible heat)

_Econd is the net rate of energy gained by
conduction from the lake surrounds

Figure 1 shows these flows schematically.
Some of these mass and energy flows can be

calculated, but, for a single set of observations at
a given time, there will always be more
unknowns than the two that can be calculated
from two equations. The number of unknowns
can be reduced if we know the enthalpies (the
thermodynamic energy) associated with some

flows. The energy related to a particular mass flow
depends on the enthalpy of the fluid involved, the
enthalpy being a measure of the heat energy of the
fluid per unit mass. Enthalpies can be found in
Steam Tables for water and steam. Note however
that enthalpies are not absolute, but relative to a
certain temperature. This reference temperature
also applies to our calculations of total thermal
energy. Commonly 0 °C is used as the reference
temperature (e.g. Hurst and Dibble 1981), but in
some cases another temperature is used. For
instance, Stevenson (1992) used enthalpies rela-
tive to the ambient air temperature, a selection
which is particularly suited for tropical lakes with
a constant warm atmosphere. In this case the
enthalpy associated with rain and water flow into
the lake is zero. On the other hand Pasternack and
Varekamp (1997) used the lake temperature as the
reference temperature, and so had to explicitly
allow for the energy required to heat incoming
precipitation.

An increase in the energy/mass ratio is
equivalent to an increase in temperature. In other
words, in a state with water mass M and total
energy E, and an average lake temperature of T,
then

T � Tref ¼ E=cM in �C ð3Þ
where Tref is the enthalpy reference temperature
and c is the specific heat of water.

And if a later state has mass M + ΔM and total
energy E + ΔE, then its temperature T* will be
such that

T� � Tref ¼ E þ DEð Þ=cðM þ DMÞ in
�
C

ð4Þ
Often only the surface temperature of a Crater

Lake is monitored, which could mean that chan-
ges in the surface temperature do not adequately
reflect the overall change in lake temperature.
Since we are discussing lakes with significant
heat input, usually at their deepest point, which
will produce strong convective overturning, it is
often safe to assume that active Crater Lakes will
be fairly mixed and of approximately constant
temperature. The temperature profile of Ruapehu
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Crater Lake in 1966 by Dibble (1974) could be
seen as an exception, with a rapid increase in
temperature below 100 m depth towards the
maximum depth of 297 m, but this was in a very
small vent, and the volume affected was a very
small part of the lake.

Before describing how the model is operated,
we will discuss each of the mass flows, and then
all the energy balance that affect the thermody-
namic state of a Crater Lake.

3 Mass Balance

_Mvolc is the net input of water in both liquid and
steam states from the volcano. Since it is pri-
marily an input under the lake, it will usually be
the unknown quantity which has to be deduced
from the equations, particularly from the mass
balance equation once the other mass terms are
estimated.

Different lakes vary in the extent to which we
can estimate _Mprecip, the precipitation entering
the lake. Firstly, there are variations in how
accurately the local precipitation is measured.

Only a few volcanoes, such as Poás in Costa
Rica, have weather stations close enough to
represent the actual conditions at the Crater Lake.
Then there are often doubts as to the effective
catchment area of the lake, and there can be a
considerable delay between the precipitation and
the water entering the lake. For the lake Yugama
at Kusatsu-Shirane volcano in Japan, Ohba et al.
(1994) were able to calculate an effective catch-
ment size 2.5 times bigger than the lake area for
the autumn rain period in September–October
1990. The effective catchment would be less in
winter, when snow would lie around the lake
rather than flow in. The extreme case is volca-
noes with surrounding permanent snowfields
such as Ruapehu, where the amount of water-
equivalent in the snowfield can build up or
reduce significantly over a number of years. In
such cases, the effective catchment area will only
be slightly larger than the lake if cold conditions
cause very little snowmelt, but will be very large
in a warmer period with a lot of snowmelt.

Generally it is easier to match precipitation
over a longer period, say annually, to the apparent
water input to the lake, rather than expect daily

Fig. 1 Heat and mass
flows affecting a Crater
Lake
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values to match. This component can never be
negative, and this is often a useful constraint on
the maximum possible value of _Mvolc.

The water loss due to evaporation ð _MevapÞ
depends on the surface area and temperature of
the lake, as well as on the atmospheric temper-
ature, humidity and wind speed. The equations
relating evaporation to these factors will be dis-
cussed in Sect. 4.3.

The water outflow ð _MoutÞ includes both visi-
ble outflow, when a stream or river drains the
lake, and invisible underground seepage. For
very few lakes can this be measured directly, so it
is often estimated indirectly by calculating the
dilution of chemical constituents in the lake, as
discussed in the next section.

During heavy rain it is common for a surface
layer of cold fresh water to develop on a Crater
Lake, because even though the main part of the
lake is warmer, if it has a high salt concentration
it will have a higher density than the cold water.
This is often seen as a downwards spike in the
lake temperature measured near the surface. If
this happens for a lake with a surface outflow,
some of the precipitation is likely to flow out
without mixing with the rest of the lake, and
hence will not be counted in the water balance.

3.1 Dilution

Active Crater Lakes have a range of ionic species
present in the water. The concentrations of many
of these will be dependent on solubility or on
secondary reactions. However, there are gener-
ally some species whose concentrations are not
so affected, and these can be used to improve the
estimates of the mass flows by giving an indi-
cation of the extent to which the lake fluid is
being diluted by outflow being replaced by pre-
cipitation or other inflow.

One useful species is chloride ion, as it is
unusual for any metal chloride to reach its solu-
bility limit in a Crater Lake. Incoming volcanic
gases commonly contain chloride as HCl gas, so
it is common for chloride concentrations to
increase, but chloride concentrations can only
normally decrease when the lake water has been

diluted by outflow and seepage being replaced by
fresh (usually meteoric) water. Rouwet et al.
(2004, 2008) used chloride and mass balances to
analyse the state of the Crater Lake in El Chichón
volcano, where the chloride content appeared to
be coming from a “buried Crater Lake” hydro-
thermal system.

Giggenbach (1974) introduced the use of Mg2
+ for Crater Lake dilution studies on the Crater
Lakes of andesite volcanoes. Here the only nor-
mal source of magnesium ions is the hot inter-
action of andesite with liquid-phase water. The
magnesium concentration will therefore normally
only increase at times of significant volcanic
activity. At all other times, the concentration
should only be affected by dilution as it is not
precipitated in most Crater Lake conditions. The
total amount of Mg++ will be constant if there is
no outflow from the lake. However, if over a
period the total outflow of water is Mout, then the
total quantity of Mg++ will be reduced by a factor
M(M + Mout), where M is the mass of water in
the lake when it is full. In most cases the outflow
is compensated for by inflows which keep the
lake volume roughly constant, so we will see a
steady decline in the Mg++ concentration which
can be used to derive the total outflow over a
period. As long as the decrease in Mg++ in any
period is less than about 5 %, the linear formula
above is still accurate enough, but for large
decreases one should use integration to calculate
the dilution effect, as in Stevenson (1992).

The Cl− and Mg++ concentrations should only
change slowly, except for rapid increases during
periods of volcanic activity. Other rapid varia-
tions in these concentrations are probably the
result of imperfect mixing in the lake, and
the amount of variation gives an indication of
whether this is a problem for the modelling in a
particular lake.

As more chemical species are routinely ana-
lysed, ions might be useful for constraining mass
and energy balances. A related technique is the
use of stable isotope concentrations, based on the
preferential evaporation of light isotopes, tending
to increase the concentration of heavy isotopes
such as 18O and 2H in the lake. This is discussed
in other chapters of this book.
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4 Energy Balance

4.1 Water/Steam Input

_Evolc is the rate of heat input to the lake from
volcanic fluids. Normally this is mainly H2O, in
the steam and water phases, with minor amounts
of other gases. Pasternack and Varekamp (1997)
used a molar ratio of H2O:CO2:SO2 = 93:5:2 for
their modelling study, which is similar to results
obtained by Giggenbach (1974) for White Island.
This means that nearly all the heat comes from
the water component, and especially from the
steam phase of this, because of the large latent
heat of vaporization of water.

For instance, with the gas molar ratios men-
tioned above and an initial temperature of 250 °C,
if the water is in the liquid phase due to a pressure
over 4 MPa, the contributions to the total enthalpy
(with reference to 0 °C) are H2O 1.0 MJ/kg,
CO2 0.01 MJ/kg and SO2 0.003 MJ/kg, but if the
pressure was less so the H2O was entirely present
as steam it would contribute 2.8 MJ/kg.

Pasternack and Varekamp (1997) assumed
that for Crater Lakes with high gas fluxes, the
initial gas temperature would be close to that of
liquid magma, e.g. 800 °C, for high-output vol-
canoes. This would give total enthalpy contri-
butions of H2O 4.1 MJ/kg, CO2 0.03 MJ/kg and
SO2 0.01 MJ/kg. So we can expect that likely
enthalpies range from about 1.0 MJ/kg for lakes
heated by hot water up to about 4.1 MJ/kg for
those where the full energy from magmatic steam
is available. Note that the actual enthalpies will
be slightly smaller if all enthalpies are referenced
to a temperature above 0 °C.

4.2 Radiation

Crater Lakes receive short-wave radiant energy
from the sun ð _EsolarÞ, just like any other lakes.
The energy at the top of the atmosphere depends
on the latitude and season, but the fraction of this
that makes it to the lake depends on the average
weather conditions, especially the average cloud
cover. Henderson-Sellers (1986) reviewed the
energy flows that affect ordinary (non-volcanic)

lakes, and included a detailed discussion of solar
radiation.

For volcanic lakes, for which solar energy is a
minor component of the total energy, it is probably
adequate to use a formula or tables (e.g. p. 323 of
Linacre 1992) for the seasonal variation of the
extra-terrestrial or clear-sky insolation, and either
annual or monthly estimates of the effect of cloud
cover. An alternative is to use the satellite data
which is now available, for example at the NASA
Surface meteorology and Solar Energy site: http://
eosweb.larc.nasa.gov/sse which provides esti-
mates of the average solar radiation for each 1° by
1° area of the Earth’s surface. An albedo of 0.06,
means that 6 % of the short-wave radiation is
reflected by the lake (Henderson-Sellers 1986).

There is also long-wave radiation, both emit-
ted from the lake and arriving at the lake from
other sources (low temperature radiation sources
produce predominantly long-wavelength radia-
tion, whereas the much hotter sun produces
mainly short-wavelength radiation). The relevant
equation is the Stefan-Boltzmann law for the
radiated power per unit area. The power lost by
each square metre of the lake (Φro) is

Uro ¼ ewrT
4
s in Wm�2 ð5Þ

where

σ is the Stefan-Boltzmann coefficient
5.67 × 10−8 W m−2 K−4,

εw is the lake emissivity,
Ts is the water surface temperature of the lake

(°K)

The water surface temperature will normally
be slightly (typically 1–2 °C) less than the tem-
perature measured within the water near the
surface (Oppenheimer 1997). This difference also
affects evaporation and sensible heat transfer.

A similar formula gives the incoming long-
wave radiation from the atmosphere, with an
input power per square metre of (Φri)

Uri ¼ earT
4
a in W m�2 ð6Þ

which involves the effective air temperature (Ta),
an indication of the average temperature of the
parts of the atmosphere radiating energy towards
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the lake. Low clouds during a warm day will give
a high effective temperature, whereas a clear
night will give a very low effective temperature.
Henderson-Sellers (1986) gives 0.97 for εw,
while εa is about 0.8. This reference also gives
details on how to calculate Ta, but for a Crater
Lake with temperature significantly above its
surroundings, the incoming long-wave radiation
is usually only a very minor component in the
energy balance.

_Elong is the net long-wave radiation loss,
namely

_Elong ¼ A Uro � Urið Þ ¼ rA ewT
4
s � eaT

4
a

� �

in W
ð7Þ

where A is the lake area in square metres.

4.3 Evaporation

Normally the largest component of the heat loss
for volcanic Crater Lakes is the cooling effect of
evaporation ð _EevapÞ, with the next largest being
the closely related transfer of sensible heat to the
air above the lake (sensible heat is a term used to
distinguish the heat transfer process from the
latent heat associated with evaporation).

However, although the general factors
involved in evaporation have been known for
two centuries since the time of John Dalton
(1760–1844), there is still no consensus as to an
appropriate formula for a warm lake of signifi-
cant size. It is normal to distinguish free con-
vection, which is the convection with no external
wind, produced when the water temperature is
higher than ambient, from forced convection,
which is convection produced by wind blowing
across the water surface. One contentious topic is
the extent to which these processes interact for a
lake that is significantly warmer than its
surroundings.

In this section, we will consider a number of
evaporation formulae, and compare their results
for a typical volcanic lake.

The first equation considered is that of Ryan
et al. (1974). They used the basic formulation

traceable back to Stelling (1882) in which the
evaporative heat flux, Φe, is given by

Ue ¼ aþ bWzð Þ es � eað Þ in W/m2 ð8Þ
where

a and
b

are parameters to be derived

Wz is the wind velocity at height z (often
2 m above the lake surface), in m s−1

es is the saturation vapour pressure at the
water surface temperature, in mbar

ea is the actual vapour pressure in the
ambient air, in mbar

To calculate _Eevap, Φe is simply multiplied by
the lake area.

The saturation vapour pressure of water at any
temperature is found in Steam Tables, giving es
directly, while ea is the saturation vapour pres-
sure at the ambient air temperature multiplied by
the relative humidity.

In other words, a is the free convection term,
and b the forced convection term, and they are
simply added. Ryan et al. (1974) provided a
theoretical justification for an a that contained a

term in Ts�Tað Þ1=3, and then used measurements
of various lakes to fit the constant b to the actual
results. Their final expression for the heat loss
due to evaporation was

Ue ¼ ðk Tsv � Tavð Þ1=3þ3:2W2Þ es � e2ð Þ
in W=m2 ð9Þ

with λ = 2.7, while W2 and e2 are wind speed and
vapour pressure measured at a height of 2 m
above the lake. However, although this formula
is often quoted with λ as the constant 2.7, λ is
derived from a formula for gas transfer, and
varies significantly with temperature, decreasing
about 10 % for a 20 °C rise in average air tem-
perature. The second constant is empirical, based
on matching observed evaporation under various
conditions.

The temperatures Tsv and Tav are virtual sur-
face and air temperatures, derived from the actual
surface and air temperatures by the formula
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T�
xv ¼ T�

x =ð1� 0:378ex=PaÞ
in Kelvin for x ¼ s or a

ð10Þ

where Pa is the atmospheric pressure and ex the
water vapour pressure (for Tsv, the saturation
vapour pressure, for Tav, at the average humid-
ity), and T* is temperature in absolute units.
These virtual temperatures allow for the extra
buoyancy of water vapour compared to air. The
effect for warm lakes is to make Tsv�Tav sig-
nificantly higher than Ts�Ta. Note that there is
no explicit consideration in this formula for the
effect of the lake on the properties of the air
passing over it, either by a lake size term or in
any other fashion.

Whereas Ryan et al. (1974) started with
empirical formulae that had been shown to be
applicable for ordinary (non-heated) lakes and
adapted then for heated lakes, Weisman and
Brutsaert (1973) (herein referred to as W & B)
developed a new theory for the interaction of a
normal stable air mass meeting a relatively warm
lake, taking into account the change in the
properties of the air as it passes over the lake. As
they stated “The present problem is formulated
for unstable conditions over the water; the water
vapour stratification creates buoyancy in the air,
and turbulent transfer, amplified by buoyant
convection, is considerably larger than it is when
it results from forced convection only.”

As part of their analysis, W & B derived two
dimensionless parameters A* and B*, the first
representing the fractional change in temperature,
and the second the change in surface specific
humidity, at the lake edge.

A� ¼ � Ts � Tað Þ=Ta½ � kgzo=u2�
� �

; ð11aÞ

B� ¼ � 0:61 es � eað Þ kgzo=u
2
�

� �
; ð11bÞ

where k is the von Kármán constant (typically
0.41), g is the local acceleration due to gravity, zo
is the roughness length (2 × 10−4 m, or 0.2 mm is
the value used by W & B) and u* is the friction
velocity, which can be regarded as the wind
velocity at the elevation of the roughness length.
These terms are related to the microscopic scale
at which the water and air exchange mass and

heat. For a logarithmic wind profile with a
velocity at 2 m high of 1 m/s, u* will be 0.05 m/s.
W & B solved the dimensionless version of the
equations to get the total average vapour flux as a
function of lake width traversed by the wind (the
fetch), and found that this could be fitted by the
equation

Ue ¼ ax�nqL u� es � eað Þ in Wm�2 ð12Þ
If the fetch, the distance wind travels across

the lake, is Xo metres, then x = Xo/zo.
The constants a and n are obtained from the

numerical solution of turbulent diffusion equa-
tions, and the second part of this equation con-
verts the dimensionless flux back into actual
values. This equation effectively incorporates
both free and forced convection, because as the
wind velocity decreases there is an increase in the
ax−n term, indicating an increasing importance of
the free convection component. This can be seen
in Fig. 2.5 of Stevenson (1992), where for a lake
temperature of 50 °C, the evaporation appears to
be constant for wind velocities up to 3 m/s.

A disadvantage of W & B is that the com-
plexity of the equations meant that they only
supplied numerical solutions for some cases. In
particular, since the vapour flux is proportional to
u*, the equation cannot actually deal with the
pure free convection when there is no wind. This
means that there was still a need for a straight-
forward equation that would give a reasonable
estimate of the convection from a lake.

Sill (1983) looked at cases where both free
and forced convection were significant, such as
with light winds across warm lakes, and con-
cluded that forced convection actually disrupted
free convection. He suggested that once the
forced convection became nearly comparable
with free convection (which he suggested was
when the ratio Free:Forced was 1.37:1), a dif-
ferent equation should be used that reflected this
disruption, with the contribution from free con-
vection reducing from this point. This idea was
further developed by Adams et al. (1990), who
also considered that that the Ryan et al. (1974)
formula (Eq. 9) over-predicted the amount of
evaporation when both free and forced
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convection were significant. They suggested
taking the square root of the sum of squares,
rather than simple addition, which significantly
lowers the total evaporation, and also noted that
the free evaporation coefficient λ of Eq. 9) should
be reduced for temperatures above about 20
−30 °C. As with Ryan et al. (1974), Adams et al.
(1990) included studies using atmospheric mea-
surements that were made on rafts, in which the
temperature and humidity would have been
influenced by the lake. This was seen in Table 2
of Adams et al. (1990), where the evaporation
coefficient for forced convection was signifi-
cantly higher when the air measurements were
made on lakes compared to when they were on
land. They compared their revised evaporation
formula with two cases where energy and mass
balances had been done for artificially heated
ponds. At the East Mesa site, the best fit was with
a forced convection term that varied with lake
surface area (A) according to (A−0.05), based on
Harbecks (1962) studies of reservoirs, which
were more or less in thermal equilibrium with
their surroundings. Their formula is

Ue ¼ 2:7 Tsv�Tavð Þ1=3
� �2

þ 5:1A�0:05W2
� �2

� �1=2

� es� eað Þ inWm�2 ð13Þ

where A is the lake area in hectares. Note that
these coefficients actually give higher heat losses
than Ryan et al. (1974) for high wind velocities,
for ponds and lakes smaller than about 1 km2.
However, for the high-temperature ponds at
Savannah River, they found the best-fitting for-
mula was one with a significantly lower forced
convection, but with no fetch dependence

Ue ¼ 2:2 Tsv � Tavð Þ1=3
� �2

þ 3:2W2ð Þ2
� �1=2

� es � eað Þ in Wm�2 ð14Þ
In both these equations, the free convection is

the term that contains the virtual temperature
difference Tsv � Tav, while the forced component
contains W2, the wind velocity 2 m above the
lake.

Sartori (2000) made a comparison of a large
number of equations applying to forced evapo-
ration, and found several equations which all
gave good results for small ponds, in which the
air properties did not change significantly as it
went across the pond. He concluded that for
turbulent flow (the inevitable condition for a lake
warmer than its surroundings) the fetch-depen-
dent term proportional to Xo

−0.2 suggested by
theory also best fitted the measurements for lar-
ger water bodies, and proposed the equation

Ue ¼ L 0:00407u0:8X�0:2
o � 0:01107X�1

o

� �

� es � eað Þ =Pa in W=m2

ð15Þ
where L is the latent heat of evaporation of water
(2.4 MJ/kg at 40 °C), Xo is the fetch in metres,
and Pa is the atmospheric pressure, in the same
units as es and ea. For a Crater Lake of reason-
able size, the 0.01107 Xo

−1 term can be
disregarded.

This is used to replace the forced convection
component in Adams et al. (1990), still using the
square root of sum of squares to combine free
and forced convection.

Ue ¼ 2:2 Tsv � Tavð Þ1=3 es � eað Þ
� �2

�

þ L 0:00407u0:8X�0:2
o

� �
es � eað Þ=Pa

� �2i1=2
in Wm�2

ð16Þ
Figure 2 shows how the various formulae

predict the evaporative heat flux as a function of
wind velocity for a lake the size of Ruapehu
Crater Lake (200,000 m2) at a temperature of
40 °C.

The graph shows there are three formulae
which give fairly similar results in this case, W &
B, the Adams et al. (1990) formula without fetch
dependence and Sartori (2000). Since the typical
heated Crater Lake clearly affects the temperature
and humidity of the air crossing it, we should use
a formula which tries to incorporate this, such as
the Sartori (2000) formula Eq. 16. The advantage
of this over W & B is that it is an explicit formula
that can be calculated for any conditions,
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whereas W & B only provide solutions for cer-
tain ranges of the normalised variables.

One of the reasons why we have differing
formula is probably the difference between the
temperature and humidity of the average air
above the warm lake compared to the incident
air. The early evaporation studies mainly looked
at lakes in equilibrium with their surroundings,
for which this effect would have been less
important. W & B produced a theoretical study
based on a neutral comparatively dry air mass
encountering a warm wet surface, whereas all the
other equations obtain forced convection by
empirical means. It is reasonable to assume that
the empirical formula that agree with W & B are
also using incident air conditions, whereas the
two formula that give higher evaporation under
apparently the same conditions have in fact been
derived by looking at cases in which air prop-
erties are measured above the lakes.

We would recommend that Eq. 16 from Sar-
tori (2000) should be used whenever the ambient
air conditions are measured upwind of the lake,
or estimated as if the lake is not there. If the air
conditions are measured on the lake, then one of
the equations from Adams et al. (1990), such as
Eq. 14 is likely to be more appropriate. All the
formula in this section are for heat flux, so for
the total evaporative loss ð _EevapÞ they have to be
multiplied by the lake area A.

4.4 Thermal Conduction
to Atmosphere

The energy loss by thermal conduction between
the lake surface and the atmosphere, also known
as the sensible heat loss (Psens) is closely related
to the heat loss by evaporation, as they both
involve the close contact between the lake sur-
face and the atmosphere.

The terminology can be confusing here. The
microscopic process taking place in the boundary
layer is conduction of heat from water to air. Then
convection takes this heat up into the air column.
Hence some authors say the process is conductive
heat loss, and others convective. By using the
term sensible heat to distinguish it from the latent
heat involved in evaporation, we avoid confusion
over what process we are talking about.

For the sensible heat component, Ryan et al.
(1974) used the ratio of the heat loss due to
sensible heat to that due to evaporation that was
derived by Bowen (1926), with Bowen’s Ratio
(the ratio of sensible heat loss to evaporative heat
loss) given by

_Esens= _Eevap ¼ 0:61 Tw�Tað Þ = es � e2ð Þ: ð17Þ
Other authors (e.g. Stevenson 1992) have

pointed out that the constant (0.61) is actually
proportional to pressure, so should be modified
for pressures differing from atmospheric. Sartori
(2000) provides an equation suitable for high
elevation lakes where the atmospheric pressure is
lower than normal

_Esens= _Eevap ¼ 0:61 Tw � Tað Þ = es � e2ð Þ � Pa=P0

ð18Þ
where Pa is the actual atmospheric pressure, and
P0 is the standard atmospheric pressure.

In other words, having decided how to cal-
culate _Eevap, Eq. 18 should be used to calculate
_Esens= _Eevap and then we use

_Esens ¼ _Eevap _Esens= _Eevap

� �
in W ð19Þ

to get the sensible heat loss.

Fig. 2 Comparison of evaporative heat flux as a function
of wind velocity for different evaporation equations
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4.5 Thermal Conduction Between
Lake and Surroundings

This term ð _EcondÞ is the net energy gain from
thermal conduction from the bed of the lake,
possibly supplemented by small-scale convec-
tion, and is usually very small. However there are
cases where it is significant, one being Poás
volcano, where in September 2011 there was an
area of incandescence very close to the lake, as
shown in Fig. 3. The high thermal gradient in
such situations will produce thermal conduction,
and possibly also set up local convection in
groundwater. It is unlikely that such an energy
flux can be accurately estimated, so emphasising
that calculations are much easier for the case in
which all the volcanic activity is under the lake.

4.6 Energy Loss Associated
with Precipitation or Outflow

As mentioned earlier, the calculation of the total
thermal energy in the lake uses enthalpies that are
relative to a particular temperature. In the cal-
culations of energy balance, an increase in the
enthalpy/mass is equivalent to an increase in
temperature.

So for any mass flow at a temperature differ-
ent from the enthalpy reference temperature, we
must also account for its enthalpy. In other
words, if the enthalpy reference temperature is
0 °C, then lake inflow at that temperature, as is
common with snow-covered volcanoes, carries
zero energy ð _Eprecip ¼ 0Þ. However with a warm
lake, its mass will lower the energy/mass ratio,
indicating it will lower the lake temperature.
Snowfall will have a negative enthalpy, even for
a reference temperature of 0 °C, because it
requires energy to melt it.

On the other hand, water flowing or seeping
out will take away enthalpy at a rate _Eout

depending on the lake temperature, but the
energy/mass ratio and hence temperature will
stay the same. Other choices of the enthalpy
reference temperature will change the calcula-
tions, but should always give the same results.

5 Applications and Case Studies

The purpose of calculating the heat and mass
balances for the Crater Lakes of active volcanoes
is usually to better understand the sub-lake pro-
cesses. We can only make reasonable estimates
of the mass and heat coming from the volcano if

Fig. 3 Night photo
showing incandescent area
adjacent to the Crater Lake
of Poas Volcano, Costa
Rica. Photographed by
Elicier Duarte OVSICORI-
UNA on 8 September 2011
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we have removed other effects such as precipi-
tation and evaporation. The extent to which we
can do this varies from volcano to volcano, some
examples follow to give an idea of the way in
which the conservation equations can be used.

5.1 Effective Steam Enthalpy
at Ruapehu Crater Lake

One of the main conclusions of Hurst et al.
(1991) was that for Ruapehu Crater Lake, the
ratio of energy input to mass input, the effective
steam enthalpy, was much greater than the actual
enthalpy of steam at any state likely to be
entering the lake. This was done by adjusting the
input steam enthalpy and looking to see what
enthalpy was required to avoid any significant
non-negative melt flow. The conclusion that
the effective steam enthalpy had to be at least
6 MJ/kg, more than even the value for magmatic
temperatures, led to the conclusion that much of
the energy entering the lake must be by means of
a heat pipe, in which steam ascends and water
descends in the vent, transferring energy but not
net mass.

After the eruptions of 1995 and 1996, which
ejected the whole lake, Ruapehu Crater Lake
slowly refilled. For the period from when the lake
reached a reasonable size at the beginning of
2003, until just before it overflowed in March
2007, there was no surface outflow, and therefore
the net volume change could be calculated
without any need to use dilution measurements to
calculate outflows. This minimised errors in the
melt flow calculation. Figure 4 shows that the
heat-pipe was still in operation, as a 3 MJ/kg
enthalpy produces significant negative melt
flows. It is difficult to distinguish between the
effects of 6 MJ/kg (about 50 % energy conveyed
by heat-pipe) and 9 MJ/kg (about 67 % energy
conveyed by heat-pipe), even in a period where
both lake temperature and lake height/volume
were being directly measured and there was no
outflow.

5.2 Boiling Dry

Pasternack and Varekamp (1997) discussed the
permanence of Crater Lakes with high heat
fluxes. They concluded that lakes with sufficient
heat flux to maintain a surface temperature over
about 45–50 °C are likely to boil dry and dis-
appear. They also concluded that small lakes
were particularly likely to disappear, although
this was based on a catchment size only twice the
lake size, and small lakes with larger catchments
would be more stable.

5.3 Boiling Lake, Dominica

Fournier et al. (2009) discussed the Boiling Lake
in Dominica, a very high temperature Crater
Lake that falls well outside the region considered
by Pasternack and Varekamp (1997) to be stable.
However, rather than being unstable by evapo-
rating away, it is normally full, but occasionally
the lake level suddenly drops, but with a drop in
the lake temperature, and a cessation of the gas
flow and convection. Then the lake refills and
heats up to its normal state. Fournier et al. (2009)
explained this behaviour by a model in which the
lake water level is only maintained above the
local water table by the gas flux, so being

Fig. 4 Time series plot of calculated melt flow (which
should be non-negative) into Ruapehu Crater Lake for
different effective steam enthalpies
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potentially unstable to gravitational collapse. The
model for this instability is one originally pro-
posed by Witham et al. (2006) for lava lakes. The
energy and mass balance calculations by Four-
nier et al. (2009) showed clearly that the ratio of
energy input to steam input was greater than any
reasonable steam enthalpy, indicating that some
energy was being brought in by lake water
cycling down and being heated, before returning
to the lake.

Since their model involved the lake level
being maintained by water being brought up with
the gas input, Fournier et al. (2009) proposed the
concept of another conduit under the lake, in
which water could flow downwards. They car-
ried out experiments similar to that of Witham
et al. (2006), and found that if this conduit was
large, the lake would no longer be stable at a
level above the water table. At a particular
intermediate size, they could reproduce the
behaviour of Boiling Lake, and the system was
stable against small fluctuations. The key to this
model was that there was one region in which
steam bubbles were pushing water up, but in
another region water was able to descend without
being affected by steam bubbles, they did not
necessarily be separate identifiable conduits.
Fournier et al. (2009) suggested that the up flow
might be in discrete cracks under the lake, with
the down flow in regions of distributed perme-
ability around the cracks.

Another feature of the modelling of Boiling
Lake by Fournier et al. (2009) was that they tried
to calculate the effects of the otherwise unknown
amount of seepage from Boiling Lake by com-
paring the mass and energy balances from two
periods of steady state, one with normal rainfall
and the other during a period of heavy rain.

5.4 Yudamari, Mt Aso

The First Crater of Nakadake is the currently
active crater of Aso volcano, Kyushu, Japan. It
contains a hot Crater Lake, locally referred to as
Yudamari, with a diameter greater than 200 m,
and strongly acid water (pH of 0–1). In recent

years, when there have been no significant
eruptions, the lake temperature has normally
been in the 60–70 °C range. Large amounts of
volcanic gas (typically 200–400 t/d of SO2) have
been continuously emitted from lake surface and
fumaroles located on the inner crater wall.

Terada et al. (2008) calculated the heat dis-
charge across the lake surface, using the evapo-
ration equation of Ryan et al. (1974), and found
that it was almost constant, with a value of
approximately 220 MW during the recent non-
eruptive period. This rate is not far short of the
values for Ruapehu Crater Lake (Hurst et al.
1991) and Poás (Brown et al. 1989), which are
two of the highest thermal input Crater Lakes in
the world. Although Aso volcano is in an area of
high rainfall, with typically 1,000–2,000 mm of
rain falling in the June–July rainy season, pre-
cipitation cannot explain the maintenance of the
lake, because the volume of water lost from
the lake surface caused by an evaporation rate of
60–80 kg/s is an order of magnitude greater than
the volume of water gained through precipitation.
This suggests that the lake water is obtained
mainly via inflows at the lake bottom.

Yudamari Crater Lake shows interesting
variations in water level and temperature. A
numerical model employed by Terada et al.
(2012) revealed that seasonal changes in mass
fluxes (75–132 kg/s) and enthalpy (1,840–
3,030 kJ/kg) for the fluid supplied to the lake.
The relation between the enthalpy and mass flux
indicates that the fluid input at the lake bottom
originates as a mixture of groundwater and high-
temperature steam. The groundwater flux exhib-
its a seasonal increase lagging behind the rainy
season by 2 months. The fluctuation pattern in
the flux of the high-temperature steam is related
to the amplitude of volcanic tremors, suggesting
that heating of the hydrothermal system drives
the tremors.

Historical documents record the repeated
appearance and disappearance of Yudamari Crater
Lake over the past 1,500 years, which indicates
that the long-term heat discharge activity has
occurred concomitantly with short-term fluctua-
tions in the fluid supply, including eruptions.
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6 Concluding Remarks

This chapter has applied the basic conservation
equations of energy and mass of water. With so
many variables, it may seem that it is something
of a forlorn hope to estimate the volcanic input to
a Crater Lake. However, in many cases some of
the flows are known to be minor and can be
disregarded. At other volcanoes, seasonal varia-
tions in temperature and precipitation can be
used to separate different effects. If the sur-
roundings of the lake are below freezing in
winter, there will be very little indirect precipi-
tation, and measuring the snowfall beside the
lake might give a good estimate of the direct
precipitation. If there is a well-defined rainy
season, as with Yudamari, the seasonal effect of
this on the lake can be used to get an indication
of how significant the precipitation component is
for the water balance.

At other volcanoes, it might be the volcanic
activity that varies. At a volcano that seems
quiescent, one could measure the fastest rate at
which the lake cools and by assuming zero vol-
canic input at these times, obtain a minimum
estimate of the heat loss. The examples given
above are just a few of the cases in which the use
of Crater Lake heat and mass balances has given
valuable information about the state of the
underlying volcano.
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How Steep Is My Seep? Seepage
in Volcanic Lakes, Hints from Numerical
Simulations
Micol Todesco, Dmitri Rouwet, Massimo Nespoli,
and Maurizio Bonafede

Abstract

The existence and survival of volcanic lakes require the accomplishment
of a delicate balance between meteoric recharge, evaporation, and water
loss by infiltration within the volcanic edifice, commonly referred to as
seepage. A deep-seated, volcanic component may participate to a variable
extent to the lake’s evolution, depending on volcanic activity. In this
work, we apply a numerical model of hydrothermal fluid circulation to
study the interaction between the hot volcanic gases and the shallow lake
water. We focus on the conceptual model developed for Poás volcano
(Costa Rica), where a shallow magma intrusion drives the hydrothermal
activity underneath and around the crater lake. Numerical simulations are
carried out to assess the role of relevant system properties, including rock
permeability, reservoir conditions, lake geometry, and meteoric recharge.
Our results suggest that vertical seepage can be severely hindered by the
ascent of volcanic gases, whereas horizontal infiltration through the
vertical lake walls may ensure a long-term water loss. Our simulations
also show that the permeability distribution, especially around the lake,
determines the overall pattern of circulation affecting the development and
spatial distribution of hot springs and fumaroles, and ultimately control-
ling the evolution of the lake.

Electronic supplementarymaterial The online version
of this chapter (doi:10.1007/978-3-642-36833-2_14)
contains supplementary material, which is available to
authorized users. Videos can also be accessed at http://
www.springerimages.com/videos/978-3-642-36833-2

M. Todesco � D. Rouwet (&) � M. Nespoli
Istituto Nazionale di Geofisica e Vulcanologia,
Sezione di Bologna, Bologna, Italy
e-mail: dmitri.rouwet@ingv.it

M. Todesco
e-mail: micol.todesco@ingv.it

M. Nespoli � M. Bonafede
Università degli, Studi di Bologna, Bologna, Italy

D. Rouwet et al. (eds.), Volcanic Lakes, Advances in Volcanology,
DOI 10.1007/978-3-642-36833-2_14,
© Springer-Verlag Berlin Heidelberg 2015

323

http://dx.doi.org/10.1007/978-3-642-36833-2_14


Keywords

Active crater lake � Numerical simulations � Seepage � TOUGH2
modeling � Hydrothermal circulation

1 Introduction

Volcanic lakes are very special geological fea-
tures. They form when meteoric water fills a
volcanic crater, and their temperature and
chemical composition testify to a variable con-
tribution from the volcanic system. As a result,
volcanic lakes are very transient features, whose
major characteristics (such as size, temperature,
chemical composition of lake water) commonly
undergo significant variations through time.
Their existence requires the accomplishment of a
delicate balance between processes that feed the
lake, such as meteoric precipitation or the con-
densation of volcanic vapor, and processes that
drain the lake, such as runoff, seepage (i.e.,
infiltration into the volcanic edifice), boiling and
evaporation (Hurst et al. this issue). Mass and
energy balances of the lakes therefore depend on
atmospheric conditions, as well as on the input
from the volcanic system. In some cases, hot
vents of volcanic fluids are evident near or within
volcanic lakes. As a result, the evolution of the
lake can be related to the state of activity of the
volcano, and can therefore provide useful hints to
the assessment of volcanic hazard. For this rea-
son, monitoring of lake conditions is often car-
ried out in surveillance programs (Rowe et al.
1992; Rouwet et al. 2004; Rouwet and Tassi
2011; Terada and Sudo 2012; Terada et al.
2012). However, the interpretation of monitoring
data are not always straightforward and volcanic
activity may occur regardless of the lake condi-
tions. At Ruapehu, New Zealand, phreatic or
phreatomagmatic activity took place both during
cold and quiet periods or, more commonly, when
the lake was hot (Christenson et al. 2010). In
other cases lake conditions remain constant for
some period of time. To fully exploit the obser-
vations carried out at crater lakes, we need to
assess the mass and energy balances that govern
their evolution. Several authors addressed this

problem (Brown et al. 1989; Hurst et al. 1991,
this issue; Ohba et al. 1994; Rouwet et al. 2004,
2008; Taran and Rouwet 2008; Fournier et al.
2009; Rouwet and Tassi 2011), however some
terms of these balances cannot be measured
directly, such as the input of volcanic gases, or
the amount of water that lost by seepage.

Numerical modeling of the hydrothermal fluid
circulation underneath the lake may provide
useful clues to understand the mechanisms that
drive the evolution of volcanic lakes. In this
work, we present the results of numerical simu-
lations of a hydrothermal system that feeds a
volcanic lake. The conceptual model we used to
set up our simulations is based on the Poás vol-
canic system (Costa Rica), and on its crater lake,
Laguna Caliente. This volcanic system is well
known, and long-term monitoring has shown that
the crater lake is particularly active, and well
represents the main features of volcanic lakes, in
general. Our main focus is the fluid flow under-
neath the lake, and in particular the interaction
between meteoric recharge and hydrothermal
fluids. At this time, our description of the lake
evolution is rather crude, and this prevent a direct
comparison between modeling results and mon-
itoring data. Nevertheless, we could assess some
general features, and the conclusions that we
draw here may be applied to other crater lakes. In
the following we describe the numerical simula-
tions that we performed, first considering a steady
lake, with fixed temperature and water level, and
then some preliminary results describing the
evolution of the lake, as well as of the hydro-
thermal system.

2 Laguna Caliente Crater Lake

Laguna Caliente is a hot, acidic lake that was
formedwithin the active crater of the Poás volcano
(Fig. 1). This complex stratovolcano belongs to

324 M. Todesco et al.



the Cordillera Volcánica Central, Costa Rica, and
is located ca. 35 km to the northwest of the capital
San José. The summit area comprises three cones,
one of which hosts another lake, the cold Laguna
Botos. The active crater (Main Crater, 2,300m asl)
is 800 m wide and hosts the Laguna Caliente lake
and a lava dome. The lava dome was extruded in
1954, during the last magmatic eruptive period
(1952–1955) that involved Surtseyan and
Strombolian events, alternated with numerous
phreatic explosion within Laguna Caliente
(Casertano et al. 1987; Rowe et al. 1992, 1995;
Marti´nez et al. 2000). The activity within the
crater is driven by a shallow magma body, whose
presence was inferred based on geophysical data
(Brown et al. 1989; Rymer et al. 2000, 2009;
Fournier et al. 2004). The crater is subject to per-
sistent but highly variable hydrothermal activity
that feeds within the dome and periodically
triggers phreatic activity within the lake. The
temperature of the fumaroles may reach 1000 °C
during periods of volcanic unrest, and drop to
boiling temperature during quiet times (Brown
et al. 1989; Vaselli et al. 2003). The hydrothermal
system also includes hot springs, along the
northwest flank of the volcano, at ca. 3 km from
the active crater. These springs formed along a
lava-lahar stratigraphic contact that represents a
preferential hydraulic pathway. Although data on
chemistry and flow rates of these springs are
missing, their presence is known to drive a fraction
of the hot hydrothermal brines from the crater

region down to the volcano’s flank (Rowe et al.
1992, 1995; Sanford et al. 1995). Lake conditions
and water level have changed through time:
during periods of unrest the water temperature can
reach 80 °C, enhancing evaporation. Complete
lake desiccation occurred several times and pre-
ceded the onset of the 1910 and 1953 eruptive
episodes, and periods of enhanced activity in the
1980–1990s (Oppenheimer and Stevenson 1989).
During quiet times, the lake temperature may drop
to 20 °C (near ambient temperature), and the water
level can rise to 50 m (Rowe et al. 1992). The lake
evolution certainly depends on meteoric recharge
as well, and is affected by the abundant precipita-
tion that characterizes the region. Rainfall data are
available for the Poás summit area, and are sup-
plied by the ICE Hydromet station #084063 (data
courtesy by R.A. Mora-Amador), located 2 km
south of the active crater, at an elevation of 2,560m
asl. This is the rain gauge nearest to the crater area
and besides the one with the longest time record
(Rowe et al. 1992). Precipitation ranges from
120 mm/month in the dry season (December–
April) to 420 mm/month during the wet season
(May–November). In the period 2005–2010 the
yearly average rainfall ranged from 3,800 mm in
2006 (1.2 × 10−4 kg/m2s) to 5,600 mm in 2009
(1.8 × 10−4 kg/m2s). The monthly average pre-
cipitation ranged from 1.5 × 10−5 kg/m2s (April
2006) to 4.3 × 10−4 kg/m2s (October 2008). Con-
sidering a catchment area corresponding to the
crater surface area (7.1 × 105 m2), these values

Fig. 1 The Poás volcano in Costa Rica (a) and the Laguna Caliente crater lake (b) (May 2012 picture by D. Rouwet)
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correspond to an average meteoric recharge rang-
ing from 10 to 300 kg/s.

3 Numerical Simulations

To study the interaction between the lake and the
hydrothermal system, we performed a set of
TOUGH2 numerical simulations. TOUGH2
(Pruess et al. 1999) is a well assessed porous
media flow model, capable of describing the
coupled flow of heat and fluids through hetero-
geneous porous media. The model describes the
water phase transitions and accounts for the
presence of non-condensible gas components,
such as air, or carbon dioxide. Here we applied
the TOUGH2/EOS3 module, describing the
presence of water and air. Figure 2 illustrates the
computational domain and boundary conditions
of our model. The domain is two-dimensional and
axisymmetric, and describes the shallowest por-
tion of the volcano that hosts the lake inside a
steep-walled basin. The domain extends laterally
for 1 km and reaches a maximum depth of 250 m.
Atmospheric conditions (air saturated, 0.1 MPa
and 15 °C) are prescribed along the upper and
lateral boundary, which are open to heat and fluid
flows. The bottom boundary is impermeable and
adiabatic, except underneath the lake, where the
boundary is open over a hot, pressurized, dry-gas
hydrothermal reservoir, whose existence is rela-
ted to the presence of shallow intrusive bodies
(Brown et al. 1989; Rymer et al. 2000, 2009;
Fournier et al. 2004). Pressure and temperature of
the reservoir are fixed at 350 °C and 2.4 MPa.
These values correspond to the temperature
inferred for the shallower portion of the intrusive
body (Rowe et al. 1995) and to the hydrostatic
pressure at the corresponding depth. The extent of
this feeding zone along the bottom boundary was
chosen assuming that both the lake formation and
the ascent of hydrothermal fluids take place
within the remnants of an old volcanic conduit.
Where not otherwise specified, our simulations
describe a system where the lake is a steady state
feature, with a constant temperature and water
level. Although this is generally not the case,

these conditions occur, every now and then, even
in an active environment as the Poás volcano
(for instance between 1995 and 2005, Rymer
et al. 2009). The simulation of a steady state lake,
at first, will highlight those aspects of the system
that do not depend on the lake evolution, and will
provide a sound basis to address the more com-
plex, transient behavior. Steady state lake condi-
tions are simulated by imposing fixed, open
boundary conditions along the crater bottom and
walls. This portion of the upper boundary is set as
water saturated (single-phase, liquid), with at a
fixed temperature of 25 °C, corresponding to the
lake temperature during quiet periods, and a
fixed, hydrostatic pressure computed assuming a
lake depth of 50 m. A few simulations include
a rough description of the lake and are performed
to account for evolving lake conditions. Further
details on how we described the lake evolutions
are provided below. The properties of the rock are
listed in Fig. 2. Where not otherwise specified,
they are uniform over the domain. In a few cases,
we modified the properties of the rocks by
introducing a lava layer (also shown in Fig. 2), or
by assigning a lower permeability along the bot-
tom of the lake. All simulations are run to an
arbitrary final time of 100 years.

3.1 Steady State Lake Conditions

3.1.1 The Reference Case
The first simulations are carried out considering a
stationary lake, whose water level and tempera-
ture do not change through time. This occurs
occasionally at volcanic lakes, implying that the
system has achieved a balance between the water
gained by meteoric recharge, or by the inflow of
hydrothermal fluids, and the water lost by evap-
oration or seepage. For some lakes (e.g. Lago
Albano, Italy; pre-2007 Kelud; Indonesia), the
lake volume is held constant by direct lake
overflow (Funiciello et al. 2003; Bernard and
Mazot 2004). Here we assume the lake condi-
tions observed at Poás from 1995 to 2005, when
the water level was 50 m and the water
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temperature was ca. 25 °C. The lake boundaries
are open to heat and fluids, they are fully water
saturated, and set at the lake temperature. The
pressure is fixed to the hydrostatic pressure at
each given point. Figure 3 describes the evolu-
tion of a reference case. As the simulation
begins, the lake water infiltrates downward while
the hot, pressurized hydrothermal vapor enters
the system through the open portion of the bot-
tom boundary. As the vapor rises, it cools and a
fraction of it condenses. A small rim of liquid
water forms along the outer edge of the rising
plume, mostly composed by a two-phase mix-
ture. The rising hydrothermal fluids and the
downward seeping water merge after 3 years at a
depth of 150 m below the lake surface. In the
following years, the ascent of the hydrothermal
fluids continues, heating up the region under-
neath the lake to temperatures above 150 °C.
With time, the dry gas region at the base of the
domain enlarges, while the hot, two-phase region
shrinks underneath the lake, and expands later-
ally. Liquid water continues its downward per-
colation, and flows around the edge of the hot
plume, joining the hydrothermal condensates.
When this liquid water reaches the impervious

base of the domain, it forms a thermal aquifer
that slowly propagates toward the outer boundary
of the domain. When the hot fluids reach the
bottom of the lake, the seepage becomes pro-
gressively hindered: infiltration still takes place,
but mostly horizontally, through the vertical
wall. When the simulation stops after 100 years,
the thermal aquifer along the bottom boundary
has stretched outward and is characterized by a
considerable thermal gradient. Despite the rather
large rock permeability, the fluid flow in this case
is not enhanced by a slope, and by the end of the
simulation the thermal water has not reached the
outer boundary. In other words, under the sim-
ulated conditions no springs are expected to form
along the volcano’s flank. In this particular case,
the persistent water infiltration through the ver-
tical wall of the crater prevents the formation of
fumaroles nearby the lake, and keep the rising
gases confined at greater depths.

The simulation results allow to quantify the
temporal evolution of water seepage through the
base and the wall of the lake and the inflow of
the hydrothermal fluids into the lake. Figure 4
describes the evolution of the seepage through
time, highlighting the contributions through the

Fig. 2 The computational domain and boundary condi-
tions. The domain is axisymmetric, and subdivided into
2,288 elements, with a constant thickness of 5 m and
radial dimension ranging from 5 to 100 m. The domain is
initially still, and entirely saturated with air at atmospheric
pressure and temperature. Top and lateral boundary are
set at fixed atmospheric conditions and are open to heat
and fluid flow. The bottom boundary is impermeable and

adiabatic except than for the small sector underneath the
lake, which is open to the hydrothermal fluids. Uniform
rock properties, as listed in the box, apply to most of the
simulation (Φ = porosity; k = permeability; ρ = density;
K = thermal conductivity; C = specific heat). The presence
of a lava layer extending from the base of lake to the outer
boundary has been considered in a few simulations (see
text for discussion)
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vertical and horizontal lake boundaries. Under
the rock properties and conditions considered
here, the total seepage is characterized by an
overall declining trend which is faster during the
first 10 years of simulation, and more gentle on
the long term. This trend reflects the two main
phenomena taking place in the simulation: the
progressive infiltration of lake water through
the initially unsaturated volcanic rocks; and the
ascent of the hot hydrothermal fluids. At the
beginning of the simulation most of the water is
lost through the base of the lake, thanks to the
larger pressure gradient, and a saturation front
propagates downward. As the initially dry rock
becomes liquid saturated, the corresponding
pressure increases, and the pressure gradient
across the lake bottom quickly drops, strongly
affecting the vertical seepage (dash-dotted line in
Fig. 4). The downward propagation of infiltrated
water is further delayed by the ascent of hydro-
thermal fluids, that tend to shift the water motion
outward. After 39 years, the hydrothermal fluids
reach the bottom of the lake, initially only near
the symmetry axis and progressively all along the

lake bottom. As a result, the water infiltration is
progressively hindered until, after 90 years more
of simulation, it disappears completely. The
horizontal seepage through the vertical crater
wall is also shown in Fig. 4 (dotted line). This
component is initially less important, but unlike
the vertical component, it undergoes only a
minor decline when the rock surrounding the
crater becomes liquid-saturated. Being substan-
tially unaffected by the arrival of hydrothermal
fluids, the horizontal seepage quickly becomes
the dominant component and, on the long term, it
ensures that the total seepage (solid line) never
vanishes. Figure 4 also shows the time (dot) at
which the total amount of infiltrated water equals
the amount of water inside the lake. Under the
conditions considered here, and in absence of
meteoric recharge, the lake would completely
drain within 12 years. Given that the yearly
average precipitation is higher than the simulated
seepage rate, we can assume that meteoric
recharge would easily replace the water loss by
infiltration, ensuring the lake survival.

Fig. 3 Distribution of
volumetric gas fraction
(color) and temperature
(contours) at three different
times for the reference
simulation. Blue indicates
liquid water while red
indicates gas, which can
either be air or water vapor.
Contour lines every 50°C.
White arrows show the
flow pattern of liquid water
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When the hot fluids reach the base of the lake,
heat and fluids enter the lake and are expected to
alter its conditions. The simulated inflow of hot
vapor begins after 39 years and increases pro-
gressively to a maximum value of 0.12 kg/s that
is reached at the end of the simulation. It is worth
pointing out that, under such circumstances, the
model assumption of constant lake properties
does not hold anymore. The entire simulation is
shown here for the sake of completeness.

Numerical simulations published elsewhere
showed that the evolution of seepage rate is
controlled by several features, including the
conditions of the hydrothermal reservoir, the
water level in the lake, and the permeability of
the volcanic rocks (Todesco et al. 2012). The
pressure and temperature of the hydrothermal
source, in particular, determine the phase of the
hydrothermal fluid (vapor or liquid) and the flow
rate at which they rise through the volcanic edi-
fice. Temperatures below 200 °C result in the
discharge of liquid water, that tends to propagate
radially away from the source and is much less
efficient in hindering the lake seepage. The hotter
the reservoir, the higher the amount of vapor that
reaches the base of the lake, and the lower
seepage rates achieved on the long term. Source
pressure has an even stronger effect on the
seepage evolution, with larger values causing a
more effective fluid ascent, and a prompt decline

in seepage rate. The water level inside the lake
was shown to mostly affect the horizontal infil-
tration, with deeper lakes being able to discharge
more water than shallow ones. For the considered
range of water levels (10–50 m), the vertical
seepage through the bottom of the lake is not
substantially affected by the lake level. Higher
seepage rates are favored by a good rock per-
meability: the long term seepage, in particular, is
sensitive to the permeability of the vertical
boundary of the lake, as seepage through the lake
bottom is in any case hindered by the ascent of
the hot hydrothermal fluids.

3.1.2 Heterogeneous Rock
Permeability

The reference simulation was run under the
assumption of a uniform permeability distribu-
tion. Stratovolcanoes, however, are by definition
made of alternating lava and tephra which are
expected to have different hydraulic properties.
In the case of Poás volcano, the presence of an
inclined, permeable lava layer is known to con-
vey part of the hot fluids from the crater area
toward lower elevations, where the hot springs
formed along the northwestern flank of the vol-
cano (Rowe et al. 1992, 1995). The presence of a
preferential pathway certainly alters the pattern
of fluid circulation and the resulting seepage rate.

Fig. 4 Temporal evolution of the liquid water outflow
(seepage) through the lake boundaries. The dotted line
shows the horizontal outflow through the vertical boundary,

and the dash-dotted line the outflow through the base of the
lake. The filled circle indicates the time at which the lake
would drain completely, in absence of a meteoric recharge
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Similarly, the presence of an impervious rock
layer is expected to affect the interaction between
meteoric waters and hydrothermal fluids. The
simulations presented in this section all include
the presence of an inclined lava layer that
extends from the lake bottom to the outer
boundary of the domain (Fig. 2), and is charac-
terized by a different permeability than the sur-
rounding rocks. Figure 5 shows the phase
distribution after 3 and 100 years for the refer-
ence case and for two extreme cases of either a
very permeable (10−12 m2) and very impervious
(10−16 m2) lava layer. The presence of an
impervious layer clearly prevents vertical see-
page (Fig. 5a): infiltration only occurs through
the vertical wall and it remains confined above
the lava layer to the end of simulation (Fig. 5b).
A thermal aquifer still forms at the base of the
domain, but it is only fed by the condensed water
vapor from the hydrothermal reservoir. When the
lava layer is more permeable than the surround-
ings, it promotes the outward expansion of the
lake water. Liquid water quickly propagates
along the permeable layer, and when the lava

becomes entirely saturated, the liquid water per-
colates downward, entering the lower portion of
the domain. This turns out to be a very effective
way to convey the liquid water to the deeper
portion of the domain, which becomes entirely
water saturated by the end of the simulation
(Fig. 5b). This extreme liquid saturation affects
the thermal plume, which is smaller and richer in
gas, and the final temperature distribution, which
is lower than in the previous cases. The simula-
tion with a permeable lava layer is the only one
in which the water actually reaches the outer
portion of the domain. The presence of a layer
with different permeability affects the seepage
rate. Figure 6 shows that the presence of a per-
meable lava layer strongly influences the seepage
rate which, in this case, is more than 4 times
higher than in the reference case. The total
seepage is mostly due to the horizontal infiltra-
tion through the vertical wall of the crater, and is
characterized by a minor increment after ca.
40 years of simulation. This unusual trend is also
due to the presence of a permeable lava, which
extends along the bottom of the lake. The

Fig. 5 a Volumetric gas fraction (colors) and tempera-
ture (°C, contours) after 3 years of simulation for the
simulations with homogeneous domain (10−14 m2), with
an impervious (10−16 m2) lava layer, and with a
permeable (10−12 m2) lava layer, respectively. White
arrows indicate the flow pattern of liquid water. The
position and size of the lava layer is shown in Fig. 2.

b Volumetric gas fraction (colors) and temperature (°C,
contours) after 100 years of simulation for the simulations
with homogeneous domain, with an impervious lava
layer, and with a permeable lava layer, respectively. White
arrows indicate the flow pattern of liquid water. The
position and size of the lava layer is shown in Fig. 2
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horizontal flow along the base of the lake is
enhanced by the higher permeability and when
the hot plume reaches the bottom of the lake, a
fraction of steam enters the lake (ca. 0.05 kg/s),
while some part condenses and propagates out-
ward, along the permeable layer. The outflow of
these condensates adds to the seepage from the
lake, and is responsible for the seepage increase
that is observed after ca. 40 years of simulation.
The presence of an impervious layer mostly
affects the vertical seepage, and keeps the total
infiltration to the (low) values of the horizontal
flow through the vertical wall of the crater.

3.2 Evolving Lake Conditions

The simulations described above are run con-
sidering the lake as a boundary condition set at
constant temperature and pressure. These condi-
tions imply that the lake does not change during
the simulation, keeping a constant water level
and temperature. Even though there are periods
during which the lake conditions may not change
significantly, the water level, composition, and
temperature are known to evolve through time, in

response to seasonal changes, a variable volcanic
input, evaporation, or even because of changes in
the hydraulic properties of the rocks.

A complete description of all the processes
that characterize the evolution of the lake is
beyond the aim of the present work. At this time,
we are interested in evaluating if and how vari-
able lake conditions affect the dynamics of sub-
surface flows, and in particular the temporal
evolution of water seepage. To this purpose, we
performed a set of TOUGH2 simulations that
include a rough description of the lake. In our
theoretical exercise, the lake is described by grid
elements that are entirely occupied by water. We
introduced a fake porous medium to represent the
lake with the TOUGH2 porous-media flow sim-
ulator, with a porosity equal to 1 and a perme-
ability of 10−10 m2, high enough to ensure the
onset of convection when the lake is heated, but
small enough to ensure numerical stability. The
thermal properties of this fake material are set
equal to the water properties at atmospheric
conditions. According to this crude approxima-
tion, the lake itself is treated as a porous medium,
i.e., the flow within the lake is computed
according to Darcy’s law, and is therefore driven

Fig. 6 Total seepage rate
versus time for the three
simulations with
homogeneous properties
(solid), with an impervious
layer (dashed), and with a
permeable layer (dot
dashed). The three dots
show the times at which the
total infiltration would
drain the lake in the three
simulations
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by pressure gradients and buoyancy, under the
assumption of steadiness and negligible inertial
forces. As a consequence, the description of heat
and fluid flow within the lake is certainly not
realistic and cannot be considered a proper rep-
resentation of the lake dynamics, or of its
response to changes in the volcanic system. On
the other hand, the simulated lake reacts to heat
and fluid flow from the surroundings, and
therefore its temperature and water level change
through time, even if at a different rate than in
reality. This rough approach enables us to study a
system where lake conditions evolve through
time and see how this affects the entire hydro-
thermal circulation.

3.2.1 The Reference Case
with Evolving Lake

As a first test, we run the reference simulation
again, this time including the simulation of the
lake (Fig. 7). Initially, the lake is filled with cold
water. As time goes by, seepage takes place and

the water level in the lake drops. Since no
meteoric recharge is simulated in this case, the
lake quickly drains. Contrary to what happens in
the reference case, here the amount of water
available for infiltration is limited by the finite
volume of the lake. As the water level drops, the
downward propagation of the wetting front is
somewhat slower than in the reference case
(Fig. 3). The lower amount of liquid water that
infiltrates underneath the lake is less effective in
counteracting the ascent of hydrothermal fluids,
which reach the lake after only 20 years. At this
time, hot vapor enters and fills the crater that
hosted the lake. After 40 years of simulation, the
lake is completely dry, while the region under-
neath the lake is hotter and richer in gas than in
the reference simulation. Hot steam rises along
the vertical wall of the crater, while a small
amount of liquid water survives around the
plume and along the bottom of the domain
(Fig. 7). Interestingly, some fraction of the hot
steam that rises along the lake basin wall, con-
denses near the surface and flows back

Fig. 7 Distribution of
volumetric gas fraction
(color) and temperature
(contours) at three different
times for the reference case
including the simulation of
the lake. Blue indicates
liquid water while red
indicates gas, which can
either be air or water vapor.
White arrows show the
flow pattern of liquid water.
The inset shows the
distribution of gas fraction
and liquid flow at the edge
of the crater. Arrows are
shown in black to enhance
visibility
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downward (Fig. 7, inset) into the crater where a
shallow lake forms by the end of the simulation.
The lower amount of liquid water available to the
system is reflected by the thermal aquifer along
the base of the domain that is thinner and colder,
with respect to the one in the reference case.

