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Nisyros Volcano, which is located in the southeastern part of the Aegean
Volcanic Arc, was formed during the Pliocene—Pleistocene age. The entire
island is a stratovolcano with conical shaped area of approximately 42 km?
and a base diameter of about 8 km. The most characteristic feature is an
almost circular caldera with a diameter of 3.8 km and an average depth of
250 m, which was created in the central part of the island at least
24,000 years ago, after intense explosive activity. Since then, the volcanic
activity remains in a dormant stage with high geodynamic activity and a large
hydrothermal system being expressed in thermal springs and fumaroles. The
most recent hydrothermal eruptions took place in 1871-1873 and 1887 that
left large explosion crater holes behind.

Today, the post-volcanic activity of the volcano continues with gaseous
emanation from fumaroles of 96—100 °C and is also manifested in several hot
springs around the island at sea level, with their temperature ranging from
30 to 60 °C, while the most important ones are located in Loutra, Pali, and
Avlaki. A total of ten hydrothermal craters exist inside the caldera, of which
the largest and most impressive one worldwide is Stefanos Crater, which has
a circular shape and a diameter of about 300 m.

The seismic activity is characterized as moderate to low, of tectonic and
volcanic origin, respectively. However, substantial tectonic earthquakes in
1933 led to the destruction of the Emborios Village. A period of seismic
unrest in 1996-1997 led an international team of earth scientists to initiate a
proper study and monitoring of the Nisyros Volcano, including the volcanic
area between Kos and Tilos islands, within the framework of the GEOWARN
EU project. All their research results are incorporated in the present e-book.

The volcanic centers of Nisyros Island, the neighboring volcanic island of
Yali and the islets of Strongyli, Pachia, and Pergusa, represent a perfect
outdoor research and educational physical laboratory, an “open book of
nature” that I had the privilege of studying for many years.

With this e-book, a detailed record of the individual characteristics of the
Nisyros Volcano is given within twelf (12) chapters and electronic supple-
mentary material, as well as an epilogue on the history of the island of
Nisyros. It shows the present-day state of the art of a multi-disciplinary
earth-science research. It constitutes the outcome of an approach by at least
27 distinguished researchers from Greece, Switzerland, Germany, and Italy
to provide a compilation of all different available data. Important is the
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description of the volcanic, geological, petrological, geochemical, geophys-
ical, geodetic, and oceanographic parameters that focus to determine the
history and geodynamic evolution of the volcano in space and time. Dis-
played and recorded are the issues related to the risk of natural phenomena, in
particular those resulting from the volcanic activity that suggest specific ways
to afront them. The new 1:15,000 scale “Geological Map of the Island of
Nisyros (Dodecanese Archipelago)” and the associated cross sections as
electronic supplementary material of Chap. 3 represent a comprehensive
compilation of all previously published maps.

Particular reference is made in the direction of sustainable development
with reference to alternative forms of tourism and thermal-spring exploita-
tion. Also, data for upgrading the physical environment and cultural heritage,
promotion of the built environment, and the promotion of geo-tourism pro-
motional measures are given. Visitors to the island appreciate the endless and
wonderful natural landscape dotted with colorful volcanic and rock forma-
tions. In addition, numerous historical, mythological, and folklore traditions
refer to the giant Polyvotis trapped in the bowels of the volcano.

I think the e-book is a manual that will substantially contribute to the
understanding of Nisyros Volcano and the associated complex volcanic
phenomena in the southern Dodecanese region. This will greatly help in the
deepening of new research activities using specialized technologies and the
utilization of new scientific knowledge.

February 2017 Dr. Konstantinos G. Kyriakopoulos
Professor of Volcanology and Petrology

National and Kapodistrian University of Athens

Athens, Greece

Foreword
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Geography, Nature and Habitation
of Nisyros Volcano

Volker Jorg Dietrich

Abstract

This chapter outlines the general aspects of the unique geographical
situation of the small island of Nisyros in the southeast Aegean Sea as a
dormant, conical shaped and caldera bearing stratovolcano. Nisyros is
located between the islands of Kos and Tilos within a prehistoric volcanic
field that generated the largest volcanic eruption in the eastern Mediter-
ranean (Kos Plateau Tuff), which devastated the entire Dodecanese area
161,000 years ago. The island benefits largely from its volcanic features,
the nutrient-rich volcanic soil giving rise to all-year-round lush herbaceous
vegetation and hosting a large variety of plants and animals. It profits
since historical times from several thermal springs at sea level aligned in
major fault zones. The northern and eastern slopes of Nisyros volcano as
well as its neighbouring island Yali are covered with voluminous pumice
deposits, which are mined on a large scale. The active hydrothermal
system in the southern part of the caldera floor has been explorated for
geothermal energy, but the initiative was abandoned due to high-risk
performance and continuous micro seismicity. In 1996 and 1997 seismic
activity started with earthquakes of magnitudes up to 5.5 and with
hypocentres down to 10 km depth, damaging many houses in the major
town of Mandraki. Tourism is today the major economy of the island.
Daily, hundred of tourists visit the impressive hydrothermal explosion
craters at the caldera floor, attracted by its fuming fumaroles and mud

pools.
1.1 Introduction
V.J. Dierich (<) The island of Nisyros is one of the smaller
Institute of Geochemistry and Petrology, . islands of the Southern Sporades, or Dodecanese
Swiss Federal Institute of Technology, ETH Zurich, . . .
ETH-Zentrum. 8092 Ziirich. Switzerland islands in the eastern Aegean Sea. Its shape is
e-mail: volker.dietrich@erdw.ethz.ch almost circular with and a total width of 8.5 km,
© Springer International Publishing AG 2018 1
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Fig. 1.1 The Dodecanes islands and Anatolian peninsu-
las. Photo Google Earth

a coastal circumpherence of about 25 km, cov-
ering an area of 42 km?, actually resembling a
pentagon. The geographic position is Lat. 36°35;
Long. 27°10/, situated 9 nautical miles (16.7 km)
east of the coast of the Datca Peninsula of Tur-
key, 10 miles (18.5 km) south of the island Kos;
and 8 miles (14.8 km) northwest of the island of

Fig. 1.2 The volcanic island
of Nisyros with the caldera
rim, the hydrothermal field
and the villages of Mandraki,
Loutra, Pali, Emborios and
Nikia; thermal springs, idle
pumice quarries and and
geothermal wells Nis-1 and
Nis-2. Photo Google Earth Caldera
Rim

Profitis llias, .
628 m

Tilos (Fig. 1.1). Nisyros is surrounded by the
small island of Yali (the ancient Cisseris), the
islets of Kondelioussa (the ancient Antilegoussa),
Pergoussa, Strongyli and Pachia.

The island represents a pre-historic dormant
volcano with a central caldera diameter of
approximately 2.8 km, which is surrounded by
volcanic domes and thick lavas averaging about
550 m with a maximum height of Profitis Ilias
mountain at 698 m (Figs. 1.2 and 1.3). The last
volcanice eruption dates back at least
24,000 years leaving a still active hydrothermal
system behind (Chap. 3.5). Neither prehistoric
signs nor historical reports exist about volcanic
activity on Nisyros Island and in the
Kos-Yali-Nisyros volcanic field. Only in the
Greek mythology the battle between Poseidon
and the Giant Polyvotis gives an allegoric hint of
an ancient volcanic eruption (Chap. 12).

Approaching from the sea (Fig. 1.4), Nisyros
appears as a green island, which rises abruptly
out of the sea with terraced fields that reach as
high as the tallest peak. The precipitation during
the short rainy winter months seems to com-
pensate the long and dry summer and fall season.

Loutra

¥
SaLplaN
J 48 “ldle Pumice
;:‘- ?:vmuarn_e-s

Hydrathermal
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Fig. 1.3 The volcanic island of Nisyros with the central
caldera, the central hydrothermal crater field and the
highest peak Profitis Ilias 698 m seen from south. In the

foreground the village of Nikia with terraced fields, in the
background right the islands of Yali and Kos. Copyright
note Photo C. de Vries (Economakis and de Vries 2001)

AU SO Sl ML D e L

Fig. 1.4 Nisyros Island approaching from north with Profitis Illias 698 m and the port of Mandraki (right). Photo V.

Dietrich

Enough moisture is retained in the rich volcanic
soil, ashes and pumice to provide the necessary
humidity. The prevailing north winds can reach
stormy conditions, even in summer time whereas
southern winds tend to be smooth or rise to gale
forces in wintertime.

The vegetation of the island consists mainly
of Mediterranean evergreen sclerophyllous
shrubs and phrygana communities with scattered
trees of terebinth (Fig. 1.5, Pistacia palaestina)
and oaks (Petanidou et al. 2008). Although the
steep, cone shaped volcanic island lacks natural
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Fig. 1.5 Typical Nisyrian
mountainous slope covered
with sclerophyllous shrubs
and small trees of red
blooming terebinth (Pistacia
palaestina) during springtime.
Photo V. Dietrich

springs and other substantial sources of drinkable
water, the inhabitants built cisterns to store suf-
ficient rainwater to last for at least a year and
make fields exceptionally productive. Therefore,
mainly step terraces fields, which cover approx-
imately 58% of the island surface, were carved
on the slopes of a volcano’s cone, across a wide
range of slope gradients and with exposure to the
sea at many positions (i.e., on the outer slopes of
the cone) and shelter from the sea with terraces
inside the caldera walls. The agricultural terraced
land uses on Nisyros were a characteristic mixed
cultivation of cereals (mainly barley, and a lesser
amounts of wheat), viniculture, as well as trees of
terebinths, figs, almonds, and olives.

The nutrient-rich volcanic soil, combined with
the island’s geographical location on the eastern
migrating bird zone, caused the development of
the unique flora and fauna of 450 recorded plant
species (i.e. the rare bellflower Campanula
nisyria), 85 bird species (i.e. the partridge Alec-
toris chukar with the local name “Perdika”, the
owl Athena noctual and the ugly Phalacrocorax
Carbo and Aristotelis with the local name
“Kalikatsou™) and 7 reptile species (i.e the lizard
Agamo stelio with the local name “Kourk-
outavlos”, which is known only from Nisyros
and the neighbouring turkish coast), as well as
the monk seal Monachus around the southern
coasts.

Four white-washed stone villages have been
built on the north and east side along the shore
and in the hills: Mandraki as the island’s capital
town with a little commercial and ferry harbour,
Loutra with a small fishing harbour, and Pali
with its beautiful little yacht harbour. Two little
mountain villages are plastered close to the
highest points of the caldera wall to be protected
from pirates, Nikia in the south and Emborios in
the north with respect to the caldera.

This idyllic look of the volcano is the result of
habitation during the past two hundred years.
During the past 3000 years the island was mainly
covered with scrub and wild trees such as oak
and terebinths and a few small villages, fortifi-
cations, and watch towers, which were built
either from refugees or naval outposts during
intermittent military and naval conflicts or after
major natural catastrophes.

Since the beginning of seafaring the 700 m
high Nisyros volcanic island had become an
outstanding landmark for maritime traffic in the
north-south direction on the west coast of Asia
Minor from the Sea of Marmara to Rhodes, the
exit to the coasts of southern Asia Minor,
Cyprus, and Levante. In addition, most of the
traffic from the west: Italy, the Greek mainland,
the Peloponnese, and the Cycladic islands had to
pass by. This situation became very important
since Greek-Roman times and led to the



1 Geography, Nature and Habitation of Nisyros Volcano

Fig. 1.6 Stormy day with
northerly winds at Pali yacht
harbour. In the background
the abondoned spa complex
of “Hippocrates”. On
February 6, 1941 the entire
northern coast of the island
was devastated by a storm and
all houses along the
waterfront were partly
destroyed. Photo V. Dietrich

fortification of Paleokastro and watchtowers in
several high outlook points on the island.
Strategically even exceptional was the inac-
cessibility of the island for large ships since these
ancient times. They could only land in a few
open bays under difficult circumstances, due to
missing shelter and dangerous anchoring
grounds, as well as the lack of water supply for
crews, soldiers and slaves. To keep a small naval
fleet permanently moored in the water some-
where close to the shore was impossible. The
only place for anchoring on shallow sandy
ground and shelter from northerly heavy winds
was in the open southerly bay of Yali Island three
nautical miles away from Mandraki (Fig. 1.6).
In contrast, the island was perfectly suitable
for refugees. Small groups reaching its shores
and small inlets with tiny boats could easily hide
in the wilderness of the inaccessible mountains,
not being followed and attacked by their ene-
mies. They collected rainwater inside carved
stones and lived in volcanic caves, especially in
those digged into the soft pumice. Consecutively
cultivation terraces were built on the slopes to
hold the fertile volcanic soil and to grow agri-
cultural products. This might have been already
the case in the early history, i.e. during early
Neolithic and Minoan times after the devastation

of the Cycladic islands, Crete and the Eastern
Mediterranean through the volcanic eruption of
Santorini and its accompanied tsunami. The
small Cycladic and Minoan boats and sailing
galleys only needed shallow beeches to be pulled
securely on land. In addition, many refugees may
have come later to resort from the Philistinians,
Persian invaders and Pirates or after total earth-
quake and tsunami destruction of Kos, 142 AD
and 551 AD. Several hidden small monasteries
and churches in the mountains are witnesses of
the early Christian and Byzantine periods.
However, Nisyros volcano did not provide
only a secure place of refuge, fertile soil in the
mountains and hot springs along its shores, it
terrified the inhabitants during all times with
unpredictable disastrous earthquakes and unex-
plainable huge explosions in the middle of the
island inside the caldera. The list of strong
earthquakes >6 magnitudes on the Richter scale
on Nisyros and neighboring islands is long and
will be discussed in the following Chap. 2.
According to some reports the largest
hydrothermal explosion that left the 300 m wide
Stefanos Crater behind, occurred during the
strong earthquake shortly before 1420. 1871-
1973 Megalos Polyvotis and Flegethron craters
were formed, 1887 Mikros Polyvotis. During
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April 23, 1933 a major earthquake south of Kos
destroyed 80% of the mountain village of
Emborios, which led to a total exodus of the
inhabitants. During the past eighty years several
strong earthquakes occurred causing local
damages.

The population of the island during historical
time is unknown. A first estimate appeared after
the Greek Revolution 1821 with c. 3300 inhabi-
tants. The number progressively increased to a
maximum of c. 5000 people between 1910 and
1912. Since then, the population decreased with
major drops during and after the 1st and 2nd
World Wars, in particular 1918-1922 and 1950-
1974 to c. 1000. During the past 40 years the
permanent inhabitant number went up from 779
(1991, review in Petanidou et al. (2008) to ca.
1200 (2012).

Despite the emigration waves after the first
and second world wars due to starvation and
unemployment the Nisyrians remained patriots to
their beautiful island founding communities in
Attika (Greek mainland), Kos, Rhodes, United

States of America (New York), Canada and
Australia. In 1961 they established in Athens the
Nisyrian Studies Society, who issued annual
periodica “NISIRIAKA” focusing on the history,
tradition and folklore of Nisyros.

1.2 The Benefits of the Volcano:
Industry, Thermal Springs, Spas
and Tourism

The main good effect that Nisyros volcano has on
the environment is to provide nutrients to the
surrounding soil. The volcanic ash, which is able
to alter quickly and get mixed into the soil,
contains many chemical elements that are bene-
ficial to plants. The broken volcanic rocks offer a
great variety of construction material used since
ancient times; e.g. the well-known production of
millstones (Fig. 1.7).

In addition, the voluminous pumice deposits
have become precious industrial mineral resour-
ces in modern times. On a general scale, volcanic

Fig. 1.7 Millstone exhibition in the “Liotridia” (“oil
pressing”) hotel, a former olive oil pressing establishment
at the waterfront in Mandraki. The millstone dish and
barrel are carved out of andesite lava from idle quarries at
the seaside east of Mandraki; in background a grey

rhyodacite millstone. Copyright note Photo N. A. Mas-
trogianni ((tel. 0030 210 8831313-0030 22410 35 603).
TA AIOTPIAIA THX NIZIPOY (Athens 2005) in Greek.
Koota Niyynta Kapoin, I'epaviov 7, Athens 105 52
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gases are the source of all the water and the
atmosphere that makes our planet unique. The
hot underground gases and deep geothermal
fluids are responsible for the thermal spring
waters that represent mixtures with meteoric and
seawater. From medieval to modern times the
industry of sulfur exploitation flourished in the
hydrothermal crater field supplied constantly by
the fumarolic acxtivity.

Nisyros, as a small island in the Dodecanese
archipelago are nowadays highly accessible with
easy and fast transportation and thus offers many
modern aspects of tourism.

1.2.1 Thermal Springs and Spas

Many reports exist since Roman times about the
usage of thermal springs on Nisyros Island
(Chap. 5). The main localities are shown on
Fig. 1.2. The idea to exploit the thermal springs
was given by a Nisyrian in 1870, who suffered
from psoriasis and was healed by the unique
properties of the thermal spring waters of Loutra
(“Public bath”, Chap. 5) with up to 45 °C. The
healing properties of the thermal waters are

Fig. 1.8 The spa
“Hippocrates” bulit in 1889
by the doctor Pantaleon
Pandelides and operating with |
intermissions until 1933, the |
death of Pandelides and
earthquake of Kos; average
temparatures 45 °C. Old
postcard

suitable for arthritis, rheumatism, skin diseseases,
inflammation of the gallbladder, graval and
traumas. The most important and very hot spring
since Roman times, the “Thermini spring” east of
Pali, was turned into the impressive spa “Hip-
pocrates” in 1889 by the doctor Pantaleon Pan-
delides (Fig. 1.8). Its operation stopped in 1928
and reopened again in 1932 for one year. All
waters were taken from the original spring of the
homonymous chapel of Panagia Thermiani
(Fig. 12.11), which remains today only with
stagnant waters. However, there seems to be still
a large potential of thermal waters appearing as
dispers influx at shallow sealevel.

A third thermal bath, Avlaki existed at the
south coast profiting from rather hot thermal
waters of 60 °C. It was also built next to a lava
flow entering the sea supporting the construction
of a little harbour (Fig. 3.35, Chap. 3) in the first
decades of the 20th century. Although the loca-
tion is a good shelter for northerly strong winds,
it is completely exposed to the open Aegean sea
and episodic southerly gales, which damage the
lava cliffs with full power of house size waves.

Today only pittoresk ruins of the original bath
remain.
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1.2.2 Pumice Mining on Nisyros
and Yali

Pumice originally used as polishing, abrasive and
exfoliating applications due to its composition of
siliceous glassy shards. The Romans discovered
the amazing improvements in longevity and
performance imparted to concrete by the addition
of fine-grained pumice (nowadays the
“alkali-silica-reaction”), which has become
recently a major application again, besides
additives as light-weight aggregates in concrete,
filtration media, water purification, insulation
media, soil conditioner, insecticide carrier and
blast mitigation. After World War II, exploitation
of pumice started in the northern slopes between
Loutra and Pali (Fig. 1.9). A few years later
the pumice quarries were abandoned due to

impurities (e.g. xenolithic minerals and rocks)
and lack of shelter of the coastal loading station
from northerly storms.

Since 1952 the municipality of Nisyros profits
from the commercially mined large and homo-
geneous pumice deposits and perlite on the
neighbouring island Yali (Hartofilis 2013).
According to “LAVA Mining & Quarrying S.A.”
the largest Greek pumice deposit (Fig. 1.10)
contains more than 120 million tons, which are
mainly exported to Europe, the USA, the Middle
East and Asia. On the basis of annual mining of
approximately 1 million tons the deposit will last
up to the year of 2100.

Perlite is volcanic rhyolitic glass that has
incorporated 2—-5% water. It expands rapidly when
heated. Thus, perlite is used mostly as aggregate in
plaster and concrete, especially in precast walls.

Fig. 1.9 The idle pumice quarries in the northern slopes of Nisyros Island between Loura (west to the right) and Cape

Akrotiri (east to the left). Photo V. Dietrich
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Fig. 1.10 Pumice mining activity on Yali Island; in background obsidian lava flows and perlite mining; situation

2010. Photo V. Dietrich

1.2.3 Geothermal Energy of Nisyros
Volcano

Exploration of geothermal energy in a 10 MW
power plant with a prospection of 5 drill holes,
and with a possibly extended capacity of 50 MW
was proposed by the Public Power Corpora-
tion S.A. [PPC, Anudéowa Emyeipnon
HAextpiopot A.E. (DEI)] at the locality of Ag.
Irini on the southern slopes of Nisyros Island
(Koutroupis 1983, 1992). Geothermal drilling
started in 1983 within the caldera at the southern
part of the Lakki plain north of the hydrothermal
explosion craters with the well Nis-1 by
Geotermica Italiana and continued in 1984 with
the well Nis-2 (Figs. 1.2, 1.11 and 1.12).

All activities had to be stopped due to over-
heating of 340 °C and overpressure at 1816 m
depth on drilling equipment and steam produc-
tion installations in Nis-1, as well as to boiling
effects and pipe blocking with salt deposits
(Fig. 1.11).

Although geothermal power plants in
high-energy (high-enthalpy) geothermal areas can
produce directly high electrical energy and work
successfully in many areas of the world, drilling
into an active volcanic system and exploiting
continuous hot brine waters during the power
plant operation might cause earthquake activity
and might trigger unforeseen major hydrothermal
explosions. Nisyros is a dormant volcano within a
high geodynamic environment. Although no
eruption occurred since prehistoric time no pre-
diction can be made, how long the volcano will
remain quiescent! The 1996-1998 seismic crisis
with significant damages in the town of Mandraki
demonstrated this unpredictable situation and
initiated a period of intensive awareness, volcano
monitoring and scientific research (i.e. the Euro-
pean Geowarn project). All the geological, vol-
canological, petrological, geochemical and
geophysical results, including a new compiled
geological map in the scale of 1:15,000, are
subject of the following chapters.
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Fig. 1.11 Nis-2 geothermal well 1983/84 in the Lakki plain. Photo in Aggelidis et al. (1990)

Fig. 1.12 The abandoned Nis-2 well 2004. Photo V. Dietrich
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1.2.4 Tourism

Since the early eighties tourism started slowly on
the island in connection with the growing tour-
ism in all Dodecanese islands and in particular
turning the small air field of Kos into an inter-
national airport. Nowadays Nisyros has become a
saisonal vacation island with a steady season
from April to October, offering its natural beauty,
unspoiled black sandy beaches, the impressive
caldera with its fumaroles in the world-wide
unique  hydrothermal  explosive  craters
(Fig. 1.13) and traditionally restored pittoresque
mountain villages, churches and monasteries.
During the summer months hundreds of
daily tourists visiting the island, mainly
approaching from Kos with little ferry boats.

In addition, fast catamaran ferries connecting
Nisyros daily with Kos, Rhodes and all
Dodekanese islands as well twice weakly large
ferries to Athens.

An outstanding feature is the small yacht
harbour of Pali, which has become a pearl in the
Dodecanese islands (Fig. 1.14). It is known for
its good shelter all year round, even during heavy
winter storms.

On the contrary, the Nisyrians keep their
strong presence in the cultural tradition, which is
expressed in numerous festivals. Almost all
religious festivals organised in the island are
visitor attractions, taking place in redecorated
monasteries and are organized by the inhabitants
of Mandraki and the three villages of Pali,
Emborios and Nikia.

:-_.*'_';-'3!.::;'-,'1:':'. = -.

Fig. 1.13 Daily tourist groups visiting the bottom of
Stefanos Crater with its fumarolic vents and mud pools.
During the summer months the bottom is very dry and
hard, whereas during winter, early spring and late fall the
conditions of the floor can vary from mud to an internal

lake. At these stages the situation of instability of the
ground as well as breakdown of mud pools will become
very hazardous. Then the entrance to the floor will be
closed for public. Photo Barry’s Ramblings



V.J. Dietrich

Fig. 1.14 The yacht harbor of Pali at the northern coast of Nisyros. Photo V. Dietrich
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Geodynamics and Volcanism
in the Kos-Yali-Nisyros Volcanic Field
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Abstract

This chapter encompasses a short review on the general aspects of the
geodynamics in the southeast Aegean region, in the context of the plate
convergence between the African plate and the Anatolian and Aegean
microplates. Southeast-ward subduction of oceanic lithosphere and crust
of a remnant Thethys ocean beneath the microplates are responsible for the
generation of magmatism and volcanism during the past 5 million years.
This formed the South Aegean Volcanic Arc and in particular the
Kos-Yali-Nisyros-Tilos volcanic field in the southeast corner. The chapter
mostly deals with the description of morphotectonic structures, obtained
from a combination of onshore and offshore data, generated during
numerous cruises since the European GEOWARN project seventeen years
ago. The cruises focussed on a precise bathymetric exploration to
determine the seafloor morphology with its young sedimentary cover,
submarine volcanic features and fault zones within the different basins,
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troughs and horsts. Geological outlines and maps are given for all volcanic
eruptive centers: Kos Island and the distribution of the 161,000 years old
Kos Plateau Tuff, Nisyros Volcano, Yali Island, Strongyli Volcano,
Avyssos submarine crater, the volcanic islet Pergousa and Pachia and the

Kondelioussa islet.

2.1 Introduction: Aegean
Magmatism and Volcanism
as Result of Cenozoic Plate

Motions

The Kos-Yali-Nisyros Volcanic Field (Fig. 2.1)
comprises the eastern sector of the South
Aegean Volcanic Arc (SAVA). The arc is regar-
ded as a magmatic expression of the ongoing

north-eastward-directed subduction of the Afri-
can plate beneath the Aegean-Anatolian micro-
plate, which started around 5 Ma at the beginning
of Pliocene (McKenzie 1972; Le Pichon and
Angelier 1979; Papanikolaou 1993; Jackson
1993, 1994). All volcanic centers are located
above a 38° dipping Benioff zone in the depth
range of 130-150 km (Makropoulos and Burton
1984).
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Fig. 2.1 Simplified map of the present day geodynamic
structure of the Hellenic arc, showing the modern South
Aegean Volcanic Arc developed behind the Hellenic
trench, the Peloponnese-Crete island arc and the Cretan
back-arc basin after Nomikou and Papanikolaou (2010b;
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Nomikou et al. 2013a). Note that the African plate to the
south is subducting beneath the Eurasian plate to the north
along the red lines just to the south of Crete. Yellow arrows
indicate relative motions of approximately 35 mm/year of
the Aegean-Anatolian microplate towards the African plate
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The early continent/continent collision of the
Aegean-Anatolian microplate (South Aegean,
Menderes, Bey Daglan) began during Middle to
Late Eocene and continuing into Lower Oligo-
cene (Robertson and Dixon 1984; Collins et al.
1998). Synchronous anticlockwise rotational
(northeast- to northward directed) movement of
the Adriatic-Apulian promontory led to its sub-
duction beneath the Aegean-Anatolian micro-
plate. Continuation into Early Miocene caused
compression and crustal thickening in the Hel-
lenides, as well as extension in the external realm
in northern Greece. As result of subduction and
extension, magmatic activity occurred through-
out the extensional realm from Middle Eocene to
Late Miocene (Innocenti et al. 1981; Fytikas
et al. 1984; Pe-Piper et al. 1994; for extensive
review see Pe-Piper and Piper 2002).

Subduction of the south-eastern Mediter-
ranean oceanic crust synchronously coupled with
extensional magmatism during Miocene in the
central and south-eastern Aegean, manifested by
numerous granitic intrusions and adjacent vol-
canics in several Cycladic and Dodecanese
islands and in the Bodrum peninsula (Anatolian
coast). At about 5 Ma the spatial distribution of
magmatism and volcanism shifted southward and
westward and led to the development of the
South Aegean volcanic arc. At this time the
“consolidation” of the central Aegean block took
place due to lithospheric strike-slip movements,
which are expressed by the propagation of the
“North Anatolian Fault” reaching the northeast-
ern Aegean realm. South-westward motion of the
Aegean block with up to 35 mm/year (Jackson
1994) and westward motion of the Anatolian
block with about 20 mm/year accompanied by
vertical displacements initiated strong litho-
spheric deformation (Fig. 2.1). The differential
convergence rates between the north-eastward
directed subduction of oceanic crust and African
plate relative to the different blocks of the Eur-
asian lithosphere may have caused rapid exten-
sion, thinning of the continental Aegean back-arc
region and thus, induced an adiabatic upwelling
mantle.

2.2 The South Aegean Volcanic Arc

The volcanic islands of the South Aegean Sea,
Aegina, Methana, Poros, Milos, Santorini,
Kolombo, Yali Nisyros, and Kos define a vol-
canic island arc, which extends over a distance of
approximately 600 km from Corinth in the
Saronic Gulf bordering Attica and the Pelopon-
nese to the islands of Kos and Nisyros near the
Turkish coast (Fig. 2.1). In general, the volcanic
rocks of the South Aegean volcanic arc belong to
the calc-alkaline and high-K calc-alkaline
(mainly of Pliocene age) series. Tholeiitic
basalts occur in the Santorini islands.

Two different magmato-volcanic environ-
ments can be distinguished within the South
Aegean volcanic arc, differing in age, magma
types, volumes, volcanic edifices, and spatial
distribution. The volcanic centers seem to be
aligned by large fracture zones, trending E-W to
NW-SE for the western part including Susaki,
Poros, Methana, and Aegina (Dietrich et al. 1991;
Hurni et al. 1995) and mainly NE-SW for the
central and eastern parts of the arc including
Milos, Santorini, Yali, Kos and Nisyros (Fran-
calanci et al. 2005; Pe-Piper and Piper 2005). The
volcanic activity started around 4.7 Ma and
continued until present with the active but dor-
mant volcanoes Methana, Santorini, Kolombo,
and Nisyros. The western volcanic centers
developed mainly as monogenic structures along
fissures, plugs and domes whereas in the central
and eastern volcanic islands composite volcanoes
with caldera structures were formed.

The eastern sector of the island arc, including
the islands of Kos, Yali and Nisyros, seems to be
geodynamically very active, since it comprises
the largest volumes of volcanic products, which
were emitted during the past 161,000 years and
is at present a tectonically active region
(McKenzie, 1972; Drakopoulos and Delibasis
1982; LePichon 1982; Fytikas et al. 1984;
Jackson 1994; Smith et al. 1996).

The magmatic processes started in Late Mio-
cene and continued throughout 15 million years
leading to the present day situation on the island
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of Nisyros (Burri et al. 1967; Pe and Piper 1972;
Fytikas et al. 1976, 1984; Innocenti et al. 1981;
Pe-Piper and Piper 2002). In this respect, all
volcanic and plutonic phases in the eastern
Aegean islands from Mpytilini through Chios,
Samos, Izmir, Furni, Patmos, Bodrum and Kos
down to Nisyros can be explained. The largest
eruption, however occurred 161,000 years ago,
which led to the largest eruption in the Eastern
Mediterranean emitting more than 100 km® of
pyroclastic material, the Kos Plateau tuff, which
devastated an area of more than 3000 km? (Keller
1969; Stadlbauer 1988; Keller et al. 1990; Allen
and Cas 1998a). Deposits occur on Kalymnos, on
the peninsula of Datca and Tilos. The center of
this catastrophic eruption was probably located
north to northeast of Yali. Several hundreds of
cubic kilometres of magmas were emplaced along
the NE striking Kos-Tilos horst-graben system
from the upper mantle into low crustal levels.
As the result of such a voluminous magma
deficit in the underground a caldera of a diameter
of 15-20 km must have been formed (Fig. 2.2),
now covered with volcano-sedimentary products
from younger eruptions and debris with an

W

Crete
— _-—\—/f ——
101 compression

Cretean Sea

average thickness of 10 km. During the time
span of 161,000 years the volcanic edifices of
Nisyros, Yali, Pergousa, Pachia and Strongyli
have grown in its inferred central part.

Nisyros and the surrounding islets have been
formed during the Late Pleistocene-Holocene
within an ENE-WSW trending neotectonic gra-
ben. The island of Nisyros is mainly composed
of Quaternary calc-alkaline volcanic rocks which
are represented by alternating lava flows, pyro-
clastic layers and viscous lava domes, formed
during several cycles from 160 to 25 ka. The
dominant feature on the island is a truncated cone
with a base diameter of 8 km and a central cal-
dera of 4 km in diameter (Di Paola 1974;
Papanikolaou et al. 1991; Volentik et al. 2005).
The Yali and Strongyli volcanic islands, located
north of Nisyros, along with the submarine vol-
cano of Avyssos, are prominent features in the
area, bounded by NE-SW normal faults (Wagner
et al. 1976; Allen and Cas 2001; Nomikou and
Papanikolaou 2010a).

Figure 2.2 shows a magmato-tectonic model
to demonstrate the close relationship between
magmatism/volcanism, seismicity and structural

Nisyros Yali
Kos Caldera -

Fig. 2.2 The Magmato-Tectonic model of the eastern
sector of the Aegean volcanic arc in a SW-NE
cross-section from Crete to Kos. Depth and position of
the subduction zone is inferred from the spatial distribu-
tion of deep earthquakes (Drakopoulos and Delimbasis

1982; Makropoulos and Burton 1984; Makropoulos et al.
1989). The encircled area marks the agglomeration of
seismic activity in the Kos-Yali-Nisyros volcanic field.
Source GEOWARN (2003)
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configuration in the eastern sector of the Aegean
volcanic arc. The increase of geodynamic activ-
ity can only be understood if the processes of
magma generation, emplacement, fluid behaviour
and tectonic environment are known. Magma
generation and emplacement have been subdi-
vided into five steps and linked to seismic
activity and crustal deformation. For this reason,
the volcanic islands of Milos, Santorini, Kos and
Nisyros are dominated by large composite vol-
canoes with summit calderas and hydrothermal
systems. Pyroclastic rocks of rhyodacitic to
rhyolitic composition are predominant. This is an
expression of the existence of relatively large,
shallow crustal magma chambers allowing fur-
ther crystal fractionation and crustal contamina-
tion, finally leading to highly explosive activity
and Plinian eruptions.

The base of the central and eastern volcanic
arc rests on normal and partially thinned conti-
nental crust (Makris 1977) and underwent sev-
eral stages of deformation and metamorphism
during the Alpine orogeny from Cretaceous to
late Tertiary (Smith 1971). Thus, structural con-
figuration of the continental crust can be regar-
ded as a pile of nappes of the Hellenides, part of
the “Alpine Orogen”. The islands of Milos,
Santorini and Nisyros show today a pronounced
extensional lithospheric stress field, which
favours upwelling of the asthenosphere, partial
melting of peridotitic mantle rocks, uprise of
primitive basaltic melts through a 25-30 km
thick crust and the generation of shallow magma
chambers.

2.3 The Kos-Yali-Nisyros-Volcanic
Field

The Kos-Yali-Nisyros Volcanic Field (Figs. 2.1
and 2.3) covers the most complex eastern part of the
Alpine-Hellenide orogen, which structurally
merges into the nappe pile of the Taurides of SW
Turkey. Since Late Miocene the entire area has
been dissected by major tectonic lineaments such
as “Horst-Graben systems” bordered by NE-SW
and WNW-ESE faults, along which uplift,
down-faulting and strike-slip movements occurred.

Normal faulting occurred along a NW-SE (at
Miocene time probably N-S) lineament which
extended in the Dodecanese Islands from Chios
through Furni, the west of Patmos southeastward
into the island of Rhodes and led to formation of
the Antimachia graben. Extensional movements,
directed towards SW, downdropped basement
blocks along listric faults. Strong uplift and
erosion of the “Menderes metamorphic complex”
the “Cine sub-massif” and the “Bey Daglari unit”
generated several E-W trending Neogene basins
(e.g. “horst-graben” systems from North to
South): Gediz graben, Kii¢iik Menderes graben,
the Biiyiik Menderes graben, and the Kerme
Korfezi graben, the eastern extension of the East
Kos Basin. The eastern boundary of the Hellenic
arc is defined by the sinistral Rhodes Transform
Fault, implying a dominant extension regime
Lower Miocene (Miieller and Kahle 1993).

Synchronously, calc-alkaline magmas derived
by partial melting of sub-continental mantle
above down-going Cenozoic oceanic lithosphere
segregated and accumulated beneath the collided
Hellenic nappe piles and Lycian Taurides thrust
sheets at the mantle/crust boundary.

The intersection of the N-S (at present
NW-SE) and E-W “horst-graben” systems in the
eastern Aegean Sea led to pronounced centers of
weakness in the stress pattern of the rigid crust.
Changes of the crustal stress field due to exten-
sional, rotational and strike-slip movements at
different crustal levels (“stockwerks” of nappe
piles) favoured the migration of the deep mag-
mas to upper crustal levels.

These processes started in Late Miocene and
continued throughout 15 million years leading to
the present day situation on the island of Nisyros
(Burri et al. 1967; Pe and Piper 1972; Fytikas et al.
1976, 1984; Innocenti et al. 1981; Pe-Piper and
Piper 2002). In this respect, all volcanic and plu-
tonic phases in the eastern Aegean islands from
Mytilini through Chios, Samos, Izmir, Furni, Pat-
mos, Bodrum and Kos down to Nisyros can be
explained. At present the Kos-Yali-Nisyros-Tilos
volcanic field still is a region of high tectonic unrest
(Drakopoulos and Delibasis 1982; Jarigge 1978;
Makropoulos and Burton 1984; Papadopoulos
1984; Papadopoulos et al. 1986; Smith et al. 1996).
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2.3.1 Morphotectonic Structures,
a Combination

of Onshore/Offshore Data

The neotectonic (post Plio- and Pleistocene)
structures of the Kos-Yali-Nisyros volcanic field
are demonstrated by the outcrops of the “Alpine
basement”. These pre-Miocene sedimentary and
intrusive rocks are found in uplifted blocks—
neotectonic horsts separated by the recent and
actual marine basins where subsidence has pre-
vailed during the last few millions of years. The

great depths below the sea floor covered by thick
post-Alpine sediments.

Thus, the submarine area between Kos and
Tilos islands constitutes a regional neotectonic
horst-graben system, which extends from the
Datca peninsula in the coastal area of Minor Asia
towards SW (Figs. 2.3 and 2.4). In addition, an
intermediate Kondelioussa horst exists dividing
the basins on both sides of Nisyros. Nisyros and
surrounding islets represent the volcanic struc-
tures that have intruded within this regional
graben as was confirmed by geothermal drillings

T

Alpine basement in the submarine area occurs at (Geotermica Italiana 1983, 1984), which
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Fig. 2.3 Synthetic tectonic map of Kos-Yali-Nisyros
volcanic field based on data obtained from multi-beam
bathymetric surveys and combined with onshore hypso-
metric data (Electronic Supplementary Material Appen-
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Basin. Source Nomikou (2004), Nomikou et al. (2004),
Nomikou and Papanikolaou (2010b)
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Fig. 2.4 a Interpretative neotectonic sketch map of Kos-Yali-Nisyros-Tilos volcanic field with distinction of the
volcanic centers group (modified after Papanikolaou and Nomikou 2001; Nomikou 2004; Nomikou et al. 2013a). /
Kefalos (500 ka), 2 Kos Plateau Tuft (161 ka) 3—10: late pleistocene-holocene volcanoes, 3 Nisyros stratovolcano, 4
Pachia, 5 Pergousa, 6 East Kondelioussa, 7 Yali, 8 Prophitis Ilias, 9 Avyssos, /0 Strongyli; b schematic tectonic profile
from Kos/Kefalos Peninsula to Tilos. The intermediate uplift of the Nisyros volcanic area in the form of a minor horst is

shown within the neotectonic graben structure

encountered Alpine basement rocks at 1800 m
depth.

A morphotectonic map of the area of
Kos-Nisyros-Tilos can be transformed to a neo-
tectonic sketch map (Fig. 2.4a, b) characterized by
the distinction of neotectonic blocks bordered by
major faults. Each neotectonic block is charac-
terised by its morphology, which is different across
its tectonic margins from that of the neighbouring
blocks. The difference may comprise the intensity
of the relief, expressed by the slope gradients
and/or the relief orientation, and its average ele-
vation either positive or negative. Additionally,
each neotectonic block may present a different
tectono-stratigraphy referring to the Alpine

formations and/or the post-Alpine sediments and
eventual volcanic formations. The general dip of
the strata and of the volcanic products may indicate
the nature of vertical and/or tilt motions during or
after the deposition of each geological formation.

Kos Island constitutes a synthetic tectonic
mega-horst of ENE-WSW direction including
three  successive  multi-blocks: ~ Kefalos
multi-block (1) in the west divided in Kefalos
Peninsula, Western Kefalos and Southern Kefa-
los, Antimachia block (2) in the middle and
Dikeos multi-block (3) in the east divided in
Dikeos Mt. (3a) and Zipari block (3b) (Fig. 2.5).
All these blocks constitute the Kos mega-horst
bordering from the north the successive
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Fig. 2.5 Neotectonic blocks
of Kos: I Kefalos, 2
Antimachia, 3a Zipari, 3b
Dikeos (Papanikolaou and
Nomikou 1998; Nomikou
2004)

Post-alpine
sediments

grabens/basins of blocks 4, 5 and 6. However,
the tectonic horsts showing relative uplift from
all surrounding blocks are only blocks la of
Kefalos peninsula and 3a of Dikeos mountain.
The Antimachia tectonic block (2) in Fig. 2.5
comprises outcrops only of Neogene and Qua-
ternary sediments observed below the wide-
spread Upper Pleistocene volcanic breccia and
pumice of the “Kos Plateau Tuff” which forms
the planar surface of the Antimachia plateau and
is characterized as a tectonic graben between the
adjacent tectonic horsts of Kefalos (1) and
Dikeos (3b). However, it presents an important
uplift relative to the submarine tectonic grabens
(Fig. 2.5) of the Western Kos Basin and the
Eastern Kos Basin (Fig. 2.3). This relative uplift
is confirmed by the occurrence of marine Pleis-
tocene sediments on the Antimachia plateau at
altitudes around 100-120 m. The lack of out-
crops of Alpine formations and of Miocene
continental deposits (known from the adjacent
horsts of Kefalos and Dikeos) imply a relative
subsidence of more than 1000 m with respect to
Dikeos and more than 600 m with respect to
Kefalos. The tectonic throw between Antimachia

block and Zipari block is only a few hundred
meters. The post-Alpine sedimentary formations
below the Kos Plateau Tuff are tilted to the NW
by 10-15° around an ENE-WSW axis.

The tectonic block of Zipari (3a) comprises thick
alluvial sediments observed all along the northern
coast of Kos and Neogene continental sediments
tilted towards the north. Small outcrops of Alpine
rocks belonging to the Prophitis Ilias/Pindos tec-
tonic unit occur in the hills of Zipari block. Thus,
there is strong subsidence in relation to the tectonic
horst of Dikeos (3a) and a relative uplift in relation
to the tectonic block of Antimachia (2).

The two marginal tectonic blocks of Kefalos are
subsided areas of the Kefalos Peninsula horst but
they are uplifted blocks in relation to the Western
Nisyros Basin. The tectonic block of Kos-Knidos
channel also presents subsidence in relation to the
tectonic horst of Dikeos (3a) and upliftin relation to
the tectonic graben of the Eastern Kos Basin.

The Tilos horst (Fig. 2.4a, b) is made of
Mesozoic “Alpine formations” covered by
post-Alpine sediments occurring on the sub-
marine plateau developed towards the southwest
of Northern Tilos Island. The sediments of this
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plateau look very similar in the lithoseismic pro-
files with those occurring over the neighbouring
plateau of Kondelioussa and show the same tilt
towards the SW. The tectonic margins of Tilos
horst are made by a NE-SW oriented fault towards
the Southern Nisyros Basin and another fault of
EW direction towards the Northern Tilos Basin.
Both faults produce an asymmetry of the basins
with the deepest subhorizontal parts reaching the
margins of Tilos horst. The fault throw is more
than 1 km as the depths of the basins (about
600 m in Northern Tilos and more than 1000 m in
Southern Nisyros) and the minimum thickness of
the sediments (more than 600 m detected on the
airgun profiles) imply.

2.3.2 Submarine
Volcano-Sedimentary
Basins

Five submarine basins (Fig. 2.3) can be distin-
guished within the regional graben of the
Kos-Tilos area. The detailed “swath bathymetric
map” permitted the delineation of the following
five main marine basins in the circum-volcanic
area of Nisyros (Fig. 2.3): (1) Eastern Kos Basin,
(2) Western Kos Basin, (3) Western Nisyros
Basin, (4) Southern Nisyros Basin and (5) Tilos
Basin. Additionally, two smaller basins occur
within the shallow-water intra volcanic area of
Nisyros: (6) Pachia-Pergousa Basin and
(7) Yali-Nisyros Basin. The intermediate horst of
Kondelioussa and its northeastward volcanic
prolongation of Nisyros and surrounding islets
separate three basins (1, 2 and 5) along the
northern sub-graben and another two basins (3
and 4) along the southern sub-graben.

2.3.2.1 Eastern Kos Basin

The Eastern Kos Basin (Fig. 2.6), representing a
main block of a tectonic graben, is bordered to
the north by the steep southern slopes of Dikeos
Mountain whereas towards the south it is sepa-
rated from the Tilos Basin by the rise connecting
Nisyros Island with the Datca peninsula. To the

east it continues into the basin developed north of
Datca peninsula and south of eastern Kos. To the
west it is bordered from the Western Kos Basin
by the Yali-Kos rise and to the southwest by the
very steep volcanic cone of Strongyli islet, which
emerges to 120 m altitude from a depth of
600 m. The general orientation of the basin is
ENE-WSW, parallel to the orientation of Kos
Island. This orientation is due to a major neo-
tectonic fault running parallel to the coast of Kos
for more than 20 km, which has subsided the
Eastern Kos Basin with respect to the Dikeos
mountain with a throw more than 700 m.
A number of submarine canyons have been
detected from shallow depths of about 150 m to
approximately 500 m where the morphological
slopes become very shallow and grade to the sub
horizontal basinal part at depths around 650 m.
More than 600 m of Neogene sediments have
been detected below the sea floor.

The irregular morphology of the southern
basinal area is unique in this basin with a pos-
sible submarine caldera occurring immediately
northeast of the base of the Strongyli volcanic
cone (Figs. 2.6, 2.41 and 2.42). This submarine
volcanic structure was named “Avyssos Crater”
because of the great depth of its base around
680 m. The volcanic nature was verified by the
analysis of the lithoseismic air-gun profiles
showing only very few meters of sediments
overlying volcanic formations.

Two representative lithoseismic profiles
reveal the neotectonic structure of the
Kos-Yali-Nisyros-Tilos volcanic field (Figs. 2.7
and 2.8).

The N-S profile starts from the southern
slopes of the Dikeos Mt. on Kos island, showing
the northern marginal fault zone and continues
through the well-stratified marine and lacustrine
sediments and intercalated volcano-sedimentary
sequences (e.g. the Kos unidentified incoherent
unit, KIU), which is, interpreted as the 161 ka
Kos Plateau Tuff deposits (Pe-Piper et al. 2005)
of the Eastern Kos Basin and the Eastern Nisyros
Rise up to the Tilos marginal fault zone in the
south.
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Fig. 2.6 Detailed bathymetric map of the Eastern Kos “Avyssos” to the northeast of Strongyli islet (Nomikou
Basin using 10 m isobaths. Note the canyons along the = 2004; Nomikou and Papanikolaou 2010a)
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Fig. 2.7 Representative air-gun S-N profile between Kos  marginal NE-SW trending faults (modified after Papaniko-
and Tilos island through the volcano-sedimentary laou and Nomikou 2001); KIU Kos unidentified incoher-
sequences and intercalated volcanics of the Eastern Kos ent unit interpreted as 161 ka Kos Plateau tuff deposits
Basin and the Eastern Nisyros Rise indicating steep (Papanikolaou and Nomikou 2001; Nomikou 2004)
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Fig. 2.8 Representative air-gun N-S profile through the large deep sedimentary Western Kos Basin between Kos and
Yali, showing several hundred meters of thick flat-lying sediments (numbers 1-3); modified after Nomikou (2004)

2.3.2.2 Western Kos Basin
The Western Kos Basin is bordered to the west by
the peninsula of Kefalos and to the north by the
southwestern coast of the Antimachia plateau of
central Kos (Figs. 2.3,2.4and 2.5). Yaliislet occurs
to the east and Pergousa and Pachia islets to the
south. It comprises a volcano-sedimentary
sequence of more than 500 m thickness (Fig. 2.8)
below its average depth of 520 m and opens
towards Eastern Kos Basin to the east, Western
Nisyros Basin to the west and Pachia-Pergousa
Basin to the south. The continental slopes are abrupt
in almost all directions but the western margin
towards Kefalos Peninsula is particularly steep and
forms an N-S zone of morphological discontinuity.
The deepest part of the basin lies adjacent to
the western margin with smooth morphological
slopes within the rest of the basinal area, which
accumulates radially the sediments towards this
subsiding zone. The western margin is controlled
by a neotectonic fault of N-S direction, which
produces uplift of the western fault-block of the
Kefalos Peninsula and subsidence of the eastern
fault-block of the Western Kos Basin. The max-
imum depth of the basin is 530 m and only a
small horizontal area can be observed around it of
about 1 km? area. The southeastern and southern
slopes of the basin are reflecting the geometry of
the lower part of the volcanic cones of the Yali

and Pergousa volcanoes. At the northwestern part
of the basin is observed half of the Kefalos vol-
canic structure of Middle Pleistocene age
(0.5 Ma), with some preserved onshore (Dal-
abakis and Vougioukalakis 1993) and the rest
flowing offshore towards the south. Along the
northern slopes of the basin the continental shelf
of Kos is observed down to the depth of 150 m.
Immediately, below the edge of the continental
shelf there is a graduated arc-shaped form of a
large landslide, exhibiting a type of radial flow to
the south with a morphology of arcuate terraces
reaching the depths of 400450 m. The toe of the
sliding mass to the south is confined by the base
of the northwestern part of the Yali volcanic cone.

The lithoseismic N-S profiles through the
Western Kos Basin (Fig. 2.8) revealed the exis-
tence of two major discontinuities, which define
successive progradational sedimentary sequences
(Papanikolaou and Nomikou 1998). The
sequences show vertical displacements up to
100 m due to normal faulting:

e The upper seismic sequence is characterized
by parallel seismic reflections with continu-
ous, intense and relatively low-amplitude
reflectors, which can be interpreted as rela-
tively coarse-grained sediments reaching
50 m thickness (Fig. 2.8, No. 1).
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Fig. 2.10 An interpretative composite cross-section through the sub-seafloor volcano-sedimentary sequences of the
west and east Kos basins between the peninsula of Kefalos and Tilos; modified after Pe-Piper et al. (2005)
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e The lower seismic sequence (Fig. 2.8,
No. 2 and 3) consists of a few weak, discon-
tinuous, subparallel reflectors or reflection
free-areas, suggesting fine grained sediment
deposition from a relatively quiet environment
with a thickness of not more than 200 m.

¢ A sequence of deformed reflectors (hyperbolic
and bulged forms, Nos. 4 and 5, Fig. 2.8)
which appear either below the second sequence
or emerge from beneath them in some areas
between Nisyros and Yali and especially near
the island of Strongyli. These reflections may
represent volcanic features and possibly vol-
canic domes. There are no sediments in this
region. The volcanic domes emerge from
150 m depth with steep slopes (dip 35-40%).

The NNW-SSE profile between the Kefalos
Peninsula and Tilos (Fig. 2.9) shows complex

26°40'00" 26°45'00'

36°40'00"

36°35'00"

36°30'00"

Fig. 2.11 Bathymetric map of the Western Nisyros
Basin using 5 m isobaths. Note the alternation of
submarine channels and ridges in the ENE-WSW

neotectonic structures in the volcano-sedimentary
sequence of the western Kos Basin, the
pre-Pleistocene Pachia volcanic lavas, dome south
of Nisyros and in the volcano-sedimentary sequence
of the southern Nisyros Basin, due to volcanic
intrusions and eruptive phases combined with major
vertical tectonic displacements (Fig. 2.10).

2.3.2.3 Western Nisyros Basin

The Western Nisyros Basin (Figs. 2.3 and 2.4) is
bounded by the Kondelioussa tectonic block
towards the south and the Western Kefalos
Platform (Fig. 2.5) towards the north. Its average
depth is 550 m and the volcano-sedimentary
thickness below its sea bottom exceeds 600 m.
The basinal area is rather flat with maximum
depth around 600 m (Fig. 2.11). Its southern
margin is characterized by abrupt breaks in slope
with steep morphological slopes >20% observed

26°50'00" 27°00'00"

direction, the latter being interpreted as volcanic intru-
sions (Nomikou 2004; Nomikou and Papanikolaou
2010a)
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between 500 and 200 m of depth. The basin ends
towards the west in the area between the islands
of Syrna and Astypalaia. The overall length of
the basin is 40-45 km in the ENE-WSW direc-
tion and its width is about 15-20 km. The basinal
morphology is characterized by a number of
flat-floored elongate basins of ENE-WSW
direction alternating with parallel ridges, which,
according to the air-gun profiles, are interpreted
as volcanic intrusions (Nomikou 2004). The
northern tectonic boundary of the basin is formed
by two intersecting faults of E-W and NW-SE
direction separating the tectonic graben from the
intermediate marginal blocks and the Kefalos
block. This steep morphology is controlled by
major fault zone of ENE-WSW direction
(Nomikou 2004) separating the uplifted tectonic
horst of Kondelioussa islet to the south, which is
made of Mesozoic carbonate rocks, from the
subsided basinal area to the north.
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Fig. 2.12 Bathymetric Map of the Southern Nisyros
Basin using 5 m isobaths. Note the submarine volcanic
landslides south-southwest of Nisyros and the two steep

2.3.2.4 Southern Nisyros Basin

The Southern Nisyros Basin (Figs. 2.3 and 2.12)
constitutes the northern end of the large Karpathos
basin extending towards the south-southwest,
which comprises the eastern segment of the Cre-
tan Basin, which reaches depths of more than
2000 m. The basin is delimited between two
major fault zones of NE-SW direction (Nomikou
2004) that have caused subsidence of several
hundreds of metres. The two fault zones form the
parallel margins of the basin in the NE-SW
direction and are characterised by steep slopes.
Both marginal faults have produced a strong
subsidence of the basin between the uplifted
horsts of Kondelioussa in the northwest and Tilos
in the southeast. In both horst areas the Mesozoic
formations of the Alpine basement are uplifted.
A volcanic edifice (? dome) with a small crater has
been found during a submersible survey
(Fig. 2.13) east of Kondelioussa.

27°05'00" 27°10'00"

marginal fault zones in the NE-SW direction (Nomikou
2004; Nomikou and Papanikolaou 2010a; Nomikou et al.
2013c)



2 Geodynamics and Volcanism in the Kos-Yali-Nisyros Volcanic Field

27

Fig. 2.13 Edge of volcanic crater (4.5 m diameter and
2 m height) from the volcanic dome east of Kondelioussa
at 430 m depths (Nomikou and Papanikolaou 2000;
Nomikou 2004; Nomikou et al. 2013a)

27°00'00" 27°02'00"

36°38'00"

36°36'00"

36°32'00"

0 km

5km

The basin is closed towards the northeast by
the submarine slopes of the Nisyros volcanic
edifice. Hammock morphology, due to several
submarine landslides can be observed over a large
area of the southwestern Nisyros slopes, e.g. a
volcanic debris avalanche reaching 420-680 m of
depth (Tibaldi et al. 2008a). The blocks reach
80 m in diameter with different shapes and ori-
entations in a chaotic distribution on the sea floor.

2.3.2.5 Pachia-Pergousa Basin

The Pachia-Pergousa Basin is developed within
the intra-volcanic area of the Nisyros volcanic
field surrounded by the volcanic islets of Pachia
to the west, Pergousa to the south and Yali to the
north (Fig. 2.14). Nisyros Island borders the

Fig. 2.14 Bathymetric map of the Pachia-Pergousa Basin using 10 m isobaths (Nomikou 2004; Nomikou and

Papanikolaou 2010a)
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basin to the east. A number of small fluctuations
embossed the seabed likely because of volcanic
intrusions. The 300 m isobaths to the north of
Pachia delimits the flat part of the basin whose
maximum depth reaches 345 m. The slopes to
the east and to the south present an abrupt
increase of depth shown by dense isobaths due to
faults in the N-S and E-W direction. The basin is
separated from Western Kos Basin towards the
northwest by a ridge of 100 m hypsometric dif-
ference, roughly from the isobaths of 300 up to
the isobaths of 200 m. Toward east and northeast
it is separated from the Yali-Nisyros Basin by a
small submarine ridge oriented NNW-SSE at
160 m of depth.

Ty pww ITorw mww

The Yali-Nisyros Basin occurs within the
intra-volcanic area of the Nisyros volcanic field
and is bordered by Nisyros Island in the south
and Yali Island in the north (Fig. 2.15). The
basin comprises two sub-basins oriented N-S
which are separated by an N-S ridge between
Nisyros and Yali islands. The western sub-basin
is delimited to the west by the seismic fault zone
that was activated in July 1996 and produced
extensive damage in Mandraki Town, adjacent to
the Panaghia Spiliani Monastery (Nomikou and
Papanikolaou 2000). The submarine survey
showed a topographic difference across the fault
of about 100 m, with the uplifted block to the
west at 140 m of depth and the sub-sided block
to the east at 235 m depth. The eastern sub-basin

e mww Dwew mwmww

Ty pww mwow mwmwwr
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Fig. 2.15 Bathymetric map of the Yali-Nisyros Basin using 10 m isobaths. Nomikou 2004; Nomikou and

Papanikolaou (2011)
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Fig. 2.16 Representative SW-NE air-gun profile of the
small basin between Yali and Nisyros (Fig. 2.16), show-
ing a succession of tilted blocks to the west, associated

is developed also in the N-S direction with dee-
per maximum depth at 290 m.

Northward extension of the NNW-SSE
trending Panagia Spiliani Fault of western Man-
draki in the submarine area between Nisyros and
Yali. This fault, reactivated during the 1996
earthquakes, caused the damages in the houses
and roads of Mandraki exclusively along its
strike, without any influence over the rest of the
town. The fault throw is estimated on the basis of
submarine profiling of about 100 m with an
extension of approximately 5 km (Fig. 2.16);
Nomikou and Papanikolaou (2000, 2011).