The seepage rate that corresponds to this
evolution is shown in Fig. 8. A comparison with
Fig. 4 shows that the seepage rate is initially
higher, but quickly reaches negligible values as
the lake drains. The horizontal component, in
particular, that in the reference case was
responsible for the long-term seepage (Fig. 4),
here disappears as the water level drops, con-
tributing to the fast decline of the total seepage
rate. The slight seepage increase, observed after
26 years, is due to the horizontal flow of con-
densates that enter the lake through its base,
when the plume reaches it, and then flow out-
wards through the vertical wall of the crater.
Water vapor also enters the lake, with a maxi-
mum inflow rate of 1.2 kg/s that is reached at the
end of the simulation.

It is worth noting that, despite our rough lake
representation, the seepage that drains the lake is
controlled by the infiltration through the porous
rocks, and is appropriately described. Water
evaporation (not included into the model) would
further contribute to the quick disappearance of

the lake. The survival of the lake therefore
depends on the choice of rock permeability, and/or
on the availability of an effective meteoric
recharge. In the following simulations, both these
aspects are considered: a lower permeability along
the lake boundaries, and abundant precipitation.

3.2.2 Evolving Lake and Meteoric
Recharge

This simulation is similar to the previous one, but
it incorporates a meteoric recharge. The average
precipitation is simulated by placing water
sources along the upper boundary of the domain.
The assigned flow rate is 1.5 × 10−4 l/m2 s (i.e.,
an average yearly precipitation of ca. 4,700 mm),
which is within the range of variation observed
for the yearly precipitation at Poás. As in the
previous case, at the beginning of the simulation
the lake level drops, as the water infiltrates into
the volcanic edifice. After 2 years of simulation,
the infiltration of rain water creates a wetting
front that propagates downward, along the top of
the domain (Fig. 9a). After about 10 years of
simulation (not shown), the lake reaches a min-
imum depth of ca. 15 m and a minor temperature
gradient (a few °C) drives a small convective cell
near the symmetry axis. The combined effect of
convection and meteoric recharge mitigate the

Fig. 8 Temporal evolution of the liquid water outflow
(seepage) through the lake boundaries, with evolving lake
conditions. The dotted line shows the horizontal outflow
through the vertical boundary, and the dash-dotted line

the outflow through the base of the lake. The filled circle
indicates the time at which the lake would drain
completely, in absence of a meteoric recharge
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water loss by seepage, and the lake level starts to
rise again. In the next decades (not shown), the
thermal disturbance associated with the ascend-
ing hydrothermal fluids affects the water circu-
lation within the lake (*20 years), and the lake
level returns near its original value (*30 years).
The seepage rate at this time is reduced by the
arrival of the hydrothermal fluids, while the
condensed steam adds to the volume of the lake.
At the end of the simulation (Fig. 9b), the entire
volcanic edifice is saturated by meteoric water
which keeps the hydrothermal fluids confined
within the axial region. Here, a wide dry-gas
zone develops above the hydrothermal reservoir
and is capped by a gas-rich, two-phase region
underneath the lake. The presence of a continu-
ous meteoric recharge ensures the survival of the
lake, which becomes heated and stirred by

vigorous convection. After 40 years of simula-
tion, water temperature reaches 80 °C (Fig. 9c). It
is important to note that at temperatures above
50 °C evaporation is not negligible: the loss of
liquid water due to evaporation at these temper-
atures can be estimated to about 90 l/s (Fournier
et al. 2009). Considering an average meteoric
recharge of ca. 20 l/s and the volume of the lake,
complete evaporation at these conditions would
occur in about 1 year.

The seepage rate under these conditions (not
shown here) is similar to the one observed for the
previous case (Fig. 8). In this case, however, a
larger amount of water is available, thanks to the
meteoric recharge, and the initial drop in seepage
rate is more gentle. The seepage continues with a
rate of ca. 1 kg/s until the hydrothermal fluids
reach the lake and enter through its bottom, after

Fig. 9 Distribution of volumetric gas fraction (color) and
temperature (contours) after 2 years (a) and 100 years
(b) of simulation. Blue indicates liquid water while red
indicates gas, which can either be air or water vapor.
Temperature (°C) distribution (color) after 40 years of

simulation (c). Contours refer to the volumetric gas
fraction. White arrows in all graphs show the flow pattern
of liquid water. The simulation is similar to the reference
case, but includes the description of the lake and of
meteoric recharge
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ca. 30 years. The overall declining trend is
characterized by small fluctuations, associated
with the convection of lake water.

3.2.3 The Permeability of the Lake
Basin Walls

This simulation was carried out without meteoric
precipitation, but imposing a low permeability to
the lake boundaries. Various reasons can explain a
low permeability at the bottom of volcanic lakes,
including the presence of fine deposits, the
occurrence of widespread mineral alteration, or
thanks to the presence of molten sulphur, when
temperature at depth is above 120 °C (Takano
et al. 1994). Figure 10 shows the system evolution
when a permeability of 10−16 m2 is assigned to the
lake boundaries. The time frames are chosen as in
Fig. 7. A comparison between the two figures
highlights how seepage is reduced by the lower
permeability. Lake water infiltrates through the
rock, but after 10 years of simulation (not shown
here), the water front is still within 30 m from the
bottom of the lake, and does not fully saturate the

infiltrated rocks (the maximum fraction of liquid
water is 0.6). The ascent of hydrothermal fluids is
not hindered by an important infiltration front and
the thermal plume reaches the bottom of the lake
after only 15 years of simulation (Fig. 10, inset).
At this time, the lake water undergoes a consid-
erable heating, and is stirred by a vigorous con-
vection. The hydrothermal vapor that condenses
along the plume edges is driven outward and
upward by the ascent of the hydrothermal fluids.
After 40 years, these condensates accumulate
along the lake walls (Fig. 10), without a signifi-
cant contribution from the lake water. At the end
of the simulation, both temperature and pressure
are increased within the lake (>100 °C). A thin,
thermal aquifer forms along the bottom boundary
of the domain, in this case without the contribu-
tion of lake water.

3.2.4 The Birth of the Lake
This simulation begins with an empty lake basin,
and describes the development of the volcanic
lake due to the combined contribution of

Fig. 10 Distribution of
volumetric gas fraction
(color) and temperature
(contours) at four different
times. The simulation
describes an evolving lake,
which is confined by a
layer of lower permeability
(10−16 m2) along its
boundaries (white line).
The inset shows a zoom on
the crater area at the time
when the hot thermal
plume reaches the bottom
of the lake
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hydrothermal fluids and meteoric recharge. The
crater is initially filled by air at atmospheric
pressure and temperature. Low permeability
(10−16 m2) is assigned to its walls and floor, as in
the previous case. Rain water enters through the
upper boundary of the domain at a constant flow
rate of 1.5 × 10−4 l/m2 s. Meteoric water infil-
trates through the unsaturated shallow rocks
around the crater, and begins to accumulate at the
bottom of the crater; at the same time, hydro-
thermal fluids ascend toward the lake. After
10 years of simulation (Fig. 11a), the lake depth
is less than 5 m, and only minor infiltration takes
place through its floor. After 25 years, the
hydrothermal fluids have reached the lake, and

cause an increase in temperature and water level
(Fig. 11b): the lake depth at this time has reached
ca. 30 m and a thin plume of warm water (50 °C)
rises along the symmetry axis. Convection
continues through time, and contributes to an
efficient heating of the lake (Fig. 11c). Despite
the high lake temperature at the end of the sim-
ulation, only minor boiling takes place, due to the
high pressure within the lake, and the gas fraction
inside the lake at this time is higher than 0.1
(Fig. 11d). As in the previous case, the fluid flow
through the lake boundary is severely hindered
by the low permeability assigned. Minor seepage
(less than 2 kg/s) occurs at the beginning of the
simulation and ceases after 10 years (not shown),

Fig. 11 Distribution of
gas fraction and
temperature (°C) at
different times. The
simulation describes an
empty crater fed by both
meteoric recharge and by
hydrothermal fluids. Plots
at 10 and 25 years show the
gas fraction in color and
temperature as contour
lines; plots at 50 and
100 years show the
temperature in color, and
the gas fraction as contour
lines
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when it is overcome by the inflow of hydro-
thermal fluids. It is worth reminding that these
solutions neglect the effects of evaporation,
which would effectively reduce the amount of
liquid water available in the lake.

4 Discussion and Conclusions

This work addresses the interaction between a
volcanic lake and the underlying hydrothermal
system. Numerical modeling (TOUGH2) was
applied to study the infiltration of lake water
(seepage) and its relations with the rising
hydrothermal fluids. Our preliminary approach is
based on some crude assumptions and simplifi-
cations of the natural system. Nevertheless, our
results provide some interesting hints for the
study of these complicated systems. Previous
work focused on the role of the hydrothermal
source, and showed how the system evolution is
controlled by the conditions assigned to the res-
ervoir (Todesco et al. 2012): high pressure and
temperature severely hinder the water seepage,
and favor the development of a hot, vapor-rich
environment. On the contrary, low reservoir
pressure and temperature are associated with
significant water infiltration and lead to a colder,
water saturated system.

Here, we focus on the role of rock perme-
ability and of its distribution within the system,
keeping the reservoir conditions unchanged. We
also consider the effects of meteoric precipitation
and of evolving lake conditions. A first set of
simulations describe the seepage rate under
steady lake conditions, where water level and
temperature of the lake are held constant
throughout the simulation. In the reference case,
carried out with uniform rock permeability, lake
water infiltrates both downward, through the lake
bottom, and laterally, across the basin walls. The
vertical seepage drops quickly, when the
ascending fluids merge with the downward
infiltration front, and the overall pressure profile
becomes unfavorable to the downward flow. The
horizontal component, on the other hand, is not

affected by the hydrothermal plume, and never
vanishes, ensuring some amount of seepage
toward the end of the simulation. Results also
show the development of a thermal aquifer along
the bottom boundary of the domain, formed
partially by hydrothermal condensates, and par-
tially by infiltrated meteoric waters.

More complex results are obtained by con-
sidering a heterogeneous permeability distribu-
tion. The presence of an inclined layer with
different hydraulic properties controls the prop-
agation of infiltrated water within the volcanic
edifice and the interaction between the meteoric
and the hydrothermal components. Under the
steady lake conditions considered here, a per-
meable layer favors the mixing and a full water
saturation for a large portion of the system. The
development of thermal springs along the flank
of the volcano is favored, but the temperatures
are buffered by the large fraction of cold, shallow
water. Seepage rate greatly increases under these
conditions. If, on the other hand, the inclined
layer is less permeable than the surrounding
rocks, it provides an effective separation between
the shallow water and the hydrothermal fluids. A
thermal aquifer still forms along the bottom of
the domain, but without a meteoric contribution
it does not reach the outer boundary of the
domain. Seepage is only possible through the
vertical wall of the lake basin and leads to
the development of a small perched aquifer,
whereas most of the system remains unsaturated.

When the lake is included in the simulation,
the amount of meteoric water available to the
system is limited by the size of the lake and, in
some simulation, by the simulated precipitation.
As discussed above, our model does not ade-
quately represent the lake dynamics, and we did
not incorporate the effects of evaporation.
Therefore, we did not aim at an accurate
assessment of the mass and energy balance of the
lake. Nevertheless, our simulations describe the
evolution of a system where the lake conditions
are not steady, and where only a finite amount of
water is available. A first consequence is that the
system is more efficiently heated, especially near
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the surface and along the crater wall. The simu-
lations also show that the lake drains easily
because of seepage, if the lake is surrounded by
permeable rocks and precipitation is not
accounted for. A lake confined by low perme-
ability boundaries has greater chances of sur-
vival. Under these conditions, higher temperature
and gas fraction are reached around the lake,
favoring the onset of fumarolic activity. Rain
water also favors the survival of the lake. An
average meteoric recharge quickly saturates the
entire volcanic edifice, buffering the temperature
and limiting the expansion of the hydrothermal
plume, especially at the base of the system.

Our simulations suggest that seepage and
interaction with the hydrothermal fluids are
controlled by the permeability of the lake
boundaries. The vertical crater walls, in particu-
lar, determine the long term seepage and the
system conditions around the crater.

The overall permeability distribution controls
the degree of interaction between the meteoric
and hydrothermal component and the develop-
ment of hot springs. Shallow heating and fuma-
rolic activity only develop when water seepage is
limited, i.e., when reservoir pressure is high, the
water level in the lake is low, or the permeability
around the lake is limited.

Further studies are required to better assess
the evolution of the system. The presence and
geometry of isolated fractures may completely
alter the distribution of temperature and fluid
phases, by controlling the propagation of high-
temperature fluids. Finally, the comparison
between the available data sets and numerical
results requires a better description of the lake
and its dynamics and evolution. This will allow
to fully exploit the available monitoring data and
will provide a better description of the natural
system.
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CO2 Degassing from Volcanic Lakes

Agnes Mazot and Alain Bernard

Abstract

Measurements of CO2 flux emitted at the surface of volcanic lakes have
been performed using the so-called floating accumulation chamber
method. Two statistical methods are used to process data: the graphical
statistical and stochastic simulation methods. The results of graphical
statistical approach allow the quantification of two degassing processes
acting at the lake surface: one corresponding to CO2 fluxes resulting from
rising bubbles and the second corresponding to equilibrium diffusion of
dissolved CO2 at the water-air surface. The sequential Gaussian simulation
method has been used for mapping the CO2 flux and estimating the total
CO2 emission rate at the surface of volcanic lakes. The study of two
volcanic lakes is presented in this chapter: Kelud, Indonesia and El
Chichón, Mexico. Before a lava dome appeared in the middle of Kelud
Lake on the 4th November 2007, the lake contained near neutral waters
with a pH of 6. The total CO2 emission rate estimated by stochastic
simulation ranged from 105 t day−1 for 2001 to 35 t day−1 for 2006. In
early July 2007, the total flux for the lake area was estimated at 307 t
day−1, showing that CO2 flux monitoring at the surface of volcanic lakes is
a powerful tool in the improvement of early warning systems of volcanic
eruptions. A significant change in CO2 flux was not detected for El
Chichón lake during the period of survey (2007–2008) but the mapping of
the CO2 flux on the lake area highlighted lineaments reflecting structures
controlled by the main local and regional tectonic patterns.
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1 Introduction

Volcanic lakes are surface manifestations of
complex processes occurring in the hydrothermal
system. The lake chemistry is affected by the
water-rock interaction, dilution by meteoric
water, evaporation, drainage and recirculation of
water from the lake into the hydrothermal system
below the lake. Hence, the physical and chemical
characteristics of these lakes are variable because
they reflect the state of magma degassing and the
importance of the water-rock interactions in the
hydrothermal system. Acidic magmatic gases,
such as SO2, HCl and HF, are highly soluble in
water and are easily absorbed in hydrothermal
systems and/or volcanic lakes (Symonds et al.
2001). CO2 is the most abundant volcanic gas
species after H2O but, depending on the pH, a
large amount of CO2 can react with water to give
other species such as HCO3

−. So CO2 flux is
related to the capacity of CO2 absorption in water
and so, to a lesser extent, to the pH. In acidic
water (pH < 4) CO2 can pass through crater lakes
without being absorbed and so can increase
the CO2 flux from the lake to the atmosphere.

Degassing through the surface of a volcanic lake
occurs by bubbling (convective/advective degas-
sing), evaporation and diffusion through the water/
air interface. Bubbling at the bottom of Kelud lake,
Indonesia, was highlighted by a hydro acoustic
monitoring station set up for recording in continu-
ous the underwater noise level (Vandemeulebrouck
et al. 2000). Three separated frequency bands were
determined from this station with one acoustic
level corresponding to bubbling at the bottom of
the lake. These measurements provided informa-
tion on the evolution in CO2 degassing in the lake
as well as in the hydrothermal system.

The first measurements of the diffuse degassing
from lakes by using the floating accumulation
chamber method were performed by Kling et al.
(1991) to study biogenic CO2 production from an

Arctic lake. Bernard et al. (2004), Bernard and
Mazot (2004) and Mazot and Taran (2009) were
the first to apply this method to volcanic lakes of
Santa Ana in El Salvador, Kelud in Indonesia and
El Chichón in Mexico (Mazot et al. 2011a, b).

In this chapter we present an overview of the
floating accumulation chamber method for the
measurements of CO2 flux at the surface of vol-
canic lakes, as well as the statistical processing of
the data. Estimates of total CO2 emission from
volcanic lakes worldwide is presented in this
chapter as well as case studies of CO2 degassing
from El Chichón, Mexico and Kelud, Indonesia.

2 CO2 Flux Measurement
at the Surface of Volcanic
Lakes and Data Processing

2.1 CO2 Flux Measurement
Techniques

Different CO2 flux measurement techniques have
been used to estimate gas exchange at the water-
air interface (Frankignoulle et al. 1996; Upstill-
Goddard et al. 1990; McGillis et al. 2001; Zappa
el al. 2003; Whanninkhof et al. 1985; Clark et al.
1994). Direct methods include floating chamber
(Frankignoulle et al. 1996), the eddy correlation or
eddy covariance (McGillis et al. 2001) and the
gradient flux techniques (Zappa et al. 2003). Other
indirect methods have been used and consist in the
measurement of rate of evasion from waters of
an added tracer SF6 (Upstill-Goddard et al. 1990;
Frankignoulle et al. 1996) or SF6−

3He (Clark
et al. 1994) or measurements based on the surface
ocean invasion rate of natural or bomb-derived
14CO2 (Broecker et al. 1985).

Using the floating chamber method has two
main advantages over the other techniques: it is
easy to use and is a low cost technique. Fur-
thermore, the fact that the lakes consist of flat and
perfectly homogeneous surfaces makes the CO2
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flux measurements easier than on volcanic soils.
The only disadvantage is that the floating
chamber method cannot be used at wind speed
higher than 8–10 m s−1 (Kremer et al. 2003).

2.2 Floating Chamber Method

CO2 flux measurements have been performed
according to the accumulation chamber method
(Chiodini et al. 1998), modified in order to work on
a volcanic lake by using a floating accumulation
chamber (Fig. 1). The CO2 flux measurements are
usually done bymeans of LICORLI-8100-103 non-
dispersive infrared CO2 analyzer or by using aWest
Systems instrument with a LICOR LI-800 or a
Dräger Polytron non-dispersive infrared CO2

detector. CO2 gas liberated at the lake surface passes
through the chamber and the infra-red sensor,
consequently it returns to the chamber where it
accumulates with the new CO2 entering the cham-
ber. The flux is derived by obtaining the increase of
the CO2 concentrationwith time (ppmvol s−1). Each
measurement takes about 40–60 s. In order to
convert volumetric concentrations to mass concen-
trations (g m−2 day−1), atmospheric pressure, tem-
perature and total volume (sum of the chamber,
IRGA connection tube, and the floating device)
are taken in account. The fieldwork is usually
undertaken under dry and stable meteorological
conditions.

The reliability of the floating chamber method
with other methods (i.e., Eddy Covariance, SF6

tracer technique) has been validated in small lakes
and reservoirs (Matthews et al. 2003; Guérin et al.
2007; Cole et al. 2010), coastal water bodies
(Frankignoulle 1988;Borges et al. 2004a) and ocean
(Kremer et al. 2003;Calleja et al. 2009). Thefloating
chamber method evaluation agrees with those of
many other studies. Usually the fluxes measured
with the floating chamber method are generally
overestimated particularly in low-wind speed
(Kremer et al. 2003; Matthews et al. 2003; Vachon
et al. 2010). In Guérin et al. (2007) the difference in
thefluxmeasurements between thefloating chamber
and Eddy Covariance methods was negligible. In
Borges et al. (2004a, b), the discrepancy in thefluxes
based on the floating chamber method with other
direct methods was within 10–30 %.

One important recommendation when mea-
suring CO2 flux is to record the wind speed as
wind-induced wave action strongly enhances gas
transfer at the surface of lakes (Barbier 2010;
Zhao and Xie 2010).

2.3 Method of Analysis of CO2 Flux
Data

2.3.1 The Graphical Statistical
Approach (GSA)

The computation of the CO2 flux data, based on a
graphical statistical approach (Chiodini et al. 1998,
2001; Cardellini et al. 2003) permits the differen-
tiation among different degassing mechanisms of

Fig. 1 Schema of the CO2

flux system measurement
(WestSystems 2006) and
picture of the modified
accumulation chamber
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CO2, in our case degassing by bubbling and by
diffusion through volcanic lakes. According to
the GSA approach (Sinclair 1974), the histogram
must be transferred to a log probability plot. This
plot indicates that the CO2 flux data are separated
into two or more different populations recogniz-
able by the inflection point on the curve (Fig. 2).
The multiple-population percentages must be
checked and validated by combining the popu-
lations in the different proportions at various
levels of log FCO2 : The checking procedure uses
the following relationship: PM = fAPA +
fBPB + fXPX…, where PM is the probability of
the “mixture”, PA, PB, Px… are cumulative
probabilities of population A, B, X… from the
plot at a specified x value; fA, fB, fX… are the
proportions of populations A and B. Afterwards,
parameters of the individual partitioned popula-
tions can be estimated. To estimate the arithmetic
mean value of CO2 flux and the central 90 %

confidence interval of the mean in the original
data units (in g m−2 d−1) for each population, we
used, according to Chiodini et al. (1998), the
Sichel’s t estimator (David 1977).

2.3.2 Sequential Gaussian Simulation
The mapping of degassing areas and the esti-
mation of the total CO2 emission from the lake
with associated uncertainty is performed by
means of sequential Gaussian simulation (sGs,
Deutsch and Journel 1998). The basic idea of the
sGs is to generate a set of equiprobable repre-
sentations (100 realizations for our study) of the
spatial distribution of the simulated values,
reproducing the statistical (histogram) and spatial
(variogram) characteristics of the original data.
The measured CO2 fluxes in randomly distrib-
uted points on the surface were interpolated by a
distribution over a grid of square cells covering

Fig. 2 Histograms and probability plots of CO2 flux data
(black circles) for Kelud (a) and El Chichón (b) lakes.
Populations A (open squares), B (open triangles down),
C (open triangles up) and D (open diamonds) are shown

as straight lines. The inflection point is indicated by an
arrow and corresponds to the percentage of each popu-
lation. The “mixture” is represented by gray triangles
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the study area using the exponential variogram
model (Deutsch and Journel 1998). Then, 100–
500 simulations of the CO2 fluxes with the
obtained distribution are performed. For each
simulation, the CO2 flux estimated at each cell is
multiplied by the cell area and added to the other
CO2 fluxes estimated at the neighbouring cells of
the grid to obtain a total CO2 output. Following
Goovaerts (2001), the differences among all
simulated maps are used to compute the uncer-
tainty of the flux estimation.

The sGs of CO2 flux data proceeds in different
steps, as follows (1) declustering if the data are
spatially clustered; (2) normal score transform of
the data as CO2 flux data are generally positively
skewed (high flux values measured); (3) pro-
cessing of an experimental variogram and its
model; (4) checking for bivariate normality of
the normal score data. (5) Sequential simulation
of the score normal data; and (6) backtransform
of the simulated values into the original unit
(g m−2 day−1).

3 Degassing Mechanisms of CO2
at the Surface of the Volcanic
Lakes

By computing the CO2 flux data following the
GSA method described above, the resulting data
histograms and logarithmic probability plots
usually show at least two log normally distributed
populations, indicating two different mechanisms
of CO2 degassing at the lake surface (Fig. 2,
Table 1). Themechanisms of CO2 degassing at the

surface of volcanic lake (Mazot and Taran 2009)
are usually governed by bubbling (higher FCO2

values) and by diffusion of CO2 through the water-
air interface (lower FCO2 values).

To evaluate CO2 degassing by diffusion, the
flux (F) between water and air can be calculated
using the thin boundary layer model (Fig. 3; Liss
and Slater 1974). This model considers a thin
water film between the water layer and the atmo-
sphere. The flux by diffusion is calculated by an
empirical equation similar to the Fick’s 1st law
equation (e.g. McGillis and Wanninkhof 2006);

F g m�2day�1
� � ¼ kCO2 � Cw � Cw=a

� �� 240

ð1Þ
where kCO2 is the gas transfer velocity (in
cm h−1) for CO2, Cw and Cw/a refer to the con-
centration of CO2 in water, and in the water film
at the water-air interface, respectively, and 240 is
the conversion factor between mg cm−2 h−1 and
g m−2 day−1.

The flux of CO2 from the water to the atmo-
sphere is driven by the difference in fugacity (or
pressure) between surface water and air rather
than by concentration differences across the
interface:

F ¼ kCO2 � K0 fCO2w � fCO2að Þ
¼ kCO2 � KwfCO2w � Kw=afCO2a

� � ð2Þ

where K0 is the solubility (mol kg−1 atm−1),
fCO2w and fCO2a (µatm) are the fugacity of CO2 in
surface water and air, respectively. Kw/a is the
solubility at the water-air interface and Kw is the
solubility in water. The product of K0 and fCO2aÞ

Table 1 Proportions of each population with a mean CO2 flux and the 90 % confidence interval obtained by statistical
graphical approach for Kelud (2002; Mazot 2005) and Chichón (Mazot et al. 2011a, b)

Study Area Populations
of CO2 flux

Proportion (%) Mean CO2 flux
(g m−2 day−1)

90 % confidence
interval (g m−2 day−1)

Kelud 2002 A 1 9,072 7,301–14,295

B 73 945 882–1,027

C 25 209 196–226

D 1 87 75–115

El Chichón, March 2007 A 17 6,702 5,154–10,429

B 83 464 442–490
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is the thermodynamic driving force of the flux. If
surface water fCO2 levels are greater than that of
atmosphere, the flux is out (positive flux); if it
less, the net flux is into the water (negative flux).
The issues with using fCO2 instead of Cw are
more apparent when determining the effect of
near surface processes on water-air CO2 fluxes.
Use of fCO2 can lead to physically incorrect
interpretations of the concentration gradient
across the water film unless the temperature at
the top and bottom of the layer and the temper-
ature dependence of the dissociation constants
and solubility are known. Proper use of Cw

avoids many of the ambiguities in calculating
water-air CO2 fluxes. Various models have been
used to evaluate FCO2 at the water-air interface,
the only difference is the estimation of the gas
transfer velocity kCO2 . This coefficient depends
on the diffusion rate and the wind speed or water
agitation and cannot be measured in situ. How-
ever the wind speed can be easily measured and
so kCO2 can be formulated using this parameter
(e.g., Liss and Merlivat 1986; Zhao and Xie
2010).

As an example, FCO2 calculation on the sur-
face of volcanic lake of El Chichón, Mexico, is
described in detail in this paper. The value of
kCO2 was calculated using the relationships
among wind speed, wind wave and kCO2 derived
from theoretical studies on air-sea exchange
(Zhao and Xie 2010) as follows;

kCO2 ¼ 6:81� 0:0538� u31
� �0:63� ScCO2=600½ ��1=2 ð3Þ

where u1 is the wind speed at 1 m height, Sc is
the Schmidt Number, defined as the kinematic
viscosity of water at the measured temperature
divided by the diffusivity of the gas at that tem-
perature. The transfer velocity kCO2 can be cor-
rected here to a common Schmidt number of 600,
corresponding to the value for dissolved atmo-
spheric CO2 in fresh water at 20 °C (Liss and
Merlivat 1986). The ScCO2 is a function of tem-
perature as (Wanninkhof 1992);

ScCO2 ¼ 1911:1� 118:11� tþ 3:4527� t2

� 0:04132� t3

ð4Þ
where t is the temperature (in ºC).

The ScCO2 at 30 °C is 360. At an average
windspeed u1 of 2 m s−1 (Atlas del Agua de la
Republica Mexicana 1976), kCO2 is calculated as
5.2. The Cw obtained after the analyses of water
sampled at three different locations in the lake are
0.26, 0.29 and 0.53 mg cm−3 (at 30 °C, Capasso
and Inguaggiato 1998). The Cw/a is assumed to
be the same as the concentration of CO2 in the
air-saturated water (10−5 mg cm−3). From Eq. 1,
kCO2 of 5.2 and Cw of 0.26–0.53 (mg cm−3), we
estimated the CO2 flux by diffusion ranging from
320 to 663 (g m−2 day−1) that is in the range of
the mean value of FCO2 (464 g m−2 day−1) cal-
culated using GSA method (Table 1).

4 Total CO2 Output
from Volcanic Lakes

The estimation of the total CO2 emission from
volcanic lakes with associated uncertainty are
performed by the sequential Gaussian simulation
described above. From 100 to 500 sGs can be
performed using variogram models (i.e., expo-
nential model) and simulation grids of different
spacing depending on the size of the lake and on
the length between measurement points. Figure 4
shows the CO2 flux map of Kelud volcano
(Indonesia) for 2002 based on 100 simulations,
over a grid of square cells (7 × 7 m2) covering the

Fig. 3 Thin boundary layer model (modified from Liss
and Slater 1974). Concentration profile through the layer.
The vertical lines give the concentrations in air and bulk
water and the diagonal line is the concentration change
through the water boundary layer
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study area (103,600 m2). From the simulations
the estimated average CO2 output was 86 t day−1

(σ = 2.26 t day−1).
Figure 5 shows the CO2 emission for volcanic

lakes studied in the world depending on their
areas. These lakes were grouped in acid (red cir-
cles), alkaline (green circles) and neutral (blue
circles) lakes (Pérez et al. 2011). Following Pérez
et al. (2011), acidic lakes show higher CO2

emission rates (614 t km−2 day−1) than neutral
(201 t km−2 day−1) and alkaline (5.5 t km−2 day−1)
lakes. Alkaline lakes contain small amounts of
dissolved CO2mostly present as HCO3

− and CO3
2

−. By using the areas of each group of volcanic
lakes and the total number of volcanic lakes in
the world, Pérez et al. (2011) estimated a total CO2

emission rate of 104 Mt year−1.

5 Mapping CO2 Flux
and Highlighting Structures

Fluid release from active volcanoes is mostly
structurally controlled, with fractures acting as
the main transport pathways of gases and waters.
CO2 flux surveys often reveal lineaments of high
gas fluxes and faults related to the regional
tectonic structures (e.g. Baubron et al. 1990;
Williams-Jones et al. 2000; Aiuppa et al. 2004;
Werner and Cardellini 2006; Toutain et al. 2009).

El Chichón volcano is located in the central
region of the Strike-Slip Fault Province of the
Sierra de Chiapas (Meneses-Rocha 2001), dom-
inated by NW-SE and E-W trending sinistral
strike-slip faults. The Chiapas Volcanic Arc,
situated between the Central American Volcanic
Arc and the Transmexican Volcanic Belt,
extends some 150 km in the northern highlands
of central Chiapas. El Chichón volcano is the
youngest and only active volcano in this arc
(370 ka BP, Layer et al. 2009) and is loca-
ted ∼100 km NNW from its main volcanic cen-
tres. The transcurrent faults cutting the Jurassic to
Tertiary carbonate-evaporite basement beneath
El Chichón, such as the sinistral E-W San Juán
strike-slip fault, are probably western prolonga-
tions of the Motagua-Polochic fault system
(García-Palomo et al. 2004). The southeastern
end of El Chichón is underlain by a series of
N45 ° E normal faults (Chapultenango Fault
System; Fig. 6), creating a half-graben geometry
(García- Palomo et al. 2004). El Chichón is sit-
uated on top of the head of a N10°W oriented
synclinal structure, the Buena Vista Syncline,
flanked to the east by the 7.5 km-wide 12–20°
NW plunging Caimba anticline and to the west
by the N–S trending 7 km-wide La Unión anti-
cline (Fig. 6).

The 1982 eruption of El Chichón volcano
ejected 1.1 km3 of anhydrite-bearing trachy-
andesite pyroclastic material to form a new 1 km-
wide and 200 m-deep crater (Rose et al. 1984).
Currently, intense hydrothermal activity, con-
sisting of fumaroles (mainly at the boiling point),
steaming ground, a geyser-like spring and an
acidic (pH ≈ 2.3) and warm lake (*30 °C) occurs
in the summit crater (Fig. 1B). With the low pH of
the lake, CO2 is mainly present as a gaseous phase
and partially dissolved in water. So, at this range
of pH, the other carbonate species HCO3

− and
CO3

2− are not present in the water for which we
were sure to measure the whole CO2 input into
the lake from the hydrothermal system. The El
Chichón lake area changed with the lake water
level between March 2007 and April 2008,
mostly related to the activity of the Soap Pool
geyser-like springs feeding the crater lake
(Rouwet et al. 2008). The CO2 flux anomalies on

Fig. 4 CO2 flux map for Kelud Lake, 2002 as a mean of
100 sequential Gaussian simulations (see text for
explanation)
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the lake surface are likely due to the subaqueous
fumaroles discharging into the lake (Taran and
Rouwet 2008). The CO2 flux maps show that the
high CO2 flux spots are located near the eastern
lake shore, the northeastern lake shore and the
northwestern shore (Fig. 7). The CO2 flux surveys
also revealed three cross-cutting faults in the
crater area: an E–W fault, probably coinciding
with the San Juán sinistral strikeslip fault system;
a NW–SE fault coinciding with the regional ori-
entation of extension, the orientation of the CVA
and the orientation of distribution of the dome at
El Chichón; and a NE-SW structure which could
be related to the Chapultenango half-graben
structure to the southeast of El Chichón (Mazot
et al. 2011a, b).

6 Temporal Variation of CO2 Flux

Temporal variations in CO2 fluxes can be related
to changes in the volcanic activity and may be
important for the mitigation of volcanic risk
(Hernández et al. 2001; Notsu et al. 2005). Kelud
volcano is one of the most active and most
dangerous stratovolcano in Indonesia. In the past
six centuries Kelud eruptions lead to destructive
lahars, as in the 1919 eruption (5,160 victims).
Before the 1990 eruption an artificial drainage
system was constructed in order to maintain a
constant volume of the lake (2 × 106 m3) and to
control the lahars. The presence of a lake with
near-neutral pH water (pH ≈ 6) and with a

Fig. 5 Comparison of CO2 flux among volcanic lakes in
the world. Lakes were grouped in acid (red circles),
alkaline (green circles) and neutral (blue circles) lakes.
Am: Amatitlan (Pérez et al. 2011); An: Santa-Ana
(Bernard et al. 2004); Ap: Apoyo (Pérez et al. 2011);
Aq: Apoyeque (Pérez et al. 2011); As: Asososca Managua
(Pérez et al. 2011); At: Atitlan (Pérez et al. 2011); Bo:
Laguna de Botos (Pérez et al. 2011); Bu: Lago de Buhi
(Pérez et al. 2011); Ch: El Chichón (Mazot et al. 2011a,
b); Co: Coatepeque (Pérez et al. 2011); Cu: Cuicocha
(Padrón et al. 2008); Ge: Germundeer (Pérez et al. 2011);
Gm: Grande Lago di Monticchio (Mazot et al. 2011a, b);
Hu: Laguna de Hule (Pérez et al. 2011); Il: Ilopango

(López et al. 2004); Ix: Ixpaco (Pérez et al. 2011); Ji: Jiloa
(Pérez et al. 2011); Ka: Katanuma crater lake (Pérez et al.
2011); Ke: Kelud (Mazot 2005; this study); La: Laacher
See (Pérez et al. 2011); Ma: Laguna de Masaya (Pérez
et al. 2011); Mo: Monoun (Pérez et al. 2011); Ne: Nejapa
(Pérez et al. 2011); Ny: Nyos (Pérez et al. 2011); Pi:
Pinatubo crater lake (Pérez et al. 2011); Pm: Piccolo Lago
di Monticchio (Mazot et al. 2011a, b); Ri: Laguna Rio
Cuarto (Pérez et al. 2011); Ro: Rotomahana (this study);
Ru: Ruapehu (this study); Sh: Shalkermehren (Pérez et al.
2011); Ti: Tiscapa (Pérez et al. 2011); Tc: Taal caldera
(Pérez et al. 2011); Tl: Taal crater lake (Pérez et al. 2011)
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temperature of about 33 °C represented an
unusual site for geochemical monitoring as the
majority of the other volcanic lakes characterized
by similar volcanic activity contain highly acidic
waters (Varekamp et al. 2000). In 1996 and 2001
two significant changes in temperature were
registered without any eruption. In August 2007,
CO2 flux increased and was followed by a pro-
gressive increase in lake water temperature. On
4th of November 2007 a dome appeared at the
surface of the lake and continued growing
through until April 2008 (Bernard et al. 2008).

From 2001 to 2007, measurements of CO2

emitted from the surface of the lake were per-
formed by using the floating accumulation
chamber method (Mazot 2005). The results of

the graphical statistical approach showed the
different degassing processes acting at the lake
surface: one corresponding to CO2 fluxes result-
ing from rising bubbles and the other corre-
sponding to equilibrium diffusion of dissolved
CO2 at the water-air surface (Fig. 2). Total CO2

emission rate estimated by sGs ranges from 105 t
day−1 for 2001 to 29 t day−1 for 2006 (Table 2). In
August 2007 the mean CO2 emission increased
up to 330 t day−1(Bernard et al. 2008) (Fig. 8).
CO2 flux was the first parameter to be recorded
one month before the increase in lake water
temperature and two months before the increase
in seismic activity. This demonstrates the utility
of monitoring CO2 flux on volcanic lakes as an
early warning sign of volcanic unrest.

Fig. 6 Structural map of
the El Chichón volcano
showing main structural
features. The grey area
delimits El Chichón
volcano. Modified from
Garcia- Palomo et al.
(2004)
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Fig. 7 CO2 flux maps obtained by the 100 sequential
Gaussian simulations for El Chichón (see text for
explanation). The black contour is the shape of the lake
at the dates of the survey. The areas of the lake for
a March 2007, b December 2007 and c, d April 2008 are

138,075, 81,500 and 96,400 m2, respectively. The white
crosses indicate the CO2 flux measurement sites. The
black dashes are structures suggested from distribution
of the high CO2 flux area: (1) E–W, (2) NW–SE and
(3) NE–SW (modified from Mazot et al. 2011a)
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Table 2 Total CO2 emission, deviation standard, mean CO2 flux obtained by the sequential gaussian simulation for
Kelud volcano and total CO2 emission for the lake area

Date Simulated
area (m2)

Total CO2

emission (t day−1)
Standard
deviation (t day−1)

Total CO2 emission (t day−1)
for lake area (103,600 m2)

2001 65,709 67 0.84 105

2002 103,292 86 2.26 87

2003 102,851 67 2.34 68

2004 102,459 35 0.61 35

2005 91,287 29 0.44 32

2006 82,075 28 0.34 35

2007 (July) 90,650 269 6.77 307

Fig. 8 CO2 flux maps
obtained by the 100
sequential Gaussian
simulations for Kelud,
2006 and 2007. See the
difference in the colour
scale between 2006 and
2007 maps

CO2 Degassing from Volcanic Lakes 351



7 Conclusion and Perspectives

CO2 degassing from volcanic lakes is readily
quantified by use of the floating accumulation
chamber method, a technique first used in 2001
on Kelud volcano. Since then, this method has
been proven reliable in the estimation of total
CO2 emission rate from volcanic lakes world-
wide (Pérez et al. 2011). Geostatistical methods
used for processing the CO2 flux data (i.e.,
Graphical Statistical Approach, Sequential
Gaussian Simulation) have provided valuable
insights in the degassing processes at the surface
of volcanic lakes (bubbling and CO2 diffusion at
the interface lake-atmosphere). Furthermore,
mapping CO2 flux on volcanic lakes can help to
better understand the underlying volcanic/
hydrothermal system as in highlighting structures
and estimating total CO2 emission rate for
acquiring data baseline and monitoring volcanic
activity level.

Other techniques of CO2 flux measurement on
volcanic lakes have been developed since a few
years. For instance, echo sounding method has
been used on volcanic lakes for bathymetry pur-
pose but recently this method has been used for
quantifying CO2 flux. Four months before Kelud
eruption in 2007, a detailed echo sounding survey
of the volcanic lake coupled to floating accumu-
lation chamber measurements detected abnor-
mally high CO2 emissions (Caudron et al. 2012). It
constituted the earliest sign of the volcanic unrest;
well before any other monitored parameter.
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Quantitative Hydrogeology of Volcanic
Lakes: Examples from the Central Italy
Volcanic Lake District
R. Mazza, S. Taviani, G. Capelli, A.A. De Benedetti,
and G. Giordano

Abstract

Volcanic lakes are surface expressions of the hydrogeology of volcanic
complexes. Hydrogeological analysis of volcanic complexes is important
both in terms of management of the water resource and from the point of
view of associated geothermal and volcanic processes. In particular
volcanic lakes are the site of possible mixing between superficial fluids
(water) and endogenous fluids (gas and/or magma). The Tyrrhenian
volcanic domain hosts several volcanic lakes, which, depending on their
origin, can be classed as crater lakes or caldera lakes. The presence of
large cities (like Rome), and intense industrial and agricultural activities
have significantly modified the “natural” equilibrium and groundwater
resources have been significantly depleted during the last 20–30 years. In
many areas the situation has turned “critical”, involving both the lowering
of groundwater and lake levels. In this chapter, we present the results of
quantitative hydrogeological analysis of two volcanic lakes in the
surroundings of the densely urbanized hinterland of Roma capital city
(Italy): the Bracciano caldera lake basin (Sabatini volcanic complex) and
the Albano crater lake basin (Colli Albani volcano). The groundwater flow
systems have been analyzed and the hydrogeological water balances
defined. A focus has been put on the areas with larger aquifer depletion.
The methodologies applied to the lake water balances include GIS
analyses supported by geostatistics.

Keywords
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1 Introduction

Volcanic lakes represent the outcropping of the
groundwater table associated with the hosting
volcano. Volcanic lakes can be classified as
crater lakes or caldera lakes depending on the
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origin of the morphology that hosts the lake.
Crater lakes are hosted by conical depressions
excavated during explosive events (either mag-
matic or phreatomagmatic) and may be hundreds
of meters across, and more rarely larger than
1 km (Cas and Wright 1987). Their shape
depends on the explosive mechanism, and on
their age, in terms of both crater wall retreat and
amount of crater filling. Generally in young
crater lakes the basin aspect ratio (lake radius/
lake depth) is low. Caldera lakes, instead, form
inside depressions due to collapse of the roof of
the magma reservoir caused by withdrawal of
large volumes of magma. Generally diameters
of caldera lakes are several kilometers up to tens
of kilometers across. Caldera lake geometry is
controlled by caldera-faults, with collapse
heights usually in the order of hundreds to one
thousand of meters (Geyer and Marti 2008). The
resulting caldera lake basins are rather cylindrical
with a high aspect ratio. The different origins and
structural settings affect also the hydrogeology of
crater versus caldera lakes. In particular, caldera
lakes are always the expression of the main
volcanic aquifer, whereas crater lakes may be
associated with perched aquifers or even be
hydrogeologically isolated. Since early human
history, areas around volcanoes have supported
communities taking advantage of the abundance
of high quality water resources. Central volca-
noes usually form individual hydrogeological
units as they are rather simple, conical edifices,
made of permeable to highly permeable rocks.
The basal aquicludes may show complex geom-
etries due to caldera collapses and volcano-
tectonics. The presence of caldera and/or crater
lakes at the summit of volcanoes enhances the
effective infiltration and uncovers the top of the
hydrogeological system. Another specific and
very important characteristic of volcanic hydro-
geological systems is the abundance of vertical
structures like dikes, conduits, diatremes, caldera
and volcano tectonic faults, which potentially
allow exchanges across aquifers at different
depths (Ayenew and Becht 2008; Jutzeler et al.
2011). Crater Lake, in Oregon, USA, is an
example of a very deep caldera lake, with a
maximum depth of 594 m and a surface area of

54 km2. Long term monitoring of Crater Lake
has been used to develop a baseline of informa-
tion about the natural dynamics and complexity
of the lake (Larson et al. 2003).

In active or young volcanoes, the influence of
the upraise of deep-seated fluids from geothermal
and magmatic systems allows the formation of
shallow hydrothermal systems, which are par-
ticularly relevant for groundwater movement.
Furthermore, in case of an eruption, ground and
surface waters may efficiently interact with
magma giving rise to highly hazardous phreato-
magmatic (thermo-hydraulic) explosions (e.g.
Buettner et al. 1999; Mastin 2007; Pardo et al.
2009; Rouwet ad Morrissey 2014, this issue).

Crater and caldera lakes are natural piezome-
ters of the volcanic hydrogeology, and therefore
excellent sites for monitoring the availability of
groundwater, their physical-chemical character-
istics, the potential for geothermal energy exploi-
tation and hazard arising from phreatomagmatism.

Quantitative analysis of volcanic lakes
involves the knowledge of the volcanic hydro-
geological system, of the basin in- and out-flows,
and the vertical exchanges with deeper systems.
Ayenew and Becht (2008) presented a compar-
ative assessment of the water balance and
hydrology of selected Ethiopian and Kenyan rift
lakes. In highly populated areas associated with
crater lakes worldwide, the human pressure on
the hydrogeological system can be extreme,
becoming, in fact, the most important element in
the hydrogeological balance.

The Tyrrhenian volcanic domain (Fig. 1) is an
excellent area to approach the complex interplay
between natural and human-induced factors
affecting Quaternary volcanic lakes and associ-
ated hydrogeological systems (Capelli et al.
2005), and serves to explore the implications of
these factors for groundwater management,
geothermal potential, and volcanic hazards. The
Tyrrhenian volcanic domain hosts several vol-
canic lakes (Mattei et al. 2010), distinguished in
crater lakes (e.g. the Albano Lake) and caldera
lakes (e.g. the Bracciano Lake). Mosello et al.
(2004) discussed the chemical composition of
Bolsena Lake waters, and compared them
with those of other volcanic lakes in Latium
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(Bracciano, Albano, Nemi and Vico). The vol-
canic domain is densely populated, with many
cities and towns forming the hinterland to Rome
capital city. At the same time there are many
areas of intense industrial and agricultural activ-
ities. Groundwater resources have been signifi-
cantly depleted in the last 20–30 years (Capelli
et al. 2002; Mazza et al. 2009). Recent studies
have successfully applied an original method to
define the state of stress of the volcanic aquifers
under human exploitation in central Italy (Capelli
et al. 2005). A stressed aquifer can be described
in terms of thickness, piezometric drawdown (by
comparing the year 1970 with the year 2000
piezometries), the spatial distribution and relative
amount of human withdrawal for different uses
(potable, agricultural and industrial). “Critical
areas” in the volcanic aquifers of Central Italy,
i.e. areas with a high hydric stress, are those
where the total withdrawal for hectare is equal or
more than 1,600 m3/year (Capelli et al. 2005).

In this chapter, we present the results of
quantitative hydrogeological analysis of two
volcanic lakes: the Bracciano caldera lake (North
of Rome) and Albano crater lake (South of

Rome). These two case histories allow to show
two different groundwater flow systems, where
the interplay between the structure of the lake
basin and the related volcanic aquifer are dis-
cussed. The hydrogeological balance is approa-
ched by taking into account both natural and
human factors, with a focus on the relationships
between lake level and ground-water table
variations.

2 Geological Setting

The Central Italian Volcanic Lake District
(CIVOLD) is located between 42°36’ N (Bolsena
Lake) and 40°50’N (Averno Lake) (Figs. 1, 2 and
Table 1). These volcanic lakes are hosted by the
Pleistocene–Holocene volcanoes that form the
NW-trending, K-alkaline, peri-Tyrrhenian volca-
nic belt. The volcanic belt is composed of several
main volcanic complexes forming the Roman
Magmatic Province (Mattei et al. 2010, and
references therein). The locations of volcanoes
are related to cross-cutting NW-trending and
NE-trending extensional structures. The erupted

Fig. 1 Digital elevation model of Central Italy, with the
indication of all the 10 crater and caldera lakes. VL
Vulsini 1 Bolsena, 2 Mezzano; Vc Vicani, 3 Vico; Sa
Sabatini 4 Bracciano, 5 Martignano, 6 Monterosi; CA

Colli Albani, 7 Albano, 8 Nemi; Rm Roccamonfina; CF
Campi Flegrei, 11 Averno, 12 Grande. V Vesuvio; Vu
Vulture, 9 Monticchio (Lago Grande), 10 Monticchio
(Lago Piccolo)
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volumes are in the order of several hundreds of
cubic kilometers for each volcanic complex and
several thousands of cubic kilometers for the
entire volcanic belt. All main volcanoes are
associated with two types of calderas: caldera
complexes and summit calderas. Caldera com-
plexes are associated with the paroxysmal erup-
tion of tens to hundreds of cubic kilometers of
ignimbrites that induce caldera collapses with
diameters between 10 and 20 km. Ignimbrites
form layered successions of tens to hundreds of
meters thick and are distributed radially around
the calderas, forming vast and gently sloping
plateaus, thousands of square kilometers wide.
The caldera complexes of the CIVOLD are, from
north to south, the Bolsena-Latera (Vulsini,
Barberi et al. 1994), the Bracciano-Sacrofano
(Sabatini, De Rita et al. 1983, 1996), the Vulcano
Laziale (the early edifice of the Colli Albani
volcano, Giordano et al. 2006, 2010) and, in the
Neapolitan area, the Campi Flegrei (Scandone
et al. 1991; Orsi et al. 1996). Caldera lakes are
present today only at Bolsena and Bracciano; the
other calderas are filled by both lacustrine

sediments and post-caldera volcanic deposits.
Stratovolcanoes, from north to south, are Vico
(Sollevanti 1983; Bear et al. 2009a, b), Faete (the
intracaldera edifice of the Colli Albani volcano,
Giordano et al. 2006, 2010), Roccamonfina,
Ventotene (Pontinan islands, Bellucci et al. 1997;
De Rita et al. 2001), Ischia and Procida
(Scandone et al. 1991; Orsi et al. 1996), Somma-
Vesuvius (Santacroce 1987; Bianco et al. 1998)
and Vulture (Principe 2006). These stratovolca-
noes also consist of erupted ignimbrites and can
host small summit collapse calderas. Vico hosts
the only caldera lake at the summit of a strato-
volcano. In all volcanic complexes, phreatomag-
matic activity has occurred forming large and
deep maar craters. Some of the most recent maars
still host lakes at present (Table 1). Many other
maar lakes had dried due to sedimentation or, in
historical times, were dried out by the construc-
tion of artificial outlets (Castellani and Dragoni
1997; De Benedetti and Funiciello 2007). The
formation of maars testifies the presence of sig-
nificant aquifers within and below the volcanoes.
In many cases the groundwater comes from a

Fig. 2 Map of the Sabatini
Hydrogeologic Unit (SHU)
and Colli Albani
Hydrogeologic
Unit (CAHU)
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geothermal system, as in the case of the Albano
and Nemi maars in the Colli Albani (De Benedetti
et al. 2008, 2010) and Monterosi in the Sabatini
complex (De Rita et al. 1989).

3 Climatic Framework

The CIVOLD is located in the “Middle Tyrrhe-
nian” climatic region. Most of the lakes occupy
the highest part of the volcanic edifice; due to
their sub-littoral geographical location, they
experience a maritime climate with generally
mild winters and hot summers (Ambrosetti and
Barbanti 2002). Values of average annual pre-
cipitation range from 800 to 1,200 mm and val-
ues of average annual temperature from 11.5 to
15.3°C, surveyed at the main hydrologic stations
located near the lakes (the last 50 years as the
reference period).

4 Quantitative Hydrogeology

4.1 Methodology

4.1.1 The Importance
of the Geological-Structural
Model

Volcanic morphologies, the 3D architecture of
volcanic deposits and volcano-tectonics strongly
control the groundwater flow system. Pasternack
and Varekamp (1997) analyzed the general
physical factors that contribute to lake formation,
and introduced a physicochemical classification
scheme for volcanic lakes. According to their
classification, Bracciano and Albano lakes
belong to the low-activity/no-activity groups, due
to their low temperature and low values of total
dissolved solids.

The geological-structural differences between
the Bracciano caldera lake and the Albano crater
lake are reflected in different hydrogeological
models. Bracciano lake, located inside a caldera
structure, is in contact with the main volcanic
aquifer; it occupies an area of around 56 km2. Its
aspect ratio ranges from 27.8 (considering the

maximum depth of 164 m) to 50.8 (considering
the mean depth of 88.6 m). Albano lake is
located inside a crater and relates to a perched
aquifer; it occupies an area of around 5 km2

(Fig. 2; Table 1). It has an aspect ratio ranging
from 8.7 (considering the maximum depth of
165 m) to 17.5 (considering the mean depth of
80 m). The hydrogeological system of Bracciano
and Albano lakes could be considered similar to
many caldera and crater lakes around the world.

Faults, dykes and volcanic conduits can rep-
resent either preferential vertical flow paths or
flow barriers, depending on the type of perme-
ability developed. Volcanic products are char-
acterized by a high heterogeneity in terms of
permeability and geometry, therefore a volcanic
succession may not be considered either homo-
geneous or isotropic at the local scale; however
at a larger scale the volcanic succession may be
associated with an “equivalent hydraulic con-
ductivity” (Matheron 1967). The geological-
structural model helps to define the number of
aquifers present in the system, the aquifer char-
acteristics (confined or unconfined), the aquifer
productivity, and the watershed boundaries.

Although Bracciano and Albano lakes can be
considered as low-activity/no-activity lakes, both
lakes are located in active geothermal areas
characterized by upwelling of deep fluids which
mix with the shallow groundwater. One striking
indication of this phenomenon is the diffuse
thermal anomaly of the shallow aquifers. In Fig. 3,
the map of groundwater temperature reports
measurements in wells collected from 2002 to
2009 and measurements in springs (Capelli et al.
2012). Temperatures in 611 wells range from 5.6
to 37.3 °C, with 96 wells in which temperature
exceed 20 °C. Temperature and total dissolved
solids (TDS) have been measured in a total of 138
springs; 21 springs are considered as mineral
(TDS > 750 mg/L), 6 as thermal (T °C > 20 °C),
15 as thermomineral (TDS > 750 mg/L and
T > 20 °C), and 96 as meteoric water. The lowest
values are located in the area near Albano lake,
whereas the highest values are in the northwest
area, near Bracciano lake (Vicarello area) where
temperatures of springs reach 48 °C and TDS
around 1,500 mg/L. High values of temperature
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and TDS in aquifers have been explained as due
to the influence of deeper geothermal aquifers
(Duchi et al. 1991; Chiodini and Frondini 2001).

4.1.2 Mass Conservation
and Hydrological Balance

The lake water balance is part of the total water
balance of the hydrogeological basin. The lake is
“contained” by a volcanic depression and the
amount of lake water in- and out-flows are
strongly controlled by the hydrogeological set-
ting. The first step in calculating the water balance
is to quantify volumes of water exchanged
between the atmosphere and lithosphere (Fig. 4).
It is therefore necessary to deal with volumetric
units (the groundwater basin) and with transient
conditions. Many authors have focused on the

understanding of lake water balance (Hurst et al.
1991; Rowe et al. 1992; Ohba et al. 1994;
Pasternack and Varekamp 1997; Rouwet et al.
2004, 2008; Rouwet and Tassi 2011). The influ-
ence of the surrounding terrain, regional hydro-
geology and lake geometry on the overall lake
water budget has been studied in some detail
(Krabbenhoft et al. 1990; Anderson and Cheng
1993; Cheng and Anderson 1994; Kratz et al.
1997; Winter 1999; Townley and Trefry 2000).
Demlie et al. (2007) presented a comprehensive
conventional hydrological and hydrogeological
study conducted in two crater lakes in Ethiopia.
Particular emphasis was given to the estimate of
the water balance and assessment of groundwater
and surface water interactions.

The Bracciano caldera lake belongs to the
Sabatini Hydrogeological Unit (SHU), and the

Fig. 3 Bracciano and
Albano groundwater
temperature, measured in
wells and springs, see text
for explanation (Capelli
et al. 2012)
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Albano crater lake belongs to the Colli Albani
Hydrogeological Unit (CAHU) (Fig. 2). Table 2
describes the natural factors contributing to the
water balance calculated for the two units,
expressed in mm/y and m3/s. It is seen that the
amount of water that feeds the aquifer, i.e. the
Recharge, represents around 30 % of the Pre-
cipitation, for both areas. In the central Italy
climatic context Evapotranspiration represents
about 50 % of Precipitation. The effects of
human pressure are expressed by the voices
related to different withdrawals; the total with-
drawal constitutes 79 % of the Recharge in the
CAHU and 41 % of the Recharge in the SHU.
The human stress on the groundwater system is
evident and has to be considered as an influent
factor in strongly urbanized areas.

Focusing on the lake, the volume of water and
the lake level are related to the equilibrium
between the sources and sinks of water with time.
The quantification of the water balance of a lake
requires defining the inflow and outflow com-
ponents of the hydrogeological cycle (Fig. 4;
Table 3). It can be mathematically represented as:

Change in storage = Inflow−Outflow and the
water balancecomponents for the lakes are givenby:

Pþ SRþ Gi þ Si�E�Go�So�W � DS ¼ 0

ð1Þ

where P is the Precipitation on the lake, SR the
Surface Runoff from the hydrologic basin, Gi the
Groundwater inflow, Si is the Stream base flow,
E the lake water Evaporation, Go the Ground-
water outflow, So is the flow from the lake to the
outlet (if present), W the withdrawal from the
lake, and DS is the change in storage/net flux of
the unmeasured groundwater component includ-
ing errors that might be incorporated in estimat-
ing the other water balance components. These
components are expressed in m3/s (Eq. 1). Rou-
wet and Tassi (2011) proposed a generalized box
model for active crater lakes, emphasizing the
importance of estimation of the influx of “vol-
canic” fluids with the purpose of geochemical
monitoring. In the cases of low-activity/
no-activity lakes as Bracciano and Albano, this
quantity is very low and at first approximation
can be neglected.

4.1.3 Use of Geographic Information
System (GIS) to Evaluate
the Hydrogeological Balance

The use of GIS facilitates evaluation of the
hydrogeological balance at high spatial and
temporal resolution. The methodology includes:
analysis of the spatial and temporal variability of
the rain and temperature at a monthly scale and

Fig. 4 Idealized sketch of
main factors involved in
water balance of volcanic
lakes
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Table 2 Distributed water balance for Albano area (Capelli et al. 2005) and Bracciano area and lake hydrogeologic
balance from numerical groundwater model simulation for Albano lake (Capelli et al. 2005) and for Bracciano lake

Distributed balance methodology calculated for the hydrogeologic basin area (CAHU and SHU)

Area (km2) Factor mm/y m3/s % of precipitation

Colli Albani volcanic unit (1,982) Precipitation 731 45.94 100

Evapotranspiration 346 21.75 47.3

Surface runoff 138 8.63 18.7

Recharge 247 15.52 33.8

Baseflow measured 62 3.90 8.5

Agricultural withdrawal 46 2.89 6.3

industrial withdrawal 75 4.71 10.3

Potable public withdrawal 53 3.33 7.3

Total withdrawal 175 11.00 23.9

Sabatini volcanic unit (1,109) Precipitation 664 23.35 100

Evapotranspiration 334 11.75 50.3

Surface runoff 114 4.01 17.2

Recharge 216 7.60 32.5

Baseflow measured 10 0.35 1.5

Agricultural withdrawal 37 1.30 5.6

Industrial withdrawal 31 1.09 4.7

Potable public withdrawal 17 0.60 2.6

Total withdrawal 86 3.02 13.0

Taviani S (2011) Application of the Modflow groundwater numerical model to hydrogeological volcanic units.
Unpublished Ph.D. Thesis, Rome, Italy

Table 3 Lake water balance of Bracciano and Albano lakes (Capelli et al. 2005)

Lake balance

Area Factor mm/y Mm3/y

Albano (5.7 km2) hydrologic basin 10.7 km2 P (precipitation) 731 4.17

SR (surface runoff) 127 0.63

Si (stream inflow) – –

E (evaporation) 1,051 5.99

W (withdrawal) – –

Change in lake storage = (precipitation + surface runoff + stream inflow + Gw inflow) −
(evaporation + Gw outflow + withdrawal)a

−193 mm/y
−1.19 Mm3/y

Bracciano (56.7 km2)
hydrologic basin 150 km2

P (precipitation) 664 37.65

SR (surface runoff) 88 8.21

Si (stream inflow) 17 1.58

E (evaporation) 968 54.89

W (withdrawal) 167 9.47

Change in lake storage = (precipitation + surface runoff +stream inflow + Gw inflow) −
(evaporation + Gw outflow + withdrawal)a

−366 mm/y
−16.91 Mm3/y

a Gw inflow and Gw outflow unknown
Taviani S (2011) Application of the Modflow groundwater numerical model to hydrogeological volcanic units.
Unpublished PhD Thesis, Rome, Italy
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grid resolution, consideration of runoff and
evapotranspiration effects due to morphological,
lithological and of land-use conditions, at a high
spatial resolution, comparison of the distribution
of withdrawal in relation to the recharge distri-
bution, quick update of data streams, and the
possibility to summarize information at the single
hydrogeological basin scale.

The recharge has been calculated using a
method of spatial variable balance as reported by
Capelli et al. (2005) on a raster map
(250 × 250 m cells) with each cell representing
the corresponding calculated recharge. The
maximum size of computational cells must be
comparable with the minimum size of considered
cartographic elements (land use, lithological
associations, morphology, Available Water
Capacity (AWC), etc.). The timescale should
allow to consider seasonal variability and, ulti-
mately, distribution and intensity of meteoro-
logical events. The experimental data currently
available made a monthly, and in some case even
daily approach necessary. It is always advisable
to obtain the Recharge as the sum of monthly or
daily contributions, in order to take into account
variability of regional and climate factors during
several years.

R yearð Þ ¼ R Pmonth�EVRmonth�SRmonthð Þ ð2Þ
The annual Recharge in each cell is the dif-

ference between Precipitation, real Evapotrans-
piration and Surface Runoff (in mm/y and in m3/s,
Eq. 2 and Table 2).

Values of Table 2, taken from Capelli et al.
2005, have been calculated as yearly mean val-
ues, taking into consideration the reference per-
iod 1997–2001. The GIS platform, schematized
in Table 4 (Taviani S (2011) Application of the
Modflow groundwater numerical model to
hydrogeological volcanic units. Unpublished
PhD Thesis, Rome, Italy) accounts for:
• Climate spatial and temporal distribution
(temperature, rainfall, solar radiation, wind
speed, humidity). Starting from daily data of
precipitation, maximum and minimum tem-
perature registered in the gauging stations, a

monthly aggregation (for precipitation) and a
mean value of maximum and minimum tem-
perature have been considered. Data have been
processed using kriging FAI-K interpolation
(Chilès and Delfiner 1999) and a grid with
distributed values of monthly precipitation
(mm) has been obtained. With the same
approach, grids of maximum and minimum
temperature (°C) have been obtained, consid-
ering kriging FAI-K with the Digital Elevation
Model (DEM) as external drift (topography);

• A polygon shape file containing information on
vegetation cover and land use was included.
Considering Corine land cover (Regione Lazio
1994) and color orthophotos a map of Unit of
LandHydro-exigency (ULH) has been built. By
assigning to each class of ULH a monthly value
of the Kc crop coefficient (Capelli et al. 2005) a
grid of Kc (adimensional, from 0 to 1.1) has
been obtained;

• From the analysis of “stone gradient” (Capelli
et al. 2005), elaborated from the geological
map at 1:25000 scale and from the thickness of
soil and soil characteristics, the AWC has been
evaluated as a grid in mm. The AWC is the
amount of water available in the soils for the
crops growth;

• A grid representing distributed values of
Kennessy coefficient, Ck (Kennessey 1930)
was obtained by the overlap of information
layers taken from the geology, aquifer lithol-
ogy (rock permeability), the morphology
(slope from Digital Elevation Model, expo-
sure, presence of drainage and the vegetal
covering, ULH).
Surface runoff (Eq. 3 and Tables 2 and 4) is

expressed as the sum of the monthly difference
between precipitation and evapotranspiration,
multiplied by the average annual runoff coeffi-
cient (Kennessey coefficient, Ck):

SR yearð Þ ¼ R Pmonth � EVRmonthð Þ � Ck ð3Þ
Experimental data on surface runoff have been

collected (Gasparri A (1987) Idrologia e idroge-
ologia dell’apparato vulcanico dei monti della
Tolfa e del piccolo bacino rappresentativo del
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Cinque Bottini. Unpublished master’s thesis,
Università degli Studi di Roma “La Sapienza”,
Roma; Tarantino L (1991) Bacino “Cinque
Bottini” (Allumierre): bilancio idrologico del
periodo maggio 1986–aprile 1987. Unpublished
master’s thesis, Università degli Studi di Roma
“La Sapienza”, Roma) in an adjacent basin to the
study area, similar to CAHU and SHU, from a
geologic point of view. Calibrated instruments
were installed for flow measurement on a closed
section of a watercourse. Results from experi-
mental data were compared to the surface runoff
calculated above and a similarity is found. The
effective infiltration is the portion of rain that
contributes to aquifer recharge. In the case of
aquifers where contributions of surface water and
groundwater from adjacent areas can be consid-
ered as negligible, the effective infiltration cor-
responds to the amount of renewable resource,
and thus available for the maintenance of
underground and surface outflow/inflow basis of
the waterways and for human activities.

The total amount of human withdrawal was
estimated in different ways depending on the
type of withdrawal:
• Water supply for potable use was estimated by
the PRGA document (AA.VV. 2004). In the
case of PRGA, it was possible to consider the
amount of withdrawal for several wells dis-
tributed in the study area and feeding public
aqueducts of the towns around lakes. A prob-
lem concerning PRGA is the reliability of data
since no official version of this plan exists and
all the information is not from validated ver-
sions provided by Regional Administrator;

• Value of monthly average withdrawal from
Lake Bracciano, are known from the Water
Agency database;

• Water supply for industrial and irrigation use
was estimated by an evaluation of the water
required for the time window considered. The
estimation of industrial and agriculture
abstraction was made by the evaluation of
water requirement, according to a distributed
grid (considering a cell value of 100 m) based

on different information, such as land use,
climate and information on population and on
the economical activities as given by the
National Statistic Institute (ISTAT 1991).

5 Case Studies: Bracciano
Caldera Lake and Albano
Crater Lake

The two case studies regard the Bracciano cal-
dera lake in the Sabatini volcanic complex and
the Albano crater lake in the Colli Albani vol-
cano; they are representative of caldera lakes and
crater lakes, respectively. These lakes are
important because the Sabatini and the Colli
Albani volcanoes are located just north and south
of Rome, respectively: their water resources have
been used since Roman times for the potable,
agricultural and industrial needs of the Roman
metropolitan area. In Table 1 the main physical
and morphometric parameters of the two lakes
are reported, along with those of the other vol-
canic lakes in the CIVOLD. Their catchment
areas are very different, i.e. small for Albano and
much larger for Bracciano. Primary inflows to
the Bracciano lake and the Albano lake are pre-
cipitation, surface runoff and groundwater
inflow. Primary outflows at present are evapo-
ration and lake water seepage. Both lakes have
outlets currently dry because of drops in lake
levels since the 1990s.

5.1 Albano Crater Lake

The Albano lake is located in the central area of
the Colli Albani volcano, inside a maar located
on the edge of a larger caldera structure. Albano
lake has an artificial 1.5 km long tunnel-outlet
dug through the crater wall by Romans (around
394 BC) in order to delimit the lake level
(Funiciello et al. 2003, De Benedetti et al. 2008).
Albano lake is the upper part of the hydrogeo-
logical system. It is hydrogeologically related to
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the main regional volcanic aquifer. The Colli Al-
bani Hydrogeological Unit (CAHU, 1,982 km2,
Fig. 2) is bounded to the west and southwest by the
Tyrrhenian sea, and to the north and northeast by
the Tiber and Aniene rivers. The potential aquifer
productivity for the whole CAHU, is around
450 Mm3/year (>15 m3/s) (Capelli and Mazza
2005). Based on the stratigraphic and structural
characteristics of the complex and observed
aquifer water levels, the CAHU can be divided in
five hydrogeological basins. The Albano lake is
part of the central hydrogeological basin (Mazza
and Capelli 2010) (Figs. 2 and 5), called Faete
basin (244 km2), which is composed of scoria,
lava and phreatomagmatic deposits and is char-
acterized by the presence of several crater and
caldera structures acting as closed topographic
depressions, such is the Albano crater. Figure 6
shows a hydrogeological cross section that illus-
trates the conceptual model for the Albano lake
and associated hydrogeological unit. A semi-
confined volcanic aquifer, which drains the upper
Faete basin to the west, feeds Albano lake laterally
and from below. A shallow unconfined aquifer
is also present (Fig. 6); this shallow aquifer is

associated with a small hydrogeological basin of
12 km2 (Fig. 5). Focusing on the lake, the outflow
from Albano lake measured in the historic outlet
tunnel was on average around 80 l/s (2.53 Mm3/
year) in the period before the 1990s. Such steady
conditions characterized most of the 20th century
and probably before, when human withdrawal
was minimal. However, the outlet tunnel is cur-
rently dry as a result of drops in lake level, which
started in 1990 and accelerated in 1996 (Fig. 7).
An hydrogeological conceptual model has been
constructed for the hydrogeological unit associ-
ated with Albano lake. The geology in the model
was simplified to four layers representing the
main hydrogeological units. The lake cross-cuts
the upper layer modeled with low permeability to
represent the uppermost phreatomagmatic
deposits, which host the shallow unconfined
aquifer (Fig. 6). The underlying layers, with
intermediate to high permeability represent scoria
cones and lava of the Faete stratovolcano (Fig. 6).
The contact with pre-volcanic units (Fig. 6),
which are very low permeability deposits, con-
stitute the bottom boundary of the model. The
conduit of the Albano crater is a vertical structure

Fig. 5 Groundwater piezometric map of the Albano
area. 1 trace of hydrogeological cross section, 2 isopi-
ezometric line—1980 (m asl) (Boni et al. 1988), 3
isopiezometric line—2006 (m asl), 4 gas emission, 5 lake

hydrologic basin, 6 faete hydrogeological basin. Blue
arrows indicate the groundwater flow direction. (Capelli
et al. 2005)
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excavated in correspondence to a previous
caldera fault. Toward the west, the pre-caldera
ignimbrites have a very high permeability. Two
different water-level scenarios (based on several
well and on stream flow measurements, Mazza
et al. 2009) were considered. The comparison of
the modern groundwater piezometric map, sur-
veyed in 2006 (Mazza et al. 2009) to an older map
from 1980 (Boni et al. 1988) shows that dramatic
changes have occurred in the highest area around

Monte Cavo, where the groundwater table ele-
vation was around 600 m asl in 1980, and drop-
ped to around 440 m asl in 2006. The lowering of
the water table elevation is also visible in the
northern area. The groundwater flow is from
the highest area located to the east, i.e. from the
summit of the intracaldera stratovolcano of Mt
Cavo, toward the west where it feeds Albano lake.
The lake water, in turn, feeds aquifers to the
northwest, west and southwest. In Fig. 7 the

Fig. 6 Hydrogeological cross section of Albano area.
1 undefined prevolcanic units, very low permeability;
2 undefined volcanic units, low-intermediate permeability,
3 ignimbrites, very high permeability, 4 pyroclastic depos-
its and scoria cones, very high permeability, 5 pyroclastic
deposits and ash fallout deposits, intermediate-low perme-
ability, 6 phreatomagmatic units, low permeability, 7 crater

deposits, undefined permeability, 8 lakebed deposits, very
low permeability. Faults are indicated. Continuous line
represent the water table elevation of 2006 whereas
the dotted line the 1980 one. Thick arrows indicate the
groundwater flow direction. Thin upward arrows indicate
gas upwelling, fine downward arrows indicate possible
way of deep groundwater feed

Fig. 7 Time series water
level of Albano lake, based
on monthly measurements
from National Survey
Agency, from 1951 until
1995. From 1999 to 2004
lake level measurement
from WWF report
information (Papa 2009)
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yearly average lake level for the period from 1941
to 1994 is reported (National Survey Agency of
the “Emissario” Hydrometric Station). After 1994
the hydrometric Station was no longer active
because of the drop in lake level below the tunnel
outlet. From 1999 to 2004 World Wildlife Found
(Papa 2009) reports the lake levels. A definite
lake drawdown trend of more then 3 m in the last
20 years is noted. The elevation drop is from
293 m asl in January 1988 to 289 m asl in January
2004. Since the outlet tunnel has become dry,
Albano lake is currently a seepage lake, with
groundwater inflows from the northeast. The
outflows are distributed along a wider perimeter
from the north to the east (Fig. 8). The distribu-
tion pattern is related to the varying transmissivity
(i.e. permeability × thickness of the aquifer)
across the lake (Fig. 6).

5.2 Bracciano Caldera Lake

The Bracciano lake is part of the Sabatini vol-
canic district which forms a main Hydrogeologic
Unit (SHU, Fig. 2), bounded to the south and to

the east by the Tiber river and to the west by the
outcropping of pre-volcanic clay and silt deposits.
To the north the interfingering between Sabatini
volcanic deposits and the Vico stratovolcano does
not allow delineation of a structural hydrogeo-
logical boundary. The SHU hosts one main
regional unconfined volcanic aquifer which
drains southward. The potential aquifer produc-
tivity for the whole SHU is around 227 Mm3/y
(*7,200 l/s, Capelli et al. 2005). Based on the
stratigraphic and structural characteristics and
measured groundwater levels, the SHU can be
divided into four hydrogeological basins. The
Bracciano caldera lake itself is part of the north-
ern Bracciano hydrogeological basin (380 km2)
(Fig. 9), which is composed of ignimbrite
deposits, tuffs, lava and scoria cones. Bracciano
lake is located inside a caldera and occupies the
majority of this basin. Along the northern caldera
wall, the recharging aquifer is characterized by a
high hydraulic gradient, which connects the rather
flat isopiezometric top that characterizes the
northern slopes of the volcano down to the lake
level. This high gradient is interpreted as due to
the presence of a shallow pre-volcanic basal

Fig. 8 Groundwater piezometric map of the Albano
area, 1998 1 isopiezometric line, 2 lake inflow basin,
3 outflow from lake basins a northern part, b, c and

d more and more to the south. Arrows indicated the
groundwater flow direction
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aquiclude along the northern slope of the volcano
and its downthrowing along caldera faults (Figs. 9
and 10). Groundwater flow feeding Bracciano
lake is from the highest topographic areas located
to the northwest and the southeast. The northeast
and west sides of the lake are also characterized
by a minor inflow from groundwater to the lake.
Instead, the lake water feeds the main regional
volcanic aquifer toward the southeast. The Brac-
ciano lake has a natural effluent, the Arrone river.
In the past when the system was under less stress,
the outflow from Bracciano lake was around
1,000 l/s, measured in the Arrone river near the
lake outlet (31.5 Mm3/year). The Arrone river is
currently dry in the highest part of its channel,
while it only becomes perennial 4 km down-
stream from the lake. The lake level started to
drop in 1970 and became definitively lower then

the Arrone outlet elevation in 1989 (Fig. 10). A
hydrogeological conceptual model was built for
the Bracciano hydrogeological unit for manage-
ment purposes. The geology was simplified in
two-layers representing the main hydrogeological
units. Based on geological characteristics, zones
with a different hydraulic conductivity are iden-
tified for each layer. The lake cross-cuts the upper
layer modeled with permeability representing the
uppermost ignimbrites and tuff (zones 3, 4 5 and 6
in the cross section shown in Fig. 10). At depth,
pre-volcanic units of very low permeability (zone
1 in Fig. 10) constitute the model bottom. The
Pre-volcanic unit is characterized by the presence
of several preferential-flow conduits and vertical
structures which correspond to faults (collapse
caldera and regional faults). These structures
could allow the addition of water to the lake or to

Fig. 9 Groundwater piezometric map of the Bracciano
area 1 trace of hydrogeological cross section, 2 isopiezo-
metric line—1967 (m asl) (Camponeschi and Lombardi
1968), 3 isopiezometric line—2009 (m asl) (Taviani S

2011), 4 gas emission, 5 lake hydrologic basin, 6
Bracciano hydrogeological basin. Blue arrows indicate
the groundwater flow direction
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the SHU or loss of water to the deep geothermal
aquifers. Two different piezometric scenarios
were considered (based on several well mea-
surement and stream flow measurement, Cam-
poneschi and Lombardi 1968; Taviani S (2011)
Application of the Modflow groundwater
numerical model to hydrogeological volcanic
units. Unpublished PhD Thesis, Rome, Italy). In
the case of a caldera lake, the focus is on an
extended area (contrary to the crater lake case).
The piezometric map (Fig. 9) compares the water
table elevation in 2009 (Taviani S (2011) Appli-
cation of the Modflow groundwater numerical
model to hydrogeological volcanic units.
Unpublished PhD Thesis, Rome, Italy) with the
one in 1967 (Camponeschi and Lombardi 1968).
The main elevation changes are observed in the
highest hills to the northwest of the lake, where
the water table elevation was around 500 m asl in
1967 and decreased to around 380 m asl in 2009.
The same drop is not evident in the southern area.
In Fig. 11 the yearly Bracciano lake level is
reported. From 1951 to 1996 information was
given by the National Survey Agency of the
“Anguillara Sabazia” Hydrometric Station. After

1996 the Hydrometric Station was no longer
active. From 2001 to 2010 the “Castello Vici-
ACEA” Hydrometric Station reported lake levels.
An irrelevant drop can be noted, from 162.63 m
asl in January 1951 to 162.37 m asl in January
2010, corresponding to a water loss of around
28 Mm3. In spite of such minimal lake level
variation, a significant modification of the lake
hydrogeological outflow is observed at the
Arrone River. This river has been the active
outflow for the Bracciano lake till the 1970s, with
a flow-rate of about 1,000 l/s, making the second
largest outflows of the lake balance after evapo-
ration. Presently, the river inlet is dry and ground-
water is drained 2 km downstream, with a largely
reduced water flow rate (150 l/s; Taviani S (2011)
Application of the Modflow groundwater
numerical model to hydrogeological volcanic
units. Unpublished PhD Thesis, Rome, Italy;
Capelli et al. 2012), as the river is now solely
linked to the groundwater supply, and not directly
recharged by the lake.

The Bracciano lake is characterized by a
surface runoff groundwater inflow distributed
around the lake from southwest to east, mainly

Fig. 10 Hydrogeologic cross section of Bracciano lake
area 1 undefined pre-volcanic deposits, very low perme-
ability; 2 undefined volcanic units, low-intermediate
permeability; 3 tuff deposits, intermediate-high perme-
ability; 4 tuff deposits, intermediate-high permeability
5 highly porous tuff deposits, very high permeability;
6 pyroclastic fall deposits, very high permeability; 7 lavas

and scoria cones, intermediate-low permeability; 8 lake-
bed deposits, low permeability; 9 alluvium sediments,
permeability very variable. Faults are indicated. Contin-
uou line represent the water table elevation of 2009. Thick
arrows indicate the groundwater flow direction. Thin
upward arrows indicate gas upwelling, fine downward
arrows indicate possible way of deep groundwater feed
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from the northwest side. The outflow is concen-
trated in the southeast part and drains toward the
city of Rome (Fig. 9).

5.3 Hydrogeological Balance

To quantitatively evaluate the water balance of
the lake basin (Eq. 1), it is necessary to know
climatic variables, such as precipitation and
evaporation (which depends on air temperature
and humidity), the surface runoff, the stream in-
and outflow and the groundwater in- and outflow,
as well as lake withdrawal, i.e. the human pres-
sure on the lake balance.

Table 2 presents the hydrogeological basin
water balance factors (Capelli et al. 2005), where
all factor values are the total fluxes of the
hydrogeological balance for the CAHU and SHU
units.

In the case of CAHU, the recharge and total
withdrawal are respectively the 33.5 and 23.8 %
of the precipitation, attesting to a “stressed”
groundwater condition. In the case of the SHU,
values of recharge and total withdrawal are
respectively 31 and 13.3 % of the precipitation.
The Bracciano area could be considered slightly
less stressed than the Albano area (Table 2).

Considering groundwater-surface water as a
single resource (Feinstein 2012), focusing on the
lake water balance, Eq. 1 can be considered.
Results for the lake water balance are given in
Table 3. The information obtained is the differ-
ence between the in- and outflow. For Albano the
change in lake storage is around −193 mm/year.

The strong decreasing trend of Albano lake level
shows that there is an insufficient amount of net
groundwater flow in order to stabilize the
imbalance in such a way that the present draw-
down of the lake level is substantial (Fig. 7).

In the case of Bracciano lake, a change in lake
storage of −366 mm/y is compensated by net
groundwater flow as testified by the very little
drop in the lake level (Fig. 11).

6 Discussion and Conclusions

6.1 Implications for Water
Management

Volcanic lakes are natural piezometers of vol-
canic aquifers. In some active volcanoes, crater
lakes are dominated by contamination from deep
seated fluids, and monitoring of the lake levels
and the physical-chemical characteristics of the
lake water are useful for volcanic hazard
assessment (e.g. Carapezza et al. 2010a, b;
Chiodini et al. 2012). Many volcanic lakes and
related hydrogeological units around the world
are exceptional water resources and, conse-
quently, are sites of intense urbanization. For this
reason many volcanic lakes represent the major
water resource utilized for civil and agricultural
and industrial purposes (e.g. Capelli et al. 2005;
Pardo et al. 2009). The evaluation of the hydro-
geological balance and particularly of ground-
water withdrawal is therefore an essential tool
for the water resource management. In order to
evaluate the influence of withdrawal on the

Fig. 11 Time series water
level of Bracciano lake,
based on monthly
measurements from
national hydrographic
service (Servizio
Idrografico), from 1966
until 2010
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hydrogeological balance, the Recharge (Eq. 2
and Table 2) should be defined (Castany 1967).
This evaluation starts from the analysis of the
hydrogeological water balance; depending on the
hydrogeological conditions (K, porosity, etc.)
that will give indications on the relationship
between a lake level variation and a dV/dt in the
aquifer.

Hydrogeological water balances were calcu-
lated for the cases of Albano and Bracciano
lakes. The calculation of the hydrogeological
balance for both the related CAHU and SHU
basins quantifies very high withdrawal outflow
values that are higher than the natural inflows
(Table 2); increasing withdrawals have brought
to strong and continuing drawdown of both the
groundwater table (at a basin scale) and of lake
levels (at more local scale). This could be seen in
the CAHU case, where the aquifer of the Albano
Lake has been strongly affected by withdrawal in
the past 30 years and lake level has dropped by
around 4 m.

While there is an obvious correlation between
the aquifer depletion and the dramatic increase in
groundwater withdrawal, all the in- and outflows
that contribute to the basin and lake budgets must
be considered from the Regional Water Author-
ities to define groundwater protection policies.

Recent studies have successfully applied an
original method able to define the state of stress
of the volcanic aquifers under human exploita-
tion in Central Italy (Capelli et al. 2005). A
stressed aquifer can be described in terms of
thickness, piezometric drawdown (by comparing
the year 1970 with the year 2000 piezometries),
relative amount of withdrawal for different uses
(potable, agricultural and industrial) and the
spatial distribution of withdrawal. “Critical
areas” in the volcanic aquifers of Central Italy,
i.e. areas with a high hydric stress, are those
where the total withdrawal for hectare is equal or
more than 1,600 m3/year (Capelli et al. 2005).

It is essential to analyze the real land use (e.g.
the type of plantations and/or farming present in
a studied area) and to evaluate the water required
from different plants to grow instead of just

considering the farmer declared groundwater
withdrawal (often farmers declared smaller
numbers of water withdrawal than those utilized
in reality, for the obvious reason to save money).
Groundwater databases generally only reveal part
of the situation relative to water availability. In
the CIVOLD, the loss of water is often linked to
“transfers” of large water volumes from one
hydro-structure to another along dedicated
aqueducts. This transfer is regulated by the
administrative need to satisfy public potable
request, or for agricultural or industrial purposes.

In the region around Rome the Latium
Regional Government has implemented water
resources policies that consider these factors in
order to protect volcanic aquifers (Regione Lazio
2004). Because hydrogeological systems are
highly dynamic environments, groundwater and
surface water should be monitored continuously.
A comprehensive GIS database could become
the starting point for the analysis. Starting from
the achieved studies a groundwater numerical
model should be constructed, calibrated and
validated, to obtain a management tool capable
of considering the in- and outflows that control
the health of the lakes. Different stress conditions
can be simulated through the use of groundwater
numerical models (increased rates of withdrawal,
decreased recharge rates, changing runoff rates,
etc.). Well monitoring, spring and stream flow
monitoring (expression of groundwater/surface
water interaction) are needed to delineate the
water table elevation of the basin and to define
basin boundaries, which form the basis for
management.

6.2 Implications for Geothermal
Systems

Volcanic hydrogeology in active or quiescent
volcanoes is usually linked to geothermal
resources. The presence of vertical permeable
pathways for deep-seated fluids allow the transfer
of fluids and heat between shallow and deep
levels. The CIVOLD is the site of one of the
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most important geothermal areas on Earth
(Barberi et al. 1994). Volcanic lakes and asso-
ciated hydrogeological units are therefore
essential for geothermal prospection as they
provide evidence for local thermal and chemical
anomalies (Carapezza et al. 2010b; Chiodini
et al. 2012). One largely unexplored issue is the
potential for the vertical recharge of the deep
geothermal system from the shallow volcanic
hydrogeological system. Volcanotectonic struc-
tures, conduits and dykes that are associated at
depth with volcanic lakes may effectively pro-
mote both the upward flow of buoyant deep-
seated fluids and the downward seepage of
groundwater (Figs. 6 and 10). The calculation of
hydrogeological balances such as those for
Bracciano and Albano lakes can, in principle,
give information on the rates and volumes of
vertical flows (considering density effects).
Uncertainties in the computations of the bal-
ance’s parameters and in the calculations are
estimated at around 5 and 10 %, respectively.
Consequently, it is not possible to estimate pos-
sible outflows from the hydrogeological units to
the deep geothermal aquifers which are typically
smaller then the above errors. On the other hand,
field evidence clearly shows that vertical dis-
continuities allow ascent of endogenous fluids
(gas-water) which give rise at the surface to
gaseous manifestations or thermo-mineral
springs. As the fluid movements are from zones
with higher pressure potential and higher
hydraulic head towards zones of lower pressure
and head, it is true that the upward or downward
direction of circulation of gases and fluids along
fractures may change depending on the physical
conditions at each site. In volcanic contexts fluid
pressures are controlled by gravity, temperatures,
and by the partial pressures of volatile species. It
is not possible to exclude that geothermal activity
contributes appreciably to the recharge of vol-
canic hydrogeological units. Future research will
undoubtedly lean heavily towards isotope
chemical analyses. Furthermore, environmental
decision-makers should consider each factor of
the balance when dealing with potential exploi-
tation of geothermal resources connected to the
shallow hydrogeological system.

6.3 Implications of Hydrogeology
of Volcanic Lakes
on Phreatomagmatism

Mild to moderate explosive activity in many vol-
canic settings is commonly associated with phre-
atomagmatism, i.e. the explosive interaction of the
rising magma with either surface- or ground-water
(see Morrisey et al. 2000; Rouwet and Morrissey,
this issue). This has been the case for the most
recent activity at Colli Albano (Giordano et al.
2002; Anzidei et al. 2008; De Benedetti et al.
2008) and at Sabatini volcanic fields (Funiciello
and Giordano 2008; Sottili et al. 2009). Phreato-
magmatic activity can dramatically enhance vol-
canic hazards associated with moderate eruptions
because of the generation of powerful lateral blasts
and base surges. These hazardous phenomena
may reach the coast where emergent volcanism is
close to inhabited islands or to the mainland (e.g.
the 1911 and 1965 eruptions at Taal caused 1,335
and 200 casualties respectively; Moore et al.
1966). While both experimental and field-based
studies of phreatomagmatic eruptions and depos-
its have increased our understanding of the fun-
damental eruptive, transportational and
sedimentary processes (Kokelaar 1983; Sheridan
andWohletz 1983; Sohn andChough 1992;White
1996; Zimanowski et al. 1997; Giordano et al.
2008; Dellino et al. 2011), natural conditions for
efficient magma-water interaction are still poorly
known, mostly due to the absence of a clear
understanding of the hydrogeology associated
with volcanic domains. For example, it is experi-
mentally proven that an efficient explosive inter-
action, i.e. the conversion of thermal energy into
explosive mechanical energy, occurs at a magma:
water mass ratios between 3:1 and 10:1 (Sheridan
and Wohletz 1983; Zimanowski et al. 1997).
However, all experiments describe magma-water
interaction in terms of mass ratios, whereas the
natural eruptions involve transient discharge
ratios over finite conduit/vent areas at discharge
rates comparable with strombolian to violent
strombolian and small sub-plinian eruptions.
The quantification of the hydrogeology of volca-
nic systems in terms of saturation levels, aquifer
thickness and transmissivity, as well as lake
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bathymetry, volumes and shape (e.g. Anzidei et al.
2008) is therefore essential to map the hazard
associated with the potential of phreatomagma-
tism. Eventhough at Albano the probability of
an eruption is presently minimal, the area is qui-
escent, so this hazard cannot be discounted
(Carapezza et al. 2010a). In any case, in other
active volcanic areas the hydrogeology is rarely
quantified and used for hazard assessment,
whereas we believe that groundwater settings
should be carefully assessed for monitoring and
modeling purposes.
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Volcanic Lake Sediments as Sensitive
Archives of Climate and Environmental
Change
Aldo Marchetto, Daniel Ariztegui, Achim Brauer, Andrea Lami,
Anna Maria Mercuri, Laura Sadori, Luigi Vigliotti, Sabine Wulf,
and Piero Guilizzoni

Abstract

In efforts to understand the natural variability of the Earth climate system
and the potential for future climate and environmental (e.g., biodiversity)
changes, palaeodata play a key role by extending the baseline of
environmental and climatic observations. Lake sediments, and particularly
sediment archives of volcanic lakes, help to decipher natural climate
variability at seasonal to millennial scales, and help identifying causal
mechanisms. Their importance includes their potential to provide precise
and accurate inter-archive correlations (e.g., based on tephrochronology)
and to record cyclicity and high frequency climate signals. We present a
few examples of commonly used techniques and proxy-records to
investigate past climatic variability and its influence to the history of
the lakes and of their biota. This paper is rather a presentation of potentials
and limits of palaeolimnological and limnogeological research on crater
lakes, than a pervasive review of palaeolimnological studies on crater
lakes. We show the importance of seismic stratigraphy for the selection of
coring sites, and discuss problems in core chronology. Then we give
examples of physical and chemical proxies, including magnetism, micro-
facies and oxygen and carbon stable isotopes from crater lake deposits
mainly located in central and southern Europe. Finally, we present
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the use of air-transported (pollens) and lacustrine biological remains.
The continuing need to develop new approaches and methods stimulated
us to mention, as an example, the potential of the studies of subsurface
biosphere, and the effects of microbiological metabolism on mineral
diagenesis in sediments.
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1 Introduction

Lacustrine sediments are among the most com-
plete and detailed natural archives, documenting
—typically in greater detail than their marine
counterparts—the temporal evolution of chemi-
cal, physical and biological features of a lake, its
catchment and the prevalent climate of the region
(Oldfield 2005).

According to Frey (1988), palaeolimnology
sets lacustrine sediment studies in a broader
context in which the trajectory of the effects of
humans and natural changes on lakes requires
long-term records of chemical and biological
factors, on time scales ranging from the most
recent (Holocene) to early geological times (e.g.,
Permian, Cretaceous, middle Pleistocene). Pal-
aeolimnology studies the origin and the geo-
morphological history of lake basins and the
response of their biocoenoses (plant and animal
communities) to variations, for example, in
nutrient levels (Guilizzoni et al. 2011), temper-
ature (Battarbee 2000), water levels (Piovano
et al. 2002; Giraudi et al. 2011), wind conditions
(Brauer et al. 2008), dissolved substances which
have occurred throughout time (Meyer 2003), as
well as a wide spectrum of other impacts (Smol
2008). The stratigraphic study of sediment cores
can provide information linked to local stressors,
but also to global phenomena, both on long time
scale, such as phases of glaciation (Ramrath et al.
1999; Tzedakis et al. 2001), and on shorter time
scales (e.g., ENSO, von Gunten et al. 2012).

Volcanic lakes are particularly interesting for
palaeolimnological research. In many regions,
such as a large part of Europe and North Amer-
ica, most lakes are formed as a result of glacial
activity, and are consequently younger than the
last glaciation, or strongly influenced by it. Cra-
ter and maar lakes, on the other hand, are located
in volcanic areas that are often less influenced by
the events related to glaciation (e.g., Eifel Vol-
canic Field, central and southern Italy, southern
France, East Africa, central Mexico, southern
Patagonia), and they are “small enough to core
easily and old enough to have had a respectable
history” (Hutchinson et al. 1970). Volcanic lakes
can be very deep and they often lack major
in- and outlets which enhance the preservation of
the structure of lake bottom sediments often
triggering the formation of varves.

Some volcanic lakes are relatively young (less
than 10,000 years), but most studies deal with
ancient lakes, allowing a number of studies to go
back in time up to more than 100,000 years BP,
such as for example the dried out lake Valle di
Castiglione (Follieri et al. 1988) and Lago
Grande di Monticchio (Brauer et al. 2007), both
in Italy, or Lac Ribains in France (de Beaulieu
and Reille 1992; Rioual et al. 2007). Some pal-
aeolimnological studies on volcanic lakes aim to
identify the effect of recent human impact on lake
biota, such as fish stocking (Skov et al. 2010) and
atmospheric deposition of pollutants in ancient
(Schettler and Romer 1988) as well as recent
times (Ruíz-Fernández et al. 2007). The
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relatively small catchment areas of volcanic lakes
make them ideal sites to study atmospheric pro-
cesses and deposition of pollen and other natural
air-transported proxies. Human induced changes
in land use in the small and sometimes appar-
ently undisturbed catchments of crater and maar
lakes should be taken into account, as some of
these lakes are strongly affected, even during the
Bronze Age (Guilizzoni et al. 2002).

It should be noted that palaeolimnological
studies dealing on lake biota or in-lake bio-
geochemical processes can be strongly influ-
enced by the volcanic nature of the lake itself.
For example, endogenous fluids can carry war-
mer water to the deepest part of the lake,
directly affecting the biota, or dissolved carbon
dioxide, altering water pH, such as in the case
of Lago di Albano and Lago di Bracciano
(Carapezza et al. 2010). Furthermore, these
lakes can be subject to rapid and pronounced
variations in water level (Funiciello et al. 2003)
that can also affect lake biota and sediment
deposition. Finally, submerged aquifer sources
can also carry chemicals to the lake, strongly
affecting the biogeochemical cycling of other
compounds: for example high Fe concentration
can alter the phosphorus concentration by the
precipitation of insoluble compounds (Michard
et al. 1994).

2 Seismic Sequence Stratigraphy

Most palaeolimnological studies rely on results
from a single core that is considered as repre-
sentative of a uniform, continuous sediment unit
throughout a basin. Limnogeology, as envisioned
by Kerry Kelts in the early 1980s, refers to a
broader approach to study lake systems driven by
the progress in ocean research in the context of
marine geology, including the study of complex
systems and their interactions (Kelts 1987).
Modern profiling with various-scale seismic
resolution is a good example of a limnogeolog-
ical approach, since it can provide valuable
lithological and geometric information prior to

coring (e.g., Ariztegui et al. 2001a), allowing the
identification and three dimensional mapping of
sediment packages.

Seismic sequence stratigraphy has been
widely applied for marine geophysical surveying,
and has also been applied in a comprehensive
way to lacustrine basins. In analogy to marine
studies, when applied to lake systems, seismic
stratigraphy can yield unique evidence on lake
level fluctuations and rapid changes in the sedi-
mentary system and facies (Mullins et al. 1996).
Such changes are commonly due to climatic
factors and, furthermore, the responses in lakes
are likely to be much faster and more relevant
than for ocean margins (Ariztegui et al. 2001a).

Studies of seismic profiling in lakes provide
valuable information on the thickness, structure,
tectonics, and extent of sedimentary patterns
prior to coring. They offer direct support to
sediment coring programs in order to select
optimal sites for coring long sediment sequences
with continuous palaeoclimate records. Seismic
profiles allow to identify undisturbed sediment
packages that can be used to retrieve continuous
cores. They can also be used to correlate dis-
tinctive seismic packages among core networks
and map the extent of lake level changes (Gilli
et al. 2005; Anselmetti et al. 2009). Furthermore,
without seismic stratigraphy, it may be difficult
to recognize unconformities, slumps, or gaps in
spatially limited core sections.

Mapping different seismic facies in volcanic
lakes is ideal to distinguish sedimentary pack-
ages (Niessen et al. 1993). A succession of high-
amplitude, parallel reflections, for example,
defines layering within a distinct unit. Strong
petrophysical signatures are useful to correlate
reflections among coring-sites. Gas-rich zones
are not penetrated by the seismic signal and
appear seismically transparent. Seismic profiles
are important to describe the irregular bottom
structure of complex volcanic lakes, such as in
the case of Yellowstone Lake (Morgan et al.
2003). Differences in the seismic thickness of
sedimentary packages can be exploited in a tar-
geted coring campaign. Thinned or eroded
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sequences can be cored for maximum age-depth
recovery, whereas thicker units may provide
higher resolution, or the timing and history of
recurring events (Anselmetti et al. 2009).

In Lago Albano (central Italy), for example,
the interpretation of high-resolution profiles
allows the identification of major lake level
changes and is critical for the correlation of dif-
ferent sedimentary cores (Niessen et al. 1993;
Chondrogianni et al. 2004). Additionally, seismic
information from across the basin provides a
unique means to choose the best site for core
retrieval in an area of the lake containing parallel
reflections. This approach allows the recovery of
the entire Holocene and Pleistocene sequence
that can be further correlated with geochemical
and biological proxies, and can be extended
throughout the basin using the geometries
determined by seismic profiling (Ariztegui et al.
2001b). Seismic information also allows to dis-
card cores retrieved from the deepest part of the
basin, where thick mass-flows or turbidites are
detected.

An intensive and multiple seismic survey of
Laguna Potrok Aike, southernmost Patagonia,
Argentina, has provided critical information prior
to the undertaking of a deep drilling program that
has recovered ca. 50,000 years of continuous
sediments (Anselmetti et al. 2009). Several seis-
mic campaigns were carried out on the lake, as site
surveys prior to the drilling, in order to determine
(a) the sedimentary architecture of the lacustrine
infill; (b) the prevalent geometries to reconstruct
lake-level changes; and (c) to confirm the maar
origin of the basin (Anselmetti et al. 2009; Geb-
hardt et al. 2011). While the high-resolution seis-
mic profile was instrumental to reconstruct the
most recent lake-level changes (Fig. 1), the air-gun
and refraction surveys provide fundamental evi-
dence about the total sedimentary infill and the
geometry of the maar (Fig. 2). Thus, Laguna
Potrok Aike seismic survey is an excellent
example of the use of different seismic arrays and
techniques to answer scientific questions pertain-
ing to volcanic lakes and to solve a maximum of
uncertainties prior to deep drilling.

3 Dating Volcanic Lake Sediment
Cores

Dating sedimentary deposits of volcanic lakes
ideally follows a multiple dating approach
(Fig. 3) encompassing several independent
methods including radiometric, incremental and
relative dating methods. The most commonly
applied method in palaeolimnology is radiocar-
bon dating of carbon-bearing materials reaching

Fig. 1 High-resolution seismic profile from Laguna
Potrok Aike with interpreted and numbered palaeoshor-
elines and identified seismic stratigraphic horizons (a–c).
These lacustrine horizons can be linked seismically to
palaeoshorelines (a = 2, b = 4, c = 9) allowing
determination of palaeo-lake levels (modified from
Anselmetti et al. 2009)

Fig. 2 3D view of the Potrok Aike crater reconstructed
using refraction seismic. Depths are given in two-way
travel times (modified from Gebhardt et al. 2011)
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back in time to ca 40,000 years BP (Lowe and
Walker 1997). Accelerator mass spectrometry
(AMS) techniques allow dating of small samples
(≤1 mg), but there are many inherent sources of
errors related to 14C dating in addition to the
measurement uncertainty provided in the dating
protocols, such as contamination with ‘old’ or
‘young’ carbon. Depending on the dated mate-
rial, the resulting ages may vary significantly
(Oldfield et al. 1997) which often is ignored in
the error discussion. A particular problem might
appear in dating sediments from volcanic lakes,
where juvenile volcanic CO2 rising from sub-
lacustrine springs can be assimilated by sub-
merged macrophytes resulting in too old dates
(Hajdas et al. 1998). This problem can be avoi-
ded by dating exclusively terrestrial macrofossils,
which are, however, rare in sediments taken from
the central and deepest parts of volcanic lakes.

A crucial issue of 14C dating is calibration into
calendar year time scales. For the dendro-
calibration period back to ca 12,500 calibrated
(cal) years BP, a robust calibration curve is

available (Reimer et al. 2009), but periods
of constant radiocarbon ages, the so-called
14C-plateaus, cannot be finely resolved and
require additional increment dating, as counting
fine annual laminations (varves).

Depending on local climate and lake mor-
phology, varves tend to be rarely formed and
preserved in lake sediments. However the typi-
cally deep, funnel-shaped maar and crater lake
basins favour anoxic deep-water conditions, ideal
for the formation and preservation of varves that
can be used to establish precise chronologies
(Zolitschka 2006). A wide range of different
annual laminations, including siliciclastic,
organic and evaporitic varves (Brauer 2004)
might form, depending on the climate regime and
catchment geology. Where they exist, varve
counting of undisturbed sediments can be carried
out on cleaned surfaces of split cores, photo-
graphs, X-radiographs and large-scale thin sec-
tions. Micro-facies analyses of thin sections
provide crucial information on the seasonal
deposition required for reliable recognition of

Fig. 3 Comparison of
radiocarbon dates, varve
chronology and
tephrochronology of lake
sediments from Lago
Grande di Monticchio
(southern Italy) for the last
ca 40,000 cal years BP
(modified after Wulf et al.
2004). 14C dates obtained
on bulk sediments and
aquatic plant remains (gray
bars) giving too old ages
are rejected, while dates of
terrestrial plant material
(black bars) fit both the
varve based age model and
the tephrochronology
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sub-layer boundaries. Typical errors of varve
chronologies include missing varves, as a result
of erosion and sediment distortion, and counting
uncertainties due to poor varve preservation. In
the case of sediment sections without any varve
preservation, age interpolations have to be
carried out based on detailed sedimentation
rate determinations in adjacent varved intervals
(Zolitschka and Negendank 1996). The most
recent decades of varve chronologies can be
verified by complementary 137Cs and 210Pb
dating (Lami et al. 1994; Alvisi et al. 1996) or
historical documented marker layers like, for
example, extreme floods or land-use changes.
If varves are not preserved in sub-recent sedi-
ments, the established varve chronology is con-
sidered “floating” and must be anchored to the
absolute time scale using isochronous markers
such as tephra layers (Brauer et al. 2000).

Explosive volcanic eruptions produce huge
amounts of ash material (tephra) which is
distributed over large areas and deposited in
terrestrial and aquatic environments. A tephra
layer from a single, well-defined eruption can be
unequivocally identified on the basis of geo-
chemical ‘fingerprinting’ of volcanic glass using
electron microprobe (major elements) and Laser-
Ablation-ICP-MS techniques (trace elements)
(Lowe 2011). The tephra layer can then be used
as an isochronous time marker in sediment
archives. The dating of tephra deposits in their
proximal settings uses radiometric (14C on buried
and intercalated organic material) and radioiso-
topic techniques (i.e., K/Ar, Ar/Ar, U/Th on
phenocrystals or volcanic glass), and the datum
obtained can be imported to correlate tephras
deposited in other archives.

Volcanic lakes are ideal for recording tephra
events due to both the vicinity to active explosive
volcanoes and the preservation of tephra layers in
largely undisturbed and possibly varved sedi-
ments (e.g., Lago Albano, Calanchi et al. 1996;
Lago di Mezzano, Ramrath et al. 1999). Com-
bining varve counting and tephra analysis,
exceptionally long stratigraphies can be devel-
oped for crater and maar lakes in favourable wind
position to volcanic sources like, for example,
Lago Grande di Monticchio (Wulf et al. 2004),

San Gregorio Magno Basin (Munno and Petro-
sino 2007) and Sulmona Basin (Giaccio et al.
2009) in southern and central Italy.

Varve chronology has demonstrated to be
particularly suitable for determining the duration
of certain climatic intervals ranging from entire
interglacials (Brauer et al. 2007) to short-term
climate oscillations (Prasad et al. 2006) and the
precise timing of abrupt climate changes (Brauer
et al. 2008).

In palaeoclimate research, there is an
increasing need to establish a network of key
sediment archives from different regions and
environments to obtain a more comprehensive
picture of past changes. The precise correlation
of various well-dated sediment records needs
specific synchronisation techniques based on
relative dating like biostratigraphy (Litt et al.
2009), palaeomagnetic data (see below) and
tephrochronology (Lowe 2011).

4 Micro-Facies as Climate Proxy

Varved lake sediments are key terrestrial archives
that provide detailed evidence on past environ-
mental variations in response to climatic change
or human impacts (Lamoureux 2001; Zolitschka
2006). While traditional geochemical, physical
and biological analyses on discrete bulk samples
allow, at best, reconstructions of past changes at
decadal to sub-decadal resolution, varve thick-
ness and integrated micro-facies analyses reveal
information related to environmental and climatic
changes at annual to seasonal scales (Brauer
2004). Microscopic analyses of varve sub-layers
on large scale thin sections provide semi-quanti-
tative information on both lake internal processes:
for example, diatom blooms and endogenic
mineral formation (calcite), as well as catchment
processes through composition and structure of
detrital matter transported into the lake. In addi-
tion, early diagenetic authigenic mineral forma-
tion (e.g., pyrite, vivianite) and sedimentological
processes like mixing through bioturbation or
degassing and internal reworking (slumping) can
be traced at great detail. Recently developed µ-
XRF element scanning methods provide
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complementary geochemical data at comparable
sub-millimetre resolution leading to a significant
extension of the proxy database and to an
improved interpretation of sediment records. In
particular, element scanning with vacuum μ-XRF
analytical devices on impregnated sediment slabs
that have been prepared for thin section fabrica-
tion allows precise linking of microscopic
observations and high-resolution element data
(Brauer et al. 2009). This novel integrative ana-
lytical approach allows detailed element profiling
across individual varves and precise detection of
tephra layers (Fig. 4), as well as other

allochthonous sedimentation events like flood
layers. Moreover, the detection limits, especially
of abrupt climate changes and short to long-term
changes in seasonality (Mingram et al. 2004), has
significantly improved. Understanding the
mechanisms and dynamics of abrupt and high-
amplitude climate shifts in the past is crucial for
assessing the probability of such events in the
future. The onset of the last major climatic
oscillation, the Younger Dryas cold phase, is
exceptionally well documented in varved sedi-
ments from Meerfelder Maar (Eifel, Germany).
Here, analysis of the micro-facies at sub-annual

Fig. 4 Microscopic photographs of a varved sediment
section from the Lago Grande di Monticchio containing
a tephra layer from Vesuvius (southern Italy, ca. 35 ka).
a Transmitted light photography of tephra components
showing juvenile clasts (volcanic glass shards, micro-
pumices), rock fragments and phenocrystals (kf K-feld-
spar, cpx clinopyroxene, amp amphibole). b SEM picture
of a typical cuspate shaped volcanic glass shard used
for microprobe analysis. c Large-scale thin section
(polarized light) showing the elemental distribution of
potassium (yellow line) and calcium (red line) obtained

by µ-XRF measurements. Note that the tephra layer in
this record (a) is identified by relatively high potassium
concentrations. d Transmitted light (left) and polarized
light (right) photographs of individual varves from the
lower part of the sediment section. Varves are made up
of alternating sublayers of autochthonous calcite precip-
itates (summer layer) and organic-clastic material
(autumn/winter layer) which are reflected in high
calcium concentrations and increased silica, iron and
potassium intensities, respectively. Photo courtesy
K. Wutke, GFZ Potsdam, Germany
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resolution, combined with high-resolution ele-
ment scanning, allows for the identification of the
transition from a calm, anoxic lake environment
to a seasonally well-mixed and turbulent lake,
indicating an abrupt increase in storminess during
the autumn to spring seasons (Brauer et al. 2008).

Another key challenge in palaeoclimate res-
earch is to decipher changes in seasonality and
understanding the driving mechanisms. This is
particularly important for strongly seasonal cli-
mate regimes like the Asian monsoon systems.
Micro-facies analyses and integrated µ-XRF
scanning of varved sediments from the Sihai-
longwan Maar in northeastern China reveal long-
term changes in seasonal dynamics controlled by
the Southeast Asian monsoon. It is demonstrated
that the warm early Holocene is characterized by a
more pronounced inter-annual variability com-
pared to the mid- and late Holocene (Mingram
et al. 2004), indicating an intensified monsoon
as a result of increased northern hemisphere
summer insolation.

A future challenge of micro-facies analyses is
to integrate comparably precise combinations
with biological proxies into the present dat-
abases, mainly including sedimentological and
geochemical data.

5 Oxygen and Carbon Stable
Isotopes

Authigenic carbonates are often a major com-
ponent of maar lake sediments and they provide
material to develop a chemostratigraphy of the
sequence with an excellent temporal resolution
(Leng and Marshall 2004). Both δ13C(carbonate)

and δ18O(carbonate) are excellent sources of infor-
mation concerning lake productivity as well as
changes in source of precipitation and hydro-
logical conditions (Nelson and Smith 1966). In
addition, the carbon stable isotope composition
of the bulk organic matter, δ13C(OM), can be used
to reconstruct changes in both sources of organic
matter (Meyers 1994) and lake productivity
(Schelske and Hodell 1995).

Changes of water temperature (mean summer)
of the Late Glacial transition of Lago Albano

(Italy), for example, are estimated using the
δ18O(carbonate) compositions of authigenically
precipitated calcite and valves of benthic
ostracods (Chondrogianni et al. 2004). These
calculated temperatures, however, are generally
too high and in conflict with other ecological
evidence in the same record. Although diage-
netical overgrowths of calcite could not be
excluded, an additional source could distort
the original isotopic signal. It is proposed that the
δ18O(carbonate) oscillations of authigenic calcite
are not simply due to variations in water tem-
perature, but additionally reflect changes in the
δ18O composition of precipitation and conse-
quently of lake water.

To test the above hypothesis, lake-water tem-
perature is also estimated using the oxygen iso-
topic composition in amorphous silica
(δ18O(opal)). These δ18O(opal) values reveal maxi-
mum water temperature changes of 8 °C between
oxic and anoxic intervals, with abrupt changes of
4–6 °C occurring within 40–100 years. The trends
in δ18O(opal) generally co-vary with the values of
authigenic calcite, but are again in conflict with
the ecological data, confirming the assumption of
hydrologic variations overprinting the tempera-
ture effect, including changes in groundwater
hydrology related to climate, human activities
and volcanic activity (Telford and Lamb 1999;
Funiciello et al. 2003). Changes in δ18O compo-
sition of local precipitation may also occur, due to
variations of ambient air temperatures and/or
modifications in atmospheric circulation that shift
the source of moisture (Fig. 5).

Another example of the application of stable
isotopes to lacustrine sediments is Sacred Lake, a
closed crater lake occupying a basaltic explosion
crater in the humid mountain rain forest of
Mount Kenya, East Africa. In this record the
carbon isotopic compositions of the bulk organic
matter along with those of specific organic
compounds (e.g., n-alkanes, phenols) are used to
reconstruct past changes in climate and carbon
cycling (Street-Perrot et al. 2004).

Organic carbon isotopes are also used to
characterize the Late Glacial and Holocene var-
ved sediments of Holzmaar, Germany. They
provide an outstanding record of lacustrine
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palaeoproductivity as well as palaeoenviron-
mental and palaeoclimatic information (Lücke
et al. 2003).

Combined with proxies of lake response and
of human activity in the catchments, isotope
analysis can help to disentangle the effect on
lakes and landscapes of climatic variability and
societal development partially stimulated by cli-
mate variability itself (Wick et al. 2002; Ryves
et al. 2011).

6 Magnetism

Since the application of rock magnetism to
environmental disciplines (Thompson and
Oldfield 1986), a number of studies demonstrate
that the mineral magnetic-palaeoclimatic-
environmental linkage reflects the control exerted
by climate over magnetic mineral concentration
and composition. The supply of magnetic min-
erals is dominated by catchment sources, but is
influenced by weathering and erosion which are
mainly under direct climatic control. Environ-
mental magnetism is based on the sensitivity of

iron compounds to physical-chemical changes, as
iron oxides are among the most sensitive min-
erals to chemical and thermal transformations of
the environment.

Magnetic susceptibility is the main magnetic
proxy used for palaeoclimatic reconstruction in
volcanic lake sediments. The morphology and
depth of these lakes usually allow a rapid and
continuous accumulation of sediments, and the
drainage input is composed of volcanic sedi-
ments that contain a significant amount of iron
oxides. Their mineralogy is then able to register
the direction of the Earth magnetic field, a key
issue for the chronology of the sediment by using
the palaeosecular variation record (PSV).

In fact, PSV provides a detailed chronology
independent of 14C dating, for the last 10,000–
100,000 years or more, and the palaeomagnetic
record of volcanic lake sediments are used as a
reference for the PSV in different continents.
Barton and McElhinny (1981) obtained a master
curve by stacking the declination and inclination
results of three volcanic lakes for southeast
Australia. Several volcanic lakes from Mexico
are investigated to retrieve a palaeosecular

Fig. 5 Multi-proxy
palaeoenvironmental
records from Lago Albano:
lithology, concentration of
total carotenoids and
δ18O(opal) as well as
interpreted lake level
fluctuations from a
sediment core
encompassing the last
deglaciation (modified
from Chondrogianni et al.
2004)
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variation record used for the age model of sedi-
ment cores (Chaparro et al. 2008).

The palaeomagnetic data from Lago Grande
di Monticchio and Lago di Mezzano, in Italy,
record secular variations reaching back 102 and
31 ka BP, respectively (Brandt et al. 1999). The
comparison of biogenic and minerogenic sedi-
ment accumulation rates, reconstructed for a time
window between 34 and 14 ka from both lakes,
suggest synchronous periods with increased
minerogenic deposition with enhanced erosion
and runoff related to the existing hydrological
and climatic conditions. Additional data from the
late Pleistocene-Holocene sediments of Hol-
zmaar, Germany, record large variations in
magnetic mineral concentration through time.
The relative contribution of magnetic compo-
nents, as expressed by magnetic susceptibility,
points to a correlation with sediment accumula-
tion rate and non-arboreal pollen content that has
been interpreted as representative of cooler con-
ditions (Stockhausen and Zolitschka 1999).

A multi-proxy approach, well supported by
palaeomagnetic and rock magnetic data, was

used to study the record of cores collected in
Lago Albano and Lago di Nemi (Italy, Rolph
et al. 1996) as well as in Lac du Bouchet (France,
Williams et al. 1996), spanning 30 and 300 ka,
respectively. The magnetic signature of the Late-
Glacial sediments of Lago Albano exhibits sev-
eral intervals with low magnetic content, larger
grain size and increasing contribution by anti-
ferromagnetic minerals (Rolph et al. 1996, 2004;
Vigliotti et al. 2010) (Fig. 6). The correlation
with indicators of biological productivity sug-
gests that these intervals were deposited under
anoxic conditions driven by bacterial degradation
of organic matter in coincidence with increasing
lake level that witness short-term warmer
climatic conditions occurring during the Late
Glacial. The relevant change in magnetic
parameters in the varved sediment indicates that
these oscillations took place within few decades.
Late-Holocene sediments are characterized by
higher magnetic susceptibility than catchment
rocks, pointing out to the presence of bacterial
magnetite (Rolph et al. 1996, 2004; Vigliotti
et al. 2010). The reliability of the palaeomagnetic

Fig. 6 Stratigraphic variation of bulk magnetic param-
eters (sediment core PALB94-6A from Lago Albano).
k low-frequency magnetic susceptibility, ARM anhyste-
retic remanent magnetization, SIRM saturation high-field

isothermal remanent magnetisation, B0cr back field
remnant coercivity of the remanence, S(−0.3T): ratio:
IRM–0.3T/SIRM, δ13C: deviation of isotopic concentra-
tion of 13C (from Vigliotti et al. 2010)
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record is also confirmed by Vigliotti (2006), who
reports for the neighboring Lago di Nemi, a
significant correlation of the PSV record with
records obtained from historical lava flows from
Etna and Vesuvius volcanoes.

The sediments from Lac du Bouchet are char-
acterized by a detrital magnetic fraction with a
composition dominated by titanomagnetite. Dur-
ing interglacials, dilution due to augmented input
of catchment materials and diagenetic dissolution
resulting from eutrophic conditions causes a
decrease in magnetic susceptibility, reflecting
climatic variability and strongly correlate with
marine δ18O isotope stages and sub-stages during
the last 140 ka (Thouveny et al. 1996). The results
from the adjacent Lac de Saint-Front yield a
similar trend (Vlag et al. 1996). However, detailed
studies of Eemian sediments from both lakes and
from Lac Ribains indicate that local processes
control the detrital and biogenic input and that
variations in ferrimagnetic concentration cannot
be interpreted by rock-magnetic results only
(Stockhausen and Thouveny 1999).

As already observed by Dearing (1999),
magnetic parameters correlate with both glacial-
interglacial cycles and arboreal pollen concen-
tration, indicating the role exerted by climate and
vegetation on the delivery of the detrital particles
to the lake sediments.

In spite of the active diagenesis observed at
Lac du Bouchet and Lac de Saint-Front, the
palaeomagnetic record is interpreted as repre-
sentative of relative palaeointensity (Vlag et al.
1996; Williams et al. 1996) with minimum val-
ues occurring during the Laschamp, Blake and
Iceland Basin geomagnetic excursions.

Maar lake sediments studied in equatorial-
tropical Africa also suggest close relationships
between climate and magnetic mineral assem-
blages. For example, Late Quaternary deposits
from Lake Magadi (Kenya) yield a magnetic
signature indicating the occurrence of dry con-
ditions during the Younger Dryas that led to the
separation of Lake Magadi from Lake Natron
(Williamson et al. 1993). Mineral-magnetic
proxies of erosion/oxidation cycles are
observed in the sediments of Lake Tritrivakely
(Madagascar): the mineral-magnetic properties

are strongly controlled by erosional processes
and high-coercivity ferric (oxyhydr)oxides char-
acterize the period of low lake level, corre-
sponding to dry periods, whereas they
completely lack the siderite-rich laminated sedi-
ments deposited during periods of permanent and
stratified water bodies (Williamson et al. 1998).
In Lake Massoko (Tanzania), the comparison of
sedimentary magnetic signature with catchment
material shows three intervals corresponding to
humid conditions (high lake level) characterized
by increasing pedogenic processes and runoff
during the last 45 ka (Williamson et al. 1999).

7 Palynological Studies

Pollen analysis is a central topic in palaeoeco-
logical reconstructions. After the pioneering
work carried out in central Italy by Frank (1969)
and Hutchinson et al. (1970), the first important
palynological studies on volcanic lake sediments
were undertaken in the late-1980s in Spain (Olot
region, Pérez-Obiol 1988), France (Lac Ribains,
de Beaulieu and Reille 1992) and Italy (Valle di
Castiglione, Follieri et al. 1988). The results from
these studies were very promising, as crater and
maar lakes have well-defined catchments and
little surface inflow, so sediment deposition is
rarely disturbed by erosional phenomena. Sedi-
mentation in these lakes is, therefore, fairly uni-
form, and laminated sediments are often present.

The aim of most palynological studies is to
identify pollen evidence of terrestrial vegetation
changes, comparing them to climate-driven
modifications of lake hydrology and chemistry
for the same area. Pollen analysis is intrinsically
informative of the plant landscape in the region
surrounding the lake. Differences in pollen pro-
ductivity and dispersal, methods of pollination,
past vegetation settings and human disturbance
are variables that must be taken into consider-
ation as major factors influencing trends of pol-
len curves (Faegri et al. 1989). Woodland cover
and composition, wetlands, open areas, human
environments including cultivated lands, pastures
and settlement areas, may be reconstructed based
on the observation of pollen percentages, and on
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objective inferences based on pollen concentra-
tion and influx. The pollen influx value is closely
related to the abundance of a species around the
site where its pollen is found (Berglund and
Ralska-Jasiewiczowa 1986), but the calculation
of influx requires a robust chronology. A decline
in pollen concentration and influx is often inter-
preted as a signal of increased erosion in the
catchment, generally as a result of forest reduc-
tion or clearance (Sadori et al. 2011).