2.3.2.6 Tilos Basin

The Tilos Basin is developed to the north of Tilos
Island and to the southeast of Nisyros Island
(Fig. 2.17). Our map comprises only its western
part because of its extension into the Turkish
waters towards the east, where it is developed
south of the Datca Peninsula. Towards the
southeast it terminates in the area north of Simi
Island. Towards the north it is bordered from the
Eastern Kos Basin by the E-W oriented rise of

with the system of NNW-SSE normal faults (Papaniko-
laou and Nomikou 2001; Nomikou 2004; Nomikou and
Papanikolaou 2011)

Nisyros—Datc¢a. The northern slopes of the basin
towards Nisyros Island are smooth, progressively
deepening from 300 m to the bottom of the basin at
570 m of depth. On the contrary the southern
slopes of the basin towards Tilos Island are more
abrupt with dense isobaths and steep
slopes >20%. This steep morphological zone is
due to a major E-W trending fault zone, developed
along the northern margin of Tilos Island. The
western part of the basin towards its link to the
Southern Nisyros Basin is occupied by a special
morphology with numerous hills and longitudinal
ridges between water depths of 250 and 380 m.
The overall morphology of this area southeast of
Nisyros Island can be viewed as a large deposit of
volcanic debris avalanche with a seaward termi-
nation displaying an irregular pattern character-
ized by elongated lobes. These lobes and the
elongation of the single elevations might represent
a series of aligned ridges emplaced parallel to the
flow of the debris avalanches from the Nikia rhy-
olitic volcanic rocks which predated the Nisyros
volcano major caldera explosion (Tibaldi et al.
2008a, b; Nomikou et al. 2009).
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Fig. 2.17 Bathymetric Map of the Tilos Basin using 5 m
isobaths. Note the deposition of the volcanic debris
avalanche, which give the seafloor a hammock

2.3.3 Volcanic Eruptive Centers

2.3.3.1 Kos Island
Kos Island is built up by complex “Stockwerk
tectonics”, including Paleozoic metamorphic
basement rocks, allochtonous Alpine Mesozoic
thrust sheets, a 12 Ma Miocene monzonite
intrusion, upper Miocene to Pleistocene volcanics
and superficial present-day thermal manifesta-
tions (Boger et al. 1974; Boger 1978; Bellon and
Jarigge 1979; Keller 1982; Dalabakis 1986, 1987;
Bardintzeff et al. 1989; Papanikolaou and Lekkas
1990; Davis et al. 1993; Triantaphyllis 1994;
Triantaphyllis and Mavrides 1998; Lagios et al.
1998) that relate to the extensional tectonics in the
eastern sector of the island arc. Two major fault
systems, ENE-WSW, WNW-ESE, and
NNW-SSE faults, led to the present-day structure
of the island (Fig. 2.18).

Volcanic activity has been occurring since
Late Miocene time in the southern area of Kos

ey

2718 27 20 2r 2 27 24

topography south of Nisyros; Nomikou 2004; (Tibaldi
et al. 2008a; Nomikou et al. 2013c; Livanos et al. 2013)

Island (Kefalos Peninsula) and can be divided
into two periods (La Ruffa et al. 1999). The
oldest volcanics (a trachytic welded ignimbrite)
were deposited during the Upper Miocene and
are related to a pre-Aegean Volcanic Arc sub-
duction zone (Keller 1982). Pliocene volcanic
activity started around 3.4 Ma building dacitic
domes (Dalabakis 1987; Keller et al. 1990), and
continued between 2.7 and 1.6 Ma with rhyolitic
domes, the pyroclastics of the Kefalos tuff ring
(Francalanci et al. 2005; Allen et al. 2009) and
the Zini perlitic obsidian dome. Later activity
may have caused the small caldera collapse of
the Kamari Bay (Dalabakis and Vougioukalakis
1993; Francalanci et al. 2005). Plinian type
eruptions produced large volumes of rhyolitic
ignimbrites over a time span of 10 million years
and terminated in the largest event 161,000 years
ago with 100 km® of magma deposited as ign-
imbrites and ashes (“Kos Plateau Tuff”: Stadl-
bauer 1988; Allen 2001; Bachmann 2010).
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Fig. 2.18 Simplified geological map of Kos island after Nomikou (2004)

2.3.3.2 The Kos Plateau Tuff

The largest volcanic deposit of the Kos-Nisyros
area (the Kos Plateau Tuff, hereafter KPT,
Figs. 2.18, 2.19, 2.20, 2.21, 2.22, 2.23, 2.24 and
2.25) erupted ~161 k.y. BC (Ar-Ar dating;
Smith et al. 1996), generating >60 km® of
non-welded rhyolitic ash and pumice (Keller
1969; Allen 1998, 2001; Pe-Piper et al. 2005;
Bachmann et al. 2010) covering an area ~ 5000
km? (Stadlbauer 1988). The young age of
deposits, and their excellent preservation in the
dry Mediterranean climate provides an excep-
tional opportunity to dissect such a unit using the
latest analytical techniques in petrology and
geochemistry. The KPT is best preserved on Kos,
but is also exposed on the neighbouring Greek
islands of Tilos, Kalymnos, Pachia and on the
Turkish peninsula of Bodrum and Datca (Allen
2001). Isopach (Fig. 2.20), isopleths and trans-
port direction data indicate that the vent areas for
the KPT were situated in the bay between
southwest Kos and Nisyros volcano. The eruption

is inferred to have formed a caldera at least 6—
11 km in diameter, and perhaps as much as
20 km (Allen 2001; Pe-Piper et al. 2005).

Ash-layers are found in deep-sea sediments
500 km southeast of Kos, near Cyprus (W-3
deep sea ash layer, Federman and Carey 1980).
The source of this eruption and caldera can be
inferred on the basis of the distribution of
extensive lag deposits as between the present
southeast Kefalos/Kos coast and the islets of
Pergousa and Pachia in the area of the present
day island of Yali in the Pachia-Pergousa Basin.

A presumed large flooded caldera in this area
has been probably obliterated by post caldera
activity. Younger eruptions, which built up
Nisyros and Yali volcanic islands, as well as
tectonic uplift and downfaulting in the complex
horst-graben system have changed the original
morphology of the environment.

The KPT eruptive stratigraphy has been studied
in detail by several authors (Allen 1998, 1999,2001;
Allen and Cas 1998a, b; Allen and McPhie 2001).
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Fig. 2.19 The Pleistocene
(Calabrian) Kos Plateau Tuff
(KPT) covered an area

| Plio-Pleistoce volcanics
' Post-KPT volcanics

of ~5000 km?® with pumice | " Kos Plateau Tuff
flows; modified after Pe-Piper | [l Pre-KPT volcanics
et al. (2005) and Bachmann | il Miocene
(2010) |15 Mesozoic

B9 paleozoic

= Undiferentiated _

The eruption began and ended with phreato-plinian
activity (Units A, B and F in Figs. 2.21, 2.24 and
2.25: Allen and Cas 1998a; Allen 2001). As the
eruption waxed, the style of activity changed to
magmatic-volatile-driven, with the generation of
relatively widespread, topographically-controlled
ignimbrites (Unit D). Most of the volume was
erupted during the climactic caldera-forming phase,
which produced a widespread, highly energetic
pyroclastic flow (Unit E). The change in fragmen-
tation style from phreato-plinian to pre-climactic
and climactic is recorded in the morphology of the
pumice clasts and ash shards.

The KPT is a non-welded pyroclastic deposit,
consisting of juvenile components (pumice clasts,
glass shards, crystal fragments) and lithic frag-
ments (some up to 3—4 m in diameter) from dif-
ferent provenance (mainly andesite to dacite
clasts, but also rare occurrences of schist, meta-
basalt, sandstone, limestone and rhyolite; Smith
et al. 2000; Allen 2001). During the climactic part

of the eruption (unit E, Fig. 2.23), granitic clasts,
some containing 10-20 vol.% interstitial melt,
were also erupted. These are juvenile, or
co-magmatic clasts, as they have the same zircon
age range as the pumice samples (Bachmann et al.
2007). Several types of pumices can be distin-
guished on the basis of macroscopic characteris-

tics (Allen 2001). Three petrologic useful
categories can be isolated: (1) crystal-rich pumice
(comprising both tube and frothy pumices),
(2) crystal-poor pumices, and (3) banded (or grey)
pumices. The texture, whole-rock composition,
and mineralogy of each type of juvenile clasts are
detailed below (see Electronic Supplementary
Material Appendix 1 for pictures of thin sections
and hand samples of all four pumices in the KPT).

Crystal-rich pumices have crystal contents
between >25 and 35 vol.% crystals (Bouvet de
Maissonneuve et al. 2008) and by far dominated
the clast assemblage (>99%). Crystal-poor
pumices (<5-10 vol.% crystals), while the are
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Fig. 2.20 The Kos Plateau
Tuff: regional distribution of
the pyroclastic deposits A and
B, and extrapolated isopachs
of unit A. Units A and B cover
the central Kos plateau north
of the inferred vent X in the
area of Yali. Unit A occurs
also south and east of the vent
on Pachia, Tilos and the Datca
peninsula. The 1 m and 30,
20 and 10 mm isopachs of
unit A are shown, along with
the inferred 0.1, 2, 4, and 8 m
isopachs. Estimated 0.1 and
0.01 Tmax are also shown.
Copyright note modified after
Allen and Cas (1998a)
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only found in the early parts of the eruptions
(subunits A and B), while grey and banded
pumices can be found throughout the eruption
sequence, although they are more conspicuous in
units D and E (Bachmann 2010). The main
mineral phases are, in decreasing order of
abundance; plagioclase, quartz, sanidine, and
biotite. Some pyroxene and rare olivine can be
found in grey and banded pumices (Piper et al.
2010). Accessory phases include Fe-Ti oxides,
apatite, zircon and monazite.

Many juvenile, granitic enclaves, can be found
in the KPT (mostly in unit E: Keller 1969; Allen
2001; Bachmann 2010). These granitic enclaves
are texturally variable (Bachmann 2010); most
contain glass at the boundaries between minerals
(that has vesiculated, making samples very fri-
able) but others are holocrystalline (no interstitial

melt). The enclaves show a textural gradation
from coarse-grained (with mm-sized crystals) to
fine-grained, through intermediate bimodal
textures. Enclaves are typically finer-grained
holocrystalline, suggesting more rapid cooling.
When interstitial melt is present, it is mainly
located at the grain boundaries, forming mean-
dering channels. In some places, crystals faces are
found against glass, suggesting late growth from a
residual melt rather than partial melting. Melt
content varies from 0 to ~40 vol.%, (Keller
1969; Bachmann 2010).

Combined textural, petrologic and geochem-
ical information (Bachmann et al. 2007; Bach-
mann 2010) suggest that (1) the system evolved
dominantly by crystal fractionation, with limited
amounts of crustal assimilation, from (mostly
non erupted) more mafic parents, (2) the magma
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Fig. 2.21 Composite graphic stratigraphic log of the
KPT from showing the six units and four eruptive phases
of the KPT. ‘Dry’ refers to the dry magmatic

reservoir grew over > 250,000 years at shallow
depth (~1.5-2.5 kb) and magma was mostly
stored as a volatile-rich crystalline mush close
to its solidus (~670-750 °C), (3) the eruption
occurred after a reheating event triggered by the
intrusion of hydrous mafic magma at the base of
the rhyolitic mush. Rare banded pumices indi-
cate that the mafic magma only mingled with a
trivial portion of resident crystal-rich rhyolite
(Piper et al. 2010); most of the mush was
remobilized following partial melting of quartz

FiT
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o
——
—
.\"N.

volatile-driven explosive phases and ‘wet’ refers to the
phreatomagmatic phases. Copyright note Allen et al.
(1999)

and feldspars induced by advection of heat and
volatiles from the underplated, hotter mafic
influx, as is commonly seen for crystal-rich
deposits in many volcanic provinces around the
world (Pallister et al. 1992; Nakamura 1995;
Murphy et al. 2000; Couch et al. 2001; Bach-
mann et al. 2002; Molloy et al. 2008; Cooper
and Kent 2014; Kiss et al. 2014). Figures 2.3,
2.24 and 2.25 represent various outcrops along
the southern coast of Kos Island between
Kefalos and Kardamena.
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Fig. 2.22 The Pleistocene
“Kos Plateau Tuff” seen from
south (Kefalos). In the
foreground Kamari beach and
the islet of Kastri (ignimbrite
relict). In the background the
161,000 years ignimbrites of
the Kos plateau; Mount
Dikeos (842 m) in the far
background. Photo V.
Dietrich

Fig. 2.23 The “Kos Plateau
Tuff” on top of the Pliocene
pumice deposits hillside of
Kefalos (north of the upper
village of Kamari), which
constitutes unit E in the upper
10-15 m fop, however with
limited unit D, units A and B
missing (Stadlbauer 1988).
Photo V. Dietrich




36

P. Nomikou et al.

Fig. 2.24 The “Kos Plateau Tuff” exposed in an isolated
up to 100 m high table mountain west of Kardamena
close to the southern coast of Kos island, presumably
representing the most proximal facies near the original
source. Units A to D representing the 1st and 2nd cycles
of the eruption are present: units A and B form the base,

Fig. 2.25 Detail of the transitional zone between units A,
B and E in the central part of Kos island (roadcut through
the Plaka forest approximately 2 km west of the airport).
1-2 m of unit B is represented by fine wavy-stratified
facies, discordantly overlain by an ignimbrite containing
lithics of varies size at the base. Photo V. Dietrich

2.3.3.3 Nisyros Volcanic Field

The submarine region of Nisyros, extending from
Kos in the north to Tilos in the south, constitutes a
large tectonic graben divided into several basins
with 600 m average depth (Fig. 2.26). This basin

covered with vegetation, C and D constitute the monu-
mental upper part, C being a 8 m thick wavy-massive
non-welded ignimbrite, overlain by 8 m thick fine-grained
ignimbrite, which passes into a massive lithic-rich
ignimbrite facies at the top; characterised by the erosional
holes. Photo V. Dietrich

is penetrated by a complex volcanic group
forming the volcanic islands of Nisyros, Pachia,
Pergousa, Yali and Strongyli and small
intra-volcanic basins with less than 350 m of
depth. The volcanic formations are found at
680 m depth (Avyssos in the Eastern Kos Basin)
and at the eastern base of the Strongyli volcanic
cone up to 700 m of altitude (rthyodacitic domes
of Prophitis Ilias on Nisyros) creating a total
volcanic relief of more than 1400 m (Nomikou
and Papanikolaou 2011). This middle zone with
an ENE-WSW general trend from Kondelioussa
in the west to Datca Peninsula to the east repre-
sents an uplifted tectonic horst above sea-level,
the pre-Pleistocene Alpine basement in Konde-
lioussa Island together with a voluminous cover
of volcanic and volcano-sedimentary rocks of the
Nisyros volcanic field, separating the large graben
zone into two adjacent grabens to the north and to
the south. Such a large, recent volcano-
morphological situation demonstrates the pow-
erful geodynamic processes of the eastern edge of
the active South Aegean Volcanic Arc.
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Fig. 2.26 Shaded onshore and offshore topographic
relief map of the Kos-Yali-Nisyros Volcanic Field based
on data obtained from multi-beam bathymetric survey

during 2000-2002 and combined with onshore hypso-
metric data. The volcanic outcrops and the resulting

A number of volcanic centers exist around
Nisyros (Fig. 2.26), which developed within the
neotectonic graben, in shallow areas. These are:
(1) The Nisyros caldera with a top of the rim
at + 580 m and a bottom at +80 m; (2) The Yali
volcanic cone which exhibits a partly submerged
caldera (bottom =~ 300 m, top +170 m); (3) The
Strongyli volcanic cone, which starts from

650 m depth of the seafloor up to +120 m;
(4) The submarine Avyssos Crater northeast of
Strongyli in the depth of ~ 670 m up to =~ 590
m; (5) The Pergousa volcanic cone (bot-
tom ~ 400 m, top +100 m); (6) The domes of
Prophitis Ilias (bottom ~ 270 m, top +698 m);
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volcanic relief around Nisyros volcano are contoured by
orange line. Ko Kondelioussa, Pe Pergousa, Pa Pachia, St
Strongyli, Ke Kefalos; (Nomikou 2004; Nomikou and
Papanikolaou 2010b; Nomikou et al. 2013a)

(7) The volcanic domes of Pachia islet (bot-
tom =~ 250 m, top +150 m); (8) The submarine
volcanic domes to the east of Kondelioussa islet
(bottom =~ 400 m, top ~ 80 m).

2.3.3.4 Yali Island

The Yali volcanic island, an Upper Quaternary
rhyolitic edifice with a max. altitude of 165 m, is
located north of Nisyros Island and exhibits parts
of a submerged caldera which are dissected by a
post-caldera N-S fault (Figs. 2.27 and 2.29). Yali
seems to represent the youngest volcanic centers
of the Nisyros volcanic field. The south-western
part of the island is made of two pumice
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Fig. 2.27 Aerial view from northeast of the hourglass
shaped island of Yali. In the background the stratigraph-
ically older part made up by the voluminous rhyolitic
pumice deposits, in the foreground the Kamara perlitic
obsidian dome and flows covered by pumice breccia and

pyroclastic fallout; in the southern part the isolated islet of
Ag. Antonios (Fig. 2.33), which consists of an andesitic
lava covered by a thin paleosol, reworked lower pumice
and Kamara pyroclastics. Photo Snipe view Wikipedia

Fig. 2.28 The Yali pumice deposits are exposed as 60—
100 m high cliffs, dipping 10° towards SW and comprise
a minimum volume 0.3 km?, with the base and submarine
portion unknown. The deposits are dissected by normal

successions, the “Lower and Upper Pumice”
(Figs. 2.28 and 2.36), divided by silty sand-
stones, whereas the north-eastern part of Yali
comprises rhyolitic obsidian-perlitic lava domes
and flows at 24 Ka (Wagner et al. 1976), which
are locally covered by pumice deposits, equiva-
lent to the upper pumice of western Yali. Marine

faults with max. Displacement of up to 100 m: domi-
nantly trending NW-SE and subordinately E-W and
NE-SW (Fig. 2.29). Photo V. Dietrich

terrace deposits, rich in clasts of the Lower
Pumice and marine fossils in calcite cement
separate these two volcanic parts of the island
(Fig. 2.29).

The islet south of Yali, Ag. Antonios
(Figs. 2.29, 2.36, 2.37 and 2.38) is built up by
gray dacitic porphyritic lavas, with phenocrysts
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Cape
Kamara
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Rhyolitic pyroclastics (max. 15 m) of Kamara
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1286 -.{ Rnyoltic peritic pumice breccia of Ghiapa, min. 30 m
Southern Yali
9 | Beach deposits (pumice sand)

Epiclastic pumice and sands (max. 10m)

4 Upper pumice fallout max. 3 m
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Fig. 2.29 Geological map of Yali Island and Ag.
Antonios islet (geology redrawn and modified after
“Nisyros sheet”, geological map of Greece 1:25,000,

IGME 2003). Blue lines with encircled numbers 1, 2 and
3 from north to south refer to lithostratigraphic columns of
Fig. 2.36 (Allen and McPhie 2000)
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Fig. 2.30 Obsidian flow (7a) overlain by rhyolitic breccias (Fig. 2.40) and topped by a pyroclastic pumice fall and
surge succession (7b) in the eastern coastal cliffs of Cape Kamara Yali. Photo V. Dietrich

Fig. 2.31 Obsidian flow (7a) overlain by rhyolitic brec-
cias and topped by a pyroclastic pumice fall and surge
succession (7b) in the southern coastal cliffs of Cape

of plagioclase, clinopyroxene, orthopyroxene,
and magnetite, rich in andesitic enclaves.

The rhyolitic obsidian-perlite lavas and small
endogenous domes of Kamara (Figs. 2.30, 2.31
and 2.32) contain sparse phenocrysts of plagio-
clase, hornblende, biotite, corroded quartz and
magnetite and are covered by up to 8§ m of
bedded fallout deposits with parallel horizons of
angular lapilli and ash of perlitic aphyric pumice.
Phenocrysts are  plagioclase, hornblende,
clinopyroxene, biotite and magnetite (Figs. 2.34
and 2.35).

Allen and McPhie (2000) divided the Yali
pumice breccia into a “Lower Pumice” of sub-
marine origin and into an “Upper Pumice” of
subaerial origin. The transition between the two
major units and the detailed lithostratigraphy of

Kamara Yali; buildings: perlite exploitation and process-
ing company. In the background the Ghilapa obsidian
flow (5b). Photo V. Dietrich

the Upper Pumice is shown in Fig. 2.30, as well
as in the outcrop photographs (Figs. 2.36, 2.37
and 2.38).

The white, rhyolitic, aphyric “Lower pumice
breccia”, varying in size from coarse ash to
boulder, moderately-well sorted and
diffusely-stratified reaches an outcropping thick-
ness of 150 m. The larger clasts are prismatic
with quenched surfaces and internal polyhedral
joints. The smaller pumice clasts, although
compositionally, texturally, and prismatic, lack
the quenched surfaces. Characteristic minerals of
the white pumice are rare microphenocrysts of
plagioclase and corroded quartz, whereas a rare
percentage (3-5%) of gray pumice contains
abundant microphenocrysts of plagioclase,
clinopyroxene, orthopyroxene, hornblende and
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Fig. 2.32 Upper part of
rhyolitic obsidian lava and
breccia at the southern shore

Fig. 2.33 Ag. Anthonios
islet, view from North. The
base is made up of at least
40 m dacitic lava, covered by
3 m of upper pumice fallout
(above beach) and thick
rhyolitic pyroclastics. Photo
V. Dietrich

magnetite. These deposits are gradationally
overlain by a 0.3 m thick, fossiliferous limestone
and by a sandy brownish bioclastic sandstone
(Fig. 2.38).

The <3 m thick well-sorted and cemented
angular fallout lapilli of the “Upper Pumice” is
comprised of white (70%) and gray pumice and
obsidian fragments. Microphenocrysts are pla-
gioclase, hornblende, clinopyroxene and mag-
netite, as well as rare muscovite and quartz.
Federman and Karey (1980) assumed an age of
31 Ka correlating the Upper pumice with a
tephra horizon in deep-sea sediment cores. The
paleosol is covered by redeposited epiclastic

pumice in a shallow marine environment con-

taining rounded clasts, subangular obsidian
fragments, and shells. The uppermost part turns
into a sandy paleosol, rich in ceramic potshards
and obsidian blades, witnesses of a Neolithic
settlement on the island.

Allen and McPhie (2000) proposed for the
Yali pumice breccia formed via a submarine
phreatomagmatic eruption (Fig. 2.39): The lavas
extruded with phreatomagmatic explosions and
passive disintegration of large quenched pumice
clasts. Deposition occurred continuously and
involved simultaneous resedimentation from a
more proximal site on the seafloor.
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Fig. 2.34 Quarried rhyolitic
breccia, partly perlitic, at the
top of the large obsidian flow
in the northern part of
Kamara. Photo V. Dietrich

Fig. 2.35 White and gray
pumice fallout deposits at
Kamara containing
interbedded fine ash layers
and layers of angular perlitic
pumice lapilli, which are
exploited. Photo V. Dietrich

None of the underwater slopes of Yali had
been explored prior to the Nautilus cruise NAO11
in 2010. The ROV Hercules was used to explore
the eastern flank of Yali identified on the multi-
beam map of the area (Nomikou 2004). The
outcrops of volcanic rocks at the sea bottom are
covered by heavy encrustations or by biogenic

and concreted layers. ROV exploration of the
eastern flank revealed spectacular wave type
structures in the sediments on the seafloor (rip-
ples) with dark sediments on the ridges of the
undulations and light sediments in the troughs
(Figs. 2.15 and 2.16). Some linear fractures were
explored at various depths (Nomikou et al. 2011).
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80 cm thick, laterally discontinuous. Includes subangular obsidian clasts and rounded
pumice in a sand matrix. Base is brown and merges upwards into cream colour.
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Bt — 30 cm thick. Includes rounded pumice pebbles & subangular obsidian fragments.
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Composed of glass shards, pumice fragments and crystals of homblende, plagioclase and
quartz.
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\ beds. Variably cemented.

Pale brown, massive tephra .

32 cm thick. Poorly sorted including fine-medium pumice pebble and lithic clasts dominantly
at the base. Ash comprises pumice shards, crystals of plagioclase, pyroxene, quartz and
biotite

Yali fallout: massive pumice lapilli

2.8 m thick with mantling bedform. Massive, but includes four finer grained, very thin ash

beds. Moderately sorted, dominated by pumice lapilli, with 5% lithic lapilli. Centres of the
coarsest pumice clasts are thermally oxidised. Finer grained base.

7ty Brown sandy siit and bioclastic sandstone .

10-45 cm thick. Brown colour intensifies near the planar upper boundary. Base is
dominated by well sorted shell fragments (1-5 mm), nodular limestone clasts, large shells
and pumice pebbles. The upper partis 10 cm thick, well sorted, comprising glass shards,

pumice fragments, angular crystals of clinopyroxene and plagioclase, few algae fossils and
metamorphic rock fragments.

Limestone

Variable thickness ranging from 0-30 cm. Gradational lower contact with the Yali pumice.
Includes a variable amount of shells & pumice in carbonate cement.

Cemented pumice breccia

Up to 1 m thick. Rounded pumice pebbles cemented by carbonate. Relatively well sorted.
No recognisable bedforms.

Yali pumice " » ) .
>150 m thick. Moderately-well sorted, diffusely stratified, rhyolitic pumice breccia.

)

Pumice clasts
Lithic clasts Bioclastic sandstone
Shells/shell fragments |:| Tephra g Limestone

Fig. 2.36 Copyright note Lithostratigraphic columns
through the upper part of the Yali pumice breccia at
cross section 3 (Fig. 2.29) and the overlying sedimentary
and volcanic units after Allen and McPhie (2000). The

sequence represents an upward progression from sub-
marine to subaerial depositional environments. Locality in
the uppermost southwestern parts of the pumice quarries
(Figs. 2.29, 2.37 and 2.38)
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Fig. 2.37 Transitional zone between the lower and upper
pumice sequences close to the ftop of the southwestern
quarry walls (Figs. 2.28 and 2.29). From bottom to top:
approximately 2 m of “lower pumice breccia”, 1 mof white
cemented pumice breccia, up to 0.5 m of brown sandy silt
and bioclastic sandstone, up to 3 m of white “Yali fallout”
of pumice lapilli with thin ash beds, and up to several meters

Fig. 2.38 Brown sandy silt mv
and sandy brownish bioclastic = :,“‘;‘- ’
sandstone dividing the lower | :
and upper pumice sequences
(see Fig. 2.36), unconformely
overlain by white “Yali
fallout” of pumice lapilli;
locality close to the fop of the
southwestern quarry walls.
Photo V. Dietrich

of poorly sorted reworked pumice pebble gravel including
lithic clasts. The top is covered by redeposited epiclastic
pumice from a shallow marine environment containing
rounded clasts, subangular obsidian fragments, and shells
and passes up into a sandy paleosol, rich in ceramic pot
shards and obsidian blades, witnesses of a Neolithic
settlement on the island. Photo V. Dietrich
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Fig. 2.39 Copyright note
Submarine eruptive and
depositional model for the
generation of the Yali pumice
breccia (Allen and McPhie
(2000). a Shallow submarine
effusive state with dome
formation including
simultaneous degassing,
vesciculation, expansion and
fragmentation of rhyolitic
lava; b during pulses of
stronger magma ascent and
degassing explosive
phreatomagmatic activity
occurred creating an unstable
apron of smaller pumice clasts
that was continuously
subjected to downslope
resedimentation by gravity
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2.3.3.5 Strongyli Volcano up of gray andesites and minor pyroclastics. The

The Strongyli volcanic cone is located north of age of formation is unknown, but must be older
Nisyros emerging from 650 m depth at the sea- the Yali edifice, since rhyolitc pumice from Yali
floor with a diameter of 3.5 km and reaching the with up to 2 m thickness occurs in several mor-
top of Strongyli islet at 125 m above sea level phological depressions and pockets.

(Fig. 2.40). Its ideal cone-shaped morphology Submersible dives with Thetis of Hellenic
with up to 50° steep flancs contains a 300 m wide Center for Marine Research (HCMR) in 2000 in
crater at the top. At 50 m altitude conglomerates the NW flank of the volcanic cone discovered an
indicate recent uplift. The entire edifice is made underwater crater of several meters of diameter
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Fig. 2.40 The Strongyli volcanic cone seen from southeast. The broken flank exhibits highly oxidized reddish lava
surfaces at lower levels. Pyroclastic deposits cover the upper slopes. Photo V. Dietrich
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Fig. 2.41 a Swath bathymetric map of Strongyli and
Avyssos volcanoes using 10 m isobaths. Red dotted lines
delineate the submarine volcanic outcrops; b 3-D map of
the submarine caldera of “Avyssos” at depths between 600
and 680 m, using 2 m isobaths; ¢ underwater crater
observed during the dive of submersible THETIS in 2000
at 192 m depth, on the northwestern slopes of Strongyli

rr iy 2T s

AVYSSOS

I

i\ wrw
(point ¢); d underwater crater observed at depths ranging
between 193 m (at the top) and 199 m (at the bottom)
during 2010 exploration with ROV. The location (point
d) is very close to the previous crater. A 6 m profile
observed within the craters is made of layers of alternating
pumice and ash. Nomikou 2004; Nomikou et al. (2013a, b)
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Fig. 2.42 Representative air-gun profile from the area
near Strongyli islet, showing characteristic hyperbolic
reflectors corresponding to possibly submarine extinct

cinder cones (Nomikou 2004; Nomikou and Papanikolaou
2010b; Nomikou et al. 2013a, b)

Fig. 2.43 Part of the volcanic crater (8-10 diameter and
3,54 m height) at the Strongyli volcano at 240 m depth.
Photos were taken by THETIS during 2000; (Nomikou
2004)

(Fig. 2.41c and 2.43) and several open fractures
across the slope (2.44). Three transects of
Strongyli’s flanks were carried out using the
ROV Hercules and Argus during the Nautilus
cruise NAO11 in 2010. These transects provide
important information about the volcanic
stratigraphy, underwater morphology, and struc-
tural features of the volcanic cone, such as frac-
tures in different directions ranging mainly

Fig. 2.44 Open fracture across the slopes of the
Strongyli volcanic cone at 390 m depth. Photos were
taken by THETIS during 2000; (Nomikou 2004)

between NE-SW to E-W. The walls of the frac-
tures are made of heavily cemented bio-encrusted
lava. Steep lava walls with evidence of shear are
observed at the western part, covered by
bio-encrusted sediments. Other outcrops at the
northern slopes are covered by sediments with
numerous small slide scars and most of the lava
walls are heavily cemented and encrusted. New
craters without any sign of hydrothermal activity,



48 P. Nomikou et al.
aligned in the ENE-WSW direction, were Seismic profiles had shown that there are only
discovered at depths around 190-200 m a few meters of sediment overlying the volcanic

(Fig. 2.41d). The original morphology of the
crater region is partially obliterated by thick
pumice layers. An air-gun profile 38-39
(Fig. 2.42) across Strongyli islet shows the dif-
ferent level of the Avyssos abyssal plain (670 m)
with respect to the Yali-Strongyli channel
(470 m) on both sides of the Strongyli volcanic
cone. An acoustically semi-transparent seismic
unit with internal chaotic reflectors and diffrac-
tion hyperbolae appears either below the lower
sequence or emerge above them in some areas
between Nisyros and Yali and especially near the
Strongyli islet (Nomikou and Papanikolaou
2010b; Nomikou et al. 2013a, b). These reflec-
tions reveal volcano-sedimentary deposits and
volcanic domes.

2.3.3.6 Avyssos Crater

The largest underwater volcanic crater is located
NE of Strongyli islet and was named “Avyssos
Crater” because of its depth (600-700 m). This
locality may correspond to a vent, from where
the large volume of the “Kos Plateau Tuff”
erupted. Since its discovery from swath mapping
and air-gun seismic profiling, it has not been
investigated until the Nautilus cruise NAO11 in
2010 (Nomikou 2004a). The ROV Hercules was
used to explore the slopes of the crater and the
volcanic domes, which were identified on the
base of detailed bathymetry obtained from
multibeam data (Fig. 2.41a).

The “Avyssos Crater” dimensions are 3 km in
the NW-SE direction and 4 km in the NE-SW
direction. A hill of about 1 km length occurs at the
center of Avyssos with relief of about 60-70 m,
representing later intrusions of volcanic rocks
within the almost planar base of the caldera
(Fig. 2.41b). The stereographic diagram of
Avyssos was constructed with 2 m isobaths to
demonstrate the geometry of the volcanic struc-
ture. The peak of the central volcanic dome lies at
610 m depth, rising 66 m above the planar base of
the caldera, which is at 676 m depth. The caldera
rim lies at about 630 m depth forming a submarine
circular cliff of 40-50 m topographic difference.

formations. The exploration of the Avyssos
Crater showed that it is covered with fine-grained
sediment, full of bioturbation holes and mounds
without any evidence of hydrothermal activity.
A few samples were collected from the
intra-caldera volcanic hills, where the lavas are
primarily cemented together with consolidated
sediment bearing a black crust on the surface.
Volcanic rocks were also sampled from the
southern part of the crater.

2.3.3.7 The Volcanic Islets Pergousa
and Pachia

The Pergousa volcanic edifice (Figs. 2.45 and
2.46) with altitudes between 65 and 83 m
resembles in parts the pre-existence of a strato-
volcano comprising weathered thick lava flows
and domes of covered by pumice deposits of the
Kos Plateau Tuff. The latter contain bivalves and
biogenic remains, indicating their submarine
deposition. Several monolithic blocks and pyro-
clastic deposits are interpreted as witnesses of a
nearby collapse structure. The predominantly
porphyritic lavas are of andesitic to dacitic
composition. Characteristic mineralogical fea-
tures are abundant, partially resorbed amphibole,
biotite, large plagioclase phenocrysts (up to
1 cm) and two pyroxenes and magnetite. The
interstitial groundmass is made up of sparse glass
and microliths of plagioclase, pyroxene and
magnetite. No pumices from Nisyros and Yali
have been found on both islands, Pergousa and
Pachia, which points to a subaqueous position
during the time of the young plinian eruptions on
Nisyros and Yali and to a very recent uplift to
expose the Kos ignimbrite deposits.

At the northwest coast of Pergousa islet, a
gray, 1 m thick tuffite, rich in sponge needles,
occurs. Marine terraces, similar to those on Yali
Island, crop out along the shoreline of Pergousa.
They are made up from calcite cement and con-
tain abundant marine shells.

The volcanic edifice of Pachia islet
(Figs. 2.45 and 2.47) is similar to that of
Pergousa.
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Fig. 2.45 Geological maps of the isletgs of Pergousa and Pachia (geology redrawn and modified after “Nisyros sheet”;
geological map of Greece 1:25,000, IGME (2003)

Fig. 2.46 The volcanic islet
of Pergousa (Google earth).
The relief shows terraces
covered with conglomerates.
Gastropodes indicate a
Pleistocene age. Image
Google Earth

The basal dacitic lavas are overlain by two sequence consisting of fine white ash with
significant pumice sequences, (Fig. 2.45), which  sub-parallel or cross-bedding layering, which
are correlated with the 161 ka Kos plateau contain sparse rounded white pumice lapilli and
eruption (Stadlbauer 1988; Keller et al. 1990; thin matrix-supported layers with reverse grad-
Vougioukalakis 1998). A lower, up to 3 m thick ing. These sedimentary structures are interpreted
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Fig. 2.47 The volcanic islet
of Pachia. Image Google
Earth

as depositions from surge pyroclastic density
currents in sandwave phases.

The upper, <5 m thick sequence consists of
a non-stratified lapilli tuff of white to gray
pumice, which contains lithic blocks up to 1 m.
One isolated lava block reaches a max. dimen-
sion of 6 m. Phenocrysts of sanidine, plagio-
clase, and biotite are present in the pumice.
Equivalent deposits of the upper pumice
sequence, up to 10 m thick, also occur in lower
elevated parts of Pergousa islet.

The highest elevation part of Pachia islet is
covered by a 1.5 m thick layer of gray coloured
ash and fallout lapilli of andesitic composition
containing a 10-15 cm thick with an interbedded
paleosol, which may be correlated with an
eruptive cycle during the period of the Nisyros
composite stratovolcano (e.g. Nos. 18 and 19,
Afionas tuff cone).

2.3.3.8 Kondelioussa Islet

Kondelioussa islet with an altitude of 100 m
(Fig. 2.48a) forms a neotectonic horst consisting
of Upper Jurassic (Malm) limestones (Fig. 2.45)
is bordered by two marginal normal faults
trending ENE-WSW, which have produced a
subsidence of more than 1.3 km both towards the
Western Nisyros Basin to the north and towards
the Southern Nisyros Basin to the south (Nomi-
kou and Papanikolaou 2010b). The above fault

throw is the minimum displacement, as estimated
from the depth of the two basins (about 600 m
for Western Nisyros and more than 1000 m for
Southern Nisyros) and the thickness of the sed-
iments below the sea bottom overlying the
Alpine Mesozoic formations. The Kondelioussa
limestones are detected all over the offshore
continuation of the horst structure towards the
west-southwest, below a post-Alpine sedimen-
tary cover of about 100-150 m. The overall
morphology of the horst offshore forms a plat-
form with sediments tilted by 15-20° to the SW.

The analysis of the detailed swath bathymetric
map and the seismic profiling has revealed several
volcanic domes northeast of the islet and south-
west of Nisyros (Nomikou 2004, Nomikou et al.
2013a). Submersible dive with THETIS of HCMR
in 2000 at the northern flank of one of the volcanic
domes discovered an underwater crater of several
meters of diameter at 430 m depth (Fig. 2.48d),
and thus confirmed the volcanic origin of the
domes (Papanikolaou and Nomikou 2001). In
2010 on the E/V Nautilus, ROV Hercules
explored the same area and found large fields of
feather corals with elasmobranches shark egg
cases on them and patches of biogenic sediments
with lots of sponges at 350 m depth. Other domes,
northeast of Kondelioussa were explored in detail
for the first time and their volcanic origin was
confirmed but without any sign of hydrothermal
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Fig. 2.48 a Swath bathymetric map of Kondelioussa.
The volcanic outcrops are delineated by red dotted line;
b air gun single channel profile showing the volcanic
domes east of Kondelioussa islet. The volcanic rocks form
a horst structure separating the Western Nisyros Basin to
the north (416 m) from the Southern Nisyros Basin to the
south (522 m); c—e Photos were taken by THETIS during

"oy

2000 (crater at point ¢: and by ROV “Hercules” during
2010, showing steep vertical northern flank of the
volcanic dome, NE of Kondelioussa at 330 m depth
(point d: and large steep shear wall of lava covered by
bio-encrusted sediments south of Kondelioussa (point e);
Nomikou (2004), Nomikou et al. (2013a)

Fig. 2.49 E-W seismic profile north of the island of Kondelioussa. Nomikou (2004), Nomikou et al. (2013a)
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activity. The steep cliffs of the volcanic domes
were sub vertical with many bio-encrustations
(Fig. 2.48d, e). Lava samples were collected at the
base of the lava outcrop with great difficulty.

ROV exploration of the northern vertical wall
of the nearest volcanic dome NE of the islet
indicated the location of the major NE-SW fault
zone and revealed bio-encrusted solid lava layers
(Fig. 2.48d, e) or fragmented pillow lavas cov-
ered by bio-encrustations at 263 m depth, as well
as a reverse angle wall. Towards the west,
columnar basalts were observed whereas at the
SE margin of the islet steep rock surface with sub
vertical lineations occurred along the tectonic
boundary between the Mesozoic limestones
towards the southwest and the recent volcanic
rocks towards the northeast.

Several submarine volcanic domes have been
found to the east of Kondeliousa islet (Fig. 2.49).
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Geology of Nisyros Volcano

Volker Jorg Dietrich

Abstract

The heart of the book is found in this Chapter, the geology of Nisyros
Volcano. The compilation of the new “Geological Map of the Island of
Nisyros (Dodecanese Archipelago)” with cross sections serves as the basis
for the interpretation of the eruptive history of Nisyros volcano. The
volcano-tectonic structures of the 698 m high stratovolcano are marked by
the central, almost circular caldera with a diameter of 3.6 km and a drop of
300-400m of its steep walls. This dominant structural feature is crosscut by
two conjugate major and three minor fault systems. Since accurate
geochronological data are still missing due to the rarity of potassium
bearing minerals, such as sanidine and biotite as well as to other petrologic
and chemical reasons, the eruptive history can only be based on relative ages
of adetailed lithostratigraphy of thirty-two mappable eruptive units. A major
division into five volcanic cycles has been devised using eruptive
successions, contact relationships, epiclastic deposits and intercalated
paleosols.  Volcanic activity started with shallow submarine
basaltic-andesitic lavas during the “Early Shield Volcano Cycles” evolving
into a subaerial environment with local lacustrine lakes. Progressively, a
composite stratovolcano built up the circular shape of Nisyros Island, with
eruptions on the northern and southern part of the island, the latter with
effusion of rhyolitic lava. Along the east coast, mainly explosive eruptions
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produced two larger tuff cones of andesitic and dacitic compositions. During
an evolved stratovolcanic stage, basaltic-andesites and andesites were
emitted as lavas and pyroclastics from several smaller cinder, spatter and
scoria cones covering the southern, western and northern slopes of the
island. The “Composite Stratovolcanic Cycles” ended with the effusion of a
large dacitic dome in the northern part of the island, which generated a major
dome collapse of the northern slopes into the sea. With an unknown time
gap, voluminous eruptions of rhyolitic pyroclastics started from the northern
and southern eruptive centers, “Caldera Eruptive Cycles”, followed by a first
caldera collapse and successive voluminous rhyolitic lava flows, which
extruded towards southeast. The youngest major explosive rhyolitic
eruption occurred after an unknown time interval from a northern centre,
covering the northern and eastern slopes with major pumice deposits and
inducing a second-stage of the caldera collapse. Afterwards, during the “Post
Caldera Eruptive Cycle”, voluminous effusions of rhyodacitic magma filled
the western part of the caldera with large domes and flows that extend
towards the sea, in the southwest. Since then, Nisyros Volcano remains in a
dormant stage. Magmatic counterparts, such as gabbroic and dioritic
intrusives, as well as mafic cumulates have generated a large hydrothermal
system at depth, which is still highly active today.

3.1

The Geological Map

new digital technology. As basis served an
orthorectified 3D IKONOS-2 satellite image

of the Island of Nisyros
(Dodecanese Archipelago)
(1:15,000 with Geological Cross
Sections)

The first geographic and geological studies on
Nisyros Island were undertaken by the Italian
geologists Martelli (1917), Chap. 5.2, Fig. 5.4
and Desio (1931). Detailed geological investiga-
tions started in the late sixtieth (Davis 1967), fol-
lowed by Di Paola (1974), and Papanikolaou et al.
(1991) with geological sketch maps at various
scales. Vougioukalakis (1993) presented the first
geological map of Nisyros Island on a topographic
base in the scale of 1:12,500, which was updated in
the Sheet Nisyros, Geological Map of Greece,
1:25,000 (2003) by IGME (Institute of Geology
and Mineral Exploration, Athens, Greece).
During the GEOWARN—IST 12310 project
(2003) a Topographic and a Geological Map of
Nisyros in the scale 1:10,000 with equidistance
10 m contour lines resulted using a completely

from Nisyros volcanic island (2000) with a 1 m
resolution on ground, cartographic field mapping
and extraction from the topographical
map 1:50,000 (Hellenic Military Geographical
Service 1972). This work was done by the
Institute of Cartography and Geoinformation,
Department of Civil, Environmental and Geo-
matic Engineering, Swiss Federal Institute of
Technology, Zurich, Switzerland. The detailed
Geological Map of Nisyros Volcano 1:12,500 by
Volentik et al. (2005) was the first result of the
accurate topography.

The current updated digital and fully vectorised
version of the “Geological Map of the Island of
Nisyros (Dodecanese Archipelago) 1:15,000 with
Geological Cross Sections” represents a compila-
tion of all available former geological data, as well
as unpublished results of field mapping during the
periods 2000-2003, 2010-2015. The online ver-
sion of the “Geological Map of the Island of
Nisyros (Dodecanese Archipelago)” 1:15,000
with “Geological Cross Sections” as well as
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Fig. 3.1 The present-day structural map of Nisyros
volcano deduced from the digital elevation model
(DEM) of Nisyros Island, has been derived by digitizing

detailed descriptions of the lithostratigrapjic units
to Chap. 3 are available to authorized users.
Lithostratigraphic units (LSU) with numbers
from 1 (lower most outcropping rocks on the
island) to 33 (upper most or bounded with

the 1:5000 scale topographic map sheets of Nisyros
Island, 1983, published by the Hellenic Military Geo-
graphical Service, Greece

unconformity rocks) were used to designate
mappable lavas and pyroclastic sequences.
The numbering system of the units bears the
advantage to the reader to recognize immediately
their stratigraphic position. Local names and
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abbreviations were restricted to a minimum to
avoid confusion. On Nisyros Island the same or
similar names occur for different localities and
have changed throughout time. The grouping and
division of units into cycles is based on uncon-
formities, erosional surfaces, interbedded soils
and epiclastic deposits.

The map is compatible with the Hellenic
Geodetic Reference System GGRS 87, Datum
WGS 84 and the Projection UTM Zone 35N (24E—
30E). All geographic features are updated to 2015.

3.2 Volcanic and Volcano-Tectonic
Structures

The present-day structural map of Nisyros vol-
cano (Fig. 3.1) comprises volcanic eruption
vents, such as necks, inferred dome vents, scoria

cones (spatter and cinder cones included), tuff
cones and sub-volcanic dikes, as well as
hydrothermal explosion craters and emission
spots: fumaroles, hot steam, and hot springs.

3.2.1 The Caldera

The most characteristic and dominant structural
feature of Nisyros volcano is the caldera with an
approximate diameter of 3.6 km (Fig. 3.2). The
assumption of its post eruptive collapse origin
led no doubts to all precious workers (see intro-
duction) due to its almost circular structure and
steep walls with a drop of 300400 m between
the northern and eastern rim down to the Lakki
plain of 110 m a.s.l and to the filling of the
western part with voluminous rhyodacitic domes
up to 698 m. After the recognition of the two

Fig. 3.2 Aerial view of Nisyros volcano from northeast;
the caldera with an approximate diameter of 3.6 km the
filling of the western part with voluminous rhyodacitic
domes up to 698 m (Profitis Ilias); the almost circular

structure and steep walls with a drop of 300400 m
between the northern and eastern rim down to the Lakki
plain of 110 m above sea level. Photo hellasmounts.com
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Fig. 3.3 a Simplified
schematic geological map of
Nisyros Island showing the
major neotectonic blocks
(Profitis Ilias block in yellow,
Aghia Irini block in green,
Avlaki block in orange and
Emborio/Nikia block in
yellow) resulting from the
four major fault zones F1, F2,
F3, F4, and F5 (Papanikolaou
and Nomikou 2000); b F1-F5
fault zones on google earth
image
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major young plinian eruptive cycles, which pro-
duced the lower and upper pumice, as well as the
large rhyolitic lava flows in the southeast of the
island, the discussion focused on caldera forma-
tion during one or two collapse episodes
(Papanikolaou et al. 1991; Limburg and Var-
ekamp 1991; Vougioukalakis 1998). However, it
is possible that the general shape and structure of
the present-day caldera resulted from earlier
depression, which is indicated by two large
stratovolcano flank collapses, prior or simulta-
neously to the plinian eruptions. Volentik et al.
(2005) could establish three older
phreato-magmatic to sub-plinian eruptive phases
during the early shield volcano cycles, which
also emitted large volumes (lithostratigraphic
units Nos. 4, 6, 11, Electronic Supplementary
Material Appendix 3.3) of pumice fallout, pyro-
clastic flows, and surges. The existence of two
lacustrine cycles could be interpreted as an early
internal lake-stage with limited dimensions of
probably few hundred meters only (Volentik
et al. 2002) as an expression of a depression in
north—eastern center of the island.

Despite alteration effects, no large hydrother-
mal deposits or strong hydrothermal alteration
have been recognized as possible earlier indica-
tions of high-crustal level magma reservoirs
accompanied with a post-eruptive caldera forming
collapse.

3.2.2 The Fault Systems

Two major and three minor fault systems can be
distinguished within the volcanic edifice of
Nisyros Island (Figs. 3.1 and 3.3). The directions
are in accordance with previous structural and
geological investigations (Papanikolaou et al.
1991; Vougioukalakis 1993; Nomikou and
Papanikolaou 2000, 2011):

e (F1, 2) N30E 1st order faults with local
changes to NE directions

e (F3, 4) N30W 1st order faults with changes
between NO° and N40°W

o (F5) E-W 2nd order faults

o (F6) N-S 2nd order faults

e (F7) WNW-ESE 2nd order faults (approx.
120°)

The NE-SW (F1, 2) Ist order fault system

F1 Fault Zone. It is located along the central
part of the caldera comprising two or three par-
allel fault surfaces with a N30°E strike and a 70—
80° dip to the SE. Its throw is more than 100 m
and it separates the Profitis Ilias lavas and domes
to the northwest from the caldera deposits to the
southeast (Figs. 3.1 and 3.7a, b). Its morpho-
logical impact is very strong within the caldera
and less outside of it. Towards the northeast it is
not very prominent and there is no abrupt break
of the caldera rim in the area of Emborios village.

F2 Fault Zone. This fault zone is parallel to F1
and runs along the southern caldera wall roughly
1.5 km southeast of F1 (Figs. 3.1 and 3.4). It
strikes N30°E and dips 70-80° to the WNW
forming a tectonic graben with the opposite
facing F1 (Figs. 3.7a, b and 3.8). This graben
structure comprises the remnant of the
160,000 years Kos caldera plain with lacustrine
and alluvial deposits, known as Lakki plain. Its
throw may be estimated to be about 100-120 m,
on the basis of the offset of the lavas and pyro-
clastics of the lithostratigraphic units 17, 21, and
22 (Figs. 3.6, 3.7 and 3.8).

Horizontal displacements of the F1 fault sys-
tem with dextral strike-slip motion and extension
SE-NW have been interpreted from focal
mechanisms of major earthquakes (M > 5) at
shallow and intermediate crustal depths (Drako-
poulos and Delibasis 1982).

The F1 system seems also to have played a
major role during the emplacement of the
post-caldera dacites (Fig. 3.7a, b). Their eruptive
centers are aligned along an N30°—40°E striking
fault plane. Since these magmas were derived
from reservoirs at deep crustal levels, the F1 fault
system must document a zone of weakness
reaching the deepest crustal parts. Further evi-
dence of such an interpretation can be taken from
the spatial distribution of earthquake epi- and
hypocenters.

The NW-SE (F3, 4) Ist order fault system
The major N30 W fault system have steep
inclinations of 70°-80° at the surface changing
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Fig. 3.4 Eastern part of the caldera rim with central and eastern hydrothermal craters with faults F1 and F2 (red lines).

Photo V.J. Dietrich

Fig. 3.5 Fault breccia
(autobrecciated dike) within
the major NW-SE fault zone
(F2) at the southeast rim of
the caldera (road to monastery
Ag. Stavros, Fig. 3.1); Photo
V.J. Dietrich

the direction of dips depending on the geotech-
nical rock properties between NE and NW. These
faults run perpendicular to the large Kos
horst-graben system (Figs. 3.1, 3.9, 3.10 and
3.11). Characteristics of this fault system are
extensional features and downfaulting up to
70 m. They extend from the northwestern parts
of Tilos Island into Nisyros Island in the area of
Avlaki, crosscut the entire island, run along the

western part of Yali and merge into Kos Island at
the “Paradise bubble beach”.

The F3 fault zone is located in the north-
western part of Nisyros Island with a general
trend to N30°W and dip 70-80° to the NE
(Figs. 3.9 and 3.10). It juxtaposes different
stratigraphic formations both within and outside
the caldera. Inside the caldera it separates the
main outcrops of the Profitis Ilias lava domes
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(b)

Fig. 3.6 a and b (close up) the major NE-SW (F2) fault system with chaotic hydrothermally altered fault breccia
approx. 500 m east of Aghia Irini (Fig. 3.1). Numbers refer to lithostratigraphic units. Photo V.J. Dietrich

from the smaller domes to the northeast whereas
outside the caldera it separates the outcrops of
white pumice to the down faulted block in the
northeast from the uplifted block in the south-
west (where the pillow lavas No. 1 occur just
above sea level). Its throw is more than 100 m.

The Mandraki fault runs parallel to the F3 fault
zone at a distance of about 1 km to the southwest.
The kinematic characteristics of the two faults are
similar, with a general strike in the NNW-SSE
direction and dip towards the ENE. The Mandraki
fault is normal with a throw of about 100 m a.s.1
indicated by the offset of the characteristic strati-
graphic formations (Fig. 3.11a, b). The western
block is topographically higher by 100 m and
hosts the two important monuments of the island,

which are the ancient castle of 4th century B.C.
and the Panaghia Spiliani Monastery within the
Byzantine/Venetian castle. The eastern block
comprises the town of Mandraki with its west-
ernmost buildings reaching the valley running
along the Mandraki fault known as “Langhadi”.
In continuation, a series of NW-SE parallel
faults cut the Nisyros Island in the area of Avlaki
and Aghia Irini (Figs. 3.1 and 3.6). Best evidence
for downfaulting of the Aghia Irini block can be
taken from the offset of the southern caldera rim.
The fault system runs through the Stefanos Cra-
ter extending into the hydrothermal craters of
Mikros Polyvotis and Megalos Polyvotis. One
branch cuts through the domes of Profitis Ilias
and Nifios into the northwestern crater rim and
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(a)

(b)

Stefanos crater

Fig. 3.7 a Recent fault systems inside the caldera linked  the fractures and inferred faults F1 within the Profitis Ilias
to the hydrothermal explosion craters with faults F1 and rhyodacitic domes. GEOWARN (2003). Photo V.
F2. View from Nikia. b Thermal imaging of the J. Dietrich

hydrothermal crater field and the spatial distribution of
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Fig. 3.8 Listric F1 and F2 fractures and faults in the northern part of the caldera rim and in the western and central

hydrothermal craters. Photo V.J. Dietrich

splits into several minor faults west and east of
the Monastery Evangelistra. There, the system
forms a series of step-like downfaulted blocks
between the Monastery Spiliani, the town of
Mandraki and Loutra.

The F4 fault zone on Nisyros defines a tectonic
graben, striking N20W, consisting of two conju-
gate faults with opposing dips. This fault zone is
younger than the Nikia rhyolites (No. 30) and its
throw is about 40-50 m. These fault zones of
Nisyros Island produce a number of neotectonic
blocks, each characterized by its relative uplift or
subsidence (Fig. 3.3). The maximum uplift is
observed in the western block/horst bounded by
the F1 and F3 fault zones, which incorporates the
maximum elevations of Profitis Ilias and sur-
rounding summits. The maximum subsidence is
observed in the southern block/graben of Aghia
Irini, bounded by the F1 and F2 parallel fault
zones.

All hydrothermal explosion craters are located
in the intersections between the conjugate fault
system F1, F2 and F4. At the northern and south-
ern extensions of the F1 system, hot springs occur
at sea level (Cape Katsuni and Thermiani in the
north and Lefkos in the south). It is obvious from

the bathymetric digital elevation model (BDEM)
that these faults extend northeastward into the
eastern Kos basin bordering the down-faulted
slopes of Kos and the peninsula of Datga.

The rest of Nisyros Island constitutes the large
neotectonic block of Emborio/Nikia, east of the
F3 and F4 fault zones, with intermediate kine-
matic character since it has subsided with respect
to the western block but has been uplifted with
respect to the southern block. The Emborio area
of the block is made of the stratovolcano strati-
graphic formations, whereas the Nikia area is
made of the Nikia rhyolite flows. A minor neo-
tectonic block bounded by the F2 and F4 fault
zones is observed in the southern part of Nisyros
at the area of Avlaki with transitional character
between the Aghia Irini and the Emborio/Nikia
blocks.

The E-W (F5) 2nd order faults

The E-W oriented fault system seems to occur at
present only at a local scale (Figs. 3.1 and 3.32a)
and might represent a result of the deep reaching
conjugate fault system F1 and F3. Surface
expressions are visible along the north coast of
Nisyros at the town of Mandraki, between the
harbors Mandraki and Loutra, between Pali and
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Fig. 3.9 F3 fault extension towards N and NW into Yali. Photo V.J. Dietrich

Fig. 3.10 Active NNW-SSE fault of Mandraki (center) extending into the central part of Yali island (background).
Photo V.J. Dietrich
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Fig. 3.11 a Vertical offset at the northwestern corner of
Nisyros Island due to the NNW-SSE trending steep
Mandraki fault F3 (Fig. 3.11b). Sketch redrawn after
Papanikolaou and Nomikou (2011). b Monastery Pana-
ghia Spiliani on the uplifted cliffs at the Northwest corner

Faros, along the western Karaviotis lava flows
bordering the Kateros cove and in the valley
between the Monastery Panagia Kyra and the
southern border of Pachia Ammos beach. The
hot spring of Afionas at sea level might also be a
result of this fault system.

200m

Mt. Karaviotis
539m

of Nisyros Island with the western end of Mandraki; view
of the active Mandraki fault F3 from north between the
western boundary of Mandraki. In the background lavas
of LSU units Nos. 24 and 25 and Karaviotis dome Unit
No. 32. Photo V.J. Dietrich

The N-S (F6) 2nd order faults

A subordinate N-S fault system can be locally
established in the volcanic edifice of Nisyros
Island (Fig. 3.12): Along the northwest coast,
between the rhyodacitic domes of Karaviotis and
Trapezina and at Cape Akrotiri. According to the
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Cape Akrotiri

Fig. 3.12 Cape Akrotiri with N-S fault. Photo V.J. Dietrich

bathymetric map (BDEM) the latter fault seems
to extend into a small N-S graben between Yali
and Strongyli (Fig. 2.6, Chap. 2). An equivalent
system appears to also be present in the peninsula
of Kefalos on Kos. Similar to the F4 system, the
N-S might also be a result of the dominant
conjugate F1 and F3 systems.

3.2.3 The Lakki Rupture 2001, 2002,
and 2011

3.2.3.1 Annual Episodes of Rupturing

A large N-S trending fracture (“Lakki rupture”)
opened in the Lakki plain of the Caldera in early
December 2001 (Figs. 3.13 and 3.14). Although
this large rupture extended over a distance of
350 m and up to 5 m wide and up to 10 m (in few
cases 20 m) deep, neither gas and thermal waters
were recognized nor seismic signals were recor-
ded. In December 2002, the fracture continued to
extend southward for another 500 m showing
smaller perpendicular offsets (Fig. 3.15). During
a heavy rainstorm during November 12/13, 2011

another large rupture was formed (Figs. 3.16 and
3.17) intersecting the 2001/2002 rupture in the
central part of the Lakki plain. The direction of
the new rupture was NNW-SSE with approxi-
mately 320°, starting in the south as reactivation
of the 2001 rupture and continuing for approxi-
mately 450 m towards NNW crossing the road.
The northern and the southern parts of the old
rupture were not affected.
3.2.3.2 Interpretation and Origin
of Ruptures
The rupture is interpreted as surface stress release
in the consolidated and cemented epiclastic and
hydrothermal sediments of the caldera floor, due
to progressive uplift and East-West extension of
the central parts of the island since the seismic
crisis 1996/1997 and a possible magma input at
greater crustal depth (GEOWARN project 2003).
No significant earthquake activity has been
recorded during the formation of all ruptures.