At present, palynology of volcanic lakes has
spread worldwide (e.g., in Oceania, Lancashire
et al. 2002; in Asia, Mingram et al. 2004; in
Africa, Ryner et al. 2007; in Europe, Litt et al.
2009 and in South America, Rull et al. 2010),
spanning time intervals ranging from the Eocene
to the last centuries.

Central and southern Italy is probably the area
most covered by palinological studies covering
the whole Holocene. From North to South,
studied lakes, existing or drained, are: Lago di
Mezzano (Sadori et al. 2004), Lagaccione (Magri
1999), Lago di Vico (Magri and Sadori 1999),
Stracciacappa (Giardini 2007), Valle di Casti-
glione (Follieri et al. 1988), Lago Albano and
Lago di Nemi (Lowe et al. 1996; Mercuri et al.

2002), Lago di Averno (Grüger and Thulin
1998), and Lago Grande di Monticchio (Watts
et al. 1996; Allen and Huntley 2009). For this
reason, we use this area as an example in the
following discussion.

In Italy, as and in other Mediterranean coun-
tries (Wick et al. 2002) and in Africa (Ssemmanda
et al. 2005), it can be difficult to discern between
natural changes and human impacts. Figure 7
shows the example of two volcanic lakes (Lago
Albano and Lago di Mezzano) that record similar
vegetation changes at the end of the last Glacial
and during the present interglacial (Mercuri and
Sadori 2012). Humans have impacted these lakes
since the Middle Bronze Age, as documented by
archaeological remains of settlements along their
shores. Chronologies of the cores have been
assessed by several studies (e.g., Ramrath et al.
2000; Rolph et al. 2004) and a stratigraphical
marker, the Avellino tephra layer is available in
both sediment cores. New studies on the Avellino
tephra, dated at 4,200–4,100 years BP in the
previous two studies, suggest a younger age for
this eruption (3,945 cal. years BP, Sulpizio et al.
2008; Sevink et al. 2011). We take the tephra
occurrence as a stratigraphical marker useful for

Fig. 7 Pollen records from Lago Albano (Mercuri et al.
2002) and Lago di Mezzano (Sadori unpublished). Pollen
percentage (AP arboreal pollen, NAP non arboreal pollen)

and concentration diagrams of Holocene age. The
Avellino tephra layer is also indicated
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core correlation. Few centuries after tephra
deposition, a sudden forest change is inferred,
indicating drier conditions. It is suggested that
climate was the first agent of the shift toward
aridity, actually visible in many Mediterranean
pollen diagrams at *4,000 cal. years BP. This is
testified by some palynological evidences, such
as arboreal pollen concentration that decreased by
ca. 80 % in Lago di Mezzano and 60 % in Lago
Albano, without any sign of increased fires.
Aridity probably pushed human populations to
settle along the lake shores, leaving signs of pile
dwellings and causing strong modifications in an
already open landscape (Sadori et al. 2004).

Since *3,600 cal. years BP, signs of human
activities are evident, such as the cultivation of
cereals and legumes, increase in other anthropo-
genic indicators including Olea, forest clearance
of selected taxa, fire and grazing activities. Some
of these effects are also evident in Lago di Nemi
and Lago di Vico. Then, between 2,900 and
2,700 cal. years BP, cultivated trees (Juglans,
Olea and Castanea) spread simultaneously,
together with cereals and weeds, suggesting that
pre-Roman Iron Age populations had a significant
impact on landscape (Follieri et al. 1988; Mercuri
et al. 2002). At Lago di Vico, after the forest
clearing which occurred during the Bronze Age,
the cultivation of trees matches an enhanced
forest cover. Finally, a ‘Cannabis-phase’, i.e. a
hemp pollen peak which followed the peaks of
cultivated trees, marked Roman times at Lago
Albano and Lago di Nemi, while the ‘chestnut
landscape’ definitively spread at around 700 years
BP (Mercuri et al. 2012).

These examples show how the combined
interpretation of pollen percentage and influx
data can be a robust tool for disentangling cli-
mate change and human impact (Sadori et al.
2011). To better identify the relationships
between human activity, changes in landscape
and in climate and lake response, pollen analysis
can be included in multi-proxy analyses of
chemical sedimentary parameters (e.g., isotopes)
and non terrestrial biotic remains (Guilizzoni
et al. 2000; Ryner et al. 2007).

8 Non-terrestrial Biological
Records

A number of organisms living in lakes can leave
identifiable remains that are used for palaeolim-
nological studies. A non-exhaustive list includes
diatom frustules, algal and bacterial pigments,
chrysophyte and dinoflagellate cysts, plant ma-
crofossils, remains of Cladocera and of chiron-
omid larvae, ostracods shells and sponge
spicules.

Diatom frustules are the most used remains
because they occur frequently, are well pre-
served, and allow taxonomic identification to
species level. The distribution of most species is
affected by water pH, salinity, nutrient level and
habitat features. In volcanic lakes, diatom anal-
ysis is frequently combined with pollen analysis
to infer regional climate variability and the con-
sequent lake responses, or to verify and com-
plement the climatic signal with an independent
proxy. The presence and abundance of diatom
species are used to infer past variability in pH
(Lancashire et al. 2002), lake depth (Bradbury
2000; Mayr et al. 2005; Ryner et al. 2007),
nutrient levels (Bradbury 2000; Mayr et al. 2005;
Stebich et al. 2005), salinity (Gasse et al. 1995;
Ryner et al. 2007; Ryves et al. 2011) and the
length of winter ice cover (Stebich et al. 2005).

Chironomid head capsules are the second
most used biological proxy: their distribution in
lakes is influenced by chemical and physical
factors, and their presence and abundance is used
to infer past lake depth (Manca et al. 1996;
Engels et al. 2011), nutrient level (Hoffmann
1993a; Manca et al. 1996; Engels et al. 2011),
temperature (Hoffmann 1993a) or salinity (Ryner
et al. 2007; Ryves et al. 2011).

Algal pigments are a promising proxy, allow-
ing detailed reconstruction of phytoplankton
development and primary productivity. They are
surprisingly well preserved in sediments of tens
of thousands of years old, although they tend
to be degraded compared to the original pool
(Leavitt 1993). Promisingly, pigments are used in
the palaeolimnology of volcanic lakes (Guilizzoni
et al. 2002; Skov et al. 2010).
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Other macrofaunal remains, such as ostracod
shells (Belis and Ariztegui 2004; Ryner et al.
2007; Gouramanis et al. 2010) or Cladocera head
shields, ephippia, or resting eggs (Hofmann
1993b; Manca et al. 1996; Skov et al. 2010), can
also be used for inferring past lake depth, salinity
or nutrient status.

Alongside these mainly descriptive studies,
quantitative inferences of past environmental
condition from biotic assemblages are also per-
formed in volcanic lakes: a transfer function,
calibrated using data from a set of 30–100 lakes
covering an environmental gradient is used along
the core to shed light on past lake conditions
(Birks 1998).

Specific data sets are developed for volcanic
lakes, for example to deduce lake water conduc-
tivity from diatom assemblages (Mills and Ryves
2012). However, other regional data sets, not
specifically based on volcanic lakes (Gasse and
Tokaia 1983; Battarbee et al. 1998), have been
used to infer nutrient status (Ryves et al. 1996;
Rioual et al. 2007), pH (Barker et al. 2003),
salinity (Rioual et al. 2007; Ryves et al. 2011) and
lake level and hydrological changes (Rioual et al.
2007) from diatoms, salinity from chironomids
(Ryves et al. 2011), ostracods (Gouramanis et al.
2010), and diatoms (Rioual et al. 2007; Ryves
et al. 2011) and lake productivity from algal
pigments (Guilizzoni et al. 2002).

Combining several biological indicators in a
multi-proxy approach can provide a more
detailed picture of past lake development. This
was first used by Hutchinson et al. (1970) on
Lago di Monterosi (Italy), and later by Guilizzoni
et al. (2000) on Lago Albano, by Ryner et al.
(2007) on Lake Emakat (Empakaai Crater,
Tanzania) or by Ryves et al. (2011) on lakes
Kasenda and Wandakara (Uganda), to under-
stand the effect of climate variability and human
impact on lake ecosystems.

As an example, the multi-proxy study on
Lago Albano is summarized in Fig. 8. This study
reported strong evidence for aperiodic oscilla-
tions in lake biota throughout the period ca.
28–17 ka BP, which can be interpreted as
responses to climate forcing through its impact

on lake levels and changing aquatic productivity.
Productivity peaks can be inferred by the
increase in algal pigment concentrations, the
abundance of diatoms typical of eutrophic lakes,
the presence of sulphur photosynthetic bacteria
requiring an anoxic hypolimnion and the high
number of animal remains. Chironomid species
composition confirms that in these periods lake
water was warmer and lake level higher.

9 Subsurface Biosphere

Most published studies in earth sciences dealing
with the fast evolving field of geomicrobiology
have been carried out in the marine realm. Their
results point out the complexity of the chemical
reactions associated with microbes that are mostly
centered upon changes in redox conditions. These
reactions often take place at lithological and
geochemical boundaries and result in the forma-
tion of diagenetic minerals. The study of these
complex interactions is often referred to as the
“deep biosphere” and show that the Earth‘s bio-
sphere extends far below the surface of our planet,
including sediments and rocks of the deep ocean.
Many microbes in this subsurface biosphere grow
extraordinarily slow and under extreme condi-
tions (Konhauser 2007). Studying them is critical
in order to obtain a basic understanding of the
physiological capabilities and biogeochemical
consequences of sub-seafloor life. The source of
energy for microbial growing is vast and the exact
mechanisms behind them often remain elusive
(Konhauser 2007; Inagaki 2010).

In recent years, similar geomicrobiological
investigations into lacustrine basins have shown
a substantial microbial impact on lake sediments
(Jiang et al. 2007). Their study tends to be
logistically easier than in their oceanic counter-
parts, providing analogues to certain marine
environments and the ability to investigate a
wide range of processes involving extremophiles
(Mapelli et al., this issue).

Studies on the subsurface biosphere aim to
constrain the physico-chemical conditions of
microbially mediated precipitation/dissolution
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reactions in the sediments deposited under con-
trasting and often extreme- environmental con-
ditions (Inagaki 2010). These investigations
include living microbial communities in the
proximity of fluid/gas seeps and within the sed-
iments to characterize the subsurface biosphere,
emphasizing integrated studies of microbiology,
geochemistry (pore waters), and mineral authi-
genesis/diagenesis. Authigenic minerals can be
used as signatures of the prevalent conditions
during their formation (Manning et al. 1991;
Nealson and Stahl 1997).

Standard microbiological methods have been
adapted to lake study to detect living microbial
communities (e.g., DAPI: 4′,6-diamidino-2-
phenylindole, microbial cell count, scanning
electron microscopy, etc.). Molecular tools are
also used to unambiguously identify the diversity
and specific composition of microbial (bacterial
and archean) communities. The micro-biota can
be further investigated by analyzing the 16S

rRNA gene clone library. The results of these
investigations allow testing whether microbial
communities directly contribute to precipitation
and diagenesis of authigenic minerals as well as
elemental recycling (Vuillemin et al. 2013).

A 100-m long core taken in Laguna Potrok
Aike is used for a detailed geomicrobiological
study and sampled in order to address a knowl-
edge gap, related to the lacustrine subsurface
biosphere (Vuillemin et al. 2010). The presence
of adenosine-5’-triphosphate (ATP) is used as an
indication of living organisms within the sedi-
ments, as it is not known to form abiotically, and
it can be easily detected with high sensitivity and
high specificity using an enzymatic assay:

ATP þ Luciferin þ O2

! AMP þ Oxyluciferin þ PPi þ CO2

þ Light

Light is emitted as a result of the reaction,
which is detected by a photomultiplier.

Fig. 8 Biological multi-
proxy records at the base of
Lago Albano cores
PALB94-1E and PALB94-
6B. Dashed grey areas,
based on wide peaks that
appear in most proxies,
reflect high productivity
(indicated by algal
pigments and diatoms) and
higher lake water level
intervals. Note the different
x-axis scales between the
two for cores (from
Guilizzoni et al. 2000, with
permission)
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The microbial activity in Laguna Potrok Aike
sediments provides information on ongoing
organicmatter mineralization processes, and helps
to understand the influence of microbes during
early diagenesis (Vuillemin et al. 2013). This
procedure could be easily and routinely applied,
adding microbiological information, comple-
mentary to several standard lacustrine proxies,
such as the stable isotope composition of authi-
genic carbonates and, organic matter, although the
sampling protocol should avoid contamination.

10 Conclusions

Sedimentary records from volcanic lakes have
the potential for detailed reconstruction of the
natural and anthropogenic variability. A number
of geographical areas are studied, such as Africa
for understanding monsoon history, Mexico for
the Southern Oscillation and Australia for phe-
nomena not related to the continental mass of the
northern hemisphere. The resulting data are cru-
cial for testing Earth system models (Lenton and
Kageyama 2012). In particular, we focussed on
central and southern Italy, which represents a
tantalizing challenge for palaeoclimatologists,
since it is a critical area for understanding the
pattern and periodicities of Mediterranean cli-
mate, and is affected by impacts of human
activities over long timescales.

The combination of a broad range of physical,
chemical and biological proxies is required to
synthesise and compare lacustrine archives in
order to decipher both the pattern and amplitude
of climatic forcing and the response of aquatic
ecosystems.

Volcanic lakes are interesting study sites to
understand small scale climate variability using
changes in pollen profiles and rock magnetic
properties, whereas the lake response and human
disturbance is reflected by limnic biota.

New techniques are continuously improving
the ability to utilize lake sediments to deduce
past lake conditions. For example, the subsurface
biosphere studies, applied to a maar lake in
Patagonia, provide information about diagenetic
processes and organic matter mineralization

processes occurring in the sediments, filling the
gap in the knowledge of the role of microbial
metabolism in these processes.
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The Comparative Limnology of Lakes
Nyos and Monoun, Cameroon
George W. Kling, William C. Evans,
and Gregory Z. Tanyileke

Abstract

Lakes Nyos and Monoun are known for the dangerous accumulation of
CO2 dissolved in stagnant bottom water, but the shallow waters that
conceal this hazard are dilute and undergo seasonal changes similar to
other deep crater lakes in the tropics. Here we discuss these changes with
reference to climatic and water-column data collected at both lakes during
the years following the gas release disasters in the mid-1980s. The small
annual range in mean daily air temperatures leads to an equally small
annual range of surface water temperatures (ΔT *6–7 °C), reducing deep
convective mixing of the water column. Weak mixing aids the establish-
ment of meromixis, a requisite condition for the gradual buildup of CO2 in
bottom waters and perhaps the unusual condition that most explains the
rarity of such lakes. Within the mixolimnion, a seasonal thermocline forms
each spring and shallow diel thermoclines may be sufficiently strong to
isolate surface water and allow primary production to reduce PCO2 below
300 μatm, inducing a net influx of CO2 from the atmosphere. Surface
water O2 and pH typically reach maxima at this time, with occasional O2

oversaturation. Mixing to the chemocline occurs in both lakes during the
winter dry season, primarily due to low humidity and cool night time air
temperature. An additional period of variable mixing, occasionally
reaching the chemocline in Lake Monoun, occurs during the summer
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monsoon season in response to increased frequency of major storms. The
mixolimnion encompassed the upper *40–50 m of Lake Nyos and
upper *15–20 m of Lake Monoun prior to the installation of degassing
pipes in 2001 and 2003, respectively. Degassing caused chemoclines to
deepen rapidly. Piping of anoxic, high-TDS bottom water to the lake
surface has had a complex effect on the mixolimnion. Algal growth
stimulated by increased nutrients (N and P) initially stimulated photo-
synthesis and raised surface water O2 in Lake Nyos, but O2 removal
through oxidation of iron was also enhanced and appeared to dominate at
Lake Monoun. Depth-integrated O2 contents decreased in both lakes as
did water transparency. No dangerous instabilities in water-column
structure were detected over the course of degassing. While Nyos-type
lakes are extremely rare, other crater lakes can pose dangers from gas
releases and monitoring is warranted.

Keywords

Nyos � Monoun � Crater lakes � Volcanic gas hazards � Cameroon
Volcanic Line � Tropical limnology

1 Introduction

Cameroon contains a large number of volcanic
lakes, but limnological studies prior to the 1980s
were fairly limited in scope (e.g., Hassert 1912;
Green 1972; Green et al. 1974). Kling (1987a, b,
1988) conducted a comprehensive study of 34
volcanic lakes and several other Cameroonian
lakes not known to occupy volcanic craters. This
work helped delineate the impacts of climate,
morphometry, sheltering, water transparency and
conductivity, and other factors on tropical lake
dynamics such as stratification and mixing,
thermocline depth, and oxygen profiles. The
research was timely because it was conducted
during the years when the disastrous gas releases
occurred at Lake Monoun (1984) and Lake Nyos
(1986), although pre-release data collection was
limited to a sample of surface water from Lake
Nyos in 1985 (Kling 1987a, 1988).

The Lake Monoun gas release was described
by Sigurdsson et al. (1987), and the Lake Nyos
release was described by Tuttle et al. (1987),
Kling et al. (1987), Tietze (1987), Freeth (1992)
and several papers in Le Guern and Sigvaldason
(1989, 1990). Numerous studies conducted at
lakes Nyos and Monoun in the years after the gas

releases focused on the evolution of the deep
water layers and on the natural recharge rate of
CO2 near lake bottom (Nojiri et al. 1990, 1993;
Evans et al. 1993). These studies were important
for understanding the cause of the gas releases
and the likelihood of recurrence. The demon-
stration that dangerous amounts of gas remained
in the lakes after the disasters, and that the
recharge rate of CO2 was high enough to sub-
stantially increase the risk of recurrence on a
decadal timescale, provided stimulus for the
installation of pipes to safely remove the gas. The
rates of gas removal and changes in gas content
of the lakes have since been monitored (e.g.,
Kling et al. 2005; Kusakabe et al. 2008). How-
ever, even though degassing is well underway at
Lake Nyos and essentially complete at Lake
Monoun, there has been little published on how
the degassing has affected the surface water
limnology of these lakes.

This chapter discusses comparative limno-
logical aspects of Lakes Nyos and Monoun with
an emphasis on the characteristics and behavior
of the “mixolimnion”, the dilute water layer
overlying denser gas-rich water at depth (herein
called bottom water). The mixolimnion exhibits
diel and seasonal responses to climatic forcing at
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the lake surface, and at least episodically is
affected by some mixing with bottom water. The
mixolimnion is important because it keeps pres-
sure on deeper layers and allows the gas con-
centrations to build up. Conditions in the
mixolimnion that affect its chemical composition
and physical structure have a bearing on whole-
lake stability and thus on the hazard of uncon-
trolled gas release. We restrict our detailed dis-
cussion to Lakes Nyos and Monoun, but in a
final section we discuss other lakes that share
characteristics with Nyos and Monoun where the
comparison has relevance to gas release hazards.

2 Methods

Methods of water sampling, chemical analyses,
and many results are presented in Tuttle et al.
(1987), Kling et al. (1989, 2005), and Evans et al.
(1993, 1994). Dissolved organic carbon (DOC)
and total dissolved nitrogen (TDN) were filtered
through Whatman GFF filters (nominal pore size
0.6 µm), acidified to pH * 2–3, and stored dark
at 4 °C until measurement on a Shimadzu TOC V
analyzer. Total dissolved phosphorus (TDP) was
measured on similarly filtered, treated, and stored
water using a persulfate digestion and subsequent
analysis of soluble reactive phosphate using a
molybdenum blue method on an Alpkem auto-
analyzer. Particulate C and N were filtered on
to GFF filters and analyzed in a Perkin-Elmer
2400 CHN elemental analyzer. Underwater light
extinction was measured using a Secchi disk and
a Licor LI-1000 meter with a LI-193 spherical
quantum sensor (PAR, 400–700 nm) following
methods and calculations in Kling (1988). Pro-
files of temperature were measured using a
recently calibrated Seabird SBE 19 CTD (0.01 °C
accuracy, 0.001 °C precision, conductivity
10 µS/cm accuracy) with a SBE 18 pH sensor.
Continuous measurements of lake temperature
were made from an anchored raft near the center
of the main lake basins using thermistor strings
containing YSI 46030 precision resistors (0.1 °C
interchangeability, thermometric drift < 0.01 °C

over 100 months, 2.5 s time constant) connected
to a Campbell Scientific CR23x datalogger
recording every 60 s and averaging into 30 min
intervals. At these same time intervals using the
CR23x datalogger, a meteorological station on
the raft measured air temperature and relative
humidity (Campbell HMP45C, accuracy 0.2 °C
and 2 % RH), wind speed and direction (MetOne
041A windset, accuracy 0.2 m/s, threshold
0.45 m/s), and downwelling solar radiation (Licor
LI-200 pyranometer, 400–1,100 nm, accuracy
3 %); sensor heights were*1.5–2 m above mean
water level.

3 Results and Discussion

3.1 Climate

The overall climate affecting Lakes Nyos and
Monoun is similar and is driven by seasonal
movements of the Inter-Tropical Convergence
Zone (ITCZ). In this part of Cameroon the ITCZ
movement creates a dry season with virtually no
rain in December–February and a monsoon sea-
son with heavy rains in June–September. Data
from the floating climate stations on both lakes
show similar patterns of the coolest air temper-
atures and lowest humidity during the dry sea-
son, the warmest air temperatures coming out of
the dry season at the end of February and into
March, and the highest humidity during the
summer monsoon (Figs. 1 and 2). The lowest
maximum daily temperatures occur in June, off-
set several months from the period of lowest
minimum temperatures in late December through
early February. This time of lowest minimum
temperatures is also the calmest time of the year
with wind speeds rarely exceeding 5 m/s, and
incoming solar radiation at a minimum due to
atmospheric dust from the Harmattan winds
(Figs. 1 and 2). Air temperature at both lakes
shows no trend since late 1989 when measure-
ments first began (data prior to 2000 not shown),
and none of the climate variables measured
shows a significant trend over time.
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Fig. 1 Selected climatic variables recorded at 30 min
intervals on an anchored raft at Lake Nyos

Fig. 2 Selected climatic variables recorded at 30 min
intervals on an anchored raft at Lake Monoun
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3.2 Lake Morphology
and Hydrology

Almost all of Cameroon’s volcanic lakes,
including Nyos and Monoun, occupy maar cra-
ters (Kling 1988; Lockwood and Rubin 1989;
Aka et al. 2008). These craters are typically flat
bottomed rather than conical, and many are quite
deep in relation to their diameters (Kling 1988).
At 210 m, Lake Nyos is the deepest of the
Cameroonian lakes, but it is only 42 m deeper
than Lake Manengouba-Female. Several of the
lakes match or exceed the depth of Lake Monoun
at 100 m. Both Lakes Nyos and Monoun have a
surface area that is much larger than the diameter
of the main crater containing the gassy water.
Lake Nyos contains a small basin *48 m deep at
its northern end near the point of outflow, and a
shallow arm in the southern end near the inflow
stream. Lake Monoun contains a small cra-
ter*50 m deep just west of the main crater and a
relatively shallow arm further west near the
outlet (Sigurdsson et al. 1987).

Unlike many volcanic summit crater lakes, the
maar lakes of Cameroon are generally not fully

ringed by high rims. Ejecta ramparts extend only
part way around Lakes Nyos and Monoun (Sig-
urdsson et al. 1987; Lockwood and Rubin 1989).
Granitic bedrock forms part of the rim around
Lake Nyos, but both these lakes have low-
elevation rims on two sides that reduce sheltering
from the wind. Both maars erupted through
existing surface stream drainages, and the lakes
capture the inflow from drainage basins several
km2 larger than the actual lake surface area.
Riverine inflow and outflow is perennial at Lake
Monoun. Only the inflow is perennial at Lake
Nyos, and surface outflow only occurs during the
rainy season. From 1987–2004 the outflow over
the spillway began on average in early July, and
ended by early December (Fig. 3). Annual dif-
ferences in climate can cause outflow to begin as
early as April or as late as August. Seepage from
Lake Nyos, which is perched on a mountain-side,
feeds large discharge springs just downslope. In
combination with lack of rain in the dry season
and evaporation from the lake surface, this
seepage causes lake level to drop below the
spillway each year (Tuttle et al. 1992; Evans
et al. 1994). The magnitude of lake-level drop

Fig. 3 Staff height (cm) at the spillway of Lake Nyos
representing lake level measured over the period 1987–
2004. Each point is a mean value for one month
calculated using all years of data. The average across all
years (circles) is shown with error bars representing

standard deviation of the total number (N) of measure-
ments across all years by month. The range in lake level is
taken as the minimum (triangles) and maximum (dia-
monds) value of the monthly mean lake level across all
years
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below the spillway has reached 238 cm but varies
from year to year (Fig. 3). Interannual variation
in lake level is much less during the outflow
period from August into December.

Shallow inflows of dilute groundwater con-
stitute a significant part of the water budget at
Lake Nyos (Tuttle et al. 1992). Inflow and out-
flow of shallow groundwater have not been
investigated at Lake Monoun, but may not be
significant given the low gradient in topography
for many km upstream and downstream of the
lake. Inflow of groundwater that is rich in dis-
solved CO2 and higher in Total Dissolved Solids
(TDS) than surface water or shallow groundwater
occurs at or near the bottom of both lakes, and is
the ultimate source of gas for the associated
hazard. Discrete inflow vents have never been
sampled or even precisely located, but the char-
acteristics of this inflowing water have become
better constrained over time through the
observed changes in bottom water temperature
and chemistry (Kling et al. 1989; Evans et al.
1993; Nojiri et al. 1993; Kusakabe et al. 2000;
Schmid et al. 2003; Kusakabe 2015).

3.3 Water-Column Structure

The overall density structure in lakes which are
permanently stratified (meromictic) includes an
upper zone called the mixolimnion which expe-
riences seasonal stratification and turnover, and a
lower zone called the monimolimnion which
stays permanently stratified. The separation
between these two layers is usually called the
main chemocline or pycnocline. The upper layer
is chemically dilute while lower layers can
accumulate salts or gases. In the upper layer there
is a thermocline, which is deeper in Lake Nyos
than in Lake Monoun due to the greater surface
area and water clarity at Nyos (Kling 1988).
Profiles of dissolved CO2, CH4, and dissolved
salts (usually plotted as conductivity) show
increasing concentrations with depth below the
chemocline. In addition, the shape of the depth
profiles evolved during the years following the
gas releases. The patterns of change have been

presented elsewhere (e.g., Kling et al. 2005;
Kusakabe et al. 2008 and updated in Kusakabe
2015). The most important and ominous change
was a clear increase in dissolved CO2 over time
in both lakes.

Temperature also increases with depth below
the chemocline, and this in part offsets the
strength of stratification due to dissolved CO2

and TDS because warmer temperature reduces
water density. The opposing effects of tempera-
ture and dissolved substances could allow dou-
ble-diffusive convection to govern transport
within the water column (e.g., Nojiri et al. 1993),
and this phenomenon was observed over a lim-
ited depth interval in 2002 in Lake Nyos (Schmid
et al. 2004). Water-column heat and mass fluxes
otherwise appear to be slow and diffusion con-
trolled (e.g., Kantha and Freeth 1996; McCord
and Schladow 1998; Kusakabe et al. 2000). The
inflow of high-TDS water near lake bottom may
actually be the main driver of net upward trans-
port in these lakes, consistent with modeling
results (Schmid et al. 2006) and observed profile
development (Kusakabe 2015).

This basic two-component model of the water
column accounts for the depth profiles of most
dissolved gases and ions, but complexities arise
regarding Fe and CH4. Transport of these species
involves solid and gaseous phases that can sink
or rise at much different rates than dissolved
substances. The lakes are essentially traps for Fe,
which is present as ferrous iron in anoxic bottom
water (Kling et al. 1989). Any mixing or
diffusion of dissolved salts up into overlying
oxygenated water converts the iron into ferric
oxy-hydroxide particles, which then sink instead
of being flushed from the lake. The precipitated
iron is then reduced and redissolved in anoxic
bottom water. The occurrence of this process
over many years of stratification explains why Fe
constitutes ≥40 % of the cations in bottom water
of Lake Nyos and ≥80 % in Lake Monoun. The
Fe cycling was discussed in detail by Teutsch
et al. (2009).

Along with iron precipitates, particulate
organic matter also settles down into bottom
water where it donates electrons to reduce ferric
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to ferrous iron and serves as a carbon or electron
source to promote production of CH4. Evans
et al. (1993) showed that the CH4 in Lake Nyos
was produced at least in part from surficial
organic matter based on its high 14C content
(41 % modern C) relative to that of the CO2 (1–
2 % modern C). In the years after the gas relea-
ses, CH4 concentrations in both lakes increased
much faster than did CO2 concentrations, also
showing lacustrine production of CH4. The
greatest increase occurred just above lake bot-
tom, but CH4 increases were substantial even at
depths where CO2 and TDS concentrations
remained nearly constant (Kling et al. 2005).
Either some distributed CH4 production occurs
within the water column, which contains <1 mg/L
SO4 throughout (mean = 0.19 mg/L ± 0.18 S.D.,
N = 34), or the CH4 is transported in the lake
independently of dissolved species as a separate
gas phase. Probably the settling organic matter
supports methanogenesis even in the upper water
column on anoxic microsites (e.g., Karl and
Tilbrook 1994; Cabassi et al. 2013).

Evidence of a separate, gas-phase transport for
CH4 came from trapping bubbles of CH4-rich gas
(47 %) in an inverted funnel suspended at the
chemocline in Lake Nyos (Kling et al. 2005). In
addition, depth sounders sometimes return ima-
ges that are interpreted as rising gas bubbles
(Sabroux 2001, pers. comm.). Gas saturation
apparently is reached at the sediment-water
interface or possibly on particles in the water
column, at least in local areas, allowing the
bubbles to form. Even though CH4 constitutes
only *2 % (on a molar basis) of the total dis-
solved gas at the bottom of these lakes, it would
make up *50 % of the gas bubbles because of
its much lower solubility (Wilhelm et al. 1977).

3.4 Lake Stability

Dissolved CO2 is a greater factor than TDS in the
increased density of bottom water that leads to
stratification in these lakes. However, as the
water-column stability imparted by dissolved
CO2 increases, it becomes metastable when

saturation is reached because gas bubbles can
form. The presence of bubbles greatly reduces
bulk water density and the gas rises rapidly and
destroys the water column stability. This loss of
density structure and lake stability can lead to
spontaneous lake mixing and amplification of gas
exsolution to the point of creating massive,
dangerous gas releases.

Because of this non-linear effect of CO2 on
water density, standard formulas for calculating
the energy required to overcome lake stratifica-
tion are inapplicable to gas-rich lakes. An alter-
nate parameter, E*, was developed to evaluate
lake stability and the potential danger of massive
gas bursts (Kling et al. 1994). E* decreases as the
pressure of dissolved gas (CO2 + CH4 + N2)
approaches hydrostatic (gas saturation), espe-
cially in situations with high (i.e., dangerous) gas
pressures. Profiles showing low E* indicate low
lake stability in gas-rich zones below the
chemoclines in Nyos and Monoun, even though
density gradients and conventional water-column
stability might be large. Increases in E* stability
due to controlled degassing were predicted and
later observed (Kling et al. 2005).

3.5 The Mixolimnion

3.5.1 Seasonal Patterns at Nyos
Temperature variations in the mixolimnion and
their relation to climate have been discussed by
numerous authors (e.g., Kling et al. 2005; Sch-
mid et al. 2006) and are shown in Fig. 4 for
several annual cycles. Surface water shows a
seasonal variation of *6 °C with a period of
pronounced warming in the spring months
March–May following increases in air tempera-
tures (Fig. 1). The onset of the summer rainy
season brings some cooling of the surface layer,
but subsurface layers continue to warm. During
this period there is heat loss from surface water to
the atmosphere, and downward heat transfer
from the surface to lower layers by mixing. As
the strength of the thermocline decreases, there is
more heat transfer to greater depths; for example,
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water at 10 m depth warms most rapidly in June
as surface water cools, and water at 20 m depth
warms later, in August through October, as
temperatures at 10 m depth decline (Fig. 4). The
near-constant temperature at 60 m depth, imme-
diately below the chemocline, during the pre-
degassing period indicates no significant upward
heat transfer across this boundary.

Early fall (September–November) brings a
slight increase in the shallow water temperature
gradient, perhaps due to the declining frequency
of major storms, but the low humidity increases
evaporation and the coldest night-time tempera-
tures of the year cause a rapid cooling of surface
water in December–February (Fig. 4). The
cooling over this period gradually deepens the
upper mixing layer until it eventually reaches
the chemocline before springtime warming
begins again. Thus, the annual pattern of mixo-
limnion dynamics can be divided into three main
parts: a period of strong stratification in spring, a
period of weak stratification in summer, and a
period of deep mixing in winter.

Temperature and conductivity profiles with
depth (CTD) typical of each of the three periods
are shown in Fig. 5, and they can be compared to
the annual cycle shown in Fig. 4. The April
profile (Fig. 5a) shows the strong spring-time
stratification, with the sharp seasonal thermocline
beginning at about 8 m depth. The temperature
gradient is fairly small between 20 and 40 m
depth, where the chemocline begins as seen in
the specific conductance profile. Temperatures

begin to increase at the chemocline and continue
to warm all the way to lake bottom. The early
November profile (Fig. 5b) was actually col-
lected at the end of the rainy season, but it shows
the cumulative effect of the preceding months of
wet and windy weather. Thermal stratification
is much weaker than in April but persists as is
shown by a relatively uniform temperature gra-
dient from the surface down to about 40 m depth.
The late January 2001 profile (Fig. 5c), the last to
be collected prior to the start of degassing,
reflects the deep mixing of wintertime. Water
temperature is nearly uniform from 5 to 42 m
depth. The weak thermocline in the upper few
meters reflects daytime solar heat inputs and
disappears most nights, as seen in Fig. 4.

Specific conductance profiles help to under-
stand mixing dynamics in the mixolimnion. The
January profile (Fig. 5c) shows the uniformity of
specific conductance from 0 to 40 m during deep
wintertime mixing. This uniformity mostly per-
sists during the height of springtime stratifica-
tion, even when the thermocline prevents mixing
between the over- and under-lying water masses
(Fig. 5a). A gradient in specific conductance
(above 30 m depth) is only seen in the November
profile (Fig. 5b).

Superimposing the specific conductance pro-
files from all three dates highlights the subtle
differences in structure and shows that water in
the uppermost *25 m was significantly diluted
in November relative to the earlier or later dates
(Fig. 6). The November chemocline was also
slightly less sharp than on the other dates. The
surface dilution likely reflects the effects of
the preceding months of the rainy season and
some wind-driven eddy mixing down to *25 m,
as discussed above. The slight weakening of the
chemocline is more interesting. Based on the
annual patterns shown in Fig. 4, a profile col-
lected in November would follow an 8-month
period of stratification in the mixolimnion since
the preceding winter mixing. The weakening of
the chemocline seen in Fig. 6 documents some
limited mixing across this boundary that must
have occurred during the preceding 8 months.
Downward mixing of surface water appears to
stop at 25 m depth, but the violent storms of

Fig. 4 Lake Nyos water temperatures at fixed depths
(relative to mean lake level) recorded at 30 min intervals
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Fig. 5 Profiles of the upper 60 m of Lake Nyos obtained
by CTD equipped with pH and O2 probes. “Temp”
(diamonds) is temperature in °C, “SC” (squares) is specific
conductance in μS/cm, pH (triangles) in log units, O2

(circles) in mg/L.Dotted line shows the log of Henry’s law
CO2 pressure (in atm) estimated from pH and our
observation that for SC <200 μS/cm, HCO3 (mg/L) =

6.68 + 0.530 × SC (µS/cm) (N = 44; R2 = 0.94). Solid “O2

sat” line is the calculated concentration of oxygen in water
(mg/L) at themeasured temperature in equilibriumwith the
atmosphere at lake surface elevation. a Profiles in April
1998. b Profiles in November 1999. c Profiles in January
2001 (O2 determined on water samples retrieved to lake
surface)
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summer could still potentially transfer energy to
the chemocline depth and promote some mixing
through shear or wave breaking on internal
seiches.

The concentrations of O2 and CO2 also reflect
mixing processes, but unlike the major ionic
species that behave nearly conservatively, these
gases have independent sources and sinks such
as photosynthesis and respiration plus exchange
with the atmosphere. Thus their profiles differ
from those of specific conductance. Our CTD
casts did not directly measure CO2, but it can be
estimated from pH and specific conductance as
discussed by Kusakabe et al. (2008).

As expected for a lake with anoxic bottom
water, O2 profiles show decreasing concentra-
tions with depth and always drop below detection
at the top of the chemocline. Dissolved CO2

profiles show increasing concentrations with
depth; pH profiles show the mirror image with
decreasing values from the surface down to the
chemocline as seen clearly in Figs. 5a and b.

In April, both O2 and pH profiles show a
conspicuous jump to higher values in surface
waters above the thermocline (Fig. 5a). In fact,
O2 concentrations in this layer reach 120 % of
saturation with respect to the overlying atmo-
sphere. Similar O2 oversaturation has been
observed during spring months in other years.
These high O2 concentrations, and the corre-
sponding decrease in CO2 (increased pH) are

clearly caused by photosynthetic activity in the
surface waters (as discussed below). The strong
springtime thermocline allows these conditions
to develop by effectively isolating the surface
water from the underlying CO2 source and O2

sink.
By November, thermal stratification has

greatly weakened and O2 concentrations in the
surface water have dropped to just below satu-
ration (Fig. 5b). Both the O2 and pH profiles
have become fairly smooth curves exhibiting
little correlation to the temperature profile. Deep
mixing in winter reduces surface O2 concentra-
tions below saturation but does not completely
eliminate the gradient in either O2 or pH
throughout the mixolimnion, at least during the
CTD cast in late January (Fig. 5c). This reduction
in O2 is likely due to upward mixing of anoxic
water from beneath the chemocline as the ther-
mocline deepens in winter. Therefore, while
some deep mixing to the chemocline might occur
nightly (as indicated in Fig. 4), the complete
homogenization of the mixolimnion implied by
the temperature and specific conductance profiles
(Fig. 5c) is a less frequent event.

The January O2 profile (Fig. 5c) was derived
from measurements in water samples retrieved to
the surface and protected from atmospheric
contact. The pH was also determined on these
samples, and alkalinity was determined within
several hours after collection, allowing the CO2

Fig. 6 Lake Nyos specific
conductance profiles in
April 1998 (crosses),
November 1999 (solid
line), and January 2001
(triangles)
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partial pressure to be accurately calculated. The
CO2 pressures for these and similarly processed
samples from other dates are shown in Fig. 7.

The PCO2 values show a large seasonal range
at the lake surface, from about 10,000 µatm
to <100 µatm. The highest surface PCO2 was
found in January 2001, near the time of the
profile in Fig. 5c when surface pH was low and
deep mixing had brought some gas-rich bottom
water into the surface water. The lowest PCO2
was found in early May 1998, just days after the
profile in Fig. 5a.

The April and May surface PCO2 values are
well below saturation with respect to the overlying
atmosphere (atmospheric saturation *330 µatm
at lake elevation using 390 ppmv in the

atmosphere). The strong springtime temperature
stratification that traps photosynthetically-
produced O2 above the thermocline also blocks
upward transport of CO2 into surface waters so
effectively that invasion of CO2 from the atmo-
sphere must occur to support photosynthesis. That
this lake, made famous by the enormous amount of
CO2 stored in bottom waters, should at times be a
net sink for atmospheric CO2 is remarkable and
highlights the role of limnological processes in
concealing the hazard at depth.

3.5.2 Seasonal Patterns at Monoun
Annual cycles of temperature variations in the
mixolimnion of Lake Monoun (Fig. 8) are similar
to those of Lake Nyos, although the upper mixing
layer in Monoun is shallower. Both lakes show a
period of springtime warming, and the onset of
the summer rainy season in late June brings
cooling of the surface layer. However, in contrast
to Lake Nyos, summertime mixing can involve
the entire mixolimnion as seen for example in the
small temperature gradients near the surface and
the abrupt temperature drop at 15 m depth during
August 2000. This deeper mixing in late summer
to early fall has also been observed in crater lake
Barombi Mbo in southwestern Cameroon, and
may play a role in the timing of the Nyos and
Monoun gas releases which both occurred in
August (Kling 1987). Weak temperature stratifi-
cation continues through the summer and fall
until the lowest temperatures of the upper water

Fig. 7 Calculated PCO2 values for different depths and
dates. The “atm” line shows the expected PCO2 of water in
equilibrium with the atmosphere at lake surface condi-
tions. The “hyd” curve shows hydrostatic pressure, the
maximum PCO2 that could exist in a stable solution.
a Lake Nyos. b Lake Monoun

Fig. 8 Lake Monoun water temperatures at fixed depths
(relative to mean lake level) recorded at 30 min intervals
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column are reached typically in late December
and January. These lowest water temperatures are
due to low humidity and cold nighttime air tem-
peratures, the same factors affecting Lake Nyos
surface water temperature at this time of year.
Thus, the annual cycle of the mixolimnion at
Lake Monoun can be divided into two main
periods: a period of strong stratification in late-
winter and spring, and a period of deep mixing or
very weak stratification in summer to early
winter.

The period of weak thermal stratification is
typified by the November profile (Fig. 9a)
showing a thermocline at about 2 m depth. The
water column is nearly isothermal below the
thermocline down to the top of the chemocline
at *17 m depth, although there is still some
chemical structure to the water column as seen by
the conductivity profile. The May profile (Fig. 9b)
shows a stronger and deeper thermocline, and the

temperature gradient continues down to the
chemocline where it reverses and temperatures
get warmer all the way to lake bottom (Kling et al.
2005).

Annual changes in chemistry at Lake Monoun
are in general similar to those at Lake Nyos. For
example, the strong springtime thermocline
allows the pH in overlying water to shift to
higher values (Fig. 9b) because the effect of
photosynthetic production of O2 is restricted to
the surface water layer where there is sufficient
light and nutrients. Based on limited available
data, it appears that the volumetric photosyn-
thetic production of O2 in surface water from
0–3 m depth is similar at Lake Monoun and Lake
Nyos. The mean O2 production (light-dark bottle
method) in Monoun was 0.14 mg O2/L/h (± 0.04
S.D., N = 1 date and 3 depths) and at Nyos it was
0.11 mg O2/L/h (± 0.08 S.D., N = 3 dates and
10 depths). Oxygen oversaturation in Monoun

Fig. 9 Profiles of the
upper 25 m of Lake
Monoun (see Fig. 5 caption
for more details).
a Obtained in November
1999 by CTD equipped
with pH and O2 probes.
b Determined on samples
retrieved to lake surface in
May 1998
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surface water was observed in April 1992, when
the O2 concentration at the lake surface reached
115 % of saturation. Surface water temperatures
and thermocline strength at that time were com-
parable to those shown for May 1998 (Fig. 9b).
Profiles of CO2 show the drawdown that occurs
in surface waters during the spring thermal
stratification due to photosynthetic uptake
(Fig. 9b). Undersaturation in CO2 observed in
March 1992 (Fig. 7b) coincided with O2 over-
saturation and a rise in surface water pH to 8.67.

Unlike Lake Nyos, where some dissolved O2

can be detected below the thermocline and
occasionally as deep as the top of the chemocline
(e.g., Fig. 5c), water below the thermocline in
Lake Monoun is normally anoxic and we have
never detected O2 at depths >10 m (e.g., Fig. 9a).
This likely reflects a greater oxygen demand in
Lake Monoun relative to Lake Nyos, for example
by bacteria using the high DOC concentrations as
a substrate for respiration or by greater demand
for oxidation of Fe(II). Mixing across the
chemocline may be more important at Lake
Monoun because of its much shallower chemo-
cline depth. Water below the chemocline is
extremely rich in ferrous iron, and thus any input
of this water would create a huge oxygen demand
in the overlying water.

3.5.3 Short-Term Variability at Both
Lakes

The most obvious short-term change is the reg-
ular diel variation in surface water temperature,
which produces the high-frequency signal at 1 m
depth in Figs. 4 and 8. The diurnal range in
temperature is commonly about 1 °C in both
lakes, but occasionally reaches 2 °C in Lake
Nyos and 3 °C in Lake Monoun with its shallow
thermocline and lower light transparency.

Diurnal variations in specific conductance are
near the detection limit, but changes in dissolved
O2 and CO2 can be large during daylight hours as
photosynthesis proceeds. The three CO2 values for
surface water at Lake Monoun in May 1998 (from
right to left in Fig. 7b) were measured at one-hour
intervals beginning at 09:45 on a morning with
full sun and no wind. The progressive decline in

CO2 over two hours is significant in comparison to
the seasonal variability.

3.6 Chemocline Evolution

The chemocline represents the plane of greatest
resistance to vertical mixing in the lakes, and its
depth constrains the total amount of gas that may
accumulate in bottom waters. Thus an under-
standing of the controls on chemocline depth and
its evolution are important for the process of
controlled degassing and the cycle of gas buildup
and release in the lakes. The mixing of bottom
water up to the surface during the gas releases
disrupted pre-existing chemoclines in both Lake
Nyos and Monoun. After the events, the chemo-
cline redeveloped, deepening and strengthening
in both lakes during the years after the gas
releases (e.g., Kusakabe et al. 2008).

In Nyos, this redevelopment began soon after
the 21 August 1986 gas release. Water samples
collected just two weeks later in early September
show the largest gradient in TDS between 2.6 and
5.4 m depth (Tuttle et al. 1987; Kling et al. 1987),
and by October a sharp chemocline had devel-
oped at 7 m depth (Kanari 1989). By December of
1988 the chemocline had deepened to 30 m
(Kusakabe et al. 2008), and it reached 47 m depth
by November 1993 and remained near this depth
for many years (Kling et al. 2005). In Lake
Monoun a similar deepening occurred from a
chemocline depth of 8 m in October 1986 to 17 m
in 1993 and to 23 m in 1999 (Kusakabe et al.
2008). Profiles of conductivity between 1999 and
2003 suggest only a slight deepening (*1 m)
over that time period (Kling et al. 2005).

The specific conductance of surface water in
both lakes as a function of time is shown in
Fig. 10, as is the range in specific conductance of
the main inflows based on rainy season and dry
season samples at each lake. One pre-release
surface sample at Lake Nyos was collected in
1985 (Kling et al. 1987a), and it shows that
specific conductance increased during the gas
release by more than a factor of five and
remained at this high level for several months.
The overlying water became more dilute in
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subsequent years as the chemocline deepened, and
prior to the start of degassing the surface waters
were similar to the pre-release value. The specific
conductance of surface water has always been
slightly higher than in the inflow stream, and the
difference is more significant considering that the
inflow stream is more dilute at high flow during
the rainy season. This effect probably reflects
some bottom water mixing across the chemocline
both before and after the gas release. High-
conductivity water input to the deepest levels of
the lake (e.g., Kusakabe 2015) would require
some throughput to the surface unless a matching
level of seepage occurred below the chemocline.

At Lake Monoun, the specific conductance of
surface water prior to the start of degassing was
always near to that of the inflow. This likely
reflects the greater impact of the Panke River on
the relatively small lake. Specific conductance
was probably elevated for a brief period follow-
ing the gas release, but that period had passed
before the first measurement of specific conduc-
tance ten months later (Kling 1987a). In sum-
mary, the CTD profiles, the time course of
conductivity (Kling et al. 2005), and the time
series of specific conductance in surface water all
indicate that chemocline depth and the chemistry

of the mixolimnion had stabilized in both lakes
prior to the onset of degassing. One indication of
this stabilization is the fact that the profiles of
TDS and gas measured at Lake Nyos in January
2001 show that the temperature of surface water
would have to drop to <20 °C to achieve a
density great enough to sink and penetrate the
chemocline. Such temperatures do not occur
anywhere in our multi-year record. A similar
situation applies to Lake Monoun.

A numerical model presented by Schmid et al.
(2006) reproduced fairly well the chemocline
deepening that was observed prior to the onset of
degassing at Lake Nyos, but the predicted final
chemocline depth (without degassing) of
60–70 m is deeper than the stable depth
of *50 m observed prior to degassing (Fig. 6).
Either the “equilibrium” mixing depth was not
reached by 2001, or one-dimensional models
cannot completely account for some factors that
might influence chemocline depth, such as
bathymetry effects and the depth distribution of
groundwater inflows and outflows.

Groundwater inflow and outflow are known to
be important to the water budget at Lake Nyos
(Tuttle et al. 1992; Evans et al. 1994). Such flows
may affect chemocline depth by altering the

Fig. 10 Specific conductance of surface water through
time at Lake Nyos (blue diamonds) and Lake Monoun
(red squares). Dashed horizontal lines show the specific
conductance range in the main inflows, based on rainy

and dry season samples (highest in dry season). Dashed
vertical lines show timing of gas releases and of initial
pipe installation
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density gradient in the lake. For example, the
density gradient is strengthened by addition of
CO2 and high-TDS water beneath the chemo-
cline or by addition of dilute water above the
chemocline, and surface stirring processes may
not be able to mix water as deeply against the
stronger gradient, and the chemocline would rise.
Similarly, outflow of gas-rich, dense water from
60 m depth could deepen the chemocline, but
outflow of dilute water from 40 m depth would
not. However, groundwater inflow and seepage
are unlikely to influence chemocline depth at
Lake Monoun where the surrounding terrain is
relatively flat and there is only a small gradient in
groundwater head. In terms of bathymetry, both
lakes have a surface area that is much larger than
the diameter of the main crater containing the
gassy water. The lip of the main crater is
at *40 m depth in Lake Nyos and *20 m depth
in Lake Monoun. The submerged lip effectively
reduces the fetch and thus the transfer of mixing
energy from the wind to the crater area compared
to the entire surface area of the lake.

The chemocline depth before the 1984
(Monoun) and 1986 (Nyos) gas releases is diffi-
cult to predict. In this monograph, Kusakabe
(2015) proposes that the pre-release chemoclines
in both lakes were very deep, near 55 m in Lake
Monoun and 110 m in Lake Nyos. On the basis
of depths of mixing recorded in other tropical
lakes (Kling 1988) it is unlikely that surface
mixing would help to establish a chemocline at
such great depths. However, it is possible that
chemoclines could form at any depth depending
on the vertical distribution of inputs of dense,
gas-charged groundwater, and that a gradient
zone would exist above a deep chemocline up to
the depth of typical seasonal mixing such as
observed at 50–60 m depth in Lake Nyos.

3.7 Effects of Degassing

The intent of installing pipes is to remove the gas
from these lakes, but the pipes actually function
as circulators that bring bottom water to the lake
surface where the gas can escape to the atmo-
sphere. Complete degassing of a lake requires

that all of the gas-rich water below the chemo-
cline be brought up and discharged onto the lake
surface. The stability of stratification must be
maintained throughout the degassing process in
order to keep the remaining gas trapped in
solution and prevent a spontaneous release. Ini-
tial concerns that the density stratification in the
lake would be destroyed by (1) the sinking of
degassed but still salt-laden and dense water
released at the surface from the pipes, (2) the
lateral flow of water to the pipe intake creating
sheer and turbulence, or (3) density currents
formed by cooling of the pipe during exsolution
of gas, all proved groundless. Several modeling
studies concluded that disruption of lake stability
from sinking of dense water released at the sur-
face was unlikely (McCord and Schladow 1998;
Kusakabe et al. 2000), and temperature monitor-
ing near the pipe intake during the initial tests of
degassing at Lake Monoun in 1992 (Halbwachs
et al. 2004) showed no evidence that the second
and third processes occurred. In fact, during
degassing there was remarkable preservation of
water column structure (Halbwachs et al. 2004;
Kling et al. 2005; Kusakabe et al. 2008). Entire
water layers have been removed sequentially as
overlying layers have lowered, analogous to the
removal of cards from the bottom of a deck.

The main effects of degassing on the upper
water column are (1) changes in thermal struc-
ture, (2) a redistribution of salts from bottom to
surface waters and a deepening of the chemo-
cline in each lake, (3) increases in dissolved
nutrients (especially N and P) from bottom
waters, which stimulated algal growth and oxy-
gen generation, (4) consumption of oxygen in
surface waters due to the oxidation of reduced
iron brought from depth to the surface, and (5) a
reduction in light penetration. As expected, the
specific conductance of surface water in both
lakes increased with the onset of degassing
(Fig. 10). The effect is less pronounced at Lake
Monoun and quickly diminished with time
because of greater flushing and dilution from the
Panke River compared to the inlet stream of Lake
Nyos. In contrast, the specific conductance of
surface water at Lake Nyos has remained ele-
vated over time, in part due to the installation of
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two more degassing pipes in 2010. The surface
water conductivity reached a peak in June 2012
of *280 µS/cm, higher than the values just after
the gas release in 1986 (Fig. 10), and then
decreased to *200 µS/cm in January 2013.

3.7.1 Changes in Thermal Structure
The main changes in thermal structure of both
lakes during the first 1–3 years of degassing were
noticed near the depths of the upper chemoclines.
The upper water column temperatures are domi-
nated by seasonal and annual changes in climate
(Figs. 4 and 8). Independent of these natural
variations, at Nyos the water temperatures at the
60 and 80 m thermistor depths, around the 23 °C
isotherm, started to decrease *1 year after
degassing started in early 2001 (Fig. 4; Kling
et al. 2005). Cooling at 60 m began in April 2002
and at 80 m in September 2002, and temperatures
decreased by *0.2 °C at both depths by early
2004 (Fig. 4). Because TDS at these depths did
not change initially, and only gradually decreased
over time (Kling et al. 2005; see discussion
below), Schmid et al. (2004) proposed that dou-
ble-diffusive convection observed at these depths
in 2002 was responsible for the cooling.

At Lake Monoun similar decreases in water
temperatures at the 45 and 55 m thermistor depths
occurred within *1 month of the start of degas-
sing in early 2003 and continued through 2004
(Fig. 8; Kling et al. 2005). Surface water tem-
peratures down to 25 m were slightly cooler in
2003 and 2004 compared to prior years, and
deeper mixing of these cooler waters may have
contributed to the declining temperatures at 45
and 55 m (Fig. 8). However, in the case of Mo-
noun and as discussed in detail in the next section,
deep-water removal from the degassing pipe was
likely the main cause of chemocline lowering
resulting in cooling temperatures at mid-depth.

3.7.2 TDS Redistribution
and Chemocline Deepening

During the degassing operation deepening of the
chemocline occurred in both lakes by a combi-
nation of processes. First, the chemocline is

lowered as water beneath it is piped to the sur-
face. Second, increases in surface water con-
ductivity reduce the density gradient across the
chemocline and allow for deeper mixing. For
example, in Lake Nyos average surface water
conductivity increased from 61 µS/cm in January
2001 to 87 µS/cm in January 2004, during which
time the chemocline was lowered by *13 m
(Kling et al. 2005). Because the deep chemocline
around 180 m depth in Lake Nyos was only
lowered by 3–4 m during this same time period
(Halbwachs et al. 2004; Kling et al. 2005), most
of the drop in the upper chemocline must have
been due to deeper mixing. Despite the combined
effects of double diffusive convection and
increased TDS in surface water to weaken the
chemocline, it remained above 60 m depth until
after January 2004 (Kling et al. 2005) indicating
that the lower water column was still strongly
stratified and stable during the degassing.

In Lake Monoun, measurements in 2004
showed that the inflowing Panke River (106.5 μS/
cm) and the pipe discharge (*2,300 μS/cm)
mixed to form surface water with a specific con-
ductance of 140.4 μS/cm in the main crater near
the pipe platform. Surface-water values in the
neighboring middle basin and in the shallow
western arm of the lake were similar, 139.0 and
138.8 μS/cm, respectively, showing uniform
horizontal mixing across the lake surface. From
the start of degassing in January 2003 until
January 2004 the main chemoclines at 25 and 55
m were each lowered by *7 m (Kling et al.
2005). The fact that both chemoclines were
lowered the same amount indicates that chemo-
cline subsidence was caused more by deep-water
removal than by enhanced mixing and erosion at
the surface. In early 2003 the depth of surface
mixing clearly reached the 25 m thermistor
(Fig. 8). As 2003 progressed and especially into
early 2004, the temperatures at 45 and 55 m depth
cooled in response to deep water removal.

3.7.3 Nutrients and Oxygen
Total dissolved phosphorus (TDP) concentra-
tions in January of 2005 were less than 0.1 µM in
the surface waters of Nyos and Monoun, but

416 G.W. Kling et al.



were at least 10-fold greater near lake bottom
(Fig. 11). Differences in surface and bottom
water concentrations of total dissolved nitrogen
(TDN) were also striking, and pumping of
nutrient-rich bottom water to the surface during
degassing increased TDN in surface waters over
time (Fig. 12). For example, in Lake Monoun in
January 2003 before degassing, the average TDN
concentration in surface waters (0–7 m) was
21 µM, and one year after degassing started the
average concentration increased to 85 µM. In
Lake Nyos prior to degassing in January 2001
the average TDN concentration in surface waters
was 4 µM (0–40 m) and in 2004 it had increased
to 208 µM (Fig. 12).

These increases in surface-water dissolved N
and P concentrations would be expected to
increase phytoplankton growth rates and increase

the production of dissolved oxygen. The dis-
solved O2 concentrations are a net of production
and consumption, and the degassing pipes also
brought water with high dissolved ferrous iron to
the surface. The Fe(II) rapidly oxidizes at surface
conditions to form reddish hydroxy-oxide pre-
cipitates, and the oxidation process consumes
oxygen according to:

Fe2þ þ 1=4O2 þ Hþ ¼ Fe3þ þ 1=2H2O

Fe3þ þ 3H2O ¼ Fe(OHÞ3 þ 3Hþ

where each mole of O2 consumed can produce 8
H+, converting 8 HCO3

− to 8 CO2 (aq) + 8 H2O.
At Lake Nyos in October 2001, after degas-

sing had started, dissolved O2 in surface water
was the highest ever measured at the lake, at

Fig. 11 TDP concentrations in Lakes Nyos and Monoun
in January 2005

Fig. 12 TDN concentrations in Lake Nyos in January
2001 and January 2004 and Lake Monoun in January
2003 and January 2005
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times exceeding 150 % of saturation (Fig. 13).
We interpret this high O2 concentration to result
from photosynthetic production that was stimu-
lated by increased dissolved nutrients brought to
the surface from the degassing pipe. At this time
the surface water had turned a greenish color
from an algal bloom. Dissolved oxygen con-
centrations dropped quickly with depth however,
reaching a low value at just 10 m. Such a sharp
drop was abnormal compared to pre-degassing
profiles (e.g., Fig. 5). In addition, although we
have no post-degassing data on phytoplankton
biomass, profiles in both Nyos and Monoun
indicate that chlorophyll a and total particulate
carbon concentrations were highest in the near-
surface waters (Fig. 14). Particulate C produced
at the surface settled through the water column
and concentrations often increased again at depth
approaching the pycnocline, but there was little
chlorophyll content at depth (Fig. 14). In addi-
tion, particulate C:N molar ratios in both Nyos
and Monoun in surface waters were similar to
ratios expected in phytoplankton (mean C:

N = 8.6 ± 3.5 in Nyos and 11.7 ± 3.5 S.D. in
Monoun; expected value of 8.3, Sterner et al.
2008). Thus we assume that the phytoplankton
bloom responsible for the high surface O2

buildup was limited to the very upper water
column, and the rapid decline in oxygen with
depth was likely due to respiration of the organic
matter produced by the algal bloom. Overall, the
lake contained less total O2 on this date than ever
before.

Oxygen profiles for January sampling from
successive years can be compared without con-
sidering seasonal effects. In general the profiles
are similar to the January 2001 profile, obtained
just prior to degassing, and indicate that the
overall effect of degassing on lake productivity
(as estimated by the oxygen-change method) was
fairly small. The situation at Lake Monoun was
much different. All profiles measured after the
start of degassing show greatly reduced O2 rel-
ative to the January 2003 profile, collected just
prior to degassing (Fig. 13b). The 2005 profile
shows O2 dropping to low levels within the
upper 0.5 m of the water column. Bottom water
in Lake Monoun is richer in ferrous iron, relative
to Lake Nyos, and oxidation of this iron was
apparently a major factor in the large reduction in
dissolved O2.