In addition, subrosion by meteoric waters and
their drainage from large cavities and tunnels
several tens of meters beneath the Lakki plain
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Fig. 3.13 Localization of the surficial, up to 20 m deep
ruptures in the central part of the Lakki plain, which
formed during three episodes during abnormally high

may have enhanced the stress release, leading to
breakdown of ruptures and “doline type” holes
(Fig. 3.13, location D). This interpretation is
favored by the timing of the rupture formation
after a long dry summer and fall during and
shortly after the first large rainstorm in the
beginning of wintertime (e.g. ruptures: 12/2001,
12/2002 and 11/2011).

precipitation in winter times: November 2001, December
2002, and November 2011. Image google earth

The direction of the 11/2011 ruptures coincides
with well-known NW-NNW trending fractures and
faults cross cutting the island. Therefore, deeper
zones of weakness in the island, expressed in form
of fractures and faults enhance the weakening of the
Lakki plain. However, the new rupture must be
regarded as a simple surface phenomenon, since no
heat, gases and hot waters have been recognized.
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Fig. 3.14 Surficial, up to 10 m deep ruptures in the strike-slip displacements are visible. Locality A in
central part of the Lakki plain, which formed during the  Fig. 3.13 view towards south; picture taken December
first episode in November 2001. Neither vertical nor 9, 2001. Photo A. Ganas

Fig. 3.15 Surficial, up to 20 m deep rupture in the rupture partially widened and was filled with mud bushes
central part of the Lakki plain, which was reactivated and trees; locality B in Fig. 3.13 view towards south,
during the second episode during December 2002; The picture taken March 13, 2003. Photo V.J. Dietrich
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Fig. 3.16 Intersection of the 2001/2002 ruptures (right due to torrents caused by the strong rainstorms; The wall
foreground with the rupture of the third episode, Novem-  expose the upper several meters of argillitic to sandy
ber 2011 (left, background). Indication of the intersecting layered sediments of the Lakki plain. Locality C in
process is demonstrated in the sharp surface edges. The  Fig. 3.13 view towards southwest; picture taken Novem-
rupture also partially widened and was filled with mud  ber 21, 2011. Photo V.J. Dietrich

Fig.3.17 6-8 m deep and 8 m in diameter hole leading to a deeper system of subroded tunnels;
“doline-type” hole next to the rupture of November locality D in Fig. 3.13; picture taken December 3, 2011.
2011. The filling was washed away through a drainage  Photo V.J. Dietrich
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According to all observations, the Lakki rup-
ture does not indicate any volcanic phenomena or
reactivation of magmatic activity at depth.

3.3 Detailed Lithostratigraphy
of Nisyros Volcano

Volcanoes in oceanic and continental arc envi-
ronments are built up mainly by eruptions of
water-bearing ranging from basalts to rhyolites and
eruptions of typically volatile-rich magmas. The
life-time of a single volcanic edifice can vary from
thousands to several millions of years depending
on the geotectonic and geodynamic environment,
thickness and constitution of the crust, and con-
sequently on the emplacement and differentiation
mechanism of the magmas through the crust to the
surface (Hildreth 2007). The construction of these
volcanoes occurs during eruptive episodes, that
typically follow a cyclic pattern: An eruption
generally starts with hydro-magmatic explosions,
is followed by phreato-magmatic eruptions pro-
ducing mostly fallout deposits and surges, then
grades into magmatic explosive activity, feeding

surges and pyroclastic flows, before, final
emplacement of degassed lavas forming, domes
and necks. These eruptive cycles are then followed
by periods of dormancy, during which magma
reservoirs get refilled. Hydrothermal activity can
be important while the volcano is dormant, and the
edifice typically undergoes intense erosion, some-
times catastrophically by flank collapse.

As the Nisyros volcanic history is based on
the litho- and tephrostratigraphy of the edifice
(mostly defined by the mapped lavas and pyro-
clastic rocks), it is best to describe it using these
cycles of eruptive activity, separated by epiclastic
deposits and the paleosols, which mark the
periods of dormancy (Table 3.1). Depending on
the state of development of these volcanoes, one
can find initial, embryonal stages with short
cycles of years to hundreds of years, and more
evolved stages, composed of numerous equiva-
lent short eruptive cycles merging into a major
cycle with long temporal intervals.

The detailed lithostratigraphy of the Geolog-
ical Map of the Island of Nisyros is given in the
Electronic Supplementary Material Appendix of
this chapter.

Table 3.1 Comprehensive presentation of the Nisyros lithostratigraphic units (LSU) 1-32, divided into eruptive cycles

LSU Eruption mode Thickness Rocktype
Post-Caldera eruptive cycle

32 Lava domes, flows Max. 600 m Rhyodacite
Epiclastic deposits Max. 2 m
Caldera eruptive cycles and Caldera collapse

31 FI-WS-FI-PbS-succ. Outcrop 30 m Rhyolite

30 Lava flows Max. 150 m Rhyolite

29 Epiclastic deposits Max. 20 m

28 F-FI-WS-FI-succ. Outcrop 20 m Rhyolite

27 Lava flow Max. 10 m Andesite
Composite Stratovolcano cycles

26 Dome collapse breccia Outcrop 20-30 m Dacite

25 Flows Max. 150 m Dacite

24 Flows Max. 25 m Bas. And.- Andesite

23 Epiclastic deposits Max. 20 m

22 Flows Max. 10 m Bas. And.- Andesite

21 F-PbS-PyFI-succ Outcrop 15 m Bas. And.- Andesite

20 Epiclastic deposits Max. 20 m

(continued)
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Table 3.1 (continued)

LSU Eruption mode Thickness Rocktype
19 F-S-F-3S-F-F-xS-F-succ. Outcrop 50 m Bas. And.to Dac.
19 F-PbS-Fl-succ. Outcrop 40 m Dacite
18 Lava flow ? Max. 10 m Dacite
17 Lava domes, flows Max. 60 m Rhyolite
16 S-FI-succession Outcrop 30 m Basaltic Andesite
15 Lava flow Max. 40 m Andesite
14 Lava flow Max. 25 m Dacite
13 Lava flow Max. 40 m Bas. And.- Andesite
12 Epiclastic deposits Max. 2 m
Early shield Volcanic cycles
11 F-FI-F-S-FI-succ. Outcrop 35 m Bas. And.- Andesite
10 Lava flows Max. 70 m Basaltic Andesite
9 Lacustrine deposits Max. 5 m
8 Lava flow Max. 5 m Basaltic Andesite
7 Lacustrine deposits Max. 5 m
6 S-F-FI-S-Fl-succ. Outcrop 60 m Basaltic Andesite
5 Lava flows Max. 40 m Andesite
4 F-FI-S-F-succ. Outcrop 30 m Andesite
3 Lava flow Max. 35 m Basaltic Andesite
Submarine Volcanic base
1,2 Pillow and lava flows ? Max. 50 m Basaltic Andesite

3.4 The Eruptive History of Nisyros
Volcano

3.4.1 Introduction

The island of Nisyros is a Quaternary composite
stratovolcano located at the easternmost end of the
Aegean volcanic arc, in the Dodecanese archipe-
lago, south of Kos. The island is almost circular,
with an average diameter of 8 km, covering an
area of about 42 km?. It lies above a basement of
Mesozoic limestone (Geotermica Italiana 1983,
1984) and a thinned crust, with the Moho located
at a depth of about 27 km (Makris and Stobbe
1984). The references of previous studies in vol-
canology, petrology, geochemistry of volcanic
rocks, fumarolic gases and hydrothermal waters
has been listed chronologically at the end of this
chapter; geological maps have been published by
Di Paola (1974), Papanikolaou et al. (1991),

Vougioukalakis (1993, 1998, 2003), GEOWARN
(2003), Volentik et al. (2005).

The volcanic edifice of Nisyros with a
summit caldera of a 4 km average diameter is
the result a large variety of explosive and
effusive eruptions producing calc-alkaline
pyroclastic deposits and lavas from basaltic
andesitic, dacitic, rhyodacitic, and rhyolitic
composition. According to previous studies, the
volcanic history has been generally assigned to
four major episodes: starting with shallow
marine to subaerial basaltic to andesitic vol-
canism followed by moderate andesitic explo-
sive and effusive activity, building up a first
major strato-cone surrounded by several satellite
eruption centers (scoria and tuff cones). The
present morphology of the island is finally due
to two major rhyolitic plinian explosive phases
each accompanied with consecutive effusive
voluminous lava flows and domes, which may
have followed the caldera collapses.
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3.4.2 Early Shield Volcano Cycles
of Nisyros

3.4.2.1 Submarine Volcanic Base

Nisyros is entirely volcanic: metamorphic or
sedimentary rocks have been mapped anywhere
on the island. Geothermal drilling from the
lowest part of the caldera in the Lakki plain
(Well NIS 1 in the southeastern side at 110 m
altitude asl and NIS 2 at the eastern foot of the
young rhyodacitic Lofos dome at the western
side at 145 m a.s.l) reached Mesozoic limestones
at a depth of approximate 650 m depth bsl. The
750 m caldera filling consist of unconsolidated
talus and alluvial deposits in the upper 150 m
and poorly-documented tuffs, pyroclastic flows
intercalated with basaltic to andesitic flows and
epiclastic breccias in the last 600 m (Geotermica
Italiana 1983, 1984). The evolution of the vol-
canic history of Nisyros Island described in this
paper is solely based on the outcropping litho-
and tephrostratigraphic successions.

The oldest occurrence of volcanic activity is
represented by a shallow submarine to subaerial
formation of hyaloclastites (LSU No. 1), pillow
breccia, and pillow lava of up to 50 m thickness
in the north—western corner of the island in the

cliffs of Monastery Panagia Spiliani at Mandraki
and in the western coastal part between Hochlaki
beach (Fig. 3.18) and Cape Kanoni (Fig. 3.20).
The hyaloclastics and loosely packed pillows and
pillow breccia appear to be the front of subaerial
basaltic andesite lava flows, which covers the
brecciated units. A few dikes cut the whole for-
mation; internal tilting and faulting is present.
Extrusions from submarine fissures seem to be
unlikely, since no typical close-packed pillow
lava is present. To produce such high amounts of
pillow breccia and hyaloclastic, palagonized
material, an explosive origin from shallow sub-
marine a subaerial vents, similar to processes
forming peperites (Skilling et al. 2002; de Goer
de Herve 2008) are envisaged. Such a process
might be supported by intercalated lava lenses of
variable thickness (up to 10 m) within the
pillow-hyaloclastic sequence, partly mixed with
intensively hydrothermally altered tuffs and tuf-
fites (LSU No. 2, Fig. 3.20). The outcrops occur
at Cape Kanoni and along its southern coastal
strip. Since they are aligned to NE-SW (approx.
30°) tending faults, they could also be interpreted
as channel fills.

Similar volcanic and volcanoclastic sequences
have not been clearly linked to specific units in

Fig. 3.18 Basaltic andesite “pillow-hyaloclastite” for-
mation (unit No. 1, Figs. 3.11b and 3.19), the lowest
outcropping volcanic rocks of Nisyros volcano. The

whole unit has an inclination of 20°-30° towards W-NW.
The horizontal hatched /ines represent erosional levels of
different stages of uplift. Photo V.J. Dietrich
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Fig. 3.19 The majority of the basaltic andesite clasts and
pillow fragments, with an average diameter of 10-15 cm
are embedded in a consolidated yellow to orange

palagonitic cement. Isolated irregular pillows have vari-
able diameters from 0.5 to ca. 8 m and occur mainly at the
base of the unit. Photo V.J. Dietrich

Fig. 3.20 West coast at Cape Kanoni LSU units Nos. 1,
2, 20-24, and 28. From sea level to top: Talus,
No. 1 (hyaloclastite formation; lower part “pillow brec-
cia” overlain by tuffaceous deposits), No. 2 (tuffaceous
deposits), 21 (pyroclastic flow), No. 22 (Basaltic andesite

lava flow), No. 23 (Paleokastro epiclastic deposits),
No. 24 (Basaltic andesite lava flow with thick red scoria
sole and top and columnar jointing, unit 28 (lower
pumice). Photo V.J. Dietrich
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the geothermal wells. However, between —480
and —540 m b.s.I depth, breccias and a fine
tuff/tuffite occurs on top a several ten meter thick
“blocky tuff in a palagonitic matrix” (=540 to
—585 m b.s.I). These units are suspiciously sim-
ilar in two ways, and either they represent
equivalents of the KIU-formation, the “Kos
acoustically incoherent unit within the sedimen-
tary cover in the west- and east Kos basins
(Fig. 2.10) as part of the 161 ka Kos-Plateau-Tuff
(KPT) eruption cycle (Stadlbauer 1988; Smith
etal. 1996; Allen 2001; Bachmann 2010), or local
eruptive equivalents of the early volcanic cycles
of Nisyros Island.

A paleogeographic reconstruction of the vol-
canic environment is difficult to achieve because
of the lack precise data from the geothermal drill
holes in the caldera. However, the thickness and
extension of the “hyaloclastite formation” units
Nos. 1 and 2 allows to establish a volcanic edi-
fice similar to a subaerial shield volcanic struc-
ture, most probably with vents aligned a NE-SE
trending fracture zone from were the lavas were
emitted. In addition, a tilting towards NW is
obvious due to unconformities in the hyalo-
clastite formation, e.g. within the uplifted cliffs of
the M. Panaghia Spiliani.

The autobrecciation of the atypical pillow lava
and pillow breccias without typical glassy rims
und textural changes between outer and inner

parts of the pseudo-pillow fragments leads to an
interpretation either of water intrusion into the
vents at very shallow aquatic levels or lava into
muddy tuffaceous sediments, and thus instant
brecciation. Similar brecciation processes have
been described for the formation of peperites
within small volcanic maar-lakes (for review see
Skilling et al. 2002).

Up to now, no marine fossils have been found
within the yellowish palagonitic matrix.

3.4.2.2 Early Nisyros Shield Volcano
Cycles
The following volcanic activity comprises three
major cycles, producing pyroclastics and lavas
with basaltic andesite composition, but slightly
different in their eruption characteristics. The
exposures of these cycles are limited to the eastern
parts of the inner caldera cliffs between Kato Lakki
and Chonia and represent mainly proximal facies
deposits (Figs. 3.21 and 3.22). Time intervals
between these cycles must have been short, as
erosional contacts or signs of paleosol are missing.
At the north—eastern lower part of the inner
caldera above the Lakki plain, a subaerial lava flow
up to 35 m thick and covering a distance of
1.2 km, records a first major subaerial eruption
(unit No. 3). The lower part appears in several
places strongly tectonised, which likely indicate
recent faulting, such as break down and collapse of

A Early Shield Volcano Cycles

Submarine Volcanic Base
NW corner Nisyros: Hochlaki - C. Kanoni (No.1 and 2);
faults N30-50°E, local uplift & tilting towards NW

Early Nisyros Shield Volcano Cycles

1st & 2nd phreatomagmatic to sub-plinian Eruptions
Kato Lakki - Ghonia inner caldera walls (No.3-6);
inferred faults N30°E and N20°W; dikes N70°E

Internal Lake-Stage & Assoc. Volcanic Cycles
3rd phreatomagmatic to sub-plinian Eruption (No.10 &11)
Kato Lakki - Ghonia (northern & north-eastern caldera
walls); inferred faults N30°E and N30°W

Local epiclastic deposits of No.11 (max. 2 m);

1 km

local uplift NE- center

Fig. 3.21 Evolution of Nisyros volcano during the “Early Volcanic Cycles”: Submarine volcanic base, early shield

volcano cycles, internal lake-stage volcanic cycles
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Parletia neck

Fig. 3.22 View from S towards northeastern inner caldera walls with the lithostratigraphic units 3—15; P Parletia

rhyolitic neck. Photo V.J. Dietrich

the caldera. It is possible that this cycle started with
a major strombolian eruption, producing surges
and pyroclastic flows, although such deposits are
not preserved due to the coverage with talus and
alluvial filling of the caldera. Papanikolaou et al.
(1991) have correlated this lava flow with the
stratigraphically lowermost basaltic andesite pil-
low and hyaloclastite sequence at the north—
western corner of the island.

A second eruptive cycle (Fig. 3.23), produc-
ing ca. 35 m of pyroclastic deposits during a
violent explosive phase (unit No. 4) seems to
have started within a short time interval after the
effusion of the underlying lava. The eruption
started with a typical sub-plinian phase followed
by a sequence of fine-grained pyroclastic flows
and surges and terminated again with sub-plinian
eruptions. The subsequent effusion produced an
up to 40 m thick lava flow with a basaltic
andesite composition (unit No. 5).

The explosive phase of the third cycle (unit
No. 6) started with the deposition of
coarse-grained planar-bedded surges indicating a
high water/magma interaction ratio. After a short
period of fallout, two thick pyroclastic flows,
disrupted by two coarse-grained surges, planar
bedded and with sandy-waves, were deposited.

The geometrical distribution and chemical
similarity of the volcanic edifice produced during
these three eruptive cycles during one consecutive
period of time leads to the assumption of the gen-
eration of a subaerial shield volcano with a maxi-
mum diameter of several kilometers and a height of
afew hundred meters. The large volume of erupted
material during the third cycle, producing up to
60 m of pyroclastic deposits, the high lithic content
of large fragments with an average size of 25 cmin
the upper pyroclastic flow and the dip of the
underlying lavas with respect to the present day
caldera depression, support a collapse of the early
shield volcano, leaving a small caldera behind
(Volentik et al. 2002).

The geometric distribution and thickness of
the lava and pyroclastics allow to a certain extent
a reconstruction of the early volcanic edifice.
A subaerial volcanic shield with a center more or
less in respect to the present day caldera seems to
be the most feasible interpretation. The lavas
show slight inclinations and reduction of thick-
ness outward. Indication of the position of the
original vents can only be taken from the direc-
tion of a few dikes in the north—eastern caldera
wall, which trend N 70°E. We assume that at this
early volcanic stage the general structural trends
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Fig. 3.23 View towards SE of the north—eastern inner
caldera walls with the main road to the caldera floor
(Lakki plain); in the background Mt. St. John Theologian
589 m and Parletia neck (rhyolite). Successions of the

and tectonics of the regional volcanic field con-
trolled the emplacement of magmas from the
upper mantle through the crust to the surface.
The conjugate faults, N30°E and N20°W seem to
have played the most important role.
3.4.2.3 Internal Lake-Stage
and Associated Volcanic
Cycles
In the north—eastern part of the internal caldera
cliffs between Kato Lakki— Ghonia and on top of
the three pyroclastic and lava cycles described
above, two volcanoclastic, lacustrine sedimentary
successions (LSU Nos. 7, 9) are found (Figs. 3.24
and 3.25). They are continuous over a distance of
five hundred meters, divided by a few meters
thick subaerial basaltic andesite lava (unit No. 8),
indicating the presence of an “internal lake”
within a period of minor volcanic activity. The
fact that the lower contact of the intermediate lava
flow is very sharp and without any sign of scoria
or development of pillowed breccia shows that
the early lake must have been shallow.

The varved beds of the two intra-caldera
lakes and associated volcanic cycles indicate

Mt. St. John Theologian

Parletia

caldera walls from bottom to top: Lithostratigraphic units
Nos. 3-15. The highest mountain of the eastern caldera
rim St. John Theologian 589 m. Photo V.J. Dietrich

sedimentation of volcanic ashes and fine-grained
lapilli mixed with sandy layers within an aqueous
system (details in Electronic Supplementary
Material Appendix 3.3; Volentik et al. 2002).
Characteristic maar-type phreatomagmatic sedi-
mentary structures have not been observed.
These sediments seem to be limited in their lat-
eral extension to the north—eastern segment of
the caldera, since they are absent in other similar
stratigraphic positions inside the caldera wall.
Surge deposits are few in the lowest part of the
section, but become abundant at the upper
part. The lifetime of the two lacustrine cycles
could not have exceeded several hundred to a
thousand years due to the restricted thickness of
the varved successions.

The lake stadium was terminated by an effu-
sive cycle (unit No. 10), which produced several
basalt-andesitic flows with scoriaceous base and
top, building up 70 m of the northern and north—
eastern caldera walls (Fig. 3.26), forming the
cliffs below the village of Emborio, and cover the
eastern slopes towards Kremastos. Since these
units are also exposed in the southern inner cal-
dera cliffs, although with reduced thickness, they
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Fig. 3.24 Lapilli tuffs, varved tuffaceous sandstones (unit No. 7) with impact sag. The main part of the varved
lacustrine beds consists of fine-grained purple and whitish sandstones, partly with cross-bedding. Photo V.J. Dietrich

Fig. 3.25 Lower part of the second (younger) lacustrine  reworked andesitic scoria of No. 8; large andesitic impact
succession of alternating siltstones (purple) and epiclastic ~ sag in the centre of picture; outcrop along the caldera
sandstones (No. 9) with sharp contact to underlying road. Photo V.J. Dietrich
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road to Nikia

Fig. 3.26 Sequence of lavas and pyroclastic LSU Nos
J. Dietrich

likely represent the filling of the early caldera
with a diameter similar but smaller than the
present day one. The neck west of the Kato Lakki
plain can be seen as one of the eruptive centers.

Soon after the end of this effusive episode, a
major explosive cycle started from a vent most
probably located within the northern part of the
caldera, covering the northern and eastern slopes of
the island with 35 m of pyroclastic deposits (unit
No. 11). This cycle started with a high explosive
sub-plinian activity erupting a characteristic red
pumice fall-out and intermittent fine-grained surges
followed by strong pyroclastic flows including
large blocs of lithics and pumice at their base.

The cycle terminated with a minor surge and
fallout. The growth of a stratovolcano on top of the
relicts of the early caldera may have been the result
of the last strong explosive cycle. Minor epiclastic
deposits (unit No. 12), which contain reworked
material of the underlying pyroclastic succession,
indicate both a time gap of volcanic activity per-
mitting erosion and tectonic movements, e.g. local
uplift between the NE corner and central part of the
island and could be interpreted as bulging effect of
a magma emplacement in the upper crust.

. 5-16 in the north—eastern inner caldera walls. Photo V.

3.4.3 Composite Stratovolcano
Cycles
3.4.3.1 Transition from Shield Volcano
to Stratovolcano
(Northern and Eastern
Eruptive Centers)
After an unknown time gap, several short volcanic
cycles contributed to the growth of a stratovol-
cano, erupting more evolved magmas from a
central vent and from peripheral volcanic vents
more or less aligned along the major regional fault
systems (N30-50°E & N30°W; dike N20°W).
This volcanic period can be limited between the
early epiclastic deposits (unit No. 12) and the wide
spread epiclastites and conglomerates of Pale-
okastro (unit No. 23) and with a sequence of three
dominant lava flows (LSU Nos. 13-15) derived
from northern and eastern central eruptive centers
(Fig. 3.27). These flows form the upper parts of
the caldera walls in the northern, northeastern and
eastern segments and cover the north—western
slopes down from Monastery Evangelistra and the
eastern slopes between the areas of Linevrochia
and Kremasto.
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\Afionas

Composite Stratovolcano Cycles

Transition Shield Volcano to Stratovolcano
18.19 Northern und eastern inner caldera walls and slopes
: (No. 12-15); faults N30-50°E & N30°W; dike N20°W

Southern Eruptive Centers
M. Stavros -Avlaki (No.16,17); dikes N20°, 50°, 70°E;
N10, 20°W; faults N30°,70°E & N60°W

Eastern Eruptive Centers

Kyra-Afionas; Kremastos-Lies-Evria (No.18,19);

tuff cones aligned N20°W;

faults N50°E and N20°W; dikes N8O°E

Debris flow and hyper-concentrated flow deposits (20 m);
uplift NE-slopes

Fig. 3.27 The transition from shield volcano to stratovolcano and the clear distinction between two eruptive areas, the

southern and eastern eruptive centers

Fig. 3.28 Neck (up to 40 m) within the andesitic lava flow, unit No. 13, exposed towards north outside the caldera call

east of Emborios. Photo V.J. Dietrich

During this new cycle, more differentiated
(andesite and dacite) magmas reached the sur-
face. The first, 40 m thick andesitic lava flow
(unit No. 13, Fig. 3.28) was emitted from a
main central vent, since it appeared all around
the upper caldera walls with the exception in the

southwest, where the young Profitis Ilias rhyo-
dacitic lava flows probably cover it. An ande-
sitic neck and a small scoria cone in the upper
eastern slopes close to the present day caldera
rim represent two additional satellite eruptive
centers.
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A 25 m thick dacitic lava flow (unit No. 14),
which covered the andesitic lava without any
observable time break, erupted most probably
from the same central vent. It is present from the
village of Emborio throughout the northern and
eastern segments of the upper caldera cliffs and
extends towards south in the cliffs below the
village of Nikia. This unit contains up to 30% of
andesitic inclusions with both reddish and grey
colors. The grey enclaves appear quenched, and
likely indicate the reinjection of andesitic magma
into a dacitic reservoir. The red oxidized ande-
sitic inclusion, in contrast, are interpreted as
older lithic material incorporated into the dacitic
magma during the emplacement.

The final, 40 m thick andesitic lava flow
(unit No. 15) forms the top of the “lava tril-
ogy cycle” with a thick base of red scoria. It
covers mainly the upper northern segment of
the caldera and parts of the northeastern slopes
of the island.

Kondelioussa island

Cape Lefkos
Pkt. 354

-

3.4.3.2 Southern Eruptive Centers
(Monastery Stavros—
Avlaki)

The following volcanic sequences can mainly be
assigned to remnant eruption centers, which are
exposed in the southern segment of the caldera
walls below the Monastery of Stavros and cover
the southern slopes (between the coves of Lefkos
in the southwest and Aghios Nikolakis, Avlaki)
with pyroclastic flows and lava (Figs. 3.27 and
3.29). They are assigned to one eruptive cycle
slightly younger than the previous “trilogy
cycle”. The beginning of this cycle starts with a
30 m thick basaltic andesite pyroclastic succes-
sion of several small base surges of grey lapilli
followed by pyroclastic flows, rich in andesitic
lithics (unit No. 16). The strong hydrothermal
alteration, within this unit (including the lithics)
requires the existence of a larger magma reser-
voir at higher crustal depth and heat supply to a
hydrothermal system.

Pachia island

Mt. Karaviotis 539 m

M. Stavros

Er

22

5 ad

17 ~ N Tsimi - Avlaki - Stavros
% depression

.

Fig. 3.29 View towards southwest from Nikia (Mon-
astery Stavros and Pachia island in the background). Note
the depression of the western segment controlled by two

major fault zones. On the left the rhyolitic lava flows and
neck of Tsimi hill with the Mylos tower (old mill). Photo
V.J. Dietrich
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Fig. 3.30 Rhyolitic lava, unit No. 17 with internal flow folding and original surface. South coast, west of Avlaki Photo

V.J. Dietrich

The cycle ends with the effusion of volumi-
nous, up to 40 m black, massive, partly glassy,
and perlitic rhyolitic lava flows (unit No. 17,
Fig. 3.30). The Tsimi neck west of the Village of
Nikia at the southern caldera rim marks one
eruptive center of the blocky lava. Other vents
are probably covered by the young rhyodacitic
domes and lavas in the southwestern segment of
the caldera.

The different trends of the dikes N20°, 50°,
70°E; N10, 20°W, as well as the measurable
faults N30°, 70°E and N60°W indicate a com-
plex extensional system along which the magmas
were emplaced.

3.4.3.3 Eastern Eruptive Centers (Tuffs
Cones of Kyra—Afionas;
Kremastos—Lies—Evria)
The eastern flanks of the island comprise several
similar eruptive cycles represented by succes-
sions of surges, pyroclasic flows and fallout
which may have been derived from at least two
major eruptive centers, the hills of Afionas and
Lies, both remnants of large tuff cones

(Fig. 3.27). Most of the unconsolidated tuffs have
been eroded and washed down into the sea during
rainstorms and mudflows, causing small frontal
deltas and submarine channels close to the shore.
In addition, the entire area of the eastern slopes
resembles a large down-faulted block between
major regional fault systems (Fig. 3.29 and
structural Sect. 3.2). The two cones tuff cones
seem to have been aligned along N20°W faults
intersecting N50°E faults. A dike strikes N80°E.

Their ages cannot be precisely determined by
lithostratigraphy. On the eastern slopes, these
successions overlay older andesitic and dacitic
lavas derived from the eastern caldera walls (the
“trilogy cycle”, units Nos. 13-15), while, to the
South, everything is covered by the thick younger
rhyolitic lavas flowing down from the south—
eastern caldera rim. Only one light grey dacitic
flow (unit No. 18), occurring at sea level along the
shore at the base of Afionas tuff cone over a
distance of 300 m between the beaches of Lies
and Pachia Ammos, could be correlated with the
first dacitic flow of the island (unit No. 14).
However, this flow has slightly different
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petrographic characteristics (e.g. the lack of
abundant andesitic inclusions). Over a distance of
150 m, the surface of this grey dacite contains up
to 1.6 m deep pockets filled with a strange brec-
ciated fine-grained whitish rhyolitic flow with
irregular enclaves of “andesitic schlieren” and
mafic cumulates. In places, the yellowish color
indicates the formation of a paleosol.

The andesitic to dacitic pyroclastic succes-
sions of the Afionas tuff cone (No. 19, Figs. 3.31
and 3.32), with a maximum thickness of 80 m,
comprises at least three major explosive cycles

SE

Afionas profile No.19

upper
part

lower
part

|

A
|
& 1

from the same vent, separated by erosional con-
tacts and thin paleosols. The deposits consist of
light gray surges, proximal strombolian fallout
and minor pyroclastic flows. The fallout contains
lithics of andesite lava fragments and cumulates,
in addition to limestones and contact metamor-
phic marbles and calc-silicate skarns. The fresh
lithic andesitic fragments suggest that a recharge
of andesitic magma into a dominantly dacitic
reservoir occurred shortly prior to the eruption.
A detailed stratigraphic description is given in the
Electronic Supplementary Material Appendix 3.3.

NW

Fig. 3.31 Tuff cone of Afionas (LSU Nos. 18, 19). The white-hatched line designates the general division of the

Afionas tuff cone (Rehren 1988). Photo V.J. Dietrich

Afionas profile 19, lower part

middle pumice

‘ midldle surges

Fig. 3.32 Tuff cone of Afionas. At sea level dacite lava
flow (unit No. 18), unconformatly overlain by a
fall-surge-fall-surge-fall succession  of  bimodal

composition, andesite and dacite. The white characteristic
layer is made up surge deposits with planar-bedded and
sandwave structures. Photo V.J. Dietrich
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3.4.3.4 The Composite Stratovolcano

(Mandraki—Pali—

Kremares)
Lavas and pyroclastic deposits from the growing
composite Stratovolcano occur throughout the
island, typically in lateral cones, and are associ-
ated only in parts with the underlying sequences.
They include remnants of cinder, spatter and
scoria cones. This random distribution indicates
that smaller eruption centers as lateral vents from
radial feeder dikes could were formed around a
central growing stratovolcano within the limits of
the early caldera. The deposits from the peripheral
vents contributed to the growth of the entire island.

The locations of the vents seem to be controlled
at the by main fault pattern, N30°E, N70°E, as well
as N30°W, N60°W, and E-W (Fig. 3.33).

The duration of this volcanic activity period
can only be estimated by relative litho-
stratigraphy and by the appearance of erosional
features and paleosols. Since the latter time
markers are missing, a rather short time period of
several hundred to a few thousand years is envis-
aged. This assumption is compatible with the
occurrence of the basal debris flows on the eastern
flanks and in channels (unit No. 20), which require
uplift, leading to massive (up to 20 m thick) debris
flow deposits of reworked underlying pyroclastics
(unit No. 19), channeled within deep valleys in the
eastern flanks.

\_‘_‘\Cape Katsouni
=5 iy

; ;.’_i_?_ 21,22
A

In addition, remnants of basaltic andesite
cinder/scoria cones of strombolian activity have
been recognized all over the island (unit No. 21,
e.g., East of Ag. Marina and east of Koftaka
(western flanks), south and north of M. Evan-
gelistra, west of Akimaronas at the caldera rim, at
Linevrochia and Kremastos on the eastern flanks
(Fig. 3.34), at M. Stavros and at Tsimi on the
southern caldera rim, and north of Avlaki in the
southern flank (Fig. 3.35).

These small individual eruptive cycles have
been combined into one up to 20 m thick pyro-
clastic unit of black lapilli, red and black scoria
fallout deposits, spatter cone facies with aggluti-
nated fragments of fresh lava and of planar-bedded
surges (Fig. 3.36). In few cases, proximal thick
and unsorted basal fallout deposits indicate vio-
lent strombolian eruptions as early phases. Often
the scoria cone deposits contain abundant lithic
components, such as fresh andesitic lava, anor-
thositic and amphibole-pyroxene-rich cumulates,
limestones, contact metamorphic marbles and
skarns. Several small basaltic andesite lava flows
(unit No. 22) with individual thickness up to 10 m
are closely associated with pyroclastic deposits
described above and have originated as effusive
part from the same spatter and scoria cones.

The stratovolcano period probably ended with
a major summit collapse since up to 20 m thick
debris flows with hyper-concentrated flow

The Composite Stratovolcano

The lavas and pyroclastic deposits (No. 21,22):
widespread over the island and include remnant cinder,
spatter and scoria cones as satellites around a central
stratovolcano with a remnant wall of the early caldera.

The vents (Mandraki, Pali, Katsouni,Kremares, Stavros,
Levkos, Avlaki seem to be generated
at the dominant fault intersections.

Faults N30°,70°E & N30°, 60°W, E-W
Debris flows and hyper-concentrated flow deposits

(max. 20 m; No. 23): on western and northern slopes;
strong central uplift and tilting towards W and N

Fig. 3.33 The growth of a “Composite Stratovolcano” and distribution of small peripheral extrusive centers and flows
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Fig. 3.34 The Kremares Cave at Cape Katsouni (NE (cave center) overlain by epiclastic debris flows (unit
corner of Nisyros). Basaltic andesite lava flow (unit No. 23), “lower pumice” (unit No. 28), and “upper
No. 22) with red scoria sole and top above vent breccia  pumice” (unit No. 31) deposits. Photo V.J. Dietrich

d Avlaki thermal spring max. 60°C

Fig. 3.35 Ruins of Avlaki thermal bath; hot spring at sea level in the fault zone. Typical lava—pyroclastic succession
(units Nos. 21 and 22) from a scoria cone in the southern slopes north of Avlaki. Photo V.J. Dietrich

deposits occur on western and northern slopes. also favored the formation of beach conglomer-
The latter process also required strong central ates (unit No. 23) at the north—western corner of
uplift and tilting towards W, NW and N, which the island.
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Fig. 3.36 Planar-bedded surge deposits (unit No. 21,
dark-grey layers) from an unknown source (e.g. tuff or
scoria cone) overlain by epiclastic debris flows (unit
No. 23, top light-grey blocky layer) and covered by a cap

3.4.4 Terminal Cycle and Dome
Collapse

The following volcanic cycle, subsequent to the
stratovolcano cycles and after a significant period
of dormant activity, can be bracketed by the
appearance of epiclastic debris flows at its base
and by the large « Loutra » debris avalanche as
a result of a collapse of the northern caldera rim,
probable at the end. These cycles differ from all
previous volcanic cycles because of the domi-
nance of their effusive eruption styles. Large
volumes of differentiated lavas contributed to the
filling of the northern sectors of the caldera and
coverage of the northwestern and northern slopes
of the island (Fig. 3.37). The cause of the dra-
matic change of the eruptive mode from all
previous strombolian to sub-plinian explosive
cycles to mainly effusive cycle is not clear, but it
might be related to a sudden change in the geo-
tectonic environment or to a major change in the
magma reservoir.

Evidently, all lavas cover large portions of the
upper slopes of the northern half of the island and

of “lower pumice” (unit No. 28, orange) and “upper
pumice” (unit No. 31, whitish); in the northern slopes
above Pali along the main road. Photo V.J. Dietrich

may have derived from fissures and eruptive
centers along a northern early caldera rim con-
trolled by faults N30°E and N30-50°W generat-
ing intersections, thus extensional ways for
magma emplacement. In addition, strong uplift of
the central and south—eastern parts of the island is
required to facilitate the east- and northward flow
directions of all lavas. An associated process was
the doming of dacitic magmas in the resurging
caldera after the stratovolcano collapse.

During the first effusive cycle, a series of thin
basaltic andesite-to-andesite lava flows with a
total thickness of ca. 25 m (unit No. 24) was
emitted from vents aligned along the early
western caldera rim and covered the western
slopes down to the sea. The second effusive cycle
produced large volumes of dacitic lava flows
with a thickness up 150 m, the “Emborio” lava
dome and a neck (unit No. 25).

The time gap between the terminal caldera
cycle and the collapse of the northern caldera rim
is difficult to establish. The most plausible
hypothesis favors a collapse after the emplace-
ment of the voluminous dacitic lava flows. At the
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Dome Collapse 26 = <4

Terminal Cycle and Dome Collapse

Up to 10 basaltic andesite-to-andesite lava flows (No.24)
on the western slopes (St. Vasilios) probably derived

uplift

from vents on the western rim of the early caldera
along faults N30°E & N60°W.

The up to 150m thick dacitic lava flows and Emborios lava dome
(No.25) cover large portions of the upper slopes of the

northern half of the island and may have derived from fissures
along the northern early caldera rim

at intersections of faults N30°E & N30-50°W.

The debris avalanche (No.26) covers the northern slopes

from Mandraki to Pali (type locality “Loutra™),
interpreted as “dome collapse breccia” or break-off along
intersections of faults N30°,70°E & N30°W.

Fig. 3.37 Summary of the “Terminal Cycle and Dome Collapse”

Mt. Akimaronas 453 m

Emborios

Fig. 3.38 The “Emborio” dacitic lava dome and a neck
(unit No. 25) forming the upper northern caldera wall
between Mt. Akimaronas (453 m) and the village of
Emborio. From fop to bottom unit No. 25, Emborio
dacitic lava; unit No. 15, andesitic lava; unit No. 14,

base of the chaotic collapse breccias, a 0.3—1 m
horizon of dacitic ejecta with normal gradiation
and fragments of dacitic lava have been observed
in certain places. This deposit is interpreted as an
indication of the start of a new cycle, emplace-
ment of new magma from depth and bulging of
high crustal levels.

dacitic lava rich in andesitic inclusions, unit No. 13,
andesitic lava with red scoria sole; unit No. 11, pyroclastic
sequence; unit No. 10, thick basaltic andesitic lava flow.
Photo V.J. Dietrich

The giant debris avalanche deposit (unit
No. 26), named after the most diagnostic type
locality “Loutra”, reached variable thickness
depending on the pre-existing morphology of the
northern slopes between Mandraki and Pali
(Figs. 3.37, 3.38, 3.39 and 3.40). The most
characteristic megascopic feature of this large
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upper limit

Fig. 3.39 The eastern part of the giant “Loutra debris
avalanche”: The “Loutra Bath” at the right side. The long
hatched red line marks the upper limit of relict debris

outcrops, whereas the short stippled line outlines the
hammock topography at sea level. The hammocks are
made of chaotic debris. Photo V.J. Dietrich

Fig. 3.40 “Loutra” debris avalanche east of Loutra.
Compact block flow with little matrix support. Note that
the smaller lithic components are partially rounded and

epiclastic unit is the hammocky topography,
forming small hills of 20-30 m heights in the
lower slopes along the shore. In fresh road cuts
and in the cliffs along the shore, the chaotic
internal structure of these unconsolidated
deposits is evident. Fragments are mostly of
dacitic composition, but rare pieces of andesites
and red scoria from earlier strombolian eruptive
cycles are also found.

thus may represent component of older volcanics and
pyroclastics, e.g. reworked epiclastic deposits. Photo K.
Kyriakopoulos

An isolated andesitic lava flow, ~7-10 m
in thickness (unit No. 27), appeared after the
emplacement of the “Loutra” avalanche in the
slopes of Loubounia (south of Loutra). It seems
that the flow poured out of a fissure inside a
scarp, produced by the Loutra avalanche.
Apparently this flow marks the last andesitic
eruption in the volcanic history of the island.
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3.4.5 Caldera Eruptive Cycles
and Caldera Collapse

A paleosol covers in many places the debris
flows (unit No. 23), the dacitic lavas of Emborio
(unit No. 25) and parts of the “Loutra” debris
avalanche (unit No. 26). This is the indication
that a large time interval and repose period
occurred between the last dacitic and andesitic
magmatic activity and the beginning of a major
cycle of high explosive activity from highly
differentiated rhyolitic magmas. During the
“Caldera Eruptive Cycles”, two vast successions
of rhyolitic pumice derived from plinian eruptive
cycles, designated as “lower and upper pumice”,
were deposited and divided by epiclastic

deposits, the effusion of voluminous rhyolitic
lava flows and the breakdown of a large caldera
to the present day dimensions (Fig. 3.41). The
lifetime of volcanic activity of each individual
cycle, as well as of the total time-span is still not
known, despite the occurrence of two widespread
paleosols separating these two cycles, well
exposed at Cape Katsouni (Fig. 3.42).

3.4.5.1 First Eruptive Cycle

The first voluminous (up 20-30 m thick) rhy-
olitic pyroclastic sequence, the “First Eruptive
Cycle”, designated as “lower pumice” (unit
No. 28) resulted from a major plinian eruption
and were deposited all over the island. Major
occurrences are still present on the southern

e Pumee Caldera Eruptive Cycles & Collapse
First Eruptive Cycle

Andesite lava flow (No.27) above the “Loutra” avalanche,
controlled by faults N30°E & N30°W

The first up 20-30 m thick rhyolitic pyroclastic sequence,
the “lower pumice” (No. 28), result of a plinian eruption
from one or two vents aligned to the N30°E large fissures
and intersecting a N60°W faults; in the south starting with
a debris avalanche.

First Caldera Collapse (black stippled circle)

, Debris flows (No.29) containing lavas, pyroclastics,
pumice (No. 25-28), max. 5 m; on top a paleosol;

mainly northern half of the island; uplift of the W to NW;
in the SW Nikia flank collapse, followed by

effusion along N30°E fissure of voluminous rhyolittic lava
and neck at Parletia (max.150 m, No.30)

mk
28 N '
= o '
Lower Pu?’l'ice )
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Ghrana debris avalanche

Nikia flank
collapse
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Fig. 3.41 Caldera cycles—Caldera collapse: first eruptive cycle combined with a first caldera collapse and SE flank
collapse

NNW

Kremares

Cape Katsouni

Fig. 3.42 Lithostratigraphic pumice successions of the
“Caldera Eruptive Cycles”, the “Lower and Upper
pumice” sequences, units Nos. 28 and 31 respectively at

Cape Katsouni overlaying older lava (unit No. 20) and
epiclastic (unit No. 23) deposits. Photo V.J. Dietrich
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slopes, because of lack of coverage with younger
pumice deposits (Fig. 3.41). However, no strati-
graphic contacts occur to the northern and east-
ern equivalent of the “lower pumice units”. Both
are overlain by a paleosol and the large eastern
rhyolitic lava flows (unit No. 30) of the second
eruptive cycle.

Explosive phase

The explosive phase of the “lower pumice” LP
can be divided into (1) in the lower part, plinian
fall deposits, which contain lag breccias and up
to 50% of lithics (some up to meter size) (unit
No. 28a and b) and (2) in the upper part, poorly
bedded fall layer with surges and pyroclastic
flows (unit No. 28c). Both parts were probably
deposited during one eruptive event since no
major unconformity has been recognized within
the deposits. The lithics include metamorphic
limestones, skarns, hydrothermally altered rocks,
unaltered volcanics and mafic cumulates, thus
witnesses of a larger magma reservoir and an
existing hydrothermal system. Yellowish weath-
ering is a widespread feature within the “lower
pumice”. A chaotic debris-avalanche deposit has
been recognized in the south—eastern coastal
cliffs and along the beach at Ghrana bay over a
distance of at least 500 m overlaying the basal
pumice fallout flows indicating a southern slope
failure during the initial phase of the first plinian
fallout (Fig. 3.43).

Two eruption vents may have occurred in
areas between the present southern and north-
eastern caldera rim aligned to a N30°E trending
fissure and intersecting a N60°W faults
(Fig. 3.41). The wide distribution of large fallout

- -:-'-:lii'a
detail b

pumice blocks and lithic fragments, the presence
of lag-breccias, poor bedding and sorting, as well
as the greatest amount of fine-grained ash indi-
cates proximal deposition in the southern part
(Fig. 3.44a, b). In contrast, the plinian fallout of
the northern part along the north and east cost
exhibit more distal features (large lag breccia but
thinner deposits, smaller diameters of pumice
blocs and lapilli, sorting, reverse grading, and
much lower lithic contents; Fig. 3.45). In addi-
tion, small ash- and mudflows occur.

The uneven areal distribution in grain size of
the lower pumice pyroclastics on the island and
the scarcity of the lower pumice deposits at the
western half of the islands suggest an uplift of the
western area during or shortly after the eruptive
“lower pumice” cycle. Additional evidence of the
uplift exists in the appearance of debris flows,
mainly on the northern half of the island (unit
No. 29), with components of lavas, pyroclastics
and pumice (No. 25-28). All deposits are cov-
ered by a paleosol.

First Caldera Collapse

The “First Caldera Collapse” can only be esti-
mated in space and time. We tend to place the
collapse after the vast explosive phase. The
highly differentiated rhyolitic magma may have
been derived from rather shallow reservoirs in
the upper crust (see later chapter of petrology and
magma dynamics). As consequence of eruption
the large volume deficiency could have generated
a surficial depression and thus, initiated a first
collapse that caused a first caldera. In addition, a
major break in the steep morphology into two
steps of the south—eastern caldera walls indicates

Fig. 3.43 “Lower pumice” (unit No. 28) deposits along
the southeastern coast of Ghrana bay forming the base
(red arrow and Fig. 3.75b in Electronic Supplementary

Material Appendix 3) and top (white arrow and Fig. 3.75
¢ in Electronic Supplementary Material Appendix 3) of a
coeval debris avalanche. Photo V.J. Dietrich
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(b)

Fig. 3.44 a Debris avalanche (unit No. 28a) and “Lower
pumice” succession (unit No. 28b, c¢) at the base of
brecciated zone (unit No. 29) and rhyolithic lava (unit
No. 30) in the southwestern flanks of Arfana, SW of Cape
Avlaki. b Detail of ( a) from bottom to top:

a breakdown along slightly concentric normal
N30°E striking fault before the extrusion of the
rhyolitic flows (Fig. 3.41). The subsequent
emplacement and doming of rhyolitic magma in
the south—eastern part of the first caldera may
have triggered a large flank collapse, (“Nikia
Flank Collapse”) and causing a major debris
avalanche similar as the one on the northern half

(1) Debris-avalanche (unit No. 28a), (2) Lower pumice
sequence (unit No. 28b, c) with intermediate lag breccia.
(3) Heterogeneous breccia (unit No. 29) (4) Basal part of
rhyolitic flow (unit No. 30) (5) Rhyolitic flow, unit
No. 30. Photo V.J. Dietrich

of the island (“Loutra” debris avalanche”). The
voluminous rhyolitic lava flows do not flow into
the caldera but into a major pre-existing south-
east direction towards the sea.

The SE Nikia Flank Collapse

A major lateral collapse at the SE flank of
Nisyros volcano (Fig. 3.46) has been recognized
based on sea floor topography covered with
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Fig. 3.45 Northern continuation of coastal profile at
Louros Karanas (see Fig. 3.79a— in Electronic Supple-
mentary Material Appendix 3). Coarse blocky lag brec-
cias between pyroclastic flows with matrix-rich pumice

layers of the “Lower pumice” sequence (detailed descrip-
tion in Electronic Supplementary Material Appendix 3.3).
Photo V.J. Dietrich

Mt. St. John Theologian 588 m

Parletia neck

Fig. 3.46 Thick rhyolitic lava flows (unit No. 30) form-
ing the eastern caldera rim with the highest elevation of
Mt. St. John Theologian 589 m. In front left the rhyolitic
Parletia neck (Medieval fort). Note the major break in the
steep morphology into two steps of the south—eastern

hammocks at a water depth of 250 and 380 m
offshore the southeastern Nisyros flank. The
large debris avalanche deposit covers an area of

Monastery

caldera walls, which indicates a breakdown along slightly
concentric normal N30°E striking fault before the extru-
sion of the rhyolitic flows (“Nikia Flank Collapse”),
limited to the north by the Parletia neck. Photo V.
J. Dietrich

about 18 km? with a volume of about 1 km® and
an average thickness of 40-50 m. The elongated
hummocks show a fan-shaped distribution of
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Fig. 3.47 Up bending
rhyolitic flow front at Cape
Avlaki. Photo V.J. Dietrich

their major axes with the apex pointing to the
southeastern flank of Nisyros Island (Tibaldi
et al. 2008; Nomikou et al. 2009). The evidence
is based on multibeam data and lithoseismic
profiles from the oceanographic research vessel
“AEGAEO” of the H.C.M.R. The large debris
avalanche deposit covers an area of about
18 km? with a volume of about 1 km® and an
average thickness of 40-50 m.

Effusive phase

At least three major rhyolitic lava flows with a
thickness up to 150 m and a total volume >1 km?
(unit No. 30) represent a cycle during an exten-
sive period of effusion (Fig. 3.41). A large
morphological depression must have existed
during that time in the southeastern part of the
island since it facilitated the major flow direc-
tions towards southeast. The glass-rich, partly
perlitic flows plunge down from the area in the
present day eastern caldera walls between the
Monastery Panaghia Kyra and the village of
Nikia and enter the sea between the beach of
Pachia Ammos and Avlaki (Fig. 3.47). Domes
and a neck at Parletia piled up forming the
eastern rim of the caldera. In several cases, the
blocky surface of the flows is covered by a
paleosol. The rhyolitic lava flows are younger
than the plinian “lower pumice” deposits and

older than the beginning of the second plinian
eruptions of the “upper pumice”. However, the
time gap between these cycles remain unresolved
up to now.

3.4.5.2 Second Eruptive Cycle

The palaeosol on top of the lower pumice forms a
characteristic “marker horizon” between “lower
and upper pumice” on the northern slopes of the
volcano. However, the duration of this time gap
is still not known. A debris flow (unit No. 29),
containing components of lavas, pyroclastics and
pumice of older units (units No. 23-26), with a
maximum thickness between 5 and 20 m occurs
along the northern coast close to the little harbour
of Loutra.

The first volcanic phase of the “Second Eruptive
Cycle” (Fig. 3.48) is not well documented. Only
one outcrop (at the base of the Nikia lava), a 1 m
thick fallout horizon occurs above the “lower
pumice”, which consists of lapilli and blocks of
slightly vesicular perlitic obsidian, indicating an
explosive beginning before the effusion and
emplacement of the major rhyolitic lava flow on top.
Explosive phase
The climactic explosive cycle produced an up to
60 m thick rhyolitic pyroclastic sequence, the
“upper pumice” UP (unit No. 31) with a
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fall-surge-flow-surge sequence, which has been
deposited all over the island (Fig. 3.48). Major
occurrences lie between Loutra, Pali and Cape
Katsouni in the northern and northeastern slopes
of the island (Figs. 3.49 and 3.50). Smaller
occurrences exist on the SE slopes, on the Nikia
rhyolite. Deposits have not been found in the
western and southern part of the island.

Cape Katsouni

A
N

1 km a2

The proximal-to-distal transition in these
bedforms may result from cooling of hot, dry
steam propelled surges with condensation of
water in the more distal zones (Limburg and
Varekamp 1991). Water condensation caused
the formation of accretionary lapilli and accel-
erated rates of deposition of fines, leading to
thicker deposits and climbing ripple sets

Second Eruptive Cycle
The climactic plinian eruption emitted a fall-surge-flow-surge
pyroclastic sequence, the “upper pumice” (No. 31),
which may have derived from the north-western segment
of the caldera (black hatched limits); faults N30°E & N30°W.

Second Caldera Collapse (red circle)

Post-Caldera Eruptive Cycle

Last cycle of volcanic activity on Nisyros

Caldera filling with rhyodacitic lava domes and SW-
plunging of voluminous lavas (No. 32, max.600 m at
Mt. Profitis llias) along N30°E lineaments,
intersecting N30°W faults; subsequent N-S faults.

Fig. 3.48 Second eruptive cycle and second caldera collapse; the last cycle of volcanic activity on Nisyros

Fig. 3.49 Upper pumice pyroclastic sequence, unit
No. 31 with max. 60 m total thickness. North—east coast
between Plomos and Cape Katsouni. The numbers refer to

Upper pumice

paleosoil
28 Lower pumice

paleosoil

23
21

22

the generalised tephrostratigraphic succession; detailed

stratigraphic description in Electronic Supplementary

Material Appendix 3.3. Photo V.J. Dietrich
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Fig. 3.50 “Upper pumice”
unit No. 31a at Plomos.
Beginning with plinian
pumice fall and wavy surge,
then continuation with
pyroclastic block flow (6—
20 m thickness). Photo V.
J. Dietrich

(Fig. 3.50). The upper units were deposited as
non-turbulent pyroclastic flows with massive
bedding, but absence of grading and stratification.
They also contain lithic-rich layers and in the
northeast coastal deposits several wavy surge
layers. The upper part of the eruptive cycle rep-
resents a sequence massive surge deposits with
extreme fragmentation, may be the result of
water-magma interaction (Fig. 3.51).

The eruption centre of the “second eruptive
cycle” may have occurred in the north—-western
segment of the caldera, controlled by intersecting
fault zones N30°E and N30°W (Fig. 3.48), since
the distribution of the maximum thickness of the
fallout as well the pumice bomb and lithic last
size clast sizes point towards the north-western
and northern half of the island.

Limburg and Varekamp (1991) recognized a
progress in the degree of hydrothermal alteration

in the lithics from the lower part to the upper part of
the entire succession. The temperatures of
hydrothermal alteration, according to the mineral
assemblages in the lithics start from 70-150 °C
(argillite chunks) to >350 °C in epidote and
diopside bearing skarns. This is in accordance with
temperatures encountered in the geothermal drill
holes NIS 1 and 2 below the caldera floor between
1000 and 1880 m depth (Barberi et al. 1988).
Erupted volume and plume shape

A first attempt to estimate the erupted volumes
during the “Caldera Eruptive Cycles” was given
by Limburg and Varekamp (1991). Isopach and
isopleth patterns were derived from of the
thickness distribution of the plinian eruptive
sequences of both, the first and the second
eruptive cycles. For the second plinian eruptive
cycle, an 8 m average thickness at the source
and a 7 cm thickness at 120 km distance
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Fig. 3.51 Upper pumice
(unit No. 31) south above
Cape Katsouni. The
succession is composed of ash
flow deposits and
planar-bedded surges in the
upper part. The upper most
sequence (orange colors)
consists mainly of
planar-bedded surges. Photo
K. Kyriakopoulos

(Vinci 1983) was assumed. Using a model with
circular isopachs and exponential thickness
decay, the calculation showed an upper volume
of 32 km?, which is equivalent to a DRE (“Dry
Rock Equivalent”) of 10 km®. The more realistic
approach, using an elliptical distribution of iso-
pachs reduced roughly the volume by the factor
4, which means a volume of 2-3 km>. A crude
volume calculation of the caldera before infill of
ca. 100 m of talus and alluvial deposits yielded a
maximum of extracted volume of 5 km®. The
approximate half-width of 1.9 km and a height of
15 km for the column during the plinian phase at
minimum cross-wind was calculated using the
7 cm lithic isopleth distribution. A maximum
column height of 20 km was estimated from the
shape of the isopleth and isopach pattern.
Longchamp et al. (2011) derived an “erupted
volume for the south vent (considered as the best
vent location) ranges between 2 and 27 x10® m?
for the LP and between 1 and 5 x10% m® for the
UP based on the application of four different
methods (integration of exponential fit based on
one isopach line, integration of exponential and
power-law fit based on two isopach lines, and an
inversion technique combined with an
advection-diffusion model)”.

The second Caldera collapse
During both eruptive cycles, large volumes of

similar magnitudes of highly differentiated
magmas were discharged. According to the lith-
ics (composition, metamorphic state (Limburg
and Varekamp 1991), they originated from
magma reservoirs at high crustal levels. The
mass deficiency after each eruptive cycle must
necessarily have caused an internal collapse of
the central part of the island and formation of the
caldera structure. The first eruptive cycle was
possibly followed by a first caldera collapse. The
second caldera collapse must have happened in a
very similar way. The possible evidence for such
a situation is found in the hydrothermally altered
clay chunks as part of the first caldera alluvial
beds in the lower fall-flow sequence of the sec-
ond eruptive cycle. However, the first caldera
must have had a smaller diameter than the pre-
sent day one, which formats the present day state.

3.4.6 Post-caldera Eruptive Cycle

The post-caldera rhyodacitic lava domes comprise
six groups of endogenous domes and with light
gray perlitic lava flows originating from them
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Mt. Karaviotis 539 m Mt.Trapezina 522 m

Profits llias 698 m  Nymfios Mt.

Fig. 3.52 The Nisyros caldera with the hydrothermal
explosion crater field surrounded by rhyodacitic domes
(from left to right), Mt. Karaviotis, Mt. Trapezina, Profitis

(unit No. 32). They fill up the western half of the
caldera with a max. thickness of 600 m and seem
to be aligned along three parallel 30°NE trending
fissure zones intersecting several N30°W fault
zones (Figs. 3.48 and 3.52). They were emitted
during the last eruptive cycle of Nisyros volcano
during purely effusive phases and lack any sign of
explosive precursors. The domes are: Mt. Profitis
Ilias (698 m), Boriatiko Vouno (437 m), Nymfios,
Visternia, Dhiavatis, Trapezina, and Karaviotis
(539 m). In addition, a small dome (Lofos, 214 m)
is found in the southeastern edge, which has been
devastated by recent hydrothermal explosions and
fumarolic activity. All domes can be subdivided
into four older central groups, Dhiavatis—Profitis
Tlias, Nymfios, Visternia, Trapezina, and Lofos
and two much younger domes, Boriatiko Vouno
in the Northeast and Karaviotis with the silicic
flow lobes of Kateros, Kilia, and Drakospilia in the
Southwest. They exhibit steep spines and scoria at
the surface, as well as they lack soil deposits and
minor proximal scree deposits.

3.5 Geochronology

Geochronological data of volcanic rocks and
soils  from  Nisyros Island and the
Kos-Yali-Nisyros Volcanic Field are relatively
few. During the past 40 years numerous attempts
have been undertaken, however without consis-
tent and conclusive results in most cases. Earlier

Ilias, Nymfios, Mt. Visternia, Lofos dome, and Mt.
Boriatiko Vouno. Photo V.J. Dietrich

data are controversial and accompanied with
large errors (Table 3.2). The following methods
have been applied:

!4C fission track analysis on obsidian glass,
K—Ar on whole rock and volcanic glass,
OAr°Ar on feldspars, and

U-Th disequilibrium measurements on pale-
osols sandwiched between volcanic and
pyroclastics, the latter discussed in Biittner
et al. (2005),

e Th/U measurements on whole rocks and zircon
and Pb—U dating on zircon using laser ablation
inductively coupled plasma mass spectrometry
(LA-ICP-MS, Guillong et al. 2014).

Reliable age determinations with the
“OAr/** Ar method have been obtained from the
Kos Plateau Tuff (KPT) with 161 & 1 and
166 £ 2 ka (Smith et al. 1996; Bachmann et al.
2010). The new Pb-U ages of the youngest zir-
cons (Guillong et al. 2014) measured from the
Nisyros silicic volcanics provide the first
geochronological estimates, which are in accor-
dance with the established lithostratigraphy and
interpreted as maximum ages of their eruption:
The Lower Pumice with 124 4 35 ka (unit
No. 28), the Nikia rhyolite flows with
111 £ 42 ka (unit No. 30), and the upper
Pumice with 70 £ 35 ka (unit No. 31). The K-
Ar data of 66 £ 2 and 24 ka on fission track
(Table 3.1) are of restricted geological meaning.
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Table 3.2 Geochronological data of volcanic rocks and soils from Nisyros Island and Kos Plateau Tuff (KPT);
SHRIMP sensitive high resolution ion microprobe, ID-TIMS isotope-dilution thermal ionization mass spectrometry

Fission track on glass

Oxygen isotope stratigr.