3.7.4 Light Penetration
Pumping of bottom water to the surface
decreased water clarity and light penetration in
both lakes. This decrease was due to a combi-
nation of increased iron hydroxide floc, increased
dissolved organic carbon concentrations, and
likely increases in algal biomass due to nutrient
additions to surface waters. The average Secchi
depth in Lake Nyos prior to degassing from
1989–2001 was 4.09 m and has been reduced to
an average of 1.73 m since degassing began
(Table 1). Within the period of degassing the
light penetration has tended to decrease, in part
due to the addition of two more degassing pipes
in 2010. The shallowest Secchi depths recorded
in Nyos are 0.21 m in June 2012 and 0.34 m in
January 2013. The highest light extinction coef-
ficient (K) measured in Nyos prior to degassing

Fig. 13 Dissolved oxygen for different depths and dates
after the start of degassing. a In January 2001 at Lake
Nyos. b In January 2003 at Lake Monoun
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was 0.33 m−1 in December 1989, and the lowest
is 0.73 m−1 in January 2005 during the degassing
(no measurements available after that time). In
Lake Monoun the water transparency has also
decreased from a mean Secchi depth of 1.49 m
before degassing to 0.41 m during the piping
operations. However, after the degassing opera-
tion ceased in late 2008, the Secchi depth

increased to 1.57 m in June 2012 and 1.16 in
January 2013. The light extinction coefficient
was 1.23 m−1 prior to and 5.23 m−1 during the
degassing.

Dissolved organic carbon (DOC) is often the
most important light-absorbing component in
lake water. Bottom water concentrations of DOC
are high in Lakes Monoun (5,200 µM at 95.4 m

Fig. 14 Chlorophyll
a (top) and particulate
carbon concentrations
(bottom) in Lakes Nyos and
Monoun in May 1998,
November 1999, and
January 2001

Table 1 Changes in Secchi depths (m) in Lakes Nyos and Monoun prior to, during, and after degassing

Lake Monoun Secchi depth (m)

Pre-degassing During degassing Post degassing

Dec 1989–Jan 2003 Jan 2005-Jan 2006 Jun 2012–Jan 2013

Mean 1.49 0.41 1.37

SD 0.26 0.17 0.29

Range 0.90–1.85 0.27–0.70 1.16–1.57

N 10 5 2

Lake Nyos Secchi depth (m)

Pre-degassing During degassing

Dec 1989-Jan 2001 Jan 2001–Jan 2013

Mean 4.09 1.73

SD 1.27 1.16

Range 2.90–6.20 0.21–3.64

N 8 9

SD is the standard deviation of the mean, range gives the minimum and maximum values, and N is the number of
unique sampling dates or locations
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depth in January 2003) and Nyos (3,400 µM at
205.5 m depth in January 2001). In Monoun the
mean DOC value in 0–15 m water was 240 µM
and 320 µM in January 2001 and January 2003,
respectively. Surface water concentrations
increased to 460 µM in the upper 7 m of Monoun
in January 2004 one year after degassing started.
In Lake Nyos, the DOC concentration was 60 µM
in surface waters (mean of 0–40 m), and after
degassing started the concentrations in the upper
mixing layer (mean of 0–50m) increased to 80µM
in January 2003 and to 210 µM in January 2004.
Thus at least part of the decrease in water trans-
parency in these lakes results from colored DOC
being brought to the surface during degassing.

3.8 After Degassing Completion

At the end of the degassing process, gas-rich
high-TDS water will occupy only the bottom few
meters of the lake. The entire overlying water
column will likely consist of a nearly homoge-
neous mixture of degassed water from depth and
the original surface water, modified by inflows
and outflows. Modeling indicates that this thick
layer could mix every year or every few years
down to within a few meters of the lake bottom
(Schmid et al. 2006), and this would serve to
flush some gas from the lake and prevent a gas
buildup. Without any pipes in place however, the
inflowing gassy water would likely begin to refill
the main crater and raise the chemocline depth
over time, but how rapidly this occurs and how
much gas is ultimately stored in the lake is linked
in part to the equilibrium position and strength of
the chemocline. The design and urgency of future
mitigation efforts would in part depend on this
information.

It is unclear whether either lake would return
to the same water column structure and gas
content that existed prior to the gas releases.
There is some evidence that the rate of gas input
to bottom waters of Lake Nyos changes over
time (Evans et al. 1993; Kusakabe et al. 2000)
and it is conceivable that pre-release lake struc-
ture and gas content reflected inflow rates much

different from those observed during the rela-
tively short period of observation.

3.9 Global Implications

Although the gas releases from Lakes Nyos
and Monoun helped fuel a global study of
volcanic crater lakes, the two Cameroonian
lakes *100 km apart appear to be unique. They
constitute the “bursting bicarbonate volcanic
lake” category in the classification scheme of
Pasternack and Varekamp (1997).

Several attributes of Lakes Nyos and Monoun
likely contribute to the dangerous gas buildup,
and may explain why more lakes are not gas-
charged (Kling 1987b; Kling et al. 2005). The
lakes must be deep enough to contain gas at high
pressures, and large enough to hold substantial
amounts of CO2 in solution. The lakes must be
strongly stratified and maintain that stratification
for multiple years to allow the buildup of gases.
Such strong stratification is aided in Nyos and
Monoun by submerged steep-walled main craters
that inhibit penetration of wind-driven mixing
and by the small seasonal cooling of the tropical
climate that may limit deep convective mixing.
Finally, there must be a strong local source of
CO2, which occurs in Cameroon in the form of
low-temperature, CO2-charged soda springs that
are widespread along the Cameroon Volcanic
Line (Tanyileke et al. 1996).

Still, the global absence of known analogues
among crater lakes remains a bit curious because
CO2 sources are common in many volcanic
regions, CO2 of presumed magmatic origin is
now known to vent into many crater lakes (e.g.,
Mazot and Taran 2009), and a recent estimate of
the global emission of CO2 through volcanic
lakes is surprisingly large (Pérez et al. 2011). In
addition, many crater lakes are deep and steep-
walled. However, meromictic lakes are relatively
rare, even in the tropics, and the unlikely com-
bination of a deep meromictic lake and a gas
source feeding directly into the bottom waters, is
probably the main factor limiting the occurrence
of lethal gas-charged lakes worldwide.
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The characteristics of the CO2 source are also
important for the scarcity of Nyos and Monoun
analogues. For example, if the inflowing CO2 is
in gas phase, then bubbles can create plumes that
convey the gas to the lake surface where it is lost
to the atmosphere, especially if the gas inflow is
located in a relatively shallow part of the lake.
Examples include Lake Quilotoa (Aguilera et al.
2000), the Laacher See (Aeschbach-Hertig et al.
1996), and Ruapehu (Christenson 1994). At low
inflow rates, gas bubbles could dissolve com-
pletely and raise the CO2 concentration of bot-
tom water, but the correspondingly small density
increase might then be insufficient to prevent
mixing and flushing of the CO2 to the atmo-
sphere during seasonal cooling and lake turn-
over. A gas supply rate sufficient to enhance
perennial density stratification, but not large
enough to produce a buoyant plume, may be an
unlikely occurrence.

The bubble plume is avoided if the CO2 gas
first dissolves in groundwater, which then flows
into and gradually fills up the deeper part of the
lake over time, the process thought to occur at
Lakes Nyos and Monoun (Kling et al. 1987;
Nojiri et al. 1993). Buoyancy remains an issue
because CO2-rich groundwaters that are sub-
stantially warmer and thus less dense than ambi-
ent lake water should rise in the lake to their point
of neutral buoyancy and would not become
trapped near lake bottom. Nyos-type lakes require
the coincidence of a strong magmatic gas source
that is also depleted in heat. However, the density
increase in cold groundwater that absorbs CO2

will also reduce its tendency to move upward into
a lake basin. External hydraulic head can drive
the upflow of CO2-rich water into Lakes Nyos
and Monoun, but not at summit crater lakes or
lakes that are perched above the local water table.

The source strength of CO2, heat from
magma, and other factors like water table depth
or climate can change over time, and conditions
may be right for gas buildup in a crater lake for
only a small window of its existence. Several
Italian crater lakes are located in areas of strong
CO2 emission (Chiodini and Frondini 2001), and

magmatic gas components have been found in
lake waters (Carapezza et al. 2008; Caracausi
et al. 2009; Cabassi et al. 2013). The lakes cur-
rently pose no hazard of a catastrophic release,
but unusual events that might have involved gas
releases are recorded in ancient Roman writings
(Cioni et al. 2003). Results of a multi-year study
of Lake Albano indicate that an anomalous spike
in CO2 input accompanied a seismic swarm in
1989 (Chiodini et al. 2012). Carapezza et al.
(2008) suggest that a prolonged warm spell
without winter-time mixing might allow initia-
tion of stable stratification and gas buildup in this
lake, the reverse of a proposed weakening of
stratification in Cameroonian lakes due to an
unusually cool period in the mid-1980s (Kling
1987b).

Lake Kivu in eastern Africa is often consid-
ered the closest analogue to Nyos and Monoun
even though it does not occupy a volcanic crater.
This huge rift lake certainly contains a vast
quantity of dissolved CO2 in stratified water
layers at depth, and the associated hazard was
recognized soon after the disasters in Cameroon
(Kling et al. 1987; Tuttle et al. 1990; Tietze
1992). The lake consists of several basins, of
which Kabuno Bay appears to present the greatest
hazard of an uncontrolled gas release (Tassi et al.
2009). Methane constitutes a larger fraction of the
dissolved gas, relative to the Cameroonian lakes,
and will become a greater factor in the hazard if it
continues to increase at present rates (Pasche et al.
2011). Experience at Lakes Nyos and Monoun
continues to inform plans to remove the gas from
Lake Kivu, especially the procedure for safe
discharge of the degassed water (Kling et al.
2006; Hirslund 2012).

Gas releases have been invoked at other lakes,
such as in Lake Voui based on an observed color
change (Bani et al. 2009), in Lake Quilotoa based
on historical records (Aguilera et al. 2000), and
in Lake Kivu based on unusual sediment layers
(Haberyan and Hecky 1987). A confirmed gas
release from a crater lake atop Mount Chiginagak
volcano in 2005 differed in many respects from
the Cameroonian disasters but showed some
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similarities. As elaborated by Schaefer et al.
(2008), this 105 m deep meltwater lake formed
quickly in response to renewed upflow of heat
and gas into a snow- and ice-filled crater. Water
eventually burst through a cavity in the glacial
ice impounding the upper *45 m of the lake and
cascaded down the steep slopes into the valley
below. The rapid depressurization and agitation
released sulfur-rich gas, likely as an aerosol,
which flowed as a cloud down the valley.

The Chiginagak region is remote and unin-
habited, but vegetation bleached and killed by
the acidic cloud preserved a record of its 29 km2

area and height (Schaefer et al. 2008), which
indicate a volume comparable to the Lake Nyos
gas cloud (*0.2–1 km3). The huge size of the
cloud suggests that the drop in lake level may
have induced additional gas to exsolve from the
lake water remaining in the crater or even vent
rapidly from the underlying volcanic conduit.
This latter process is a concern at other crater
lakes where rim failure could cause a large drop
in lake level and thus pressure on underlying gas
stores, even if the lake itself does not contain
large amounts of gas. At Lake Nyos where a
fragile dam impounds the upper 40 m of water
(Lockwood et al. 1988), a significant amount of
gas may be contained in the sediments and would
remain a concern after the lake itself is degassed
(Freeth 1994). Thus the current effort to
strengthen the natural dam to prevent flooding
(Aka and Yokoyama 2013) has a double benefit.

4 Conclusions

The water columns of Lakes Nyos and Monoun
evolved over time into structures consisting of
dilute surface waters and high-TDS bottom
waters separated by a sharp chemocline. The
strength of this boundary allowed climate,
inflows and outflows, and biological processes to
completely control short-term and seasonal pat-
terns in surface waters; impacts from the under-
lying bottom waters were almost imperceptible.
Piping of bottom water onto the lake surface
during degassing has caused complex but

predictable changes to surface waters and has led
to expected deepening and in Monoun weaken-
ing of the chemocline. The likely evolution of
lake structure after degassing is somewhat
uncertain but could trend back toward dangerous
gas accumulation.

Nyos-type lakes can form only when several
conditions are simultaneously met: great depth,
large volume, CO2 input, and persistent stratifi-
cation to allow CO2 buildup beneath one or more
chemoclines. Nyos-type lakes are rare because
most lakes apparently fail to meet one of these
necessary conditions. Over geologic time how-
ever, it seems unlikely that Lakes Nyos and
Monoun would be the only crater lakes to cycle
through gas buildup and massive release. As
conditions change, perhaps even subtly, deep
crater lakes could turn into Nyos-type lakes
and become dangerous (see Pasternack and
Varekamp 1997; Aguilera et al. 2000). Thus some
program of occasional monitoring is worthwhile,
especially for those lakes in regions of volcanic
activity or known to have magmatic CO2 inputs.

Gas release hazards can exist at lakes much
different from Lakes Nyos, Monoun, or even
Kivu. For example, crater lakes at active volca-
noes might be warm and acidic but have such a
strong input of gas that buildup can outpace
convective flushing to the atmosphere, especially
if salts or suspended solids contribute to any
density gradient in the water column. Although
gas pressure might never become sufficient to
drive a Nyos-type overturn and violent gas burst,
depressurization of lake water through crater
breaching could allow dangerous amounts of gas,
including sulfur gases, to be rapidly released.
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Evolution of CO2 Content in Lakes Nyos
and Monoun, and Sub-lacustrine
CO2-Recharge System at Lake Nyos
as Envisaged from CO2/

3He Ratios
and Noble Gas Signatures
Minoru Kusakabe

Abstract

Lakes Nyos and Monoun in Cameroon are known as “killer lakes”
because they killed *1,800 people in the mid-80s after a gas explosion or
limnic eruption, a sudden release of carbon dioxide accumulated in deep
waters. This event attracted the interest of the international scientific
community, not only for the sake of disaster mitigation but also for its
volcanological significance. Follow-up studies indicated that the CO2

concentration in deep water increased at an alarming rate at both lakes,
and that a future gas explosion was likely to occur. To avoid recurrence of
the explosion, artificial degassing of the lakes was set up using pipes
based on the gas self-lift principle. This chapter compiles the results of the
geochemical monitoring of the two lakes for the last 25 years. Pre- and
syn-degassing evolution of CO2 profiles was translated into the temporal
changes of CO2 content in the lakes, and thus estimate CO2 recharge and
removal rates. Degassing went on smoothly, and more than 90 % of the
maximum amount of CO2 was removed from Lake Monoun by 2011,
reaching safe levels. Since the lake has lost its gas self-lift capability,
degassing will no longer continue. At Lake Nyos, degassing is on-going
and 33 % of the maximum amount of CO2 has now been removed. A
model of spontaneous gas exsolution is proposed. This idea is based on
the temporal variation of CO2 profiles at Lake Monoun between 1986 and
2003. During this period the profiles evolved rather steadily, i.e., the deep
CO2-rich layer thickened while its CO2 concentration remained constant.
This suggests that the recharge fluid coming from depth had a CO2

concentration similar to that of the bottom water, and that it pushed
the deepest water upward, resulting in CO2 saturation at the top of the
CO2-rich layer, which led to the 1984 limnic eruption. A similar situation
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was observed at Lake Nyos just before the degassing operation started in
2001, i.e., the deep, CO2-rich layer thickened while its CO2 concentration
remained unchanged at about 350 mmol/kg, which is still far below CO2

saturation. In this lake, pre-degassing deep water had low CO2/
3He ratios

(*0.5 × 1010), whereas the recharge fluid was characterized by relatively
high CO2/

3He ratios (*1.7 × 1010). This suggests that the behavior of
CO2 and He in the lake was decoupled. The recharge fluid is likely
produced by mixing of magmatic fluids, which are characterized by
relatively high 3He/4He, 40Ar/36Ar, 20Ne/22Ne and 21Ne/22Ne ratios, with
groundwater having air isotopic signatures.

Keywords

Lake Nyos � Lake Monoun � Evolution of CO2 content � Spontaneous
exsolution of gas � Artificial degassing � CO2–He decoupling � Sub-
lacustrine fluid reservoir

1 Introduction

Volatiles in the deep interior of the Earth are
brought to the surface by volcanic activity. In
terms of the present-day global carbon cycle,
CO2 discharge from subaerial volcanism and
passive CO2 discharge from the flanks or craters
of volcanoes are the major non-anthropogenic
contributors to atmospheric CO2 (e.g., Kerrick
2001; Gerlach 2011). Lakes Nyos and Monoun
in Cameroon, West Africa, are volcanic lakes
situated along the Cameroon Volcanic Line
(Fig. 1), and are typical sites of passive CO2

degassing. Although currently no active volca-
nism is found near the lakes, magmatic CO2 is
continuously discharged from depth, trapped and
accumulated in deep waters of the lakes (e.g.,
Kusakabe and Sano 1992). Excessive accumu-
lation of such CO2 in these lakes resulted in
sudden outbursts of dissolved gases in mid-80 s,
inducing the gas disasters that claimed altogether
close to 1,800 lives (Sigurdsson et al. 1987;
Sigvaldason 1989). A term “limnic eruption” was
coined by J.-C. Sabroux to describe the gas
outburst from a lake (Halbwachs et al. 2004), and
will be used in this article.

After the 1986 Lake Nyos gas disaster, a
UNESCO-sponsored international conference on
the disaster was held in Yaounde in 1987, and
the initial phase of scientific studies on the geo-
logical, geochemical, limnological, medical, and
socio-anthropological aspects of the Nyos and
Monoun events was presented. Some of them
were published in the special issue of Journal of
Volcanology and Geothermal Research, edited
by Sigvaldason (1989). Follow-up studies of
Lakes Nyos and Monoun clearly indicated that
CO2 content in the lakes was increasing at an
alarming rate, which is unusual as a geological
phenomenon (Evans et al. 1993; Kusakabe et al.
2000, 2008; Kling et al. 2005). It was then
considered that recurrence of a limnic eruption in
the near future was highly probable, and artificial
removal of dissolved gases from the lakes was
strongly recommended. To achieve this goal, the
Nyos-Monoun Degassing Program (NMDP) was
set up in 1996.

The present chapter describes (1) the pre-
degassing chemical evolution of the lakes, (2) the
rate of CO2 recharge to the lakes, (3) the syn-
degassing chemical evolution of the lake water,
including the latest situation of dissolved CO2
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and future prospect, (4) discussions on the sub-
lacustrine CO2-recharge system as envisaged by
C/3He ratios and noble gas signatures. A new
Japanese-Cameroonian project for mitigation of a
future gas disaster in Cameroon will be briefly
mentioned.

2 A Brief History
of the Degassing Operation

The ways of controlled removal of gas from the
lakes were discussed among the scientists
working on the lakes (e.g., Freeth et al. 1990).
The idea to use a degassing pipe, based on the
gas self-lift principle, was proposed soon after

the Nyos event (Tietze 1987; Freeth et al. 1990),
because it was believed that degassing by this
method would not cause unfavorable instability
of the lakes’ water column. After careful physical
examination of degassing procedures, experi-
mental degassing at Lake Monoun (Halbwachs
et al. 1993) and Lake Nyos (Halbwachs and
Sabroux 2001) was carried out. On this basis, a
permanent degassing apparatus was installed at
Lake Nyos in 2001, and at Lake Monoun in 2003
under NMDP, funded by the U.S. Office of
Foreign Disaster Assistance (OFDA, USAID),
and later by the French Embassy in Yaounde and
the Cameroonian and French Governments. The
technical details of the degassing systems were
described in Halbwachs et al. (2004). According

Fig. 1 A map showing
locations of Lakes Nyos
and Monoun along the
Cameroon volcanic line
(CVL). CVL is a 1,600 km
long, SW-NE trending
chain of Cenozoic volcanic
centers starting from
Annobon Island in the
Atlantic Ocean to Biu
Plateau-Mandara
Mountains in northern
Cameroon. The map was
revised from Aka et al.
(2004)
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to this method, deep CO2-rich water was dis-
charged from the mouth of the degassing pipe
where the exsolved gas was released into the
atmosphere. High-density polyethylene pipes
with an internal diameter of 102 mm for Lake
Monoun and 140 mm for Lake Nyos were used.
Since the depth of Lakes Monoun and Nyos at
the deepest point is 100 m and 210 m, respec-
tively, the intake depth of the pipe was set at
73 m at Lake Monoun and 203 m at Lake Nyos
(Halbwachs et al. 2004). The gas/water volume
ratios of the discharged fluid were 9 and 3, and
the water flow rates were 70 and 50 L/s for Lakes
Nyos and Monoun, respectively. Driven by the
gas self-lift principle we were able to see beau-
tiful fountains in the remote African lakes
(Fig. 2a, b). The intake depth of the Monoun
pipes was deepened from 73 to 93 m (Issa, pers.
commun.) in January 2006 when two additional
pipes were installed (Fig. 2c). Also two degas-
sing pipes were added at Lake Nyos (Fig. 2d) in
late 2011 and early 2012 using a fund from EU to
increase the degassing rate, and the water intake
depth was deepened to 207–209 m, only a few
meters above the lake bottom. The color of the
lake surface turned red due to suspension of iron
hydroxide precipitates that formed by the oxi-
dation of Fe2+-rich deep water upon contact with
atmospheric oxygen. The red coloration became
intense after three pipes started working in March
2012 at Lake Nyos.

The degassed water was sprayed onto the lake
surface. A concern that since the degassed water
was cooler, therefore denser, than the surface
water due to adiabatic expansion it might resink
deep enough to destabilize the water column and
trigger another man-made limnic eruption was
published (Freeth 1994). Numerical modeling on
the behavior of such sprayed water showed that
discharged deep water would not sink to the
depth where CO2 still remained undegassed,
and thus destabilization of the water column
would not occur (McCord and Schladow 1998;
Kusakabe et al. 2000; Halbwachs and Sabroux
2001). This conclusion was supported by later
observations of the lakes’ chemical structure.
The observations indicated that stable stratifica-
tion has been maintained during the controlled

degassing and that the CO2 profiles subsided
gradually without being disturbed by the degas-
sing operation at both lakes (Kling et al. 2005;
Kusakabe et al. 2008).

The controlled degassing went on successfully
at both lakes. The three pipes drastically acceler-
ated the rate of gas removal from Lake Monoun,
resulting in considerable deepening of the level of
gas-rich water in a short period of time as shown in
Kusakabe et al. (2008) and later in this chapter. At
Lake Nyos, the gas removal rate by a single pipe
was too low and insufficient to reduce the gas
content to a safe level within several years (Kling
et al. 2005; Kusakabe et al. 2008). However, the
two additional degassing pipes are expected to
increase the gas removal rate and to help attain a
safe level in the near future. Numerical models
have been developed to simulate the conditions
under which a limnic eruption can take place
(Kantha and Freeth 1996; McCord and Schladow
1998; Schmid et al. 2003, 2006). Such conditions
need to be checked by detailed regular field
observation to elaborate the models.

3 Chemical Evolution and Rate
of CO2 Recharge of Lakes Nyos
and Monoun Prior
to Controlled-Degassing

The first paper on the 1984 Lake Monoun gas
disaster (Sigurdsson et al. 1987) reported high
concentration of dissolved CO2, HCO3

− and Fe2+

in the lake, and concluded that the gas accumu-
lation was attributed to long-term exhalation of
volcanic CO2 from vents within the crater. This
paper had a lot of implications for the cause(s) of
the 1986 Lake Nyos gas disaster and could be a
guideline for the Lake Nyos disaster studies, but
unfortunately it was published just after the Lake
Nyos limnic eruption, resulting in some chaotic
situation on the interpretation of the cause(s) of
the limnic eruption at the International Confer-
ence on the Lake Nyos Gas Disaster held
in Yaounde in 1987 (Sigvaldason 1989).
Many scientific surveys were conducted after the
Nyos event, some of which reported chemical
and isotopic compositions of Lake Nyos water
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(see papers published in the special issue “The
Lake Nyos event and natural CO2 Degassing I
and II” (Le Guern and Sigvaldasson eds., J
Volcanol Geotherm Res vol. 39–42, 1989–1990).
At the 1987 Yaounde conference, there was a
sharp confrontation between a group of scientists
who believed that the lake played a key role in
accumulating CO2 (limnic eruption hypothesis)
and another group of scientists (e.g., Barberi
et al. 1989; Tazieff 1989) who believed that the
cause of the Nyos catastrophe was a volcanic
eruption near the lake bottom (phreatic eruption
hypothesis). This confrontation resulted in a
compromise of the resolutions of the Yaounde
Conference (Sigvaldason 1989). However, the
follow-up studies after the disaster clearly
indicated steady supply and accumulation of

magmatic CO2 in the lake, strongly favoring the
limnic eruption hypothesis.

The first scientific reports on the 1986 Lake
Nyos gas disaster were published by Freeth and
Kay (1987), Kling et al. (1987) and Tietze
(1987). Of these, Kling et al. (1987) was most
comprehensive as results of the geological sur-
vey of the region, geochemistry of water and gas
from the lake, and pathology of hospitalized
people and victims were included. They con-
cluded that (i) the gas released was CO2 that had
been stored in the lake’s hypolimnion, (ii) the
victims died of CO2 asphyxiation, (iii) CO2 was
derived from magmatic sources, and (iv) there
was no direct volcanic activity involved.
Kusakabe et al. (1989) reached similar conclu-
sions on the basis of water chemistry and carbon

Fig. 2 Photographs showing degassing operation at
Lakes Nyos and Monoun. a A 45 m high fountain at
Lake Nyos in February 2001 (photo by Y. Yoshida). b A
8 m high fountain at Lake Monoun in January 2001
(photo by Y. Yoshida). c 3 degassing pipes in operation at

Lake Nyos in March 2012 (photo by M. Kusakabe). d 3
degassing pipes in operation at Lake Monoun, February
2006 (photo kindly supplied by Jean-Christophe Beard).
The lakes turned red during degassing with 3 pipes
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and noble gas isotopic compositions of gases
dissolved in Lakes Nyos and Monoun. They
noted that H2S concentration in the released gas
should have been far below the lethal level. The
same authors also reported the first petrochemical
data of ejecta around Lakes Nyos and Monoun,
which indicated that the lavas were transitional to
slightly alkaline in nature.

The temporal variation of the chemical struc-
ture of Lakes Nyos and Monoun since the limnic
eruption at both lakes was reported by Kusakabe
et al. (2008). This paper presented a most com-
prehensive data set of chemical composition,
conductivity, temperature, pH and CO2 profiles
measured almost every 2–3 years since 1986
until 2006, allowing evaluation of the evolution
of CO2 in the lakes before and during controlled
degassing. The chemical structure of the lakes is
best represented by a conductivity profile
(Fig. 3). Both lakes have a similar chemical
structure which represents four layers. At Lake
Monoun layer I is the shallowest, well-mixed,
low conductivity water. A sharp chemocline
separates layer I and layer II at 23 m (January
2003 situation), the latter extending down to
51 m depth, where the second chemocline
develops. A well-mixed layer III continues down
to ca. 85 m. Below this depth, conductivity
increases steadily toward the bottom (layer IV)

(Fig. 3a). Lake Nyos has basically the same
structure as Lake Monoun: layer I is the shal-
lowest, well mixed, low conductivity water. A
sharp chemocline at about 50 m depth separates
layer I and layer II that extends down to about
180 m depth. A lower chemocline develops
around this depth, below which a well-mixed
layer III continues down to *203 m. Below this
depth, conductivity sharply increases toward the
bottom (layer IV) (Fig. 3b).

Pre-degassing temperature variation at Lake
Monoun (from October 1986 to January 2003)
and at Lake Nyos (from November 1986 to
January 2001) are shown in Fig. 4a, b, respec-
tively. I refer to Kusakabe et al. (2008) for the
1986 and 1988 data source. The temperature
profiles at Lake Monoun show minima at 5-21 m
(layer I), followed by (1) an increasing trend to
about 23 °C down to the lower chemocline at
50–63 m depths (layer II), (2) constant values
down to around 90 m (layer III),and (3) a second
increase to >24 °C toward the bottom (layer IV).
It is worth noting that the temperature of the
layer III water increased significantly between
1986 and 1999, and at the same time the layer III
(thermally homogeneous zone) thickened form-
ing a “shoulder” at a depth of 51 m. The thick-
ening suggests that warmer water was added to
layers III and IV, and the profiles were pushed

Fig. 3 Conductivity profiles at Lake Monoun in January
2003 (a) and Lake Nyos in January 2001 (b). Chemical
structure of the lakes, basically similar to each other, can
be divided into 4 layers. Layers I, II and III are bordered
by the upper and lower chemoclines. Layer IV is the

deepest water characterized by increasing conductivity
toward the bottom. In the diagrams C25 stands for
conductivity normalized to values at 25 °C. The figures
were reproduced from Figs. 1 and 7 of Kusakabe et al.
(2008)
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upward. A simple heat balance indicates that the
heat accumulated in layers III and IV during
15 years (from October 1986 to January 2003)
is 7.8 × 1012 J or a heat supply rate of 5.1 ×
1011 J/year (*0.02 MW) on the average. Incre-
mental upward movement of the lower chemo-
cline (Fig. 4a) indicates addition of water to layer
III and IV, most likely from the bottom. If
4.1 × 108 tons of water having temperature of
27 °C was added, it would account for the heat
accumulation during the period. Diffusive and
conductive heat loss to layer II and above was
not taken into consideration in this simple heat
balance calculation, thus giving a minimum heat
supply. Note that the rate of heat and water
supply to layer III and IV initially appears high
judging from the change in the temperature
profiles (Fig. 4a).

Similar to Lake Monoun, the temperature of
Lake Nyos bottom water kept increasing after the
limnic eruption (Fig. 4b), indicating heat input to
the lake. The heat input to layer III and IV was
reported to decrease from an initially high value
of 0.93 MW (August 1986–May 1987) through
0.43 MW (November 1986–December 1988,
Nojiri et al. 1993) to 0.32 MW (May 1987-
September 1990, Evans et al. 1993).

Pre-degassing conductivity variation over
time at Lakes Monoun and Nyos is given in
Fig. 5. As previously stated, Lake Monoun water
is divided into four layers separated by chemo-
clines (Fig. 5a). The conductivity profile has a
“shoulder” just below the lower chemocline

between layers II and III. As shown in Fig. 5a,
the shoulder got shallower and sharper and layer
III expanded with time and with increasing
conductivity. Almost vertical conductivity pro-
files in layer III indicate well-mixing in the layer.
Rise of the shoulder indicates addition of
recharge water from the bottom, which is con-
sistent with the changes in temperature (Fig. 4a).
By combining the conductivity profiles from
October 1986 to January 2003 (15 years) with
the bathymetry used in Kling et al. (2005) we
calculated an overall increase of 2.7 × 103 tons of
Total Dissolved Solids (TDS) in layers III and
IV. This is translated into an average input rate of
1.7 × 102 tons/year of TDS. The sharp conduc-
tivity rise toward the bottom in layer IV may be
related to dissolution and reduction of particles
containing ferric compounds to release Fe2+ and
HCO3

− when contacted with sediments that are
rich in organic material. Concentration of Fe2+,
HCO3

− and NH4
+ increased significantly with

depth only in layer IV whereas the other ions
such as Na+, K+, Mg2+, Ca2+ showed steady
increase with depth.

At Lake Nyos, shallow water in November
1986 had a higher conductivity (Fig. 5b), indi-
cating that deep, saline water that was brought to
the surface during the limnic eruption still
remained. The upper chemocline in October
1986 deepened with time down to 47 m in 1993
and 50 m in 2001. Conductivity profiles at mid-
depths (70–160 m) stayed almost unchanged for
15 years after the eruption, suggesting that

Fig. 4 Variation with time
in pre-degassing
temperature profiles at
Lakes Monoun (a) and
Nyos (b). The figures were
reproduced from Figs. 4a
and 9a of Kusakabe et al.
(2008)
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transport of dissolved chemical species through
layer II was limited. The conductivity of layer III
and IV water (170–210 m) increased notably
with time (Fig. 5b). In January 2001 the con-
ductivity profile between 185 m and 202 m
became steep, with the associated reduction of
earlier high conductivity in layer IV, indicating
initiation of mixing in the deepest zone. This
tendency had started in 1998, although the 1998
profile hides behind the 2001 profile in Fig. 5b.
From the depth of 205 m to the bottom, con-
ductivity increased sharply towards a maximum.
This trend is the same as observed at bottom
water of Lake Monoun. The pre-degassing
increase of the conductivity in layer III and IV
from November 1986 to January 2001 (14 years)
corresponds to an increase of 7,700 tons of TDS,
with the average input being 540 ton/yr. Initially,
the input rate was relatively high (more than
double of the average rate) and afterwards
decreased as shown by the close spacing of the
conductivity profiles (Fig. 5b). This temporal
trend was similar to that of water temperature.

Pre-degassing CO2(aq) variations with time at
Lakes Monoun and Nyos are shown in Fig. 6.
The determination of CO2(aq) concentration was
made in two ways: (1) the syringe method, and
(2) the pH method (Kusakabe et al. 2000). At
Lake Monoun (Fig. 6a), there were no measured
data in 1986. The 1986 profile, estimated from
the later CO2-conductivity relationships, shows

the lowest CO2(aq) concentrations in the deep
water, around 130 mmol/kg in layers III and IV
and the CO2 shoulder at a depth of *63 m. The
CO2(aq) profiles changed with time, especially
from 1986 to 1993. The thickness of layers III
and IV expanded with time, supporting the
hypothesis that the CO2-rich recharge fluid was
added from the bottom. In January 2003, the CO2

shoulder at 58 m depth (157 mmol/kg) was very
close to the CO2 saturation concentration at 50 m
depth (Duan and Sun 2003). Considering that the
rate at which the shoulder rose is about 1 m/year,
saturation at 58 m depth could be reached in less
than 10 years. Formation of CO2 bubbles, able to
induce a limnic eruption, could have occurred in
a very near future after 2003 at Lake Monoun if
no degassing operation had been undertaken.

Figure 6b shows the temporal variation of
CO2(aq) profiles between November 1986 and
January 2001 at Lake Nyos. General features of
Fig. 6b are summarized as: (1) CO2(aq) concen-
tration was lowest in early days, (2) there was
little change with time in mid-depths (*50–
150 m), (3) the greatest change took place at a
depth of >170 m where CO2(aq) concentration at
a given depth increased significantly with time,
and (4) CO2(aq) concentration at the bottom-most
water is almost constant, near 350 mmol/kg since
1999. The change in the bottom waters is likely
caused by the gradual addition of recharge fluid
having a CO2 concentration of 350 mmol/kg.

Fig. 5 Variation with time
in pre-degassing
conductivity profiles at
Lakes Monoun (a) and
Nyos (b). The figures were
reproduced from Figs. 4b
and 9b of Kusakabe et al.
(2008)
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The CO2 content of the lake was calculated by
integrating the CO2(aq) profiles over the water
column below layer II using the bathymetry used
in Kling et al. (2005), assuming that the hori-
zontal distribution of CO2 is uniform, and that
CO2 loss through the upper chemocline was
negligible. The CO2 accumulation rate can be
regarded as the CO2 recharge rate. Accumulation
of CO2 in layer II and in deeper layers is tabu-
lated in Table 1 for Lakes Monoun and Nyos.
Considering that there were no measured CO2

data for Lake Monoun in 1986 and that the CO2

(aq) profile in October 1986 was estimated in an
indirect way (Kusakabe et al. 2008), the overall
rate of CO2 accumulation below the surface
chemocline was calculated using the 1993–2003
profiles. The change in CO2 content below layer
II in the main basin for the pre-degassing period
of 1993 to 2003 was 77 Mmol, with a CO2

recharge rate of 8.4 Mmol/year. Almost the same
recharge rate of 8.2 Mmol/yr was reported by
Kling et al. (2005) using their own data obtained
between 1992 and 2003 for Lake Monoun. At
Lake Nyos the CO2 content below layer II stea-
dily increased until January 2001, when perma-
nent degassing started. The increase in the CO2

content can be translated into the CO2 recharge
rate, which was 0.12 Gmol CO2/year between
November 1986 and January 2001 (Table 1.
Again, this rate is in good agreement with the
value of 0.13 GmolCO2/yr given by Kling et al.
(2005).

4 Evolution of CO2 Content
During Degassing and Future
Prospect

The CO2(aq) profiles at both lakes during degas-
sing are shown in Fig. 7. Generally speaking,
degassing went smoothly, as the CO2(aq) profiles
subsided steadily, although minor technical
problems of the system happened during the
early stage of degassing, resulting in a temporary
cessation of degassing. The shape of the profiles
did not change with ongoing degassing, showing
that only bottom water and dissolved CO2 were
removed without causing any effect on the
stratification of the lakes. At Lake Monoun
(Fig. 7a) the highest CO2(aq) concentration
decreased to 88 mmol/kg at the bottom and
thickness of layer III was reduced to *10 m in
2009. The highest CO2(aq) concentration at the
bottom was further reduced to 70 mmol/kg in
2011 (Kusakabe et al. 2011), when two of the
degassing pipes stopped working completely and
one was issuing weak bubbly flow from its
mouth. Thus, it can be said that the degassing
pipes at Lake Monoun have lost their gas self-lift
capability. At Lake Nyos (Fig. 7b) the CO2(aq)

profiles subsided steadily until January 2011,
resulting in very thin layer III by that time. As
two more degassing pipes with a greater diameter
(25.7 cm I.D.) were installed in December 2011-
March 2012 (Issa, pers. commun.), the degassing

Fig. 6 Variation with time
in pre-degassing CO2(aq)

profiles over time at Lakes
Monoun (a) and Nyos (b).
The figures were
reproduced from Fig. 4d
and Fig. 9d of Kusakabe
et al. (2008)
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Table 1 Change with time in CO2 content at Lakes Monoun and Nyos during the last 20 years

Date Time after
eruption (year)

Total CO2

(giga mol)
CO2 below
layer II
(giga mol)

CO2 accumulation
rate (giga-mol/yr)

CO2 removal rate
(giga-mol/yr)

Lake Monoun: pre-degassing

October 1986 2.17 0.38 0.38 – –

November 1993 9.25 0.53 0.53 – –

April 1996 11.67 0.59 0.59 – –

November 1999 15.25 0.60 0.60 – –

December 2001 17.33 0.61 0.61 – –

January 2003 18.42 0.61 0.61 0.0084 (1993–2003) –

Lake Monoun: during-degassing

January 2004 19.42 0.53 0.52 – –

January 2005 20.42 0.42 0.42 – –

June 2006 21.92 0.43 0.42 – –

January 2007 22.42 0.22 0.21 – –

December 2007 23.33 0.11 0.08 – 0.098 (2003–2007)

January 2009 24.42 0.07 0.05 – –

January 2011 26.42 0.04 0.04 – 0.005 (2009–2011)

Lake Nyos: pre-degassing

November 1986 0.17 13.1 12.9 – –

December 1988 2.33 13.3 13.3 – –

November 1993 7.25 13.6 13.6 – –

April 1998 11.67 14.1 14.0 – –

November 1999 13.25 14.4 14.0 – –

January 2001 14.42 14.8 14.6 0.12 (1986–2001) –

Lake Nyos: during-degassing

December 2001 15.33 14.2 14.0 – –

January 2003 16.42 13.1 13.1 – –

January 2004 17.42 13.2 13.0 – –

January 2005 18.42 12.3 12.6 – –

January 2006 19.42 11.8 11.7 – –

January 2007 20.42 11.6 11.4 – –

January 2009 22.42 11.2 11.1 – –

January 2011 24.42 10.0 9.7 – 0.46 (2001–2011)

Note 1 The values for October 1986 at Lake Monoun were estimated using the CO2/C25 versus C25 relationship
(Kusakabe et al. 2008)
Note 2 Italicized figures were obtained with the pH-CO2 method
Note 3 Errors were less than 5 % of the figures accepting the assumptions involved in different analytical methods of
CO2aq (Kusakabe et al. 2008)
Note 4 CO2 removal rate was calculated using the CO2 content below layer II during the period shown in brancket
Note 5 Data after 2007 were taken from Kusakabe et al. (2011)
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rate will be greatly enhanced. We can expect that
most of the CO2-rich bottom water will disappear
from Lake Nyos in several years.

Using the CO2(aq) profiles and bathymetry of
the lakes, the amount of CO2(aq) dissolved below
the surface chemocline (layers II, III and IV) was
calculated as a function of time since the limnic
eruption at both lakes (Fig. 8). The amount of
dissolved CO2 in Lake Monoun (Fig. 8a)
increased steadily with a rate of 8.4 Mmol/year
before the degassing operation. It reached a
maximum value of 610 Mmol in January 2003,
shortly before the degassing operation started.
The degassing was effective, and the amount of
dissolved CO2 kept decreasing with a mean rate
of 98 Mmol/yr between January 2003 and
December 2007. This rate is approximately 12
times greater than the natural recharge rate as
shown by a sharp slope of Fig. 8a. The installa-
tion of two additional pipes in April 2006
accelerated the gas removal rate. In January
2009, gas self-lifting almost stopped, although
very weak flow of bubbly water from one of the
three pipes was still observed. In January 2011
the highest CO2(aq) concentration was reduced to
70 mmol/kg with the total amount of dissolved
CO2(aq) of 37 Mmol, or only 6 % of the maxi-
mum value observed in 2003 (Kusakabe et al.
2011). It can be said that Lake Monoun has been

made safe as the deep water lost its gas self-lift
capability. However, tailing-off of the CO2 con-
tent after 2008 (Fig. 8a) implies that re-buildup
of CO2 is inevitable at Lake Monoun if natural
recharge of CO2 continues with the previously
estimated rate. It is imperative to continue to
monitor the lakes’ situation and to remove CO2

from the bottom water in order to avoid the gas
re-buildup and to make the lake constantly safe.

Evolution of CO2 content over time since
1986 at Lake Nyos is shown in Fig. 8b. The gas
removal rate by a single pipe was about four
times greater than the rate of natural recharge of
0.12 Gmol/year. Currently 33 % of the maximum
amount of gas has been removed. With this
removal rate, however, it would take another
20 years or more to remove all the gas from the
lake. Fortunately, two additional degassing pipes
were installed in early 2011, using a fund from
the EU. Since pipes with a greater diameter
(25.7 cm) were used and the water intake depth
was deepened for the additional pipes, this
should greatly accelerate the rate of gas removal.
We hope most of the remaining gas is removed
during the next years. At Lake Nyos, as at Lake
Monoun, a system to pump up CO2-rich bottom
water needs to be set up after the current
degassing system has lost the gas self-lifting
capability. It has been suggested that CO2 will be

Fig. 7 a Temporal change of CO2(aq) profile during
controlled degassing at Lakes Manoun (January 2003–
January 2011) (a), and that for Lake Nyos (January 2001–
January 2011) (b). Note that the CO2(aq) profile of January

2003 at Lake Monoun and that of January 2001 are shown
as the last pre-degassing profiles as the starting point of
degassing. The 2009 and 2011 data were taken from
Kusakabe et al. (2011)
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continuously supplied to the lake for a long time
in the future on the basis of a geochemical study
on the generation of CO2 in the Nyos mantle
(Aka 2015, this volume).

5 Models and Triggers
of the Limnic Eruption

Many ideas have been put forward to explain
why the limnic eruption occurred. Sigurdsson
et al. (1987) proposed that a landslide slumped
into deep lake water, pushing up CO2-rich water
and inducing the 1984 limnic eruption at Lake
Monoun. The same idea was also suggested for
the 1986 Lake Nyos event (Kling et al. 1987,
1989). Tietze (1987) suggested super-saturation
of dissolved CO2 just below the shallow
chemocline (*8 m depth) to be the main cause

of the eruption. The strong density stratification
of this layer worked as a trap for rising gases,
inhibiting them from penetrating this density
gap. The super-saturation led to the exsolution of
gases to form a fountain. This process was self-
intensified and deeper water was steadily degas-
sed in turn. Since the water from the fountain
was cooler than the surface water, it sank around
the fountain, forming a cylindrical “density
wall”. This wall limited lake-wide exsolution of
gases, leaving CO2 dissolved in deep water
(>150 m?) intact during the eruption. Assuming
that Lake Nyos was isothermal and fully satu-
rated with CO2, Kanari (1989) presented a fluid-
dynamics model to explain how the limnic
eruption proceeded. In his model degassing
started from the bottom but it was confined in a
limited area at the surface. Circulation of the
water was confined in small cells that stacked at

Fig. 8 Change in CO2

content with time at Lake
Monoun (a) and at Lake
Nyos (b) since the limnic
eruption. Open and closed
circles indicate the CO2

content before and during
controlled degassing,
respectively. The data point
in parenthesis (Lake
Monoun in 1986) was not
included in calculation of
the CO2 recharge rate. The
degassing slowed down
after 2007 at Lake
Monoun. The 2009 and
2011 data points were
taken from Kusakabe et al.
(2011)
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various depths. The stratification within the lake
was little destroyed according to his model.
Kanari estimated (1) the released gas volume to
be 0.68 km3 as the difference between the satu-
ration and CO2 profile observed in 1986 by
Kusakabe et al. (1989), (2) the maximum height
of the gas cloud to be 110 m, and (3) the speed of
gas cloud running down the valley to be 19 m/s.

Obviously, any degassing model depends on
the knowledge of pre-eruption distribution of
CO2 in the lake. Evans et al. (1994) proposed a
revised model of a linear pre-eruption relationship
between CO2 and TDS at Lake Nyos on the basis
of water chemistry, CTD measurements, gas
analysis and tritium profiles obtained between
1987 and 1992. An almost linear relationship
between tritium and TDS was interpreted to
reflect the destruction of the pre-existing gradient
in the mid-depth during the eruption, suggesting
that CO2 exsolved from deep water. In their
model, the surface chemocline was placed at
*50 m depth, similar to the chemocline depth
observed in January 2001 (14 years after the
limnic eruption, and just prior to the initiation of
artificial degassing (Fig. 5b). Some trigger (a
combination of seasonal decline in stability,
landslide and/or seiche) pushed water upward at a
layer around the chemocline to the CO2 saturation
depth. Then, bubble formation followed and rel-
atively quiet degassing continued. Local reduc-
tion in hydrostatic pressure beneath the release
area created a rising column of shallow, slightly
gassy water. This was followed by mixing with
pre-release surface water (low TDS) to form the
surface water that was observed soon after the
limnic eruption. The base of the column was
deepened slowly, bringing CO2-rich, more saline
deep water upward. When the base of the column
reached the deeper chemocline below which CO2

and TDS concentrations were much higher, gas
release became more violent and created wave
damage along the lake shore such as flattening of
vegetation and passing of water over 80 m high
promontory in the southern part of the lake. The
duration of this violent fountaining was short
(<1 min). The amount of CO2 released was esti-
mated at 6.3 Gmol. This scenario is consistent
with the survivors’ testimonies.

Giggenbach (1990) proposed that the gas
release at Lake Nyos was triggered by a climatic
factor. The descent of a parcel of unusually cold
rain water (18.5 °C) pushed initially CO2-rich
shallow water upward. Uplift of the CO2-rich
water above saturation depth induced bubble
formation which accelerated upward movement
by reduction of density, leading to formation of a
convecting water flow that entrained deeper,
more CO2-enriched water, and finally to the
limnic eruption. Degassed less dense waters
were accumulated at the surface, making deeper
CO2-rich water (>100 m) difficult to reach the
surface, terminating the eruption. Thus deep
water CO2 was left almost intact. The amount of
CO2 released was estimated at 5.4 Gmol.

In contrast to the previous models for the
cause of the limnic eruption, spontaneous exso-
lution of dissolved gases has been suggested by
Kusakabe et al. (2008). They paid attention to the
pre-degassing evolution of dissolved CO2 at
Lake Monoun (see Fig. 6a) which indicated that
the CO2(aq) profiles evolved with time and that
CO2-rich layers below the surface chemocline
thickened due to continuous recharge of
CO2-charged fluid from beneath. Note that CO2

(aq) concentration in water below the surface
chemocline (layer III) was constant at
*157 mmol/kg. In January 2003, just prior to
the initiation of degassing operation, the CO2(aq)

concentration immediately below the surface
chemocline was very close to saturation. If no
degassing operation was undertaken, saturation
of CO2(aq) would have been attained at that
depth, and bubble formation would have fol-
lowed by additional input of the recharge fluid.
Thus, at Lake Monoun another limnic eruption
could have occurred spontaneously within sev-
eral years after 2001. In other words, it is implied
that no external forcing was needed to induce the
limnic eruption.

The above scenario gives a clue to estimate
the pre-eruptive CO2 profile at Lake Nyos. It is
conceivable that it was similar to Monoun’s
2001–2003 profiles in shape (see Fig. 6a). It is
interesting to note that the CO2 profile for the
deep layer of Lake Nyos (>180 m in 1999 and
2001; Fig. 6b) was developing in a way similar to
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that observed at Lake Monoun. Thickness of
CO2-rich water close to the bottom kept
increasing from after the 1986 eruption till 2001
due to addition of the recharge fluid from
beneath. The CO2(aq) concentration below 195 m
reached 350 mmol/kg in 1999. This concentra-
tion stayed unchanged until January 2005 down
to the bottom (Kusakabe et al. 2008). This obser-
vation suggests that CO2(aq) concentration of
the recharge fluid is constant at *350 mmol/kg.
If no degassing was made, the thickness of bottom
CO2-rich water would have kept increasing and
the top level of the CO2-rich layer could have
eventually reached saturation at some shallow
depth. This speculation is schematically presented
in Fig. 9. In this case, the pre-eruption profile,
shown as “Before 1986”, has a shoulder that tou-
ches the saturation curve at a depth of *110 m.
The limnic eruption would take place spontane-
ously, releasing the dissolved gases to the atmo-
sphere, to give a profile shown as “November
1986” in Fig. 9 (process 1). Observed evolution
of CO2 content between November 1986 and
January 2001 is shown as “process 2” in Fig. 9.

If no degassing is undertaken and if natural
recharge of CO2 continues as before, the CO2(aq)

profile would shift upward following “process 3”.
If this conceptual model is correct, the difference
between the pre- and post-eruption profiles inte-
grated over the lake volume gives the amount of
gas released at the time of the eruption, which is
calculated to be *14 Gmol or 0.31 km3. This
value is greater than the estimate (0.14 km3 STP)
by Evans et al. (1994) by a factor of *2, but
significantly smaller than an early estimate of
0.7–1 km3 at STP (Tuttle et al. 1987; Kanari 1989;
Faivre Pierret et al. 1992). The estimated amount
of CO2 released obviously depends on the
assumptions involved. As long as the lake receives
natural recharge of CO2, limnic eruptions can
occur repetitively (Tietze 1992), but may not be
regular as described in a model calculation by
Chau et al. (1996) considering a possible variation
in the rate of natural recharge of CO2. However, if
the conceptual model shown in Fig. 9 is correct, it
would take *110 years to attain the pre-eruption
CO2 level shown by the “Before 1986” curve
starting from the curve “November 1986”
assuming a constant CO2 recharge rate of 0.12
Gmol/year (process 3).

6 Sublacustrine CO2-Recharge
System as Envisaged
from C/3He Ratios and Noble
Gas Signatures

The isotopic signatures of carbon of dissolved
CO2 and helium reveal that gases recharging
Nyos and Monoun lakes are mainly of magmatic
origin (e.g., Kusakabe and Sano 1992). The ini-
tial report on the Lake Nyos disaster by Kling
et al. (1987) included a 3He/4He ratio of 6 Ratm

(where Ratmis the atmospheric ratio of 1.40 ×
l0−6) for Lake Nyos. Later the 3He/4He ratios of
5.39–5.75 Ratm (corrected for air contamination)
for Lake Nyos and 3.56 Ratm for Lake Monoun
were reported by Sano et al. (1987). The δ13C
values, expressed relative to VPDB, were
−3.3 to −3.4 ‰ for Lake Nyos and −6.8 ‰ for
Lake Monoun (Kling et al. 1987; Kusakabe and
Sano 1992). Nagao et al. (2010) reported more

Fig. 9 A model of spontaneous limnic eruption at Lake
Nyos. An assumed pre-eruption CO2 profile is shown by
small open circles as “Before 1986”. After the eruption
the CO2 profile turned to the post-eruption profile shown
as “Nov. 1986” (process 1). It evolved to the January
2001 profile in 15 years (process 2). If natural recharge
continues, the January 2001 profile may “recover” the
pre-eruption situation (process 3)
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precise data using samples that were perfectly
air-contamination free. The 3He/4He ratios in
gases in Lake Nyos are lower than the typical
mantle values of 7–9 Ratm that are for depleted
mantle producing MORBs (Graham 2002). The
reasons why 3He/4He ratios of Lake Nyos are
lower than the mantle values are related to the
sub-lithospheric structure beneath the Cameroon
Volcanic Line (CVL). The CVL is a linear chain
of Cenozoic volcanoes stretching for 1,600 km
from the Gulf of Guinea into the continental part
of central Africa, straddling oceanic and conti-
nental lithosphere (Fig. 1). Halliday et al. (1988)
reported variations in radiogenic isotopic ratios
(Pb, Nd, and Sr) of volcanic rocks along the
CVL, where 206Pb/204Pb and 208Pb/204Pb ratios
were found the highest at the oceanic and con-
tinental boundary. Barfod et al. (1999) and Aka
et al. (2001, 2004) published a detailed study of
noble gases in CO2-rich gases, basalts and
xenoliths from CVL volcanic rocks, showing a
symmetrical distribution of 3He/4He ratios along
the CVL. The lowest 3He/4He ratios(*2 Ratm)
were found at Etinde, a small volcano next to Mt.
Cameroon, which is located at the oceanic and
continental boundary. 3He/4He ratios became
close to the MORB values (7–9 Ratm) as we go
away from the oceanic and continental boundary
toward both ends (Aka et al. 2004). This sym-
metric isotopic variation has been explained to
reflect geochemical characteristics of the mantle,
or continental lithosphere underneath the bound-
ary which is of a HIMU character (Halliday et al.
1988). The mineral separates from rocks around
Lake Nyos (clinopyroxene and amphibole in
xenolith) have 3He/4He ratios of 6.7–7.0 Ratm

(Aka et al. 2004), slightly lower than the typical
MORB values, implying a small degree of the
HIMU character of the magma source beneath
Lake Nyos. Deep water of the lake has even lower
value of 5.7 Ratm as stated above. This low ratio
may mean that He in deep water was originally
derived from magma generated from a slightly
HIMU mantle and acquired radiogenic He on the
way from the source magma to the sublacustrine
fluid reservoir during passage of the magmatic
fluid through granitic basement rocks.

A detailed study on noble gases dissolved in
Lakes Nyos and Monoun was recently published
by Nagao et al. (2010). Although supply of
magmatic fluids to the lakes has been indicated in
earlier studies on the basis of 3He/4He and
4He/20Ne ratios (e.g., Kling et al. 1987; Sano
et al. 1987, 1990), Nagao et al. (2010) reported
distribution of isotopic ratios of not only He but
also Ne, Ar, Kr, Xe and C in waters collected at
closely separated depths. They stressed the
importance of samples that were free from air-
contamination, because noble gas concentration,
especially that of Ar and Ne, is so low in gases
exsolved from CO2-rich waters compared to air
that any sample exposed to the atmosphere dur-
ing sampling or storage in an improper way is no
good for analysis. They collected samples from
Lake Nyos in January 2001 using the “Flute de
Pan” which had been deployed by the French
scientific team. The Flute de Pan consisted of 11
plastic hoses with outside diameter of 15 mm,
each having a different intake depth (83–210 m).
CO2-rich gas spouting out of the hose was
introduced in a bucket filled with surface water
of the lake, and then the bubbles were introduced
into a glass bottle using an inverted funnel.
Although contamination of air dissolved in the
water was still suspected to some extent espe-
cially for heavy noble gases, this sampling
method was found promising. In the December
2001 sampling, a plastic hose method, essentially
the same as the Flute de Pan method, was
adopted. A single plastic hose (12 mm I.D.) was
deployed initially to the bottom, followed by
pulling it upward step by step to a desired depth
of the lake. The sampling depth was measured
with a calibrated wire attached to the hose. After
water inside the hose was completely replaced by
water at the target depth, exsolved CO2 gas was
directly allowed to pass through a sampling
bottle made of uranium glass that has low He
diffusivity. With this method Nagao et al. (2010)
were able to collect perfectly air-contamination
free samples judging from measured 40Ar/36Ar
ratios. This method was later modified to mea-
sure the total gas concentration on site (Tassi
et al. 2009; Yoshida et al. 2010).
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Figure 10a, b illustrates the profiles of He, Ne,
Ar, Kr and Xe in water, measured in 2001, at
Lake Nyos and Lake Monoun, respectively.
Except for He, they show roughly constant
concentrations with respect to depth below 80 m
(Lake Nyos) and 50 m (Lake Monoun). The Ne,
Ar, Kr and Xe concentrations are up to several
times lower than those in air saturated water
(ASW). Note, however, that the He concentration

in lake water is more than 3 orders of magnitude
higher than in ASW. Depth profiles of 3He/4He
ratio for Lakes Nyos and Monoun are presented
in Fig. 11. The data published by earlier workers
(Kling et al. 1987; Sano et al. 1987, 1990;
Kusakabe and Sano 1992) are in the same range.
Roughly speaking the 3He/4He ratios are almost
constant in the depth range of 80–210 m at Lake
Nyos and 40–100 m at Lake Monoun, although

Fig. 10 a Depth profiles
of 4He, 20Ne, 36Ar, 40Ar,
84Kr and 132Xe
concentrations in water
(10−6ccSTP/g-water)
measured at Lake Nyos in
January 2001 and
December 2001. b Noble
gas profiles at Lake
Monoun in December
2001. Noble gas
concentrations in air
saturated water (ASW) at
30 °C are shown by arrows
for comparison in the gray
box at the bottom of each
figure. The figures were
revised from Figs. 1b and
2b of Nagao et al. (2010)
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the ratio tends to decrease slightly toward the
bottom at Lake Nyos. The 3He/4He ratio
approaches to the atmospheric value in waters
shallower than 80 m and 40 m for Lakes Nyos
and Monoun, respectively. High 4He/20Ne ratios
up to *1,500 (not shown here) support mag-
matic gas input to the lake as inferred by high
3He/4He ratios.

Neon isotopic ratios are presented in Fig. 12.
Compared to the atmospheric Ne, small excess in
both 20Ne/22Ne and 21Ne/22Ne ratios is observed.
Most data points of both lakes lie on the MORB
line connecting the atmospheric Ne and mantle
Ne that was reported by Ballentine et al. (2005).
The data clearly indicate the presence of mantle
Ne in the lakes, and are consistent with the
conclusion by Barfod et al. (1999) that the CVL
mantle contains MORB-like Ne.

Argon isotopic ratios are presented in Fig. 13.
It shows that 40Ar/36Ar ratios for all samples are
higher than the atmospheric value of 296, but
much lower than the estimated value of >1,650
for Ar in upper mantle beneath the CVL (Barfod
et al. 1999). This means that magmatic fluids
containing mantle Ar mixed with atmospheric Ar
on the way to the surface such as in a sub-
lacustrine fluid reservoir. This is consistent with

the conclusion derived from the Ne signature
(Fig. 12). At Lake Nyos, the highest 40Ar/36Ar
ratio of about 600 was found at the bottom
(210 m). The 40Ar/36Ar profile in January 2001
decreased gradually toward the surface
approaching to the atmospheric ratio of 296, but

Fig. 11 3He/4He ratios as a function of depth at Lakes
Nyosand Monoun in 1999 and 2001. They are almost
constant below the surface chemocline, i.e., −22 m at
Lake Monoun and −51 m at Lake Nyos. The figure was
revised from Fig. 4a of Nagao et al. (2010)

Fig. 12 Plot of 20Ne/22Ne versus 21Ne/22Ne ratios for
samples collected in January and December 2001 from
Lakes Nyos and Monoun. A thick cross stands for the
isotopic ratios of atmospheric Ne. The “mass fractionation
line” indicates Ne isotopic ratios for mass fractionated
atmospheric Ne. A dashed line heading to MORB
represents a mixing line between atmospheric Ne and
Ne in MORB or upper mantle (Ballentine et al. 2005).
The figure was revised from Fig. 5 of Nagao et al. (2010)

Fig. 13 40Ar/36Ar profiles in Lakes Nyos and Monoun
measured in 2001. A zigzag pattern was evident in
January 2001 but less evident in December 2001. The
ratio approaches the atmospheric value shown by an
arrow(40Ar/36Ar = 296) as we go shallower. The figure
was reproduced from Fig. 6 of Nagao et al. (2010)
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it showed a zigzag pattern below the lower
chemocline at *180 m with a second maximum
value of 480 at 190 m. The zigzag 40Ar/36Ar
profile disappeared in December 2001 with uni-
form ratios around 530 below 190 m. This may
have resulted from vertical mixing in the depth
range caused by the degassing operation, because
water was pumped out by the degassing pipe
with the intake depth of 203 m. Tendency of
such homogenization was also observed in the
water temperature and electric conductivity at the
corresponding depths (Kusakabe et al. 2008),
although they were less clear than the noble gas
profiles. At Lake Monoun, the 40Ar/36Ar ratios
were in a narrow range at about 470 between 60
and 100 m (bottom) (Fig. 13). The ratios are
lower than those in deep waters of Lake Nyos,
indicating that contribution of atmospheric Ar to
the magma-derived gases at Lake Monoun is
greater than that at Lake Nyos.