Fission track on glass
Sediment, rate, extrapol.
LA-ICP-MS Pb-U, zircon
LA-ICP-MS Pb-U, zircon
LA-ICP-MS Pb-U on zircon
Sediment, rate, extrapol.
!4C on charcoal

K-Ar on plagioclase
K-Ar on groundmass
K-Ar on plagioclase
K-Ar on bulk rock

K-Ar on bulk rock

K-Ar on bulk rock
“OAr?Ar on sanidine

4OAr/*°Ar on sanidine

Lithostratigraphic unit Age Method
Yali obsidian 24 ka

Yali pumice (No. 33) 31 ka

Upper pumice (No. 31) >44 ka 4c
Upper pumice (? No. 31) 110 £ 40 ka

Upper pumice (? No. 31) 24 ka

Upper pumice (No. 31) 70 £ 35 ka

Nikia Rhyolite (No. 30) 111 + 42 ka

Lower pumice (No. 28) 124 £ 35 ka

Lower pumice (No. 28) 35 ka

Paleosol (? No. 21) 24.26 £ 0.56

Dacite Afionas (No. 18) 37 £ 24 ka

Dacite Afionas (No. 18) 39 + 26 ka

Rhyolite Argos (No. 17) 66.6 + 2 ka
Rhyolite Argos (? No. 17) 200 % 50

Andesite (? No. 24) 100 £ 100

Andesite (? No. 1) 800 + 700

Kos Plateau Tuff (KPT) 161 £ 1 ka

Kos Plateau Tuff (KPT) 166 + 2 ka

Kos Plateau Tuff (KPT) 160 £ 2 ka

SHRIMP, LA-ICP-MS, ID-TIMS

Reference

Wagner et al. (1976)
Federmann and Carey (1980)
Limburg & Varekamp (1991)
Barberi et al. (1988)

Vinci (1985)

Guillong et al. (2014)
Guillong et al. (2014)
Guillong et al. (2014)
Hardimann (1999)

Rehren (1988)

Rehren (1988)

Rehren (1988)

Keller et al. (1990)

Di Paola (1974)

Matsuda et al. (1999)
Matsuda et al. (1999)

Smith et al. (1996)
Bachmann et al. (2010)
Guillong et al. (2014)

Some of the major reasons for the lack of
accurate geochronological data are as follows:

e The rarity of sanidine and biotite in the
evolved rocks of Nisyros volcano do not
permit high-precision Ar/Ar analyses. Low-K
Amphibole and plagioclase crystals do not
provide reliable ages for such young systems,
and glass (where most of the potassium is) is
typically unreliable (hydration, alteration).

e !Canalysis in soils, charcoal and paleosols on
Nisyros Island may be contaminated by the
strong CO, degassing all over the volcano (in
the order over 1000 tons/day, see Chap. 5).

Future age determination studies using
LA-ICP-MS U/Pb dating on single zircon crys-
tals may help resolving some of these issues.
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Petrology and Geochemistry of Lavas
and Pyroclastics

Volker Jorg Dietrich and Razvan-Gabriel Popa

Abstract

This chapter offers a comprehensive overview of the main petrologic of
geochemical characteristics of the Nisyros volcanic products, integrating
published data and some new observations. The mineralogy and petrog-
raphy of the magmatic rocks are described, including a brief presentation of
enclaves, xenoliths and xenocrysts. The disequilibrium textures of amphi-
bole are also presented, in light of the thermodynamic changes recorded by
their breakdown structures and reaction rims. The chapter contains a holistic
overview of the whole-rock major and trace element geochemistry of the
rocks, obtained by compiling the available published data. Calc-alkaline and
arc tholeiite trends are inferred, and the silica-gap is observable just before
amphibole fractionation starts. A brief description of the main petrographic
and geochemical features of each lithostratigraphic unit, according to the
map, is offered. The chapter concludes with a discussion on the petrogenetic
evolution of the island, including crustal assimilation, fractional crystalli-
sation, magma mixing and mingling, crystal-retention-liquid-segregation,
the probable depth of the magma chamber and models for generating the
highly silicic magmas characteristic for the younger eruptive events, from
the parental basaltic andesite melts that were erupted in the earlier stages.
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The volcanic products of Nisyros Island: lavas,
domes and pyroclastic deposits, have composi-
tions ranging from basaltic andesite to rhyolite
and belong to the typical calc-alkaline island-arc
magmatic series. In the past 50 years the miner-
alogy, petrography, geochemistry and isotope
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chemistry have been described in numerous
contributions (e.g. Davis 1967; Di Paola 1974;
Vougioukalakis 1984, 1993; Bohla and Keller
1987; Rehren 1988; Wyers and Barton 1989;
Lodise 1987; St. Seymour and Lalonde 1990, St.
Seymour and Vlassopoulos 1989, 1992; Ganseki
1991; Limburg and Varekamp 1991; Francalanci
et al. 1995; Innocenti et al. 1981; Volentik et al.
2002; Vanderkluysen and Volentik 2002; Buet-
tner et al. 2005; Volentik et al. 2005; Vanderk-
luysen et al. 2005; Francalanci et al. 2007; Martin
2008; Zellmer and Turner 2007; Longchamp
et al. 2011; Bachmann et al. 2011; Spandler et al.
2012; Guillong et al. 2013; Zouzias and Seymour
2014). These papers provide an ever-expanding
data set, with which the evolution of the magmas
from their generation in the mantle and until their
eruption at the surface can be deduced.

The following chapter forms an attempt to
compile all available published data (mineralogy,
petrography and bulk-chemistry of major and
trace elements, and isotope geochemistry) to
provide an up-to-date discussion on the mag-
matic evolution of the volcano in space and time.

A summary of the mineralogy and petrographic
characteristics of the units is presented in Table 4.1,
based on the studies of Di Paola (1974), Seymour
and Vlassopoulos (1989, 1992), Limburg and Var-
ekamp (1991), Francalanci et al. (1995), Wyers and
Barton (1989), Vanderkluysen et al. (2005) and own
unpublished data and observations. The volcanic
products are described according to their
litho-stratigraphic succession and regional distribu-
tion as it has been done in the previous geological
and volcano-tectonic (structural) chapters. Although
a large amount of mineralogical observations and
bulk-chemical analyses of volcanic and pyroclastic
rocks have been published, detailed mineralogical
studies are very sparse and partly incomplete.

4.2 Mineralogy and Petrography
of the Magmatic Products

This section of the book is meant to give a
general overview of the petrographic features
recognized in the volcanic products of Nisyros.
A detailed petrographic description is given in

the Electronic Supplementary Material Appendix
of Chap. 4.2 (4.3 ff.).

4.2.1 General Features
A summary of the main mineralogical and pet-
rographic characteristics of the volcanics is given
in Table 4.1. A characteristic feature of both
mafic and felsic rocks is their highly porphyritic
texture, with up to 60 vol.% phenocrysts.

The crystallization sequence, observed in thin
section is:

(1) Basaltic andesites to andesites: Plagio-
clase + clinopyroxene/amphibole + orthopy-
roxene £ olivine — plagioclase + clinopy-
roxene/amphibole + orthopyroxene;

(2) Basaltic andesites to rhyolites: Plagio-
clase + clinopyroxene/amphibole + orthopy-
roxene £ olivine — plagioclase + amphi-
bole + orthopyroxene =+ clinopyroxene, apa-
tite, zircon, sanidine, biotite, and quartz.

(3) Dacites and rhyodacites are volcanic rocks
derived from differentiated magmas, which
underwent magma mixing and mingling
processes to various degrees exhibiting
antecrysts, xenocrysts, quenched magmatic
enclaves and xenoliths. The groundmass
consists of rhyolitic residual glasses.

Plagioclase (plg), up to 5 mm in size, shows
the highest phenocrysts proportion in all units
with up to 70 vol.%, and is mostly zoned
(Figs. 4.1 and 4.3), with frequent resorbed cores
and often exhibits disequilibrium sieve textures
(Fig. 4.2). Its composition ranges from Angg in
the basaltic andesites to An,s_35 in the rhyolites.
Compositions in basaltic andesites and andesites
are: cores Angg_ss, rims: Ang,_3s.

Plagioclase crystals in the dacites, rhyo-
dacites, and in some rhyolites have oscillatory
zoning (ranging from bytownite to oligoclase)
that is sometimes related to disequilibrium tex-
tures. Their counterparts from the mafic enclaves
are generally reversely zoned. Enclave phe-
nocrysts exhibit rounded cores with distinct rims,
normal and superimposed oscillatory zoning;
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Fig. 4.1 Plagioclase with
oscillatory zoning,
plagioclase, olivine, and
clinopyroxene within a
hyalopilitic and fluidal matrix
of plagioclase, clinopyroxene
and glass. XPL (crossed
polarized light) image

Fig. 4.2 Resorbed twinned
plagioclase with sieve
textures represented by glass
inclusions [PPL, XPL].
Locality: rhyolite (unit

No. 17) west of Avlaki Bay

cores Angg_33 and rims Ansgp; (Wyers and
Barton 1989; Seymour and Vlassopoulos 1992;
Braschi et al. 2014; Zouzias and Seymour 2014).
Olivine (ol), slightly zoned, occurs in basaltic
andesites and andesites as phenocrysts (Figs. 4.4
and 4.5) and microphenocrysts reaching 0.07 mm
in size and ranges from Fog, in basaltic andesites to
Fogs in the andesites, partly iddingsitized and rim-
med by orthopyroxene. The core composition ran-
ges from Fog,_g7 whereas the rims are of Fosg_¢.
Clinopyroxene (cpx) is ubiquitous throughout
the series from basaltic andesites to rhyolites,

however in various different compositions from
augite to ferroaugite, partly reversely zoned.
Resorbed pigeonite is also present in some of the
rhyolites, but in subordinate amounts. Cpx are
frequently rounded and resorbed within the
intermediate andesitic, dacitic and rhyodacitic
rocks. In the dacites and rhyodacites it is often
rimmed by dark, fine-grained opaques reaction
assemblages. Reversely zoned pyroxenes are
present in enclave-bearing lavas. The following
ranges of cpx composition have been reported by
Wyers and Barton 1989; St. Seymour and
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Fig. 4.3 Plagioclase and
enstatite in fresh, vesicle-rich
glassy matrix from the upper
pumice (unit No. 32); XPL
image

Fig. 4.4 Cross-twins of
zoned clinopyroxene and
zoned altered plagioclase
phenocrysts embedded in a
hyalopilitic matrix of pillow
lava (unit No. 1); XPL images

Vlassopoulos 1992; Mitropoulos and Tarney

1992; Martin 2008:

e Basaltic andesites cores Mg/(Mg + Fe
0.814-0.690, rims Mg/(Mg + Fe®*) = 0.836—

0.690;

e andesites cores Mg/(Mg + Fe**) = 0.810-
0.702, rims Mg/(Mg + Fe**) = 0.798-0.694;
e dacites and rhyodacites cores Mg/(Mg +
Fe**) = 0.780-0.691 and rims Mg/(Mg +

Fez+) = 0.734-0.676, and reversely zoned
cores Mg/(Mg + Fe**) = 0.719-0.665.

Magnesium-rich orthopyroxene (opx), ensta-
tite occurs in the andesites and evolves to more
iron-rich compositions with grain sizes up to
2 mm in the dacites and rhyolites. The composi-
tional ranges of the reversely zoned orthopyroxene
in the dacites, thyodacites and rhyolites are: cores
Mg/(Mg + Fe**) = 0.674-0.580 and rims Mg/
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Fig. 4.5 Clinopyroxene clots
with interstices filled with
glass in dacite (unit No. 25).
XPL images

(Mg + Fe?*) = 0.640-0.590. Rare occurrences in
basaltic andesites and andesites are resorbed
antecrysts, partly rimmed by clinopyroxene.

Amphibole (amph) occurs in thyodacites, rhy-
olites and dacites as magnesio-hastingsites,
sometimes resorbed and often rimmed by opacitic
reaction coronas and affected by the oxy-
hornblende reaction (thus changing the colors of
the crystals and increasing their pleochroism). In
addition, kaersutite has been found in dacites
(Seymour and Vlassopoulos 1992), pargasite,
ferroan-pargasite, magnesium-hornblende and
actinolitic-hornblende in gabbro-cumulates and in
evolved interstitial melts.

Biotite (bio) phenocrysts have only been found
as interstitial phase in some dacites and rhyolites of
units 17, 25, 28, 30 (e.g., Electronic Supplemen-
tary Material Appendix of Figs. 4.36¢ and 4.39c¢).

Sanidine is mostly absent in the evolved
dacites to rhyolites. However, Seymour and
Vlassopoulos (1989) and Vanderkluysen and
Volentik (2002) reported traces as microphe-
nocrysts in dacites, rhyodacites and rhyolites.
The rarity of sanidine explains the lack of proper
absolute age determinations. Microprobe analy-
ses have shown that potassium is concentrated in
the microcrystalline matrix and glass.

Quartz is rare and occurs sporadically as
anhedral and partly resorbed crystals in rhyo-
dacites and rhyolites.

Fe-Ti Oxides are rare in basaltic andesites and
occur mainly as microphenocrysts. They also occur
sporadically in andesites as inclusions in plagio-
clase, clinopyroxene and olivine. Titanomagnetite
(mgt) varies in composition; Al,O3 varies from 1.5
t0 2.5 wt%, MgO from 0.97 to 1.94 wt%. Ilmenite
shows small compositional variations and occurs in
dacites, rhyodacites and rhyolites.

Accessory minerals are: Apatite, zircon and
various sulfides. Apatite occurs as inclusions in
clinopyroxene and in plagioclase. In the evolved
lavas it is found as microphenocrysts and within
gabbroic clots. Zircon is very rare and occurs in
the evolved lavas either within Fe-Ti oxides or
as microphenocrysts.

4.2.2 Crystal Clots (Glomerocrysts
Syn.)

Crystal-clot minerals (Stewart 1975; Boettcher
1977; Garcia and Jacobson 1979; Girard and Stix
2009; Ellis et al. 2014), synonym to glomerocrysts
as polycrystal aggregates occur in many basaltic
andesites, andesite, dacite, rhyodacite and rhy-
olitic lavas of Nisyros and represent primary
igneous phase assemblages. According to the
theory of (Williams et al. 1954) crystal clots are
random accumulations of phenocrysts that may
have formed during flowage of a crystal-rich
magma. However, they could also originate from
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the cumulate layer in a magma reservoir. In the
Nisyros lavas, the mineralogy of the crystal clots
usually resembles that of the phenocryst phases.
For each eruptive unit they display diverse modal
proportions. Basaltic andesites and andesites
contain clots of ol+plag+mg (Fig. 4.6), cpx+mgt,
opx+mgt, cpx+opx+plag+mgt, cpx+plag+mgt,
opx+plag+mgt, and plag+mgt (Fig. 4.7), whereas
dacites, rhyodacites, and rhyolites show clots of
opx+mgt, cpx+opx+plag+mgt, opx+plag+mgt,
and amph+plag+mgt+-ilmenite, amp+mgt+-ilm,
and plag+mgt. These clots could not have been

Fig. 4.6 Glassy basaltic
andesites lava No. 10 with
sparsely porphyritic and
vitrophyric texture;
plagioclase-olivine-
clinopyroxene clots
embedded in a hyaline to
hyalopilitic glassy matrix.
Locality: middle part of inner
caldera road. XPL image

Fig. 4.7 Andesite lava

No. 5 with highly porphyritic
and glomeroporphyritic
textures;
plagioclase-clinopyroxene
clots embedded in a
hyalopilitic matrix of
subhedral plagioclase and
clinopyroxene
micro-phenocrysts and glass.
Larger clinopyroxene crystals
are rimmed by orthopyroxene.
Olivine is rare. Locality:
lower part of inner caldera
road. XPL image

originated from breakdown reactions of amphi-
bole precursors.

4.2.3 Xenoliths and Enclaves

Properly crystallized and irregular shaped rock
inclusions, which were solid prior to the eruption
of the magmas, are described as xenoliths,
whereas ovoid to irregular shaped inclusions
bearing indicators of cooling processes (quench
phenomena representing rapid cooling and
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crystallization, quenched rims, vesicular,
arborescent, intersertal, hypocrystalline, and
hypohyaline textures with interior acicular an
skeletal mineral shapes) are designated as
enclaves.

Injection of hot basaltic to andesitic melt into
a magma reservoir filled with cooler dacitic to
rhyolitic melt may cause rapid cooling and
quenching leading to rounded and elliptical
shapes of enclaves (Eichelberger 1980; Bacon
1986; Dietrich et al. 1988; Dietrich 1989; Feeley
and Dungan 1996). Therefore, the enclaves can
be regarded as important witnesses with respect
to magmatic mixing and mingling processes.

The xenoliths, which occur in the lavas and
pyroclastics throughout the entire history of
Nisyros Volcano, have been recognized and
described already in certain detail by Di Paola
(1974), Vougioukalakis (1984), Lodise (1987),
Wyers and Barton (1989), Francalanci et al.
(1995), Vanderkluysen et al. (2005), Spandler
et al. (2012). Di Paola (1974) did not differentiate
inclusions into xenoliths and enclaves and
grouped them as “hornblende-rich lavas,
hornblende-rich cumulates and contact meta-
morphic rocks”. Lodise (1987) distinguished
three types of “enclaves” according to their tex-
tures in the “Lower and Upper pumice”, as well
as in the rhyolitic and rhyodacitic lavas:
(1) Granular aggregates of crystals in vesicular

glass; (2) Hornblende-rich enclaves of variable
textures with quenched rims and amphiboles up
to several centimetre forming the interior part;
(3) Irregular shaped enclaves with quenched rims
and interiors less vesicular but variable in texture
from hypocrystalline to porphyritic with granular
plagioclase and acicular amphibole.

Wyers and Barton (1989) added a genetic

distinction for all inclusions designating them
only as xenoliths: (1) Cognate xenoliths on the
basis of mineral paragenesis in both the host lavas
and occurring xenoliths; (2) Amphibole-rich
xenoliths; (3) Accidental xenoliths.
4.2.3.1 Rare Mafic Xenoliths
(Gabbro-Cumulates
and Gabbro-Diorites)
Sub-rounded and rounded mafic xenolithic
inclusions with granular and cumulate textures
(aggregates) containing plagioclase, clinopyrox-
ene, orthopyroxene, minor olivine, hastingsitic
amphibole and titanomagnetite have been
observed in the pyroclastic deposits of the
“Lower and Upper pumice”. These pyroxenitic,
anorthositic, gabbroic and dioritic xenoliths and
blocks vary in sizes on a millimeter to several
decimeter scale. One large example of a gabbro
cumulate is shown in Figs. 4.8a, b and 4.9af,
one example of dioritic xenolith in Figs. 4.10a, b
and 4.11a—c.

Fig. 4.8 a Gabbroic cumulate block (~20 x 30 cm)
found in “lower pumice” (unit No. 28); grey crystals:
plagioclase; dark-green and black crystals: clinopyroxene
and amphibole; yellowish-green crystals: olivine. b Fresh,

broken hand-specimen showing the cumulate and granu-
lar texture with crystals up to a few millimetre in size
(Fig. 4.9a—f). The interstitial microcrystalline and porous
dacitic matrix is partly broken out
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Fig. 49 a and b Gabbroic cumulate with well-
equilibrated adcumulate texture of plagioclase (plg),
clinopyroxene (cpx), olivine (ol), and amphibole (amp)
as rims around clinopyroxene and interstitial microcrys-
talline quenched basaltic matrix. Plagioclase is sieved
with fine melt inclusions. (a PPL plan polarized light and
b XPL cross polarized light). ¢ Intergrowth of magnesio-
hastingsitic amphibole (xMg = 0.79 and small pargasitic
rims with xMg = 0.74); augitic clinopyroxene (xMg =
0.75-0.77) in gabbroic cumulate; (PPL). d Intergrowth of
olivine (xMg = 0.77) with (c¢) clinopyroxene and twinned

plagioclase in gabbroic cumulate (XPL, Angs o9, rimmed
with Angy g7). € Close-up of interstitial microcrystalline
quenched basaltic matrix between plagioclase crystals
consisting of plagioclase microliths and quenched glass of
andesitic to dacitic composition (e PPL). f Backscatter
image of the interstitial matrix with relicts of quenched
glass, intermediate plagioclase (Angs; and Anys_so),
ferroan-pargasite,  magnesio-hornblende,  actinolitic-
hornblende and magnetite-ilmenite. PPL plane polarized
light, XPL crossed polarized light
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Fig. 410 a  Fine-grained  gabbro-dioritic ~ block
(~30 x 40 cm) with weathered surface found in rhy-
olitic pyroclastics (unit No. 28, lower pumice); grey
crystals: plagioclase; dark-green and black crystals:

clinopyroxene and amphibole. b Fresh, broken
hand-specimen showing the granular texture with crystals
up to a few millimeter size

Fig. 4.11 a-c Weakly porphyritic micro-diorite (xeno-
lith from lower pumice No. 28) with intergranular texture
of plagioclase. Plagioclase phenocrysts are zoned with
higher anorthitic cores and sieve texture. The interstices

are occupied by small grains of euhedral green amphibole,
minor clinopyroxene, and opaques. In addition, many
interstices are filled with myrmekite patches (quartz
worms penetrating plagioclase b and ¢). All images XPL
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4.2.3.2 Quenched Mafic Enclaves

The abundance of enclaves increases in time and
space: enclaves are very rare in the early volcanic
cycles. No dacitic magmas have been formed
during this period. During the composite strato-
volcano cycles, dacites (Unit No. 14) were
extruded within the central part of an early
Nisyros volcanic environment and contained up
to 30% andesitic enclaves (Figs. 4.12 and 4.13).
However, they differ from enclaves in the
younger rocks due to the absence of amphibole.
Amphibole-bearing enclaves appears in the
younger dacites in the lavas and pyroclastics of
Afionas and Lies tuff cones (Units No. 18 and
19) and in the rhyolitic lava domes and flows of
Stavros and Avlaki (Unit No 17). Up to 2%
andesitic enclaves carrying minor amounts of
amphibole are included in the voluminous dacitic
lavas of Emborios (Unit No. 25). Lodise (1987)
and Gansecki (1991) described a steady increase
of enclave frequency from the lower pumice
(Unit No. 28) throughout the lava flows of Nikia

Fig. 4.13 Dacite from lava (No. 14), rich in grey and
reddish enclaves that make up to 30 vol. %

Fig. 4.12 Polished block of enclave-rich dacitic lava
(No. 14), which is dominated by reddish, oxidised
enclaves in a black glass-rich matrix, the latter appearing

to be less than 10 vol.%. Under the microscope the
components seem to be only agglutinated and not welded
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Fig. 4.14 Quenched
enclaves of andesitic
composition from the
Drakospilia lava flow (Unit
No. 32) in the southwest of
Nisyros volcano. Photo
Barry’s Ramblings

(unit No. 30) and the upper pumice deposits (unit
No. 31) to the post-caldera rhyodacite domes
(unit No. 32) (Fig. 4.14).

The enclaves found in the post-caldera lavas
are dominated by intergrowths of acicular
amphiboles and plagioclase crystals, have
vesicular textures and can vary on a centimetre to
decimetre scale (Fig. 4.15). They usually show
quenching textures. These lavas also contain
numerous millimetre-sized round and oval
xenolithic  undeformed  inclusions  with
hypocrystalline, intergranular, and intersertal
textures, which do not exhibit quench textures
but resemble small fragments of pre-existing
hypabyssal lavas.

4.2.4 Amphiboles as Phenocrysts
and Resorbed Xenocrysts

Amphiboles are common mafic minerals in the
volcanic rocks of Nisyros Island. They occur in
dacitic, rhyodacitic and rhyolitic lavas and

pyroclastics, but are less frequent in andesites and
only as relics in basaltic andesites. Depending on
the magmatic environment, the amphiboles show
a large variation in mineral chemistry from
magnesio-hastingsite (close to pargasitic transi-
tion) through evolved hastingsite to hornblende
(Table 4.2). Tschermakitic hornblende and kaer-
sutite have been found in dacites and rhyodacites
with relatively high TiO, between 3.2 and 4.2 wt
% and K,O between 0.34 and 0.7 wt% (Wyers and
Barton 1989; Seymour and Vlassopoulos 1992).
The amphiboles in rhyolites display greenish to
light brownish pleochroic colours and euhedral
shapes (Fig. 4.16) and are mainly of
magnesio-hastingsite composition with lower
TiO, values between 2.1 and 2.8 wt%. However,
in most cases the amphiboles are partly resorbed
and also show black, opacitic rims of variable
thickness (Figs. 4.17, 4.18 and 4.19). There is
clear evidence that the amphiboles decomposed to
crystallize clinopyroxene, orthopyroxene, titano-
magnetite and ilmenite and to release water
(Figs. 4.17,4.18 and 4.19; Table 4.3).
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<« Fig. 4.15 a, b Detail of weakly vesicular enclave with
intersertal texture, consisting of plagioclase and red
brown acicular hastingsitic amphibole. Larger euhedral
plagioclase is zoned. Clinopyroxene is subordinate.
Titanomagnetite is accessory. ¢, d Vesicular enclaves
are dominated by up to several millimetre size acicular
brownish-green amphiboles intergrown with plagioclase.
The amphiboles show reaction coronas of light green
orthopyroxene. Clinopyroxene and small euhedral shaped

The euhedral amphiboles within the magmatic
enclaves are magnesio-hastingsites (Figs. 4.5a,
b) with higher Al, Ti, Ni and Na but lower Mn
contents than the amphiboles in the rhyodacites.
They display strong brownish to red brownish
pleochroic colours. They are often normally
zoned with Fe-enrichment towards the rims. The
magnesio-hastingsites, pargasites, and ferroan
pargasites, found in the gabbro cumulate
(Fig. 4.5) have compositional ranges, which are
shown in Table 4.2.

titanomagnetite is accessory. The interstitial groundmass
with hypohyaline texture consists of plagioclase, partly
devitrified glass and numerous small round vesicles. e,
f Small (<0.5 mm) round xenolithic inclusion mainly
consisting of plagioclase and minor amphibole and
orthopyroxene. g, h Very small (<0.25 mm) round
xenolithic inclusion, mainly consisting of two generations
of plagioclase and minor amounts of orthopyroxene and
Fe-Ti oxides

4.2.5 Amphibole Breakdown
Reactions Rims

Amphibole reaction rims are common phenom-
ena in andesites, dacites and rhyolites of arc
magmas and display a broad range of textures
and mineralogy. A first classification was given
by Garcia and Jacobson (1979), later by
Rutherford and Hill (1993); a comprehensive
review combining experimental studies by De
Angelis et al. (2015). In the South Aegean

Table 4.2 Amphibole compositions in the gabbro-cumulate xenolith found in the “lower pumice” (Unit No. 28) of

Nisyros Volcano

wt% Magnesio-hastingsite Pargasite
Si0, 42.0-42.4 41.9-42.2
TiO, 32-35 3.1-35
Al,O3 12.5-12.7 12.5-12.8
Cr,03 0.05-0.10 0.05-0.12
Fe,03 2.7-3.1 0.1-0.4
FeO 6.9-7.3 9.2-9.5
MnO 0.07-0.15 0.09-0.13
NiO 0.0-0.01 0.01-0.05
MgO 15.0-15.2 15.1-15.3
CaO 11.5-11.7 11.6-11.7
Na,0 2.54-2.70 2.54-2.65
K,0 0.31-0.33 0.31-0.33
H,O 2.06-2.07 2.06-2.07

Ferroan Magnesio Actinolitic
pargasite hornblende hornblende
41.6 45.7-48.5 519

2.35 1.9-2.41 1.51

12.3 6.5-7.1 12.53
0.02 <0.01 <0.01

0.75 n.d. n.d.

13.18 10.4-12.3 9.6

0.24 0.27-0.34 0.3

0.01 0.0-0.2 0.02

13.7 12.7-13.15 8.54

9.85 17.5-17.65 10.49
2.62 0.56-1.05 3.56

0.38 0.01-0.03 0.53

2.01 2.04-2.09 2.14

Ad-cumulate amphiboles are of magnesio-hastingsite, pargasite and ferroan pargasite composition, whereas
magnesio-hornblende and actinolitic-hornblende are found in the interstices. The amphibole compositions, using the
nomenclature of Leake (1978) and Leake et al. (1997), were normalised by assuming (i) fixed Fe3+/(Fe3+ + Fez+) ratio
of 0.2 and 23 oxygens, and (ii) cations—Ca-Na-K = 13, as well as the program of Spear and Kimball (1984)
estimating Fe** based on stoichiometric constraints of the total amphibole crystal chemistry
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Fig. 4.16 Euhedral shaped hastingsitic amphibole with
thin opacitic black rims, sodic plagioclase and clinopy-
roxene in the glassy part of the Nikia rhyolitic lava

(a)

Fig. 417 a The black-rimmed phenocryst type of
amphiboles with euhedral to anhedral and rounded shapes
and very fine black and dusty aggregate rims of iron
oxides (e.g. ilmenite) and small pyroxene crystals. b The
black rim growth proceeds inward from the crystal
margin. ¢, d show the “gabbroic type” reaction, which

plagioclase

(No. 30); opaque crystals are Ti-magnetite and ilmenite;
vesicles (ves) are partly filled with fluid inclusions; PPL
image

relict amphibole
(b)

(d)
magnetite

is caused by the breakdown reaction of the amphibole and
leads to crystal growth of coarser clinopyroxene-
plagioclase-magnetite aggregates. The opacite aggregate
sometimes contains relicts of amphibole, preserving its
original composition. The figure is taken from Dietrich
et al. (1988)
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Fig. 4.18 Typical disintegrated amphibole, plagioclase, ortho- and pyroxene, Fe-Ti oxide assemblage in a glassy,
vesicle-rich rhyolitic lava (Unit No. 30). The amphibole relics have reddish pleochroitic colours, due to oxy-hornblende

reactions; image under PPL

Volcanic Arc amphibole breakdown reaction
rims have been described in detail by Dietrich
et al. (1988) and Gartzos et al. (1999)
(Figs. 4.17a—d). In contrast to crystal clots,
crystal reaction rims form microliths to
equigranular assemblages (syn. corona) of opx
+cpx+Fe-Ti oxide £ plagioclase that occur
around relict amphibole. The amphiboles in the
Nisyros lavas and pyroclastics are in the majority
of cases of hastingsitic composition and show all
steps of breakdown reactions (Figs. 4.3 and 4.4).

According to Garcia and Jacobson (1979) two
distinct types of amphibole reaction products
occur in the evolved lavas and formed as a result
of dehydration:

(1) The majority of amphiboles occur as the
“black-rimmed type”. Some of the amphi-
bole is partly or entirely replaced by a very

Fig. 4.19 a, b Various steps of amphibole breakdown reactions in the rhyolite lava west of Avlaki (Unit No. 17) and »

fine black and dusty aggregate of iron oxides
(e.g. ilmenite) and small pyroxene crystals
(Fig. 4.17a, b as well as in Fig. 4.19a—c, g,
h). In several cases, the reaction coronas
consist of orthopyroxene, clinopyroxene,
plagioclase, and Fe-Ti oxide aggregates
(Fig. 4.19d, e). The assemblage in the reac-
tion rims is identical with the phenocryst
assemblage of the host lava. Besides the rim
reaction, the amphiboles sometimes display
evidence of the oxy-hornblende reaction
(Graham et al. 1984), due to a rise of tem-
perature: the OH bonds are broken and the
crystal turns into reddish-brownish colours
with intense pleochroism (Fig. 4.19a—c). As
heat grades up, other bonds are also broken,
the crystal resorbs and other anhydrous
minerals start to crystallize.

Nikia rhyolite (unit No. 30). a Isolated euhedral magnesio-hastingsite, slightly rounded with very thin black rim
adjacent to anorthitic plagioclase; b, ¢ up to 40 pm thick black rims, formed out of submicroscopic aggregates of Fe-Ti
oxides and orthopyroxene; ¢ amphibole partly pseudomorph as a micro-granular aggregate of pyroxene and plagioclase;
d amphiboles with a well developed corona of orthopyroxene needles; e, f amphibole disintegrated into a granular
aggregate of pyroxene, plagioclase and Fe-Ti oxides within a vesicle-rich glassy matrix (e in dacite flow unit
No. 25 and f in rhyolite flow unit No. 30); g, h small amphibole grains totally transformed into black aggregates of Fe—

Ti oxides and pyroxenes. All images in PPL
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Table 4.3 Representative amphibole compositions in the evolved lavas (Units No. 25, 30 and 32) and their mafic
enclaves of Nisyros volcano

Mineral | Kaersutite | Mg-hasting | Mg-hasting | Mg-hasting | Mg-hasting Tscherm.Ho. | Mg-hasting
wt%

Si0, 37.8 40.31 41.37 4151 41.82 43.01 42.75
TiO, 4.56 2.32 2.12 2.79 2.48 32 2.16

ALo03 14.19 12.99 13.32 12.72 13.06 10.88 12.52
FeO(t) 17.8 15.35 11.3 14.45 13.6 13.62 10

MnO 0.28 0.17 0.13 0 0.19 0.17 0.12

MgO 14.75 15.3 15.51 12.48 12.93 12.87 16.21

CaO 0.05 10.84 10.84 11.05 11.7 11.3 11.38
Na,O 0.56 25 2.56 2.47 2.62 2.11 233

K,O 8.14 0.43 0.36 0.34 0.34 0.52 0.38

Total 98.13 100.21 97.51 97.81 98.74 97.68 97.85

Unit 25 30 30 30 30 32 32

Rock Dacite Rhyolite Mat. enclave | Rhyodacite Maf. enclave

Data from Wyers and Barton (1989) and Seymour and Vlassopoulos (1992)

(2) The rare amphibole type is the so-called
“gabbroic type” (Garcia and Jacobson 1979;
Rutherford and Hill 1993), which has been
observed in the evolved lavas, in the basaltic
andesite and andesites. The amphibole is
partially replaced by a fine-grained granular
aggregate of anhedral ortho- and clinopyrox-
ene, plagioclase and Fe—Ti oxide with mosaic
textures (Figs. 4.17¢c, d and 4.19d—f). In the
fine-grained equigranular gabbroic glomero-
phyres, plagioclase never shows oscillatory
zoning.

Both amphibole reaction products, “black-
rimmed” and the “gabbroic type” occur in the
same lava units. Also minor opacitic relics of
amphibole can be recognised in the cores of
well-shaped pseudomorph aggregates of clinopy-
roxene, plagioclase and oxides. These breakdown
reaction products may lead to continuous crystal
growth of pyroxenes and plagioclase to produce
random types of aggregates (Fig. 4.18) and not
typical glomeroporphyritic clots.

Often, the euhedral shaped, black-rimmed
amphiboles embedded in pumice show no other
stages of resorption and dusty effects.

4.3 Whole-Rock Major and Trace
Element Geochemistry

A collection of 250 analyses from rock samples
with known localities published by Rehren
(1988), Seymour and Vlassopoulos (1992),
Francalanci et al. (1995), Vanderkluysen et al.
(2005), Zellmer and Turner (2007) and Spandler
etal. (2012) has been compiled. Whole rocks were
analysed for major and trace elements mainly by
XRF (i.e. Nb, Zr, Y, Sr, Rb, Pb, Ga, Zn, Cu, Ni,
Cr, V, and Ba), whereas Th, Hf and rare earth
elements by neutron activation and laser ablation
inductively-coupled plasma mass spectrometry
(LA-ICP-MS). The values are given in Electronic
Supplementary Material Appendix A.

An overview of this data is given in Table 4.4,
according to the lithostratigraphic units, rock
types and silica contents (SiO, wt%).

The chemical trend of all Nisyros volcanics is
typical for low to medium potassic calc-alkaline
rocks (Fig. 4.20). According to the TAS dia-
gram, the volcanic products of Nisyros fall in the
basaltic andesites, andesites, dacites, rhyodacites
and rhyolites fields. Since the bulk chemical
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Fig. 4.20 TAS diagram for Nisyros volcanics. The point
distribution of the analyzed rocks has been converted into
approximate overlapping fields. Numbers and colors refer

composition of these rocks covers a wide range,
we describe them in the lithostratigraphic order.

General Geochemical
Characteristics

4.3.1

The general differentiation trends of major and
selected trace elements of Nisyros volcano are
shown in Figs. 4.21, 4.22, 4.23 and 4.24 and
overlap with those reported from all volcanic rock
series in the Aegean volcanic island arc. They are
characterized by an increase of SiO,, K,0O, Na,0,
Rb, Ba, Ce, La, Zr, Nb and a decrease of MgO,
CaO, FeOyy,, Al,O3, Cr and Ni, which fits the
general calc-alkaline trend, marked CA with

to the lithostratigraphic units given in the geological map
and lithostratigraphic profiles: from the oldest (/) to the
youngest (33) eruptive unit

down-bending arrows in Fig. 4.5. Using the
FeO,,/MgO versus SiO, diagram of Miyashiro
(1974), several basaltic andesites and andesites
of the early caldera cycles straddle the arc
tholeiitic to calc-alkaline separation line with no
apparent compositional gap in the differentiation
series (Fig. 4.21). This is also expressed in two
compositional trends for basaltic andesites and
andesites that allow a division into several dif-
ferentiated groups, i.e. a normal calc-alkaline
trend and a tholeiitic trend towards higher TiO,
(Tables 4.5 and 4.6; Fig. 4.21). In a few cases,
the analyses with high Al,O3 contents reveal
peraluminous characteristics (Fig. 4.21), which
might be an effect of high modal abundances of
plagioclase in the samples.

Fig. 4.21 Bulk rock composition of Nisyros volcanics: major oxides plotted against SiO, and MgO. a The FeO,/ »
MgO versus SiO, diagram (Miyashiro 1974) shows an arc tholeiitic affinity (TH) of several basaltic andesites and
andesites of the early caldera cycles, which is also apparent in the TiO,/MgO and TiO,/FeO . ¢, d: the calc-alkaline
trend is marked CA with down-bending arrows in plots (a), (d), (e) and (h). In a few cases, the analyses with high Al,O5
contents (e) reveal peraluminous characteristics. Note the compositional gap in plots (a) and (b) between andesites and
dacites, e.g. already recognized by Wyers and Barton (1989)
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Fig. 4.22 Bulk rock composition of Nisyros volcanics:
selected incompatible (Rb, Sr, Ba and Ce) and compatible
trace elements (e.g. Ni, Cr, Zr, and Y) plotted against

MgO. The calc-alkaline trend is marked with down- and
up bending arrows in plots (a), (f), (g) and (h)
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Fig. 4.23 Chondrite normalized rare earth element
(REE) patterns (MacDonough and Sun 1995) of selected
Nisyros lavas and enclaves (values in Electronic Supple-
mentary Material Appendix)

Table 4.5 Division into groups of chemical compositional
pre-caldera lavas from Units No. 1 and 2

Rock type Basaltic andesites

Unit-sample 1 A-R192 1-B1
wt%

SiO, 522 55.0-56.0
TiO, 0.7 0.7-0.8
ALy0; 16.8 17.0-18.6
Fe,0;(t) 7.1 5.0-6.0
MnO 0.12 0.1

MgO 7.1 4.8-5.5
CaO 11.9 9.5-10.0
Na,O 2.78 3.2-35
kO 0.69 1.07-1.17
p20s 0.12 0.18-0.20
ppm

Nb n.d. 6

Zr 168 97-130
Y n.d. 14

Rb 7 18-22

Sr 460 500-610
Ni 109 32-62

Cr 230 50-140
v 200 140

Ce n.d. 28

Ba 135 250-370
La n.d. 13

Submarine volcanic base

R
1 IlIIIlll

ULRARLLL
11 1aauy

L1 1 1 1 1 1 4 1 1 1 1 1 1 1 & 1 1 1 1 |
Rb Th Nb La Pb S Nd Sm Ti Y Lu
Cs Ba U K Ce Pr P Zr Eu Dy Yb

Fig. 4.24 Bulk chemical composition of Nisyros vol-
canics expressed as “multi-element variation diagram” of
selected major and trace elements, normalized to normal
N-type mid-ocean ridge (MORB) basalt composition (Sun
and MacDonough 1989)

variations of basaltic andesites and andesites of Nisyros

1-B2 1-C
55.0-56.0 54.0-55.4
0.7-0.8 0.93-0.95
17.0-18.0 17.9-18.5
5.4-6.4 6.2-7.5
0.09 0.13
5.0-5.4 3.9-4.4
9.5-9.8 9.5-9.7
3.2-35 3.4-3.8
1.1-1.7 1.22-1.29
0.16-0.18 0.16
5.7-6.3 8-13
98-120 120-150
14 20-23
15-18 27-28
910-1050 500-530
62-72 13-24
65-140 11-24
140-143 167

28 39
250-290 250-284
13 14-15

Sources Rehren (1988), Wyers and Barton (1989), Seymour and Vlassopoulos (1992), Francalanci et al. (1995),
Vanderkluysen et al. (2005), Zellmer and Turner (2007) and Spandler et al. (2012). n.d. not determined
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SiO, contents range between 52 and 75.7 wt%
(Electronic Supplementary Material Appendix
Fig. 4.50), from basaltic andesite to rhyolite with
dacites from 64 to 68 wt% and rhyodacites from
68 to approximately 70 wt%. Only two lavas of
units 16 and 21 showed basaltic composition,
with SiO, of 50 wt% and MgO of 6.3 wt%, and
3.5 wt%, respectively. The most primitive
basaltic andesites have MgO contents of 7.0—
7.7 wt% with SiO, contents that range from 52 to
55 wt% (Table 4.5). The samples that con-
tain >5 wt% MgO are mafic enclaves. Al,O;
spans a range of 15.4 —18.5 wt%; it increases in
the plagioclase rich basaltic andesites and
decreases progressively from the andesites
through dacites and rhyolites. FeO,,; and TiO,
decrease as MgO decreases (e.g., Fig. 4.21c, d),
while K,O and Na,O show the opposite trend
(Fig. 4.21g, h).

The major element data shows a silica gap
from 61.5 to 64.0 wt%, between andesites and
dacites (Fig. 4.21a, b). The discontinuity in MgO
and TiO, trends roughly coincides with the
occurrence of the silica gap. Taking into account
the petrographic observations in dacitic lavas,
such as contamination with xenocrysts and mil-
limetre size andesitic enclaves, the gap might
actually be larger, as postulated by Wyers and
Barton (1989) and Seymour and Vlassopoulos
(1992). Mingling and mixing effects are clearly
reflected by the lower values of FeO,,/MgO for
dacites, rhyodacites and rhyolites (encircled in
Fig. 4.21a), which results from the random
amount of enclaves and xenocrysts.

K5O typically ranges between 1 and 3 wt%,
but reaches as high as 4 wt% in some rhyolitic
samples. It fits and overlaps the potassium array
of all other calc-alkaline suites of the South
Aegean volcanic arc (Mitropoulos et al. 1987;
Pe-Piper and Piper 2002). However, glass
microprobe analyses range from 3 to 4 wt% K,O
in the Argos and Nikia rhyolites (Units Nos.
17 and 30) and in the post-caldera rhyodacites
(unit No. 32), reaching up to 6 wt% in some
samples. The sodium content scatters within the
dacitic compositions, whereas it decreases within
the high-silica rhyolites.

The variations in selected trace element
abundances are shown on the MgO diagrams in
Fig. 4.22. The variation of the incompatible,
large-ion lithophile elements (LILE) Sr, Rb, Ba is
rather large with factors up to 4, whereas the high
field strength elements (HFSE) Zr and Y vary
only by a factor of 2.7.

Ba and Ce (Fig. 4.22c, d) generally increase
with decreasing MgO, Ce displaying significant
scatter in the basaltic andesite compositions
between 6 and 3 wt% MgO. Sr (Electronic Sup-
plementary Material Appendix Fig. 4.52a) sys-
tematically increases with decreasing MgO from
about 200 to over 500 ppm, followed by a bend at
around 2 wt% MgO that marks a trend of
decreasing Sr content in the dacites and rhyolites.
Independently, several basaltic andesites and
enclaves with MgO between 4.2 and 5.6 wt%
contain high Sr values between 900 and
1100 ppm. The highly incompatible element Rb
(Fig. 4.22b) varies by up to a factor of 10 for a
given MgO content, but most of these variations
are confined to the basaltic andesites. Zr varies by
a factor of 3 over the entire compositional range,
with larger variation for differentiated basaltic
andesites (Fig. 4.22¢). Y generally decreases in
the dacites and rhyolites and thus follows the
iron-titanium  enrichment and  subsequent
decrease of the calc-alkaline trend (Fig. 4.21f). It
does not show the arc tholeiitic trend expressed in
the TiO,/MgO variation diagram. Ni and Cr are
positively correlated with MgO (Fig. 4.22g, h),
decreasing from generally 200 ppm for Cr in
basaltic andesites to values <3 ppm. Ni contents
decrease from 100 to <3 ppm.

The low Nb contents, only shown in
Tables 4.5, 4.7, 4.8 and 4.9 are typical for
island-arc subduction related magmas.

Chondrite-normalized rare earth element
(REE) patterns of selected Nisyros lavas and
enclaves (Fig. 4.23) display moderate La/Yb
ratios of 3.5 for basaltic andesites to highly
fractionated ratios La/Yb > 10 for dacites and
rhyolites. Light-rare earth elements (LREE) are
enriched relative to the heavy-rare earth elements
(HREE). Some of the more evolved samples are
also depleted in Dy, Ho, and Er. Generally,
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Table 4.7 Division of five groups from basaltic andesites to andesites on the basis of characteristic major and trace
element contents, which constitute the flows and pyroclastic deposits of Units No. 21 and 22

SiO, TiO, MgO Cr K,0 Rb Sr Nb
A 544 0.78 6.2 170 1.12 27 500 10
B2 55.8 0.72 53 70 1.2 16 1060 6
c 54.8 0.93 4.5 40 1.2 25 480 11
D 58 1.1 33 6 1.7 28 400 14
E 58.8 1.2 2.4 5 1.8 29 450 17

Oxide values are listed in %, elemental values in ppm

almost all REE (i.e. Pr, Nd, Sm, Eu, Tb, Dy, Ho, spoon-shaped depletion occurs in the middle
Er, Yb, Lu) show increasing concentrations from REE (MREE) to heavy REE (HREE) patterns in
the basaltic andesites to the andesites. In contrast, the rhyolites and dacites.

Table 4.8 Compiled bulk chemical compositional variation of dacites in Unit 14* (Zellmer and Turner 2007), Units
18** and 19%* (Rehren 1988; Vanderkluysen et al. 2005) from the Afionas tuff cone, and Unit 25%** from Emborios
flows and dome (Francalanci et al. 1995; Volentik et al. 2005)

Rock type Dacite flow Dacite flow Dacite pyroclastics Dacite flow
Unit No. 14* 18%% Hkk 19%* 25% Hdkk
wt%

SiO, 67 64.0-65.5 65-67 64.5-69.0
TiO, 0.65 0.6-0.5 0.7-0.5 0.64-0.54
ALLO; 15.5 17.3-17.0 17.5-17.0 16.4-15.6
Fe,05(t) 4.2 5.0-4.8 4.5-3.8 4.9-3.6
MgO 1.5 1.5-1.2 1.7-0.7 1.25-1.1
CaO 3.7 4.1-3.8 5.5-2.7 3.5-3.0
Na,O 4.3 4.8-5.5 4.3-55 4.3-54
K,0 2.9 2.5-2.6 1.9-2.8 2.7-3.2
ppm

Nb 15 16 n.d. 17-19

Zr 168 195-240 190-240 235-255
Y 20 22 n.d. 18-24
Rb 83 76 44-78 80-88

Sr 286 385-396 300-490 300-320
Ni 6 <3 <3 4

Cr 14 2-14 <3 8-9

v 90 50-40 n.d. 48-50

Ce n.d. n.d. n.d. 70

Ba 692 645-690 550-744 670-760
La n.d. n.d. n.d. 36

Major- and trace element data are on water free basis

All four different types of dacites show overlapping compositions with very similar characteristics. However, the spread
within the Afionas eruptive cycle seems to be larger than the earlier and later cycles, which is expressed by CaO, K,0,
Rb, Sr and Ba; n.d. not determined
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Table 4.9 Compiled rhyolitic compositional variation of pyroclastics and lavas, which erupted during the “caldera—
and post caldera cycles”, compared to the Stavros Avlaki rhyolite of the “composite stratovolcano cycle”

Volcanic Lower Nikia Upper Prof. Ilias domes, Avlaki dome,
edifice pumice flows pumice flows flows
Unit 28 30 31 32 17

wt%

Si0, 74.5-75.5 69.3-74.8 69.2-72.66 66.3-70.35 70.3-73.2
TiO, 0.34-0.31 0.37-0.32 0.38-0.30 0.43-0.32 0.37-0.28
ALO; 14.6-13.9 15.5-14.5 15.45-14.35 16.5-15.1 14.2-14.9
Fe,05(t) 2.50-2.30 3.1-25 3.0-2.55 3.4-25 2723
MgO 1.05-0.64 0.95-0.45 1.3-0.60 2.0-09 0.95-0.64
CaO 1.75-1.57 2.6-2.0 32-23 43-29 2.54-2.0
Na,O 4743 4.6-4.25 45-4.0 4.8-4.0 4-4.1
K,O 3.54.1 2.9-35 2.9-3.6 2.35-3.15 3.2-3.54
ppm

Rb 89-97 88-100 84-99 71-103 95-111

Sr 180-210 290-200 315-255 495-305 224-280
Ba 690-750 735-810 815-725 600-815 804-859
La 35-41 32-37 37-39 29-31 34

Ce 62-65 55-58 57-60 48-52 53

Zr 265-280 265-280 200-250 150-190 160-180
Nb 14-20 10-19 15-17 12-14 14-21

Y 18-20 22-17 16-18 14-30 17-13

Ni <3-16 <3-2 <3-3 5-9 5

Cr <3-12 2-20 4-17 5-12 10-13

\% 19-18 40-18 31-20 57-32 34-27

Sr 87/86 0.70424 0.704539 0.70456 0.70432 n.d.

Major- and trace element data on water free basis from Francalanci et al. (1995) and Vanderkluysen et al. (2005);

strontium isotope ratios from Francalanci et al. (1995)

The general bulk chemical island-arc type
characteristics of selected lavas and their
enclaves can clearly be recognized using a
“multi-element diagram” (Fig. 4.24) of selected
Nisyros volcanic rocks. A depletion in high field
strength elements (HFSE) relative to REE is
observed. In the highly differentiates rhyolites,
incompatible elements are enriched while com-
patible elements are depleted.

The typical island arc characteristics are
expressed in the enrichment up to ten times in low
field strength elements (LFSE) such as K, Rb, Sr,

Ba, Th, and the light rare earth elements (e.g. Ce)
and to a lesser extent Sr, Hf and Zr. In contrast,
the basalts are depleted in high field strength
elements (HFSE), such as Zr, Nb, Ti, Y, and the
heavy rare earth elements (e.g. Yb). The pattern
of the basaltic andesites, andesites and that of the
enclaves are very similar, which indicates the
close magmatic relationship. Basaltic andesites,
andesites and dacites have a pronounced positive
Pb anomaly and negative Nb, Ce and P anoma-
lies; dacites, rhyodacites and rhyolites show
strong Nb, P and Ti anomalies.
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The compositions of the intermediate and
evolved lavas, such as the dacites and rhyo-
dacites are enriched in Rb, Ba, Th and LREE up
to a hundred times when compared to the
MORB.

Positive correlation of K, Rb and Ba with Th
is evident. This also holds for Nb, Zr, Hf, and the
LREE, whereas the compatible minor and trace
elements Cr (incl. Ni), V, and Sc display a neg-
ative correlation with Th. In this respect, the
Nisyros lavas do not significantly differ from the
younger ‘Main Volcanic Series’ on Santorini
(Nicholls 1971, 1978; Mann 1983; Barton and
Huijsmanns 1986; Mitropoulos et al. 1987;
Huijsmans et al. 1988; Fytikas et al. 1990).

4.3.2 Early Nisyros Shield Volcanic
Cycles

4.3.2.1 Submarine Volcanic Base
Lithostratigraphic Units (LSU) No. I and 2 that
form the pillow lavas and hyaloclastites of the
submarine volcanic base are composed of
basaltic andesites. Four groups A, B1, B2, and C
of varying differentiated chemical compositions
can be recognized based on the available ana-
lyzed data (Table 4.5). It has to be noted that
neither the exact lithostratigraphic position of
these samples is known from the thick pillow
sequence nor their exact position within each
pillow. A smooth differentiation trend in the
major (i.e. TiO, and K,O increasing, MgO
decreasing) and incompatible trace elements (i.e.
Rb and Nb increasing, Cr and Ni decreasing) can
be seen from A to C. The only exception is Sr in
B2 with higher values. Oxide values are listed in
%, elemental values in ppm.

4.3.2.2 Early Shield Volcanic Cycle

Within the “Early Nisyros Shield Volcanic
Cycles” (Units Nos. 3—11) the lavas vary in
composition from basaltic andesite to andesite.
This variation is not correlated with the lithos-
tratigraphic sequence (relative age) (Table 4.4).
Some lavas can be divided into groups
(Tables 4.5A—C and 4.7A-E) according to their
bulk chemistry. Oxide values are listed in %,

elemental values in ppm (Table 4.6). A compre-
hensive description of the bulk chemical char-
acteristics of the individual lithostratigraphic
units is given in the following paragraphs:

Unit No. 3: Basaltic andesite varies within the
range of the pillow lava of the groups B and C of
the submarine volcanic base (Units Nos. 1 and
2), slightly more differentiated; Unit No. 4: Lava
of andesitic composition; Unit No. 5: The 40 m
thick flows vary slightly in andesitic composition
similar to Unit 4; Unit No. 6: There is only one
analysed sample available for the 60 m thick
basaltic andesite pyroclasic succession. It seems
to be more differentiated than the older units,
despite the lower SiO, of 51.7 vol.%.
4.3.2.3 Internal Lake-Stage
and Associated Volcanic
Cycles
Unit No. 8: The 5 m thick lava flow is of highly
porphyritic basaltic andesite composition, similar
to group B1, including a more differentiated level
(Table 4.6). Unit No. 10: The 70 m thick lavas,
wide spread within the caldera walls, are of
rather primitive basaltic andesite composition,
similar to group A (Table 4.5). Some samples
seem to be slightly more differentiated and differ
significantly in high Sr concentrations up to
about 1090 ppm; Unit No. 11: The 35 m thick
pyroclastic flow succession marks the end of the
“Early Volcanic Cycles” and varies from basaltic
andesite to andesitic composition. However,
some levels are similar to group B1, Table 4.5).

4.3.3 Composite Stratovolcano
Cycles

Transition from Shield-

to Stratovolcano

Unit No. 13: The Lavas of the “Early Caldera
Composite Stratovolcano Cycles” are mainly of
andesitic composition, some levels seem to be
slightly less differentiated basaltic andesites.
A significant  difference  between  unit
No. 13 and the older andesitic lavas occurs in
the strontium values; Unit No. 14: For the first
time in the eruptive cycles of Nisyros Volcano a

4.3.3.1
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25 m thick lava flow of dacitic composition
occurs within the uppermost part of today’s
northern caldera wall. The outstanding charac-
teristic is the large amount of andesitic enclaves,
which generally reaches 30% of the total rock
volume and in some cases even up to 70-80%.
The composition of a sample, free of macro-
scopically visible enclaves is shown in
Table 4.8. Unusual are the high Ba values; Unit
No. 15: In the northern eastern parts of the
caldera and outer slopes the dacites are followed
by a 40 m thick andesitic flow, which is
chemically very similar in composition with the
andesitic rocks of unit No. 13.

4.3.3.2 Southern Eruptive Centers (M.
Stavros—Avlaki)

Unit No. 16: The 30 m thick succession of surge
and pyroclastic flows in the southern and south-
western lower caldera wall consists of rather
primitive basaltic composition; Unit No. 17:
60 m of rhyolithic flows and domes cover the
southern segment of the island. They are very
homogeneous and they lack enclaves and lithic
xenoliths (Table 4.9).

4.3.3.3 Eastern Eruptive Centers
(Afionas—Lies)

Unit No. 18: Two large tuff cones are building up
the eastern slopes of the composite stratovolcano.
The base of the southern Afionas cone consists of
a dacite flow, which is rather free of enclaves and
less differentiated than the older dacite of unit
No. 14. Its chemical composition is listed in
Table 4.8); Unit No. 19: Within the lifetime of
the Afionas tuff cone several eruption cycles
occurred, which erupted in alternating sequences
andesitic and dacitic pyroclastics. The andesitic
composition is quite variable, which seems to be
dependent of sample inhomogeneity (Table 4.6).

4.3.3.4 The Composite Stratovolcano

Units Nos. 21 and 22: The bulk chemical com-
positions of these two units (Table 4.6) have to
be grouped together since the small flows and
pyroclastic deposits (strombolian activity), listed
in Table 4.7, are scattered around several small
scoria cones, which are spread all over the island.

According to the existing analyzed samples five
groups can be distinguished. They differ in the
degree of differentiation and in their primary
chemical characteristics, i.e. high values of
strontium and low values of titanium and
niobium.

4.3.3.5 Terminal Cycle and Dome
Collapse

Unit No. 24: This unit is represented by thin lava
flows of basaltic andesite to andesitic composi-
tion, which may have erupted after a time gap,
since they are separated from the older lithos-
tratigraphic units in several localities by epi-
clastic deposits, indicating erosion and tectonic
activity. A series of thin basaltic andesite lava
flows cover the western slopes of the island. The
chemical characteristics of the basaltic andesites
are similar to the previous units No. 21 and 22
and listed in Table 4.7.

Unit No. 25: Since the beginning of the vol-
canic activity of Nisyros, this eruptive cycle
produced the largest volume of dacitic lava flows
and domes, with a max. thickness of 150 m,
containing a few percent of andesitic enclaves
and xenolithic material. The variable chemical
composition is shown in Table 4.8.

4.3.4 Caldera Eruptive Cycles
and Caldera Collapse

4.3.4.1 First Caldera Cycle

Unit No. 28: The Caldera Cycles started with a
succession of rhyolitic pumice fallout, surges and
pyroclastic flows (“lower pumice”) showing a
normal trend of differentiation (Table 4.9). Unit
No. 29: The major components of the blocks and
debris of the heterogeneous breccia (Unit No. 29)
are rhyolitic fragments from the overlying flows
of Unit No. 30.

4.3.4.2 Second Eruptive Cycle

Unit No. 30: This is characterized by the effusion
of the Nikia lava flows and Parletia neck, with a
wide range of rhyolitic compositions listed in
Table 4.8. In the Le Maitre -classification
(Fig. 4.20) diagram, the composition of the
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porphyritic rocks with a high proportion of
phenocrysts and small proportion of xenocrysts
and quenched andesitic enclaves starts in the
dacitic field. The evolved composition relates
mainly to glassy rocks with small proportions of
phenocrysts. The final glassy matrix composition
and the plagioclase-hosted melt inclusions yield
SiO, average values of 77.5 and 75.8 wt%
respectively, at very low values of TiO,, FeOy),
Ca0O, and MgO (Seymour and Vlassopoulos
1989).