Characteristic features of noble gases
observed at Lake Nyos can be summarized as
follows (Nagao et al. 2010). (1) Helium in the
lake water derived originally from the mantle
where 3He/4He ratios of 9-10 × 10−6 are found in
mantle xenoliths (Aka et al. 2004), but on its way
to the surface approximately 20 % of radiogenic
4He that accumulated in crustal rocks was
admixed to give the ratios of *8 × 10−6,

probably in sub-lacustrine region. (2) The
observed 40Ar/36Ar ratios of 450–550 is also
explained by the addition of atmospheric Ar
(40Ar/36Ar = 296) to the mantle derived Ar
(40Ar/36Ar > 1,650, Barfod et al. 1999) on the
way to the lakes. The most likely source of Ar to
reduce the mantle 40Ar/36Ar ratio is groundwater
that carries atmospheric Ar. (3) Ne in the lakes
may be a mixture of atmospheric Ne and a small
amount of MORB-like Ne from the mantle. The
observed He, Ne and Ar isotopic ratios in lake
waters can be best explained by mixing between
two noble gas reservoirs, i.e., air dissolved
ground water and the mantle. It is conceivable
that the mantle-derived gases meet radiogenic
4He from crustal rocks, and atmospheric Ar and
Ne carried by groundwater, and are finally
homogenized in the sub-lacustrine reservoir.

As stated previously, the greatest chemical
change took place at depth deeper than 180 m at
Lake Nyos. The CO2 profiles in the depth range
of 160 and 210 m are enlarged in Fig. 14a, which
shows that the increase of CO2 concentration in
deep water of Lake Nyos after the limnic erup-
tion in 1986 resulted in thickening of CO2-rich
water and in formation of the clear lower
chemocline at the top of the CO2-rich water. The
3He concentration observed in 2001 in the same
depth range (Fig. 14b) was compared with the

Fig. 14 a CO2 profiles in deep water of Lake Nyos in the
depth range of 160–210 m where the greatest change took
place during 1986 and 2001. b 3He profile in the same
depth range observed in January 2001 and December

2001. Note a sharp maximum of 3He concentration at
188 m. Dashed line indicates the chemocline bordering
layers II and III in 2001

444 M. Kusakabe



CO2 profiles. The
3He profile was obtained from

the 4He profile (Fig. 10) and 3He/4He profile
(Fig. 11). It should be noted that the 3He con-
centrations below 160 m in January 2001 and
December 2001 show a sharp maximum at
around 188 m with a concentration up to
9.1 × 10−10 ccSTP/g-water (December 2001).
The 4He concentrations have a pattern very
similar to those of 3He in the same depth range
because of almost constant 3He/4He ratios
(Fig. 11), although the 4He concentrations are not
graphically shown. Between 190 and 210 m the
3He concentrations are nearly constant
at *5 × 10−10 ccSTP/g-water. The 3He con-
centrations gradually decrease in shallower water
(layer II). The observed depth profiles of 3He
(Fig. 14b), 40Ar/36Ar (Fig. 13) and 4He/20Ne
ratios (not shown) in Lake Nyos, which showed a
maximum at around the lower chemocline
(*190 m in depth), were interpreted by Nagao
et al. (2010) to suggest that fluids from the sub-
lacustrine reservoir are supplied not from the
bottom but mainly from the side wall of the lake
at that depth, because it would be easier for the
sub-lacustrine fluids to find their way to the lake
through the periphery where sediments would be
less thick and coarser than those in the central
part of the lake. This interpretation is interesting
and is different from a widely disseminated view
that the fluids are supplied from the lake bottom
to the lakes, although the point of issue of the
recharge fluids has not been located and further
examination of this view is required.

The C/3He ratios of volcanic fluids have been
widely used to constrain the magma sources. The
C/3He ratios of MORB glasses have shown to be
fairly constant at 2.0 (±0.5) × 109, suggesting
that the source region of MORB in the upper
mantle has little variation in C/3He ratio (Marty
and Jambon 1987). The ratios for volcanic gases
from subduction volcanism, however, have been
found significantly greater than the MORB val-
ues, i.e., 7 × 109–30 × 109. These high ratios,
coupled with δ13C values, indicate existence of
recycled carbon (marine carbonates, slab car-
bonates and/or organic materials) in subduction
zone magmas (Sano and Williams, 1996, and
references therein).

Figure 15 shows the C/3He ratios in the depth
range between 160 and 210 m calculated from
the CO2 and 3He concentrations. The C/3He
ratios range from 0.5 × 1010 to 1.7 × 1010. These
values are higher than the mantle values of
*2 × 109, consistent with the earlier notes based
on Ne and Ar isotopes that the mantle beneath
Lake Nyos is not a typical MORB-source mantle.
It is interesting to note that the C/3He ratios in
waters below the lower chemocline are signifi-
cantly high at around 1.6 × 1010, and they shar-
ply decrease to 0.5 × 1010 above the lower
chemocline. Thus, the behavior of CO2 and

3He
can be said decoupled below and above the
chemocline. The cause(s) of the decoupling may
be explained by under plating of the recharge
fluids from the bottom that are characterized by
different C/3He ratios. It is possible that the ratio
was low before the limnic eruption and high after
the limnic eruption. At the time of the limnic
eruption, the lake was not completely mixed,
suggesting the deep water still contained a large
fraction of “pre-eruption” water (Giggenbach
1990; Tietze 1992; Evans et al. 1994) which may
have been proportionally higher in He and lower
in CO2 concentrations with the CO2/

3He ratio of
*0.5 × 1010. The recharge fluids entering the
lake after the eruption may have the ratio of
*1.6 × 1010. This interpretation implies that the
CO2/

3He ratio in the recharge fluids may vary
with time and the ratios have changed from low

Fig. 15 CO2/
3He ratios observed in the depth range of

160-210 m at Lake Nyos in January 2001 (solid circles)
and December 2001 (open squares). There is a clear
difference in the ratios above and below the deep
chemocline, showing “decoupling” of CO2 and

3He
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to high values with time, reflecting increased
contribution of atmospheric noble gases carried
by groundwater into the recharge fluids. A grad-
ual change with time in CO2/

3He ratio has been
observed in fumarolic gases from Mammoth
Mountain in the Long Valley caldera, California,
where “tree-kill” took place due to anomalous
CO2 discharge of magmatic origin from soils
(Farrar et al. 1995; Sorey et al. 1998). The
CO2/

3He ratios changed from *0.3 × 1010 to
1.6 × 1010 in about 10 years. The change was
caused by a decreasing trend of He concentrations
and 3He/4He ratios, since CO2 concentration was
kept almost constant. These observations indicate
that the above geochemical parameters (CO2/

3He
ratio, He concentration, etc.) that carry informa-
tion about magmatic fluids can change within a
geologically very short period of time, i.e., an
order of 10 years, at a single volcanic system.
Thus, it is conceivable that the decoupling of CO2

and 3He observed at Lake Nyos after the limnic
eruption was caused by addition of “recent”
recharge fluids that were characterized by rela-
tively high CO2 and low 3He concentrations.
From the foregoing discussions based on noble
gas signatures and C/3He ratios, we can envisage
the sub-lacustrine CO2-recharge system at Lake
Nyos as shown in Fig. 16.

7 New Japan-Cameroon
Joint Project for Mitigation
of a Future Gas Disaster
in Cameroon

Regular monitoring of Lakes Nyos and Monoun
has shown that the amount of dissolved CO2 has
been greatly reduced due to successful artificial
degassing. Since the supply of CO2 to the
lakes from underlying magma is supposed to be

Fig. 16 Schematic
presentation of the sub-
lacustrine fluid reservoir
which is encircled by gray
line. The geological cross
section of Lake Nyos was
taken from Lockwood and
Rubin (1989). Arrow with
white head indicates the
flow of groundwater, and
that with black head
indicates magmatic fluid
coming from magma
underneath. Noble gas and
carbon isotopic ratios of
respective reservoirs are
shown
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semi-permanent, the regular monitoring of the
lakes needs to be continued in order to observe
how much gas has been removed and to evaluate
any change in the supply rate of CO2. The lake
monitoring has been mainly led by foreign sci-
entific teams, e.g., Japan and USA, supported by
Cameroonian scientists and technicians. The
Nyos and Monoun disasters have been a trauma
for most Cameroonians, therefore, removal of the
trauma is essential for them. Unfortunately, the
scientific base in Cameroon has been insufficient
to perform regular lake monitoring and other
scientific tasks by themselves. In order to solve
this problem, a new project called Science and
Technology Research Partnership for Sustainable
Development (SATREPS) has been introduced
to Cameroon. The SATREPS is a program for
joint research cooperation between Japan and
developing countries for resolving global issues,
e.g., environment, energy, natural disaster pre-
vention and infectious diseases control. It is
sponsored by Japan Science and Technology
Agency (JST) and Japan International Coopera-
tion Agency (JICA), and was launched in 2008.
The JST and JICA are the organizations under
the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan, and the Ministry
of Foreign Affairs of Japan, respectively. Our
“SATREPS-Cameroon” is one of the projects
under the SATREPS, and is entitled “Magmatic
fluid supply into Lakes Nyos and Monoun, and
mitigation of natural disasters through capacity
building in Cameroon”. It started in April 2011
and will continue until March 2016. The goal of
the project is to mitigate natural disasters in
Cameroon through capacity building, specifically
for the issues related to the Lakes Nyos and
Monoun gas disasters. To accomplish the goal,
the following sub-projects have been set up as
joint research between Japan and Cameroon:
(1) clarification of the CO2 recharge system
beneath Lakes Nyos and Monoun, (2) the
hydrological regime around the lakes, (3) erup-
tive history of volcanoes along Cameroon Vol-
canic Line (CVL), (4) CO2 distribution in Lakes
Nyos, Monoun and other lakes along CVL,
(5) setup of experimental system for removing
CO2-rich deep water to prevent gas re-building in

Lake Monoun, and (6) continuation of
geochemical monitoring of Lakes Nyos and
Monoun. The capacity building includes educa-
tion of young Cameroonian scientists and stu-
dents in Japan and donation of some scientific
equipment that is necessary for continuous
monitoring of the lakes. After the SATREPS-
Cameroon project is over, it is expected the
trauma in Cameroonians’ mind be removed
through their scientific accomplishment without
foreign support any longer.

8 Conclusions

Lakes Nyos and Monoun are, unfortunately, a
site of accumulation of strong passive magmatic
CO2 degassing. The changes with time in phys-
ico-chemical parameters such as temperature,
conductivity, chemical composition and CO2

content have been found unusually rapid as a
geological phenomenon, as revealed by regular
geochemical monitoring of the lakes that has
continued for the last 25 years. Such rapid
changes have given an opportunity for the
international scientific community to acquire
experience of the phenomenon and to take nec-
essary measures to avoid re-buildup of magmatic
gas in the lakes. The artificial degassing opera-
tion at both lakes advanced satisfactorily. The
CO2 content of Lake Monoun was reduced to
6 % of the maximum value, and the lake has lost
its gas self-lift capability, or no more degassing is
expected. A similar situation will be reached at
Lake Nyos in the near future because recent
installation of additional degassing pipes greatly
enhanced the rate of degassing. The lake is
expected to lose gas self-lift capability in the next
few years. Since natural recharge of magmatic
gas would continue, it is necessary to adopt a
strategic intervention to stop gas re-buildup.

The scientific knowledge we have accumu-
lated, current situation and future prospect of the
lakes need to be informed to Cameroonian peo-
ple, especially to the local residents, because they
do not know what happened at the time of
gas disaster and are still afraid of its recurrence.
It is also important to decide the guideline for
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declaration of the safety of the lakes. Of course,
there is no “absolute safety” in natural disasters,
but once the gas concentration is reduced to a
level where water has lost the gas self-lift capa-
bility, there would be no immediate threat for a
limnic eruption to occur. For the sake of safety,
regular monitoring of the lakes should be con-
tinued in order to observe if there is any change
in the amount of dissolved gas and in the
recharge rate of sub-lacustrine fluids to the lakes.
The safety declaration should be given by the
Cameroonian Government after they are fully
convinced by scientific evidence that has been
and will be obtained by Cameroonian scientists.
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Modelling Air Dispersion of CO2

from Limnic Eruptions
Antonio Costa and Giovanni Chiodini

Abstract

Limnic eruptions, like the August 1986 Lake Nyos event, can release huge
amounts of dense CO2 that, under the control of local topography and wind,
can travel up to distal areas suffocating wildlife, livestock and humans. We
present a computational approach, based on shallow layer equations, used to
simulate the dispersion of dense CO2 clouds and assess the associated gas
hazard. Examples of application of such an approach to hazard assessment
of gas accumulations generated by persistent CO2 emissions in Italy, and
simulation results of the CO2 air dispersion from the limnic eruption of the
21 August 1986 at Nyos are also discussed. The method presented can be a
useful tool to evaluate gas hazard both for persistent gas emissions and for
the most hazardous gas-driven limnic eruptions.

Keywords

Dense gas dispersion � Computational model � Gas hazards � Carbon
dioxide � Lake Nyos

1 Introduction

The most tragic historically reported event of a
gas lake overturn, i.e. limnic eruption, occurred
at Lake Nyos (Cameroon, West Africa, Fig. 1) in
the evening of 21 August 1986 (Kling et al.

1987). The gas burst killed over 1,700 people
and more than 3,000 cattle and animals (Baxter
and Kapila 1989; Kling 1987). At Lake Nyos, the
liberated CO2 has a magmatic origin, entering at
the lake bottom from the HCO3-dominated
regional aquifer (Evans et al. 1994; Klinget al.,
this monograph). The CO2 accumulation in the
water at the bottom of lake Nyos has been
monitored since 1986 (Kusakabe et al. 2008). In
order to control and decrease the pressure of
dissolved gases in bottom water of the lake, a
degassing pipe was installed in 2001 (Kling et al.
2005; Kusakabe this issue). It is generally
accepted that the 1986 dramatic event has a
limnic rather than a magmatic-volcanic origin
although the exact trigger mechanism is not well
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known (Evans et al. 1994). However, the phys-
ical mechanism of such a lake overturn has been
studied and modelled in a few articles (e.g.,
Zhang 1996; Rice 2000; Zhang and Kling 2006;
Mott and Woods 2010), but it remains unclear
how the expelled dense gas cloud moved through
time and space after its release at the lake surface.
Although modelling of denser than air gases is
routine in industry for major incident planning at
sites where large amounts of gases are stored
(e.g. Britter 1989), very few studies have been
carried out to describe the atmospheric dispersion
of dense CO2 cloud released from natural Earth
degassing (e.g., Pierret et al. 1992; Costa et al.
2008; Chiodini et al. 2010a). In order to know
the impact of the CO2 cloud at the different
locations where fatalities occurred it is necessary
to know the evolution of the CO2 concentration
in air. At 5 % air CO2 concentration (dangerous
threshold), the breathing increases to twice the
normal rate, humans are affected by a weak
narcotic effect and headache. In these conditions
the time exposure to avoid discomfort or the
development of adverse health symptoms is a
few minutes. For instance, the short time expo-
sure limit for a CO2 concentration of 3 %, has
been fixed at 15 min by the (National Institute of
Occupational Safety and Health 1997). At 10 %
air CO2 concentration (very dangerous threshold)
humans are affected by respiratory distress with
loss of consciousness in 10–15 min. Finally CO2

air concentrations >15 % (lethal threshold) are
intolerable for humans and cause a rapid death.

In order to simulate dispersion of the heavy
gas from a limnic eruption and assess the con-
sequent hazard, here we describe a model based
on a shallow layer approach (Britter 1989; Han-
kin and Britter 1999a, b, c; Costa et al. 2008;
Folch et al. 2009). This approach, that uses
depth-averaged variables to describe the flow
behaviour of dense gas over complex topogra-
phy, represents a good compromise between the
complexity of Computational Fluid Dynamics
(CFD) models and the simpler integral models.

We first briefly review applications of the
model to persistent gas emissions in Central and
South Italy, i.e. Caldara di Manziana, Lazio
(Costa et al. 2008) and Mefite d’Ansanto,
Campania (Chiodini et al. 2010a). Then we
report in detail a new application of the numer-
ical model for the CO2 cloud dispersion from the
gas driven 1986 lake eruption at Lake Nyos
(Chiodini et al. 2010b). Reconstruction of the
parameters controlling the gas cloud dispersion is
based mainly on available semi-quantitative data
on the event.

2 Dense Gas Transport Model
Based on Shallow Layer
Approach

The dispersion of a gas cloud with a density
greater than that of air and released from a given
source is governed by gravity and by effects of
lateral eddies, which increase the mixing with

Fig. 1 Photo of a view from the southwest of Lake Nyos,
taken on 29 August 1986, 8 days after the major limnic
eruption. Area impacted by water waves is evident as

discoloured layer near the lake shore. Courtesy of the U.S.
Geological Survey
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surrounding air at the edges of the cloud,
decreasing its density. During the initial disper-
sion phase, negative buoyancy controls the gas
dynamics and gas moves as a gravity current
(gravitational phase) following the ground sur-
face (e.g., Simpson 1997). In contrast, when the
density contrast is less important, gas dynamics
is basically controlled by the wind and the
atmospheric turbulence (passive dispersion
phase). In the last case, simulations can be car-
ried out using simplified approaches (e.g., Costa
et al. 2005; Granieri et al. 2013).

In theory, gas dispersion can be studied by
solving the transport equations for mass,
momentum and energy. However, in practice,
because the demanding computational requests,
different simplified models that partially describe
the physics are commonly used. These models
range from simpler analytical to more complex
CFD models. A compromise between the com-
plexity of CFD models and the simpler integral
models is given by the shallow layer approach
using depth-averaged variables to describe the
flow behavior (Hankin and Britter 1999a, b, c;
Venetsanos et al. 2003). These models are able to
describe gravity driven flows of dense gas over a
complex topography. They are valid in the limit
H/L ≪ 1, being H the generic undisturbed fluid
height and L the characteristic wavelength scale
in the flow direction.

The TWODEE-2 model (Costa et al. 2008;
Folch et al. 2009) is based on depth-averaged
equations obtained by integrating mass, density
and momentum balance equations over the fluid
depth, from the bottom up to the free surface.
This approach is able to describe the cloud as a
function of time and of the two-dimensional
ground positions in terms of four variables: cloud
depth, two depth-averaged horizontal velocities,
and depth-averaged cloud concentration. Ther-
modynamic effects such as condensation are not
included at present but further development
could account for them by introducing an addi-
tional equation for gas enthalpy.

2.1 Depth Averaged Variables

As real gas clouds do not have a definite upper
surface it is necessary to define the cloud depth,
h, in terms of the vertical concentration distri-
bution ρ(z):

Zh

z¼0

gðqðzÞ � qaÞdz � a
Z1

z¼0

gðqðzÞ � qaÞdzð1Þ

where α is an empirical constant with a value of
about 0.95 (Hankin and Britter 1999a), g is the
gravity acceleration, and ρa is the air density.

The actual vertical concentration profile is not
uniform as for liquids, but it is rather character-
ized by an exponential decay (Hankin and Britter
1999a, b, c):

qðzÞ � qa ¼ ð�q� qaÞ
2
S1

exp � 2
S1

z

h

� �
ð2Þ

where S1 an empirical parameter, and �q is the gas
depth average density defined as:

hð�q� qaÞ �
Z1

z¼0

ðqðzÞ � qaÞdz ð3Þ

The depth-averaged velocities (�u, �v) are given
by the following relationships

hð�q� qaÞ�u �
Z1

z¼0

ðqðzÞ � qaÞuðzÞdz

hð�q� qaÞ�v �
Z1

z¼0

ðqðzÞ � qaÞvðzÞdz
ð4Þ

where u(z), and v(z) denote the vertical velocity
distributions.

Concentration profile, c(z), can be evaluated
as:

cðzÞ ¼ cb þ qðzÞ � qa
qg � qa

ð106 � cbÞ ð5Þ
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where c is expressed in parts per million (ppm),
cb is the background concentration, and ρg
denotes the density of unmixed dense gas (Costa
et al. 2008; Folch et al. 2009).

2.2 Depth Averaged Equations

Keeping in mind the limitations of such an
approach, governing equations can be expressed
in terms of the variables introduced above, i.e.,
the cloud depth, h, the gas depth average density,
�q, and the depth-averaged velocities �u and �v
(Hankin and Britter 1999a). The first equation
stating the conservation of volume of the cloud
can be written as:

@h

@t
þ @h�u

@x
þ @h�v

@y
¼ uentr ð6Þ

As the density �q is allowed to change as a
function of space and time, an equation similar to
(6) expressing the conservation of mass has to be
considered (Hankin and Britter 1999a; Costa
et al. 2008):

@hð�q� qaÞ
@t

þ @hð�q� qaÞ�u
@x

þ @hð�q� qaÞ�v
@y

¼ qauentr ð7Þ
Finally two equations, describing the balance

of forces for a dense gas (accounting for the
entrained air; Hankin and Britter 1999a) under
the assumption of a hydrostatic pressure distri-
bution, can be written as:

@h�q�u
@t

þ @h�q�u2

@x
þ @h�q�u�v

@y
þ 1
2
S1

@gð�q� qaÞh2
@x

þ S1gð�q� qaÞh
@e

@x

þ 1
2
qCD�uj�uj

þ Vx þ kqa
@

@t
þ ua

@

@x
þ va

@

@y

� �

� ½h �u� uað Þ� ¼ uentrqaua

ð8Þ

@h�q�v
@t

þ @h�q�v2

@y
þ @h�q�u�v

@x
þ 1
2
S1

@gð�q� qaÞh2
@y

þ S1gð�q� qaÞh
@e

@y

þ 1
2
qCD�vj�uj þ Vy

þ kqa
@

@t
þ ua

@

@x
þ va

@

@y

� �

� ½h �v� vað Þ� ¼ uentrqava

ð9Þ
Here t denotes time, x and y the horizontal

coordinates, uentr the entrainment rate of air, e = e
(x, y) is the terrain elevation, ua and va represent
air velocity (wind), Vx and Vy indicate the com-
ponents of turbulent shear stress exerted on the
cloud, CD is a skin friction coefficient, and k is a
semi-empirical parameter. The model TWODEE-
2 is based on the numerical solution of the above
equations by using the Flux Corrected Transport
(FCT) scheme of Zalesak (1979). This scheme
combines the low numerical diffusion of high
order schemes with the absence of numerical
oscillations typical of low order schemes. FCT
calculates the fluxes between adjacent elements
using a weighted average of flux as computed by
a low order scheme and a high order scheme. The
weighting is done in such a manner as to use the
high order scheme unless doing so would result
in the creation of numerical overshoots not pre-
dicted by the low order scheme. For a more
detailed description of the equations see Hankin
and Britter (1999a); for the numerical parameters
and further details about the code see Folch et al.
(2009).

In TWODEE-2 wind can be described using
different options. The first one consists of
assuming a wind described by the classical sim-
ilarity theory. Thus the wind velocity profile is
expressed in terms of the roughness length, z0,
the friction velocity, u*, and the Monin-Obukhov
length L:

UaðzÞ ¼ u�
K

ln
z

z0

� �
� wm

z

L

� �� �
ð10Þ
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where K is the von Karman constant (K = 0.4)
and ψm is the classical stability function for
momentum (e.g., Jacobson 1999). The second
option, more appropriate for large computational
domain and complex terrains, consists of
coupling the gas dispersion model with a zero-
divergence wind field that incorporates local
terrain effects (Douglas and Kessler 1990; Folch
et al. 2009).

In summary, basic input data needed by
TWODEE-2 consist of source position, source
gas flux, Digital Elevation Model (DEM) of the
terrain, and wind field (Folch et al. 2009).

3 Application Examples
for Hazard Assessment of CO2
from Natural Persistent Gas
Emissions

3.1 Persistent Gas Emissions: Italian
Case Studies

Italy is one of the regions of the world charac-
terized by intense and widespread processes of
Earth degassing. High temperature gases are
released by crater plumes and fumaroles in vol-
canic environments, whereas numerous low
temperature gas manifestations rich in carbon
dioxide (CO2) are located in a large area, mainly
in the western sector of central and southern Italy
(Fig. 2). The origin of this anomaly is still a
debated matter. According to Chiodini et al.
(2004) the most probable source of the gas is the
degassing of a mantle anomalously rich in fluids
because contaminated by crustal material. Low
temperature gas emissions occur from different
types of manifestations such as vents, diffuse soil
degassing, mud volcanoes, CO2 rich groundwa-
ter. Many gas emissions have occasionally caused
animal and human fatalities and have perma-
nently damaged ecosystems and plant life, mak-
ing environments inhospitable for life. One of the
most relevant gas hazards in the area is due to the
toxicity of CO2, which is the main constituent of
the gas emissions. Several accidents have also
been recorded in Italy (Chiodini et al. 2008). Few
examples include: Mefite d’Ansanto (Campania)

where three people were killed during the 1990s
and historical chronicles describe the death of
many others during the 17th century; Tivoli
springs, near Rome, where the gas emitted by the
CO2 saturated water killed several boys during
the 1970s; Colli Albani (Rome), where gas
emissions caused death by asphyxiation of 29
cows in September 1999, five sheep in March
2000 and a man in December 2000; Veiano
(Lazio) where gas emissions killed two hunters in
1991; Mt Amiata (Siena) where in November
2003 a hunter was killed by the CO2 discharged
by one of the many emissions of the area; and
many others.

Here we summarize the application of
TWODEE-2 for the gas hazard at Caldara di
Manziana, Latium region (Costa et al. 2008), and
at Mefite d’Ansanto, Campania region (Chiodini
et al. 2010a).

Caldara di Manziana (CdM) is a sub-circular
structure of *0.25 km2 affected by an intense
degassing of CO2 located*20 km NW of Rome,
genetically related to the alkali-potassic volca-
nism which characterized Central Italy. The
emission occurs both as focused vents from
water pools, the main of which sustains a 0.5 m
high water column, as well as soil diffuse
degassing from the crater floor (Fig. 3a). A
detailed map of the diffuse CO2 degassing (after
a survey carried out from 12 to 14 June 2006)
and specific gas flux rates from vents were used
by Costa et al. (2008) to constrain TWODEE-2
simulations. Furthermore, in February 2007, two
automatic stations were used to measure,
respectively, meteorological data and CO2 con-
centration in air. Using the measured CO2 fluxes
and meteorological data as input, TWODEE-2
simulations satisfactorily reproduced measured
concentrations (see Fig. 3b) within a factor of 2,
similarly to other experiments that used the same
model (Hankin and Britter 1999c). In particular
the model predicted that the CO2 concentration at
0.1 m height reaches maximum values of about
7 % near to the main vents. These values indicate
that dangerous concentrations can be reached
near the soil defining a potentially lethal region
for small-size animals. At 1.5 m height, which
was considered the inhalation height for humans,
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the model found a maximum CO2 concentration
of about 3 %, well below the dangerous threshold
for humans (Fig. 3c). These results generally
agree with the fact that in the area accidents to
humans were never recorded, whereas sometimes
small size animals were killed by the gas.
TWODEE-2 was also used to establish what CO2

flux would be able to produce lethal conditions
for humans at CdM. For example, an increase of
the soil CO2 flux of a factor of five would cause
lethal CO2 concentration at 1.5 m height in the
area (see Fig. 3d).

Mefite d’Ansanto (MdA) represents the larg-
est natural emission of low temperature CO2-rich
gases from non-volcanic environment ever mea-
sured on Earth (Chiodini et al. 2010a). For low
wind conditions, the gas flows along a narrow
natural channel producing a persistent gas river
which has already killed many peoples and ani-
mals (Fig. 4a). In order to estimate the gas flux
over the cross-section A-A′ of the chan-
nel showed in Fig. 4a, fifty-five measurements of
gas concentration and gas stream velocity were
made from the ground surface to 3 m height, at a
0.5 m vertical interval, along eight 1.5 m-spaced
profiles. A total gas flux of *2,000 ton per day

was estimated by coupling the field measure-
ments with the results of the TWODEE-2 model
(Chiodini et al. 2010a). The model was also used
to assess the gas hazard of the area. Several
simulations were performed varying wind speed
and direction in order to reproduce any different
meteorological condition that can occur in the
area. The most dangerous conditions occur up to
wind velocity of *2 m/s. Such low wind con-
ditions occur very frequently during the summer,
whereas they are less frequent during the winter.
Furthermore, in accordance to historical chroni-
cles (Chiodini et al. 2010a), simulations showed
that winds blowing from the north tend to
enhance gas concentration in the topographic
depression producing the most hazardous con-
ditions. The maximum heights at which CO2

concentrations of 5, 10 and 15 % can be reached
were also computed (Fig. 4).

3.2 Limnic Eruptions: The Nyos Case

Lake Nyos, Cameroon, is situated on the north-
eastern ends of the SW-NE lineament of Cam-
eroon Volcanic Line (e.g., Aka this monograph).

Fig. 2 Map of Earth
degassing in central and
southern Italy based on the
CO2 dissolved in the
groundwater of regional
aquifers (modified after
Chiodini et al. 2004).
Locations of the two gas
sources discussed here,
CdM and MdA are also
reported
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In the early evening of 21 August 1986, heavy
rains and thunderstorms occurred in the Nyos
area (Tuttle et al. 1987; Giggenbach 1992). By
about 9.30 PM meteorological calmness returned
and the air temperature was cool (*15 °C; Kling
1987). Shortly after, a rumbling sound could be
heard, with a duration of 15–20 s. Although not
completely reliable (Baxter and Kapila 1989),
witnesses described that a white cloud rose from
the lake, and a large water wave was directed
towards the south coast. The gas cloud would
have probably reached *100 m in height. The

water surge associated with the lake overturn was
probably about 25 m large, as inferred by vege-
tation damages. On the south-western shore, a
water fountain probably frothed over an 80 m
high rock promontory. Towards the north, a 6 m
high water surge spilled over the 100 m wide-
40 m high natural dam, limiting the lake with a
northern canyon continuously fed by seeping
lake water at the base of the dam (Aka et al.
2008; Aka this monograph). After the event, the
lake level had dropped by *1 m implying a loss
of water volume of *1.8 × 106 m3. The gas

Fig. 3 Aerial photograph of Caldara di Manziana
showing the position of the meteorological station and
the main CO2 vent (a). Comparison between the measured
(red dots) and simulated (black lines) CO2 concentrations
during the experiment carried out on 5 and 6 February

2007 (b). Gas concentration maps at heights of 1.50 m
assuming very low wind stable conditions for a total flux
was equal to the measured one (c) and five times the
measured one (d). After Costa et al. (2008)
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cloud was estimated to have travelled distances
of between 10 km (Tuttle et al. 1987; Kling et al.
1987) and 20 km (Le Guern et al. 1992) north of
the lake. These estimations are consistent with
the fact that deaths in humans and cattle occurred
for at least 15 km along two main valleys
towards the north (Baxter and Kapila 1989). A
concentration of CO2 of at least 10–15 % is
sufficient to send people rapidly unconscious and
over 30 % to kill them (Baxter and Kapila 1989).
The head of the flowing cloud probably main-
tained high concentrations of CO2 because it
would have been continuously recharged from
the faster moving tail of the cloud. This charac-
teristic could explain the lethality of the cloud to
greater than expected distances. It is yet not well
established how fast the cloud moved, as the
event occurred in the evening. Most people were

going to bed and lost consciousness very rapidly
(Baxter and Kapila 1989). The vegetation around
Lake Nyos could have slowed down the cloud, or
have formed stagnant ponds of higher CO2

concentrations in enclosed spaces. Plants
appeared unaffected after the event. The area
impacted by the gas cloud was about 29 km2.

In lake overturn models, the critical amplitude
of the vertical water movement necessary to
initiate degassing has to be defined (Mott and
Woods 2010). No particular trigger mechanism is
generally accepted and several trigger scenarios
have been proposed: (1) an internal wave (by
wind stress or a travelling internal pressure field),
(2) a seismic shock, though not evidenced, (3) a
landslide into the lake, (4) a strong wind shift,
(5) slight cooling of the surface water combined
with a seasonal wind shift, (6) a minor volcanic
eruption. However, it is accepted that any dis-
turbance of the metastable system, or a combi-
nation of the above mechanisms could have been
responsible to trigger the Lake Nyos gas burst. It
is worth noting that 2 years earlier a similar but
smaller gas burst took place at Lake Monoun
(*100 km S-SE of Lake Nyos) on 15 August
1984 (Kusakabe et al. 2000; Kusakabe this
issue). From other limnological research in the
area it appears that August-September is the time
of minimum stability of some Cameroon lakes,
the period when the anoxic bottom waters favour
to mix with the surface waters (Kling 1987). The
weakened stratification of Lake Monoun and
Nyos was probably due to the lower mean air
temperatures and effective insolation, and dis-
tinctly wetter summers in 1984–1986, resulting
in cooler denser surface waters, favouring lake
overturn (Kling 1987). During this timeframe
when the lake was vulnerable to overturn, bottom
waters probably did not need to be supersaturated
with CO2 to have caused the eruption. Assuming
conditions of supersaturation a maximum vol-
ume of released CO2 of 1 km3 was estimated.

The degassing pipe installed in Lake Nyos in
2001 has facilitated controlled venting of CO2 to
the atmosphere (e.g. Kling et al. 2005; Kusakabe
this monograph). However, breakthrough of the
northern dam could cause a sudden drop in lake
level by 40 m, followed by decompression and

Fig. 4 Aerial photograph of the Mefite gas emission and
the associated gas river (a). Maximum elevation of
selected CO2 thresholds (b–d) simulated by Chiodini
et al. (2010a) using TWODEE-2 code. After Chiodini
et al. (2010a)
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inevitably a new gas burst (Aka and Yokoyama
2012). The released water mass (108 m3) would
flow down as a lahar into the northern canyon,
directed to Nigeria, 100 km further downstream.
Although not as eminent and alarming as previ-
ously thought (Aka and Yokoyama 2012), such a
dam break event may possibly have severe socio-
political implications.

Here we describe simulations obtained using
the TWODEE-2 code to reproduce the gas cloud
dispersion from Lake Nyos over the surroundings
area on 21 August 1986, constraining the model
with all available semi-quantitative observations
and previous estimations of the gas source con-
ditions. The obtained results highlight the
potential of codes like TWODEE-2 of investi-
gating the impact of different degassing scenarios
in order to mitigate the associated gas hazard.

3.3 Input Data

3.3.1 Gas Source
Simulation results are strongly affected by the
total amount of gas released and by the duration
of the event. The total amount of CO2 released in
the event was estimated from 0.15 to 1 km3,
while the duration of the gas emission from 2 to
4 h (Tuttle et al. 1987; Kanari 1989; Evans et al.
1994). Chiodini et al. (2010b) considered four
different scenarios in order to cover this wide
range of CO2 fluxes. Scenario I is based on
Evans et al. (1994) results. It consists of a total
volume release of CO2 of 0.15 km3 (0.29 Gg in
mass) for a duration of about 2 h emitted with a

constant rate of 4.3 × 105 kg m−2d−1 from a
square cell of 90 m × 90 m. Scenario II is based
on the work of Kanari (1989) assuming a total
volume release of CO2 of 0.68 km3 (1.33 Gg in
mass) for a duration of about 4 h emitted with a
constant rate of 1.4 × 105 kg m−2d−1 from a
square cell of 235 m × 235 m. Senarios III and IV
are both based on the study of Tuttle et al. (1987)
considering a total volume release of CO2 of
1 km3 (1.95 Gg in mass) released from a square
cell of 235 m × 235 m in about 2 h (with a rate of
4.2 × 105 kg m−2d−1) for Scenario III and in 4 h
(at a rate of 1.7 × 105 kg m−2d−1) for Scenario
IV. Total gas volume and mass, gas fluxes, event
duration and references of each scenario are
summarized in the Table 1.

3.3.2 Digital Elevation Model
and Land Use

For the four scenarios considered in Table 1 the
90 m × 90 m SRTM DEM (Jarvis et al. 2008),
available at http://srtm.csi.cgiar.org, was used for
the entire computational domain (Fig. 5).
Another information needed by the model is the
roughness length z0. In principle such informa-
tion could be provided at each point of the
computational grid considering different land use
properties of the domain. However, considering
all other sources of uncertainties to be more
relevant, simulations were performed assuming
an average value of z0 = 0.1 m which corre-
sponds to terrain covered by low crops with
occasional large obstacles.

For all four scenarios the topography was
interpolated at a resolution of 50 m × 50 m that

Table 1 Definition of the scenarios considered by Chiodini et al. (2010b)

Scenario Gas ejection
duration
(hour)

Gas
volume
(km3)

Gas
mass
(Gg)

Gas mass
flux
(105 × kg m−2d−1)

Gas source
extension
(m × m)

References

I 2 0.15 0.29 4.3 90 × 90 Evans et al.
(1994)

II 4 0.68 1.33 1.4 235 × 235 Kanari (1989)

III 2 1 1.95 4.2 235 × 235 Tuttle et al.
(1987)

IV 4 1 1.95 1.7 235 × 235 Tuttle et al.
(1987)
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was used as computational grid spacing for the
simulations. Furthermore scenario II, that
appeared to be the more realistic, was run at
higher resolution (50 m × 50 m) using a more

detailed DEM has been derived from the topo-
graphic map (20 m × 20 m) and a finer compu-
tational grid spacing on a sub-region of the larger
domain (Fig. 6).

Fig. 5 Maximum CO2 concentration reached at 1 m
height at any location during the simulations for the four
considered scenarios for the August 1986 limnic gas burst

of Lake Nyos. Total gas volume and mass, gas fluxes,
event duration and references of each scenario are
summarized in the Table 1

460 A. Costa and G. Chiodini



3.3.3 Wind
Concerning the wind field, there are no wind
measurements available at Lake Nyos during the
degassing event of 21 August 1986. Only qual-
itative eyewitness descriptions report very low
wind conditions. It is worth nothing that,
although for wind of *10 m/s dispersion pat-
terns are not strongly affected by terrain features,
for low wind conditions, i.e. *1 m/s or less,
impacted areas are substantially affected by local
topography (Hankin 2004a, b).

As input for TWODEE2 simulations surface
wind data from the NCEP/NCAR Reanalysis-1
database (Kalnay et al. 1996), covering the entire
globe with a relatively coarse mesh (2.5° × 2.5°)
4-times daily, were used. As a reference wind
value the closest point of the global reanalysis
mesh (lat = 5; lon = 10) at 18:00 UTC of 21
August 1986, having wind components of
Vx = −0.5 m/s and Vy = 0.8 ms at 10 m height,

was used. Obviously the actual wind field could
be different from this reference value. A better
approach, object of ongoing studies, consists of
reconstructing the local wind field on a refined
grid for the duration of the gas cloud dispersion
using a mesoscale meteorological model initial-
ized using the high resolution meteorological
reanalysis data of the region (e.g., ECMWF
ERA-interim reanalysis available at http://apps.
ecmwf.int/datasets/data/interim_full_daily).

4 Results

In Fig. 5 we show the maximum CO2 concen-
trations reached at 1 m height for the four sce-
narios considered by Chiodini et al. (2010b). We
used three different colours to highlight the areas
where the maximum simulated concentration
exceeded 20 % in volume (in red), was between

Fig. 6 Maximum CO2

concentration at 1 m height
for the area enclosed by the
dashed line in Fig. 5 for the
Scenario II (flux from
Kanari 1989) obtained
performing the simulation
with a refined DEM
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10 and 20 % (in yellow), and between 5 and
10 % (in cyan). Even the lowest concentration
limit can cause death if exposure is over an
extended period of time (National Institute of
Occupational Safety and Health 1997) that is
likely as most of people were sleeping. Com-
parison of maximum gas concentration maps
with the locations where fatalities occurred (Le
Guern et al. 1992) shows a qualitative agreement.
However, in order to avoid providing a wrong
sense of precision, we need to keep in mind the
limitations associated with the definition of the
locations and numbers of dead reported in Figs. 5
and 6 after Le Guern et al. (1992). In fact many
humans were probably rapidly buried before
outsiders got there and the cows were clearly not
counted although they were more reliable

indicators of where the fatal concentrations were
(Baxter and Kapila 1989). In general the sce-
narios that better fit the observations are those,
which involve the highest CO2 releases (0.68–
1 km3, scenarios II, III, IV). A poor description
of the local wind field is likely to be the reason
why any simulation seems producing high con-
centrations in the localities southern than Lake
Nyos where some fatalities occurred. As a higher
DEM resolution improve the accuracy in delim-
iting area reached by lethal concentrations can be
seen in Fig. 6 that reports the maps of maximum
CO2 concentration at 1 m height obtained per-
forming the simulation with a refined DEM for
the area enclosed by the dashed line in Fig. 5 for
the Scenario II (flux from Kanari 1989). Chan-
nelling of gas into the valleys is also highlighted

Fig. 7 Temporal evolution of the cloud dispersion over the topography around Lake Nyos
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from Fig. 7 that shows the temporal evolution of
the CO2 cloud. The simulation was performed
assuming the scenario II-refined (Kanari 1989) as
the reference. In particular snapshots of CO2 load
(kg/m2) during the first 40 min of the event were
reported. From the simulations it is clear that the
dispersion process was rapid and strongly con-
trolled by the topography. Results indicate that
CO2 cloud reached the village of Lower Nyos,
where *1,000 fatalities occurred, in about
10 min.

4.1 Towards a Probabilistic Hazard
Map for Nyos-Type Lakes

Results of our preliminary study reproducing the
dispersion of the gas cloud at Nyos show that
such a modelling approach can become useful to
create hazards maps for lakes like Nyos, where
the potential for a limnic eruption is not negli-
gible (e.g., Lake Albano, Italy). Considering a
statistical set of the main input parameters (e.g.,
source position, gas flux, DEM and wind) prob-
abilistic hazard map scan be obtained from the
simulations of distribution and evolution of crit-
ical gas concentrations in the area of interest
which account for uncertainty and natural vari-
ability associated to the controlling quantities,
such as seasonal and daily wind variability, and
plausible gas flux values (e.g., up to the maxi-
mum value corresponding to the saturation for
the lake volume and depth).The performance of
the shallow-layer approach, representing a good
compromise between a full description of the
involved physics and the need to decrease the
computational requests, allows one to produce
such maps even in a modern powerful PC, and
for the situations the gas flux is monitored and
measured, to produce forecast of gas concentra-
tions in the area of interest.

5 Conclusion

Limnic eruptions, like the event of August 1986
at Lake Nyos, Cameroon, can release in the
atmospheric surface layer huge amounts of CO2

able to suffocate wildlife, livestock and humans.
Here we presented a computational method used
to simulate the dispersion of dense CO2 clouds
and assess the associated gas hazard. The
approach is based on shallow layer equations.
We reviewed the applications of such an
approach to hazard assessment of gas accumu-
lations generated by persistent CO2 emissions in
Italy. Then we described the results obtained
from simulations of the CO2 air dispersion from
the gas driven lake eruption of the 21 August
1986 at Nyos. The simulations regarded various
scenarios different for the total amount of the gas
released and for the duration of the event. A
strong effect of the topography is evident in any
application: the gas flows along the different
valleys following the complex topography of the
area. The scenarios involving large amount of
gas are those that better reproduce the observa-
tions, as in this case the simulations reproduce
lethal CO2 concentrations in most of the sites
where fatalities did occur. The approach resulted
a useful tool to evaluate gas hazard both for
persistent gas emission and for the most haz-
ardous gas driven limnic eruptions.
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Depth of Melt Segregation Below
the Nyos Maar-Diatreme Volcano
(Cameroon, West Africa): Major-Trace
Element Evidence and Their Bearing
on the Origin of CO2 in Lake Nyos
Festus Tongwa Aka

Abstract

The Nyos maar-diatreme volcano on the Oku Volcanic Group (OVG) in
NW Cameroon carries yet the most infamous maar lake in the world
because the lake exploded in 1986 releasing CO2 that killed*1,750 people
and over 3,000 livestock. A process of safely getting rid of accumulated gas
from the lake started in 2001. Even though*33 % of it has been removed,
gas continues to seep into the lake from the mantle, so the lake still poses a
thread. Available data on basaltic lava from the maar-diatreme volcano and
other volcanoes of the OVG are used here to determine the depth and
location where the magmas are produced, and to make inferences on the
generation of CO2 in the Nyos mantle. Fractionation-corrected major
element data agree well with experimental data on mantle peridotite and
suggest that Lake Nyos magmas formed at pressures of 2–3 GPa in the
garnet stability field. This inference is corroborated by trace element models
that indicate small degree (1–2%) partial melting in the presence of residual
garnet (2–3 %). The basalts have elevated High Field Strength Element
(HFSE) ratios (Zr/Hf = 48.5 ± 1.2 and Ti/Eu = 5,606 ± 224) which cannot be
explained by any reasonable fractional crystallization model. A viable
mechanism would be melting of a mantle that was previously spiked by
percolating carbonatitic melts. It is suggested that small degree partial
melting of this metasomatised mantle produces the lavas with super
chondritic HFSE ratios, and is generating the CO2 that seeps into and
accumulates in the lake, and which asphyxiated people and animals during
the 1986 gas disaster. This finding requires that current efforts to degas Lake
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Nyos should take into account the fact that CO2 will continue to seep into
the lake for a yet undetermined but long time in the future. A viable solution
would be to avoid renewed stratification of the lake, by (somehow) safely
and permanently bringing bottom gas-charged waters to the surface to
release gas, even after the gas currently stocked in the lake has been
completely removed.

Keywords

Lake Nyos maar � Oku volcanic group (OVG) � Mantle � Carbonatitic
metasomatism � Depth and degree of melting � Carbon dioxide � Crystal
fractionation

1 Introduction

Monogenetic maar-diatreme volcanism is the
second most important type of volcanism on
continents and islands, after intermediate, basic
and ultrabasic scoria cones (Lorenz 1985, 1986;
Wohletz and Heiken 1992). Amongst other pla-
ces, it has been described in the following fields
that are young and have similar life-spans: the
Campo de Calatrava volcanic field in Spain
(Martín-Serrano et al. 2009), the Eifel volcanic
field of Germany (Lorenz 2003), the Massif
Central Region in France (Camus et al. 1973),
the Colli Albani Volcanic District in Italy (Sottili
et al. 2009), the Auckland volcanic field in New
Zealand (Németh et al. 2012), the Newer Vol-
canic Province of Southeastern Australia (Price
et al. 2003), the Kamchatka Peninsula in Russia
(Belousov 2005), maars in the Ventura and Santa
Domingo volcanic fields of Mexico (Aranda-
Gómez et al. 1992; Aranda-Gómez and Luhr
1996; Pier et al. 1992), the Cameroon Volcanic
Line (CVL) in West Central Africa (Lockwood
and Rubin 1989), and in some other volcanic
environments. Maar-diatreme volcanoes form
when magma interacts explosively on its
approach to the Earth’s surface with ground
water (phreatomagmatism) leading to brittle
fragmentation of the magma and the surrounding
country rocks (Lorenz 1986; Zimanoswski 1998;
White and Ross 2011; Morrissey and Rouwet,
this issue). They typically consist of a feeder
dyke, a root zone, the crater, and the surrounding
tephra rings (White and Ross 2011). The

thermohydraulic explosions result in deeply
incised craters (maars). Some of these may
remain dry as in the Pali Aike volcanic field
(Mazzarini and D’Orazio 2003; Haller and
Németh 2006), the Crater Elegante and Joya
Honda in Mexico (Martin and Németh 2006;
Aranda-Gómez and Luhr 1996). Some may be
subsequently filled with surface, mineral and/or
CO2-rich spring water to form maar lakes as in
Potrok Aike, Argentina (Gebhardt et al. 2011,
2012), Eifel (Schmincke 2007), Nyos and Mo-
noun on the CVL (Sigurdsson et al. 1987;
Lockwood and Rubin 1989). Still others may be
filled with lava as La Brena in Mexico (Aranda-
Gómez et al. 1992; Pier et al. 1992).

Until the last three decades or so, research on
volcanic hazards like tephra falls, pyroclastic
flows and surges, lahars, earthquakes, lava flows,
ballistic projectiles, and volcanic gases associ-
ated with explosive (e.g., phreatomagmatic)
volcanism (Blong 1984; Lorenz 2007) made little
or no mention of catastrophic lethal release of
CO2 accumulated in monogenetic maar crater
lakes. However, in 1979, 142 people were killed
by CO2 that resulted from a phreatic eruption at
Dieng volcano in Indonesia (Allard et al. 1989).
Release of CO2 from maar Lakes Monoun (1984)
and Nyos (1986) asphyxiated about 1,750 people
and over 3,000 livestock in the western Camer-
oon highlands (Sigurdsson et al. 1987; Le Guern
and Sigvaldason 1989). These two lakes are
located along the CVL (Fig. 1). It has been
suggested that, as in Lakes Nyos and Monoun,
the destruction of all animal life found in borings
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and paleontological digs in a paleo-maar at
Sénèze (French Massif Central) might have
resulted from asphyxiation by CO2 released from
the maar (Couthures 1989). Lake Kivu in East
Africa has been found to contain huge, domi-
nantly methane gas concentrations (Tietze 1980;
Lorke et al. 2004; Vaselli et al., this issue). Apart
from Nyos and Monoun in Cameroon, and Dieng
in Indonesia, Hule and Río Cuarto in Costa Rica
(Tassi et al. 2009; Alvarado et al. 2011) are the
only other maar lakes that we are aware of from
where emanating gas has asphyxiated animals. In
addition therefore to its role in unraveling natural
resources like diamond (kimberlite pipes) and in
bringing up mantle xenoliths that provide snap-
shots of the lithospheric mantle, and thus the
evolution of the Earth at the time of their

eruption (Pearson et al. 2003), it is seen that like
in the above cases, monogenetic maar–diatreme
volcanism set the stage for previously unrecog-
nized secondary volcanic hazards. Occurrence of
the Lake Nyos event has sparked investigations
of the risk of similar catastrophic degassing from
lakes in France (Aeschbach-Hertig et al. 1999),
Germany (Camus et al. 1993; Aeschbach-Hertig
et al. 1996), Costa Rica (Tassi et al. 2009;
Alvarado et al. 2011), Southwest Cameroon
(Lake Barombi Mbo, Cornen et al. 1992), and
other places.

Geochemical monitoring of Lake Nyos shows
that the bottomCO2 content has increased steadily
while the mid-depth content has remained almost
constant (Kusakabe et al. 2008; Kusakabe, this
issue). This is interpreted (Kusakabe personal

Fig. 1 Map showing the
Cameroon Volcanic Line
(CVL) with the location of
Lake Nyos (red star) in the
Oku Volcanic Group (OVG
—box). Insets show
Cameroon and the CVL
within the main tectonic
units of Africa (WAC West
African craton; CC Congo
craton; KC Kalahari craton;
FSZ Foumban shear zone;
OCB Ocean Continent
Boundary)
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communication) as indirect evidence that the
CO2-rich fluid is added (underplated below the
deep chemocline) from below the lake. Recent
lake noble gas data suggest that the fluid may be
supplied at about 190 m depth (the lake is 210 m
deep) at the edge of the diatreme where the highest
helium concentration was observed (Nagao et al.
2010). Note that the lake bottom is covered by
sediments, the low permeability of which may
restrict any direct inflow of the fluid. Helium and
carbon isotopic studies show that the CO2 that
enters Lake Nyos from below is magmatic (Ku-
sakabe et al. 2008; Nagao et al. 2010). Unlike in
typical temperate lakes where mixing of the epi-
limnion and hypolimnion occurs during the year
(Walther 2005), deep equatorial lakes like Mo-
noun and Nyos do not mix seasonally (Kling
1988). The CO2 that enters Lake Nyos from below
therefore stagnates and can be released cata-
strophically as in 1986.

Attention has so far been focused mainly on
artificially getting rid of the gas from the lake in
order to preempt another catastrophe (see below).
A magmatic origin for the CO2 means that it
comes from the Lake Nyos mantle, so it must
have a genetic relationship with the petrogenetic
processes generating magma below the volcano.
The most that isotopic studies of the gas itself
can do is say whether it is magmatic or not. The
question arises as to whether a study of the solid
products like scoria, lava, xenoliths and the fluids
trapped in them, of these petrogenetic processes,
may hold further clues on (i) why the mantle
below Lake Nyos is so rich in CO2, (ii) the
relationship between magmatic volatiles trapped
in the solid products and phreatomagmatic frag-
mentation. Fortunately, the phreatomagmatic
process that formed Lake Nyos was interspaced
with magmatic phases materialized on the field
by lava flows, scoria, and base surge deposits
(Fig. 2a–c) thus offering an opportunity to
address the above questions.

Here, we first make a brief review of the
current state of knowledge on hazards around
Lakes Monoun and Nyos. Data compiled on the
major and trace elements previously analyzed in
the lavas of the Lake Nyos maar and other

volcanoes of the Oku Volcanic Group (OVG) are
then screened for alteration, crustal contamina-
tion and fractionation effects, before being used
to probe the Nyos mantle for depth and location
of melting, degree of melting, its mineralogy, and
its enrichment process. Implications of this on
the origin of CO2 in the lake and on the current
degassing process are discussed.

2 Regional Context

The Lake Nyos maar-diatreme volcano is located
within the OVG in northwestern Cameroon, West
Central Africa. It is found in the northeastern
corner of the*700 km-long continental sector of
the CVL (Fig. 1). The OVG lies within the Ba-
menda-Wum-Nkambe- Ndu-Oku range. Mount
Oku is the highest peak on this range (3,011 m a.s.
l.). Mount Cameroon is the only currently active
member (Suh et al. 2003; Yokoyama et al. 2007;
Favalli et al. 2011; Mathieu et al. 2011) of the 12
volcanic centers that constitute the 1,600 km-long
CVL from the South Atlantic basin island of An-
nobon and seamounts in the Gulf of Guinea, to
continental Africa (Fitton 1987; Lee et al. 1994;
Marzoli et al. 2000; Aka et al. 2001a, 2004;
Rankenburg et al. 2005). The OVG experienced
both silicic and basic volcanism that has yielded
ages from 31–12.5 Ma (Kamgang et al. 2007 and
Refs. therein). Themost recent volcanic activity in
the group must have been explosive as shown
by little- weathered cinder/scoria cones, and
phreatomagmatic explosion craters of Lakes Oku,
Elum, Nyi, Wum, Enep and Nyos, all of which cut
through Pre-Cambrian (Pan African) basement
complex (Freeth and Rex 2000). Lake Nyos
occupies a maximum area of *1.58 × 106 m2, is
210 m deep, with a maximum volume of
1.794 × 108 m3 (Kling et al. 2005). Both
Lakes Nyos and Monoun lie near the Foumban
shear zone (Fig. 1), a NE-SW trending fault
complex that is seismically active (Tabot et al.
1992). Details about the geology of Lake Nyos
can be found in Schenker and Dietrich (1986),
Lockwood et al. (1988) and Freeth and
Rex (2000).
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Fig. 2 a Section of the eastern wall of Lake Nyos
forming products—scoria, lava and surge deposits lying
on basement granite. The lava (b) and surge (c) contain
abundant mantle xenoliths (1) mantled by juvenile host
basalts (2) contaminated by crustal fragments (whitish
parts in 2), sometimes all embedded in the surge (3).
d CO2 monitoring station. e Lake Nyos degassing pipes
(viewed from south) installed in 2001, 2010 and 2012.

f Northern end of Lake Nyos showing the natural dam
(outlined). g Pot holes and cracks that lither the spillway
on the dam. The man in the hole is 1.63 m tall.
h Downstream face of the dam showing front of back
erosion (erosion from outside of the lake) of surge
material lying on basement granite. i Giant blocks
(outlined) that fall from the downstream face of the dam
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3 Hazards Associated with Lakes
Nyos and Monoun

Lake Monoun was the site of a catastrophic gas
explosion in 1984, which killed 37 people. Two
years after, in August 1986, Lake Nyos also
exploded releasing *3 × 106 m3 CO2 that
asphyxiated *1,750 people and over 3,000 cat-
tle. Lake monitoring studies (Kusakabe et al.
2000; Halbwachs et al. 2004; Kling et al. 2005)
showed that the killer gas in both lakes was
magmatic CO2, and that gas concentrations in
them were increasing, thus increasing the
potential for other gas releases. To preempt
similar catastrophes, the Government of Camer-
oon created the Nyos-Monoun Degassing Project
(NMDP) with an international scientific com-
mittee, for degassing the lakes and general haz-
ard mitigation around them. The two main goals
of NMDP are to install a continuously operating
CO2 monitoring system near populated areas
close to the each lake, and to install pipes in the
lakes that will safely siphon gas-rich bottom
waters to the surface thus liberating the CO2 from
lake bottom to the atmosphere (Kusakabe, this
issue). Carbon dioxide is denser than air and
turns to hug the ground level.

Carbon dioxide early warning systems were
installed at both lakes. The stations contain
infrared CO2 detectors that continuously monitor
CO2 concentrations in the atmosphere (Fig. 2d).
Air contains *0.03 % CO2. When its concen-
tration reaches *5 %, it will extinguish a flame
and is dangerous to both animals and people. The
warning system sounds a siren when the CO2

concentration in the air reaches 0.5 %, i.e. *10
times higher than the normal air value. The siren
sounds repeatedly until the gas concentration
drops below a dangerous level. The local people
have been told to, on hearing the siren, move
away from the lakes to higher ground, notify
other people not to go towards the lake, and
inform the nearest authorities as soon as possible.
Three degassing columns installed in Lake Mo-
noun from 2003 have removed all the gas from
this lake, so it is now void of accumulated gas
(Kusakabe et al. 2008; Kusakabe, this issue).

Over 30 % of the gas contained in Lake Nyos has
been removed by three degassing pipes installed
in 2001, 2010 and 2011, and currently operating
in the lake (Fig. 2e). It is anticipated that Lake
Nyos should also be void of accumulated gas in
the next 1–2 years.

The northern border of Lake Nyos is confined
by a 40 m-high natural dam made up of uncon-
solidated pyroclastic deposits and affected by
many joints (Fig. 2f–g). Lockwood et al. (1989)
have 14C-dated a piece of wood collected from
the base of the dam at 400 years BP, and suggest
this as the formation age of the Nyos maar. Since
the original width of the pyroclastic cone is
estimated to have been several hundred meters
wide, the back erosion rate, i.e. erosion of the
cone from outside of the lake, rather than erosion
by lake water from within (Fig. 2h–i) may be as
high as 1.5 m/y considering the 45 m present
width of the dam. Lockwood et al. (1988) cal-
culate that if the dam were to fail from back
erosion, a devastating flood could occur that will
sweep areas along the Katsina-Ala valley to as
far north of the lake as Nigeria, affecting over
10,000 people (UNEP/OCHA 2005). Whole rock
K–Ar dates for basalts collected from the dam
range from 110 to 450 ka (Freeth 1988; Freeth
and Rex 2000; Aka et al. 2001b; Aka and Yo-
koyama 2012), much older than the 14C age. The
inconsistency in the estimates of the dam age has
implications on the evaluation of the flood haz-
ard. To solve this problem, Aka et al. (2008)
applied the U–Th–Ra disequilibrium technique
on basaltic lava samples from the dam and lake
surroundings. They found both (230Th/238U) and
(226Ra/230Th) disequilibria in the samples. 230Th
and 226Ra enrichments indicate strongly that the
Lake Nyos maar, thus the dam, is younger than
350 ka, believed to be the limit of the U–Th
disequilibrium age, or even younger than 10 ka,
believed to be the limit of the Th–Ra disequi-
librium age (Ivanovich and Harmon 1992).
Using the measured (230Th/238U) activity ratio of
the samples, and assuming that the initial
(226Ra/230Th) ratio in them is similar to the
(226Ra/230Th) ratio of basalts erupting on Mount
Cameroon today (Yokoyama et al. 2007), these
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authors argued that Lake Nyos is older than 5 ka
but younger than 10 ka. Aka et al. (2008) and
Aka and Yokoyama (2012) concluded that the
general stability of the Lake Nyos dam is a cause
for concern, but in the absence of an external
trigger, collapse of the dam from erosion alone is
not alarmingly imminent. Work is on-going on a
one-year European Union funded project to
reinforce the dam.