The mafic quenched enclaves are listed in
Table 4.10. The spread of their compositions
indicate that they must have derived from dif-
ferent stages of magmatic differentiation due to

variable magmatic processes, such as fractional
crystallization, magma mixing and contamina-
tion (see Sect. 4.4 and Fig. 4.20). The latter seem
to be indicated by the higher calcium and
strontium values.

Unit No. 31: This second large eruptive cycle
(“upper pumice”) started after an unknown time
gap and produced a 30 m thick succession of
pumice fallout, surges and pyroclastic flows, the
“upper pumice”. The variation in composition
(Table 4.8) overlaps with the composition of the
voluminous rhyolitic lavas of unit 30 and might
also reflect certain contamination through small
xenocrysts and xenolithic material, as well as
effects of magma mingling.

Table 4.10 Compiled bulk chemical compositional variation of mafic enclaves in unit No. 30 (Nikia flows) and

No. 32 profitis Ilias domes and flows

rock type Basaltic andesites
Unit 30 Enclaves
wt%

Si0, 55.3-55.54
TiO, 0.86

ALLO3 18.2-18.5
Fe,05(t) 7.4-8.2
MgO 2943
CaO 6.7-8.69
Na,O 3.4-4.1
kO 1.1-1.6
ppm

Nb 8-13

Zr 129-167
Y 21-23

Rb 22-32

Sr 430-750
Ni 8-14

Cr 6-20

v 140-190
Ce 2744

Ba 320-470
La 18-27

Basaltic andesites

32 Enclaves

54-55.6
0.75-0.72
18.8-19.7
5.9-6.2
44-5.0
9.0-9.8
33-34
0.9-1.2

7-8
108-145
16-17
13-20
910-1000
23-28
13-16
140
23-29
269
13-15

Major- and trace element data on water free basis from Francalanci et al. (1995), Vanderkluysen et al. (2005) and

Zellmer and Turner (2007)
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4.3.5 Post-caldera Eruptive Cycle

Unit No. 32: The surficial emplacement of domes
(i.e. Profitis Ilias) in the western part of the cal-
dera and effusion of thick southwestward-directed
lava flows with a max. thickness of 600 m rep-
resents the last volcanic cycle of Nisyros Vol-
cano. The bulk chemical composition (Table 4.8)
varies over a wide range from dacite to rhyolite,
which led to the designation of the name rhyo-
dacite (in the map and in all descriptive parts).
End-member compositions have been analyzed in
plagioclase-hosted melt inclusion and residual
interstitial glass with SiO, average values of 75
and 73 wt% respectively (Seymour and Vlas-
sopoulos 1989). In general the lavas and domes
seem to be less evolved than the glassy rich
rhyolitic flows of unit 30 (Table 4.8). However,
the reason might be simple due to the large
amount of phenocrysts and high proportions of
quenched enclaves, which vary in size from
millimeter to decimeter (see Sect. 4.2).

The amount of enclaves seems to increase in
time from northeast to southwest, the youngest
domes and lavas containing the most (Gansecki
1991). All enclaves (Table 4.9) are basaltic
andesites with a narrow range of chemical com-
position, but distinctly different from all other
prior basaltic andesites (Table 4.6). Unusual are
the higher aluminum and strontium contents at
low titanium and yttrium values.

4.4 Isotopic Evidence of Crustal
Assimilation

and Contamination

A number of bulk-rock and mineral isotope
studies have been performed on Nisyros samples
in order to assess the effects of crustal assimila-
tion, of subduction-related magmatic and fluid
input, as well as of differentiation in magma
reservoirs.

Potential contamination and assimilation could
be achieved at high crustal levels through the
addition of fluids and materials from the altered
Quaternary volcano-sedimentary rocks or Neo-
gene marls. At deeper crustal levels the main

contaminants are the Mesozoic limestones, the
ophiolitic mélange and the metamorphic rocks of
the Alpine basement, encountered in the
geothermal wells in the Nisyros caldera (Geoter-
mica Italiana 1983, 1984; Marini et al. 1993).

Although a large number of non-radiogenic
and radiogenic isotope measurements including
$781/*°Sr, "Nd/'**Nd, '"°Hf/'/'Hf, lead and
uranium isotope series exist (Giilen et al. 1987,
Giilen 1990; Wyers and Barton 1989; Fran-
calanci et al. 1995; Buettner et al. 2005; Zellmer
and Turner 2007; Braschi et al. 2014), stable
isotope data is still missing. On the basis of
87Sr/®%6Sr analysis, Wyers and Barton (1989)
assumed crustal contamination and assimilation,
which could be implied based on the occurrence
of calc-silicate xenoliths and clinopyroxene
xenocrysts in the basaltic andesites of the early
submarine volcanic cycle (Spandler et al. 2012).
It has been suggested that carbonate assimilation
of the Neogene and Mesozoic basement rocks
may release CO,, which could form a free vapor
phase due to the low CO, solubility of basaltic
magmas (Spandler et al. 2012).

The variation of ¥’Sr/*®Sr ranges from
0.703384 in a basaltic andesite of the composite
stratovolcano cycle to 0.705120 in a dacite of the
Afionas-Kyra cycle (Units Nos. 18 and 19);
Table 4.4. Vanderkluysen et al. (2005) inter-
preted this as a result of the differentiation from
basaltic andesite to rhyolite. However, when
taking all available data into consideration, a
correlation between differentiation and ®’Sr/*°Sr
ratios becomes indistinguishable. The low
87Sr/%°Sr ratios are interpreted as mantle-like
values reflecting abundant hydrous fluids in the
source (Buettner et al. 2005), excluding major
contamination and assimilation of crustal com-
ponents (Table 4.4; Fig. 4.25).

Generally, the isotopic variability of the South
Aegean Volcanic Arc rocks changes from east to
west. The lowest ®’Sr/*°Sr isotope ratios are
encountered at Nisyros and Santorini (0.7033 and
0.70328 respectively) and are comparable with
those measured at ocean-ocean subduction zones
(Briqueu et al. 1986). Crommyonia volcano
shows the highest ratio of about 0.713 (Pe 1975).
An overview of the isotopic values measured at
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Fig. 4.25 Nd and Sr isotope
variation for the South
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each volcanic island is given in Electronic Sup-
plementary Material Appendix Fig. 4.55.
Further indicators of crustal assimilation
appear in the range of neodymium isotope ratios
(Buettner et al. 2005). "**Nd/'**Nd ratios of the
pre-caldera rhyolites (Unit No. 30) range
between 0.512622 and 0.512675 (with values
averaging at +0.2 Eyq). Post-caldera (Unit
No. 32) rhyodacites and the products of Yali
Island (No.32) yield I3Nd/'**Nd ratios between
0.512553 and 0.512607 (with Eng values aver-
aging around —1.2). However, the Nisyros Nd
isotope data is less radiogenic than the typical
Eng of normal N-type MORB, averaging +10.
This is in agreement with '"°Hf/'”’Hf ratios.
Whilst pre-caldera units range between 0.282914
and 0.282940 (with Eg; values around +5.4), the
post-caldera volcanics scatter between 0.282794
and 0.282917 (with less radiogenic Ey¢ values of
+2.4) compared to the typical Ey of N-MORB of
+17. Thus, both Nd- and Hf-isotope systematics
clearly indicate assimilation of crustal material,
which is more apparent in the Yali and in the
post-caldera volcanics. In addition, 206pp,204py,

init

207pp/2%Pb and 2**Pb/2%*Pb ratios of Nisyros
and Yali volcanic rocks support mixing of mantle
material with a lower crust equivalent (Buettner
et al. 2005).

Based on U-Th isotopic data (Zellmer and
Turner 2007), the post-caldera rhyodacites
(No. 32) have been interpreted as a remobilized
magma from a young igneous protolith, activated
by an influx of fresh mafic magma. In general, all
rocks show small *®U excess of up to ca. 10%.
Mafic enclaves show higher U/Th ratios than
their evolved host lavas, eliminating the simple
fractionation hypothesis.

4.5 Petrogenetic Evolution

of the Nisyros Volcanic Rocks
4.5.1 Introduction
The magmatic evolution of the Nisyros volcanics
is inferred from mineralogical, petrologic and

geochemical observations. Since the 1970s
numerous petrogenetic models were proposed,
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including various differentiation processes of
mantle-derived, hydrous, calc-alkaline and arc
tholeiitic basaltic magmas to generate evolved
intermediate to silicic magmas. Fractional crys-
tallization involving olivine, clinopyroxene,
calcic-plagioclase, amphibole, biotite and
Ti-magnetite at deep crustal magma reservoirs is
regarded as the major differentiation mechanism
(Bowen 1928). In particular, early crystallization
of amphibole drives the differentiated magmas to
dacitic, rhyodacitic and even to peraluminous
tonalitic compositions (e.g. Cawthorn et al. Caw-
thorn and O’Hara 1976; Hiirlimann et al. 2016).
In the case of Nisyros, the presence of xeno-
liths, reversely-zoned phenocrysts of plagioclase,
clinopyroxene, amphibole and bulk rock trace
element and isotopic characteristics led to the
interpretation of multiple differentiation pro-

cesses besides fractionational crystallization,
such as crustal assimilation (AFC), magma
mixing and mingling, and crystal

retention-crystal-liquid-segregation. The role of
crustal assimilation and contamination through-
out the volcanic cycles has been recognized not
only in the presence of xenocrysts and lithoclasts
of the carbonate-rich basement rocks and their
contact metamorphic equivalents, but also in the
bulk chemical trace element and isotopic varia-
tions (Di Paola 1974; Limburg and Varekamp
1991; Seymour and Vlassopoulos 1992; Fran-
calanci et al. 1995, 2005; Buettner et al. 2005;
Vanderkluysen et al. 2005; Zellmer and Turner
2007; Spandler et al. 2012). Magma mingling
and mixing between basaltic andesites and rhy-
olitic end-members generated dacites and rhyo-
dacites, as suggested on the basis of mineral
chemistry (plagioclase zonations), micro-textures
and incompatible trace element systematics
(Seymour and Vlassopoulos 1989, 1992; Zouzias
and Seymour 2014). Using U-Th and Sr—Nd
isotope systematics, Zellmer and Turner (2007)
suggested remobilization of a young igneous
protolith by injection of hot basaltic magma in
order to produce dacitic melts.

4,5.2 The Depth of Magma
Reservoirs, Amphibole
Stability Fields
and Ascent of Magmas
Through the Crust

Several volcanological and petrologic character-
istics of Nisyros Island allow an interpretation of
the depth and origin of the magmas:

e The formation of a caldera with a diameter of
4 km points to the presence of a magma
reservoir at shallow crustal depth between 3
and 7 km from which the highly differenti-
ated rhyodacitic to rhyolitic magmas erupted.

e The existence of an active hydrothermal
system indicates that cooling magma bodies
at present are responsible for conductive and
convective heat transfer.

e The existence of high-temperature brines has
been proven by two deep geothermal wells,
Nis-1 and Nis-2, reaching a maximum depth
of 1816 m and 1547 m, respectively.

e The presence of Magnesium-rich hastingsitic
amphiboles as xenocryst phases in the lavas
and in the magmatic enclaves in dacites and
rhyodacites indicate emplacement of mafic
magmas from deeper crustal levels into a
shallow crustal reservoir.

e The common presence of breakdown reaction
rims on hastingsitic amphiboles testifies either
heating by recharge with hot mafic melts or
decompression during ascent through the
crust.

e Olivine-rich hornblende-gabbro and pyrox-
enitic cumulates, however rare, point to an
existence of deeper crustal reservoirs.

Mg-rich hastingsitic amphibole and anorthitic
plagioclase are present in various proportions as the
major phenocryst phases in most of the lavas in the
volcanic islands of the South Aegean Volcanic Arc
and therefore play a key role with respect to fractional
crystallisation and mixing processes (Huijsmans et al.
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Fig. 4.26 The behaviour of
water-bearing calc-alkaline
magmas in the crust with
regard to the stability fields of
amphibole. Basalt liquidus
with 5% H,O (Foden and
Green 1992), water-satured
basaltic andesite (Moore and
Carmichael 1998), dacite
water-saturated with 10 wt%
H,O liquidus (Annen et al.
2006)
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1988; Dietrich et al. 1988; Wyers and Barton 1989;
Mitropoulos et al. 1987; Seymour and Vassolopoulos
1992; Mitropoulos and Tarney 1992; Francalanci
et al. 1995; Gartzos et al. 1999).
Magnesio-hastingsites, pargasites, and ferroan
pargasites, which have been found in the Nisyros
gabbroic cumulates (Table 4.2) crystallised from
water-rich melts of basaltic to andesitic compo-
sition. The stability fields of calcic-amphiboles
vary over a wide pressure range of about 1-
20 kbar and over a temperature range of up to
950 °C (Schmidt 1992). According to Ridolfi and
Renzulli (2012), magnesio hornblendes and
tschermakitic pargasites crystallize in equilibrium
with calc-alkaline melts at low P, T conditions of
up to 3kbar and within a range of temperatures
between 800 and 920 °C, whereas magnesio
hastingsites and pargasite are spread over a large
field of pressures up to approx. 20 kbar and
temperatures of 950—1100 °C. These results were
confirmed by Nandedkar et al. (2014). Thus, the
magnesio-hastingsites and pargasites of Nisyros
may have crystallized in deep seated crustal
magma reservoirs while magnesio-hornblendes
and actinolitic hornblendes with Al,O; = 6.5—
7.1 wt% may have crystallised during the ascent

I
1000 1100

Temperature (°C)

T
900

of the rhyodacitic and rhyolitic melts and within
shallow magma reservoirs.

The PT-diagram (Fig. 4.26) should illustrate
the results of experimental research with regards
to the stability field of amphiboles in
water-bearing calc-alkaline magmas ascending
from the upper mantle through the crust (review
articles in Ulmer 2001; Mintener et al. 2001;
Annen et al. 2006; Krawczynski et al. 2012;
Dessimoz et al. 2012; Ridolfi et al. 2010; Ridolfi
and Renzulli 2012; Nandedkar et al. 2014; De
Angelis et al. 2015; Hiirlimann et al. 2016).

The lower green arrow shows the injection of
basaltic magma into lower crust (e.g. 25-30 km
depth) from point A to B. Crossing the basaltic
liquidus (+5 wt% H,0), olivine, clinopyroxene,
titanomagnetite and plagioclase start to crystallize
along the path, forming orthocumulates. At point
B amphibole starts crystallizing instead of
clinopyroxene with adcumulate texture. At point
C dacitic (or rhyolitic) residual melt is extracted by
crystal fractionation from the basaltic melt
remaining at depth or ascending adiabatically.

Between C and D the dacitic melt ascents
through the liquidus field and thus any entrained
crystal may be resorbed. At point D the melt
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passes the liquidus and starts to crystallize but
outside the amphibole stability field.

Path E to F shows a basalt melt injection and fast
cooling into the upper crust that crystallizes olivine,
clinopyroxene, titanomagnetite and plagioclase
until amphibole appears at point F at the expense of
clinopyroxene. During an adiabatic ascent the
extracted differentiated basaltic andesite melt
crystallizes amphibole until it reaches the stability
boundary at point G, at high crustal levels. Here it
leads to the crystallization of gabbroic and dioritic
intrusives or to the extrusion of basaltic andesite
and andesitic melts containing partly resorbed
amphibole phenocrysts or cumulate relicts.

4,5.3 Magmatic Processes

The magmatic processes responsible for the
evolution of Nisyros Volcano have been dis-
cussed by Wyers and Barton (1989) and Fran-
calanci et al. (1995) on the basis of major and
trace element chemical and isotopic composition
of lavas and mineral chemistry.

A multi-stage pragmatic model (Fig. 4.27) has
been chosen to demonstrate in a simple way the
major magmatic processes, which control the
petrogenetic evolution of magmas in crustal
reservoirs. This model is coupled with the
magma emplacement mechanisms at depth and

Fig. 4.27 Multi-stage model
of a layered magma reservoir
in the crust. Two steps of
fractional crystallization,
crustal assimilation, partial
melting of cumulates and
crystal retention are discussed
as major magma
differentiation processes in the
text (modified after Dietrich
et al. 1988)
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its eruption at the surface and consists of two
stages of fractional crystallization.

4.5.3.1 Fractional Crystallization
Stage I: Early fractional crystallization from
primitive hydrous Mg-rich basaltic melts
Primary calc-alkaline and arc tholeiitic
basaltic melts in volcanic island arcs may have
originated by partial melting from a rather
depleted mantle wedge of harzburgitic compo-
sition at approximately 120-130 km depth. Such
a mantle is enriched in water and in the hygro-
magmatophile elements K, Rb, Ba, Sr, Th, U,
and LREE, derived from the breakdown of
subducted high-pressure phases (antigorite, phl-
ogopite etc.), from altered and metamorphosed
oceanic crust (e.g. Davies and Stevenson 1992;
Sisson and Grove 1993a, b; Ulmer and
Trommsdorff 1995; Tatsumi and Eggins 1995;
Ulmer 2001). During ascent through the litho-
sphere and most probably at the mantle-crust
boundary, the primary magmas underwent
high-pressure fractional crystallization of oli-
vine, clinopyroxene, amphibole and Cr-spinel
under an open system and oxygen buffered
conditions (e.g. Osborn 1976; Osborn and
Rawson 1980; review in Annen et al. 2006).
Experimental studies confirm such an assump-
tion (Grove et al. 2002, 2005 and 2005; Nand-
edkar et al. 2014; Hiirlimann et al. 2016).
Therefore, parental olivine basalts, generated
from a primary hydrous basaltic melt, are seen as a
first stage of crystal fractionation (Fig. 4.27). So
far, no olivine basalts have been found on Nisyros
Island. An early stage I fractionation process can
only be inferred to some other cases in the South
Aegean Volcanic Arc, e.g. lavas in the islands of
Santorini, Aegina, and Methana.

Stage II:  Fractional crystallization and
assimilation
Wyers and Barton (1989) showed that

crystal fractionation played a major role in
the differentiation of Nisyros magmas, and
implied that the compositional gap between
basaltic andesites and dacites could not be
explained by a simple isobaric fractionation.
They concluded that the higher abundance of
olivine in the andesites compared to the

basaltic andesites could only be achieved by
polybaric fractionation processes from vari-
able parental magmas.

Francalanci et al. (1995) tried to explain the
“jumps in the degree of evolution present in the
stratigraphic series, accompanied by changes in
the porphyritic index”, in a simplified magma
reservoir not through fractional crystallization,
but through mechanisms of convection, assimi-
lation, crystallization and crystal retention,
combined with resorption and accumulation of
major phenocryst phases (plagioclase and
clinopyroxene).

Taking these possible complex magmatic
differentiation processes under non-equilibrium
conditions into consideration, a compositionally
layered magma reservoir can be envisaged. Dis-
turbances within an inversely layered system,
variable in density, temperature and sensitive to
convection and turnover, can easily be generated
by injection of subsequent hot and less dense
hydrous fresh melt.

Breakdown reactions of amphibole may con-
tribute significantly to the amount of fluids. Assim-
ilation of carbonate rocks bordering magma
reservoirs may also release fluids rich in hygro-
magmatophile elements like strontium and light rare
earth elements (LREE) into the melts. Pelitic rocks
can release aluminum, potassium and rubidium.

The least differentiated lavas of Nisyros Vol-
cano, which can be used as parental melt for the
fractional crystallization model (Fig. 4.27), have
been found in the basaltic andesites from units
No. 10 and No. 16, inner caldera wall at Kato
Lakki and Stavros, respectively (samples AV7B
and AV24B, Table 4.5, Vanderkluysen et al.
2005, in wt%).

Important phases that control fractionation
processes at stage I are olivine, anorthitic pla-
gioclase, clinopyroxene, orthopyroxene, Fe-Ti
oxides and Mg-rich amphiboles, the latter
already occurring as early cumulate phases (e.g.
adcumulates, Sect. 4.2.5). Basaltic andesites,
andesites and evolved dacitic to rhyolitic melts
are differentiation products depending on tem-
perature and pressure conditions, the amount of
fluids (oxygen fugacity) and the proportions of
the fractionating phases.
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4.5.3.2 Generation of Evolved Silicic
Melts from a Parental
Basaltic Andesite Magma

Major oxide modeling should give realistic
solutions to derive dacitic and rhyolitic melts by
fractional crystallization of plagioclase, olivine,
clinopyroxene, Mg-rich amphibole and titano-
magnetite. The fractionation of these minerals, in
particular amphibole drastically changes the
composition of the remaining melt by extracting
Mg, Ti, Fe, Al, Ca and other elements, driving
the remaining melt to a silicic composition. The
most satisfactory model calculation leads to the
generation of a rhyolitic magma (Table 4.11).
The differences between calculated and natural
TiO,, K,0, and Na,O concentrations can be
explained by the lack of Fe-Ti oxide data and the
variation of alkali compositions in the basaltic
andesites and rhyolites, respectively. Of course,
such a model assumes fractionation from a single
parental magma under equilibrium conditions.
The mobilisation of rhyolitic melt can leave large
volumes of amphibole-rich cumulates and gab-
bros behind. The gabbroic and dioritic clots
found in the evolved magmas are witnesses of
such processes

Least-squares mixing calculations (Bryan
et al. 1969) were performed to test the effects of
Mg-rich amphiboles included in the stage II
fractional crystallization. Fractionation from a
parental high-Mg basaltic andesite magma (e.g.
Stavros lavas, Unit No. 16, Table 4.6) of the
minerals found in the grabbro cumulate xenolith
from the Lower pumice deposit (Unit No. 28)
should generate either a residual dacitic or a
rhyolitic melt.

The model calculation shows that approximately
65 wt% hornblende gabbro cumulate should crys-
tallize from a basaltic andesite melt in order to gen-
erate 35 wt% rhyolitic melt, which implies the
existence of large plutonic volumes at depth.

Recent fractional crystallization experiments
by Nandedkar et al. (2014) with temperatures
from a near-liquidus interval at 1117 °C to
near-solidus temperature at 700 °C at a pressure
of 0.7 GPa confirmed the fractionation model
based on petrographic and geochemical evi-
dence. About 40 wt% of ultramafic plutonic
rocks have to crystallize to generate basaltic—
andesitic liquids, and an additional 40 wt% of
amphibole-gabbroic cumulate to produce
granitic melts.

Table 4.11 Cumulative mineral and rock proportions (wt%) obtained by least-squares fractionation modelling

Sample AV24B Amp 15 0111 Cpx 11
Unit 16 28 28 28
SiO, 54.86 43.23 38.09 50.91
TiO, 0.74 3.33 0.06 0.71
ALO; 16.96 12.88 0.02 3.80
FeO(t) 6.50 9.84 20.58 5.76
MgO 6.91 15.57 40.76 15.66
CaO 10.52 11.99 0.14 2273
Na,O 2.89 2.76 0.04 0.26
K,O 0.51 0.34 0.00 0.00
Total 99.89 99.93 99.69 99.83
Modes 32.85 0.44 9.94
Errors 22.88 6.06 6.66
R2 0.735

Pig 12 Ti-mgt Rhyolite BasAnd.C.
28 0 30
45.77 0.49 71.54 54.85
0.05 2.32 0.33 1.02
34.53 2.89 14.70 16.98
0.48 89.26 2.45 6.49
0.05 4.49 0.78 6.92
17.81 0.28 2.45 10.52
1.21 0.00 431 243
0.10 0.00 3.43 1.06
100.00 99.72 100.00
21.09 2.17 36.46
6.57 0.92 3.24

Basaltic andesite (Stavros lava, Unit No. 16, recalculated to water free composition)—(Olivine Fo;;, plagioclase,
clinopyroxene, amphibole, Ti-magnetite) = rhyolite (average Nikia lavas, Unit No. 30). R2 residual squared from the

linear regression
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4.,5.3.3 Magma Mingling and Mixing
Magma mixing is understood as a homogenisa-
tion process involving at least two magmas of
different chemical compositions and rheology
(McBirney 1980). Often it might be the subse-
quent step following magma mingling.

Magma mingling applies in particular to the
Main Caldera and Post Caldera Eruptive Cycles.
Examples of mingling are given in previous
chapters and shown on Fig. 4.13 for the dacitic
lavas No. 14 and on Fig. 4.14 for the rhyodacitic
lavas No. 32.

xenoliths S

dacitic
melt

Magma-
mixing

- wall rock

x|

4
=

Fractional Crystallization Stage |l
ol-cpx-plag-amphibole-mgt cumulates

e sesEsans e S e Rt N
Fractional
Crystallization Stage |

rhyolitic
rhyodacitic
melt

Magma-mingling

andesitic and
basaltic andesite
melts

ol-cpx-plag-sp

water-bearing olivine basalt melt

Multiple Injection of Primitive Melt

J‘_I

Fig. 4.28 Schematic model of magma mixing and
mingling processes within magma reservoirs, independent
of depth (figure modified after Dietrich et al. 1988). The
capital letters denote the following inclusions in dacitic,
rhyodacitic, and rhyolitic melts: A small cumulate crystals
(e.g. Fo-rich olivine and spinel) from an early fraction-
ation stage I; B and C clots of large cumulate xenoliths
from a later fractional crystallization stage II, partially
resorbed and molten; D and E gabbroic and dioritic
xenoliths from the igneous zone of the magma reservoir;

‘ ’ Lower Crustal Extension

F mafic enclaves from the layered zone of basic to
intermediate melts; red rims indicate contact metamorphic
xenolith from the border regions (i.e. roof) of the magma
reservoir. Sedimentary xenoliths consist of limestone,
marbles and skarn (e.g. albite/hedenbergite, pyroxenites,
muscovite-bearing, biotite-bearing mafic assemblages).
Xenoliths of metamorphic rocks, which are abundant in
the pyroclastic unit of the nearby Yali islet, are very rare
in the Nisyros rocks. Black arrows denote the pathways of
the enclaves
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Examples of magma mixing have been rec-
ognized in all lavas from basaltic andesites to
rhyolites throughout the history of Nisyros Vol-
cano (e.g. Seymour and Vlassopoulos 1989,
1992; Francalanci et al. 1995; Zouzias and Sey-
mour 2014). Evidence of magma mixing
involving basic melts consists of mingled
enclaves, crystal clots, minuscule quenched
mafic enclaves, inverse compositional zonation
of plagioclase and disequilibrium textures of
plagioclase and amphiboles (Figs. 4.28, 4.2 and
4.10 respectively). The compositions of the
xenocrysts found in dacites are similar to those of
the phenocrysts from the basaltic andesites and
andesites, whereas the dacite phenocrysts are
more or less similar to those found in the
rhyolites.

The effects of magma mingling and inefficient
magma mixing are also evident in the bulk rock
chemical variation of the rocks, expressed as a
scatter of major and trace elements (Sect. 4.4 and
Figs. 4.20, 4.21, 4.22, 4.23 and 4.24), exceeding
by far the analytical errors.

A significant melting process that can be
regarded as a result of a mixing process may
happen during the injection of fresh hot magma
into a pre-existing magma reservoir. Oberhénsli
et al. (1985, 1989) and Dietrich et al. (1987) have
described the role of mixing induced partial
melting in cumulates from the volcanic islands of
Aegina and Methana, which led to the generation
of hybrid high Ti- and Al andesites. Cumulate
xenoliths with similar textural characteristics
have not yet been found in the Nisyros lavas.
However, basaltic andesites in the pre-caldera
lavas of Nisyros with higher Ti- and Al-contents
may imply such a process (Tables 4.5 and 4.6).
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Abstract

Nisyros volcano’s activity is characterized by high seismic unrest,
hydrothermal explosions, degassing through fumarolic activity and diffuse
degassing structures. Hydrothermal explosions in the caldera floor of
unknown age until recently created a complex set of intersecting crater
structures with evident structural controls. Low-temperature thermal
springs and fumaroles occur along known and inferred fracture systems
and their crossing points, springs preferentially along the coast and
fumaroles within the caldera and its hydrothermal explosion craters. Their
chemical and isotopic signatures reflect phase separation and mixing to
varying degrees with magmatic, hydrothermal, meteoric, and seawater
components. A deep hot hydrothermal brine with seawater and magmatic
influence feeds thermal fluid and gases by vapor separation into a set of
intermediate thermal aquifers, which have been explored by drilling.
A shallow low-temperature aquifer results from steam condensation and
the resulting surface manifestations emit hot steam-gas mixtures at up to
boiling temperature. Widespread diffuse degassing of CO, demonstrates
the permeable nature of the Nisyros hydrothermal system, focusing along
fault systems, releasing 68 t d_' of CO, and 58 MW of thermal energy.
The last magmatic activity of Nisyros, even if of unknown age, is
considered relatively old, based on morphological considerations and on
the absence of historical magmatic eruptions. Nevertheless, there are many

F.M. Schwandner

Institute of Geochemistry and Petrology, Swiss Jet Propulsion Laboratory, M/S 233-300, California
Federal Institute of Technology, ETH Zurich, Institute of Technology, Pasadena, CA 91109, USA
ETH-Zentrum, 8092 Zurich, Switzerland e-mail: florimax @schwandner-web.org

e-mail: volker.dietrich@erdw.ethz.ch

G. Chiodini

Sezione di Bologna, Istituto Nazionale di Geofisica e
Vulcanologia, 40128 Bologna, Italy
e-mail: giovanni.chiodini@ingyv.it

© Springer International Publishing AG 2018 145
V.J. Dietrich and E. Lagios (eds.), Nisyros Volcano, Active Volcanoes of the World,
DOI 10.1007/978-3-319-55460-0_5



146

V.J. Dietrich et al.

geochemical indications supporting the presence of a magmatic source at
depth, which feeds the hydrothermal system. This evidence is mainly
constituted by the isotopic composition of H,O, S, and He discharged by

the Nisyros fumaroles.

5.1 Introduction
Although the last volcanic activity on Nisyros
dates back at least 24,000 years, the geodynamic
activity, expressed by high seismic unrest,
fumarolic activity and hydrothermal explosions
is continuously present.

At present, steam and fumarolic activity occurs in
the hydrothermal craters along faults, as well as from
several minor fractures in the Profitis Ilias dome (PI,
Fig. 5.1). Thermal springs, known since historical
times, partly combined with CO, and H,S emissions
and temperatures up to 60 °C are bound to faults
along the northern, north-eastern and southern
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Fig. 5.1 Sites of surface emissions of the Nisyros hydrothermal system: hydrothermal fault breccia, hydrothermal
explosion craters, fumarolic and steam emissions, thermal springs and geothermal wells Nis-1 and Nis-2
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shores at sea level (Fig. 5.1). The waters are mix-
tures of magmatic, meteoric and marine origin.

5.2 The History of Gas-
and Hydrothermal Explosions
in the Nisyros Caldera
5.2.1 Historical Records
A first short note of the hydrothermal activity of
Nisyros is given by Strabo in the “Liber Insu-
larum Archipelagi” (Geographia, lib. X, chap V;
1st century B.C.). A first detailed information of
the Aegean islands has been published by the
Florentine monk Cristoforo Buondelmonti, who
visited Nisyros between 1414 and 1420. His
description of the Nisyros volcano and

Fig. 5.2 Folio 36r, Nisyros,
half-page, 97 mm by o
121 mm., with five towns
including the harbor at
Mandraki described by
Buondelmonti (Buondelmonti
1420): «In the centre of the
island is a very high mountain
which emits sulphurous
Sflames from the underground
during day and night, as it is
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hydrothermal activity in comparison to the Italian
Aeolian island volcanoes Stromboli and Lipari is
unique for its time (Fig. 5.2).

It appears, that Cristoforo Buondelmonti went
down and up a footpath from Nikia to the Lakki
plain and Stefanos crater (shown in his map as a
lake), passing by the fumaroles of the Kaminakia
craters. The central mountain as shown in his
map, Profitis Ilias, seemed to have emitted strong
fumarolic gases. According to some reports, the
largest hydrothermal explosion that left the
300 m wide Stefanos crater behind, happened
before Buondelmonti’s visit.

Four hundred years later, the German
archaeologist Ludwig Ross visited Nisyros
Island on 9-11 August 1841 and described the
Lakki plain in the caldera and Stefanos crater as
follows (Ross 1843):
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mountain is a hot spring from
where waters descend into a
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Fig. 5.3 Ludwig Ross’s map
(Ross 1843)

«We found the ground quite dry and, with the
exception of a few, similar places, firm under our
feet; on the southern rim of the crater, however,
along a stretch of some 50 paces, the ground was
seething and there were muffled explosions to be
heard, repeated every 20 to 30 seconds.

There was also a strong smell of sulphur, which
the north wind carried over the village of Nikia,
and which we could still perceive early this
morning, on the southern coast of the island, some
one and a half hours walking distance away. After
heavy rainfall and especially when the prevailing
wind is westerly, the fire apparently becomes much
fiercer: A thick steam arises and the explosions
become so loud that one can hear them over an
hour’s walking distance away».

In his sketch map and description, Ross descri-
bed in detail the Stefanos crater, two smaller sulfur
ponds, probably referring to Megalos Polyvotis and
Flegethron, and two sulfur hills in the crater walls
(Kaminakia craters), Fig. 5.3; all areas subjected to
sulfur mining. In addition, he described a spot of
pure hot steam at “Pyria” (Arodaphnes area) com-
ing out of a crack in the southern slopes, which
marks the major SW-NE fault zone.

5.2.2 The Hydrothermal Explosions
1871-1873

The French geologist H. Gorceix, who visited
Nisyros at the end of November 1871, reported a

SR e )

Steinbruch

realistic description of a hydroclastic to
hydrothermal eruption. His subsequent reports of
hydrothermal explosive eruptions are published
in six articles (Gorceix 1873a, b, ¢, 1874a, b, c).
Gorceix (1873a, b, ¢) stated that the islanders had
recognized an increase of fumarolic gases in the
area of Polyvotis since the beginning of 1871.
Strong explosive eruptions started after a violent
earthquake, probably at the end of October or
November. South of Lofos dome, two craters,
Megalos Polyvotis and Flegethron opened up,
covering the island with steam. Mud and rock
fragments were ejected only in the vicinity.

«After series of violent earthquakes the inhabitants

of Nisyros heard detonations compared to thun-

ders; red and yellow flames shooting into the air,

higher than the steams before; the fields at the base

of the caldera were covered in white dust. That

same night, two huge fumaroles (syn. craters)

opened up and since this time have not ceased to
vomit their steamsy.

During 1873 tremors and hydrothermal
activity continued. The French Academy of
Sciences decided to send H. Gorceix again to the
island. On the 3rd of June 1873 the island was
shaken by violent tremors, a large vent appeared,
the Flegethron crater, and opened a 50 m N22°E
trending long fracture, connecting Flegethron
with the existing Polyvotis crater. Then the
eruptions started, throwing up black waters, mud
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Fig. 5.4 The Nisyros hydrothermal field as sketch map by Martelli (1917) shows the situation of 1914 with the

morphologically well-preserved craters and debris outflows

and rocks for 3 h, which left thick patches of
sodium- and magnesium chlorides behind. Rivers
of hot mud discharged from Flegethron and
covered a 150 m wide area to its south over a
distance of 500 m. The steam and hot brine
drenched the trees and left stalagmites of salt as
evaporites on the branches.

From June to September, only small seismic
tremors were recorded, while the craters emitted
H,S-rich amounts of steam and ejecta. On
September 11, a powerful earthquake caused
damages to the houses, the church and to the
monastery Spiliani of Mandraki. A great under-
water fracture opened up, extending from Man-
draki northwards. Gas emissions turned the
seawater milky. Another big fissure opened
approximately 5 km north of Mandraki and cut
across Yali.

On 26th September 1873, new eruptions of
hot brine and mud begun, however less important
than the 1871 eruptions, from both Flegethron
and Polyvotis. Rocks from the Polyvotis explo-
sions covered half the floor of the preexisting
Megalos Polyvotis depression. Steam emissions
from Flegethron continued for a few months,

while Polyvotis from time to time behaved like a
geyser, ejecting columns of hot water and steam
up to a height of 30 m. The Polyvotis and
Flegethron eruptions continued for several days
while the tremors lasted until December 1873.

The most recent explosive hydrothermal activ-
ity happened in 1887 with the formation of the
Mikros Polyvotis crater. A description is given by
the Italian geologist Martelli (1917), see Figs. 5.4
and 5.5. According to Nisyrians working in the
sulfur mines, it was an eruption of mud and altered
rocks with a strong emission of steam and gas.

During April 23, 1933 a major earthquake
south of Kos destroyed 80% of the mountain
village of Emborios, which led to a total exodus
of its inhabitants. No reports about increased
hydrothermal activity in the Lakki plain exist
after this event. During the next 60 years the
hydrothermal system seemed to be dormant at
constant level despite several large earthquakes
on Nisyros Island and vicinity with magnitudes
around 6 on the Richter scale (Aggelidis et al.
1990).

A strong seismic crisis occurred during 1996
to 1998 causing rock falls in the hydrothermal
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Fig. 5.5 The situation of Polyvotis crater in the center of
the large Megalos Polyvotis crater of unknown age as
result of the hydrothermal explosions 1871-1873 (Photo

crater field and damages along the Mandraki
fault (Papadopoulos et al. 1998). According to
historical reports it seems likely that earthquakes
play an important role in triggering hydrothermal
eruptions (Marini et al. 1993), opening fractures,
and thus, permitting the rise of deep hot fluids.
This time, the earthquakes did not cause another
hydrothermal eruption, but an increase of
fumarolic activity and boiling occurred in the
craters  Stefanos, Flegethron and Micros
Polyvotis. In addition, significant changes in the
chemistry of the gases were recognized during
sampling campaigns 1997-2001 compared to
earlier results (Chiodini et al. 1993a, 2002).

5.3 The Hydrothermal System

The existence of a large hydrothermal system
(Figs. 5.1 and 5.6) is documented by the for-
mation of five larger hydrothermal craters within
the central caldera with its steam and fumarolic
activity. The presence of hydrothermal brines at
depth has been proven by the two geothermal
wells Nis-1 and Nis-2, which reached a maxi-
mum depth of 1816 and 1547 m, respectively

Martelli 1917). Most of the ejecta in the explosive halo
have been washed away with debris flows and deposited
outside the crater area

(Geotermica Italiana 1983, 1984; Marini et al.
1993).

Two distinct hydrothermal aquifers may be
present underneath the Nisyros caldera, accord-
ing to fluid geochemistry, the physical-chemical
characteristics of (i) the fumarolic gases and
(ii) the thermal waters at the surface, and the
fluids in the deep geothermal wells. The deep
hydrothermal aquifer is characterized by tem-
peratures >300 °C and high salinity, whereas the
shallow hydrothermal aquifer close to the sur-
face, which is fed by condensates, discharges
steam and gases through fumaroles at 96100 °C
at 1 bar pressure, and thermal energy through
diffuse soil degassing.

5.3.1 The Shallow Discharge Area

of Hydrothermal Fluids

The main evidence of hydrothermal activity at
Nisyros is the presence of recent craters in the
southern Lakki plain, produced by local ‘explo-
sions’ of hydrothermal fluids. The same area is
characterized by large zones of hot and altered
soils, and by fumarolic activity. In order to
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Fig. 5.6 The Nisyros hydrothermal craters taken from
the orthorectified IKONOS image (2001): Mikros Polyvo-
tis (1887), Polyvotis (1871-1873), Flegethron (Alexan-
dros syn.) (1871-1873), Ahilleas (unknown), Megalos
Polyvotis (unknown), Logothetis (unknown), Andreas
(unknown), Stefanos (probably historic), Kaminakia

highlight the areas affected by hydrothermal
alteration, an IKONOS infrared image has been
analysed (Fig. 5.7). After spectral analysis of
CIR (Conventional Infrared false colour com-
posite image) (IKONOS bands RGB-421) cor-
rected for topographical and sun illumination

(unknown) and the localities of the geothermal wells
Nis-1 and Nis-2. Fumarolic vents (yellow points); inferred
faults (red stippled lines). Hydrothermal explosion fault
(NNE-trending main fault system); site: road cut along
unpaved south-caldera road to monastery Stavros at
280 m altitude (south caldera rim)

effects, the 0—65 RGB colour bands have been
extracted. These bands show the surface distri-
bution of hydrothermal alteration, anthropogenic
structures and different illumination azimuths.
After removing the anthropogenic structures, the
0-65 RGB bands map of the Lakki Plain has
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Fig. 5.7 Map of the distribution of hydrothermal alteration in the hydrothermal field of the southern Lakki plain during

2001 (GEOWARN 2003)

been produced from the IKONOS image by
using 50 x 50 m domains with a 20 m moving
window, and the surface covered by 0-25%, 25—
50% and >50% of 0-65 RGB colour. Because
the 0-65 RGB band mainly reflects the distri-
bution of hydrothermal alteration within the
Lakki plain, the coloured areas in the obtained
image (Fig. 5.7) indicate where hydrothermal
alteration occurs.

The more severely altered terrains concentrate
in the central sector, where the debris- and
mudflow deposits of the historical hydrothermal
eruptions occur, and at the Stefanos crater.
However, 0-65 RGB classified terrains, i.e.
hydrothermal alteration, also occur outside the
diffuse degassing structures (DDS) along NE-SW

tectonic structures. Limiting to this procedure is
that the spectral analysis is not able to differen-
tiate areas affected by currently active alteration
processes, from areas where the alteration has
occurred in the past.

5.3.2 Hydrothermal Explosion Faults

The southern tectonic block of the island is
truncated and bordered by the major NNE-SSW
trending fault systems F1 and F2 (Chap. 3). The
eastern fault seems to have also acted in the past
as a hydrothermal explosion fault (Fig. 5.6),
since in parts it is filled with a chaotic auto-
brecciated mass of lithic blocks cemented by a
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Fig. 5.8 Hydrothermal explosion fault with autobreccia-
tion (NNE-trending main fault system); locality: road cut
along unpaved south-caldera road to monastery Stavros at
280 m altitude (south caldera rim). Andesitic (black) and
altered rhyolitic (white) components in andesitic (black)

lithified silicic matrix (Fig. 5.8). Toward the
south and in the coastal section, this fault opens
up to a 50 m wide funnel-shaped zone (Figs. 5.9
and 5.10), filled with altered blocks, pyroclastics,
sulfur and gypsum deposits. At the beach and
underwater, a low temperature thermal spring
and gas emissions occur.

and altered rhyolitic (white) components in a lithified
matrix within the hydrothermal explosion fault zone
within the hydrothermal explosion fault zone. Photo V.
Dietrich

5.3.3 The Hydrothermal Explosion
Craters

Steam and gas explosions of uprising fluids, fed
by the shallow hydrothermal system, formed the
hydrothermal craters (Figs. 5.11, 5.12, 5.13,
5.14, 5.15, 5.16, 5.17, 5.18, 5.19, 5.20, 5.21,

Fig. 5.9 Funnel-shaped, 50 m wide hydrothermal explo-
sion fault within rhyolite lavas (unit No. 17). This major
NNE-trending main fault system, which starts at this cove,
extends toward the southern crater rim and into the eastern
floor of Stefanos crater. The matrix is highly fractionated

and filled with chaotic altered lithic breccia within a sandy
and clayey matrix rich in sulfur and gypsum. At the beach
and underwater low temperature thermal spring and gas
emissions. Site: south coast, 500 m east of Aghia Irini.
Photo V. Dietrich
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Fig. 5.10 Western wall of a funnel-shaped, 50 m wide, hydrothermal explosion fault filled with oxidized, andesitic
blocks within a probably reworked older magmatic explosive conduit. Photo V. Dietrich

Fig. 5.11 Southern part of the caldera floor (Lakki plain at approximate 110 m a.s.l.) with hydrothermal explosion
craters (Stefanos crater in the foreground); Profitis Ilias dacitic domes in background (698 m). Photo V. Dietrich
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Fig. 5.12 Two crescent shaped hydrothermal Kaminakia craters. Red circles indicate the position of the 2000-2002
fumarolic vents. Photo V. Dietrich

Fig. 5.13 The southern
extension of the
Kaminakia-Stefanos
hydrothermal zone with an
isolated fumarolic spot along
the unpaved road from the
Lakki plain (Stefanos crater)
to the monastery of Stavros
and to the circular road
around the islands towards
west. Photo V. Dietrich

Fig. 5.14 Stefanos crater,
the largest hydrothermal
explosion crater. Fumarolic
activity is aligned along a NE
trending fault at the base of
the eastern wall with surface
gas and steam temperatures of
approx. 100 °C. The small
Andreas crater in the
southwest of Stefanos cuts the
Stephanos crater rim. Its
products unconformably
overlie the Stephanos
deposits. Photo V. Dietrich
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e
Fig. 5.15 The 27 m high Stefanos crater walls exhibit altered andesitic fragments, which is covered by a red
the upper part of the stratigraphic succession of the Lakki  silty argillic stratum. Photo V. Dietrich
plain from bottom to top: grey argillic alluvial talus rich in

Fig. 5.16 Flegethron (1873, syn. Alexandros) (lef); the oldest Logothetis crater on the western flank of Lofos dome
(center), and Stefanos crater (right). Photo V. Dietrich
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Fig. 5.17 Lofos crater area along the eastern slopes of the Profitis Ilias rhyodacite domes; Flegethron crater (left),
debris flow delta (center), Lofos rhyodacite dome (right). Picture taken from eastern caldera rim. Photo V. Dietrich

Fig. 5.18 Lofos crater area along the foot of the eastern
slopes of the Profitis Ilias rhyodacite domes; from north
(left) to south (right): Lofos rhyodacite dome, Logothetis
(Log), Ahilleas (Ah), Mikros Polyvotis (MikPol, 1887),

5.22 and 5.23). Hence, they are mainly caused by
steam overpressure and not by a magmatic
eruption. Such explosions can occur if fresh hot
magma is injected from deep crustal magma

Stefanos

Polyvotis (Pol, 1871-1873), Megalos Polyvotis (MegPol,
unknown age), Flegethron crater (Fleg, 1871-1873),
Nis-1 (geothermal well 1983). Picture taken from west.
Photo V. Dietrich

reservoirs into a shallow magma chamber. There,
the magma is able to release gases due to lower
lithostatic pressure and transmit heat to the sur-
rounding hydrothermal system.
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Fig. 5.19 Lofos rhyodacite
dome and Logothetis crater on
its eastern shoulder;
water-filled floor of Mikros
Polyvotis crater (1887) at the
lower left. Photo V. Dietrich

Fig. 5.20 The lower part of
the 180 x 350 m Megalos
Polyvotis crater (MegPol)
seen from south; in the
background Mikros Polyvotis
(MikPol). Strong erosion
during the past 100 years
formed the southern outlet
through the lower part of
older lacustrine sequences
(Fig. 5.15), indicating a rather
long period of quiet
hydrothermal activity. The
1873 eruptive deposit is
covered by diatomaceous
clays and debris. Photo Barry’
Ramblings
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Fig. 5.21 Flegethron (Alexandros, syn.) hydrothermal
explosion crater of 1873. The opening towards south of
the steep and elongated crater may have been caused by
reactivation of the NE-SW fault system (red hatched line)
as indication of the fault plane with a dip towards SE
(Tibaldi et al. 2008) which also caused internal rock falls

Fig. 5.22 The funnel-shaped
and at the floor 30 m wide
Mikros Polyvotis, which
truncates the eastern rim of
the large Megalos Polyvotis.
Photo V. Dietrich

The present-day hydrothermal field in the
southeastern part of the caldera floor, the Lakki
plain in the area of Ramos includes ten
well-preserved hydrothermal explosion craters
(more or less circular and less than 300 m in
diameter). They are aligned along active

during the seismic crisis 1996-1997 and beyond. The
high crest and the altered and highly fractured rhyodacitic
material suggest that its substrate belonged to a former
southern part of the Lofos dome; situation early morning
on a dry summer day in 2002. Photo V. Dietrich

NE-trending faults bordering the Lakki plain and
are concentrated at the foot of the caldera walls
below Nikia and in the western slopes between
Profitis Ilias and Lofos dome. Fumarolic vents and
mud pools within the craters testify to continuous
hydrothermal activity since historical times. In
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Fig. 5.23 Mikros Polyvotis.
Its halo is made up of mud
and altered rocks and
considered to be a product of
the explosive cycle of 1887
(Martelli 1917). The inner
walls below consist of altered
and highly fractured
rhyodacite. Photo V. Dietrich

addition to the morphologically and historically
well-documented craters, traces of older craters occur
in the flats at the southern end of the Lakki plain.

The names of the craters were given by A.
Rallis who started a commercial exploitation of
sulfur in 1879 and built an enrichment plant with
a small harbour at Aghia Irini on the south coast
(Economakis and de Vries 2001).

The sedimentary deposits of all craters (local
debris and lacustrine deposits) indicate that they
resulted from hydrothermal explosions of steam
and gases, accompanied by mud, solidified older
lavas and pyroclastics without fresh magmatic
components. A crude distribution of the surface
hydrothermal alteration is given in Fig. 5.7.

All deposits exhibit similar mineralogical and
chemical characteristics. The clayey to sandy
white to yellowish matrix consists of variable
amounts of clay minerals, such as illite/
kaolinite/montmorillonite  mixtures, gypsum,
sulphur and iron oxide/hydroxide. The lithic
ejecta, mainly lava blocks of variable composi-
tion, size, shape, and alteration generally show
brown-reddish coatings of hydrous iron oxides,
which seem to be a result of leaching (likely Fe,
Mn) from the host rock by sulphuric acid, derived
from the photo-oxidation of hydrogen sulphide
with ambient air. Larger blocks are often frac-
tured and healed with gypsum crystals.

In most cases, the block/matrix ratio is very
low, whereas the amount of blocks does not
exceed 20-30%. The situation of the youngest
ejecta, from Polyvotis and Flegethron craters
(1871-1873) shows that the most of the blocks
have been transported laterally and secondarily
deposited by later debris flows during heavy
rainstorms.

A certain sequential chronology of the explo-
sive craters has been given on the basis of their
morphological preservation and relative stratig-
raphy of the lacustrine deposits (Principe 1989).

5.3.3.1 The Kaminakia Craters
The two crescent shaped hydrothermal craters,
the Kaminakia Craters (Figs. 5.12 and 5.13),
are carved into the base of the southeastern cal-
dera walls with a diameter of about 150 m each
and partly filled with debris from the caldera
cliffs and with explosive ejecta from Stefanos
crater. The craters are breached, partly eroded
and open towards the Lakki plain. The fumarolic
activity in the crater walls is still present and
linked to a NE-trending fracture, which seems to
be offset from the most dominant NE-SW fault
zone passing through the Stefanos crater.

The age of the Kaminakia craters is unknown,
most probably they represent an earlier stage of
the entire hydrothermal explosive system.



5 The Hydrothermal System and Geothermal Activity

161

5.3.3.2 The Stefanos Crater

The elliptical (260 x 350 m) Stefanos Crater,
having a maximum depth of 27 m, is the largest
crater of the hydrothermal field (Figs. 5.14, 5.15
and 5.16) of unknown age, but probably prehis-
toric according to its morphologically well pre-
served shape. Its shape seems to be a result of
two major NE trending active faults marked by
an alignment of fumarolic vents (Fig. 5.24). This
crater marks the northeast extension of an older
completely filled crater close to the foot of the
southern caldera cliffs.

The 27 m high stratigraphic succession of the
Stefanos crater is best exposed in the eastern
cliffs and consists of several diagnostic units
from bottom to top (Fig. 5.15):

1. up to 5 m of dark gray, black and green
highly altered andesitic lava;

. 1-3 m mafic argillic epiclastics, which plunge

down towards the northwest; It terminates
with a sharp reddish erosional contact;

. 0.5-1 m fine laminated light pink argillitic

layers pinching out towards the north;

. 5-8 m whitish layered, fine grained lacustrine

unit, consisting of varved layers alternating
with argillic epiclastics;

. 1-2 m compact white unit, which turns reddish

toward the south with an increased thickness up
to 4 m. This unit has probably been produced
during the explosion of the Kaminakia craters;
this unit is rich in sulfur deposits and leaks
sulfuric waters through irregular fissures and
cracks, in particular from its lower contacts;

. up to 5 m light greenish-layered unit, spotted

with large blocks of several m size. This unit
consists of the deposits from the eruption of
Stefanos itself. The sandy matrix is rich in

Fig. 5.24 Fumarolic vents along NE-SW fractures on the Stefanos crater floor along the foot of the eastern walls with
temperatures close to 100 °C; situation spring 2002. Photo V. Dietrich
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gypsum, while anhydrite veins occur in the
lava blocks;

7. a 1-3 m greenish, white and orange triple unit
of fine-grained argillic to sandy layers which
may have been produced during the explo-
sions of the Polyvotis craters.

5.3.3.3 The Lofos Hydrothermal Area
The Lofos hydrothermal area comprises a com-
plex field of several explosive hydrothermal
craters within the lower southeastern flanks of the
Profitis Ilias rhyodacitic domes, and the crest of
the small Lofos dome, and seems to be aligned
along a series of NE trending faults.

The oldest crater of this area is Logothetis at
the western flank of Lofos dome, since it is partly
filled with ejecta from the 1871-1873 and 1887
explosions from the Flegethron and Polyvotis
craters (Figs. 5.16, 5.17, 5.18 and 5.19).
Towards the south, the Logothetis crater wall is
breached and destroyed.

The small, elliptically shaped Ahilleas crater
(Fig. 5.18) crater marks the northern border of
the Lofos hydrothermal area and is located north
of Megalos Polyvotis. Two other unnamed small
craters just south of Ahilleas also penetrate the
rhyodacitic talus of Profitis Ilias dome and the
altered lava of Lofos dome. Several meters of
Megalos Polyvotis ejecta cover the slopes of the
rhyodacite domes next to Ahilleas crater. How-
ever, no eruptive hydrothermal material was
found inside the Ahilleas crater. Therefore, the
Ahilleas explosive event occurred prior to the
Megalos Polyvotis eruption but probably after
the Polyvotis-Flegethron 1871-1873 eruptions.

The early and strongest hydrothermal explo-
sive cycle of the Lofos area produced the ellip-
tical (180 x 350 m) Megalos Polyvotis crater
(Fig. 5.20). Its 3-5 m thick ejecta are partly
covered by Flegethron products, which origi-
nated from a later event. The Megalos Polyvotis
material consists of altered lava fragments and
rhyodacitic blocks in a clayey to sandy matrix.
The lava blocks are rimmed by brown-reddish
oxide coatings and crosscut by anhydrite veins.

The crater walls reveal a 15-20 m layered
succession of diagenetic whitish to yellowish
lacustrine sediments at the base, which are

overlain by few meters of unconsolidated dark
clayey material. The upper part consists of 8—
10 m chaotic ejecta, made up of altered lava
fragments and rhyodacitic detritus within a
clayey to sandy matrix mixed with sulfur and
gypsum. The western part of the crater floor often
turns into a lake after a rainstorm and consists of
1.5 m thick yellow and purple colored varved
diatomaceous clayey layers (background in the
picture). The eastern part of the crater floor
(foreground in Fig. 5.20) is filled with local
sandy conglomerates and talus.

The large elliptical Flegethron crater
(Figs. 5.21 and 5.28) occupies the southeastern
flank of Lofos dome and morphologically inter-
sects the southern crest of Megalos Polyvotis at a
wall, which consists of altered rhyodacite of the
Lofos dome. Towards the southwest, following
the direction of the major NE-SW fault system, the
crater is collapsed and partly filled with its own
debris. The ejecta are similar to those of Megalos
Polyvotis and consist mainly of rhyodacitic lava
fragments from Lofos dome. The floor of the
southern part is covered with lacustrine sediments.

The Mikros Polyvotis crater with a floor
diameter of 30 m is the youngest hydrothermal
crater of the Lofos area, intersects the eastern rim
of Megalos Polyvotis, and is the result of the
1887 explosion (Figs. 5.22 and 5.23).

5.3.4 Fumarolic Activity 1997-2014

Fumarolic vents are often aligned along NE-SW
fractures (e.g., on the Stefanos crater floor along
the eastern and western foot of the crater walls, and
in the Kaminakia and Flegethron craters, Fig. 5.6)
discharging steam and gases at outlet temperatures
from 96 to 100 °C. Degassing and steaming mud
pools are present in the central parts of Stefanos
and Polyvotis craters. They vary in size, from a few
centimeters to a meter in diameter and are the result
of boiling and steam from the uppermost level of
the upper hydrothermal cell. Their activity is
dependent on seasonal rainfall and humidity
(Figs. 5.24, 5.25, 5.26, 5.27 and 5.28). Main
components of the fumarolic discharges are H,O
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Fig. 5.25 Diffuse fumaroles
with sulfur deposits at the
southeastern floor of Stefanos
crater; situation spring 2002.
Photo © Tobias Schorr,
Nature Discovery Tours

Fig. 5.26 Typical opening
of a fumarole covered by
fresh sulfur (yellow) and
gypsum (white) crystals
(Stefanos crater); width of
picture is 10 cm. Photo V.
Dietrich

Fig. 5.27 Sulfur cascades
from fumaroles at the
southeastern floor of
Kaminakia crater; situation
spring 2002. Photo Barry’
Ramblings
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Fig. 5.28 Flegethron
(Alexandros syn.)
hydrothermal explosion crater
of 1873. Situation early
morning after a rainstorm on a
summer day in 2002. The
fumarolic activity is well
visible by the steam escaping
from its upper rim. Photo V.
Dietrich

Fig. 5.29 The floor of
Stefanos crater with its mud
pools during springtime after
a rainstorm. Photo © Tobias
Schorr, Nature Discovery
Tours

followed by CO, and H,S; N,, H,, CHy, CO, Ar,
and He are minor components (Chiodini et al.
1993a; Dietrich et al. 1998; Brombach et al. 2003).
The lack of acid gases such as SO,, HCI, and HF,
and the relatively high CH,/CO ratios indicate that
fumarolic gases are generated from a boiling
hydrothermal liquid rather than directly from
magma degassing. The boiling muddy waters are

close to the HgSOZ—SO42’ buffer with a pH
between 1.5 and 3 (Fig. 5.30).

Another type of fumaroles is bound to dis-
seminated channels and fissures within the walls
and rims of the craters (Figs. 5.25 and 5.28), as
well as along major fracture zones. The gases
with temperatures of a few degrees below or
close to 100 °C are also rich in H,O, CO,, H,,
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Fig. 5.30 Mud pool at the
floor of Stefanos crater. The
boiling mud has a temperature
close to 100 °C at a pH
between 1.5 and 3. Diameter
of the pool approx. 1 m;
October 2002. Photo V.
Dietrich

Fig. 5.31 Mud pools
encrusted with deposits of
sulfur, iron oxides, gypsum
and salt. Stefanos crater floor
eastern side; during active
period 2000-2002. Photo V.
Dietrich

H,S, and CHy. They seem to originate from the fractures, bubbling acidic mud pools with water
deeper parts of the hydrothermal system. temperatures close to 100 °C and a pH between 1.5

and 3 develop (Figs. 5.29, 5.30, 5.31 and 5.32).

During the summer season, the floors get very dry
5.3.5 Mud Pools and hard, whereas during winter, early spring and

late fall the conditions of the floor can vary from
During the winter and spring seasons, the floors of mud to a lake. At these stages the instability of the
the hydrothermal craters are covered with water ground and possible breakdowns of mud pools will
from seasonal rainstorms, often forming internal become very hazardous and the entrance to the
lakes. In areas of floor weakness and along hidden  floors should be closed to the public.
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Fig. 5.32 Dry mud pools in
Stefanos crater floor partly
covered with sulfur, gypsum,
and other salts; late fall 2000.
Photo V. Dietrich

During the few years following the seismic
crisis of 1996-1998 the fumarolic and boiling
activity seemed to have increased, marked by
large encrustations in the mud pool fields with
sulfur, iron oxides, gypsum and salt (Figs. 5.31
and 5.32).

5.3.6 Geothermal Wells Nis-1
and Nis-2

Geothermal exploration by Geotermica Italiana
started in 1983 and continued in 1984. Two wells
Nis-1 and Nis-2 were drilled in the southern part
of the Lakki plain north of the hydrothermal
explosion craters. All activities had to be stopped
due to overheating and overpressure on drilling
equipment and high steam production in well
Nis-1, as well as to boiling effects and pipe
sealing with salt deposits.

The Nis-1 well crossed carbonate sedimentary
rocks from a depth of 691 m down to 1350 m,
whereas the Nis-2 well did not encounter this
carbonate sequence, which indicates that the
caldera underwent a deeper collapse than the
peripheral area (Fig. 5.33). Both drillings stop-
ped in quartz-dioritic subintrusives and contact
thermometamorphic rocks, the latter being com-
pletely transformed by conductive heat transfer

of cooling magmatic bodies from composite
magma reservoirs at different depth, as well as
from convective fluids from deep reservoirs.

Both wells passed through a shallow and a
deeper permeable zone (Fig. 5.33). The shallow
permeable sequence is thicker in well Nis-1
(400-700 m depth) than in the Nis-2 well (250—
350 m depth). A detailed division into meta-
morphic mineral zones has been suggested by
Ambrosio et al. (2010).

Nis-1 well

0-300 m depth—Aurgillic Zone: Clay minerals
with transitional appearance of chlorite in the
deeper parts (temperature range of 120-150 °C);
300-800 m—Phyllitic—Chlorite Zone: Chlorite
associated with chalcedony, quartz, sericite and
zeolites, as well as with pyrite, anhydrite and
carbonates (temperature range of 150-200 °C).
The abundance of chlorite in the Nis-1 well may
be explained by rock-sea water interaction,
indicating that the peripheral zone of the caldera
has been affected by seawater inflow;

801-1485 m  depth—Hydrothermal  Zone:
Hydrothermal minerals only as vein paragenesis
in carbonates, mainly pyrite and anhydrite (in-
ferred temperature range of 150-200 °C);
1486-1790 m depth—Propylitic Zone: Charac-
terised by abundance of epidote, adularia, albite,
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Fig. 5.33 NW-SE cross-section through Nis-1 and
Nis-2 geothermal wells 1983/84 in the Lakki plain, from
Geothermica Italiana (1984) and Marinelli et al. (1983),
modified after Marini et al. (1993) and Caliro et al. (2005).
Symbols I Talus, alluvial debris and lacustrine filling of
the Lakki plain; 2 Post-caldera dacitic-rhyodacitic domes;

tremolite, arsenopyrite and pyrrhotite with minor
amounts of scapolite, brucite, stilpnomelane,
quartz, arsenopyrite, pyrite, zeolites (wairakite?)
and garnet. The appearance of augite at 1680 m
marks the transition from the propylitic zone to a
contact metamorphic zone. It seems that the
pyroxene composition changes with increasing
depth from augite to Fe-hedenbergite (tempera-
ture range 230-300 °C);

1791-1816 m depth (well bottom)—High K,O
Propylitic Zone: Stable biotite and absence of
epidote and tremolite as the typical assemblage
>300 °C.

Nis-2 well

0-90 m depth—Argillic Zone: Characterized by
kaolinite and montmorillonite;

90-200 m—Argillic—Phyllitic Zone: Appearance
of sericite and chlorite and progressive disap-
pearance of clay minerals (temperatures <120 °
0);

200-730 m  depth—Phyllitic—Zeolitic =~ Zone:
Presence of sericite and less abundant chlorite.
Zeolites are widespread in the upper part of the
zone (above 480 m), while quartz, pyrite, anhy-
drite and carbonates are common throughout the
zone (temperature range of 120-180 °C);

OIS

o [
il

3 Subintrusive quartzdiorite; 4 Andesitic to dacitic tephra
and lavas; 5 Diorite and contact metamorphic rocks related
to composite magma reservoirs; 6 Carbonate rocks and
contact metamorphic marbles; 7 Permeable intervals in
geothermal wells

730-950 m depth—Phyllitic—Propylitic Zone:
Appearance of microcrystalline epidote marks
the transition from the phyllitic to the propylitic
zone. Albite-sericite and more abundant
chlorite-epidote are typical assemblages (tem-
perature range 180-230 °C);

950-1547 m depth (well bottom)—Propylitic
Zone: Well-crystallised epidote, adularia, albite,
quartz, pyrite, chlorite, sericite—muscovite and
minor amounts of anhydrite, stilpnomelane,
wairakite, garnet, tremolite and pyroxene with
temperature range 230-300 °C.

From 1360 to 1530 m the drilled section did not
provide a significant hydrothermal mineral par-
agenesis, probably due to low permeability.

5.3.7 Thermal Springs

In addition to the hydrothermal crater field in the
Lakki plain, other important discharge areas are
present in the hot springs along the coast of the
island with temperatures up to 60 °C (at Avlaki,
Fig. 5.34). In historical times, nine hot springs
are known along the coast of Nisyros (Fig. 5.1).
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thermal spring (3 old thermal bath

Fig. 5.34 Avlaki’s old thermal bath, destroyed by southern winter storms and earthquakes. The thermal spring marks
the steep westward dipping N-S fault. Photo V. Dietrich

Fig. 5.35 Preparation of
sampling of Avlaki spring
water in front of the old bath
house, at sea level. Photo V.
Dietrich

The thermal waters can be grouped into two 22,000 mg/L, representing a binary mixture of
types (Chiodini et al. 1993a; Sect. 5.4.7, deep geothermal water and sea water with a
Table 5.2): minor component of meteoric water (Figs. 5.35,

(A) Waters characterized by a very high 5.36, 5.37, 5.38, 5.39 and 5.40) and (B) waters
chloride content between 18,000 and with a chloride concentration up to 14,000 mg/L,
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Fig. 5.36 The Avlaki
thermal spring at sea level.
The high saline thermal
waters have a recognizable
outflow only at low tide and
have the highest temperature
of surface thermal water on
Nisyros Island, up to 60 °C
(1997-2003); salinity

25.2 g/kg. Photo V. Dietrich

Fig. 5.37 Avlaki thermal
spring at sea level. Note the
evaporation of salt. Photo V.
Dietrich
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Fig. 5.38 Thermal spring at
Lefkos beach half a meter
above high-tide sea level.
High salinity and pH at 6.5
with rather constant
temperatures at 46-52 °C.
Green algae coating; salinity
30.7 g/kg. Photo V. Dietrich

Fig. 5.39 Thermal spring at
sea level 50 m west of Cape
Katsouni (or Faros). The
hydrothermal water has a high
salinity close to seawater with
a pH of 6.8-7.1 and
temperatures between 40 and
45 °C, subject to seasonal
variation. Surrounding
andesitic lavas are coated with
iron oxides, whitish
suspension of salt. Photo V.
Dietrich
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Fig. 5.40 Historical spring
in the cave of Panaghia
Thermiani east of Pali at the
northeastern coast. The input
of thermal waters with
temperatures of approx. 26 °C
has been cut off when the
modern bath house projects
were constructed (1885—
1912). The bath activities
have been documented back
to Roman times. An ancient
inscription found nearby
records the existence of an
earlier Greek “Hippocratic”
bath in the area. Photo V.
Dietrich

produced by mixing of deep geothermal and
meteoric water.

The chemical composition (major, trace ele-
ments, isotopes, ions) and physical characteris-
tics of the thermal waters are listed in the official
GEOWARN reports and in articles by Chiodini
et al. (1993a), Kavouridis et al. (1999), Chiodini
et al. (2002), Brombach 2000, Brombach et al.
(2003) and in Table 5.2. A review of the water
composition and its origin is given in Sect. 5.4.7.

5.3.8 Submarine Gas Emissions

Besides local hot springs, which appear at
intersections of radial faults from the volcano

with regional tectonic faults, bordering the
coasts, disperse emission of gases occur along
the coasts (Fig. 5.1) mainly consisting CO,, H,S,
H, and CH,4. Examples are at Cape Katsouni and
along the northeast coast from Cape Katsouni to
Lies, as seen in Figs. 5.41, 5.42, 5.43 and 5.44.

Diffuse gas emissions also occur along the
northern coast between Mandraki port and Pali,
between Lies and the bay of Pachia Ammos, as well
as between Lefkos cove and Avlaki along the
southern coast. All localities are easily recognizable
due to milky and cloudy waters with higher ambient
temperature, bare yellowish bottoms covered with
sulfur-rich bacteria colonies, and randomly dis-
tributed gas emissions. The typical marine flora and
fauna of the euphotic zone is absent.
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Fig. 5.41 Fracture N160°
parallel to the coast between
Plomos and Louros Karanas
(south of Cape Katsouni). In
many places the bottom is
covered with sulfur and
sulfur-rich bacteria colonies.
Photo V. Dietrich

Fig. 5.42 Gas emissions of
CO,, H,S, H, and CH,4 on the
seafloor at Louros Karanas
(east coast); the rocks are
covered with iron oxides,
algae and sulfur-rich bacteria;
July 29, 2011. Photo V.
Dietrich
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Fig. 5.43 Diffuse gas
emission at shallow sea floor
close to Faros spring (Cape
Katsouni); milky waters with
high salinity and low oxygen
content causing special
bottom seaweed, red algae
and sulfur-rich bacteria; July
3, 2011. Photo V. Dietrich

Fig. 5.44 Gas emissions of
CO,, H,S, H, and CH,4 on the
seafloor at Lies (east coast);
anaerobic environment, the
bottom is covered with
sulfur-rich bacteria; July 29,
2011. Photo V. Dietrich

5.4 Fluid Geochemistry
of the Hydrothermal System

5.4.1 Introduction

Geochemical investigations of the hydrothermal
system of Nisyros volcano started at the beginning
of the seventies (Bencini et al. 1981). In 1973, the

Greek Energy Authority (PPC) and the Greek
Institute of Mining and Exploration (IGME) star-
ted a geothermal project to generate electrical
power. For the purpose of exploration, two deep
wells, Nis-1 and Nis-2 (Fig. 5.45), were drilled
inside the caldera and proved to be productive,
confirming the existence of a high-enthalpy
geothermal reservoir with fluid temperatures
above 300 °C (Geotermica Italiana 1983, 1984).
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Fig. 5.45 Fumarole location map in the hydrothermal
field of Nisyros caldera with hydrothermal explosion
craters and geothermal wells; excerpt from the Geological

Detailed geochemical investigations of the entire
hydrothermal system followed, with the aim of
evaluating the risk of new explosions as a conse-
quence of drilling failure due to overheating and
steam production (Chiodini et al. 1993a; Marini
et al. 1993). A first hydrochemical model of
Nisyros using chemical analyses of fumarolic
gases and thermal waters was developed by
Chiodini et al. 1993a. During the following years,
numerous geochemical investigations related to

Map of Nisyros Island (Dodecanese Archipelago); Diet-
rich (2017), this volume as electronic supplementary
material of Chap. 3

the fluids of the magmatic-hydrothermal system
were undertaken: Minissale et al. 1997; Dietrich
et al. 1998; Kavouridis et al. 1999; Brombach
2000; Brombach et al. 2001; Panichi et al. 2000;
Panichi and La Ruffa 2001; Chiodini et al. 2002;
Marini et al. 2002; Cardellini et al. 2003; Brom-
bach et al. 2003; Fiebig et al. 2004; Shimizu et al.
2005; Caliro et al. 2005; Marini and Fiebig 2005;
Dotsika et al. 2006, 2009; Ambrosio et al. 2010;
Fiebig et al. 2007, 2009, 2013.
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5.4.2 Geochemical Monitoring
of Nisyros Volcano

Active volcanoes pose an ongoing threat to
populations and infrastructure. The assessment
and prediction of their next period of unrest
requires an understanding of subsurface pro-
cesses and of their changes. Unfortunately, the
subsurface characteristics of actively degassing
volcanoes that have strong hydrothermal systems
are hidden from direct observation. Hydrother-
mal activity complicates and often masks the
identification and interpretation of “deep” mag-
matic signals that may indicate a reactivation of a
dormant volcano, possibly followed by an erup-
tion (e.g., Fischer et al. 1996). Fortunately, sur-
face emissions of gas (fumaroles, diffuse
degassing, and vent degassing) and thermal water
(hot springs, seeps and pools) can be assessed
and monitored to permit a better understanding
of subsurface processes, and to gauge the sig-
nificance and criticality of evolving geochemical
signals. Short term monitoring and research
studies have been conducted over the past three
decades on Nisyros (e.g. GEOWARN 2003;
Kinvig et al. 2010), however it has not been
consistently monitored by a continuous real-time
autonomous monitoring network and detailed
surveillance. Following the Nisyros seismic crisis
in 1996 and 1997, significant changes in the
chemical and isotopic composition from Nisyros
fumarolic gases and waters were recognized in
the years 1997-2001.

The interpretation of evolving geochemical
monitoring data must be based on a detailed,
meaningful geochemical model of the subsurface
hydrothermal-magmatic system. To this aim, the
measurement of both intensive variables (chem-
ical and isotopic composition of the fluids cir-
culating in the volcanic system) and extensive
parameters (flux of fluids and energy) is required,
in as best a geometric context as is possible from
spatial measurements, geophysical data, reason-
ing, and geothermometry/geobarometry.

Typical questions regarding the geochemistry
of fluids in active volcanic systems are:

e What is the origin of the fluids discharged by
fumaroles, thermal springs and diffuse
degassing structures?

e What are the temperature-pressure conditions
of the hydrothermal system?

e What is the amount of fluid and thermal
energy discharged by volcanoes through
hydrothermal activity?

These questions not only help to understand
the nature of the hydrothermal system and the
contribution from magmatic degassing, but also
aid in assessing the potential for future eruption
precursors. For example, hydrothermal system
drying-out events often precede magmatic reac-
tivation of an active volcano, and a detailed
geochemical model enables to discern and detect
renewed magmatic gas signatures from benign
signals of hydrothermal cycles.

In the previous sections, the physical features
of the Nisyros hydrothermal system visible at the
surface were described. In the following sections,
the surface measurements of fumaroles, diffuse
gas emissions and thermal springs will be
described. This enables an understanding of the
processes and reservoirs acting at depth, resulting
in a geochemical model with its principal
components.

5.4.3 Gas Emission Point Sources:
Fumaroles and Their Gas
Geochemistry

Nisyros fumaroles are commonly subdivided into
three sets based on their locations on the caldera
floor’s Lakki plain, indicated by acronyms
(Fig. 5.45): (a) the fumaroles of the Stefanos
Stefanos crater (St), (b) the fumaroles of the
Lofos dome area, including the vents discharging
in the craters of Megalos Polyvotis (MegP),
Mikros Polyvotis (MikP) and Flegethron (Fl),
and (c) the fumaroles of the Kaminakia craters
(Ka). All fumaroles discharge at temperatures
close to the boiling point of pure water at 1 bar
pressure (96—100 °C). Fumarolic activity and the
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location of the hydrothermal craters are spatially
related to a prominent system of parallel SW-NE
striking active faults (Marini et al. 1993; Papa-
dopoulos et al. 1998). The faults act as pathways
for gases and vapor, those at the westernmost
NE-SW faults discharging at the Lofos dome area,
and the easternmost NE-SW faults feeding the
Kaminakia fumaroles. Less obvious in the field is
a buried NE-SW fault, which aligns with the
Stefanos fumaroles and has recently been revealed
by a detailed diffuse carbon dioxide (CO,) flux
survey (GEOWARN 2003). Figure 5.45 shows
the location of the fumaroles and associated
structural features.

5.4.4 Origin of Major Gas
Constituents and Inert
Gases

Fumarolic gas emissions on Nisyros are domi-
nated by water vapor (H,0) followed by CO,
and hydrogen sulfide (H,S). Minor components
are nitrogen (N,), hydrogen (H,), methane
(CHy4), carbon monoxide (CO), argon (Ar), and
helium (He). Strongly acidic magmatic compo-
nents like sulfur dioxide (SO,), hydrogen chlo-
ride (HCl), and hydrogen fluoride (HF) are
absent, and the relative contents of CH4, CO and
H, ratios are typical for gaseous emissions from
hydrothermal-geothermal environments (Chio-
dini et al. 1993b). The presence of H,S indicates
that the magmatic gas component has undergone
slow cooling, since the transformation of SO, to
Ho,S is kinetically slow (Symonds et al. 1994).
Gas geochemical studies of Nisyros fumaroles
before 1993 mainly concentrated on establishing
the geochemical model of the hydrothermal-
magmatic system. These studies largely used
subsurface data acquired from two deep
geothermal wells drilled in the early 1980s
(Fig. 5.33). The presence of hydrothermal
reservoirs at depth was confirmed throughout
two geothermal drilling campaigns. Both wells
discharged aqueous solutions of high salinities,
with CI concentrations up 81,500 mg/kg for the
Nis-1 well. Maximum temperatures of 340 and

320 °C were measured at the bottom of Nis-1
and Nis-2 wells, respectively.

Generally, there are multiple sources that can
contribute to overall gas production in subduc-
tion related volcanic environments. These are the
mantel, the overlying crust, the subducted crust
and hydrothermal fluids occurring superimposed
to the magma. Gas concentration and stable
isotope data on the fumarolic discharges can help
to identify to what extent these distinct sources
are involved in gas generation.
5.4.4.1 The Origin of Fumarolic Water
Vapor
The stable isotope compositions of the fumar-
oles, thermal springs and geothermal brines
(Nis-2 well, Dotsika 1992) are shown in the 6D
versus 8'%0 diagram (Fig. 5.46) together with
reference compositions of local seawater, the
local meteoric water field, and the global mete-
oric water line.

Isotopic signatures of the fumarolic gases
revealed the significant involvement of a mag-
matic component in the Nisyros hydrothermal
system. According to Chiodini et al. (2002) and
Brombach et al. (2003), the parent geothermal
liquid (MEGPL), which manifests itself through
boiling effects in the fumaroles of Nisyros, is a
mixture of sea water and an ‘andesitic’ magmatic
water typical of volcanic systems in convergent
plate regimes. The estimated 3D and 5'®0 values
of the MEGPL feeding the Stefanos and Mikros
Polyvotis crater fumaroles are —11 + 5%o and
+4.9 £+ 0.5%0 versus V-SMOW, respectively,
indicating a high fraction of magmatic water
(70%). The vents of the Flegethron, Megalos
Polyvotis, and Kaminakia area receive a smaller
contribution of magmatic gases. Their parent
geothermal liquid has a composition similar to
that of the Nis-2 well. Consistent with this geo-
chemical evidence is the conclusion that they are
situated on the margins of the main upflow zone.
Some of the fumarolic vents of Flegethron and
Kaminakia are heavily affected by mixing with
shallow ground waters and/or condensation,
which is likely due to the relatively small input of
deep fluids.
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Fig. 5.46 Variation of the 3D and 8'%0 values of water
vapor in fumarolic gases, thermal waters, and seawater
from Nisyros. The composition of local groundwater and
arc-type magmatic waters is taken from Kavouridis et al.
(1999) and Giggenbach (1992), respectively. The isotopic
composition of vapors formed through boiling of the
undiluted and groundwater-diluted Nis-2 geothermal

5.4.4.2 The Origin of H,S

The §°*S values of H,S in fumarolic gases vary
between +2.5 and +5.1%0 versus CDT (Cafnion
Diablo troilite standard), while the 5°*S values of
total S in thermal waters range from +16.8 to
+19.7%0 versus CDT and are close to the local
seawater value, +19.8%o versus CDT (Fig. 5.47).

20 g seawater
“
15  thermal springs

3
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5]

5 anhydrite and gyspsum

elemental S .
fumarolic samples
0
0 2000 4000 6000
S (mg/kg H,0)

Fig. 5.47 Variation of 5>*S and elemental sulfur content
for the thermal waters, fumaroles and seawater of Nisyros
Island. The &S composition of elemental sulfur and
sulfate minerals is also shown; figure from GEOWARN
(2003)

liquid (T, =345 °C), with separation temperatures
marked by small circles, is also shown (Giggenbach and
Stewart 1982). Composition of the vapor that separated a
fraction of condensed steam at 100 °C is given for a vapor
separated at 100 °C from the Nis-2 geothermal liquid
(Brombach et al. 2001). V-SMOW standard Vienna Mean
Ocean Water

3*'S values similar to the fumaroles were mea-
sured for the sulfate minerals (+4.8 to +6.7%o vs.
CDT) and elemental sulfur sampled in the Lakki
plane (+1 to +4.3%o0 vs. CDT).

According to Marini et al. (2002), the rela-
tively low values of elemental sulfur, sulfate
minerals and fumaroles is consistent with a
degassing rhyodacitic magma with a 8**S value
of +6.3 &+ 1.5%0 versus CDT. In contrast, the
3%S values of total sulfur in thermal waters
indicate a large involvement of a seawater com-
ponent in these thermal waters. The slightly
lower & **S values of the springs with respect to
seawater agree with the input of &**S-poor
vapour condensates from the hydrothermal cra-
ter area.

5.4.4.3 The Origin of Heliuma

The *He/*He values, expressed as R/Ra (ratio of
He/*He in the sample and of average air), ranges
from atmospheric values (~1) to a more mag-
matic or mantle value of ~6. The data in
Fig. 5.48, compared to the *He/*’Ne ratios,
indicate that the samples are mixtures between an
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Fig. 5.48 R/Ra versus *He/*’Ne diagram for Nisyros
and Kos manifestations. The field occupied by the
samples from other sites of Greece are reported as

air component (e.g. air saturated groundwater)
and a mantle derived (magmatic) component,
characterised by an R/Ra value of —6. This value
is the highest R/Ra measured in gas samples
from the Aegean arc volcanism (Dietrich et al.
1998; GEOWARN 2003; Shimizu et al. 2005).
The figure inset shows a histogram of all Nisyros
R/Ra values, which indicates a bimodal distri-
bution. The lower R/Ra group is dominated by
the thermal springs and emissions from Kami-
nakia, while the higher group indicates the Lofos
and Stefanos fumarolic gases, which have a
higher mantle component. However, in the
timespan 2008-2015 the fumarolic R/Ra values
from Kaminakia did not differ significantly from
the higher values of Stefanos, Mikros Polyvotis
and Flegethron (INGV-database, W. d’Alessan-
dro 2016, personal communication). Therefore,
the lower values of Kaminakia must have been
contaminated with ambient air during sampling.

Figure 5.49 shows a compilation of Nisyros
fumarolic gases in a ternary N,-Ar-He plot,
available from Marini and Fiebig (2005), with an
extensive discussion on the origin of noble gases
Ar and He. The gases show unusually low N,/He
ratios for arc-related volcanic scenarios and more
closely resemble crustal and upper oceanic

reference. ASW air saturated groundwater and seawater;
figure from GEOWARN (2003)

mantle  decompression  derived  volatiles
(N-MORB). On the one hand, Nisyros is con-
sidered to be the most geodynamic part of the
Active Aegean Volcanic Arc and therefore
slab-derived fluids are expected to dominate the
gas chemistry. The unusual N-MORB-like pat-
terns of gases stand in interesting context with
the high heat flow extensional regime of the
Aegean flooded and thinned continental crust,
which likely is underlain by an upwelling mantle
(Kassaras et al. 2005; Komut et al. 2012). The
low N,/He ratios of the gases are consistent with
the hypothesis that organic matter may not be
involved in overall gas production. In this
respect, both the subducted slab and the
hydrothermal system could be largely devoid of
sedimentary organic matter (Brombach et al.
2003). Alternatively, sufficient extensional
decompression causing formation of partial melts
by tectonic decompression could lead to volatiles
significantly enriched in He without much
slab-derived recycled N, (e.g. Gomez-Tuena
et al. 2007; Mattioli et al. 2016).

5.4.4.4 The Origin of CO,
Measurements of 8'>C on fumarolic gases of the
hydrothermal explosion craters  Stefanos,
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Fig. 5.50 Correlation diagram between CO,/°He ratios
and 8'°C values of the fumaroles of the Nisyros
hydrothermal system. According to Sano and Marty
(1995), this plot shows the characteristics of the three
main CO, sources present in subduction zones (mantle,

Megalos Polyvotis, Mikros Polyvotis, Flegethron
and Kaminakia have been carried out since 1991
(Kavouridis et al. 1999; Panichi et al. 2000) with
the goal to evaluate the origin of the discharged
CO,. Several sampling campaigns followed,
especially after the seismic crisis 1995-1998 and
continued up to 2014. The spread of the data
varies from average values of —2.3 £ 0.4 (1 o)

organic sediments, and marine limestones). Mixing curves
characteristic for binary mixtures are shown for compar-
ison. DPB Pee Dee Belemnite Vienna standard; figure
modified after Marini and Fiebig (2005)

%o versus V-PDB before the crisis, to —0.6 = 0.5
(1 o) %o versus V-PDB in September 2000 (not
shown in a diagram). The reason for this varia-
tion, which might be due to analytical proce-
dures, has been discussed extensively by Marini
and Fiebig (2005). The correlation diagram
(Fig. 5.50) therefore shows only the gases col-
lected and analysed by Fiebig et al. (2004), since
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the He isotope ratio and the 813CCO2 values were
both measured on the same samples.

C02/3He ratios and SBCCO2 values imply that
the evolved CO, either derives from a metaso-
matised mantle or is a mixture between two
components; one outgassing from an unaltered
mantle and the other released by thermal break-
down of Mesozoic limestones and Neogene
marls of the deeper underground. In both cases,
ca. 25% of the total CO, may derive from the
mantle, whereas ca. 75% would derive from
marine carbonates.

5.4.5 Hydrothermal Reservoirs
5.4.5.1 Direct Temperature
Measurements

Subsurface information (Nis-1 and Nis-2 wells)
on the distribution of the permeability and the
temperature with depth (Fig. 5.51a, b), and on
the hydrothermal mineral paragenesis indicate
that at least two distinct hydrothermal reservoirs
are present underneath the Lakki plain. The
shallower zone (400—700 m depth in Nis-1 well,
and 300-500 m depth in Nis-2 well) is a
phyllitic-zeolitic hydrothermal mineral paragen-
esis revealing temperatures of 120—180 °C, while
at 1400-1816 m depth in Nis-1 and at 1000—
1500 m depth in Nis-2 well, a high temperature
propylitic hydrothermal mineral assemblage
occurs. Temperatures higher than 290 °C were
measured in the deeper permeable zone of the
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Fig. 5.51 Static P, T profiles of the deep geothermal
wells Nis-1 (a) and Nis-2 (b). The figures show the
location of the two permeable zones encountered during
drilling operation. The black rectangles refer to the P-T

Nis-2 well while temperatures of 330-340 °C
were measured in the deeper productive level of
the Nis-1 well, where brines having 81.5 g/L of
Cl were sampled (Chiodini et al. 1993a).

The deep aquifer, located more than 900 m
below sea level, contains Na—Cl saline brines
(C1 > 50 g/l, Table 5.2). Direct measurements
showed temperatures higher than 320 and 340 °
C at the Nis-2 and Nis-1 wells, respectively
(Fig. 5.51a, b).

5.4.5.2 Geothermometry Based
on Gas-Gas Equilibria

Chiodini and Marini (1998) analyzed emissions
from wells around the globe and concluded that
hydrothermal temperatures at depth are reason-
ably well reflected by the H,O-H,—CO,—CH,4—
CO geoindicator. Application of this geother-
mometer presumes that H,O, H,, CO,, CH and
CO have attained overall equilibrium at depth,
and that it is highly sensitive to CO concentra-
tions. In addition, it can be used to identify the
fraction of steam that has been separated from the
liquid through boiling. To better understand the
boiling conditions of the deep hydrothermal
aquifer, a CO based geothermometric evaluation
within the H,O-H,—CO,—CH4—CO gas system
(Chiodini and Marini 1998), was investigated by
Chiodini et al. (2002)(Fig. 5.52a, b). The results
in Fig. 5.52a indicate an apparent overall equi-
librium temperature between 180 and 320 °C,
focused around 200-260 °C, below those mea-
sured during geothermal well testing (Sigurdsson
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equilibrium condition of the C-O-H gas system of the
steam discharged by the two wells (Geotermica Italiana
1983, 1984); figure from GEOWARN (2003).
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Fig. 5.52 CO geothermometry (Chiodini and Marini
1998) for Nisyros fumarolic gases; figure modified after
Chiodini et al. (2002). a The equilibrium values in a
single saturated vapor phase and in a single saturated
liquid phase are given by the vapor line and liquid line,
respectively. The SSVS curves refer to isenthalpic single-
step vapor separation at different separation temperatures,
from a single liquid phase of initial (equilibrium)

1985, 1986). This could imply that CO equili-
brates at higher levels within intermediate reser-
voirs, either in the vapor phase or after being
dissolved in a shallower aquifer. Carbon
monoxide is known to re-equilibrate readily in
high temperature fumarolic gases (Giggenbach
1987; Chiodini et al. 1993b). In Fig. 5.52a, the
Stefanos and Lofos dome fumaroles follow
somewhat differing trends. Chiodini et al. (2002)

temperature T,,. Filled circles show well samples (Nis-1
and Nis-2). b The same plot, for gas samples from Mikros
Polyvotis crater only. The CO re-equilibration line was
computed by assuming re-equilibration of CO in a single
vapor phase at decreasing temperatures, from 290 to 150 °
C, and constant concentrations of H,O, H,, CO,, and CH,
(Chiodini et al. 2002). The initial temperature of the liquid
phase was taken equal to 300 °C

expected that here CO has re-equilibrated in the
vapor phase upon cooling at nearly constant
concentrations of the other gas species.

Fiebig et al. (2004, 2007, 2013) analyzed the
carbon isotopic composition of CH, contained in
the fumaroles (Fig. 5.53). They observed that the
apparent carbon isotopic temperature of
340 + 20 °C derived from carbon isotope parti-
tioning between CO, and CH, agrees very well
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Fig. 5.53 '3C isotopic composition of CO, and CH, of
Nisyros fumaroles The analytical data show an almost
constant composition with 8%Cepa and 83Ccon of
almost —23%o and of —1%o, respectively, for all the
fumaroles independently of their location (Fig. 5.61).
These values give C isotopic equilibration temperatures
from 320 to 360 °C, close to the highest temperatures
measured in the Nis-1 and Nis-2 geothermal wells; figure
from GEOWARN (2003)

with the highest temperatures measured at the
bottom of the Nis-1 well. In addition, this tem-
perature coincides with the highest temperatures
that were indicated by the H,O-H,—CO,—CH,4—
CO geothermometer and is in agreement with
propene/propane concentration ratios detected in
Nisyros fumaroles. Vesuvius and Ischia represent
other examples where the apparent carbon iso-
topic CH4—CO, temperatures were confirmed by
the H,0-H,—-CO,—~CH,4-CO geoindicator,
although the carbon isotopic composition of
methane varies by up to 15%o0 between these
locations. These findings could imply that the
CH,4—CO, carbon isotope geothermometer can
provide reliable information about hydrothermal
reservoir temperatures at depths.

5.4.5.3 A Dynamically Changing
System in Time

The fumarolic gas composition on Nisyros
underwent large changes in the period 1990-2001,
especially after the 1996-1997 seismic crisis. In
Fig. 5.52b (Chiodini et al. 2002) only data of
Mikros Polyvotis fumaroles are shown. Here, the
authors calculated a single step vapor phase

separation at 290 °C at an initial temperature of
300 °C, allowing the CO content to subsequently
re-equilibrate between 290 and 180 °C. The most
plausible explanation according to Chiodini et al.
(2002) is an increase in the re-equilibration tem-
perature from 210 °C, in 1990-1997, to tempera-
tures as high as 270 °C, after the 1996-1997
seismic crisis (1997-2001). On a mechanistic
level, Chiodini et al. (2002) invoked two alterna-
tive processes that may explain such temporal
trends: (1) A decreasing transit time of gases from
the deep hydrothermal reservoir to their surface
discharge and/or (2) heating up of the upflow
channels or the intermediate reservoirs.

These significant variations of H,O, CO,, H,S,
and CH, are shown in both the H,O-CO,—H,S
ternary plot (Fig. 5.54) and in the H,S/CO, versus
CH4/CO, scatter plot (Fig. 5.55), where two
well-defined convergent trends are depicted: one
trend for the Stephanos (St) fumaroles, and the
other for the three vent areas Megalos Polyvotis,
Mikros Polyvotis and Flegethron
(MegP-MikP-Fl). In September 2001, these two
trends intersect (Fig. 5.55), indicating a common
chemical composition of all the fumaroles. A trend
toward this chemical homogenization was recog-
nizable from 1997 onwards. In particular, in 1990—
1991 fumaroles in both crater groups (St and
MegP-MikP-Fl) had H,S/CO, ratios of 0.2 and
0.13, respectively. Since 1997, a progressive
increase in the H,S/CO, ratios was observed and
values of 0.33 and 0.38 (for St and MegP-MikP-Fl,
respectively) were measured in September 2001.
A simultaneous opposite trend was traced by the
CH,4/CO;, ratio, decreasing from 0.006 and 0.004,
in 1990 (for St and MegP-MikP-Fl, respectively),
to 0.001 in 2001 (Fig. 5.55).

The simultaneous increase of the H,S/CO,
ratio with a concurrent decrease in the CH4/CO,
ratio of gases from fumaroles at St and
MegP-MikP-Fl has two possible explanations.
A first hypothesis implies that the observed
variations were caused by an increasing steam
fraction separated from a deep boiling
hydrothermal aquifer, producing diverging ratios
due to the solubility differences of H,S, CO,, and
CH,. The increasing steam fraction was related
to either an increasing temperature of the
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hydrothermal aquifer (heating only), or by relatively invariant during the study period, was

depressurization of the system (opening of
additional conduits above the aquifer), or both.
This interpretation is supported by the principles
of progressive boiling in a confined aquifer: Gas
species with low solubility preferentially parti-
tion into the early separated vapor phase, while
gas species of lower solubility partition into late
vapors (Giggenbach 1997). The analytical data
do not fully confirm this first interpretation: less
soluble gases should co-evolve with time, but
this is only seen for CH,4, whereas the behavior
of the inert species N, and He, which were

not consistent with this mechanism. The second
explanation relates the gas ratios to magma
degassing. The Showa-Shinzan dome, Usu vol-
cano, Japan is a good example in comparison,
which is a system fairly well constrained by
long-term monitoring, where fumaroles are
directly fed by a shallow degassing magma batch
(Symonds et al. 1996). Here, a relative decrease
in soluble SO, has been observed over time,
while halogens remained constant. C/S and S/Cl
ratios decreased from 1954 to 1985, indicating
progressive outgassing of the less soluble
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Fig. 5.56 Change of
fumarolic gas compositions in Stlefanos . 2
the ternary plot of Mikros Polyvotis
H,0-H,S-CH,. See text for Megalos Polyvotis
the explanation of the boiling Flegethron
curve; figure modified after Kaminakia
Chiodini et al. (2002)
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components from magma. While CO, and He are  2000). It is conceivable that the Nisyros

the earliest gases released from a cooling or
decompressing magma, their gas fraction remains
fairly constant in ascending gas as it cools, while
the acid gases decrease with progressive cooling
(Symonds et al. 1994, 1996). Soluble acid gases
are also preferentially removed by subsurface
scrubbing, consisting of precipitation, reaction
and dissolution processes (Symonds et al. 2001).
Consequently, an increasing C/S ratio often
heralds the arrival of a fresh batch of a less
degassed basaltic component, i.e. a newly arrived
batch of basaltic magma from greater depths
(Symonds et al. 2001; Cannata et al. 2010;
Werner et al. 2012), and increases in SO, closely
prior to eruptions (Sparks 2003).

At Nisyros, this interpretation is unlike
because of its strong hydrothermal system situ-
ated between the degassing magma and the sur-
face, during quiescent periods. A period of
magmatic reactivation might have occurred from
1990 to 2001, indicated by seismic activity and
ground deformation coupled with changes in gas
chemistry toward more sulfur gases and more
oxidizing conditions (e.g., Zolotov and Shock

hydrothermal system experienced a progressively
increasing input of a magmatic component. In the
ternary diagram H,O-H,S—CH, (Fig. 5.56), the
fumarolic gas compositions are put in context of
a theoretical boiling curve, computed assuming
that the liquid phase is at 300 °C in equilibrium
with a pure vapor phase of the composition of the
Kaminakia fumaroles. Among the Nisyros gas
samples, the Kaminakia samples are the most
enriched in less soluble gases (i.e., the most
residual in composition).

Chiodini et al. (2001) used vapor-liquid dis-
tribution coefficients for a 2 molar NaCl solution
to represent saline brines in the Nisyros
hydrothermal system. A single-step vapor sepa-
ration process was computationally simulated,
resulting in stepwise separated vapor composi-
tions. This computational model result does not
provide a unique answer, since many
possible-boiling paths can be postulated for the
Nisyros hydrothermal system. However, we deem
it sufficiently probable and use it as reference in
this discussion. Figure 5.52a indicates that the
1997 fumarolic gas compositions can be
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explained by a simple boiling process of a singular
liquid composition. In contrast, the 2000-2001
samples deviate significantly from the theoretical
boiling curve and are enriched in H,S, which is
consistent with the hypothesis of a progressively
increasing input of a sulfur-rich magmatic com-
ponent. An increasing magmatic component,
somewhat masked by hydrothermal processing,
would also bring with it more oxidized magmatic
carbon and lead to a lesser abundance of pro-
cessed carbon in the form of CHy, as is indeed
observed at Nisyros. A very well studied example
of such patterns is the Solfatara volcano fumaroles
(Italy), which has a strong hydrothermal system,
similar to Nisyros. In that case, the input of
magmatic gases into the hydrothermal system best
explains the decrease in the C/S ratio observed
before and during the bradyseismic crisis of
1982-84 (e.g., Cioni et al. 1984, 1989; Martini
1986; Chiodini et al. 1996a), which stands in
contrast to volcanic systems with less hydrother-
mal masking, where the C/S ratio increases prior
to intense activity (e.g., Werner et al. 2012). CHy
is the only reduced gas species at Nisyros that
decreases with time. Other reduced species
remained constant or increased: H, at all Lofos
dome gases, and CO temporarily spiked after the
1996-1998 seismic crises and then increased
gradually for the Stefanos and Mikros Polyvotis
gases (Figs. 5.52,5.53,5.54, 5.55 and 5.56). Two

interpretations might explain the different behav-
ior of CH, relative to H, and CO: (i) CO and H,
are less affected by changes in redox conditions
than CH,4 and (ii) CO and H, fugacities are mainly
controlled by temperature (Chiodini and Marini
1998). The increase in H, and CO with time could
be explained by increasing temperatures at depth,
consistent with an increasing influence of mag-
matic fluids on the hydrothermal system. H, and
especially CO can also be subject to
re-equilibration processes during the ascent of
hydrothermal gases towards the surface.

An increase in “He/*He ratio was also
observed in 1997 (Dietrich et al. 1998) after the
intense seismic crisis (Fig. 5.57). During the
period from 1995 to 1998, shallow seismic
activity was intense around Nisyros Island with a
maximum in 1996 (Stavrakakis and Papoulia
1998). Until 1997 the He-isotope ratio was rather
constant between 5.5 and 5.75 and increased by
0.5 Ra and more to a maximum of 6.25 in 1999
(Shimizu et al. 2005). Such an increase of mantle
helium could be attributed to an increased con-
tribution of magmatic fluids to the hydrothermal
system. Similarly, an increase in *He/*He ratios
was also observed after the eruptions at Izu—
Oshima volcano (Japan) by Sano et al. (1991)
and at Unzen volcano (Japan) by Notsu et al.
(2001) and repeatedly before the eruptions at Mt.
Etna (Italy) by Paonita et al. (2016).

500

Fig. 5.57 Temporal 6.5
variation in *He/*He ratio of
gas samples (vellow points)
from Nisyros volcano
(Dietrich et al. 1998; Shimizu
et al. 2005). The number of
micro earthquakes (red curve)
occurring in the proximity of
the volcano each year is from
Stavrakakis and Papoulia
(1998) 5.5

= 400

~ 300

- 200

Number of Earthquakes (M>3.5)

seismic
crisis

1997
Year
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5.4.5.4 Conclusion

e All the chemical changes recorded in Nisyros
fumarolic gases during the ten-year period
1990-2000 are likely controlled by increasing
magmatic fluid and heat contributions to the
hydrothermal system. This magmatic com-
ponent was characterized by relatively high
contents of sulfur gases (SO, and H,S) and
relatively highly oxidizing conditions. The
expected increasing temperatures of the
hydrothermal reservoir were confirmed by a
concurrent increase of the H,S/CO, ratios and
H, contents, and decrease of the CH4/CO,
ratios.

e (CO-based geothermometry indicates lower
equilibrium temperatures than CHy-based
geo-indicators, which is attributed to
re-equilibration of ascending cooling CO, and
possibly by the residence of these gases in
secondary, intermediate level reservoir(s). At
the Mikros Polyvotis fumaroles, a decreasing
trend of CO concentrations was observed,
likely related to a decreasing transfer rate of
the gases from the hydrothermal reservoir to
the surface (fumaroles) and/or to the influence
of intermediate reservoirs.

e The increasing magmatic contribution to the
recharge of the hydrothermal system shown
by the fumarolic gas chemistry has important
implications for volcanic surveillance and
eruption forecasting. At Nisyros, the last
volcanic activity probably took place more
than 20,000 years ago (see Geochronology,
Sect. 3.5 this volume), most probably leaving
behind a residual magma batch at intermedi-
ate to shallow crustal depth, subsequently
affected by cooling and degassing, giving rise
to the hydrothermal system beneath the
island.

Frequent hydrothermal eruptions have histor-
ically occurred, suggesting that rejuvenating
activity is likely. The last hydrothermal events
took place in 1871-1873 from the craters of
Stefanos, Megalos Polyvotis, and Flegethron and
in 1887 from the crater of Mikros Polyvotis

(Marini et al. 1993 and references therein). Based
on historical chronicles, it seems likely that
seismic shocks played a fundamental role in
triggering these hydrothermal eruptions (Marini
et al. 1993). Earthquakes would have been
responsible for fracture opening, favoring the
uprising of deep hot fluids to the surface, and/or
allowing magma ascent from deeper crustal
levels. Similarly, the seismic crisis of 1996-1997
could have caused opening of fractures below the
hydrothermal reservoir that received inputs of
magmatic fluids. The increased temperature and
pressure conditions at depth suggest that the
hazard of hydrothermal eruptions is higher at
present than in the 1990s. In addition,
hydrothermal eruptions have affected this system,
possibly acting as precursors of magmatic erup-
tions, as occurred on the island of Montserrat,
Lesser Antilles (Chiodini et al. 1996b) and
Guagua Pichincha, Ecuador (Marini et al. 1991).

5.4.6 Gas Emission Area Sources:
Diffuse Degassing
Structures (DDS)

Upwelling of CO, gas and vapour to the soil-air
interface result in steam condensation, which is
an exothermic process causing the soil to heat
up. As a result, large zones of altered terrains
have been developed in the areas surrounding the
historical hydrothermal explosion craters, within
these craters, and along faults (see Sect. 5.3.1;
Fig. 5.7).

5.4.6.1 CO, Flux

A quantification of the vapour involved in the
shallow condensation process, and the mapping
of the areas currently affected by the emission of
the deep fluid, was approached by performing
dedicated campaigns of soil CO, fluxes, i.e. by
measuring the flux of CO, emitted in the Lakki
plain through diffuse degassing structures (DDS,
Figs. 5.58, 5.59, 5.60). Measurements of soil
CO, degassing were carried out using the accu-
mulation chamber method (Chiodini et al. 1996a;
Chiodini and Marini 1998; Farrar et al. 1995)
during the summers of 1999, 2000 and 2001
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(Fig. 5.58). Each campaign measured CO, flux,
heat flux and soil temperature in 80-100 mea-
suring points, regularly spaced at 20 m intervals.
Detailed results of each campaign, performed
during the GEOWARN project are documented
in the final report (GEOWARN 2003). These
results have subsequently been reevaluated and
refined by Caliro et al. (2005), in order to
investigate the structural features controlling the
degassing process. A detailed map of the soil
CO; flux at the Lakki plain (Figs. 5.58, 5.59) has
been obtained using 2884 measurements, by
applying a sequential Gaussian simulation algo-
rithm (Cardellini et al. 2003).

In general, at hydrothermal sites such as the
Lakki plain, the distribution of soil CO, fluxes
results from two carbon sources: biological

activity in the shallow soil, and a deeper, geo-
genic hydrothermal source. At the Lakki plain,
the local biological background CO, flux has
been established to be 8 g m > day ' by Car-
dellini et al. (2003).

In Fig. 5.59, the areas where the simulated
values are higher than 3 times the background are
highlighted by the colors green, yellow, and red.
These areas represent the actual pattern of
hydrothermal degassing at the Lakki Plain.
Comparison of the CO, flux map with the tec-
tonic and volcanic features of the area suggest
that geogenic CO, is released by:

(a) The hydrothermal craters of the Lofos dome
(Flegethron, Megalos Polyvotis), Stefanos
and Kaminakia craters;

Fig. 5.58 Location of the
CO, flux and soil temperature
measurement points. The
different colors refer to the

2001 (GEOWARN 2003)

different campaigns e May 2000 it
performed during the e September 2000 7
GEOWARN project 1999— 2 June 2001

CO2 flux and soil temperature campaigns at Lakki plain

September 1999 -

September 2001 ~ 7
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Fig. 5.59 Map of CO, flux
at Lakki Plain. The map is the
result of 300 stochastic
simulations performed over a
simulation grid formed by
21,000, 100 x 100 m square
cells. The colors green, yellow
and red characterize the areas
where the simulated values
are larger than 3 times the
background fluxes, thus
highlighting the actual pattern
of hydrothermal degassing at
the Lakki Plain (GEOWARN
2003)

Tectonic and
volcanic struclures
ofumarole

Ivydrotharmal craler rim
P

# linsament inferred
4 _trom s0il CO: flux

(b) The NE-SW faults affecting the Lakki Plain,
in particular the NE-SW fault extending from
the Kaminakia craters toward the NE;

(c) Buried tectonic structures generating elon-
gated CO, anomalies in zones where field
evidence of faults or fractures is lacking.
One prominent ‘invisible’ structure is pre-
sent in the central sector of the Lakki Plain,
where a ~1 km long CO, anomaly evi-
dently extends from the northern rim of
Stefanos crater toward the NE. This anom-
aly departs from the Stefanos crater and
propagates up to the Nis-1 well. This
anomaly is the surface expression of a
concentrated flux feature which coincides
with a fracture or fault covered by caldera
sediments. The southern tip of this struc-
tural discontinuity is probably the NE-SW
striking fracture affecting the inner, eastern
wall of the Stefanos crater;

(d) A NW-SE elongated CO, anomaly is also
discernable. This anomaly propagates from
the Nis-2 well into the central sector of the
Lakki Plain. This anomaly likely also derives
from faults buried by caldera sediments and
otherwise invisible at the surface, and might
coincide with the southern tip of the NW-SE
striking fault that cross-cuts the Profitis Ilias
domes (Fig. 5.1).

Further results of the stochastic simulation
method include the total released CO, and its
uncertainty (i.e. mean and standard deviation of
the 300 simulations). The resulting total release is
84.6 £ 4.5 t/days of CO,. Of this total CO, out-
put, 67.9 t/days are released by the deep
hydrothermal source, while 16.7 t/days are due to
other background sources. The CO, anomaly is
associated with the raising of a vapor phase, which
condenses just beneath the surface (Fig. 5.60).
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Fig. 5.60 Model of CO,

diffuse degassing, heat flux 0.175

and condensation of H,O kg m-2d-t =

(GEOWARN 2003) 128 Wm
¢CO2

heat flux

5.4.6.2 Loss of Thermal Energy

The fracture-bound release of CO, and
near-surface condensation of the associated
vapor phase released large amounts of thermal
energy, which for the Lakki plain was estimated
by Caliro et al. (2005). The surveyed area was
divided into 4 domains (the Lofos dome, Ste-
fanos crater, Kaminakia crater, and a combina-
tion of the other zones), where it was possible to
compute the thermal release. The authors calcu-
lated a total of 1420 t/day of steam being con-
densed causing a total thermal energy flux of
42.6 MW (Table 5.1).

Approximately 75% of this thermal energy
was released by the degassing structures of the
Lofos dome (20.4 MW) and Stefanos crater
(12.1 MW). The condensed steam produced in
the process (~ 16 L/s) was most probably par-
tially lost by surface evaporation in the craters,
and feeds some forms of a shallow condensate
aquifer which discharges at the numerous ther-
mal springs located along the coastline of the
island at temperatures between 36 and 62 °C.
The chemical and isotopic composition of the
thermal springs support this interpretation, which
has been established to be the result of mixing of

Table 5.1 Total release of

Area Lofos Stefanos Kaminakia Other Total
CO, and of thermal energy dome areas area
from the degassing 5
structures of the Lakki Area (km®) 0.4 0.08 0.28 1.34 2.1
plain Total CO, (t/d) 26.4 11.8 28.2 18.2 84.6
Hydrothermal CO, | 23.2 11.2 259 7.5 67.8
(v/d)
CO,/H,0 29.4 36 6.1 23.8% 23.8
(fumaroles)
Condensed steam 681 403 158 178 1420
(/d)
Thermal release 20.4 12.1 4.7 5.3 42.5
MW

“Mean value of all the fumaroles of Lakki plain
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Fig. 5.61 Infrared image taken in the evening of May
2002 of the hot soils, mud pools, and fumaroles at the
floor and in the walls of the Stefanos hydrothermal
explosion crater; low temperature diffuse degassing and

heated infiltrated seawater with minor amounts of
steam condensates (Brombach et al. 2001, 2003;
Brombach 2001).

Spectacular images of the heat released by the
Diffuse Degassing Structures (DDS) in the Lakki
plain were provided by Infrared images of the hot
soils generated during the process of diffuse
degassing and condensation. Figure 5.61 shows
an example of the temperature anomalies at the
DDS in Stefanos crater.

An imaging correlation between CO, flux and
temperature from the hydrothermal craters in
Nisyros is demonstrated in Fig. 5.62.

Fig. 5.62 The CO, flux
(heights) and temperature
(colors) correlation from the
hydrothermal craters in
Nisyros during a measuring
campaign, combined with the
orthorectified 3D IKONOS
satellite image (GEOWARN
2003)

condensation in green colors; vertical temperature scale
with a maximum temperature of 18 °C (GEOWARN
2003)

5.4.7 Chemistry of Thermal Waters

Since historical times hot springs have been
known along the northern and southern coasts of
the island (Fig. 5.1). A first comprehensive
compilation of all Greek mineral and thermal
waters has been given by Georgalas (1922 and
1962) followed by numerous compilations (e.g.
Barnes et al. 1986; Minissale et al. 1997;
Kavouridis et al. 1999; Fytikas et al. 2005;
Dotsika et al. 2009; Lambrakis et al. 2014).
Thermal water outflow occurs along the
northern, eastern and southern coasts of Nisyros
Island, whereas it is absent along the uplifted




5 The Hydrothermal System and Geothermal Activity

191

western coast. All thermal springs appear at sea
level and are placed within fault zones and
fractures. In contrast, there are several zones in
front of the small alluvial deltas (e.g. along the
east coast between Cape Katsouni and Lies)
where cold meteoric waters from the island enter
the sea.

The physical parameters of the major thermal
springs (Loutra public bath, Pali spa/Panagia
Thermiani, Faros (Cape Katsouni), Avlaki,
Aghia Irini and Lefkos) are given in Table 5.2. It
has to be noted that the physical parameters and
the chemical composition of all spring waters do
not reflect their proper values due to adverse
sampling conditions. In general, for many of the
water samples seawater infiltration could not be
fully impeded. In addition, Table 5.2 contains
the available sampling data of the major thermal
springs over a time span of 28 years with time
intervals up to 10 years. It shows that the
chemical parameters for each spring vary little,
while the temperatures and the pH show major
variations. Apparent are the variations in Mg**
and SO42~, which can be attributed to mixing
with stagnant seawater of high salinity close to
the spring.

The chemistry of the thermal spring waters
with outlet temperatures >30 °C, and those of the
Nis-1 and Nis-2 wells, can be usefully repre-
sented by the SO,~CI-HCO; (Fig. 5.63) and
(Na*+K"-Ca**~Mg**  (Fig. 5.64) triangular
Piper plots.

All waters have a sodium-chloride composi-
tion with temperatures ranging from 30 to 60 °C,
pH values from 6.1 to 7.2, and high TDS (total
dissolved solids) values ranging between 20,000
and 35,000 mg/L. They have CI” and Na* con-
centrations very close to seawater and are enri-
ched in Ca®* and HCO5™ and slightly depleted in
SO,** and Mg®* with respect to seawater, indi-
cating  high  temperature  seawater-rock
interaction.

According to the main chemical-physical
parameters, the Nisyros waters can be divided
into three major types:

1. Thermal waters, which are characterized by a
chloride content in the 18,000-22,000 mg/L
range. These are essentially binary mixtures
of geothermal water and seawater, with a
possible minor percentage of meteoric water.
This type includes the thermal springs of
Avlaki, Lefkos, Faros (Cape Katsouni) and
Pali spa, except for Pali Bath, at 37 °C. Sig-
nificant contributions of a NH; and B-rich
steam condensate were also recognized
(Chiodini et al. 1993a).

2. Thermal waters with a chloride concentration
between 9000 and 14,000 mg/L. These are
essentially binary mixtures of geothermal
water and groundwater, with a subordinate
contribution of seawater that occurs in sig-
nificant amounts in sample 10 only. This
group comprises two IGME shallow bore-
holes and a spring near Pali. Temperatures
range between 35 and 40 °C.

3. Cold waters characterized by a chloride con-
tent ranging from 200 to 5000 mg/L and
temperatures between 17 and 23 °C. These
are mixtures between groundwater and sea-
water, although a minor contribution of
geothermal water cannot be ruled out.

The geothermal brine from the geothermal
borehole of IGME shows similar concentration
to those of seawater, but it shows relatively low
concentrations of SO,>~, HCO;, and Mg”* and
high concentration of Ca** with respect to local
seawater. The decrease in Mg”*, Ca®*, SO4*~
and HCOj3 (e.g. in Nis-2 well) is probably due to
precipitation of sulfate and carbonate minerals,
epsomite, gypsum and hydro-magnesite, respec-
tively, or reduction to sulfide within the
hydrothermal system.



V.J. Dietrich et al.

192

(panunuod)

c6
L1

£68

18
12!

6v1
9Tl

LTI
IT1
9¢l
0C1
0ct

SLT
LOT
81
coI1
0s
%Y
001
tors

6°LC
I'e

I'e

981
Sov

L'LS

Vey

41!

S0l

861
‘ON

€<
14!

9¢¢
01
60y
0L8I

£eet
8201

ocel
9L8
89¢1
c98
PITI

844!
(24!
LTyl
6L1
96C
6S¢
Ice
YOS

99¢
I

06ve
8¢
8I1¥
00L°1C

L'LL LISYT
9€6°¢l

9’19 607°LI
790°¢T
0LT'61
01¢6
LESTI

126°0C
L09 005°0C
819 €6v'1C
OLLE
[48%4
98¢
86L
1d D

691
L9S

16¢
9L

194
¥8¢

SoI1

(44!
881
So6l
18¢C

6S¢C
981

(44!
79
91
L1

‘ODH

8y
81

LI¢
81

89¢C
LY8

8LC1
8ITI

¢l
8801
LYl
88

ol

L8CT
0c01
€591
10v

81

1c1
orl

€D

8¢

(414

I
v61
006

YLTI
€65

0cL
Ice
€19
oSy
68S

00L
0SS
869
L01
Ly
T8¢
¢p
SN

8¢

LT1

LTI
069

€8¢
008

[4:14
929
668
85T
1484

18
0e8
9L
961
0L
gee
98
p:|

SII

09LT
1c
80¢C¢C
009°11

€SYTI
0cIL

65C8
91LY
SLL6
009%
09

0v0°11
00L°01
€6£°01
OLLT
08¢l
y1¢
€8y
EN

080°0C
00T%C
¥¢8
6£9
£€9
0016
IS1
00t°01
008°0C
009°0C
$90°€Y
1694C

796°6C

000°6C

000°Ct

$68°CC

166°9¢

€68°9¢

0506

0665

6£CC
SdlL

6'8S
€9¢
81
8°0C
(44
%4
€'€T
€
Ty
v’y
43
ST
9T
0T
s¢
6¥
LE
T6¢E
S0¢g
2%
S8t
6¢
61
61
61
(7
Qo) L

€9
¥T9
6L
S0'8
8L
69
€08
L
LL'S
89
959
S6'L
8
€8'L
'L
69
6v'9
ge9
69
9
69
9TL
89
SO'L
'L
ST'L
Hd

00T°01
c00T°s0
66101
66101
000C°01
0861°L0
661701
0861°L0
866160
00T°01
800T°LO
66101
8661°60
800C°LO
0861°L0
0861°L0
0661°01
¢661°01
8661°60
66101
866160
800T°LO
0861°L0
0861°L0
0861°L0
66101

Aaeq

Suuds e[AY
Suuds seuoyy
Sunds ev1LY]

+BUIA)S BIKY

BUIO)S BIKY

«3uLids 1se0o 358y
w[[oM ST

SOIYIoY 15800 gN
UNoseyD/soIeq
TUNOSIeS " D/Sore,]
+3UNOSIEY"D/S0Te,]
sIueruIoy ], eideued
TURTULIAY ], BISRUR]
s [UBTWLIDY ], BISRUE
x9[0410q “[[eys ITed
«eds 1eq

xeds 1[ed

«eds 1[ed

eds 1eg

+peq qnd ennog
yreq ‘[qnd enno|
sx1eq Tqnd ennoy
wouLds QIR BIA
+3utids 1500 MN
x[[oM TRIpUBIA
x[[oM DYBIpUBIA
Areso

(€€°G "S14) T-SIN pu® [-SIN S[[oM [PUWLIDY03D) pue ‘s[fom ‘s3urids [ewsoyy woly sojdwes 10jem Jo Blep [eIIWLYD pue [BdISAYJ 'S d|qel



193

5 The Hydrothermal System and Geothermal Activity

6£'9
I8°L

eel
081
OrT1

4!
€01
C

LLT

G938

tors

9!