4 Data

4.1 Samples

Data for 35 samples were compiled for this
paper. There are 18 samples for Lake Nyos, with
twelve from Aka et al. (2008), three from Aka
(2000), one from Sato et al. (1990) and two from
Schenker and Dietrich (1986). For comparison,
we have included available data from other vol-
canoes of the OVG. There are 17 samples in this
group, six from Aka (2000: with one each for
Lakes Wum, Nyi and Enep, and three for Lake
Elum), seven samples from Sato et al. (1990:
simply named ‘Oku’ with no further precision),
three samples for Jakiri from Marzoli et al.
(2000), and one sample for ‘Oku’ from Fitton
(1987). Only data was compiled for which the
analytical methods were clearly described and
judged consistent, as revealed by internal con-
sistency of the data, had MgO > 4 wt%, and loss
on ignition <1. Analytical techniques and details
on the petrography of the samples can be found
in the data sources cited.

4.2 Major Elements

For consistency, all compiled analyses were
recalculated to 100 % volatile-free with total iron
as Fe2O3* (Fe2O3 = Fe2O3* × 0.15). Major ele-
ment compositions (wt%) for the data set are:
SiO2, 49.73–44.60; TiO2, 3.34–1.39; Al2O3,
15.15–14.23; Fe2O3*, 13.55–11.93; MnO, 0.22–
0.15; MgO, 10.07–6.41; CaO, 9.31–8.04; Na2O,
4.46–2.53; K2O, 1.94–0.37, and P2O3, 0.94–
0.14. The most primitive sample has Mg-number

(molar percent Mg/(Mg + Fe2+) of 64.8, in a
range down to 50.9. The most evolved (SiO2-
rich) basalts so far reported on the OVG are the
two tholeiites from Lake Nyos described in Aka
et al. (2008). Recent more detailed field studies
show that these rocks that were initially thought
to be limited to the dam area are indeed more
widespread in tephra deposits around the lake,
and range in size from fine ash in the tephra to
blocks of up to 50 cm in diameter. They may
represent rocks torn by thermohydraulic explo-
sions during lake formation from the feeder dike
in the root zone or upper levels of the underlying
diatreme. Work continues on their characteriza-
tion. On the TAS diagram of Le Bas et al. (1986)
(Fig. 3), the Lake Nyos and other OVG data are
compared to 347 high quality literature data
(MgO > 4 wt%) from other CVL volcanoes. The
OVG data, including Lake Nyos, plot in the ba-
sanite-basalt-hawaiite junction, similar to other
CVL data. The two Lake Nyos tholeiites plot in
the field of the East African Rift System (EARS).
Apart from these tholeiites with *16 % hyper-
sthene in their norm, similar to the 22–17 %
hypersthene for northern CVL tholeiites, all other
16 Nyos samples are Ne-normative, with 12–3 %
nephelene in their norm. Five other samples from
the OVG suit (Fitton 1987; Sato et al. 1990;
Marzoli et al. 2000) have between 13 and <1 %
hypersthene in their norm.

The variation of selected major elements with
MgO is shown in Fig. 4, and suggests a role for
fractionation of olivine and limited fractionation
of clinopyroxene and plagioclase feldspar. Fig-
ure 4a–d shows the back-calculated liquidus
compositions that are discussed later. There are
weak positive correlations between MgO and
both SiO2 and Al2O3, and a weak positive cor-
relation between MgO and CaO/Al2O3 (Fig. 4e).
However, in most cases, the data define fields
without coherent trends.

4.3 Trace Elements

Key compatible trace elements in mantle phases,
like Ni, Sc and Co vary in Lake Nyos and OVG
samples from 272 to 29, 24 to 17 and 84 to
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15 ppm, respectively. These ranges are lower than
expected for primary mantle melts, for example,
Ni abundances >380 ppm (Frey et al. 1978).
Chromium and V range in the Lake Nyos and
OVG samples 426–46 and from 259–144 ppm,
respectively. MgO displays a good correlation
(r2 = 0.71) with Ni, an indication of olivine frac-
tionation. The CaO/Na2O ratio does not correlate
with V. Alkaline basalts of the OVG have
incompatible trace element patterns akin to ocean
island basalts (OIB). They are enriched in large ion
lithophile elements (LILE), with a mean Ba con-
centration of 627 ± 18 ppm, i.e. 90 times the
primitive mantle value of Sun and McDonough
(1989). This is slightly higher than in Mount
Cameroon (520 ± 40). Light rare earth elements
(LREE) are highly fractionated from heavy rare
earth elements (HREE). For example, when nor-
malized to primitive mantle and compared to other
continentalCVLvolcanoes,La/Yb ratios areEtindé
(68 ± 6), Mount Cameroon (29 ± 1), Biu (27 ± 9),
Bambouto (19.2 ± 6), and Lake Nyos (15.3 ± 0.5)

(see Fig. 1 for location of volcanic centers). The
LakeNyos basalts showa pronouncedK trough (K/
K** 0.80:whereK/K*, Ba/Ba* etc. are defined as

b� ¼ b=
ffiffiffiffiffiffiffiffiffiffiffiffiða � cÞp

with b = Ba, K, Pb, Eu, and a and
c their neighboring elements on a primitive man-
tle-normalized trace element variation diagram
like Fig. 3b in Aka et al. (2008).

5 Alteration, Crustal
Contamination and Primary
Melt Composition

5.1 Alteration and Crustal
Contamination

To use the data for estimating the depth of melt
segregation and degree of melting, it must first be
evaluated for the effects of (meteoric) alteration
that can influence element mobility, and also for
shallow level magma chamber processes like
crustal contamination and crystal fractionation.

Fig. 3 TAS diagram (Le Bas et al. 1986) for Lake Nyos
and OVG compared to other CVL samples. Lake Nyos
alkaline basalts have similar SiO2 with other OVG but
plot at slightly higher total alkalis (wt% Na2O + K2O:
total range of 6.50–3.31). Also plotted are the other
tholeiites from Mayo-Oulo and Balche reported north of
the CVL by Ngounouno et al. (2001) and Bea et al.
(1990). Fields for tholeiites from the East African Rift
System (EARS), the Benue Trough (BT) and West Africa

(WA) are shaded. Data sources are: BT (Coulon et al.
1996), EARS (Georock data base) and WA (Bertrand
1991). Other sources are given in Sect. 4.1 of text. The
alkaline/tholeiite divide from MacDonald and Katsura
(1964). All analyses have MgO > 4 wt%, and were
recalculated to 100 % volatile-free with all iron as Fe2O3*
(Fe2O3 = Fe2O3* × 0.15). Note that the Lake Nyos
tholeiites plot in the field of the EARS
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We have used the LILE/HFSE, i.e. mobile/
immobile element ratios, to check element
mobility. Figure 5a is a Ba versus Nb plot for 33
samples. Due to their relatively low Ba (113–
133 ppm) and Nb (5–6 ppm) abundances, the
two Nyos tholeiites are not plotted on this

diagram. The Ba/Nb ratio in Lake Nyos and
OVG alkaline basalts varies from 15.16–6.63,
with a mean of 10.50 ± 1.51 (Fig. 5a). The mean
ratio is well within the primitive mantle window
of 10.03–9.80 (Hoffmann 1988; Sun and
McDonough 1989). Figure 5a shows four
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Fig. 4 MgO versus SiO2, Na2O, Al2O3, and FeO (wt%,
a–d) variations in Lake Nyos and other basalts from the
OVG. Filled symbols represent the raw data (references in
Sect. 4.1 of text) while open symbols represent data
corrected to a Mg number value of 68 by incremental
addition of equilibrium olivine (see text). The curves (in
a–d) labeled with pressure (in GPa) are the near-solidus
garnet lherzolite melt compositions from the Herzberg

and Zhang (1996) algorithms. The SiO2 pressure curve (in
a) was calculated as explained in the text. The variations
of MgO versus CaO/Al2O3 (e) and FeO/MgO versus
CaO/Al2O3 (f) ratios are also shown. Inset in (e) shows
the MgO versus CaO/Al2O3 ratio in Annobon samples,
while the inset in (f) shows the FeO/MgO versus CaO/
Al2O3 ratios in Etindé samples. More explanations in the
text
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outliers. Three samples from Jakkiri (Marzoli
et al. 2000) have very low (down to 6.3) Ba/Nb
ratios that may suggest mobility of Ba during
alteration. One other sample from ‘Oku’ has a
high value of 15.16 that may be due to crustal
contamination. Such samples will be eliminated
in further discussion.

Both the alkaline and tholeiitic basalts of Lake
Nyos are incompatible element (e.g. Ba)- enri-
ched. For example, Ba/Ba* varies from 1.7 to 1.3
in the alkaline basalts and from 2.0 to 1.8 in the
tholeiites. However, in the tholeiites, this enrich-
ment is accompanied by Pb-enrichment (Pb/
Pb* = 0.9 compared to 0.4 in the alkaline basalts),
seen as Pb peaks in the spider diagrams (see
Table 2 and Fig. 3b of Aka et al. 2008). This
results in their low (*11) Ce/Pb ratios, compared
to the mean Ce/Pb ratio of 30.10 ± 4.18 in the
alkaline basalts. They also have low (3.2–2.7) Nb/
U ratios compared to the basalts (5.29 ± 0.33).
Bulk continental crust has Ce/Pb and Nb/U ratios
of 4.13 and 12.09, respectively (Taylor and
McClennan 1995). These data suggest that the
tholeiites might have suffered crustal contamina-
tion. We have modeled the crustal contamination
process using the K2O/Nb and Ba/Zr ratios
(Fig. 5b). Primitive mantle- normalized K2O/Nb
and Ba/Zr ratios ((K2O/Nb)N and (Ba/Zr)N,
respectively) range from a high of 9.7 for average
Archean granite (Condie 1993) to a low of 2.4 for
the lower continental crustal estimate of Taylor
andMcLennan (1985). (Ba/Zr)N ratios range from
9.6 for global subducting sediment (GLOSS of
Planck and Langmuir 1998) to 5 for average
Proterozoic granite (Condie 1993). When com-
pared to asthenospheric and lithospheric mantle,
(K2O/Nb)N ratios in the crustal samples are an
order of magnitude higher, meanwhile (Ba/Zr)N
ratios are >2 times higher than in oceanic island
basalts. K2O/Nb and Ba/Zr ratios for samples not
affected by element mobility, would therefore be
sensitive indicators of crustal contamination of a
mantle-derived melt. (K2O/Nb)N ratios range in
the Lake Nyos alkaline basalts from 0.81 to 0.71,
with a mean (0.75 ± 0.04), that is within the range
of oceanic basalts (Hoffmann 1988), despite their
having erupted in a continental setting. (Ba/Zr)N
ratios in the samples have a mean of 3.66 ± 0.20.
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Ba/Nb ratios as in primitive mantle (see text) is shaded.
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mantle (Sun and McDonough 1989)-normalized K2O/Nb
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Trough, compared to oceanic basalts (mantle array), the
continental crust, crustally contaminated tholeiites from
Aphanasey Nikitin Rise (Indian ocean, Borisova et al.
2001) and West African (WA) tholeiites (Bertrand 1991).
CC of T&M stands for the continental crust of Taylor and
McClennan (1995). Bulk mixing lines in (b) were calcu-
lated with primitive mantle (PM) as one end-member and
the upper continental crust of Shaw et al. (1986) and
average Phenerozic granite (APG) of Condie (1993) as
other end-members. Numbers on the lines show the
percentage of crustal material added. Lake Nyos granite
is from Schenker andDietrich (1986).MORB array defined
by Georoc data base (http://georoc.mpch-mainz.gwdg.de/
georoc/Start.asp). Other data sources used for delineating
the zone of the continental crust are given in the text
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This shows that they have not suffered crustal
contamination. Conversely, (K2O/Nb)N ratios in
the tholeiites and one sample from ‘Oku’ are, with
1.4 ± 0.02, higher than in oceanic basalts. A (K2O/
Nb)N versus (Ba/Zr)N two-component mixing
model with the primitive mantle of Sun and Mc-
Donough (1989) as an end-member and the upper
continental crust of Shaw et al. (1986) as another
end member shows that the Lake Nyos tholeiites
and the ‘Oku’ sample plot along a trajectory that
would suggest admixture of between 1 and 2 %
upper continental crustal material (Fig. 5b). It is
suggested that such crustal contamination would
result in the Ba and Pb peaks seen on the spider
diagrams of the tholeiites (see Fig. 3b of Aka et al.
2008). We are checking this suggestion using
isotopes. These three samples are henceforth not
considered in the petrogenetic models.

5.2 Primary Melt Composition

Crystal fractionationwill reduce themafic nature of
magma and hinder its use for fingerprinting the
mantle source. Many criteria are often considered
for the identification of primitive, or at least pri-
mary magmas (Frey et al. 1978). (i) The lavas
should carrymantle xenoliths. LakeNyos and other
OVG alkaline basalts certify this criterion because
they contain abundant mainly lherzolite (e.g.
Fig. 2c) mantle and also upper crustal xenoliths
(Aka et al. 2004; Temdjim et al. 2004; Touret et al.
2010). Field evidence does not show any reaction
rims between these xenoliths and their host lavas.
This suggests that the magmas travelled quickly,
probably in a matter of days, through the litho-
sphere and crust andwere probably notmodified by
secondary crystal fractionation and assimilation
processes in shallow magma chambers. (ii), the
magma should have high concentrations of com-
patible trace elements such as Ni (300–400 ppm),
Co, and Sc, which have mineral/melt partition
coefficients far exceeding unity for most upper
mantle phases. Mineral/melt partition coefficients
of compatible trace elements are strongly temper-
ature- and composition- dependent (Mysen 1979;
Righter et al. 2006). If however, one ignores
this compositional dependence, then 1–25 %

equilibrium partial melting of the Lake Nyos spinel
lherzolite with (wt%) 75, 6, 17 and 2, respectively,
of olivine (ol), orthopyroxene (opx), clinopyroxene
(cpx) and spinel (sp), having Ni, Co and Sc con-
centrations (ppm) of 2,239; 123 and 18, respec-
tively (Tietchou, personal communication), should
produce a melt that ranges (ppm) in Ni from 235 to
300, in Co from 35.7 to 43.1, and in Sc from 15.6 to
16.3 (using partition coefficients set 1 of Ottonello
et al. 1984). The Lake Nyos and OVG samples
used here have maximum Ni contents of 272 ppm,
suggesting they are not primary magmas. (iii),
Basaltic magma derived from the least refractory
(least depleted) upper mantle peridotite should
have a Mg no. value (=100 × Mg/(Mg + Fe2+)) of

≈88–89. For a KðFe=MgÞ
Dðol=meltÞ ¼ 0:3 (Roeder and

Emslie 1970) and 30 % partial melting, such a
source should produce a melt with a Mg no. value
of ≈68–75 (Frey et al. 1978). The measured Mg
no. values for the Lake Nyos and OVG samples
that range from 64.8 to 50.9, are lower than
expected for basaltic magmas derived from
refractory upper mantle peridotite. This suggests
that they suffered some degree of mineral frac-
tionation within the upper mantle before incor-
porating mantle xenoliths., This is illustrated in
Fig. 6, where the MgO content of the samples is
plotted against their Ni content, together with
model partial melting and olivine fractionation
curves calculated according to Hart and Davis
(1978). One sample from the suit intersects the
mantle melting curve at a Ni content of≈272 ppm,
still lower than would be expected when in equi-
librium with mantle peridotite. The other Lake
Nyos and OVG data do not intersect the melting
curve (even at 0.5 % mantle melting—not shown
in Fig. 6). This model is therefore inappropriate in
estimating the MgO of the Nyos unfractionated
(primary) magma.

The effect of fractionation in the samples was
compensated by normalization, assuming that
olivine was the only fractionating phase. This
was done by adding olivine to each composition

while maintaining a constant KðFe=MgÞ
Dðol=meltÞ of 0:3

(Roeder and Emslie 1970), until the liquidus
phase had olivine of Fo88, corresponding to Mg
no. value of 68. The assumption of olivine as the
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major fractionating phase is supported by the
following arguments from the data set. (i) The
good correlation between MgO and Ni. (ii) The
not so good correlation between MgO and CaO/
Al2O3 (Fig. 4e). This suggests that only limited
clinopyroxene has fractionated in the Lake Nyos
and OVG samples, compared for example to a
clear decrease (abrupt slope change) in CaO/
Al2O3 at *8 wt% MgO for Annobon (Fig. 4e
inset) that would correspond to the appearance of
clinopyroxene phenocrysts, abundant in samples
from this volcanic center (Loitard et al. 1982). The
limited role of clinopyroxene is further shown by
the lack of a coherent trend between FeO/MgO
and CaO/Al2O3 for the whole OVG dataset
(Fig. 4f). Compare this to the good correlation
(r = 0.89) in Etindé samples (Fig. 4f inset) that
have abundant clinopyroxene phenocrysts
(Nkambou et al. 1995). Samples that fractionate
clinopyroxene would be expected to lie along a
V–CaO/Na2O (clinopyroxene fractionation) tra-
jectory because V has a clinopyroxene/melt par-
tition coefficient of *4 (Hart and Dunn 1993;
Jenner et al. 1993). This is not observed. (iii) The
lack of a pronounced positive Eu abnormally in

the samples (E/E* values of 1.12–1.06), coupled
with the good negative correlation (r = 0.72,
Fig. 4c) between MgO and Al2O3, do not support
plagioclase feldspar as a major fractionating
phase. (vi) The near absence of clinopyroxene and
plagioclase as phenocrysts phases in the OVG
samples (see Refs. in Sect. 4.1).

The amount of olivine required in this calcu-
lation to reach a liquidus composition with Fo88
ranged from 9 to 15 % for Lake Nyos samples
and from 10 to 23 % for other OVG samples.
Trace element concentrations were recalculated
to account for the added olivine. This was done
assuming Rayleigh fractionation and employed
the formula: Co = CL/F

(D−1), where Co and CL are
the pre- and post-fractionation concentrations,
respectively, D is mineral/melt partition coeffi-
cient and F is the amount of liquid remaining
after fractionation.

The screening above reduced the number of
samples from 35 to 26, with 14 from the Lake
Nyos area and 12 from other OVG volcanoes.
These are used below to fingerprint the petroge-
netic processes in the mantle underlying these
volcanoes.

Fig. 6 MgO—Ni diagram for Lake Nyos and OVG lavas
compared to modeled trends due to mantle partial melting
and fractional crystallization (Hart and Davis 1978). The
diagonal lines are for 1, 10 and 20 % partial melting
respectively and the curves show olivine fractionation

trends. The Lake Nyos and OVG data does not intersect
the melting curve (even at 0.5 % mantle melting—not
shown). Triangles, half-filled squares and diamonds
represent Lake Nyosalkaline basalts, tholeiites and other
OVG samples respectively
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6 Depth and Location of Melting

6.1 Major Element Evidence

Experimental studies on mantle peridotite have
demonstrated that the principal control on the
major element (e.g. SiO2, Al2O3, FeO, CaO,
Na2O) chemistry of MORBs is the pressure of
melting (Langmuir et al. 1992; Hirose and Kus-
hiro 1993). The pressure (depth) of melting of the
Lake Nyos and OVG basalts was estimated using
algorithms derived by Herzberg and Zhang
(1996) over a range of pressures in melting
experiments on a quasi primitive peridotite KLB-
1. Herzberg and Zhang (1996) do not give an
algorithm for SiO2, but state that it is fairly
constant between 45 and 47 %.The fractionation-
corrected SiO2 contents of all (26) samples lie in
the range 45.0–47.1 %, so the SiO2 pressure was
calculated using the regression equation of Haase
(1996) from data of the melting experiments of
the three depleted mantle peridotites KLB-1,
PHN1611 and Tinaquillo (see Haase 1996 for
references). The SiO2 pressures calculated in this
way are similar to those obtained using the
equation of Scarrow and Cox (1995). Pressures
were estimated for individual samples. The tra-
jectories of the estimated pressures over a range

of 1–4 GPa are plotted in Fig. 4a–d, together
with the fractionation-corrected and the raw data.
There is generally good agreement, especially for
SiO2, Al2O3, and Na2O, where the fractionation-
corrected data intersects the pressure trajectory
(Fig. 4). It will be argued below that the Lake
Nyos source contains hydrous phases. The
Herzberg and Zhang (1996) experiments were
conducted on fertile peridotites. Given the source
differences, the agreement between the fraction-
ation-corrected data and the melting trajectories
is satisfactory, and supports the view that the
depth of melting is the main control on the major
element composition. The mean (n = 14, see
Fig. 7 inset) pressure values (in GPa) for Lake
Nyos are 2.8 (SiO2), 2.5 (MgO), 2.9 (Al2O3), 3.2
(FeO) and 2.7 (Na2O). These pressures were
converted to depths for individual samples using
a density of 3,300 kg/m3, and are plotted in
Fig. 7. There is still considerable debate (see
Walter et al. 2002) on the depth at which garnet
transforms to spinel. Experimental studies by
Robinson and Wood (1998) show that garnet is
completely broken down at 85 km. The 60–
80 km depth spinel-garnet transition zone adop-
ted in Fig. 7 is from Shen and Forsyth (1995).
The results on Fig. 7 show that melts in the Lake
Nyos and other OVG source mantle formed and
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Fig. 7 Depth of melt segregation from the mantle source
for individual samples from Lake Nyos and other OVG
volcanoes. Depths were obtained by converting the pres-
sures (insert histogram) using a density of 3,300 kg/m3.

The pressures were estimated as explained in the caption
of Fig. 4 and text. The spinel-garnet transition zone is
after Shen and Forsyth (1995)
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segregated over a 80–100 km depth range, within
the garnet stability field. These estimated pres-
sures correspond to source potential temperatures
of 1,300–1,400 °C (Albarède 1992).

6.2 Trace Element Evidence

Further constrains can be placed on the melting
dynamics of the Lake Nyos and other OVG lavas
using their trace element contents. We chose the
Zr/Nb and La/Yb ratios to constrain the source
mineralogy and enrichment because (i) the Zr/Nb
ratio is not affected significantly by fractional
crystallization of mantle phases, so it can dis-
tinguish the effects of partial melting from those
of fractional crystallization, and also the enrich-
ment level of the source mantle, and (ii) the La/
Yb ratio can distinguish melting between spinel
and garnet- lherzolite sources because Yb (a

HREE) is compatible in garnet but not in clino-
pyroxene. The Lake Nyos and OVG data is
modelled on a Zr/Nb versus La/Yb diagram
(Fig. 8, see caption for parameters used for
modelling). It is seen that the samples are clearly
displaced from the spinel lherzolite melting trend
and plot within the garnet melting trajectories.
The tight range in the Zr/Nb (5.07–4.61) and the
elevated La/Yb (20.22–22.49) ratios of these
samples argue against significantly variable
degrees of melting below these volcanoes, and
make it hard to avoid the conclusion that the
melts were generated in the presence of (2–3 %)
garnet by small (1–2 %) degree partial melting of
the mantle source. This conclusion is supported
by the major element systematics, and also by the
observation (Aka et al. 2008) of 230Th and 226Ra
excesses in these samples, that can only be
generated in the presence of garnet (Beattie
1993).

Fig. 8 Variation of fractionation-corrected Zr/Nb versus
La/Yb ratios in Lake Nyos and other OVG alkaline
basalts, compared with a non-modal fractional (Shaw
1970) melting grid with primitive mantle ratios (Sun and
McDonough 1989) as source. The garnet mode in the
source is assumed to vary from 1–4 % (shown as sub-
horizontal continuous lines). Melt increments (sub-verti-
cal dashed lines) are shown for 0.1, 0.5, 1, 2 and 3 %
melting. A spinel lherzolite melting curve is also shown
for the same melt increments. Phase proportions and melt
reaction coefficients for spinel lherzolite (sp lherz) from

Kinzler (1997), garnet lherzolite (gt lherz) from Walter
(1998) and garnet-amphibole-phlogopite lherzolite (gt-
amp-phlo lherz, used for Fig. 10) from Gurenko et al.
(2006). For sp lherz: ol = 0.53, 0.06; opx = 0.27, 0.28;
cpx = 0.17, 0.55; sp = 0.03, 0.11. For gt lherz: ol = 0.6,
0.03; opx = 0.2, 0.16; cpx = 0.1, 0.72; gt = 0.1, 0.09. For
gt-amp-phlo lherz: ol = 0.6, 0.1; opx = 0.2, 0.18;
cpx = 0.1, 0.3; gt = 0.05, amp = 0.04, 0.1; phlo = 0.01,
0.04. Mineral/melt partition coefficients are from compi-
lations of Halliday et al. (1995), White (2005), and Salters
(1996)
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7 Implications of the Data
on the Origin of CO2 in Lake
Nyos

Speculation on the significance of the data on the
origin of CO2 in Lake Nyos is based on the
following observations. (i) the occurrence of
many soda springs on the floor of, and around the
lake. These springs are today copiously dis-
charging gas with lethal amounts (over 99 % by
volume) of CO2. Any animals like the bird in
Fig. 9 or cattle grazing nearby that dare to come
too close to the springs to have a drink are
asphyxiated. Herdsmen put makeshift barriers
round this ‘Fulani spring’ to prevent cattle get-
ting too close. (ii) Judging from the δ13C−CO2

(−3.5 ± 0.2 ‰) and the 3He/4He ratio of asso-
ciated helium (5.7 times the atmospheric ratio),
the CO2 in Lake Nyos is clearly magmatic (Aka
et al. 2001a) even though the helium ratio is

lower than in the MORB source (Graham et al.
1992). (iii) As mentioned earlier, Lake Nyos
alkaline basalts have trace element patterns akin to
OIB. They have a mean Nb/U ratio that falls well
within the relatively constant asthenosphere-
derived OIB window. On the other hand, they
show a marked K depletion in their spidergrams.
Barium that is also a mobile element like K does
not show a similar depletion (see Fig. 3b of Aka
et al. 2008), so the K depletion cannot be due to
removal by weathering. The samples also show a
negative (albeit weak) correlation (r = 0.62) when
their La/Yb ratios are plotted against their Pb/Pb*
ratios. These characteristics can be interpreted to
result from the presence of a buffering residual K-
rich phase (e.g. amphibole and/or phlogopite)
during partial melting in the mantle source.
Amphibole and phlogopite are indeed present in
peridotite xenoliths hosted by these basalts (Aka
et al. 2004; Temdjim et al. 2004; Teitchou et al.

Fig. 9 a A bird (arrow) asphyxiated by CO2 exolving
from the Nyos ‘Fulani’ spring. Note the reddish color of
the spring b and lake water (northern part with dam and
spill way) c that is due to oxidation of Fe2+ to Fe3+

(Kusakabe this volume). Photos were taken in September
1991 (a), December 2011 (b) by FT Aka and in
September 2012 (c) by Romaric Ntchantcho
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2011). Since amphibole and phlogopite are not
primary mantle minerals, they are believed to
precipitate in the mantle from percolating meta-
somatising melts or fluids (Greenough 1988;
Green and Wallace 1988; Hawkesworth et al.
1990), and are restricted to the cold conductive
mantle lithosphere because temperatures in the hot
convective mantle are too high for their stability
(Class and Goldstein 1997). Observation (iii)
above would therefore imply some sort of inter-
action between melts from the convective and
conductive mantle below Lake Nyos. Such
asthenosphere-lithosphere interaction has been
advocated as a viable petrogenetic model for some
CVL volcanoes like Bambouto (Marzoli et al.
2000), Bui (Rankenburg et al. 2005) and more
recently Mount Cameroon (Yokoyama et al.
2007). More detailed verification of such a model
for the OVG system is underway.

The Zr/Hf and Ti/Eu ratios of Lake Nyos bas-
alts are plotted in Fig. 10.Withmean Zr/Hf and Ti/
Eu ratios of 48.5 ± 1.2 and 5606 ± 224, respec-
tively, the Lake Nyos samples show a shift with

respect to chondritic values (Sun andMcDonough
1989) of*30 % to higher Zr/Hf and lower Ti/Eu
ratios. Fractional crystallization cannot produce
the shifts observed in these samples. For example
up to 50 % fractional crystallization of a ‘basaltic’
assemblage consisting of (wt%) 0.2 ol, 0.3 cpx
and 0.5 plagioclase will increase the Zr/Hf ratio by

less than 5 % (using DZr;Hf
p lg =melt of 0.001 (Zr) and

0.051 (Hf), with the other partitioning data as in
footnote of Fig. 8). With DTi;Eu

gt=melt ¼ 0:98 and

DZr;Hf
gt=melt ¼ 0:87, melting of a dry garnet-bearing

source cannot account for the observed fractio-
nations as much as melting of an amphibole

(DTi;Eu
amp=melt ¼ 1:83, DZr;Hf

amp=melt ¼ 0:83) and phlogo-

pite (DTi;Eu
ph log =melt ¼ 31:6, DZr;Hf

ph log =melt ¼ 1:37)-

bearing mantle source would do (Fig. 10). Also
plotted in Fig. 10 are mafic lavas from Rungwe—
Tanzania and Lake Kivu, which are interpreted to
derive from a source peridotite that has suffered
metasomatism (Marcelot et al. 1989; Furman
1995), carbonatite-metasomatised peridotite

Fig. 10 Variation of fractionation-corrected Ti/Eu versus
Zr/Hf ratios in Lake Nyos basalts compared to other mafic
lavas from Rungwe and Lake Kivu (East African Rift
System) which are considered to have suffered metaso-
matism, carbonatite-metasomatised peridotite xenoliths
from Ethiopia, Tanzania, Australia and Italy. Also shown
are data for mafic (MgO > 7 wt%) lavas from other CVL
volcanoes (literature), a Lake Nyos xenolith amphibole
(Teitchou, pers. comm.), typical carbonatites, and a

mixing curve between primitive mantle and calsio-
carbonatite (see Sect. 7 of text for Refs.). Ti/Eu and Zr/
Hf fractionation in the Lake Nyos basalts is similar to that
produced by low degree (2 %) partial melting of a garnet-
amphibole- phlogopite lherzolite source. The model melt
composition was calculated assuming non-modal frac-
tional melting (Shaw 1970). Mineral-melt partition coef-
ficients, phase proportions and melt reaction coefficients
used are given in Fig. 8 caption
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xenoliths from Mega-Ethiopia (Bedini et al.
1997), Tanzania (Rudnick et al. 1993), Australia
(Yaxley et al. 1991, 1998) and Italy (Downes et al.
2002), as well as typical carbonatites (Nelson et al.
1988; Hoernle et al. 2002). Carbonatite metaso-
matism produces CO2 as a by-product (see equa-
tions in Yaxley et al. 1991 and Kogarko et al.
2001). Experimental studies by Green and Wal-
lace (1988) suggest that up to 50 % of a (perco-
lating) metasomatizing carbonatite melt may be
lost as a CO2-rich fluid. It is seen in Fig. 10 that an
amphibole in a Lake Nyos xenolith has Ti/Eu and
Zr/Hf ratios that plot exactly on the primitive
mantle-carbonatite mixing line, while Lake Nyos
basalts plot together with a model melt formed by
2% (non-modal fractional, Shaw 1970) melting of
a garnet, amphibole and phlogopite-containing
source. The simplest interpretation of this is that
the amphibole was added to the garnet lherzolite
source by carbonatitic fluids, and the basalts were
produced by (low degree) melting of the metaso-
matized source. We argue that decarbonation
reactions of the carbonatitic metasomatism are
actively taking place in the Lake Nyos mantle
today. They would be responsible for producing
the magmatic CO2 that is draining through the
underlying fractured diatreme and via mineral
springs into the bottom of the lake. It is this that
asphyxiated people and animals during the 1986
gas disaster. This conclusion requires that current
efforts to degas Lake Nyos should take into
account the fact that CO2will continue to seep into
the lake for a yet undetermined but long time in the
future. A possible solution will be to avoid strat-
ification by (somehow) safely and permanently
bringing bottom waters to the surface to release
any newly accumulated gas.

7.1 Timing of the Enrichment Event

The radiogenic helium isotope signatures of the
OCB zone (e.g. Mount Etindé, Fig. 1) compared
to the OVG are thought to result from Lower
Neocomian U + Th enrichment by melts from the
St. Helena hotspot when it underlay this portion
of the CVL lithospheric mantle in the Mesozoic
(Halliday et al. 1990; Aka et al. 2004). Only four

(Rb–Sr), two (Sm–Nd) and one (U–Pb) isotopic
data are available for the OVG in samples
with MgO > 4 wt%. In these 22–23 Ma sam-
ples, (87Sr/86Sr) ranges from 0.70380–0.70333,
(143Nd/144Nd) from 0.51260–0.51283,
(206Pb/204Pb) is 18.77, (207Pb/204Pb) is 15.56,
and (208Pb/204Pb) is 38.70. The (206Pb/204Pb)
ratio in Etindé is 20.52 (Halliday et al. 1990).
The less radiogenic lead of the OVG compared to
Etindé may suggest either that the Mesozoic
event did not affect the CVL mantle as far inland
as the OVG, or that the OVG suffered a more
local but later enrichment event. These scenarios
are being investigated.

8 Conclusions

The available dataset for 35 samples of basaltic
lavas from the Lake Nyos maar- diatreme vol-
cano and other volcanoes of the Oku Volcanic
Group of the Cameroon Volcanic Line includes
that of two samples from Lake Nyos, prelimi-
narily identified as tholeiitic basalts. These rocks
are more widespread in the Lake Nyos tephra
deposits than previously thought. They may be
remnants of magma that got stalled (diatreme) at
crustal levels below Lake Nyos. More detailed
studies of these rocks are needed’. The whole
dataset was screened for alteration, crustal con-
tamination and the effects of crystal fractionation.
The results indicate that the tholeiites and 25 %
of the samples may have suffered 1–2 % crustal
contamination, and/or between 15 % (Lake
Nyos) and 23 % (other OVG) fractionation of
olivine. Clinopyroxene and plagioclase feldspar
are not major fractionating phases in the studied
lavas of the OVG volcanoes. The subset of
screened data (26 samples) has major and trace
element characteristics that indicate 1–2 % partial
melting of a (2.3 %) garnet peridotite at *90 km
depth. The data show that polybaric melt pooling
from the mantle source is not a viable petroge-
netic process in the OVG. Trace element sys-
tematics suggest that the Lake Nyos mantle has
been spiked by carbonatitic melts, akin to that
generating melts in the East African Rift System.
Melting of this metasomatised mantle is releasing
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the CO2 that seeps into and accumulates in the
lake. Current degassing efforts should consider
the fact that CO2 will continue to exsolve into
Lake Nyos from the mantle for an undetermined
but long time in the future.
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Are Limnic Eruptions in the
CO2–CH4-Rich Gas Reservoir of Lake
Kivu (Democratic Republic
of the Congo and Rwanda) Possible?
Insights from Physico-Chemical
and Isotopic Data
Orlando Vaselli, Dario Tedesco, Emilio Cuoco,
and Franco Tassi

Abstract

An overturn of Lake Kivu was seriously considered after the January 2002
Nyiragongo volcanic eruption, which erupted 20 × 106 m3 of lava from a
NS-oriented fissure on the southern flank of the Congolese volcano. Part of
this silica-undersaturated magma produced a lava flow that entered Lake
Kivu down to a depth of 70–100 m. The possibility of a rollover comes
from the fact that Lake Kivu is meromictic and below ≈250 m a CO2–CH4-
rich gas reservoir is present. Thus, the riparian population (≈2,500,000
people) is endangered by a possible limnic eruption. During last 30 years
several vertical profiles carried out by several researchers have evidenced a
relatively pronounced vertical physico-chemical and isotopical variation.
Nevertheless, saturation of CO2 and CH4 appears to be far from critical
values, indicating that presently the hydrostatic pressure cannot presently
be overcome. Recent studies have suggested an increase in dissolved gases
(particular CH4) at depth and the uprising of the chemocline, a limnic
eruption could possibly occur within 80–200 years from now. More studies
are needed to follow up the lake evolution with time. Simulations will shed
light on possible internal and external factors able to provoke the release a
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suffocating and, possibly, inflammable killer cloud. In this paper, we
investigate using recent historical eruptive events of Nyiragongo volcano,
we discuss the possibility that a limnic eruption may occur in a near future,
although the stability of Lake Kivu is presently high: only exceptionally
high magnitude events appear to be able to destabilize the 560 × 109 m3

water volume contained in its basin.

Keywords

Lake Kivu � Limnic eruptions � CO2–CH4-rich gas reservoir � Physical-
chemical limnology � Energy resource � Hazard assessment

1 Introduction

Lake Kivu (1°24′S–2°30′S and 28°50′E and
29°23′E) lies between the territories of the
Democratic Republic of the Congo (DRC) and
Rwanda (Fig. 1). The lake water, at an altitude of

1,460 a.s.l., covers a surface of about 2,400 km2

(1,370 km2 of which are in the Congolese terri-
tory) with a catchment area of about 7,000 km2.
The maximum length of Lake Liku is 84 km and
the maximum width is 50 km. Lake Kivu belongs
to the western branch of the East African Rift

Fig. 1 Schematic geodynamical (a) and volcanological (b) setting and bathymetry of lake Kivu with the five sub-
basins (c)
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System (EARS) (Fig. 1a) and is part of the Vir-
unga Volcanic Province (Ebinger and Furnam
2002/2003) (Fig. 1b) where silica-undersatu-
rated, ultra-alkaline and alkalic-mafic magma
predominate. The two active Virunga volcanoes,
Nyiragongo and Nyamuragira (Fig. 1b), are
located north of Lake Kivu. The erupted Nyi-
ragongo lavas have an unusual composition with
the lowest recorded viscosity among terrestrial
magmas (Chakrabarti et al. 2009 and references
therein).

Lake Kivu is an important water resource
among the African Great Lakes, having an esti-
mate water volume of 560 × 109 m3. Its depth is
remarkable, the mean depth being 240 m, while
the deepest point is 485 m. Lake Kivu drains to
the south into the Ruzizi River, which feeds Lake
Tanganyika.

One of most striking peculiarities of Lake
Kivu is the presence of a large CO2–CH4-rich
gas reservoir at depth >250 m (e.g. Damas 1937;
Schmitz and Kufferth 1955; Capart 1960) and for
this reason in the past limnologists and geosci-
entists were attracted by the singularity of the
physico-chemical composition of the lake water
(e.g. Degens et al. 1973; Tietze 1978). An esti-
mated 300 km3 of carbon dioxide and 55–60 km3

of methane are dissolved and trapped at signifi-
cant depth in the lake (e.g. Kling et al. 2006).

In January 2002, the sudden eruption of
Nyiragongo produced more than 20 × 106 m3 of
fresh magma that fed several lava flows and one
of them entered the lake down to a depth of
≈70 m (e.g. Tedesco et al. 2007). This event
promptly recalled the disastrous limnic eruption
at Lake Nyos (Cameroon) in 1986. Here, about
1,800 people were suffocated by a CO2-rich
cloud released from the deepest part of this lake
(Tietze 1987; Kling et al. 1989; Evans et al.
1993; Evans and Kling, this issue; Kusakabe, this
issue). The magnitude and the number of people
possibly involved in a gas outburst at Lake Kivu
would be much higher. Moreover, the scenario
generated by the presence of an inflammable gas
such as methane can hardly be constrained.

In this chapter, we report the main composi-
tional features of the deepwater strata of LakeKivu
with the aim to (i) outline the peculiar chemical and

isotopic stratification and its physico-chemical
properties, (ii) highlight the scenarios related to a
possible overturn of the lake and (iii) estimate the
current hazard from the lava flow constrained from
previous eruptive events and (iv) suggest future
studies for the monitoring of Lake Kivu.

2 The Lake Kivu: Structure,
Limnology and Geochemical
Features

About 1,300 mm of rainwater represent the
annual precipitation in the region. Rainfall is
higher along the western side with respect to the
eastern side of Lake Kivu (Villanueva et al.
2008). The average surface water lake tempera-
ture is about 24 °C (Snoeks 1994). Lake Kivu,
characterized by a Main basin and four sub-
basins, can be classified as a damming lake,
resulting by the intense volcanic activity of
the numerous central edifices and parasitic cen-
ters that form the Virunga Volcanic Province
(Capaccioni et al. 2002, 2003; Chakrabarti et al.
2009). The Great Valley was thus dammed to the
north, interrupting the northward flow of the pre-
existing rivers (Holzförster and Schmidt 2007
and references therein). Presently, the lake waters
are drained to the south by the River Ruzizi,
which enters the Lake Tanganyika at a rate of
*100 L/s. The central part is occupied by the
world’s tenth-largest inland island (Idjwi) that is
home of more than 150,000 people. Totally, the
1,200 km long lake shoreline, that stretches no
more than 50 m away from it (Van den Bossche
and Bernacsek 1990; Verheyen et al. 2003),
hosts several settlements, e.g. Bukavu, Kabare,
Kalehe, Sake and Goma in DRC and Gisenyi,
Kibuye and Cyangugu in Rwanda, with an esti-
mated population of more than 2,500,000 people.

A permanent water stratification at Lake Kivu
was highlighted by many authors (e.g. Tassi et al.
2009 and references therein). According to
Coulter et al. (1984) and Snoeks (1994), Lake
Kivu is a meromictic lake with a large methane
and carbon dioxide reservoir at depth. The anoxic
layer (monimolimnion) is located below 60 m and
methane-saturated waters are occurring in the
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deepest part of the lake (Coulter et al. 1984; Van
den Bossche and Bernacsek 1990; Isumbisho et al.
2004; Sarmento et al. 2006). Despite the fact that
most of the East African Valley lakes is charac-
terized by a relatively deep pelagic zone, abun-
dantly colonized by small fishes (Coulter et al.
1984; Lowe-McConnell 1993), Lake Kivu is also
distinguishably different in this respect since fish
diversity is relatively poor with only 26 endemic
species (Hanek et al. 1991; Snoeks 1994;
Villanueva et al. 2008). Exotic fishes were intro-
duced, i.e. Oreochromis macrochir (Boulenger)
and Tilapia rendalli (Boulenger) (Chapman et al.
1996; De Vos et al. 2001) and Limnothrisssa
miodon (Boulenger) and Stolothrissa tanganyicae
(Regan) (Spliethoff et al. 1983; Van den Bossche
and Bernacsek 1990), to increase biodiversity and
productivity of the lake (Welcomme 1988).

The presence of large amounts of dissolved
gases in the deep waters of Lake Kivu was rec-
ognized for the first time in 1935 (Damas 1937).
However, it is about 20 years later that Lake Kivu
was recognized to contain a lake of gas at depth
(Peeters 1957; Kiss 1959, 1966; Borginiez 1960;
Capart 1960; Kufferath 1960; Burke and Muller
1963; Schmitz and Kufferath 1955). This “lake in
the lake” is mainly composed by a reservoir of
CO2 and CH4, the latter being considered
exploitable for renewable energy (e.g. Tietze
2000) since a recharge of gas in the lake was

estimated to be comprised between 125 and
250,000,000 m3 per year (e.g. Halbwachs 2003).

A systematic study on the definition of the
vertical chemical stratification with depth in Lake
Kivu began in the early seventies. Several authors,
and particularly those belonging to the Degens
Group, produced several scientific articles where
the peculiar features of the Kivu deepwater
structure were highlighted (Degens et al. 1972,
1973; Degens and Kulbiki 1973; Deuser et al.
1973; Hecky and Degens 1973; Wong and Von
Herzen 1974; Jannash 1975; Krumbein 1975;
Degens and Ittekkot 1982). In 1974 and 1975 the
vertical stratification of Lake Kivu was also
stressed by Tietze (1978), when 23 profiles were
measured at different locations. In 2004, Schmid
et al. (2005) provided four more temperature and
salinity profiles between Idjwi Island and Goma.
From these profiles average profiles, giving
the density and other parameters at a 1 m verti-
cal resolution, were calculated. More recently,
Hirslund (2012) assessed that the chemoclines at
the Lake Kivu are moving upwards with a vertical
flow rates varying from *0.05 below 390 m to
*1.39 below *140 m (km3 year−1).

In Fig. 2, the variations of pressure, temper-
ature, electrical conductivity (EC) and density
with depth for the Main Basin of Lake Kivu are
reported (Tietze 1978). At about 250 m a sharp
increase in temperature, EC and density is

Fig. 2 Density,
temperature, electrical
conductivity and pressure
vertical profile in the
MAIN Kivu (modified after
Tietze 1978)
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observed, which marks the presence of the
CO2–CH4(+H2S) dissolved gases, which are
stored at depth due to the hydrostatic pressure.
Unless EC and density, which show a more or
less progressive increase with depth, temperature
is characterized by a relatively dramatic decrease
down to 50 m and consequently manifests a
slow, though continuous, increment up to 250 m
(Fig. 2). At the lake bottom, a temperature of
about 26 °C is recorded. Remarkably, pH values
strongly vary from the surface to the bottom of
the lake, being decreasing from about ≈9 down

to 6.5 (e.g. Tassi et al. 2009). The variability of
the physical parameters and the pH values also
reflects the distribution of the main and trace
solutes with the depth. The total sum of anions
and cations increases from about 15–75 meq/L
(Fig. 3a, b). It is worthy to observe that HCO3

(Fig. 3c) and Na (Fig. 3d) do represent a large
percentage of the anions and cations, respec-
tively. Their distribution with depth, similarly to
that of some of the trace elements (Fig. 3e, f)
analyzed by Tassi et al. (2009), intimately mimic
that of the physical parameters (Fig. 2).

Fig. 3 Vertical
distribution of anions
(a) and cations (b) (in
meq/L), HCO3 (c) and Na
(d) in mg/L and Rb (e) and
B (f) in μg/L from the main
basin. Data from Tassi et al.
(2009)
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The physical and chemical data of Fig. 2 are
referred to the Main Kivu, i.e. the largest and
deepest portion of Lake Kivu. The Rwandan-
Congolese lake can however be divided into five
sub-basins (Main, Kabuno Bay, Kalehe, Ishung
and Bukavu; Fig. 1c), which are topographically
separated by relatively shallow sills (Degens et al.
1973; Tietze 1978; Botz et al. 1988; Spigel and
Coulter 1996; Lahmeyer-Osae 1998; Tassi et al.
2009). In Tassi et al. (2009), the five sub-basins
were sampled vertically for water and dissolved
gas chemical and isotopic analysis by descending
a Rilsan® tube (impermeable to water and gas
diffusion) at the maximum depths for each basin.
The geochemical and isotopic compositions
highlighted that distinct features characterize
the five sub-basins, likely due to three processes:
(i) water-mineral equilibrium, (ii) biological cycle
and (iii) deep fluid inputs. Bukavu Basin does not
show any vertical chemical stratification due to
either the relatively low depth (≈80 m) or the
absence of deep gas/water inputs, as testified by
its flat morphology, likely due to the dismantling
of the Southern Kivu volcanic (extinct) edifices.
Chemical and isotopic variations were recorded
for the four basins.

A general agreement exists on the origin of
carbon dioxide, which is mainly related to the
discharge of scrubbed magmatic fluids at depth
(e.g. Tassi et al. 2009 and references therein),
whereas methane is basically formed by metha-
nogenic microbial activity (e.g. Schoell et al.
1988).

A debate on the Lake Kivu water data
unchained when Tietze (1978) assessed that,
despite the importance of the data provided by
the Degens Group, several errors were recog-
nized, mainly due to the equipment used to
determine the vertical profile of CO2 and, par-
ticularly of CH4. On the other hand, Tassi et al.
(2009) stated that the vertical distribution of the
molar concentrations of dissolved CO2 and CH4

were consistent with those of Tietze (1978) and
Schmid et al. (2005) up to a depth ≤250 m.
Below 250 m, the concentrations of both species
were recognized by Tassi et al. (2009) to be
significantly lower, especially with respect to
those reported by Schmid et al. (2005) (Fig. 4a).

Tietze (2000) suggested that imprecision and
inaccuracy of the sampling and analytical tech-
niques by various authors (e.g. Schmitz and
Kufferath 1955; Degens et al. 1973; Tietze 1978;
Tietze et al. 1980; TECHNIP and BRGM 1986)
were responsible for these differences. Never-
theless, Tassi et al. (2009) concluded that the
observations reported in Tietze (2000) cannot be
accepted as the only cause of these compositional
differences, because they do not explain the
general agreement of most authors among the
measured CO2 and CH4 vertical profiles of water
strata above the gas reservoir.

Fig. 4 Vertical distribution of CO2 (a) and CH4 (b) from
the main basin, according to different authors. Modified
after Tassi et al. (2009)
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The differences in methane concentrations
measured in 1974 (Tietze et al. 1978) and in
2004 (Schmid et al. 2005) were interpreted as
due to the progressive increase in nutrient input
to the lake related to the fast-growing human
population in its catchment area, and thus the
increase in the biomass population (Pasche et al.
2011). This process would have led to a more
efficient CO2–CH4 conversion (Schmid et al.
2005). Tassi et al. (2009) claimed that the rea-
sonable hypothesis proposed by Tietze (1978)
and Schmid et al. (2005) is however not able to
motivate the significant differences among the
CO2 concentration profiles measured in the Main
Kivu by various scientific teams in the Main
Basin (Fig. 4a). Furthermore, the CH4 concen-
trations measured by Degens et al. (1973) were
even higher than those measured more than
30 years later (Fig. 4b). Tietze (1978) and Sch-
mid et al. (2005) concluded that these differences
can possibly be attributed to a spatial variability
able to affect methanogenic bacterial communi-
ties in terms of amount and types. This statement
is supported by the significant differences rec-
ognized in various areas of the lake of the phy-
toplankton biomass in the epilimnion, the latter
showing strong seasonal variations (Sarmento
et al. 2006). If so, a different mechanism must be
invoked to account for the differences among the
CO2 vertical profiles measured in the last dec-
ades. Carbon dioxide originates from mantle
degassing (e.g. Schoell et al. 1988; Schmid et al.
2005), thus its spatial distribution might depend
on the location of the sub-lacustrine discharges.
Nevertheless, a direct relationship between the
distribution of dissolved CO2 anomalies and the
location of the sub-lacustrine discharges is not
expected, as the effects of horizontal mixing in
open lakes, such as the Main Basin, controlled by
processes governed by a complex combination of
chemical-physical parameters, are difficult to
predict (e.g. Murthy 1976; Imbonden and Wüest
1995; Peeters et al. 1996).

To solve the problem of the vertical distribu-
tion of the two main (CO2 and CH4) and other
gas components in Lake Kivu, a joint measure-
ment involving the different scientific groups
should be planned in order to: (i) directly

compare the different methodologies adopted for
defining the stratigraphical variations; (ii) avoid
differences that might be expected when com-
paring chemical profiles obtained in different
periods of the year; (iii) adopt recent techniques
that imply the utilization of new CO2 and CH4

sensors.

3 The Kabuno Sub-basin

Most studies in Lake Kivu focused on the Main
Basin since the 2002 lava flow descended into
the lake at a depth of 70 m, less attention was
paid to the sub-basin of Kabuno (about 150 m
deep), despite the fact that is has a strong
chemical stratification with a shallow (25 m
deep) CO2-rich layer. No significant methane
concentrations were found in the Kabuno basin.
This is also highlighted by the variation with
depth of the sum of anions and cations with the
depth. Basically, the concentrations of these two
parameters at 150 m are similar to or even higher
(Fig. 5a, b) than those measured in the Main
Basin at the depth of 485 m (Fig. 3a, b). When
comparing the contents of HCO3 (Fig. 5c) and
Na (Fig. 5d), as well as those of selected trace
elements (Fig. 5e, f), the general picture is that
Kabuno acquired a higher salinity and gas con-
tent with respect to all the other sub-basins that
form Lake Kivu. Significant differences between
the Main and Kabuno basins are also evidenced
when considering the oxygen and hydrogen
isotopic values, those of Kabuno are consistently
lower than those of the Main Basin (Fig. 6).

To explain the peculiar geochemical features
of Kabuno, separated by a shallow (ca. 7 m)
threshold from the Main Basin, Tassi et al.
(2009) hypothesized a high-rate of a sub-lacus-
trine CO2-rich mantle-derived discharge into
Lake Kivu, likely preventing the conditions for
the presence of methanogenic bacteria, as instead
occurs in the remaining part of the lake. Never-
theless, a decoupling between the carbon (in
CO2) and helium isotopes was observed since the
δ13C–CO2 values have a more negative signature
(<−10 and ‰) than that of the Main Basin
(Fig. 7a). The δ13C-TDIC values at Kabuno
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below 25 m are as negative as those of the Main
Basin at depths >300 m where they tend to
achieve the same negative values (Fig. 7b).
Contrarily, the helium isotopes, corrected with
respect to the relative amount of neon in the
samples, assuming that Ne is essentially all of
atmospheric origin (Poreda and Craig 1989),
show values up to 6 (as R/Ra) and thus, higher
than those recorded in the Main Basin (R/Ra ≈ 3)
(Fig. 7c), where a contribution of crustal helium
is present (Tedesco et al. 2010). This apparent
contradiction between the carbon and helium

isotopes in the Main and Kabuno basins can
possibly be explained with a different system
feeding the Kabuno Basin with respect to that of
the Main Basin. Alternatively, the presence of
organic-rich terrains and/or ground waters inter-
acting with the deep fluids may be responsible of
the lighter carbon isotopic composition observed
in the Kabuno Basin.

This decoupling between the helium and car-
bon isotopes may also be related to the different
vulcanological settings of the Main and Kabuno
basins, the first one being located in the

Fig. 5 Vertical
distribution of anions
(a) and cations (b) (in
meq/L), HCO3 (c) and Na
(d) in mg/L and Rb (e) and
B (f) in μg/L from the
Kabuno basin. Data from
Tassi et al. (2009)
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Nyiragongo realm, while the second one in that
of Nyamuragira. Interestingly, the inland mani-
festations, inside and near the town of Sake
(Fig. 1b) that lies in the geological domain of
Nyamuragira, show the same isotopic features as
those observed in the Kabuno Basin, i.e. negative
δ13C–CO2 and high R/Ra values, also compara-
ble to those of the fumarolic gas discharges at the
Nyiragongo crater and surrounding areas (Vaselli
et al. 2002, 2003; Smets et al. 2010a; Tedesco
et al. 2010) (Fig. 8). The gas discharges in the
Main Basin seem to be more affected by an
“infra-cratonic component” (Minissale et al.
2000), which is physically represented by some
gas manifestations originating in the Archaean
terrains on the eastern side of the rift (e.g. Rambo
thermal springs, Tedesco et al. 2010), diluting the
mantle component (Fig. 8). Consequently, a
tentative conceptual model for the northern part
of the Lake Kivu is shown in Fig. 9.

According to the concentrations of the dis-
solved gases at the Kabuno Basin (Tassi et al.
2009), the pressure of each gas components is
plotted versus depth in Fig. 10. In order to
overcome the hydrostatic pressure, an increase of
the pressure at depth of about 2 bars or a dis-
placement of about 18 m of the gas reservoir

located at 50 m are required. As a consequence,
Kabuno Bay may represent the most hazardous
source of gas outburst since its gas reservoir is
not only dominated by mantle-derived gases, but
it is also physically isolated from mixing currents
that moderate gas accumulation in the other
basins of the lake.

4 The Lake Kivu: Energy
Resource Versus Limnic
Eruption

Despite the clear evidence that Lake Kivu is a
resource related to the possibility of using the
large reservoir of methane stored at depth as a
clean energy fuel, most scientists (e.g. Hallbw-
achs et al. 2002 and references therein) have
pointed out the hazard related to the presence of
the mixed gases stored within the lake. The main
reason of this warning is chiefly related to the
presence next to the lake of the two active vol-
canoes, Nyiragongo and Nyamuragira (Fig. 1).
The experience of the January 2002 eruption of
Nyiragongo has alarmed the scientific commu-
nity since the lava flow that reached the depth of
70 m inside the lake was not able to trigger a

Fig. 6 Vertical
distribution of δ18O (a) and
δ2H-H2O (b) and Total
Dissolved Solids (TDS)
versus δ18O (c) and HCO3

versus δ18O (d) in the main
and Kabuno basins. Data
from Tassi et al. (2009)
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thermally driven gas outburst induced by the
presence of the large CO2 and CH4-rich gas res-
ervoir located below the depth of about 250 m.
According to Lorke et al. (2004), no gas outbursts
are expected at Kivu from future eruptions with
similar or comparable dimensions of that occur-
red in 2002. However, on the basis of sediment
cores, Haberyan and Hecky (1987) have indicated
a posteriori the probable occurrence of previous
large-scale limnic eruptions since in at least five
layers of the past 5,000 years, common micro-
fossils were missing in the lake-bottom sediments
and huge amount of external debris were present.
These layers were later explained to be the result
of a large-scale wave (possibly produced by a gas
outburst) that favored a large influx of terrige-
neous sediments and external organic matter
(Haberyan and Hecky 1987) on its way back to
the lake. This observation appears to be supported
by Al-Mutlaq et al. (2008) who recognized in a
sediment core of Lake Kivu a sapropelic horizon
reflecting lake water turnover with ventilation or
hydrothermal activity. Nevertheless, the present

Fig. 7 Vertical distribution of a δ13C–CO2 and b δ13C-
DIC (Dissolved Inorganic Carbon) and c helium isotopes
(expressed as Rc/Ra, where R is the measured 3He/4He,
while Ra is that in the air, i.e. 1.39 × 10−6). The helium
isotopic ratios (R) were corrected with respect to the
relative amount of neon in the samples, assuming that Ne
is essentially all of atmospheric origin (Poreda and Craig
1989). Data from Tassi et al. (2009)

Fig. 8 Helium isotopes versus δ13C-CO2 in the main gas
manifestations in the Virunga Province. The helium
isotopic ratios (R) were corrected with respect to the
relative amount of neon in the samples, assuming that Ne
is essentially all of atmospheric origin (Poreda and Craig
1989). Gas samples are from the fumarolic crater
discharges of Nyiragongo volcano, the dry gas vents in
the eastern and western part of the lake Kivu shoreline,
the bottom of lake Kivu and the distal discharges
including those gases seeping from the Archaean base-
ment (i.e. Rambo). Modified after Tedesco et al. (2010)
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gas concentrations in the lake would require an
energy input particularly high to trigger a gas
outburst (Schmid et al. 2010), unless a volca-
nic eruption will be occurring inside the lake
(Tedesco et al. 2002; Schmid et al. 2002, 2003).
The situation appears to be relatively different for
the Kabuno Basin where the amount of CO2 is
close to the saturation, although constrained in a
relatively thin layer when compared with the
Main Basin (Tietze 1978; Tassi et al. 2009).

If the mainly effusive volcanic activity of
Nyiragongo and Nyamuragira has to be taken
into account, it is necessary to understand the
relationships with time between volcanic activity
and the lake. The best way to proceed is to apply
the main rule in geology, where “the past is the
key to understand and possibly forecast the
future”. Lake Kivu is considered a “killer lake”
along with the Cameroonian lakes of Monoun
and Nyos (e.g. Kling 2010). The peculiarity of
Lake Kivu resides in the fact that the presence of
CO2 is accompanied by CH4. As previously
mentioned, most scientists agree that lava flows
entering the lake and interacting with the gas
reservoir is a major hazard along with a possible
eruption occurring directly within the lake. In
this section we analyze, according to historical
activities, how the hypothesis of lava flows
reaching the bottom of the lake cannot be ruled
out.