8¢l

CLE

‘ON

(paystndun) JoUpURMYOS PUE YOLIAI WO} BIEP IO [[8 {ADNI OIPUESSIY.P 4 (6661 'TE 19 SIPLNOALY) BB HINDI 21 ; UM paIew wieq
/3w ut QN Pue QS ‘IO ODH SPIOS PIA[OSSIP [€10} S

Lve

88
LLET
656¢

eelc
96L1
0681

6¢L1
0861
e
0191
0L91
C8SI
g9cc
0L

YOS

59

9¢
609
6'¢9

L'€9

19

06£°0S
0£T'8Y
180°CC
v69°TC

820°61
S80°81
00S°LT

YE6'LT
001°0
SLS'IT
LOY'IT
0€T'TT
$86°'1C
SLOET
00S°TC

D

0C
6L
LST
LLT

86¢
61y
18¢

86T

LET
6¢l
LST
124!

fODH

oveL
6€7°01
(434
981

008
906
9¢9

806
w8
9¢L
9LTT
ocel
T6¢l
66
CI8

€D

8L
12418
6crl
65v1

768
L18
999

y18
689
SICI
ELL
8LL
S6L
€011
SOL

SN

0L8¢
944
L8S
LyS

§79
8¢S
999

ory
9
Ly
1C8
0s8
91L
969
L

019°TC
L96 VT
096°11
095°C1

€25°01
0686
001°01

6¥16

000°TT
18C°11
S8ETI
0rs01
096°T1
SLOTI
00711

EN

$66°C8

000°LY
6L6°0Y

000°Ct
€79°C€

000°0€
006°6C
€erIe

00T°1S
000°SY
00S°61
SPL'SE
00S°61

SdlL

06¢
ore

¥C
§'9¢
9F
Ly
8%
6'9%
L'oY
s¢
6¢
43
09
S
8¢
9¢
9'€S
L'09
Qo) L

L8V
91°¢
'8
86'L
L
99
SL9
9
€9
809

6€9
L9
L9
79
€9
'L
79
¢s9
Hd

¥861°01
861°CI
0861°L0
c661°01
000C°01
0861°L0
66101
866160
000C°¥0
0001
800TLO
8661°60
800C°LO
0861°L0
0661°01
66101
9661°01
8661°60
100CCI

Aaeq

([1oM) T-SIN
«([1oM) T-SIN
+Jojemeas
+JoJeMBag

BUNES SOLIOqUIF
Sunds soyjoT
s3unds soyjoT
Suuds soyjor]
Sunds soyjoT
Suuds soyjey
sx0ULIds soyjoT
Suuds tuny erydy
xx0ULIds TuLl[ elysy
xSULIdS DyR[AY
sounds TyeIAY
xounds DejAY
xSULIds DyRIAY
Sunds myeIAY
Suuds pe[AyY
Areso

(ponunuod) ' s|qel



194

V.J. Dietrich et al.

5.4.7.1 The Main Anions SO,—CI-HCO;
The relative concentrations of SO42~, Cl”~ and
HCO5 demonstrate the variable composition of
the waters having a temperature <28 °C, mainly
discharged from shallow wells (e.g. Kira Sterna,
stagnant pool of Thermiani), which show a sig-
nificant fraction of seawater (Fig. 5.63). Waters
from the Kira sterna that contain C1 as the major
anion have also relative high HCO; concentra-
tions. The highest HCO3 /C1™ ratio of ground-
water was found in a well located on the eastern
coast side of the island, which may be due to
external addition of CO,. All along the east coast
between Cape Katsouni and Pachia Ammos,
diffuse CO, and H,S is discharged in many
places at the shallow seafloor (Fig. 5.44).

The thermal springs, such as the Public Bath
Loutra, Pali Bath/Thermiani, Avlaki, and Leftkos
plot close to the C1” corner and yield compositions
intermediate between local seawater and geothermal
brines. The high-salinity of these thermal waters may
originate from underground circulation within

Fig. 5.63 SO,—CI-HCO;
ternary plot (mg/kg) of
thermal waters from springs

close to sea level, cold @]

groundwater from wells, and
the two geothermal liquids of
the two Nis-1 and Nis-2 wells.
Local seawater composition is
reported for comparison;
figure modified after Marini
and Fiebig (2005)

b/
c-%

pyroclastic formations, as well as along major frac-
tures and fault zones, strongly influenced by sea-
water and successively modified by admixture with
meteoric components and water/rock interaction.
The water samples from the Nis-1 and Nis-2 wells
plotatthe CI' corner. Nis-1 was discharged at 1 atm
pressure and Nis-2 was a bottomhole sample. The
original concentrations of these well waters may be
partly modified by precipitation of salts and a strong
phase separation (steam fraction of ca. 0.74), which
may have occurred in the deep brine reservoir
(Chiodini et al. 1993a).

5.4.7.2 The Main Cations (Na* + K*)-
Ca2+_Mgz+

The relative concentrations of (Na* + K*), Ca>*
and Mg?* show also that the cold groundwater
samples have variable compositions, indicating
mixing with seawater and to a little extend with
the thermal waters, whereas the thermal waters
plot between the deep geothermal water and
seawater (Fig. 5.64).

Thermal springs Cl
Cold groundwater Y
) Geothermal wells S
Local seawater ’ :
@ NG
A
N
)
/es s
/S
&/F %
O B
£ 2
& £
| %
Kira sterna b
Steam-heated waters \o
25 50 75 100

HCO,
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Flg.+ 5.64+ Relazliive ). (O Thermal springs
(Na™ + K")-Ca™-Mg () Cold groundwater Na+K
contents (mg/kg) of thermal )  Geothermal wells o5,
waters from springs close to @ Local seawater
sea level, cold groundwater -- Crustal rocks S/ -
from wells, and the two NS-2 S/ ,rl.
geothermal liquids of the , N f\_/f/ X
Nis-1 and Nis-2 well. Local granite—V S ua 4
seawater composition is NIS-1. 7 : \) (
shown for comparison; figure >Ez{ 4
modified after Marini and S A 3
Fiebig (2005) Kira sterna \_‘): ) i-average crust
4 4 |
o/ : X
“ pasal \
8/ _ A
0 25 50 75 100
Ca Mg

5.4.7.3 Relative Ca, SO, and HCO;
Contents Combined
with TDS
The water samples in the triangular plot of Ca>",
S0,4*” and HCO; (Fig. 5.65) depict trends that
are likely controlled by dissolution and deposi-
tion reactions of calcite and anhydrite (gypsum)

@ Thermal springs
© Cold groundwater
@ Geothermal wells

and the mixing of cold underground water with
seawater (Giggenbach 1988; Kavouridis et al.
1999).

The trend marked A to B shows the dissolution
of CaSQO, in low salinity cold groundwater from
wells in the pyroclastic deposits in the eastern
slopes of the island with TDS (Total Dissolved

Ca

NS-1.2.2,
TOS: 1319&9?«},_?%”'8_2

@ Local seawater ; ToS:82g4g
. CalHCO,).
b4 b1 a2
@/ >
% D \
north coast o N
thermal spring ./ east coast N
TDS: up to 409:;9 1 spring X
> By
: ¥) Kira .-*7 TDS:0.15gkg
Mandraki S By N\ X
Ao L@ O\ X
TDS: 32g/kg /4 s N
0.8g/kg " dissolution
CaSO, ¢ B~209%g X
‘Q}";’ south coast oroet, \
7+ thermal spring X
Bc )
/ 5
. N
ot T L L — —Y°
0 25 50 75 100
80, HCO,/10

Fig. 5.65 Relative Ca*, SO4>" and HCO;3 contents
combined with TDS. CaSO, are shown relative to
seawater, Ca(HCOs), relative to calcite minerals.
The AB trend shows the dissolution of CaSO, in
low salinity cold groundwater from wells in the

pyroclastic deposits in the eastern slopes of the island.
The CD trend points to a high-temperature water/rock
interaction of hot underground waters after mixing
with seawater; modified after Kavouridis et al. (1999)
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Solids) from 0.15 to 2 g/kg, consistent with the
S0,4/Ca ratio of anhydrite or gypsum. The C to D
trend points to a high-temperature water/rock
interaction of hot underground waters after mix-
ing with seawater, indicated by the contents of
thermal spring waters from 32 g/kg (Lefkos spring)
to 40 g/kg (Avlaki, Pali bath and Loutra bath). The
chemistry of the Nis-1 and Nis-2 wells may repre-
sent advanced water/rock interaction. This process
is proven by the alteration of andesitic pyroclastics
and lavas, which produced propylitic hydrothermal
minerals observed in cuttings from the Nis-1 well at
1500 m depth (Chiodini et al. 1993a). The high
TDS values of Nis-1 and Nis-2 (131 and 82 g/kg,
respectively) are likely related to the removal of
S04~ with the relative increase of Ca®* in the
brine (Nis-2 had a low saturation index of —0.8
relative to gypsum at 290 °C sampling tempera-
ture) due to seawater infiltration into the hot vol-
canic underground (Bischoff and Dickson 1975).
All the hydrochemical results prove that
thermal spring waters cannot be used for dis-
crimination of a “magmatic” origin since multi-
ple mixing with seawater and meteoric water as
well as leaching and precipitation within the
porous volcanic underground at variable tem-
peratures obliterates possible chemical tracers.

5.4.8 Isotope Chemistry of Thermal

Waters

Additional information about the origin of ther-
mal waters of Nisyros Island is provided by 3D
and 8'®0 values of H,O (Dotsika and Michelot
1993; Kavouridis et al. 1999; Marini and Fiebig
2005; Dotsika et al. 2009), plotted against chlo-
ride concentration and shown in Fig. 5.66a, b.
The diagrams include as mixing end members

and mixing lines cold meteoric groundwater,
seawater and chloride free fumarolic steam from
the hydrothermal craters Stefanos, Polyvotis,
Flegethron and Kaminakia, the latter expressed
by the variation spread of 3D (%o vs. V-SMOW)
and 8'%0 values (%o vs. V-SMOW).

The water of a Mandraki well and the stagnant
waters of Therminani (Roman thermal bath,
Figs. 5.40 and 7.11), which are strongly affected
by kinetic effects during variable annual evapo-
ration, are mixtures of mainly groundwater, sea-
water and small proportions of fumarolic steam in
the permeable and fractured underground.

The analytical results of thermal springs dur-
ing extensive sampling campaigns of the GEO-
WARN project 2000-2003 show a large field of
isotope composition with a major contribution of
seawater followed by fumarolic steam (or steam
condensates, e.g. Figs. 5.37, 5.38 and 5.39). The
mixing of these components occurs along major
fault zones penetrating the island (Sect. 3.2.2).
The influence of local groundwater, however,
seems to be negligible.

A discussion of the geothermometry of the
thermal waters is given by Marini and Fiebig
(2005). “Although the use of SiO, geo-ther-
mometer is prevented because thermal waters
attain saturation with either amorphous silica or
opal-CT and the Na-K geo-thermometer gives
unrealistic results, average equilibrium temper-
atures of 100 or 120°C have been estimated
based on anhydrite saturation or the K-Mg geo-
thermometer, respectively”.

Fumarolic steam has to be involved when
heating seawater at temperatures below 100 °C.
This is demonstrated in the steam and steam
condensates, occurring in the outlets of fumaroles
and mud pools of the hydrothermal craters, as
well as in the outlets of thermal springs.


http://dx.doi.org/10.1007/978-3-319-55460-0_7
http://dx.doi.org/10.1007/978-3-319-55460-0_3

5 The Hydrothermal System and Geothermal Activity

197

Fig. 5.66 Plots of D

(a) and 5'%0 (b) values of
H,O versus chloride contents
of waters on Nisyros Island.
In addition, fumarolic steam
values from Stefanos and
Polyvotis craters are also
included; figure modified after
Marini and Fiebig (2005).
V-SMOW standard Vienna
Mean Ocean Water

(a)

5D (% vs V-SMOW)

(b)

80 (%o vs V-SMOW)

5.5 Conceptual Geochemical Model
of the Nisyros
Magmatic-Hydrothermal
System

The geochemical model of Nisyros discussed here
(Fig. 5.67) is based on the surface chemical and
isotopic composition of the fumarolic gases and
condensates, and thermal spring waters, which
have been measured accurately since 1990 (Chio-
dini et al. 1993a; Dietrich et al. 1998; Kavouridis
et al. 1999; Brombach et al. 2003; Marini et al.
2002; Fiebig et al. 2004; Marini and Fiebig 2005).
In addition, data from within the hydrothermal
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system are available from two deep geothermal
exploration wells drilled in 1982 and 1983 (Sig-
urdsson 1985, 1986). The geochemical and well
logging data of Nis-1 and Nis-2 wells suggest that
the hydrothermal-volcanic system of Nisyros
consists of 4 main zones (Chiodini et al. 1993a, b):
(a) A magmatic reservoir, (b) a deep saline
hydrothermal aquifer, (c) intermediate depth
aquifers, and (d) surface manifestations including a
shallow condensate aquifer (Fig. 5.67).

(a) The magmatic reservoir supplies heat and
magmatic fluids to the hydrothermal system.
The presence of a degassing magma body is
supported by the isotopic compositions of
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NW AU SE
Lakki plain
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P .
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Fig. 5.67 The conceptual geochemical model of the
Nisyros hydrothermal system. Cross-section to scale
through the Nisyros Caldera and the underlying
hydrothermal system. A schematic model is used to show
the crustal and lithospheric structure of Nisyros volcanic
island. Today the maximum height of the volcano is

fumarolic H,O, S and He, possibly with
some He deriving from even deeper sources.
The deep hydrothermal saline aquifer has
temperatures of 300-350 °C and likely
experiences some vapor phase separation.
The data of the geothermal wells indicate the
presence of Na—Cl brines. The aquifer is fed
by a mixture of volcanic and marine fluids.
The carbon isotopes of CO, and CHy in the
fumarolic gases are most likely fixed by
isotopic exchange at the temperature condi-
tions of this reservoir.

The intermediate depth aquifers at variable
temperatures are fed by the vapor produced
by the deeper boiling aquifer. The CO content
of the vapor is controlled by the lowest tem-
peratures (generally in the range 180-260 °
C) of these intermediate reservoirs. A proof
for the presence of these intermediate reser-
voirs is given by the deep drilling data of both

(b)

©

approximately 1000 m, 698 m (Profitis Illias) above sea
level. The volcanic base in 300 m depth lies on top of
Mesozoic limestone (Malm formation), which has been
proven during drilling of the two geothermal wells in
1983 and 1984 from the caldera floor at approximate
110 m (Lakki plain)

Nisl and Nis2, which found permeable levels
at depths from 200 to 600 m;

The discharge area hosts different kinds of
manifestations, i.e. soil diffuse degassing
structures and fumaroles (located in the
Lakki plain), and thermal springs (located
along the coast line). A shallow hot aquifer is
present in the area, fed by large quantities of
condensates. The discharge area releases 68
t/day of hydrothermal-volcanic derived CO,
and 58 MW of thermal energy, through dif-
fuse soil degassing.

(d)

The last magmatic activity of Nisyros, even if
of unknown age, is considered relatively old,
based on morphological considerations and on
the absence of historical magmatic eruptions.
Nevertheless, there are many geochemical indi-
cations supporting the presence of a magmatic
source at depth, which feeds the hydrothermal
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system. This evidence is mainly constituted by
the isotopic composition of H,O, S, and He
discharged by the Nisyros fumaroles.
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Magnetotelluric Reconnaissance
of the Nisyros Caldera
and Geothermal Resource (Greece)

Andreas Tzanis, Vassilis Sakkas and Evangelos Lagios

Abstract

A Magnetotelluric reconnaissance survey of 39 soundings was carried out
in the caldera of Nisyros, a small island volcano at the eastern end of the
Hellenic Volcanic Arc (HVA), Greece, in an attempt to explore the high
temperature geothermal resource of the area. Iteratively reweighted least
squares was implemented to compute stable and smooth Earth response
functions exhibiting 2-D to weakly 3-D attributes, as a result of induction
in low-contrast local geoelectric inhomogeneities, superimposed on a
dominantly 2-D background structure; coastal and island induction effects
are absent due to the low offshore/onshore resistivity contrast at, and
below sea level. Application of advanced hypothetical event analysis
techniques to study the spatial properties of the telluric field demonstrated
that convection and hydrothermal circulation is controlled by a system of
antithetic NE-SW oriented active normal faults which form a graben-like
structure and define the 2-D background, as well as a conjugate system of
NNW-SSE normal faults which is particularly active at the SW quadrant
of the island and define the main convection path. It was determined that
under these conditions the data could be interpreted with 2-D inversion,
which has successfully reconstructed detailed images of the structural and
functional elements of the hydrothermal system. The structural elements
include a number of shallow hot water reservoirs in the argillic and phyllic
alteration zones and a laterally extended deep (approx. 1 km) circulation
zone, all embedded in a low-resistivity with very low lateral contrasts. The
functional elements include images of the most important convection
conduits created by the intersection of major fault planes. The results are
corroborated by the logs of two deep exploration wells. Overall, on the
basis of a carefully reworked data set, our analysis has provided detailed
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images of the volcano’s interior and valuable insight into its structure,
function and geothermal potential.

6.1 Introduction The Lakki is defined by a system of

Nisyros is a small Quaternary island volcano,
located at the eastern terminus of the Hellenic
Volcanic Arc (36°35.25' N, 27°10.0" E, also see
inset in Fig. 6.1). It is an active spot with a his-
tory of explosive eruptions, the largest of which
formed a caldera dominating the landscape of the
island. Immediately afterwards, extrusive activity
covered the largest part of the caldera with rhy-
olitic domes, leaving in its eastern half a small
elongate basin of NNE-SSW orientation (Lakki
depression, see Fig. 6.1).

NNE-SSW oriented antithetic normal faults
forming a graben-like structure that contains a
hydrothermal field and high temperature
geothermal resource. For this reason, it has been
subject to systematic exploration (Ungemach
1983; Geotermica Italiana 1983). Geophysical
studies of the geothermal resource have been
were conducted between 1989 and 1992 by car-
rying out Magnetotelluric (MT) surveys both in
Lakki and at the southern extension the Lakki
graben, with funding from the Public Power
Corporation (PPC) of Greece, Department of

Mandraki F- /

1st Order Fault Systems
——— F1,2 NNE-NE/SSW-SW

—

F3,4 NW-NNW/SE-SSE
2nd Order Fault Systems
F5 E/W
F6 N/S
F7 ESE/WNW

and Local Faults

———

HyF Hydrothermal fault breccia
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Hydrothermal Explosion Craters

)
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Fig. 6.1 Shaded relief image of Nisyros Island, (36°
35.25" N, 27°10.0" E), including the major fault zones,
hydrothermal activity sites and important toponyms; the
image was modified from Lagios et al. (2005). The inset
map at the fop-left indicates the location of Nisyros

(red rectangle) in the Hellenic (South Aegean) Volcanic
Arc (red dashed line). PE stands for Prophitis Ilias; PV for
the Polyvotis phreatic explosion crater. The figure was
modified from Lagios et al. (2005)
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Alternative Energy Resources. Some results of
these investigations have already been reported
by Lagios (1991), Dawes and Lagios (1991) and
Lagios et al. (1991). The MT surveys were fol-
lowed by a multi-parametric study of the south-
ern extension of the Lakki graben comprising
self-potential, gravity and VLF measurements
(Lagios and Apostolopoulos 1995). The geo-
physical surveys were conducted under an out-
standing requirement of highly accurate results
within the first 2 km, including the detection and
delineation of reservoir structures with a high
degree of confidence and, if possible, the suc-
cessful detection of geothermal fluid convection
and circulation conduits for subsequent evalua-
tion of energy resources.

The previous geophysical work has basically
been successful, but the analysis and interpretation
of the data was based on methods and techniques
of that time (1989-1995). The present paper is
devoted to a qualitative and quantitative
re-examination of the Magnetotelluric data using
improved data processing methods, new hypo-
thetical event analysis techniques to study the
spatial configuration of the telluric field and
two-dimensional inversion tools. It will be shown
that the results vastly expand previous knowledge
of the interior structure of the geothermal resource.
The results also demonstrate the capability of the
Magnetotelluric method to image and delineate
fine structural details when accurate data is avail-
able; high-resolution images of a small albeit
complex geothermal system including convection
paths, reservoirs and reservoir related structures
are adequately reconstructed and discussed.

6.2 The Nisyros Volcanic Complex
and Geothermal Resource

The South Kos and Nisyros volcanic field has
been active for at least 3 Ma and continues to
show signs of contemporary unrest (e.g. Papa-
dopoulos et al. 1998; Sachpazi et al. 2002;
Lagios et al. 2005). Accordingly, it has been the
focus of significant research effort which has

produced a general model of the petrologic,
volcanological and tectonic evolution of the area
(Davis 1967; Di Paola 1974; Keller 1982;
Ungemach 1983; Geotermica Italiana 1983;
Bohla and Keller 1987; Vougioukalakis 1989,
1993; Seymour and Vlassopoulos 1989, 1992;
Wyers and Barton 1989; Papanikolaou et al.
1991; Limburg and Varekamp 1991; Varekamp,
1992; Francalanci et al. 2005; Papanikolaou and
Nomikou 2001; Volentik et al. 2006; Vanderk-
luysen et al. 2006a, b; Bachman et al. 2011;
Nomikou and Papanikolaou 2011).

Focusing on Nisyros, it is generally accepted
that its geological evolution comprises four
stages (see Chap. 3, i.e. 3.5 Geochronology).
The pre-caldera stage builds the volcanic edifice
with extrusive activity through a basement con-
sisting of Mesozoic limestone and Neogene
sediments, in several successive phases devel-
oping from underwater andesitic to subaerial
dacitic and rhyodacitic. K-Ar and 5C'* dating, as
well as tephro-stratigraphy and the absence of the
Kos Plateau Tuff deposits (of about 161 Ka
BCE) suggest that the subaerial part of Nisyros
formed during the last 161 Ka; during this stage
significant tectonic activity creates the fault
zones F1, F2 and F3. The caldera formation stage
follows and comprises two or three phases, each
commencing with low-intensity phreatomag-
matic explosions fed by rhyolitic magmas; these
destroy the volcanic edifice by ejecting a few
km® of debris and triggering a central caldera
collapse. The post-caldera stage begins with
extrusion of the rhyolitic—dacitic Prophitis Ilias
domes and lava flows, which cover the western
part of the caldera only. The major fault zones
continue being active. During the contemporary
stage volcanic activity died out. The major fault
zones reactivate and the (youngest) F4 zone is
incited. Secondary faulting episodes take place as
well. Intense and often violent hydrothermal
activity also occurs, with several episodes of
phreatic explosions in historic times (1422—-1888
CE). The signatures of at least 11 phreatic
explosions are apparent; the greatest of them has
formed the Stephanos Crater, an impressive
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depression of 20—30 m with a longest dimension
of 300 m.

The major fault zones shown in Fig. 6.1 are
important in the historic geotectonic and mor-
phological evolution of the volcano and, simul-
taneously, control contemporary convection and
hydrothermal activity. Every single phreatic
explosion took place at, or near the intersections
of the major fault zones. Accordingly, it is
helpful to provide a brief description

e The normal fault zone F1 is striking at N30°,
dipping at 70°-80° to the NE with a throw of
approx. 100 m. It can clearly be seen within
the caldera, comprising a series of large par-
allel faults producing obvious morphological
discontinuities on the eastern flank of the
Prophitis Ilias domes. Appreciable
hydrothermal activity, with fumaroles and
intense alterations can be seen along its strike.
The F1 system appears to have been impor-
tant for the placement of the post-caldera
dacites, whose eruptive centers are aligned in
a N30°-40° direction; inasmuch as the mag-
mas feeding these extrusions originated in
deep crustal chambers, it seems that F1
comprises a deep reaching zone of crustal
weakness.

e The normal fault zone F2 is also striking at
N30° and dipping at 70°-80° to the WNW,
with a throw of 100-120 m. It forms a tec-
tonic graben with the oppositely dipping F1
and while it produces impressive escarpments
outside the caldera, its presence within is
obscure although it is thought to cross the
Stephanos phreatic explosion crater. At the
coast of Aghia Irini, southwest of Lakki, F2 is
associated with underwater thermal springs
with temperatures 40-50°C.

e The normal fault zone F3 appears at the NW
part of the island with a strike of N320°-
330°, dip 70°-80° to the NE and throw of
more than 100 m. It has been verified outside
the caldera near the town of Mandraki. Its
trace is uncertain in the area of the Prophitis
Elias domes, except for a large elongate
morphological feature along its projected
continuation, where it is thought to separate

the main outcrops of the Prophitis Ilias lava
domes from the smaller domes to the north-
east. F3 appears again as a morphological
discontinuity on the NW flank of Lakki,
while branches of the system are thought to
extend through the Polyvotis and Micros
Polyvotis phreatic explosion craters into Ste-
phanos and further SE to the Avlaki and
Aghia Irini areas.

e The fault zone F4 appears to play an impor-
tant role in the formation and functioning of
the geothermal field. It forms a graben like
depression with two principal and a series of
secondary faults, striking N340° and dipping
at 70°-80°. Its presence is obvious, inasmuch
as it produces dislocation of the caldera rim.
Contemporary fumarolic activity and at least
11 phreatic explosion features are located at
the intersections of F4 with the system F1/F2.
In addition, the debris flow and lacustrine
deposits related to the 1873 CE hydrothermal
explosion events exhibit a clear N340° dis-
tribution, collocated with the trace of the F4
system (shaded area in Fig. 6.5). At the
Avlaki area, at the SE end of the island, F4 is
associated with underwater thermal springs
with temperatures of 60 °C.

Additional to the major faults, three secondary
faulting structures can be identified; these are
labelled F5, F6 and F7 in Fig. 6.1; albeit minor,
they can still influence the circulation and diffu-
sion of hydrothermal fluids with particular ref-
erence to F5 and F7. The F5 and F7 systems are
oriented E-W and ESE-WNW respectively. They
both may result from the interaction between the
F1 and F3. Members of this system, which will
be shown to have a notable effect on the resis-
tivity structure, are expressed in the area between
Lakki, Elies and Afionas. The thermal spring of
Afionas at sea level might also be a result of
these faults.

The fault zones produce a number of neotec-
tonic blocks, each characterized by its relative
uplift, as determined by differential InSAR and
GPS observations (Lagios et al. 2005). Maxi-
mum uplift and westward to SW-ward horizontal
displacement is observed at the western
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(Prophitis Ilias) block, which incorporates the
Mount of Prophitis Ilias and surrounding sum-
mits and is bounded by the F1 and F3 fault
zones. Minimum uplift and SE-ward displace-
ment is observed at the Lakki—Aghia Irini gra-
ben, bounded by F1, F2 and F4. Intermediate
uplift and eastward displacement is observed at
the eastern (Nikia) block, bounded by F4, F2 and
F5/F7, and at the northern (Emporios) block,
bounded by F5/F7, F2 and F3. It is therefore
clear that the major and secondary normal fault
zones impart divergent differential motion
between the west, south and east sectors of the
island, thus facilitating the convection and cir-
culation of hydrothermal fluids.

6.3 The Magnetotelluric Survey
6.3.1 Data Acquisition
and Processing

The Magnetotelluric data was collected with
funding from the Public Power Corporation of
Greece, Department of Alternative Energy
Resources and in cooperation with the Depart-
ment of Geology and Geophysics of the
University of Edinburgh (Mr. G. J. K. Dawes).
The survey was conducted in two phases and
comprised a total of 39 soundings, the locations
of which are shown in Fig. 6.2. Phase I was
carried out in June 1989 and comprised 20
soundings at the southern and central part of
Lakki, indicated by code numbers ‘9xx’ in
Fig. 6.2; Phase II was carried out in May 1991
and comprised 19 soundings indicated by the
code numbers ‘1xx’. A 1-D interpretation of the
Phase I data has already been reported by Dawes
and Lagios (1991).

The measurements were carried out with the
Short Period Automatic Magnetotelluric system
(SPAM) MKkIIb, developed by Dawes (1984), in
the nominal frequency bandwidth 128 Hz—40 s,
using Pb/PbCl, electrodes and CM11 induction
coils. The Magnetotelluric—Telluric measure-
ment mode was implemented, using a
5-component Magnetotelluric configuration at
the Base site and a 2-component Telluric

configuration at a single Remote (satellite) site.
The Telluric—Magnetotelluric method requires
uniformity of the source field over the base and
satellite stations, an assumption valid if they are
separated by relatively short distances. At the
base station (indicated by ‘B’) one measures the
horizontal transverse components of the MT field
Ez = [Es EyB]T and Hp = [H 3 HyB]T, whence
the impedance tensor Zg can be computed. At the
satellite stations (indicated by ‘R’), only the tel-
luric field components are measured, i.e. Eg = [
E.x Eygl]". Then,

Er=T -Ezg < Ezx=T -Zg -Hp < Ep
= Zy - Hy

where T is the telluric transfer tensor defined as

(&)= 7)) (22)

EyR B Tyx Tyy EyB

and Z,, is the impedance transfer tensor by
which the base magnetic field Hp is referred to
the remote telluric field Eg.

Given that remote referencing was unavail-
able at the time of data collection, the Earth
responses were estimated in two stages. The first
stage comprised standard single-site processing
techniques: on the assumption of stochastic
(Gaussian) time processes, the impedance tensor
elements were computed with the least squares
solution of the two-input one-output linear
system

E;=Z;H, +Ziny+8ia i =x,Y,
by minimising the noise ¢; (Sims et al. 1971). The
quality of the solution can be monitored by
means of the predicted coherence function

V0 = Ei/Ei = ZyH, + ZyH,, i=x,y,
where E; represents the output electric field
component predicted from the estimated ele-
ments Z;. The estimation of Earth response
functions was improved using a robust procedure

quite similar to that of Egbert and Booker (1986).
The spectral components E,, E,, H, and H, that
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Fig. 6.2 Location of the 39
magnetotelluric sounding
sites. N1 and N2 are the
positions of the two deep
exploration wells. The dashed
lines AA' and BB’ indicate the
transects along which 2-D
inversion has been carried out
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This algorithm may effectively down-weight the
influence of non-Gaussian noise, provided that
the population of noise-free data dominates the
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which was subsequently solved with iteratively
reweighted least squares using
robust multi-linear regression tool (for a formal
description of the method see Huber 1981).

MATLAB’s™

population of noisy data. Its performance is a
function of noise and data statistics, progres-
sively deteriorating as the probability of receiv-
ing noise waveforms increases, until breakdown
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Fig. 6.3 The maximum and minimum states of the
impedance tensor at site 908B: a maximum and minimum
apparent resistivity; b maximum and minimum phase;

when the noise is as likely as the data and can
cloak the distribution of the noise-free population
beyond recognition and recovery. In this event,
the treatment must be case-specific. Moreover,
single-site robust methods cannot cope with
continuous harmonic multiple-coherent noise, for
obvious reasons. In such cases, noisy estimators
of the impedance tensor elements were removed
with a “low-tech” method, namely “expert
judgment” and manual deletion. A similar pro-
cessing procedure was used to estimate magnetic
transfer functions, hence induction vectors.
Typical examples of estimated (observed) Earth
responses are shown in Figs. 6.3 and 6.4 (see
below for details).
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6.3.2 Spatial Analysis
and Determination
of Geoelectric Strike

The spatial analysis of the magnetotelluric Earth
response endeavours to extract information about
the configuration of the induced natural EM
fields, which, in turn, depend on the geometry
and configuration of lateral inhomogeneities in
the geoelectric structure. Herein we implement
an anti-symmetric reformulation of the equiva-
lent Canonical and Singular Value Decomposi-
tions of Yee and Paulson (1987) and LaToracca
et al. (1986) respectively. These decompositions
are symmetric and apply when the electric and
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magnetic fields are measured in different
orthogonal coordinate frames associated by a
rotation of 90°. Tzanis (2014) has shown that
they constitute proper rotations in 3-D space
based on the topology of the SU(2) rotation
group and result in a characteristic state—char-
acteristic value (generalized eigenstate—eigen-
value) formulation of the Magnetotelluric
induction problem; he has also shown that they
can be reformulated into an anti-symmetric
decomposition, which is suitable for the analy-
sis of practical Magnetotelluric measurements in

cos 6 cos ¢ — i sin 0 sin ¢
cos 6 sin ¢ + i sin 0 cos ¢

which the electric and magnetic fields are refer-
red to the same coordinate frame and is consis-
tent with the conventional rotation applied in
typical Magnetotelluric analysis. The
anti-symmetric  decomposition reduces the
impedance tensor to the form

0 &

Z =E(0g, ) - {Cz )

] 'HT(OH,¢H)

where (}) denotes Hermitian transposition and &
and H are SU(2) rotation matrices, of the form

—cos 0 sin¢ +1i sinf cos ¢
cos 6 cos ¢ +i sin 0 sin ¢
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At any location on the surface of the Earth, the
impedance tensor can be re-written as
t7 1 E;(0g, Pr)
e'Z=C0-H =
¢ E;(Op, Pr +3
_ 0 & | Hi(0g, Pn)
-5 0 H;(0n, P +3

with {E (0, ®f), Hi(0y, Oy)} comprising the
maximum and {E,(Og, ®f + 1/2), Hy(0y, Oy +
/2)} the minimum characteristic states (eigen-
states) of the electromagnetic field.

The angles (0, ¢g) define a characteristic
coordinate frame or eigen-frame {xg, yg, zg} of
the electric field, such that xj is rotated by ¢
clockwise with respect to the x-axis of the exper-
imental coordinate frame and the plane {xg, yz} is
tilted by an angle 6z clockwise with respect to the
horizontal plane {x, y}. Likewise, the angles (0,
@p) define the characteristic eigen-frame {xy, yy ,
zg} of the magnetic field such that x is rotated by
@y clockwise with respect to the x-axis of the
experimental coordinate frame and the plane {xy,
vy} is tilted by an angle 0 clockwise with respect
to the horizontal plane {x, y}. Each eigen-frame
contains orthogonal, linearly polarized compo-
nents. In the case of 2-D geoelectric structures,
Op = &y and 0 = 0y =0. In 3-D structures
however, it is possible that @ # @ and/or 0

0y # 0. It follows that in each characteristic
state, the associated electric and magnetic
eigen-fields are not mutually perpendicular. It is
equally important that the electric and magnetic
eigen-frames are not horizontal. This should be of
no surprise because in 3-D Earth structures the
total magnetic and induced electric fields are three
dimensional and may be associated with signifi-
cant gradients, especially in the vicinity of inter-
faces. Accordingly, they are locally orthogonal
and anti-symmetric in complex 3-space and the tilt
angles 0y and 0y of the electric and magnetic
eigen-frames are a measure of the local landscape
of the electric and magnetic field respectively.

As a final point, it is important to note that the
projection of the eigenstates on the horizontal
plane comprise elliptically polarized compo-
nents: the normalized projected field vector will
have a major axis equal to cosf and a minor axis

equal to sinf. The ratio of the minor to the major
axis is the ellipticity, given by b = tanf while
0 >0 implies a counter-clockwise sense of
rotation and 6 <0 a clockwise sense. Thus,
ellipticity on the horizontal plane is defined in
terms of a rotation in higher dimensional space. It
is not straightforward to see in this thrifty pre-
sentation, but the essence of this analysis is that it
approaches the geoelectric structure as the
equivalent of a birefringent material at low fre-
quencies and large scales.

Figure 6.3 illustrates the response of sounding
908B in the form of rotated impedance tensors.
The data exhibit weak 3-dimensionality at short
periods, evident in the variation of the maximum
and minimum apparent resistivities and phases
(Fig. 6.3a, b), as well as in the non-orthogonal
configuration of the electric and magnetic
eigen-frames for 7 < 1 s (Fig. 6.3c). Moderate
3-dimensionality appears to develop at longer
periods, as manifested by the variability of the
strike angles @ and @y at T > 0.3 s (Fig. 6.3¢)
and the non-trivial tilt of the electric and mag-
netic eigen-frames at periods longer than approx.
1 s (Fig. 6.3d). Figure 6.4 illustrates the Earth
responses for sounding 111B as per Fig. 6.3. In
this case, 2-D characteristics are evident in all the
parameters of the maximum and minimum
eigenstates, with the electric and magnetic field
strikes being almost identical and the respective
tilts generally trivial up to T ~ 1 s, with weak
3-D structural attributes appearing at periods
longer than 10 s.

The study of individual Earth responses indi-
cates that the geoelectric structure is overall very
conductive and generally 2-D or weakly 3-D at
short periods, developing to weakly or moder-
ately 3-D at long periods; it also appears to be
complex, exhibiting significant lateral variation
of the geoelectric strike and that the
higher-dimensional inductive effects are gener-
ated by low-contrast local inhomogeneities.
These general observations are confirmed by
mapping the polarization ellipse of the maximum
electric field and the real induction vector (RIV).
Figure 6.5 illustrates the configuration of these
quantities, averaged over the period interval
2-100 s  (0.5-0.01 Hz), which  contains
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Fig. 6.5 Configuration of the
polarization state of the
maximum electric field

(red ellipses) and the real
induction vectors (blue 550
arrows); both are shown as
averages over the bandwidth
2-100 s. The shaded area
indicates the extent of debris
flow and lacustrine deposits
related to the 1873 CE
phreatic explosion events
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responses from the deeper and broader elements
of the geoelectric structure.

Focusing on the spatial properties of the max-
imum electric field, we observe significant lateral
variations in the principal direction of the geo-
electric structure and may identify three domains
with different apparent geoelectric strikes:

(a) Outside of the caldera, at the SW of the
Lakki graben, as well as inside the caldera
and along the east side of Lakki, between
sites 908R (Stephanos Crater) and 119R, the
orientation of the polarization ellipse is
generally NNE-SSW and is consistent with
the strike of the major F1, F2 fault zones and
the trend of the Lakki graben.

(b) Inside of the caldera, along the west flank of
Lakki and between sites 902B and 905B, the
orientation is generally NNW-SSE. This
domain includes sites 902R and 901R and

%x Electrie I-wld\

—b\- REAL IV
/

514 5145 515

5155 516

Easting (km)

generally coincides with the trace of F4 fault
zone.

(c) Inside of the caldera, at the SW corner of the
Lakki graben, as well as along its west flank
between sites 906B and 119B, the orienta-
tion of the polarization ellipse is on average
E-W and generally associated with the local
strike of the depression.

Turning our attention to the real induction
vectors, which are drawn in the Parkinson con-
vention, we observe that inside the caldera, the
RIV defines two domains with different apparent
geoelectric strikes:

(a) At the northern half of the Lakki depression,
(north of site 906B), a NNE-SSW geoelectric
trend is evident, consistent with the strike of
F1 and F2 faults and the trend of the
depression.
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(b) At the southern half of Lakki (south of site
905B), a NNW-SSE geoelectric trend is
clearly seen, consistent with the strike of the
F4 fault zone.

The joint consideration of the maximum
electric field and real IV configurations points
toward the existence of a broader system of
elongate background structures consistent with
the 2-D approximation and associated with the
F1/F2 faulting system, and a superimposed sys-
tem of local elongate structures also fitting the
2-D approximation and collocated with the F4

Argand diagram for T = 36.9238

(a)
06+

0.4+ g
0.2}

02t o

04| ’ e

-0.6F ol
08 *

Imaginary

-
~
"

Background Phase (°)

Period (s)

Fig. 6.6 Determination of the background geoelectric
strike from the MT tensor impedance data after Banks and
Wright (1998). a Best fitting of all straight lines fitted to
the Argand diagram of the rotated telluric (column) vector
[Z. () Z‘,X((b)]T, for the interval 20-50 s it is found at the
azimuth of ~N20° (solid blue circles). The open red
diamonds are the corresponding elements of the telluric
vector [Z,,(¢) Zyy(¢)]T, the azimuth also being ~N20°.
b The frequency dependent background strike extracted

faulting system. It also appears that the latter (F4)
is associated with higher electrical conductivity
and controls local induction and the flow of
electric current. This would not only imply that
the surface hydrothermal activity developing at
the southern part of Lakki is associated with the
intersections of F1, F2 and F4, but would also
indicate that F4 is the main conduit for the ascent
of geothermal fluids to the surface. Finally, local
three-dimensionality is plainly evident in the
spatial variability of the polarization ellipses and
their non-orthogonal configuration with reference
to the induction vectors.
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from all MT data. Solid blue circles indicate the strike
estimated from [Z,(¢) Zyx(d))]T; open red diamonds
correspond to [Z,,(¢) Z),y((j))]T; the continuous solid lines
are smoothed versions of the corresponding discrete
curves. ¢ The corresponding regional phases. d Range of
variation of the background strike: the dashed arrow
indicates the mean background strike at short periods; the
solid arrow is the same for long periods
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The existence and strike of a broader,
two-dimensional background geoelectric struc-
ture can also be investigated on the basis of the
collective phase response of the measured
impedance tensors. Banks and Wright (1998)
proposed a “holistic” approach in determining
regional geoelectric trends by expanding on the
fact that the presence of a regional 2D structure
will manifest itself in the common phase of
impedance tensor elements belonging to the
same column vector. These elements can be
regarded to be electric fields produced by a
magnetic field parallel or perpendicular to the
regional strike. Accordingly, if a group of MT
soundings share the same regional response,
regardless of the amount of local effects experi-
enced by individual soundings, the real and
imaginary parts of the electric fields rotated to the
direction of the regional response will plot on a
line of constant phase in the complex plane.
Conversely, the direction parallel to which we
find the best fitting straight line between the real
and imaginary parts may be used as a criterion
for determining the regional strike. It should be
noted that this is a form of hypothetical event
analysis, whose basic idea is described by Ritter
and Banks (1998).

This concept is implemented by rotating the
impedance tensor incrementally by an angle
¢i= ¢y + Ap, ¢ € [-90°, 90°], and fitting a
straight line to the real vs imaginary parts of each
column vector [Z,,(¢) Zyy(qﬁ)]T and [Z.(¢)
Zyx(qS)]T of the impedance tensor. The angle ¢
at which we find the minimum of all misfits
should be the direction at which the elements of
each column vector have the same phase. For
instance, in the frequency interval 20-50 s, this
best fitting line is found at the strike direction
N20° (Fig. 6.6a). The regional phase is the arc-
tangent of the slope. Repetition of the procedure
over several consecutive narrow frequency
intervals in the measured band of 130 Hz—100 s,
yields the frequency dependent curves of the
background strike direction ¢ (Fig. 6.6b), and
the corresponding regional phases (Fig. 6.6¢).

The background strike is rather unstable if not
erratic at short periods, where it exhibits an N-S
average orientation, and rather stable at long

periods (T >1s), where it indicates a
well-defined N20° orientation consistent with the
strike of F1 and F2 systems and the Lakki plain
(Fig. 6.6b). By comparison to Fig. 6.5, it is now
clear that at the southern part of Lakki the
(younger) F4 system is locally dominating EM
induction and comprises a major component of
hydrothermal activity. It is also interesting to
note that the regional phase indicates the exis-
tence of two background conductors: one shal-
low, evident at periods shorter than 0.2 s and
presumably associated with the hydrothermal
field, and one evident at the interval 2-30 s and
presumably associated with a deeper structure of
the volcano’s interior.

6.3.3 Two-Dimensional Inversion

Based on the above discussion, it is possible to
conclude that the weak to moderate
3-dimensionality of the observed responses is a
consequence of local 3-D induction due to
low-contrast geoelectric inhomogeneities, super-
imposed on a dominantly 2-D background. In
such case, the data can still be interpreted with
2-D inversion tools; the local 3-D effects will not
be fully resolved, but the more significant part of
the conductivity structure, i.e. reservoirs and
main fluid circulation zones will still be detect-
able. However, in order to implement 2-D
inversion techniques we need to define the
TE/TM modes of induction over the study area.

Although the impedance and magnetic trans-
fer function responses measured at a given period
interval do not normally originate at the same
depth range, the configuration of the induced
electric and magnetic fields is tell-tale of the
principal mode of induction in the vicinity of a
sounding. Accordingly, the mode of induction
can be inferred by studying the configuration of
the maximum polarization ellipses and real in-
duction vectors:

(a) Inside of the caldera, along the west flank of
Lakki between sites 902B and 905B, as well
as 902R and 901R, the approximate orthog-
onality of the polarization ellipses and real
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induction vectors is consistent with TE mode
induction over a NNW-SSE conductive dyke
—the dyke presumably being the F4 fault
zone.
b) Inside of the caldera, at the SW flank of
Lakki, as well as along the west flank
between sites 906B and 119B, the polariza-
tion ellipses and induction vectors are simi-
larly oriented and consistent with TM
induction above the resistive part of a
NNE-SSW oriented lateral conductivity
interface.
Inside of the caldera and along the east side
of Lakki, between sites 908R (Stephanos
Crater) and 119R, the orientation of the
polarization ellipse is, by inference, consis-
tent with TE induction over a NNE-SSW
conductive dyke, which in this case is pre-
sumed to be the F2 fault zone.
Outside of the caldera, SW of Lakki, the
orientation of the polarization ellipse is
consistent with TE induction over a
NNE-SSW conductive dyke, which again is
presumed to be the F2 system. This inter-
pretation is strongly corroborated by a
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Fig. 6.7 Observed (left panels) and residual (right
panels) apparent resistivities and phases along the West
Transect (AA' in Fig. 6.2). Each column corresponds to

multi-parametric geophysical survey con-
ducted by Lagios and Apostolopoulos (1995)
in that area, which has detected circulation
along planes of orientation consistent with
that of F2.

The two-dimensional inversion has been car-
ried out with the algorithm of Rodi and Mackie
(2001), along transects AA' and BB' of Fig. 6.2.
The TE and TM modes were simultaneously
inverted, using the spatial configuration descri-
bed above. A finely discretized homogenous
half-space with topography, bathymetry and
seawater taken into consideration was used as a
starting model; the discretization scheme is
apparent in Figs. 6.10 and 6.11. Several inver-
sions with different starting models and regular-
ization factors were carried out before the final
models were declared. The quality of the final
models can be summarized as follows:

West Transect (AA’): The observed and
residual TM and TE apparent resistivity and phase
responses can be studied in Fig. 6.7. It is apparent
that the observed responses are rather successfully
reproduced and the final y* misfit is 1357 with an
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one sounding curve; the order of columns corresponds to
the order of soundings along the Transect
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Fig. 6.8 Observed (left panels) and residual (right
panels) apparent resistivities and phases along the East
Transect (BB’ in Fig. 6.2). Each column corresponds to

expectation value of 952. The higher than expec-
ted % can be attributed to the moderate local 3-D
effects observed at some sounding locations,
which cannot be adequately modelled with 2-D
interpretation tools, as well as to the low uncer-
tainty (observational error) associated with the
measurements (e.g. Figs. 6.3 and 6.4).

East Transect (BB'): The observed and
residual TM and TE apparent resistivity and
phase responses can be studied in Fig. 6.8. It is
apparent that the observed responses are
approximated well and the final x> misfit is 1781
with an expectation value of 976. It is rather easy
to see that as to the quality of the inversion and
the higher than expected % the same comments
as per the West Transect apply.

6.4 The Geoelectric Structure
6.4.1 Constraints from Borehole Data

Figure 6.9 combines data from the two test wells
N1 and N2 (Ungemach 1983; Geotermica
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one sounding curve; the order of columns corresponds to
the order of soundings along the Transect

Italiana 1983), and vertical resistivity profiles
extracted from nearest to the boreholes locations
of the East and West transects respectively.
Available borehole data include: (a) The litho-
logical columns. (b) Open microfracture domains
which, in general correspond to fault zones and
exhibit high hydraulic (fracture) permeability,
associated with considerable or total loss of
drilling fluid. (¢) Temperature data determined
inside the boreholes. Geophysical well logging
was not performed, mainly due to the high tem-
perature and pressure conditions. Hydraulic per-
meability was determined from the rates of loss
of drilling fluid and macroscopically, from frac-
tures observed in recovered rock cuttings. Poros-
ity had to be determined from cuttings. According
to the well logs, the caldera infill has undergone
extensive argillisation, the degree of which redu-
ces with depth. Lava formations experience, in
general, less severe alteration than tuff strata.
However, some (e.g. brecciated) lava are more
altered and exhibit a high degree of secondary
porosity and porous permeability. The tuffs are
almost completely devitrified; this process is
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Fig. 6.9 Correlation of borehole N2 (left) and borehole
N1 (right) with the vertical resistivity profiles extracted
from nearest to the boreholes locations of the West (lefr)
and East (right) transects respectively. Borehole informa-
tion was taken from the technical reports of Ungemach
(1983) and Geotermica Italiana (1983). Black shading

much more extensive in thick(er) and homoge-
neous, than in thin(er) and inhomogeneous for-
mations and has generated significant secondary
porosity, (or caused manifold increase if some
pre-existed). In the upper 300 m (argillic zone),
the main product of alteration is the very hydrofile
smectite (of the group of montmorillonites).

At depths greater than 300 m, phyllic alter-
ation takes place, which generates less hydrofile
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indicates the domains characterized by open fractures and
high hydraulic permeability. Lithological abbreviations
are as follows: dt detritus; brL brecciated lava; L lava;
t tuff; ¢tL tuff and lava; DsH dioritic subintrusives and
hornhels; sh shales; Im limestone; mb marble; Sk skarn

minerals. Wet clay formations are known to give
very high electrical conductivity signatures.
Unfortunately we do not have detailed quantita-
tive data about the fractional distribution of clay
minerals with depth and cannot assess their rel-
ative contribution to the observed -electrical
conductivity. Only qualitative interpretations can
be made, although it is certain that at shallow
depths, both factors will cooperate to produce
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very low resistivities. The reduction of the degree
of argillization and the transition to the phyllic
zone at depths greater than 300 m should pro-
duce a detectable overall increase of electrical
resistivity within the caldera. The borehole data
indicate the existence of a hot water reservoir at
depths of 150-300 m below mean sea level.
Stephanos phreatic explosion crater also attests to
the presence of an aquifer at these depths, inas-
much as analysis of the crater’s geometry places
the focus of the explosion (and the feeder aqui-
fer) at depths 160-200 m below sea level. N2
indicates a second concentration of geothermal
fluids at depths of 900-1300 m and N1 finds a
similar formation at 1300-1700 m.

Correlation of N1 and East Transect: The
shallow structure is very conductive, with a
1 Qm conductor appearing at, and just under sea
level. In the lithological column, this corresponds
to highly altered, low permeability detritus, lava
and tuff formations. Given that such depths lie in
the argillic alteration zone, it is reasonable to
assume that this conductor represents the com-
bination of high fractional volumes of hydrous
clay minerals and electrolyte concentration. The
temperature exhibits a local peak of approx.
150 °C at depths of 160—200 m, which coincides
with the floor of the argillic-phyllic alteration
zone. The temperature increase corresponds to a
shallow hot water reservoir and is associated with
an increase in resistivity to approx. 6—8 Qm,
which may be explained in terms of a significant
reduction in the fractional volume of hydrous
clay minerals in the phyllic alteration zone.

The temperature drops significantly to 70-90 °
C at depths 300-800 m, in coincidence with a
fractured, highly permeable domain at depths of
310-600 m which is associated with total loss of
drilling fluid and can be attributed to faulting, as it
is consistent with the expected positions of fault
planes belonging to the F2 system and the gravity
fault zone produced by the collapse of the volcano
walls during the formation of the caldera. This may
imply infiltration of cold seawater spreading to N1
through the F4 and F2 systems. Between 600 and
900 m N1 penetrates the low-permeability
pre-volcanic basement (limestones), which has
been thermally metamorphosed to marble below

1250 m. At depths greater than 1360 m the drill
enters the halo of an old, fractured dioritic intru-
sion (skarn). According to Vougioukalakis (1993)
this should not be much younger than 24 Ka (see
Chap. 3.5 Geochronology). The temperature
exceeds 300 °C. There is only partial loss of dril-
ling fluid in the fractured domain, indicating
medium to high permeability. The origin of the
fracturation zone may be partially blocked fault
zones, or the emplacement of the dioritic intrusion,
or a combination of both factors. At any rate, a
deep fluid circulation zone and reservoir appears to
develop at 1350-1700 m, within the fracturation
zone

At depths greater than 300-400 m, the resis-
tivity profile does not correspond to the litho-
logical column at N1 because the former
correspond to formations located within the cal-
dera and at the hanging wall(s) of the F2 system,
while the latter is outside of the caldera and at the
footwall(s). The resistivity increases locally to
approx. 54 Qm at the depth of 600 m; this can be
explained in terms of a dioritic intrusion, possi-
bly the same as that detected in N1 and very
likely the same as the one detected in N2 (see
below for details). The resistivity drops to
approx. 30 Qm at depths greater than 900 m,
remaining at this level to at least 1800 m and
further decreasing at greater depths. Such values
and variation are comparable to those observed
near N2 and, together with the data of that
borehole, indicate the possibility of a deep cir-
culation zone and reservoir at 1300-1800 m
depth.

Correlation of N2 and West Transect: The
detritus observed in the lithological column is
associated with very high permeability up to
50 m below sea level and is imaged as a good
(approx. 2 Qm) conductor. The resistivity profile
exhibits a very conducting zone of approx. 1 Qm
at depths 50-150 m below sea level, which in the
lithological column is associated with a highly
altered chaotic formation comprising fractured
tuff breccia and subordinate lavas and scoria in
blocks—brecciated lavas or brL in Fig. 6.9.
Given that these depths are in the argillic alter-
ation zone, as well as the intense hydrothermal
activity of the area, it is reasonable to assume the
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conductor represents a combination of electrolyte
concentration (shallow reservoir) and clay
mineralization.

The depths 100-210 m are characterized by
the presence of two fracturation zones associated
with total loss of drilling fluid, which are situated
at the lower parts of the brecciated lavas. The
disturbed lithology is likely to be due to the
emplacement of the nearby post-caldera rhyo-
dacite domes. This is a plausible cause of frac-
turing, but the fact that fractures are open (total
loss) should probably be attributed to concurrent
faulting, which we are inclined to associate with
the F1 and F3 systems. The well logs do not
elucidate this problem but they contain indication
that the fractured domains are part of a fluid
circulation zone. Notably, a water bearing for-
mation at 150-300 m depth has been confirmed
by N2; this corresponds to a good 2-4 Qm
conductive domain extending between 150-
400 m and overlapping with the depth extent of
the fracturation zone. According to the well logs,
such depths correspond to the phyllic alteration
zone. Thus it appears plausible that residual
fracturation from the emplacement of the rhyo-
dacites and contemporary faulting combine to
develop a circulation zone which is likely to feed
a “shallow reservoir” in the argillic alteration
zone imaged as a very good 1 Qm conductor, as
well as a circulation zone and deeper reservoir in
the phyllic alteration zone imaged as a good 2—
4 Qm conductor.

The circulation zone is followed by a gradual
increase in resistivity to approx. 35 Qm at
1300 m below sea level and a corresponding
increase in temperature. It is noteworthy that
regardless of the increase, the resistivity still
remains at rather low levels! Moreover, the
steadily increasing temperature indicates the
absence of direct contamination by cold seawater
infiltration, as is the case with N1. In the litho-
logical column this range of depths corresponds
to a low permeability zone comprising almost
completely altered and devitrified tuffs and lavas,
(L and t in Fig. 6.9), followed by an intercalation
of breccia and andesitic or dacitic lavas, some-
times in blocks (tL in Fig. 6.9). All these for-
mations belong to the phyllic alteration zone;

fractures are totally absent, but the material has
secondary porosity. In consequence, we interpret
the gradual resistivity increase in terms of a
corresponding gradual decrease of the concen-
tration of hydrophile clay minerals in the com-
plex background of hydrothermally altered
material produced by the formation of the caldera
and subsequent emplacement of volcanic
intrusives.

The depths 900-1200 m are characterized by
intense fracturing and very high permeability.
Between 1200 and 1400 m, where N2 was ter-
minated, fracturing cannot be observed albeit
permeability is still appreciable. The fractured
zone can be interpreted in terms of faulting
although it is difficult to pinpoint the responsible
fault(s). The lithology of the fractured domain
consists of a sequence of quartz dioritic intrusives
and intercalated calc silicate and quartz feldspathic
hornfels comprising the halo of a dioritic intru-
sion, which may be related to the one observed at
N1. The MT data do not detect an impressive
conductor at 900-1200 m, but it is noteworthy
that the rate of resistivity increase slows signifi-
cantly after approx. 1100 m and becomes negative
after approx. 1700 m. This behaviour is consistent
with the existence of a deep circulation zone and
reservoir, as suggested by previous interpretations
of the borehole data (e.g. Ungemach 1983;
Geotermica Italiana 1983).

6.4.2 West Transect (AA’)

Figure 6.10 illustrates the (logarithm) of the
resistivity structure as reconstructed by 2-D
inversion. At the SW extension of the Lakki
graben, outside of the caldera, the structure
exhibits a shallow (less than 0.25 km) and a deep
(0.75-2.5 km) conductive zone. It also appears
that the latter is connected with the caldera
through a relative conductor seen at depths 0.5—
0.8 km and distances 1-1.5 km along the profile.
These geoelectric features are interpreted as
epiphenomenal to fluid circulation in the F1/F2
system.

The gravity fault comprising the southern
boundary of the caldera is rather clearly resolved.
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Fig. 6.10 Two-dimensional best-fitting model of the resistivity structure along the West Transect A—A’. N2 marks the

nearest to N2 location of the Transect. The arrow points

At depths shallower than 1 km it is outlined by
an interface between a relative resistor to the
south (foot wall) and a relative conductor to the
north (hanging wall), located between 1.4 and
1.6 km along the transect as indicated in
Fig. 6.10. At depths greater than 1 km, it can be
seen as a lateral discontinuity (notch) in a rela-
tively resistive formation, located between 1.5
and 2 km along the Transect. The northern
boundary is not directly observable; its position
is postulated by a long-dash line extrapolated
from the surface.

The resistive formation observed at depths
between 0.8 and 2.5 km beneath the Caldera is
almost ideally situated, so as to be identified with
the dioritic intrusives found by drilling at N2 (the
ceiling of the intrusion is pointed to with an
arrow). The floor of the caldera cannot be clearly
identified; its location depends on the age of the
intrusion, which, as mentioned above, is proba-
bly older than 24Ka. Thus, if it is pre-calderic,

to the ceiling of the dioritic intrusion at N2

the floor should be sought near the ceiling of the
intrusion, approximately as indicated by the
dotted line. If it is syn- or post-calderic, then it is
apparently deeper, perhaps as deep as 2 km
(dashed line).

The horizontal dotted line indicates the
approximate depth extent of the geothermal
system, which, evidently, comprises an inter-
connected network of reservoirs and circulation
zones. According to the discussion above, good
conductors up to 0.25 km deep represent the
combined effect of clay mineralization and fluid
concentration in the argillic hydrothermal zone.
Deeper (0.25-0.8 km) conductors more likely
represent fluid concentration and circulation in
the phyllic hydrothermal zone. The deep circu-
lation zone detected in relation to the deep per-
meable zone at N2 belongs to this part of the
system.

As noted above, the deep circulation zones are
associated with contemporary faulting. The solid
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lines marked F4 connect the projected intersec-
tions of F4 with the Transect at the surface,
through a deep lateral resistivity discontinuity
(notch) in the dioritic intrusion, to a rather good
conductor at depths greater than 2 km. The
plunge of the lines is consistent with the apparent
dip of the F4 faults at their intersection with the
Transect. Given the significance of F4 in the
function of the hydrothermal system, we interpret
the low resistivity notch to be an epiphenomenal
signature of the permeable fault zone through
which hydrothermal fluids convect.