In Smets et al. (2010b) the effusive activity of
Nyiragongo and Nyamuragira volcanoes in the
last hundreds years is reported. While Nyirag-
ongo only erupted twice in the last two centuries
(1977, e.g. Durieux 2002/2003; Tedesco et al.
2002, 2007; Komorowski et al. 2002/2003),
more than 28 eruptions have occurred at

Fig. 9 Schematic conceptual model of lake Kivu. See text for explanations

Fig. 10 Relative and total pressure (in bar) of the main
dissolved gas in the Kabuno sub-basins. Data from Tassi
et al. (2009)

Are Limnic Eruptions in the CO2–CH4-Rich Gas Reservoir … 499



Nyamuragira (the most active volcano in the
African continent) since 1938, both from the
central crater and/or peripheral craters, some of
them close the northern shoreline of Lake Kivu
(Smets et al. 2010b).

During the last century, several eruptions
from the two Congolese volcanoes have pro-
duced lava flows that ended their path within
the lake at both Main and Kabuno basins. In
particular, two major historical lava flows of
Nyamuragira entered the Kabuno Basin (1938/
1940 and 1948). These events can be regarded as
the most appropriate examples to understand the
dynamics within this part of the lake. The erup-
tive event that occurred from January 1938 to
June 1940 is considered the longest one in the
region of the last century. Two lava flows hit the
Kabuno Basin and penetrated the waters during
the first weeks of the eruption. Despite the fact
that this event lasted for three and a half years,
producing a gigantic amount of lava that reached
the lake, most probably at its bottom,1 Appar-
ently, all activities around the lake continued and
tea and coffee plantations did not suffer any
specific damage. Similarly, the population of the
area was not affected by direct volcanic hazard.
The only exception was created by two lava
flows that cut off the main road from Sake to
Goma for a long time. Consequently, the use of
boats became necessary for transportation of
goods. This latter aspect points out that no
degassing occurred from the Kabuno Basin.
Again in 1948, a lava flow, lasting only four and
half months, reached the Kabuno basin waters
during the first week of the eruption. Also in this
case no specific events related to a thermally
driven limnic eruption were recorded.

Now the question is: why did these two events
not produce, as it could be expected, a sudden
degassing and overturn of the Kabuno Basin?
First of all, it is necessary to take into account
several parameters that may play a specific role

in this process and, as highlighted by many
authors (e.g. Kivu Research Conference, 13–15
January 2010, Gisenyi, Rwanda), a comparison
between Lake Kivu and Lake Nyos in terms of
those processes that could have led to a limnic
eruption becomes of fundamental importance.
Nevertheless, this approach does not appear to be
correct for the Main nor for Kabuno basins. First
of all, a comparison between the Main Basin and
Kabuno basins and secondly, between them and
Lake Nyos, should be considered, as follows: (1)
the dimensions, the water volume and the
amount of the deep-seated gas; (2) the volume of
lava entering the lake; (3) the temperature and the
rheological properties of lava flow when entering
the lake.

Lake Kivu is almost one hundred times bigger
than Lake Nyos with a water volume ratio of 550/
0.179 (in km3; Kling et al. 2006). The Kabuno
Basin is only slightly bigger than Lake Nyos. It
seems clear that an event such a lava flow, gen-
erally quiet small, entering the lake does not apply
to Nyos. In the past, most lava flows that hit the
northern shoreline of lake Kivu did likely not
reached the lake bottom (485 m). Contrarily, lava
flows in the Kabuno Basin, whose the maximum
depth is of 148 m, have a higher probability to
enter the gas reservoir. We can speculate that the
1938/1940 and 1948 Nyamuragira lava flows did
not cause a limnic event because the size of the
lava flows compared to the water volume of the
lake was relatively small. Moreover, the temper-
ature of the lava was likely lower than at the
emission vent, having flown for several kilometers
before reaching the lake. The relatively fast
(quenching) temperature and flow speed
decreased once the lava hit the late waters.

The Lake Nyos limnic event was probably
generated by a landslide of huge proportions that
moved down from an almost vertical cliff within
the lake (e.g. Freeth et al. 1990). The fast con-
version from potential to kinetic energy of the
water mass was significant along with the dis-
persion speed of the landslide. When comparing
the landslide event with a lava flow, it is clear
that the two events are completely different. The
lava flow is generally slow, with little kinetic
energy and its volume by unit of time entering

1 Witnesses (Dario Merlo Kassouku’s father and son)
living in the area have described the entrance of the lava
into the Kabuno sub-basin without any specific degassing,
explosions or lake over-turning.

500 O. Vaselli et al.



the lake is extremely small, i.e. several orders of
magnitudes lower than that of the landslide at
Lake Nyos. The only parameter that could play a
favorable role for the lava flow is the tempera-
ture. We believe that when the lava flow hit the
lake, as witnessed in the January 2002 event, its
temperature was immediately quenched by the
cold lake waters. This means that the progression
at depth by the lava flow is mainly controlled by
gravity. During the same event, it was witnessed
that the front of the lava was rapidly frozen,
favoring the formation of a carapace that partially
protected the feeding lava and forming a sort of
vertical lava tunnel and/or pillow lavas. How-
ever, while the first lava was almost completely
frozen the subsequent arriving and warmer lava
was simply mechanically pushing the former one
at depth. This process does not likely seem to be
adequate to deeply change, vertically and/or
horizontally, the chemical and physical equilib-
riums in the lake. As a consequence, the Kabuno
and/or Main basins can unlikely be affected by
the simple emission of lava flows.

Capaccioni et al. (2002/2003 have highlighted
that the southern flank of the Nyiragongo vol-
cano is dominated by several tens of NE-SW-
and NS-oriented eccentric cones and their vol-
canic activity was apparently controlled by the
distance of the present lake shoreline. Among the
hydrovolcanic cones, mainly located in proxim-
ity of the lake, two different types of opening
settings can be recognized: (1) sub-aereal, mostly
characterized by phreatic eruptions; (2) sub-
aqueous, with no-explosive or mildly explosive
sub-aqueous effusions, the latter being related to
high stand conditions of the Lake Kivu levels. At
distances roughly in excess of 2 km from the lake
shoreline the adventive cones tend to become
cinder or spatter cones or effusive vents, while no
hydrovolcanic cones are recorded. Capaccioni
et al. (2002/2003) concluded that the phreatic/
hydromagmatic activity is mainly located in the
very first 2 km from the lake shoreline, whereas
pure magmatic activities are at distances >2 km.
The absence of a documented relatively shallow
aquifer at distance >2 km from the Lake Kivu
shoreline may explain this lateral zoning. Deeper
ground waters should not give rise to efficient

magma/water interaction because resting below
the fragmentation level of the rising magma.
Furthermore, the past occurrence of a diffuse
hydrovolcanism coincides with the highest con-
centration of CO2-rich gas discharges (Vaselli
et al. 2002/2003).

If a sub-lacustrine or near-shore event should
occur, a main lake degassing suddenly liberating
most of the gases contained in the deep layers of
the lake is more probable. To have such an event
we need to have an active part of the rift within
the lake or close to the shoreline.

As previously mentioned, the peripheral vol-
canic activity is widespread all around the vol-
cano Nyiragongo and as near as the current
shores of Lake Kivu. Only one single cone,
namely “l’Ile aux Cochons” is located within the
lake, less than one hundred meter from the shore,
next to the peninsula (sedimentary realm) that
borders the Kabuno Basin (Fig. 1). It is worth to
mention that the northern shoreline of Lake Kivu
is NW-SE-oriented and from the shoreline to the
lake there are several EW-oriented blocked
terrains, possibly originated from tectonic
movements, i.e. orthogonal to the NS direction of
the main rift. Such a tectonic setting is also
reflected in the helium and carbon (in CO2) iso-
topic values, which tend to show different values
from the shoreline dry gas manifestations with
respect to those of the Nyiragongo crater. Tede-
sco et al. (2010) interpreted these dry gas leaks as
belonging to a very deep reservoir, mantle-wise,
more than surficial magmatic reservoir(s) such as
those of Nyiragongo.

The bathymetry of the lake provides some
interesting features that were, in the wake of the
2002 eruption of Mt Nyiragongo, interpreted as
volcanic craters (e.g. Schmid et al. 2004). Nev-
ertheless, we can speculate that prior to the onset
of the volcanic activity by Nyiragongo and
Nyamuragira volcanoes, the whole region might
have had a landscape resembling those of
Rwanda, the land of the thousands hills, and
those morphological reliefs could instead be
related to sedimentary heights. However, more
data are necessary to support one of the two
hypotheses since, in the former case, eruptive
sub-lacustrine events are unlikely representing a
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real danger, whereas in the latter speculation an
overturn of the lake might efficiently triggered.

It is clear that several questions marks should
still be solved, such as the events that have
brought to the formation of the 5 horizons in the
sediment records of Lake Kivu and attributed by
Haberyan and Hecky (1987) to limnic eruptions.
Whatever the scenario of a possible limnic event
is, it is evident that the scientific community
needs to acquire more geological, physical and
geochemical data and address new projects with
the financial support of public agencies. This
may avoid a sort of “mediatic terrorism” related
to interviews or articles whose effects are just
those to produce anxiety and misunderstandings
to local inhabitants and regional, national and
international authorities.

It is our strong belief that joint multidisci-
plinary projects, data sharing and better interac-
tive connections among scientists and between
them and the local and international authorities
are necessary to create a solid structure addressed
to the mitigation of the multiple geological haz-
ards that may affect the Nyiragongo and Nyam-
uragira surrounding areas.

5 Conclusions

After the January 2002 eruption of Nyiragongo
volcano, when one of the many lava flows
entered the Lake Kivu, potential gas outbursts
(limnic eruption) were seriously considered by
the scientific community. Several scenarios are
taken into account: lake overturn induced by
(1) a large amount of lava reaching the lake
bottom in both the Main and Kabuno basins,
(2) increase of the gas discharge at the lake
bottom and (3) volcanic and seismic activities
inside the lake basin.

The relative saturation of the dissolved gases
achieves the highest values at the depth of about
270 m where that of CO2 and CH4 is of 8 and
43 %, respectively, relative to the hydrostatic
pressure (e.g. Deuser et al. 1973; Tietze et al.
1980; Lorke et al. 2004). According to Tietze
et al. (1980), the dissolved gases remain in the
deep waters because the seasonal convective

mixing of the surface boundary layer only occurs
until 50 m depth. The water is anoxic below
this mixolimnion and CO2 (mainly of mantle
origin and entering the lake by groundwater
inflow) and CH4 (produced by anaerobic bacte-
ria) increment their concentrations with depth.

Sedimentary records of previous limnic
eruptions were highlighted by Haberyan and
Hecky (1987) and Al-Mutlaq et al. (2008) and
Boyle et al. (2009) suggested that a limnic
eruption in the foreseeable future is trustworthy,
possibly in the range 80–200 years. This esti-
mation was partly defined on the basis of the
acceleration of gas accumulation over the last
decades (e.g. Schmid et al. 2004; Pasche et al.
2009, 2010; Wüest et al. (2009). According to
Hirslund (2012), chemoclines at the Lake Kivu
are moving upwards. This situation may be
considered as an increasing risk of a future limnic
eruption since the upward movement is likely
due to inflows in the deeper parts of the lake from
water sources with different salinities and densi-
ties Hirslund (2012).

Nevertheless, despite the many physical and
chemical peculiarities of Lake Kivu and its
geodynamical and volcanological setting, it is
important to remark that its stability is presently
high and only in the case of large internal and
external events able to strongly impact the gas
reservoir, no impending risks can be invoked.
Increased temperatures of about 0.5 °C in the
upper part of the lake, recorded within the last
30 years, are related to climate variability (Lorke
et al. 2004) and the double-diffusive structure
(Schmid et al. 2010) appears to be well preserved
(Hirslund 2012). As a consequence, major pro-
jects on Lake Kivu are expected to focus on the
acquisition of vertical physico-chemical and
isotopes profiles in different sites of the lake,
with particular reference to the Kabuno Basin.

Lava flows as those occurred in historical times
can apparently be discarded as potential triggers
for limnic events: temperature, kinetic energy and
the involved mass of lava are likely too low to
deeply modify the chemical and physical equi-
librium currently present within the lake. This
seems to be corroborated by the most formidable
eruptive episode occurred 740 ± 110 years BP
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(Tuttle et al. 1990), namely Buyinga lava flow.
This eruption is considered one of the most
important eruption occurred in the Virunga
Volcanic Province in terms of erupted volume and
very fast emplacement, burying the area where
the towns of Goma (DRC) and Gisenyi (Rwanda)
are presently settled. However, no effects on the
Lake Kivu were apparently recorded. This is
supported by the fact that the most recent anom-
alous organic-rich layers recognized by Haberyan
andHecky (1987) in the Lake Kive sediments, and
attributed to a limnic eruption, were dated at about
2,000 years BP.

Geophysical and GPS data of the lake, mon-
itoring of the vertical profile, particularly in the
Main and Kabuno basins, and simulations of
possible scenarios in case of lava fronts entering
the lake as well as eruptive sub-lacustrine and
sub-areal events in and close to the Lake Kivu
shoreline are of paramount importance.
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Microbial Life in Volcanic Lakes
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Abstract

Lakes in the craters of active volcanoes and their related streams are often
characterised by conditions considered extreme for life, such as high
temperatures, low pH and very high concentrations of dissolved metals
and minerals. Such lakes tend to be transient features whose geochemistry
can change markedly over short time periods. They might also vanish
completely during eruption episodes or by drainage through the crater
wall or floor. These lakes and their effluent streams and springs host
taxonomically and metabolically diverse microorganisms belonging in the
Archaea, Bacteria, and Eucarya. In volcanic ecosystems the relation
between geosphere and biosphere is particularly tight; microbial commu-
nity diversity is shaped by the geochemical parameters of the lake, and by
the activities of microbes interacting with the water and sediments.
Sampling these lakes is often challenging, and few have even been
sampled once, especially in a microbiological context. Developments in
high-throughput cultivation procedures, single-cell selection techniques,
and massive increases in DNA sequencing throughput, should encourage
efforts to define which microbes inhabit these features and how they
interact with each other and the volcano. The study of microbial
communities in volcanic lake systems sheds light on possible origins of
life on early Earth, or on extraterrestrial systems. Other potential outcomes
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include the development of microbial inocula to promote plant growth in
altered or degraded soils, bioremediation of contaminated waste or land,
and the discovery of enzymes or other proteins with industrial or medical
applications.

Keywords

Volcanic lake � Microbial communities � Extremophiles � Microbial
diversity

1 Introduction

If asked to define a lake, most people would
probably describe a body of fresh water sur-
rounded by land. Some might attempt to distin-
guish a lake from a pond. Few, however, would
consider the origin or nature of the lake basin, or
of the water therein. In all likelihood, most people
view lakes as permanent features that only affect
them in terms of recreation, commerce, and bio-
logical productivity. In such terms, lakes in the
craters of extinct or dormant volcanoes probably
differ little from most lakes on Earth, in that their
hydrological conditions may largely reflect only
the surrounding air temperature, amount and
nature of meteoric water, inflowing streams or
rivers, and host rock chemistry (Donachie et al.
2004). In short, volcanic or geothermal forces no
longer drive their circulation and chemistry, or
affect their flora and fauna composition; these are
the neutral dilute volcanic lakes defined by
Pasternack and Varekamp (1997). Lakes in the
craters of active volcanoes present very different
physical and chemical characteristics, with con-
ditions spanning broad ranges defined largely by
the proximity of magma, and origin and nature of
the adjacent rock and water (Pasternack and
Varekamp 1997; Takano et al. 1997; Martínez
et al. 2000, 2002; Jóhannesson et al. 2007). Vis-
itors to such lakes may be surprised to find life in
what are, to humans, extreme conditions. In this
respect, organisms that thrive in conditions
markedly different from what we might consider
‘normal’ are defined by the generic term
‘extremophile’, and their presence in such envi-
ronments should be expected (MacElroy 1974).
Evidence for active microbial communities in

volcanic systems emerged from geochemical
studies, resulting in hypotheses describing
microbial roles in the oxidation/reduction of
particular chemical species. Studies of elemental
and isotopic profiles along with direct measure-
ments of microbial activity provided evidence for
microbial participation in the stoichiometry of
crater lake waters and sediments, and their
importance in these systems (Takano et al. 1997;
Wendt-Potthoff and Koschorreck 2002;
Koschorreck et al. 2008; Parker et al. 2008).

Microbiologists until recently rarely visited
such lakes (Takano et al. 1997; Donachie et al.
2002; Gaidos et al. 2004, 2008; Löhr et al.
2006a; Urbieta et al. 2012). Sampling strategies
cannot always include boats, for obvious reasons,
while remote sample-return vehicles have not
been deployed, nor have automatic devices to
collect samples at regular intervals as at hydro-
thermal vents (Reysenbach et al. 2000). As with
other hydrothermal systems, however, the
chemical composition of water in a crater lake
depends on its interactions with the host rock and
gas emissions. This chemistry, plus heat, gener-
ally shapes microbial community structure, so it
is difficult to predict a universal microbiology for
such features. One common trait of crater lakes
and volcanic hot spring water is low pH, such
that strong acids interact with the rock and
mobilize potentially toxic metals. Here we focus
on microbial diversity in volcanic acidic lakes,
which represent one of the most common natu-
rally acidic aquatic habitats on Earth (Löhr et al.
2006a). Little is known about the evolution and
diversity of microbial communities in volcanic
lakes, however, a fact that might be attributed to
the lakes often being remote and difficult to
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access. To simply establish that life is present in a
lake in the crater of an active volcano requires
overcoming significant logistic challenges (Woelfl
and Whitton 2000; Gaidos et al. 2004, 2008;
Thorsteinsson et al. 2008). The hypotheses to be
tested will determine the methodology, but
we should bear inmind that any samplemay be the
last before the lake vanishes.

2 Methods to Study
Environmental Microbes

Defining which microorganisms are in a habitat
has long challenged microbiologists. Indeed, we
may yet be unable to say with certainty what is
the absolute taxonomic diversity in a microbial
community, regardless of the methods employed
(Curtis et al. 2002). With the benefit of hindsight,
supported by advances in technology, we can see
how naïve we might have been when describing
taxonomic diversity decades ago. For example,
from the nineteenth and well into the twentieth
centuries we were able only to determine which
bacteria were in a sample by inoculating sub-
samples to nutrient media. Tweaking the con-
centrations of a medium’s components, the gas
atmosphere, adjusting the pH, or modifying the
light regime, encouraged the growth of meta-
bolically and taxonomically different bacteria. In
essence, we ‘knew’ which microbes were in a
sample by growing them on or in such media.
However, after more than a century of offering
what might seem ‘infinite’ media and incubation
conditions, it became clear to microbiologists
that they could not cultivate representatives of all
species from most samples. This was under-
scored in the 1980s by a then new technique, the
analysis of nucleotide sequences of specific
genes in DNA extracted from the environment
and amplified in polymerase chain reactions
(PCR); this approach detected bacteria (Archaea
and Bacteria) for which no cultivated represen-
tatives then existed (Stahl et al. 1984; Ward et al.
1990). Advances in microscopy also showed the
number of bacteria we might cultivate ranges
from far less than 1 to *50 % of those counted
by microscopy, depending on the sample type

(Staley and Konopka 1985; Donachie 1996;
Wilson et al. 1997; Handelsman 2004). It should
be noted here that these statistics refer only to the
number of cells present, and not the number of
‘species’ or any other taxonomic unit we might
define (Donachie et al. 2007). Such observations,
however, encouraged use of terms such as
‘nonculturable’ or ‘unculturable’ to describe
those cells we could not grow (Xu et al. 1982;
Colwell and Grimes 2000). These terms have
taken on almost meme-like status. However, we
might note that Amann et al. (1995) observed,
perhaps wryly, “With the availability of innova-
tive techniques, many more microorganisms will
become culturable. […] After all, nature can
cultivate all extant microorganisms.”

That analysis of ribosomal gene sequences in
environmental samples detected bacteria that had
never been cultivated led many microbiologists to
justify using only those techniques, now termed
‘molecular approaches’, in studies of taxonomic
diversity (Schmidt et al. 1991; Barton et al. 2004;
Valenzuela-Encinas et al. 2008). Such a single-
method approach has been shown not to describe
microbial diversity in toto; cultivation and
molecular approaches detect very different bac-
teria in the same sample (Suzuki et al. 1997;
Bowman et al. 1999; Kaiser et al. 2001; Donachie
et al. 2002, 2004, 2007; Munson et al. 2002;
Shawkey et al. 2005). Whatever might be the
merits of one approach over another, the utility of
both cultivation-based and molecular techniques
in microbial diversity studies has been signifi-
cantly enhanced with the development of
high-throughput culturing methods and high-
throughput DNA sequencing (Connon and
Giovannoni 2002; Zengler et al. 2002; Donachie
et al. 2007; Kalyuzhnaya et al. 2008; Kircher and
Kelso 2010). The apparent unculturable nature of
some microorganisms is surely in part attributable
to the medium composition or growth conditions
provided not suiting them. Conditions in extreme
environments such as volcanic features render it
difficult to exactly reproduce the correct concen-
trations of nutrients and growth factors in the
laboratory (Rodríguez-Valera 2002). Character-
izing geochemical and physical parameters is thus
essential if one is to reproduce in situ conditions
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in artificial systems, and highlights the impor-
tance of a multidisciplinary approach in micro-
biological studies of these environments (Fig. 1).
In addition to extrinsic factors, microbes might
also require intrinsic factors such as syntrophic
interactions, a mutual relationship based on
nutrient exchange, or quorum-sensing, intercel-
lular communication mediated by small mole-
cules only when a certain population density is
attained.

2.1 Cultivation Approaches

Cultivating bacteria from environmental samples
as a scientific objective dates back to the nine-
teenth century (Certes 1884). Detailed reviews of
the myriad requirements and often creative
techniques used in the pursuit of a ‘pure culture’
can be found throughout the literature. Today,
data from molecular methods can be of use in
developing media and incubation conditions to
isolate new taxa (Palleroni 1997; Giovannoni and
Stengl 2007). It remains statistically prohibitive
to cater to all species that may occupy a partic-
ular habitat, but given sufficient information
about the habitat and with supporting molecular

data we can target specific genera or metabolic
groups (Huber et al. 1995; Teske et al. 1996;
Tyson et al. 2005). Although the exact concen-
tration of every component in a volcanic habitat
might be difficult to faithfully reproduce from
scratch in the laboratory, anyone collecting
samples from such sites should be able to collect
enough material to provide the base of many
culture media (Rodríguez-Valera 2002). We can
thus address in part the need for specific com-
ponents or combinations thereof found only in
the native sample.

New cell selection and cultivation strategies
have attempted to overcome the limitations of
diluting samples to extinction, a procedure that
statistically provides a suspension of the most
abundant species, while diluting out those which
are less abundant but perhaps more competitive
(Fröhlich and König 2000). A drawback is that the
least abundant taxa are unlikely to be present in
the most dilute samples; they might also be out-
competed when inoculated to media with other
species. Recent ‘high-throughput’ and ‘gel micro-
droplet’ techniques operate on the same principle
of dilution to provide single to a few cells that are
inoculated to media in microplates. These have
enabled significant expansion of the number of

Fig. 1 Schematic
representation of
approaches used by
microbiologists to
investigate diversity,
function and potential
applications of microbes in
environmental samples
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samples that can be processed in a given time
(Connon and Giovannoni 2002; Zengler et al.
2002). However, they do not allow direct selec-
tion of any particular cell type, and given there are
perhaps billions of cells in a liter of most naturally
occurring waters they would still require an un-
feasibly high number of microplates to sample all
cells per liter. And that is before one provides
different media, temperatures, or any other such
parameter. All is not lost, though. Cell sorting by
flow cytometry can target specific cell types, but
does not isolate single microbial cells that one
directly observes. To collect single cells that one
can see, and pass those cells from a sample to
downstream analyses, or to media wherein they
may grow free of competition from other taxa, a
range of microfluidic, and laser microdissection
and catapulting systems offer various capabilities
(Krüger et al. 2002; Ho et al. 2005; Baret et al.
2009; Chen et al. 2009; Kang et al. 2011). Cells
historically termed ‘unculturable’ will numeri-
cally dominate hundreds or even thousands of
selected cells, but today’s laser systems are com-
bined with imaging capabilities that enable us to
move beyond random selection. By establishing a
library of cell images we might attempt to isolate
visually distinctive cells that we have previously
related to specific taxa through rRNA
gene sequencing after whole genome amplifica-
tion (sensu Morris et al. 2004; cf. Fig. 1); their
phylogeny and physiology can thus be predicted
and in subsequent selections they can be trans-
ferred to tailored growth media in microplates
within which they can grow free of competition
from more rapidly growing or antagonistic taxa
(sensu Kovac and Voldman 2007). Laser-medi-
ated methods have proved themselves in isolating
novel microbes (Huber et al. 1995).

2.2 Cultivation-Independent
Approaches

Molecular approaches were first used in micro-
bial ecology about three decades ago, based
on the study of the nucleotide sequences of
specific genes. They revolutionized the field and
quickly became the most widely used methods to

investigate microbial diversity in any sample.
The most widely used methods are based on
examination of so-called “molecular chronome-
ters”. These are ribosomal, or rRNA genes, e.g.,
16S rRNA genes in Archaea and Bacteria, and
18S rRNA genes in the Eucarya, that encode for
the production of ribosomes (Kimura 1968,
1983; Stackebrandt et al. 1985). The slow rate at
which these genes’ nucleotide sequences have
mutated over evolutionary time renders them
valuable in classification. Such sequences also
form the basis of the reclassification of all life into
the three currently recognized domains, Archaea,
Bacteria and Eucarya (Woese 1987). Moreover,
functional genes encoding proteins involved in
specific metabolisms such as nitrogen fixation or
sulphate reduction can be used as proxies for
particular bacterial groups (Moisander et al. 2006;
Wagner et al. 1998). Many DNA-based methods
developed since the 1990s provide data on
both taxonomic and metagenomic diversity in
microbial communities. Furthermore, “-omics”
approaches including metatranscriptomics and
metaproteomics allow one to determine which
proteins microbial communities in the environ-
ment express. Further advances now see these
techniques being used at the single cell level,
permitting evaluation of the role and spatial
topology of each community member (Kang et al.
2011). Information about the presence and spatial
distribution of specific populations can also be
obtained through microscopic analyses that target
specific phylogenetic groups. Among these,
techniques such as fluorescence in situ hybrid-
ization (FISH) have been instrumental in both
significant discoveries and routine counting of
specific microbial groups (Amann et al. 1990;
Karner et al. 2001). Enhanced FISH-based tech-
niques including substrate-tracking autoradiog-
raphy (STAR-FISH) and catalyzed reporter
deposition (CARD-FISH) have been applied
to the study of microbial communities in water,
e.g., warm monomictic crater lake Alchichica
(Mexico), and a subglacial volcanic lake beneath
Iceland’s Vatnajökull ice cap (Ouverney and
Fuhrman 1999, 2000; Gaidos et al. 2008).

Molecular- or PCR-based approaches do have
limiting factors, including the amount and quality
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of DNA that can be extracted from the sample,
and the amount of that DNA which can be
sequenced in a given time at an acceptable cost.
The latter is now a minor issue given that today’s
DNA sequencers can process, relatively cheaply,
billions of nucleotides in a few hours. Molecular
approaches today appear to offer the possibility of
quickly detecting all genes, and thus all bacteria in
a sample, as long as one can guarantee extracting
all DNA from all cells. Just over a decade ago a
multi-capillary Sanger-type sequencer was con-
sidered ‘high-throughput.’ Such a machine’s
performance pales into insignificance compared
to that offered by today’s platforms, which can
complete millions of reads in an afternoon. Such
performance revealed “unexpected” taxonomic
diversity in the deep-sea (Sogin et al. 2006), while
metagenomic analyses also showed an equally
remarkable functional diversity (DeLong et al.
2006). These techniques have not yet been widely
used in volcanic habitats, although Gaidos et al.
(2008) showed the metagenome in anoxic water
of a sub-glacial volcanic lake comprised an oli-
garchic microbial consortium suited to the lake’s
geochemical context. Further advances in
sequencing technology, along with miniaturiza-
tion and reduced cost per nucleotide sequenced,
promise greater insights, with some caveats, of
course (Kunin et al. 2010; Niedringhaus et al.
2011).

3 Microbial Diversity in Volcanic
Lakes

3.1 Cultivated Microbes

Reports of microbes cultivated from crater lakes
in active volcanoes are few and far between.
Indeed, most of the effort to determine which
microbes are in these lakes appears to have been
based on molecular approaches. It also seems we
might know more of the diversity, physiology and
abundance of microbes, both cultivated and
uncultivated, at submarine volcanic features than
we do in their analogous terrestrial features (Karl
et al. 1989; Donachie et al. 2003, 2004; Nakagawa
and Takai 2008). In this respect, myriad reports of

microbes in features related to volcanoes such as
geothermal springs and effluent streams appear
throughout the literature (Sonne-Hansen and
Ahring 1997; Hugenholtz et al. 1998; D’Imperio
et al. 2008). Through just a handful of papers,
however, one can appreciate what challenging
environments acidic crater lakes are for
microorganisms.

Takano et al. (1997) elegantly describe how
sulfur-oxidizing bacteria affect the sulfate budget
of the Yugama crater lake (pH 1–1.5), part of the
andesitic Kusatsu-Shirane strato-volcano, Japan,
noting also how pH controls distributions within
the crater of two Thiobacillus species, T. thioox-
idans and T. ferrooxydans. Members of the
Thiobacillus, subsequently reclassified as Acidi-
thiobacillus, are known to colonize extremely
acidic environments characterized by high levels
of reduced sulfur, which they oxidize (Kelly and
Wood 2000). In the Yugama crater lake a molten
sulfur pool at a then active subaqueous fumarolic
vent was discharged into the water column, while
sulfur particles dispersed throughout the lake as
aqueous sulfur dioxide and hydrogen sulfide
reacted (Takano et al. 1994b); hydrogen sulfide,
polythionates, and elemental sulfur were con-
sumed by bacteria, while reduced sulfur com-
pounds were converted by these bacteria to
sulfuric acid. An acidophilic diatom, Pinnularia
braunii var. amphicephala, on the floor of a
stream in the crater was identified by microscopy,
showing that eukaryotes also colonize crater lake
environments.

The first report of microbial communities in
acidic waters of the White Island andesitic stra-
tovolcano applied both cultivation and molecular
methods (Donachie et al. 2002). The water here is
a dilute mix of sulfuric and hydrochloric acids
containing dissolved andesite rock and other
components. Sub-samples of water emanating
from a hot spring in the crater floor were inocu-
lated to a range of media (pH 1.29 to*8) to cater
to expected metabolic groups, and incubated at
one offive temperatures between 30 and 60 °C for
up to one year. Four pure cultures affiliated with
the heterotrophic and acidophilic mesophile,
Acidiphilium sp. (Alphaproteobacteria), which
requires only low concentrations of organics and
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cannot use sulfur or Fe2+ (Harrison 1981); with
Nocardia sp., and Nocardioides sp. (Actinobac-
teria), and with Cyanidium caldarium (Eucarya,
Rhodophyta), a photoautroph (Doemel and Brock
1971). The success of the Eucarya in volcanic
crater lakes is likely controlled by temperature,
even if they can tolerate the extremely low pH
(Tansey and Brock 1972). For example, Cyani-
dium caldarium was absent from the lake in the
White Island volcano, where pH was *0 but
temperature was 58 °C, yet it was isolated from
slightly cooler ‘soil’ just meters from the lake
(Fig. 2) (Donachie et al. unpubl.). This photo-
synthetic eukaryote does not grow above 56 °C
(Kleinschmidt and McMahon 1970).

A crater lake whose microbiology was
investigated in austral summer 2007 by both
cultivation and molecular approaches is the
summit lake on Simba volcano (Demergasso
et al. 2010), also referred to as Lake (cf. Laguna)
Aguas Calientes (Escudero et al. 2007; Cabriol
et al. 2009). This is an unusual lake because of its
high altitude (5,870 m) and concomitantly high
UV radiation exposure, yet rather moderate pH
for a crater lake. Although water and sediment
samples were inoculated to enrichment media, no
growth was detected in the incubation period,

while several bacteria from just two phyla were
cultivated from nearby Salar Aguas Calientes and
Laguna Lejía. In November of 2006, Bacteria
were cultivated from the same lake, but their
diversity was limited to just a couple of
Gammaproteobacteria (Pseudomonas spp.) and a
Firmicutes (Staphylococcus epidermidis). S. epi-
dermidis is probably not part of the autochtho-
nous microbiota since it is generally found on the
human skin and membranes, and is a frequent
contaminant in laboratory tests (Queck and Otto
2008). Molecular methods showed a higher
phylogenetic diversity, revealing the presence of
taxa reported from other high altitude lakes rather
than acidic lakes per se, and belonging in the
Bacteria and Archaea (Demergasso et al. 2010).
This work demonstrates the value of coupling
cultivation-dependent and molecular methods.

Wendt-Potthoff and Koschorrek (2002) deter-
mined the abundances of various physiological
groups of bacteria along the Rio Agrio on the
Copahue volcano (Argentina), an andesitic stra-
tovolcano, and its recipient lake, Caviahue. Iron-
and sulfur-oxidizers, and sulphate-reducers were
enumerated in enrichment media used in other
acidic environments. The presence of fermentative
bacteria was determined by gas production at pH

Fig. 2 Sampling at White
Island, New Zealand.
Acidic gases require use of
respirators. The water’s
green coloration is due to
elemental sulfur. (Photo
SPD)
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2.0. All metabolic groups were detected, although
abundance was low, and the authors posited that
distribution varies with rate of water flow, sedi-
ment texture, and light availability rather than
solely with pH. Lavalle et al. (2005) worked along
the same river, but also sampled from the crater
lake (Laguna del Volcán) itself. In a targeted
approach with specific media, acidophilic, che-
molithotrophic and ferrous-oxidizing bacteria
were cultivated only from the river, where the pH
ranged from 2 to 4. These bacteria were assigned
to the iron-sulphur oxidizer Acidithiobacillus
ferroxidans. A broader microbiological survey of
the same system reported that the lake’s pH ranges
from 0.2 to 1.1 (Chiacchiarini et al. 2010); these
authors used diverse media and incubation con-
ditions and cultivated bacteria that use inorganic
reduced sulphur compounds as energy sources,
and CO2 (chemolithoautotrophs) or organic
compounds (chemolithoheterotrophs) as carbon
sources. Among these were Bacteria (e.g.,
Leptospirillum ferrooxidans, Acidithiobacillus
ferrooxidans, Acidithiobacillus thiooxidans) and
Archaea (Acidianus, Sulfolobus), plus yeasts
and filamentous fungi from sites that extended
from a 70 °C, pH *1.0 hot spring (el Vertedero)
emerging from the mountain, just below the lake,
and along the Upper and Lower Rio Agrio, and
from Caviahue Lake. Temperature along this
water course drops to *8 °C and pH increases to
4.2. An unidentified extremely acidotolerant
(pH < 2) filamentous fungus was cultivated, as
were over a dozen yeasts from at least three genera
(Cryptococcus, Rhodotorula, Sporidiobolus).
That nomicrobes were cultivated from the Laguna
del Volcán by both Lavalle et al. (2005) and
Chiacchiarini et al. (2010), although water sam-
ples were inoculated to media, is consistent with
observations elsewhere that bacterial growth does
not proceed in crater lakes when the pH is <1
(Satake and Saijo 1974; Takano et al. 1994a).

A discussion of microbes in the environment
should not overlook the potential for viral
infections. Just as the role of viruses in marine
biogeochemical cycling has been reassessed in
the last couple of decades, so too might we
find that viruses are instrumental in controlling

populations of thermophiles and acidophiles in
volcanic settings (Short and Suttle 2002; Rice
et al. 2001; Snyder et al. 2003). Almost 30 years
ago, Janekovic et al. (1983) described a family of
viruses that infect Thermoproteus tenax, a ther-
mophilic Archaea found in hot springs. Multiple
viruses in Sulfolobus, which inhabit high tem-
perature hydrothermal environments, are now
known (Zillig et al. 1996; Arnold et al. 2000).
Geslin et al. (2003) reported the first virus in an
hyperthermophilic archaeon, Pyrococcus abyssi
from marine hydrothermal vents. An attempt
about 10 years ago to isolate phage from water in
Ruapehu crater (pH *2, 45–55 °C) found nei-
ther phage nor DNA that could be amplified
(Hugh Morgan, pers. comm.).

3.2 Microbial Diversity in Volcanic
Systems by Molecular Methods

Molecular ‘fingerprinting’ methods are routinely
applied in microbial ecology to compare phyloge-
netic diversity in microbial communities. Such
diversity in volcanic environments has to date been
largely investigated by denaturing gradient gel
electrophoresis (DGGE) of ribosomal (rRNA)
gene fragments (Muyzer et al. 1993; Löhr et al.
2006a, b; Wendt-Potthoff and Koschorreck 2002).
Gene fragments with different nucleotide sequen-
ces in different species are visualized in DGGE as
different ‘bands’ (Fig. 3). The DGGE profile, or
community fingerprint, of different samples can be
statistically analyzed for comparative purposes.
Determining the nucleotide sequence of the rRNA
gene fragment in each band permits tentative
assignment of the original bacterium to a taxo-
nomic group. More recently, ‘chip-based’ tech-
niques have been developed, such that specific
RNA probes on a microarray can detect their
complementary genes, allowing detection of
potentially thousands of species in a single exper-
iment (De Santis et al. 2003). In this respect, an
acidophilic bacterial microarray was developed
and tested in habitats such as Spain’s Rio Tinto,
where the extremely acidic conditions are similar to
those in some volcanic lakes (Garrido et al. 2008).
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In addition to the cultivation-based data
described above for White Island, cloned 16S
rRNA gene fragments from the acid stream
affiliated with Pandoraea and Ralstonia (Burk-
holderiaceae, Betaproteobacteria), Rhodovulum
(Rhodobacteraceae, Alphaproteobacteria), Aci-
dosphaera (Acetobacteraceae, Alphaproteobac-
teria), and the photoautotrophic Chlorobium
vibrioforme (Chlorobi) (Donachie et al. 2002).
No DNA was detected in water collected from
the pH *0, 58 °C lake (Donachie et al. unpubl.).

The largest known acidic crater lake is Kawah
Item, Indonesia, whose pH 0.3 water is clearly
extreme compared to that of more typical lakes
and rivers (Geller and Schultze 2009). As the river
Banyupahit-Banyuputih flows from Kawah Ijen,
its pH increases from 0.39 to 7.62. Microbial
diversity in the lake and river investigated by
DGGE detected no Bacteria or Eucarya in the
lake, although they were detected along the
effluent rivers (Löhr et al. 2006a). No attempts
were made to cultivate microbes, nor were other
sequencing strategies with larger sample sizes
conducted. Bacteria sequences detected by
DGGE in the highest pH river water affiliated with
Betaproteobacteria, Gammaproteobacteria
and Flavobacteria; in the most acidic sample, only
a sequence affiliated with the Pseudomonadaceae
family was detected. None of the Bacteria
detected were known acidophiles, and Eucarya

were absent from low pH waters in both the
Kawah Ijen lake and the upper reaches of the river
Banyupahit-Banyuputih. However, Eucarya
diversity was high in water at pH ≥2.66, and
included both algae and diatoms (Löhr et al.
2006b). Archaea sequences were detected at all
sites, but taxonomic diversity was generally low
and reached minima in the most acidic sites.
Archaea typical of acidic environments were not
detected (Löhr et al. 2006b).

Microbial communities in the Copahue-
Caviahue system of Argentina have also been
studied (Urbieta et al. 2012; Löhr et al. 2006a).
Here, extremely acidic water (pH 0.2–1.1) flows
from L. Copahue in the Copahue volcano into
the Río Agrio. The river can be divided into the
Upper Río Agrio (URA) that flows into L.
Caviahue (pH 2.1–3.7), and its effluent Lower
Río Agrio (LRA). Bacterial abundance in water
from the Upper Río Agrio and in L. Caviahue
determined by microscopy was *2 × 105 cells
ml−1, of the order of that reported in acid mine
lakes, the anthropogenic homologue of volcanic
lakes (Wendt-Potthoff and Koschorreck 2002).
A more recent study by CARD-FISH detected
10× more cells in the Upper Rio Agrio (Urbieta
et al. 2012). Measurements of microbial activity
such as oxygen consumption, and iron oxidation
and reduction at three points along the URA, one
of which was immediately before the inflow to L.

Fig. 3 DGGE gel of amplified 16S rRNA genes from El
Chichón crater lake and associated thermal springs. Bands
in each lane represent a different bacterial species.

Symbols show which band corresponds to a particular
Bacteria genus or family
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Caviahue, showed a gradient of microbial abun-
dance and activity. Iron- and sulphur-oxidizing
bacteria and iron-reducing bacteria were previ-
ously reported, as one might expect given the
abundances of iron and sulphur in this type of
ecosystem (Wendt-Potthoff and Koschorreck
2002). FISH detected acidophilic bacteria with a
potential for iron and sulphur metabolism, such
as Sulfobacillus, Leptospirillum, Acidithiobacil-
lus and Acidimicrobium, in the hot spring
of Copahue village (Giaveno et al. 2009a).
Acidithiobacillus ferroxidans, Acidithiobacillus
thiooxidans and members of the genus Lepto-
spirillum and the Archaea genus Sulfolobus were
cultivated from different parts of the Copahue-
Caviahue system in a study to isolate microbes
that may bioleach ores and recover precious
metals (Chiacchiarini et al. 2010). Bacterial
diversity in four water samples from the Upper
Río Agrio was also recently reported on the basis
of 16S rRNA gene clone libraries and CARD-
FISH (Urbieta et al. 2012). Sampling sites were
characterized by increasing pH (1–2) and
temperature (6.7–59 °C). CARD-FISH revealed
Archaea were the most abundant members of the
community, albeit not diverse since most
sequences affiliated with just one species, the
chemolithoautotrophic, iron-oxidizing, Ferropl-
asma acidiphilum. Members of the Ferroplasma
genus are key players in the sulphur cycle
through oxidation of sulphides and regeneration
of Fe3+, the primary oxidant of pyrite at low pH
(Urbieta et al. 2012). In contrast to what one
might expect in an ‘ecological dogma’ context,
that more extreme conditions exert a stronger
selective pressure that results in a less complex
community, a Bacteria 16S rRNA gene clone
library from the sample with the lowest pH (1)
and highest temperature (59 °C) contained the
most phylogenetically diverse community.
Moreover, a ‘less extreme’ habitat, that charac-
terized by pH 2 and 15.9 °C, showed the lowest
diversity indices. Bacteria clones in URA waters
affiliated with Alpha-, Beta- and Gammaproteo-
bacteria, and the phyla Actinobacteria, Firmi-
cutes and Nitrospirae, the latter represented only

by the genus Leptospirillum, typically found in
acid environments with high concentrations of
reduced iron and sulphur. The distribution of
Acidithiobacillus ferrooxidans, a known iron-
sulfur oxidizing bacterium, along the URA cor-
related with the iron content of the water and pH
value, confirming previous cultivation-dependent
experiments (Chiacchiarini et al. 2010). Clone
libraries also contained an Acidiphilium sp., an
important observation given they may scavenge
organic molecules that would otherwise be toxic
to chemolithoautotrophs such as Acidithiobacil-
lus ferrooxidans (Johnson 1995; Urbieta et al.
2012). Sulphur-oxidizing species affiliating with
Acidithiobacillus thiooxidans and Acidithioba-
cillus albertensis were also detected in the URA;
these species, along with Sulfobacillus spp., are
typically found in natural or man-made acidic
habitats, e.g., the Río Tinto in the Iberian Pyritic
Belt, or in acid mine drainage.

As with studies of the Upper Río Agrio, a
DGGE survey of the El Chichón crater lake
(Mexico) revealed the presence of chemolitho-
autotrophic bacteria able to synthesize organic
carbon from carbon dioxide (Fig. 3). Alpha-, Beta-
and Gammaproteobacteria along with Aquificae,
Firmicutes and Acidobacteria were detected in
acidic, sulphate-rich waters of the lake (Peiffer
et al. 2011; Mapelli, pers. comm.). The presence
of Sulfurihydrogenibium, Acidithiobacillus, Thio-
monas and Hydrogenophilus, members of which
are involved in sulphur and iron cycling, and
hydrogen oxidation, reflects the chemical com-
position of El Chichón’s lake and thermal springs.

Volcanic lakes present unique challenges for
both microbes and microbiologists. After a few
decades of cultivation- and microscopy-based
studies, plus a decade or so of molecular meth-
ods, it seems we might conclude the microbial
flora in the few lakes studied is limited to a
handful of microbial eukaryotes, and some
Archaea and Bacteria (Schleper et al. 1995;
Donachie et al. 2002). On the other hand, these
lakes have been so rarely investigated in micro-
biological terms that we should reserve judgment
until more extensive data are available.
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4 Potential Applications
of Microbiological Studies
of Volcanic Lakes

Interest in microbial diversity in crater lakes is
both scientific and economic in nature. For
example, knowledge of ecological processes in
natural and artificial acidic systems provides leads
for established and novel biotechnological appli-
cations (Antranikian et al. 2005; Liu and Zhang
2008). Such studies may allow improvement of or
development of new applications, such as in
biomining, and the development of strategies to
restore waters and ecosystems affected by acidi-
fication. Applications of biological resources
from volcanic systems extend to reclaiming or
scavenging metals from contaminated substrates
or toxic mixtures. For example, Chiacchiarini
et al. (2010) showed a putative Acidothiobacillus
ferrooxidans from the Upper Rio Agrio could
reduce chromium and zinc concentrations in
municipal sludge to below permitted levels; con-
sortia of bacteria from Copahue–Caviahue could
also extract more gold from a sulphide concen-
trate than could pure cultures of Acidothiobacillus
ferrooxidans DSM 11477 and Leptospirillum
ferrooxidans ATCC 29047T (Giaveno et al.
2009b). These type strains and related species
have long been the focus of bioleaching studies
(Porro et al. 1989; Donati et al. 1996).

An innovative application of microbiological
research in volcanic systems is that of Plant
Growth Promoting (PGP) bacteria, those that
help sustain plant growth in extreme geochemi-
cal settings. Associations with microbes are an
acknowledged evolutionary strategy in plants
that may improve the bioavailability of nutrients
and protect against pathogens. Plant-microbe
associations can also enhance a plant’s survival
against abiotic stresses such as extreme pH or
presence of toxic compounds. Only certain pio-
neer plants can tolerate the severe environmental
conditions that typify soils affected by volcanic
activity, such as high temperature, anomalous
gas fluxes through soils and sediments, low pH,
and presence of potentially toxic elements in
aerosols and water. A PGP bacterial activity that

may be widespread and important to plants col-
onizing volcanic systems is the detoxification of
phytotoxic compounds, such as heavy metals.
PGP bacteria isolated from pioneer plants in
volcanic areas have potential in the formulation
of ‘biofertilizers’ able to sustain plant growth in
altered and degraded soils. Potential PGP bacte-
ria associated with a pioneer plant growing in a
hot, acidic stream emanating from the crater lake
of El Chichón volcano (Mexico) have been iso-
lated and characterized (Fig. 4). PGP bacteria can
be isolated from the root interior or the adhering
soil, the so-called “rhizosphere”, of pioneer
plants and screened in vitro for known PGP
activities and resistance to abiotic stressors. To
develop an effective ‘biofertilizer’ it is essential
to determine if the bacteria are rhizocompetent,
i.e., able to colonize the plant root. Rhizocom-
petence can be evaluated by engineering the cells
to express a ‘green fluorescent protein’. Such
bacteria can be used in root colonization exper-
iments on model plants and observed in root
sections by epifluorescence microscopy. The
most efficient or rhizocompetent bacteria strains
in vitro and in vivo are tested in field trials on
plants growing in suboptimal conditions.
Microbial inocula such as these, with detoxifi-
cation or growth stimulation activity, can
enhance a plant’s tolerance of stress, and pro-
mote rhizoremediation, phytoremediation and
phytostabilization techniques (Ma et al. 2011;
Regvar et al. 2006). The cultivation of microbes
from volcanic systems, or the application of
genetic information from these and uncultivated
taxa, may well contribute to socially acceptable,
environmentally friendly practices in land
restoration.

Volcanic activity has always been part of
Earth’s history, so investigating microbial life in
volcanic crater lakes and their effluent rivers may
provide clues to the origin of life on Earth, and
how life has adapted over time to extreme con-
ditions. Astrobiology is a multidisciplinary field
focusing on the origin, evolution and pattern of
life on Earth and extraterrestrial bodies. The only
incidence in the solar system of life as we know
it is on Earth. We thus define conditions required
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for the development of life according to obser-
vations here, and especially in volcanic systems
where extreme pH, temperature and chemistry
are considered analogs of both early Earth and
extraterrestrial habitats. Geochemical features
such as pH, and sulphur and iron species in crater
lakes, appear to be the principal forces shaping
the composition of autochthonous microbial
communities. Iron in particular plays a funda-
mental role in the biogeochemistry of many
volcanic ecosystems, and was probably impor-
tant on the early Earth (Weber et al. 2006).
Signatures of acidic aqueous systems with iron-
and sulfur-based redox cycles have been found
on the Martian surface (Bibring et al. 2007). For
example, jarosite, an iron oxide mineral found on
the surface of Mars by the ‘Opportunity’ rover
(Klingelhofer et al. 2004) can be produced from
pyrite by Acidithiobacillus ferrivorans cultivated
from iron bioweathered soil (Borin et al. 2009),
and from El Chichón crater lake (Mapelli, pers.
obs.). Acidithiobacillus spp. and other extremo-
philes have been proposed as biomarkers for life
detection strategies on planetary bodies (Gómez
and Parro 2012). Moreover, some of the most

extreme crater lakes, such as those in the Chilean
Altiplano, are eminently suited to investigations
of microbial physiology and community
dynamics in rapidly changing and extreme
environments (Demergasso et al. 2010). Con-
siderable technical challenges await those who
choose to work on the microbiology of volcanic
crater lakes, but the field will surely yield both
exciting methodological developments and sci-
entific discoveries.
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A View on Volcanic Lakes

(See Figs. A.1, A.2, A.3, A.4, A.5, A.6, A.7, A.8,
A.9, A.10, A.11, A.12, A.13–A.14, A.15, A.16,
A.17, A.18 and A.19)

Fig. A.1 Lake Nyos, Cameroon (5 June 2012) (picture
by Yutaka Yoshida). Degassing fountains are removing
CO2-rich bottom waters. Lake surface turned red by iron

oxide as a result of oxidation of iron dissolved in bottom
water when moved to the lake water
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Fig. A.2 Summit crater lake, Queen Mary’s Peak,
Tristan da Cunha, British Overseas Territory (10 Novem-
ber 2009) (Picture by Anna Hicks). Tristan da Cunha is a
large active volcano in the South Atlantic Ocean. The
island is home to the most remote community in the
world, with a population of just 260 people. The lake is
not ephemeral—it is been permanent since records began
(1816) but likely a considerably long time before this.

There has been some extremely minor hydrothermal
activity near the summit, but no eruption has centered on
this area (that we know of) for the last 5,000 years.
Tristan da Cunha is active though, last erupting in 1961,
and with an offshore eruption in 2004. During this last,
event the population was temporarily evacuated to the
UK

Fig. A.3 El Chichón volcano, Chiapas, Mexico, seen
from the north (March 2007) (Picture by Martin Jutzeler).
This crater lake was formed almost immediately after the
renowned March-April 1982 Plinian eruptions. The lake
has varied dynamically in volume but has never

disappeared since its formation. Until 2014, the March
2007 lake showed its largest volume ever. The fast lake
volume variations are due to the alternations in discharge
from a boiling geyser-like spring feeding the crater lake
with water and solutes from the northern shores
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Fig. A.4 Rincón de la Vieja volcano, Costa Rica, seen from the northwest (picture by Raúl Mora-Amador). This highly
acidic crater lake is often disrupted by cycles of phreatic eruptions. The current cycle started in 2011. Phreatic eruptions
can expel lake water, flushing over the unstable north flank creating small lahars

Fig. A.5 Öskjuvatn (Askja lake), Askja volcano, Iceland
(9 August 2011) (picture by Dave McGarvie). A young
volcanic lake formed by caldera collapse. Its formation
started in 1875 during an explosive rhyolite eruption, and
in the years after the eruption a deep depression was
formed. The lake gradually filled and by the 1920s was
full. It is fed purely by precipitation (i.e. not by major
streams or rivers). With a depth of about 420 m, it is

Iceland’s deepest lake. The crater on the right with the
pale-colored water is Víti (‘hell’) which is considered to
be a vent from the 1875 eruption which escaped the
caldera collapse. It contains warm sulfurous water. The
prominent lava flow on the left is Bátshraun (‘boat lava’),
so named because people left a boat by the lake and when
they returned the next year (1921) the boat had been
buried beneath this new lava flow
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Fig. A.6 Lagoa do Fogo, Aqua de Pau volcano, São
Miguel, Azores-Portugal (10 August 2007) (picture by
Andreas Dill). Situated on the largest of the Azores
islands, the lake is easy accessible, even by car. You can
climb the volcano from the north, visiting the fumaroles
and hot springs at the slopes. Or by a steep walk from the

beaches in the south. Scenic hikes from the east are
ending at the crater floor. Chances are high that you will
find the lake heavily clouded and even invisible in the
mist. The photo was made on one rare occasion of
splendid sights over the lake and the central island
mountains

Fig. A.7 Kawah Ijen volcano, Java, Indonesia (May
2010) (picture by Raphaël De Plaen, used with permis-
sion by Corentin Caudron). The Kawah Ijen crater lake is

the largest natural, acidic surface water reservoir on
Earth. The picture was taken during an echo sounding
campaign on the lake
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Fig. A.8 Rinjani volcano, Lombok, Indonesia (13 May
2010) (picture by Julie Oppenheimer, used with permis-
sion by Corentin Caudron). An eruption from the cone on

the peninsula entering the lake, before starting CTD
profiles and CO2 measurements on the lake

Fig. A.9 Lake Toba, Sumatra, Indonesia (18 January
2008) (picture by Craig Chesner). Resurgent doming at
the Toba Caldera, Sumatra, Indonesia. The 100 × 30 km
Toba Caldera in northern Sumatra, Indonesia formed
from a super-eruption 74,000 years ago. Two resurgent
domes (Samosir Island and the Uluan peninsula) now
dominate the landscape within the steep-walled caldera.
In this view looking east, the Uluan peninsula, consisting
of welded tuffs (Oldest Toba Tuff, *800 ka) capped by
non-welded tuffs (Youngest Toba Tuff, 74 ka), is seen

between the fault bounded Latung Strait (middle fore-
ground) and the steep caldera wall in the background.
The photograph was taken from Samosir Island (fore-
ground), about 600 m above lake level, where welded
Youngest Toba Tuff is overlain by a veneer of lake
sediments. Ages of these lake sediments suggest that
Samosir emerged from Lake Toba just 30,000 years ago,
attesting to the dynamic nature of Earth’s largest
Quaternary resurgent caldera (Chesner and Luhr 2010)
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Fig. A.10 Zao volcano, Honshu, Japan (July 2006)
(picture by Jacques-Marie Bardintzeff). Zao volcano is
1841 m high and lies close to Yamagata (Tohoku
Province), not so far north from Tokyo. Its crater (named
Okama) is filled by a beautiful acid (pH = 1.3) lake,

300 m in diameter. This lake has a nice green color that
changes from jade to emerald according to the sunlight.
Last eruption (phreatic) occurred in 1939–1940 (copy-
right JM Bardintzeff)

Fig. A.11 Lake Karymsky, Caldera Akademia Nauk,
Kamchatka, Russia (September 2006) (picture by Alex-
ander Morawitz), seen from the east shore. The 1996
eruption of Caldera Akademia Nauk causes the lake water

to boil and throw masses of boiling water into the shore
vegetation because of tsunamis. The result is here visible:
dead wood of boiled pines. In the back you can observe
Karymsky volcano

528 A View on Volcanic Lakes



Fig. A.12 Gorely volcano, Kamchatka, Russia (October
2011) (picture by Emanuela Bagnato). Gorely volcano is
located in Southern Kamchatka, about 75 km SW of
Petropavlovsk-Kamchatsky. It is the most active volcano
in southern Kamchatka. The volcano structure of Gorely

consists of a caldera (13 × 12 km) with three merged
cones and seven superimposed summit craters. In 2008
there were plates of sulfur on the summit lake surface and
intense steaming
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Fig. A.13–14 Crater Lake, Ruapehu volcano, New
Zealand (April 2010) (pictures by Bruce Christenson).
Ruapehu Crater Lake. View across the outlet for the lake,
which serves as the headwaters for the Whangaehu
Stream. The lake is acidic (pH *1), and exhibits
temperature cycling ranging between ca. 10 and 50 °C.

The photo was taken during a bathymetric survey which
measured a maximum depth of 109 m over the central
vent area. Eruptive activity in 1995–1996 totally expelled
the lake (*9 million cubic metres), and it took some
10 years to refill to its former outlet level
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Fig. A.15 Lake Letas, Garet volcano, Gaua, Vanuatu
(19 June 2010) (picture by Bernard Fountaine). “During a
visit to some volcanoes of Vanuatu, we are four members
of LAVE-Belgium team guided by the plume of Mt Garet
on the way to Gaua Island. On 19 June 2010, we start
climbing the caldera where Lake Letas is located, to

observe the volcanic activity. From our canoe, lake water
samples were collect. The field trip was made possible
thanks to the kindness and assistance of Esline Garaebiti
(manager) and A. Worwor (technician) of VGO (Vanuatu
Geohazards Observatory) as well as of my friend Thierry,
always ready for a volcano trip.” (by Bernard Fountaine)

Fig. A.16 Main Crater Lake, Taal volcano, Philippines
(March 2012) (picture by Takeshi Hashimoto, used with
permission by Tony Hurst). The Main Crater Lake of
Taal is located on Taal volcano Island, in Lake Taal,
about 50 km south of Manila on Luzon Island in the
Philippines. The lake is about 1 km in diameter, and has
an average temperature of 29 °C. The lake level and
temperature are monitored by the local observatory of

PHIVOLCS. There have been many recorded eruptions
of Taal volcano, with the largest in 1,754, while there
were over 1,000 fatalities from a Plinian eruption in 1911.
The most recent activity was phreatic from Mount Tabaro
on Taal volcano Island in 1977, while the most recent
activity in Main Crater Lake was geysering during
1999–2000
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Fig. A.17 Licancabur volcano, Chile/Bolovia (17 April
2010) (picture by Richard Sanderson). The lake is
apparently located on the Chilean side however. It is
not clear if the lake has a particular name other than
‘Lago Licancabur’. It is sometimes credited as being the

world’s highest lake but there are some reports of higher
ones on Ojos del Salado (another volcano) and in the
Himalayas. It has been scuba-dived in so it has the
unofficial record for altitude diving

Fig. A.18 Azufral volcano, Colombia (12 July 2009)
(picture by Hugo Murcia). This picture was taken during
a field trip with Sofia Navarro from the Geological
Survey of Colombia and Ian Coulson from the University
of Regina, Canada. On this trip to the lake we were
collecting water as well as taking physical and chemical
parameters. 6 days later, on July 18, a hydrothermal

eruption occurred and we understood that going down to
the lake was more dangerous than we had initially
thought. In the picture, the white area is the evidence of
repeated and sudden eruptions as a result of hydrother-
malism. Currently there is public access to the lake and
researchers continue visiting the lake for scientific
purposes
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Fig. A.19 Mount Katmai (Katmai volcano), Alaska,
USA (9 June 2012) (picture by Dave McGarvie). Formed
in 1912, the collapse of Mount Katmai to form this crater
(now filled with water) is considered to be the result of
magma extraction from beneath the area to feed the
eruption taking place 9–10 km away at Novarupta, which
was the site of the largest volcanic eruption of the
20th century. The exact link between Mount Katmai
volcano and the Novarupta vent is not known with
certainty, and remains one of volcanology’s most recent

mysteries. At Mount Katmai the collapse was not
accompanied by substantial eruptive activity, but instead
by phreatic activity. A small dacitic dome was erupted,
which is now covered by *250 m of water. In this
photograph the ice-free area is created by upwelling water
(heated by hydrothermal vents on the crater floor). The
faint green patches are thought to represent precipitation
from hot-warm mineral-rich fluids rising from these
hydrothermal vents
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