The bell shaped dome located between sites
906B and 910B and peaking at approx. 0.28 km
beneath site 907B is interpreted to be part of the
dioritic intrusion. It is noteworthy that the resis-
tivity of the dome decreases from approx. 20 Qm
at the depth of 0.45 km to approx. 12 Qm at
depths 0.6-0.75 ckm. The long-dash line marked
F3 starts at the approximate position of the
intersection of F3 with the Transect at the surface
and plunges at an angle of 70° to the NE; it can
easily be seen to pass through the zone of
decreased resistivity, which can thus be inter-
preted as an epiphenomenon of faulting (fluid
circulation). The downward extrapolation of
same line connects with yet another low-contrast
lateral discontinuity in the deeper resistivity
structure, located at depths 1.5-2.5 km at a dis-
tance of approx. 4 km along the Transect. This is
also interpreted to result from the combined
effect of several converging faults.

Northward of site 907B, the shallow and deep
circulation zones appear to be controlled by the
fault network. In addition to F1, F2 and F3, pos-
sible “culprits” are the faults of the F5 secondary
system. Just to give an example, the dash-dot line
marked F5/F7 starts at the projected intersection of
a significant F5 and F7 fault with the Transect and
plunges at 70° to the NE; this may adequately
explain a significant part of the resistivity structure
observed in the vicinity of the West Transect.

6.4.3 East Transect (BB’)

Figure 6.11 illustrates the logarithm of the
resistivity structure, as reconstructed by the 2-D

inversion. At the SW extension of the Lakki
depression (outside of the caldera), the structure
is generally more conductive in comparison to
the corresponding stretch of the West Transect,
although the two profiles are separated by only a
few hundreds of meters: the shallow and deep
conductive zones detected in the West Transect
appear to have merged and their connection to
interior of the caldera has become, both at sea
level and at depth. The significant change (de-
crease) in resistivity is attributed to fluid circu-
lation and diffusion associated with the F2
system of faults.

The gravity fault defining the southern
boundary of the caldera is observable at depths
shallower than 0.8 km as an interface between a
relative resistor to the south (foot wall) and a
good conductor to the north (hanging wall),
located between 1.5 and 1.7 km along the
Transect. Fumaroles exist on the south wall of
Lakki and in the vicinity of F2 (see Fig. 6.1);
therefore, the good conductor associated with the
hanging wall defines the extent of the circulation
zone feeding the fumaroles. At depths greater
than 1 km an interface cannot be seen and the
boundary is drawn by extrapolation. The north-
ern boundary is not observable and is indicated
by a long-dash line extrapolated from the surface.
The steeply dipping conductor between sites
119R and 904R may be related to circulation
along the associated gravity fault.

The relatively resistive formation observed at
depths between 0.4 and 2.3 km is attributed to
the same dioritic intrusion as that observed in the
West Transect and found by drilling at N2. In
consequence and as per the West Transect, the
location of the floor depends on the age of the
intrusion: it is either located in the vicinity of the
horizontal dotted line or at depths of the order of
2 km (dashed line).

The horizontal dotted line again indicates the
approximate depth extent of the hydrothermal
system. We reiterate that according to the anal-
ysis of the borehole data, the shallow, very good
conductors located at depths up to 0.25 km rep-
resent the combined effect of clay mineralization
and fluid concentration in the argillic hydrother-
mal zone, while the deeper (0.25-0.5 km) good
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Fig. 6.11 Two-dimensional best-fitting model of the resistivity structure along the East Transect B-B’. STC marks the
position of Stephanos phreatic explosion crater; N1 marks the nearest to N1 location of the transect

conductors more likely represent fluid concen-
tration in the phyllic hydrothermal zone.

As also repeatedly noted above, the deep
circulation zones are associated with contempo-
rary faulting. Inside as well as outside of the
caldera, the geoelectric structure is more con-
ductive in comparison to the corresponding
stretch of the West Transect, although the two
profiles are separated by a few hundreds of
meters. Noting, however, that inside the caldera,
the East Transect runs literally on top of the main
F2 fault, it is reasonable to propose that the
overall lower resistivity is a consequence of
increased fluid circulation and diffusion in the
immediate vicinity of F2, particularly at the
southern part of Lakki.

The lines marked F4 connect the intersections
of F4 with the East Transect at the surface,
through a very good sub-vertical conductor
extending between 0.05 and 0.4 km directly
beneath site 908R, to a low resistivity notch in
the postulated dioritic intrusion and to a rather
good conductor at depths greater than 2 km. The
shallow conductor lies directly beneath

Stephanos and is thought to represent the com-
bined effect of clay mineralization and fluid cir-
culation through F4. The plunge of the lines is
consistent with the apparent dip of the faults at
their intersection with the Transect so that the
low resistivity notch is again interpreted as the
signature of the fault zone through which
hydrothermal fluids convect.

The line marked F3 starts at the projected
intersection of the Transect with trace of F3 at the
surface, and plunging at approx. 70° to the NE
through a similarly dipping very good conductor,
defines the boundary of the inferred dioritic
intrusion. The geoelectric structure of the hang-
ing wall of F3 appears to be very conductive. As
in the West Transect, the shallow and deep cir-
culation zones northward of site 905R may be
augmented by faults additional to F2 and F3,
specifically those of the F5 and F7 secondary
system. As an example, the dash-dot lines
marked F5/F7 start at the projected intersections
of F5 and F7 faults with the Transect and plunge
at 70° to the NE: it is apparent that they may
explain several details related to the distribution
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of near-surface conductors in the vicinity of the
Transect.

6.5 Discussion

In general, 2-D inversion yielded satisfactory
fitting between observed and calculated respon-
ses and rather well-constrained reconstructions of
the resistivity structure, including detailed elec-
trical images of fluid reservoirs, circulation and
diffusion zones and hydrothermal convection
paths.

The geoelectric structure is shown to comprise
a quasi-two-dimensional, low-contrast back-
ground defined by the regional (first order)
faulting systems and decorated by local,
low-contrast three-dimensional resistivity inho-
mogeneities. Low resistivity contrasts are the
reasons why in spite of local
three-dimensionality, 2-D inversion could suc-
cessfully reconstruct the principal elements of the
geoelectric structure. The low contrasts may be
the outcome of continuous intense tectonic and
hydrothermal activity resulting in extensive lat-
eral fluid diffusion and pervasive alteration that
smears any original high resistivity contrasts,
even in a domain as structurally inhomogeneous,
as a volcanic caldera. The effects of such pro-
cesses are much more prominent at shallow
depths (up to 1 km), where it is easier for fluids
to diffuse (also facilitated by higher effective
porosities and lower lithostatic pressures). This is
also the reason why the reconstruction (fitting)
was more successful at the short-period half of
the measured bandwidth.

The resistivity structure at depths 100-300 m
is characterized by a number of interconnected,
very low resistivity enclosures (<2 Qm), which
are thought to correspond to fluid concentrations
(reservoirs) within the argillic alteration zone. At
depths between 300 m and 1 km, these merge
into laterally extended low resistivity (<12 Qm)
zones which are thought to represent fluid con-
centrations and circulation in the phyllic and
phyllic-propylitic alteration zones (hence the
increased resistivity). Unfortunately, the absence
of precise data on the fractional volume of clay

minerals does not allow a reasonable estimation
of the liquid fraction and storage capacity. The
development of reservoirs and the lateral circu-
lation and diffusion of fluids at all depths may
have been facilitated by both major and minor
fault zones, often resulting in the formation of
fault-aligned epiphenomenal conductors. At the
southern half of Lakki where the hydrothermal
field is located, the caldera boundary faults and
systems F1, F2 and F4 appear to be major con-
tributors. At the northern half of Lakki, F2, F3,
F5 and F7 appear to have more prominent effect.

The deep (>1 km) and more important con-
vection and circulation zones are generally
associated with major faults and their intersec-
tion. Compelling evidence is presented, indicat-
ing that the most significant of those are a system
of NE-SW oriented active normal faults (identi-
fied as F1 and F2 in Fig. 6.1), intersecting with a
conjugate system of NNW-SSE normal faults
identified as F4, which is particularly active at
the SW sector of the island and defines the main
convection path. One line of such evidence
relates to the configuration of telluric current
flow in the area of most intense thermal activity,
at the southern part of Lakki, which has a definite
NNW-SSE orientation and correlates with the
orientation of F4, as well as with the alignment
of thermal phenomena (fumarolic activity,
phreatic explosion craters and debris flow and
lacustrine deposits related to phreatic explosion
events). It is almost straightforward to define a
causal connection between active normal faulting
and telluric current flow because the conductivity
of near surface rock formations is principally
electrolytic and depends on the salinity of the
liquid fraction, the temperature and the presence
(or absence) of clay minerals which may increase
the salinity by orders of magnitude through ion
exchange interactions and/or  hydrolysis.
Whereas convection/circulation conduits identify
with active normal fault zones, it becomes
apparent that electric current should flow easier
parallel to the fluid-filled conduits than across
them.

At depths between 1 and 2 km, the
fault-aligned fluid convection paths associated
with F4 have been imaged as sub-vertical
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low-resistivity zones etched on relatively more
resistive background (presumed dioritic intru-
sion), which connect the shallow conductive
structure with deep conductors presumably rela-
ted to the heat source. Analogous images have
been obtained for the caldera boundaries, which
are more or less clearly outlined.

Due to the overall low resistivity of the
structure, the long periods of the measured
Magnetotelluric field could not penetrate to
depths greater than approx. 3 km. In conse-
quence, the heat source in the form of a magma
chamber, such as the one inferred to exist at
depths of the order of 7 km (Lagios et al. 2005),
was not detected: only the conductive halo of the
heat source could be probed.

Overall, the analysis has provided detailed
images of the volcano’s interior, useful infor-
mation on its geothermal potential and valuable
insight into its structure and function. It should
be emphasized, however, that the results and
conclusions are still approximate: local 3-D
induction effects, albeit weak, could not be
fully resolved and their effect on the details of the
resistivity structure cannot be assessed. It is also
difficult to assess the true variation of resistivity
between the parallel 2-D transects, which is very
important in understanding the geothermal sys-
tem from both the academic and practical points
of view. Such problems can be addressed with
3-D inversion, which is expected to provide
definitive images of the geoelectric structure and
convection paths. This is a challenge to be taken
up and reported in the future.
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Abstract

A Vp velocity model of the sediments, crust and upper mantle of the
Kos-Rhodos area, southeastern Aegean Sea, was obtained by evaluating
wide aperture reflection refraction seismic data, collected by using 4C
Ocean Bottom Seismographs (OBS) and stand-alone land stations along 8
seismic lines of 1000 km total length. Seismic energy was generated by air
gun shots spaced at 120 m intervals fired by a tuned air gun array of 49 1
volume. Velocity modelling by seismic tomography and ray tracing
revealed the structure of the crust and sediments. Good Ps, Pg and PmP
reflections were recorded at nearly all observed sections, allowing
delineating the sediments and crust structure and defining crustal
thickness. The sediments are 3-5 km thick. Four sedimentary layers were
mapped with velocities ranging from 1.7 to 5.4 km/s. The lateral velocity
variations in the sediments and the existence of several faults indicate
intense fragmentation and the development of several individual basins,
like the western and eastern Kos basins, the Kondelioussa basin, the north
Karpathos basin, the south Nisyros basin, the Tilos basin and a number of
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basins west of Rhodos. The upper crust is approx. 6.5 km thick with Vp
velocities ranging from 5.8 to 6.5 km/s. The lower crust is 10-12 km thick
with Vp velocities 6.8—7.2 km/s. The crust is stretched continental, with
the Moho discontinuity located at 17 km towards the Cretan Sea, 20 km
below Kos—Nisyros area, thickening to 22 km under Rhodos and western
Turkey. Pn velocities have a value of approx. 7.8 km/s, indicating that
below the Dodecanese area a low velocity zone exists in the uppermost
part of the mantle, limited in depth by a high velocity layer of approx.
8.1 km/s. A deep sub-Moho reflector at 31 km depth was identified,
implying the solid nature of rocks in the upper mantle. Magmatic
intrusions were identified in the broader Caldera region.
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Fig. 7.1 The Aegean volcanic arc and the study area of Dodecanese
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7.1 Crustal Thickness and Physical
Properties of the Dodecanese
Area, Southeastern Aegean
Volcanic Arc

7.1.1 Introduction

The deformation of the Aegean Sea is dominated
by wrench faulting of NE-SW orientation,
inducing trans tension and subsidence of the
continental crust and developing sedimentary
basins like the North Aegean Trough and the
Cretan Sea (e.g. Makris et al. 1977; Ginzburg
et al. 1987). High seismicity indicates the
on-going deformation (e.g. Makropoulos and
Burton 1981; Papazachos and Papazachou 1997).

A well-developed volcanic arc extends from
Lichades, Methana, Milos and Santorini islands,
terminating to the east Aegean Sea, at the island
of Nisyros (Fig. 7.1).

The evolution of the volcanic arc is triggered
and controlled by the northeastward subduction
of the Ionian oceanic lithosphere beneath the
passive Hellenic margin of the European plate
(e.g. McKenzie 1972; LePichon and Angelier

26°30E

26'0E

1979; Papanikolaou 1993; Jackson 1994). As a
result of this on-going subduction, significant
magmatic and volcanic activity occurs in the
Dodecanese area since late Pleistocene—Holo-
cene. Nisyros and the surrounding islands of
Yali, Strongyli, Kondelioussa and Pergousa
(Fig. 7.2) represent late Pleistocene—Holocene
volcanoes. The island of Nisyros is mainly
composed by lava flows, pyroclastic layers and
lava domes dated from 160 ka (e.g. Davis 1967;
Keller et al. 1990; Allen 2001), forming a cone of
8 km diameter at its base and 4 km caldera at its
top. It lies on alpine Mesozoic basement and a
thinned continental crust. On the island of Kos,
to the north of Nisyros, major magmatic activity
has also occurred since late Miocene—Pliocene,
and one of the largest volcanic eruptions in the
eastern Mediterranean, dated at 0.16 Ma bp, is
represented by the Kos ignimbrite (Keller et al.
1990). The products of this eruption covered an
area of more than 3000 km? (Allen 2001).
Although the east Aegean volcanic activity
has been extensively studied (e.g. Keller 1969;
Nomikou and Papanikolaou 2000), geophysical
studies were limited to geothermal field
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Fig. 7.2 Location of the seismic profiles in the Dodecanese area plotted on the bathymetric map
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investigations of the Nisyros area (Marini et al.
1993). Within the EC “GEOWARN” project
(Geowarn 2003), a wide aperture reflection
refraction seismic survey was carried out, aiming
to define crustal thickness and major tectonic
elements of the Dodecanese area and revealing
the on-going geodynamic evolution associated
with the magmatic and volcanic processes. In the
following we present the results of this active
seismic experiment and discuss them in relation
to the geology and tectonics of the east Aegean
volcanic regime.

7.1.2 The Seismic Experiment

The locations of the seismic lines, of the 36 OBS
(Ocean Bottom Seismographs) and 22 land sta-
tions are shown in Fig. 7.2. The land stations
were deployed on the islands of Kos, Nisyros,
Tilos, Pserimos, Symi, Rhodos and Astypalea.
Line lengths varied between 80 and 140 km.
Total length of the observed profiles exceeds
1000 km. Shooting inline was generated by a
49 1 air gun source. Shots were fired every 120 m
and the gun array, operating at 2000 psi, was
tuned at low frequencies in order to obtain
maximum seismic penetration by recording long
offset data. The R/V AEGAEO of the Hellenic
Centre for Marine Research was used to perform
the seismic acquisition.

All OBS positions were recovered and were
available for seismic modelling together with the
seismic data from the land stations. Seismic data
were subjected to standard processing involving
data extraction, demultiplexing and correction of
time drift, resampling, determination of OBS
positions and reformatting to SEG-Y data files.
Band pass filtering was also applied and the data
were deconvolved.

The velocity-depth structure was evaluated by
first break and layer tomography combined with
two point ray tracing forward modelling. In the
following we present the velocity results
obtained for the 8 seismic profiles.

7.1.2.1 The SW-NE Profile: P1

This profile has a length of 140 km and was
evaluated using 8 OBS positions and one land
station on the island of Kos. Modelling was
further constrained from results obtained at lines
P4, P5, P6, P7 and P8 that intersect this SW-NE
oriented profile (Fig. 7.2). A Common Receiver
Gather (CRG) of OBS position 1 is presented in
Fig. 7.3. This CRG, vertical geophone, is plotted
with a linear move out using 6 km/s as reduction
velocity. All CRGs in this paper are treated in the
same way. Seismic energy propagated efficiently
for more than 100 km offsets. Ps arrivals from
the sedimentary layers are clearly seen. PmP
reflections from the crust/mantle boundary
(Moho discontinuity) were observed between
Km 20 and 40, implying a thinned continental
crust. At Km 82 uplifted arrivals indicate the
position of high velocity intrusions in the
uppermost crust and sediments within the vol-
canic domain of Kos-Nisyros. Also between Km
45 and 100 deeper arrivals are generated at
reflecting interfaces of sub-Moho depths.

In Fig. 7.4 the result of the first break tomog-
raphy using first arrivals from all OBS positions
and the land station on Kos Island is shown. First
break velocity-modelling produces a velocity
gradient model limited at depth by the offsets of
the diving waves. In this way a first approximation
of the crustal geometry is developed and used to
constrain modelling of later arrivals by tomo-
graphic inversion and ray tracing. The initial
velocity model for the first break tomography is
based on the apparent velocities observed at the
CRGs and is limited at depth by wide-angle
reflections from the Moho discontinuity. For rea-
sons of brevity in the present paper we discuss the
first break tomographic result only for the first line.

Soft sediments thickness varies from 2 to 5 km,
with maximum values at the western edge of the
profile, and south of Kos (Km 100). Below OBS
position 3, at the western part of the profile, sedi-
ments of 4.7 km/s velocity are exposed very close
below surface, on either side of the OBS, indi-
cating the position of an anticline.
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The first break velocity model clearly defines
the limits of the west and east Kos basins,
between OBS position 12 and land station 106.
The west Kos basin is limited to the south by a
NE dipping major fault at Km 90, while the east
Kos basin is truncated to the north by a SW
dipping fault at Km 120.

In order to exploit later arrivals of reflected
energy we applied a layer tomography procedure
constrained by the first break velocity results.
Computations are performed top down, intro-
ducing first order discontinuities from shallow to
deeper layers. Layer tomography delineates the
lateral geometry of an assumed interface and also
varies the velocity within a given layer laterally
until the best fit between observed and computed
travel times of the reflected energy is achieved
(Ditmar and Makris 1996). By exploiting for-
ward modelling, using the SEIS84 algorithm
(Cerveny and Psencik 1981), the obtained result
from the layer tomography, optimizing the fit
between the observed and the computed travel
times, is controlled. This procedure is continued

until the final velocity permits synthetic calcu-
lations of travel times and amplitudes that satisfy
all observed phases. An example of a ray traced
CRG is presented in Fig. 7.5.

The final Vp velocity model of Profile 1 is
presented in Fig. 7.6. Four sedimentary layers
with Vp velocities of 1.7, 2.7-2.8, 4.4 km/s and
5.2-5.4 km/s were identified. The basis of the
consolidated sediments (5.2-5.4 km/s layer),
indicated as basement, varies in depth from 2 to
5 km. The west Kos basin is well defined, limited
to the south by a major NE dipping normal fault
at Km 90. This fault is also seismically active as
shown by passive seismic observations (Papoulia
et al. 2016). The east Kos basin is truncated by a
SW dipping normal fault at Km 120. The down
thrown basement and thickening of the low
velocity sediments on either side of OBS position
11 outlines the SE-NW extension of the
Kos-Nisyros caldera. The igneous crust is
approx. 16 km thick, and Moho is encountered at
a depth of 19 km, and is slightly depressed to the
northeast to 21 km below the caldera region.
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Fig. 7.6 Vp-velocity model along profile P1
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7.1.2.2 The SW-NE Profile: P2

This profile, between Astypalea and Pserimos,
has a length of 95 km and was observed using
four OBS positions, two land stations on the
island of Astypalea and one on Pserimos. Mod-
elling was further constrained from results
obtained at lines P5, P6, P7 and P8 that intersect
this SW-NE oriented profile (Fig. 7.2). Seismic
energy propagated efficiently throughout the
whole length of the profile. Thickness of the
continental crust was mapped by PmP reflections
observed at a distance of 20-50 km, northeast of
the OBS position (Electronic Supplementary
Material Appendix 7.1.2).

The Vp velocity model is shown in Fig. 7.7.
Four sedimentary layers were identified with
velocities of 1.7, 2.6-2.7, 4.3—-4.4 km/s and 5.3—
5.4 km/s. Basement depth ranges from 2 to
3.5 km. A major northeast dipping normal fault
is mapped at OBS position 9 (Km 80), which is
probably connected to a NW-SE trending fault

mapped on Kalymnos Island (IGME 1989),
whereas several minor faults are mapped along
the profile. Between OBS position 5 and 7 the
basement is downthrown forming a small basin
that is also expressed by the bathymetry. Moho is
encountered at 17 km southeast of Astypalea
thickening to more than 19 km towards Pserimos
Island.

7.1.2.3 The SSW-NNE Profile: P3
This SSW-NNE oriented profile extends from
north Karpathos basin to eastern Kos.
Seven OBS positions, two land stations on
Nisyros and one land station on Kos were
deployed along this 140 km long line. Modelling
was further constrained from results obtained at
lines P4, P5, P6, P7 and P8 that intersect this
profile (Fig. 7.2).

A CRG of OBS position 29, south of Nisyros
Island, is presented in Fig. 7.8. The complexity
of the travel time plot implies that the crust is
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significantly fractured. Between 50 and 70 km,
west of the OBS position, a deep reflection is
recognized. This originates from a sub-Moho
discontinuity, in the upper mantle.

An example of a ray-traced model, where
arrivals from the sub-Moho discontinuity are also
modeled, is given in Fig. 7.9. The Vp velocity
model of profile P3 is presented in Fig. 7.10. The
four sedimentary sequences observed along the
previous lines are also mapped here. The strong
morphological depression of the north Karpathos
basin, between Km 20 and 60, with water depth
exceeding 2000 m, is not followed by increase of
the sediment thickness. This implies a very rapid
recent subsidence during Holocene—Late Pleis-
tocene times that did not allow recent sediments
to accumulate. To the northeast of OBS 28 the
east Kos basin is clearly mapped. Between OBS
position 33 and 31, the south Tilos basin is

mapped. The intense fragmentation of the base-
ment and overlaying sediments by several faults
indicate the complexity and strong tectonisation
of the crust.

Moho is encountered at 20 km depth, slightly
deepening to 22 km below the north Karpathos
basin. Wide-angle reflections revealed the exis-
tence of a low velocity zone below the Moho, in
the upper mantle, extending to 31 km depth at
the central part of the profile. This sub-Moho
discontinuity could be clearly identified along
Profile 3 since this profile is perpendicular to the
NNE-SSW orientation of the subduction of the
oceanic lithosphere below the Dodecanese area
and has also enough offset to the southwest. The
low velocity upper mantle layer is probably high
temperature asthenosphere that was uplifted
below the southern Aegean Sea due to the sub-
duction of the Ionian oceanic lithosphere.
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Fig. 7.10 Vp-velocity model along profile P3. The sub-crustal discontinuity at 31 km depth is well constrained from
seismic rays between Km 40 and Km 110, as indicated by the thicker line

7.1.2.4 The SW-NE Profile: P4

This profile extends from west of Karpathos to
the island of Symi, and is parallel to profiles P1
and P2 (Fig. 7.2). Seven OBS positions and two
land stations on Symi, were deployed along this
130 km line. Seismic energy propagated for
more than 70 km, permitting the identification of
PmP reflections from Moho and definition of
crustal thickness. The complexity of the travel
time curve implies intense tectonisation of the
crust and sediments.

The Vp velocity model along this profile is
shown in Fig. 7.11. Sediment thickness varies
from 2 to 4 km. The north Karpathos basin and
its marginal faults are mapped between OBS
position 18 and 20. An uplift of sediments and
basement occurs around OBS position 23,
southeast of Tilos forming an anticline. West and
east of this anticline, two sedimentary basins are
formed. Moho depth varies from 20 km south of
the north Karpathos basin to 21 km below the
central part of the profile.
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Fig. 7.11 Vp-velocity model along profile P4

7.1.2.5 The NE-SW Profile: P5

This profile has a length of 140 km, extending
from southwest of Kalymnos to the northeastern
part of Rhodos (Fig. 7.2). Eight OBS positions
and four land stations, three on Rhodos and one
on Kos Island were deployed. Example of a CRG
is presented in Fig. 7.12. Energy propagates
efficiently along the entire length of the profile,
and good Ps, Pg and PmP seismic arrivals can be
observed. The Vp velocity model developed by
two point ray tracing (Fig. 7.13) is given in
Fig. 7.14. Sediments vary in thickness from

2.5 km at the northwestern part of the line to
5 km below Rhodos Island. The Kos-Nisyros
caldera is well defined between Km 20 and Km
45, at the northern part of the profile, where the
basement is downthrown and recent sediments
with Vp velocities 1.7-1.8 km/s exceed 1 km.
This layer is absent on Rhodos island, where the
crust is 22 km thick (Moho depth), while below
the caldera of Kos-Nisyros area the crust is
approx. 20 km thick. Uplift of first break arrivals
between Km 10 and Km 20 along the profile is
probably connected to magmatic intrusions.
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7.1.2.6 The Three NW-SE Profiles: P6,
P7 and P8

These NW-SE oriented profiles of 100 km length
each, extending from northeast of Astypalea
towards north Karpathos basin, intersect profiles
P2, P1, P4 and P3, and map the crust between the
Dodecanese block and the eastern Cretan Sea
(Figs. 7.1 and 7.2). As seen in the CRGs (Elec-
tronic Supplementary Material Appendix 7.1.2),
good Ps, Pg and PmP reflections were observed,
allowing to delineate the sediments and crustal
structure. The Vp velocity models of these pro-
files are presented in Fig. 7.15. Ray traced
examples for these profiles are given in the
Electronic Supplementary Material Appendix
7.1.2. Basement is encountered at 3.5-3.8 km
depth in the northeastern edge of the profiles,
dipping to more than 5 km towards the southeast.
The Kondelioussa basin is crossed by all three
profiles between Km 10 and Km 40, of lines P6,

P7 and P8. The south Nisyros basin is mapped
between Km 60 and Km 90 of line P6, while the
abrupt basement depression at Km 70, in both
lines P7 and P8, coincides with the north western
marginal fault of the north Karpathos basin. The
southeastern marginal fault of this basin is map-
ped at Km 88 of line P7. Thickness of the igneous
crust varies from 14 to 16 km at the northwestern
end of the profiles, thickening towards the
southeast. Moho depth is located at 20 km at the
northwest, deepening to the southeast to nearly
22 km if to the crust we add the water depth and
sediment thickness.

The Vp velocities of the sediments and crust
are very similar with those of the four previous
lines. The Pn value of 7.7 km/s at the
crust/mantle boundary is lower than the normal
Pn values of 8.0 km/s. This is also in agreement
with most seismic values obtained in the Aegean
Sea (e.g. Makris 1977; Makris and Vees 1977).



J. Makris et al.

Offset [Km] SE

Time - Offset/6 [s]

Time - Offset/6 [s]

Depth [Km]

DODECANESE PROFILE 5 OBS 11 CH 1.

Fig. 7.13 Common Receiver Gather of OBS position 11, vertical geophone (upper part) with colour-coded travel
times (middle part), and corresponding travel paths (lower part)



7 Geophysical Monitoring: Seismicity and Ground Deformation ... 241

prloﬁlez

0.0,
2.0|
4.0
6.0|
8.0
10.0
12.0
14.0|
16.0|
18.0{
20.0
22.0|
240

Depth [Km]

0.0

1.5

5 LS MfodSmlte ]S 15 45 L5 15 1% 15 13

Dodecanese Profile 5 Vp Velocity Model

Profile 1 Profile 3

,.* :J ,-‘4 :-. A

15 J5: 13 15
T e S Ty T e

Profile 4 SE

J, 2 : 2 B

1S 15 15 15 15 15 45 15 is-4s—26 26 1440.0
UL T = B B B B e IO T3 2

iALa 2] 2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
18.0
20.0
22.0
24.0

217 1217 LS

[wy] pdag

100.0 110.0 120.0 130.0

10,0 20.0 300 400 500 600 70.0 80.0 90.0
Distance [Km]

20 25 30 35 40 45 50 55 60 65 70 715 80
Velocity [Km/s]

Fig. 7.14 Vp-velocity model along profile P5

7.1.3 Discussion

The velocity structure of the sediments and crust
of the Kos-Nisyros volcanic area has been
obtained by observing 8 wide aperture reflection
refraction profiles of 1000 km total length, using
36 ocean bottom seismographs and 22
stand-alone land stations. The seismic array
recorded continuously observing 7500 shots fired
along the profiles. The main effort was focused
around the Kos-Nisyros volcanic area since the
active volcanism presents a significant hazard for
the entire region.

Velocity modelling involved first break
tomography and layer tomography combined
with two-point ray tracing forward modelling.
The sediments, crust and locally the upper most
mantle below the Dodecanese islands were
mapped. Four sedimentary layers have been
identified with Vp velocities 1.7, 2.4, 4.2 and

5.2 km/s, quite homogeneously distributed over
the Dodecanese block. Variations in thickness
are mainly observed for the Vp 1.7 km/s layer,
representing the most recent sediments. The crust
is fractured by a series of normal faults limiting
extensional basins of very recent development.
A tectonic map of the Dodecanese area
(Fig. 7.16) resulted, considering the results of
velocity modelling of all 8 profiles. In compiling
this map, part of the faults mapped by Kurt et al.
(1999) and Tiir et al. (2014) in the gulf of
Gokova, were adopted. The system of basins and
faults indicate that the Gokova-Kos-Karpathos
continuity delineates a major detachment system
that separates the Dodecanese block from the
southeastern part of the Aegean microplate. Fault
plane solutions published by Friedrich et al.
(2014) show for the Gokova-Kos-Karpathos
system that crustal seismicity is mainly con-
trolled by tensional stresses. They delineate a
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Fig. 7.15 Vp-velocity model
along profiles P6, P7 and P8
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Fig. 7.16 Simplified tectonic map of the Dodecanese area

major detachment fault system of extension that
marks the northern and western limits of the
Dodecanese block. Also the crustal thickness,
ranging from 17 to 22 km, shows a continuity
and homogeneity of the Dodecanese block with
slight increase towards east west Turkey to 22—
23 km, decreasing towards Cretan Sea to 16—
17 km (Bohnhoff et al. 2001). This east-west
trend of crustal thinning is also confirmed by 3D
density modelling (Makris et al. 2013). The
driving force of this crustal behaviour of the
active separation of the Dodecanese block from
the eastern Aegean Sea is to be seeked in the
upper mantle and the subduction of the oceanic
lithosphere below Crete and the Cretan Sea and
Dodecanese. Also Bohnhoff et al. (2001), Makris
et al. (2013) and Friedrich et al. (2014) have
shown that the subduction direction is of NNE—
SSW orientation and obliquely deformed and
teared due to lateral differences in thickness of
the crust above (Papoulia et al. 2014) and inho-
mogeneity of the hanging plate at the collision
front. The roll-back mechanism of the subducted
slab is another reason for fragmentation.

“4.  Fault

In black: Faults mapped
by the present active
seismic experiment

In white: Faults
adopted from Kurt et al.
1999 and Tiir et al. 2014
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Friedrich et al. (op. cited) studied the regional
stress field and deformation of the crust and
lithosphere below the Aegean Sea by a tempo-
rary seismic array. For the Dodecanese area they
refer that the down going slab is under down-dip
tension and that probably west of Karpathos the
slab is vertically teared along an N-S line. This
could explain the geometry of the west Kar-
pathos basin that follows the same trend and is
morphologically depressed to nearly 2500 m.

The seismicity is tectonically induced and
driven by the subduction process and the crustal
reaction by fragmentation we have identified. It
is only beyond the Kos-Nisyros volcanic area
that the seismicity is associated with the volcanic
process, intrusives and hydrothermal phenomena
they are linked with (Papoulia et al. 2016).
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Abstract

Nisyros Island is a Quaternary composite volcano located close to the
eastern termination of the South Aegean Volcanic Arc. Large destructive
earthquakes have been reported in the study area. Nevertheless, seismic
activity during the last decades is moderate to low, consisting of both
shallow and intermediate depth earthquakes. The main regions of the
broader area with observed spatiotemporally clustered seismicity are
between Nisyros and Karpathos, east of Kos and in the gulf of Symi. Major
events of intermediate depth have occurred near Karpathos and Rhodes
Islands while the most significant zone of deep earthquakes is identified in
the western Nisyros basin. Evidence for a non-systematic temporal
co-incidence of deep events at different regions as well as increase in
shallow seismicity after the occurrence of a strong deep event have been
observed. Moment tensor inversion, using recordings in local and regional
distances, was applied to determine the focal mechanisms of recent moderate
events. The solutions, obtained by minimizing the difference between
observed and synthetic waveforms, revealed that shallow events are mainly
related to normal faulting, whereas intermediate depth events to reverse
faulting with important strike-slip component. A tomography study was
performed, using manually located events, and identified two areas of high
V!V ratio and low velocity perturbations. The first is located SW of Nisyros
and can be attributed to magma intrusion of deeper composition containing
fluids and melts. The second, reaching 15 km depth, is possibly related to the
magmatic chambers that feed the Yali and Strongyli volcanic centers.
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8.1 Introduction

South Aegean is characterized by the conver-
gence of the African and Eurasian lithospheric
tectonic plates at a rate of approximately 30
mm/yr, resulting in a complex and intense
deformation of the Aegean. The region, which is
dominated by the presence of the Hellenic Arc,
also hosts the Hellenic Volcanic Arc that mainly
includes Methana and the islands of Aegina,
Milos, Santorini, Kos and Nisyros. Focusing on
the broader Nisyros Island region, in the SE
Aegean (Fig. 8.1), local deformation is a
response to rapid sinking of the subducting plate.

27 27.5 28" 28.5 29

km) with squares. Fault lines are after Armijo et al.
(1992), Nomikou and Papanikolaou (2011) and modified
after Papadimitriou et al. (2015)

The eastern boundary of the Hellenic arc is
defined by the sinistral Rhodes Transform Fault
(RTF), implying a dominant extension regime in
the Aegean during Lower Miocene (Miiller and
Kahle 1993; Miiller et al. 1997). These tectonic
movements caused the exposure of geological
units of significant importance in the area of
Dodecanese Islands in the Mesozoic-Cenozoic
geological period (Harbury and Hall 1988; Gar-
funkel 2004; Kokkalas and Doutsos 2004; Franz
et al. 2005). A wide variety of different envi-
ronments such as the Menderes metamorphic
massif, the overthrusted Alpine basement of
limestones, in some cases with ophiolite frag-
ments, and the volcanic centers of Nisyros, Yali
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with the surrounding islets of Strongyli, Pachia
and Pergousa, form a quite complex geological
environment.

The region between Nisyros and Kos Islands
(Fig. 8.2) is characterized by Late Miocene-
Pliocene magmatic activity, with a major event
taking place, 160 ka. The mapped ignimbrite
layer of Kos Island provides evidence of this
explosive activity (Keller et al. 1990; Allen et al.
1999). Nisyros and the surrounding islets have
been formed during the Late Pleistocene-
Holocene within an ENE-WSW trending neo-
tectonic graben (Nomikou and Papanikolaou
2010). The island of Nisyros is mainly composed
of Quaternary calc-alkaline volcanic rocks which
are represented by alternating lava flows, pyro-
clastic layers and viscous lava domes, formed in
five main stages from 160 to 25 ka. The domi-
nant feature on the island is a truncated cone with
a base diameter of 8 km and a central caldera of 4
km in diameter (Papanikolaou et al. 1991, 1998;
Nomikou 2004; Vanderkluysen et al. 2005;
Volentik et al. 2005; Nomikou et al. 2013). The
Yali and Strongyli volcanic islands, located north
of Nisyros, along with the submarine volcano of

27 27.2° 27.4°

Avyssos, are prominent features in the area,
bounded by NE-SW normal faults (Wagner et al.
1976; Allen and Cas 2001; Nomikou 2004;
Nomikou and Papanikolaou 2010, 2011). The
Nisyros late settlement resulted from few to no
macroseismic documentation of the activity
connected to well stratigraphically-documented
eruptions of the volcanic center until around
1400 AD (Higgins and Higgins 1996; Sachpazi
et al. 2002). The hydrothermal eruptions of 1871
and 1873 were accompanied by intense seismic
activity (Gorceix 1873, 1874; Georgalas 1962)
and severe damage to Mandraki village (Gala-
nopoulos 1953).

The seismic activity of the broader Nisyros
area is related to both tectonic and volcanic ori-
gin. The largest event of the historical era in the
broader study area is the M,, = 7.5 intermediate
depth event (Stucchi et al. 2013) that occurred on
13 February 1756, whose epicenter lies between
Rhodes and Tilos Islands. During the same per-
iod, only few large events are reported in the
vicinity of Nisyros, mainly to the north, close to
Kos Island (Papazachos and Papazachou 2003).
The events of 18 October 1493 and of 2 June
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1873, of magnitudes M,, = 6.9 and M,, =5.8
(Stucchi et al. 2013), respectively, are the ones
located close to Nisyros. Since 1900, both shal-
low and intermediate depth seismicity, reaching
180 km, has been recorded in the study area
(Galanopoulos 1981; Tsapanos et al. 1994;
Makropoulos et al. 2012). The latter is related to
the subduction of the oceanic lithosphere beneath
the Aegean microplate, as evidenced by the
occurrence of the destructive 26 June 1926
earthquake (M,, = 7.0), with a focal depth of the
order of 110 km (Galanopoulos 1981; Papaza-
chos and Papazachou 2003; Makropoulos et al.
2012). This event was widely felt in the Eastern
Mediterranean region, causing sporadic damage
and, in places, destruction over a large area in
Rhodes, SW Anatolia, E. Crete and the Nile
Delta (Ambraseys and Adams 1998). The largest
shallow earthquakes recorded in the vicinity of
Nisyros during the instrumental period occurred
on 23 April 1933 and 5 December 1968 with
M,, = 6.5 and M,, = 5.5, respectively (Galano-
poulos 1981; Makropoulos et al. 2012). The first
was located north of Nisyros, close to the south
coast of Kos, while the second west of Nisyros.
Earthquake swarms felt in Nisyros in 1953
(Bornovas 1953) and in 1970 (Stiros and Vou-
gioukalakis 1996), were not associated with any
eruption.

It should be noted that the seismicity of the
study area was not well recorded, due to the
sparse distribution of permanent stations until
2007, when the seismic networks of the Seismo-
logical Laboratories of the Universities of Athens
and Patras, of the Department of Geophysics of
the Aristotle University of Thessaloniki and of the
Geodynamic Institute of the National Observa-
tory of Athens were joined, forming the Hellenic
Unified Seismological Network (HUSN). The
first seismic crisis that was analysed in detail,
using recordings of a local temporary network,
occurred in 1995 (Papadopoulos et al. 1998;
Sachpazi et al. 2002). More specifically, in
November 1995 an intense, shallow seismic
activity was initiated in the study area, with the
two largest earthquakes of moderate magnitude,
M, = 4.4 and M,, = 4.0 respectively, occurring

on 27 August 1997. Ground deformation mea-
surements based on local GPS observations and
interferometric study for the period 1995-2002
showed extended uplift and opening of Nisyros
along the major faulting zones that crosscut the
island, during the 1995-1997 unrest period
(Lagios et al. 2005). Since 1998, the amount of
deformation decreased systematically to the
pre-crisis values, in agreement with the fact that
the aftershock sequence of Nisyros apparently
reached its end by October 1997. After 2002 and
up to 2012, it appears that subsidence generally
takes place at the northern part of the island,
which seems to extend offshore, reaching Yali
islet to the north (Lagios et al. 2015; Sakkas et al.
2015). Many of the events were strongly felt in
Nisyros Island producing cracks in local infras-
tructures. Since 1998, the activity on Nisyros and
the surrounding area has been moderate to low,
with some earthquakes occurring offshore close
to the island. Nevertheless, during 2015, several
moderate events occurred in the vicinity of
Nisyros, the largest of which took place on 24
July 2015 (M, = 4.9). The source parameters
determination of these events is among the scopes
of the present study.

In this manuscript the seismic activity of the
broader Nisyros area is investigated and the
hypocenters are determined using a 1D velocity
model that was calculated for that purpose. Focal
mechanisms of moderate magnitude events
located in the study area were calculated by
moment tensor inversion, using recordings in
regional distances. The current research is con-
cluded with seismic tomography, aiming to
detect both the location of magmatic features, in
a large scale, as well as the presence of discon-
tinuities, along which seismicity occurs.

8.2 Seismicity

During the last decades, Nisyros Island has been
characterized by generally low earthquake
activity. In the more recent years the data quality
and quantity have improved, especially since the
implementation of HUSN. In this study, a
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preliminary hypocenter location has been per-
formed for the seismicity of the broader area in
the period 2006-2015, using the HYPOIN-
VERSE code (Klein 1989) and an initial regional
1D velocity model (Kaviris 2003). Upon selec-
tion, the resulting data set was composed of 719
earthquakes. By employing a subset of events
located with accuracy better than 4 km and
having RMS < 0.6 s, the average V,/V; ratio and
the 1D velocity structure of the area were
investigated, using the mean travel-time residuals
and location uncertainties (RMS, ERH, ERZ)
minimization method (Kissling et al. 1994
Chiarabba and Frepoli 1997; Lopes and
Assumpcao 2011). A 1D velocity model was
obtained (Table 8.1), yielding improved
hypocenter solutions for the whole dataset. The
calculated median hypocentral location uncer-
tainties, obtained by HYPOINVERSE using the
optimum local velocity structure, are ERH =
1.34 km, ERZ =4.77 km and RMS =0.35 s,
while the corresponding median error values
using the regional model are ERH = 1.41 km,
ERZ = 6.04 km and RMS = 0.38 s, respectively.

The resolved seismicity in the broader area for
the period 2000-2015, with merged data of the
National Network in period 2000-2005 (squares)
and the locations determined by the custom
model of this study for 2006-2015 (circles) is
presented in Fig. 8.3. Seismicity has been
recorded SW of Nisyros, with the epicentral
distribution implying a roughly NNE-SSW
direction, whereas some activity can also be
identified ~7 km north of Nisyros, near Yali
Island. However, dense seismicity is observed in

Table 8.1 The local 1D
velocity model developed

V,/V; ratio 1.76

for the broader area of Layer

Nisyros-Kos Islands 1 470
2 5.20
3 5.70
4 6.20
5 6.50
6 7.10
7 7.40
8 8.00

P-wave velocity (km/s)

parts of the broader study area, such as the
vicinity of Karpathos Island, both onshore and
offshore, close to Rhodes and east of Kos Island,
towards the coast of W. Turkey.

The magnitude of completeness, M., was
measured during several time intervals to com-
pare rates in a homogeneous way. The M, value
is determined as the lowest magnitude for which
the Gutenberg-Richter (G-R) power law is sat-
isfied. This can be estimated either graphically,
by visual inspection of the linear part in the
log-log G-R diagram, or by the application of the
Maximum Likelihood Estimation method. In the
framework of the current study the first method
was applied, according to which the largest M,
for the period 2006-2015 was equal to 2.8. The
latter was set as a magnitude threshold for the
completeness of the catalogue and the histograms
of Fig. 8.4. The monthly occurrence of shallow
and intermediate depth events in the broader
study area is presented in Fig. 8.4a, b, respec-
tively. The corresponding histogram for the
vicinity of Nisyros Island is shown in Fig. 8.4c.
More specifically, the monthly event occurrence
is presented for a selected local region, centered
at 36.3661°N, 26.8215°E, with a radius of ~62
km that includes the western Nisyros basin and
part of the seismicity between Karpathos and
Nisyros. It is evident that the majority of the
events are shallow. The almost constant rates in
observed seismicity are interrupted by small
bursts when earthquake sequences occur. Even in
the more recent years, the number of recorded
earthquakes is generally low for shallow events
and even smaller for deeper ones. In addition, a

Ceiling depth (km)
0.0
3.5
9.0

11.0

23.0

29.0

32.0

80.0



250 P. Papadimitriou et al.
37.2°
37"
36.8°
OO0OM=6
36.6" o O M=5
s o M=4
36.4° = M=3
36.2°
km 0
36" 40
D
80 E
35.8° 'PI'
: 120
3 H
160
35.6° L=’
o) 0 o ; 200
274 276" 278 28

262" 264" 266" 26.8 27

Fig. 8.3 Hypocenter distribution for the time interval
January 2000-July 2015 in the broader area of SE
Dodecanese islands. Colours indicate focal depth.

temporal correlation of shallow and intermediate
depth seismic sequences may be observed,
whereas continuous low seismicity has been
recorded in the local region since 2000
(Fig. 8.4c). Nevertheless, increased activity is
observed in 2011 and 2014, as described in more
detail below.

For the period prior to 2000, additional data
from the seismological catalogues of the Geo-
dynamic Institute of the National Observatory of
Athens (GI-NOA) and the International Seismo-
logical Center (ISC) were incorporated for the
study of monthly seismicity rates in the past
years. The magnitude of completeness was esti-
mated at M, = 4.0 for years 1970-1990 and

Squares represent earthquakes that occurred during the
period 2000-2005, while circles those during 2006-2015

M. = 3.7 for the period 1990-1999. For homo-
geneity and to allow for unbiased rate compar-
isons, the cumulative number diagrams of
Fig. 8.5a, b have been drawn for events with
magnitude greater than or equal to 4.0. Following
the M,, = 5.5 earthquake which occurred near
Nisyros on 5 December 1968, the background
seismicity in the study region presents an almost
constant rate of ~1.1 event/month during the
period 1970-1990 (Fig. 8.5a). In the beginning
of 1990, a series of events with M,, > 4.5 that led
to clustered seismicity, delineated in a N-S
direction, was observed in the region ~40 km
south of Nisyros and north of Karpathos Islands
(Fig. 8.6a, cluster #1), culminating in an M, =
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Fig. 8.4 Histograms of the monthly rate of earthquake
occurrence in the broader area of study for a shallow
(H < 40 km), b intermediate depth (H > 40 km) earth-
quakes during the period January 2006-July 2015 and

4.6 event on 28 August 1990. The same area
was re-activated during the period 1996-1997
(Fig. 8.6a, cluster #2), peaking in July 1996,
after a major M,, = 6.2 earthquake on 20 July
1996 ~10 km W of Rhodes Island, while seis-
micity in the local area of Nisyros was also
observed in 1997, with a peak of activity in
August 1997 (Papadopoulos et al. 1998; Sach-
pazi et al. 2002). The seismicity rate declined to a
background level at the beginning of 1999
(Sachpazi et al. 2002), comparable to the rates of
the periods 1970-1990 (Fig. 8.5a) and 2000-

¢ local region cantered at 36.3661°N, 26.8215°E, with a
radius of ~62 km for years 2000-2015, independently of
focal depth. All rates are calculated for events with
M > M. =28

2003 (Fig. 8.5b). In 2004 seismicity rates
increased (Cluster #3), whereas since 2011 the
activity appears lower (Fig. 8.5b). The cumula-
tive number of events for the vicinity of Nisyros
Island is presented in Fig. 8.5c. An almost con-
stant rate is observed, with two notable sequen-
ces occurring in 2011 (cluster #6) and 2014
(cluster #10), while since mid-2015 a period of
increased seismic activity seems to have been
initiated.

Sachpazi et al. (2002) using data recorded by

a temporarily deployed local network,
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Fig. 8.5 Cumulative number of events in the broader area
of study for the periods of a 1970-2000, b 2000-2015 and
¢ for the local region cantered at 36.3661°N, 26.8215°E,
with a radius of ~ 62 km for years 2000-2015. Magnitude

threshold at M > 4.0 has been used for panels (a) and
(b) while M > 2.8 for panel (c). Stars indicate the
occurrence of significant events
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Fig. 8.6 Spatiotemporal distribution of shallow (circles)
and deep or intermediate focus earthquakes (squares) in
the broader area of SE Dodecanese islands during the

distinguished the earthquake crisis into two main
temporal periods. The first one, between 25
March and 3 April 1997, was concentrated in the
area between the northern coast of Nisyros and
the island of Yali, in contrast to the second one
which was initiated on 6 July 1997 and lasted for
one week, when the spatially clustered activity
was located north of Nisyros. Both the central
and southern parts of the island remained active
during July 1997, providing a more disperse
seismic distribution, while the depths were

periods a December 1989-1990 and June 1996—Septem-
ber 1996, b July 2004-March 2005, ¢ July 2010-
December 2012 and d January 2013-July 2015

mainly superficial, not exceeding 10 km. The
absence of reliable focal mechanisms for the
recorded events of the 1996-1997 crisis led to
the determination of a five-event composite
mechanism, which suggested a more oblique
direction for the maximum compressive axis that
could be explained by a dextral strike slip
mechanism which controls the local active
tectonics.

During 2001, in the framework of the GEO-
WARN Project, a local temporary seismological
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Fig. 8.7 Hypocenter distribution of the seismicity recorded by the local temporary seismological network of the
GEOWARN project for the time interval January—October 2001 in the vicinity of Nisyros Island (GEOWARN 2003)

network, consisting of 13 stations, was installed
in the study area (GEOWARN, 2003). Four
seismographs were installed on Nisyros, three on
Kos and one on Tilos Islands, while the
remaining five on islets surrounding Nisyros. In
the period of January—October 2001 more than
1000 epicenters were located (Fig. 8.7).

This network revealed local seismicity that
could not be detected or resolved by the regional
National Network, as is clearly evident by com-
paring the seismicity on Nisyros between
Figs. 8.3 and 8.7. The recorded seismicity is
mostly concentrated within a radius of ~10 km
around the island, with its density being higher at
the SW rim of the caldera, but also close to its
southern and northern coasts. While no spa-
tiotemporal clusters were observed, as no sig-
nificant earthquake sequence occurred during the
operational period of this temporary network, the
detectability threshold of the background shallow
seismicity on the island increased from

practically nothing (M. = 2.8 for the broader
region during this period) to a magnitude of
completeness near M, = 1.7 between July and
October 2001 for the resolved seismicity with the
local network. This signifies the great importance
of the availability of a local seismological net-
work in regions of particular interest, such as
volcanic settings, like the Santorini Volcanic
Complex (Kaviris et al. 2015; Papadimitriou
et al. 2015), or tectonic environments with high
deformation rates, continuous background seis-
micity and a plethora of swarms and other
sequences, such as the western Corinth Rift
(Kapetanidis and Papadimitriou 2011; Kapetani-
dis et al. 2015), to enable the identification of
seismic patterns or possible precursors and the
delineation of rupture zones, which are crucial
for the assessment of seismic risk and hazard.
While the detectability of lower magnitude
earthquakes has improved since 2000, the back-
ground seismicity rates for M > 4.0 in the
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broader region have remained relatively stable at
about 1 event per month (Fig. 8.5b). Clustered
activity was recorded E of Kos Island, near the
coasts of Turkey in the Gulf of Gokova
(Fig. 8.6b, cluster #3) mainly in early August
2004, with an My, = 5.5 event on 4 August 2004,
and in 2005 following an M, = 5.0 event on 11
January 2005. In the more recent years, after the
implementation of HUSN, the completeness
magnitude in the broader study area has dropped
to M, = 2.8, in agreement with the results of
D’Alessandro et al. (2011). The observed seis-
micity has been sparse but for a few spatiotem-
poral clusters presented in Fig. 8.6c, d, where the
groups are numbered according to the order of
their activation. Some notable events are related
with each group: cluster #4 WNW offshore Kos
Island is related to a couple of events on 10
September 2011 (M, = 4.2) and 24 December
2012 (M, = 4.1), cluster #5 W of Karpathos
Island involves a major M, = 6.1 event of
intermediate depth (70 km) on 1 April 2011.
A few km N of Nisyros Island, cluster #6 (also
marked in Figs. 8.4c and 8.5c) was activated by
an My, = 5.1 event on 8 May 2011, but could
also possibly be related to a deep (135 km)
M, = 4.1 event that occurred on 22 May 2011,
confined in the same epicentral region. It is worth
noting that during the same period intense seis-
mic activity occurred approximately 160 km to
the west, in the Santorini Volcanic Complex area
(Papadimitriou et al. 2015), as well, which also
comprises an active part of the Hellenic Volcanic
Arc. The small clusters in region #7 are related to
small earthquakes that occurred in June 2011 and
between February and May 2012. A shallow
M., = 4.6 event that occurred on 26 November
2012 activated cluster #8, in the Gulf of Symi,
approximately 70 km east of Nisyros. The seis-
micity in region #5 persisted during 2013
(Fig. 8.6d). In Karpathos Island, an M, = 4.0
event is related to the activity in cluster #9.
Significant activity is related to the spatiotem-
poral cluster #10 (with notable peaks in
Figs. 8.4c and 8.5c), located 5-10 km SW of
Nisyros, along the NE-SW trending Fault System
bounding the Southern Nisyros Basin (Fig. 8.6
d). This activity, consisting mainly of low

magnitude events (M,, < 4), could be linked to a
magmatic intrusion, which moves constantly
through time, producing volcano-tectonic events.
A similar process has also been observed in Etna
(Patan¢ et al. 2002) and Campi Flegrei (Zollo
et al. 2003) and should be monitored in a more
detailed way. NE of Kos Island, cluster #11 was
activated in May and August 2014, with the latter
being related to a shallow M,, = 4.0 event on 15
August 2014. Finally, S of Rhodes Island, an
M, = 4.3 event triggered the activity in region
#12.

Some other significant events in the broader
area during the period of study include the major
(My, = 6.2) deep (90 km) event of 22 January
2002 west of Karpathos Island, the deep event
(140 km depth) of 16 July 2010 with M, = 5.1
(near the W coast of Kos Island, the top of the
ellipse of Fig. 8.6¢), the M, = 5.0 event of 27
March 2015 (focal depth =55 km, loca-
ted ~50 km W of Karpathos Island) and the 24
July 2015 deep event (M,, = 4.9, focal depth =

140 km, located 30 km W of Nisyros Island,
near the middle of the ellipse of Fig. 8.6d). The
major M,, = 6.3 event of 15 July 2008 (focal
depth = 50 km) at the southern tip of Rhodes
Island did not trigger significant or clustered
activity N of Karpathos or near Nisyros,
according to the regional data.

Intermediate-depth seismicity is a prominent
feature of the study area. A specific region has
been identified in western Nisyros basin where
events down to depths of over 100 km have been
located (Fig. 8.6c, d, area marked with an
ellipse). The other notable region in the broader
area of study with events of intermediate-depth is
in the vicinity of cluster #5, W of Karpathos. In a
region where events with a wide depth range
occur, it is of great interest to examine a possible
spatiotemporal correlation between shallow and
deeper activity. Concerning the temporal distri-
bution, no systematic correlation between
intermediate/deep events and shallower ones can
be concluded by direct comparison of their
monthly rates. Nevertheless, there are a few cases
in which earthquakes with focal depths larger
than 40 km have coincided with increased
activity at shallower depths in the broader region
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near the same time. A series of deep events
(H > 100 km) on 18 March, 26 April and 12
June 2004 was followed by the M,, = 5.5 shal-
low event of 4 August 2004 (cluster #3) while
some months later, on 7 October 2004 a deep
(H = 105 km) M,, = 5.2 event occurred and was
followed by the shallow M, = 5.0 event of 11
January 2005 in the same cluster.

At intermediate depths, ~60 km, the most
noteworthy cases of major earthquakes are the
M, = 6.1 event of 1 April 2011 near Karpathos
which was followed by increased shallow activ-
ity in cluster #6 a month later (Fig. 8.4) and the
M,, = 6.3 event of 15 July 2008 in Rhodes which
is related to shallower aftershock activity. An
increase in deep seismicity was also observed in
October 2013 (Fig. 8.4b) including an M,, = 4.1
event on 18 October 2013, ~ 15 km E of Nisy-
ros at a focal depth of 120 km following several
other deep events with magnitudes between 2.8
and 3.4. More recently, a large outbreak in
deep/intermediate-depth activity was observed
after the M,, = 5.0 event of 27 March 2015
(Fig. 8.4b) in cluster #5 (Fig. 8.6d), W of Kar-
pathos, which was preceded 10 days earlier by
an M, = 4.5 deep event (H = 165 km) located at
the lower part of the ellipse in Fig. 8.6d, and
followed 1 day later (28 March 2015) by an
M, = 4.2 event near Nisyros. Finally, near the
end of the study period, a major deep event
(H = 140 km) struck ~ 15 km SW of Kos on 24
July 2015 (M, =4.9) within the ellipse of
Fig. 8.6d. Approximately the same region was
also activated on 16 July 2010 with an M, = 5.1
event at H = 140 km. No evidence has been
observed for increased shallow activity or major
shallow events preceding major deep events or
an increase in the rate of occurrence of
deep/intermediate-depth events.

8.3 Regional Moment Tensor
Inversion

The broader Nisyros region constitutes a com-
plex geotectonic environment, as evidenced by
the occurrence of both seismic and volcanic
activity. In addition, the focal depths of the

earthquake sources vary from shallow to inter-
mediate, leading to a variety of focal mecha-
nisms. The latter is related to both the tectonic
setting and to magma—fluid intrusion, depending
on the characteristics of the local stress regime.
Thus, it is evident that the determination of
reliable focal mechanisms is of crucial impor-
tance to understand the seismotectonic charac-
teristics, by studying the moderate events in the
study area, since no large events have occurred in
the vicinity of Nisyros during the last decades.
The operation of the HUSN, since 2007, and the
increase of the number of broadband seismic
stations in Greece, allowed for the calculation of
the moment tensor of moderate events using
recordings in local and regional distances.

The focal mechanism determination requires
the generation of Green functions in the selected
epicentral distances. For that purpose several
methods have been developed worldwide (e.g.
Dreger and Helmberger 1993; Fan et al. 1994;
Zeng and Anderson 1995; Fukuyama and Dreger
2000; Ichinose et al. 2003). In the present study,
the frequency wavenumber integration method,
proposed by Bouchon (1979, 2003), is used for
the generation of synthetic waves to be directly
compared with the observed ones for a given
velocity structure, as described by Papadimitriou
et al. (2012). The developed methodology was
successfully applied in the recently activated
Santorini region, during the 2011-2012 seismic
crisis (Papadimitriou et al. 2015).

On 24 July 2015 a moderate event of M, =
4.9 occurred approximately 30 km west of
Nisyros Island. This event of intermediate depth
is among the largest in the study area during the
last decades. The source parameters were calcu-
lated using recordings of 12 seismological sta-
tions in epicentral distances smaller than 350 km.
The selected records were instrumentally cor-
rected and then integrated to produce displace-
ment waveforms. Three component seismograms
were used and the data were band-pass filtered
between 0.02 and 0.125 Hz. The best fit was
obtained for a hypocenter at the depth of 140 km
and the calculated seismic moment is
M, = 2.8:10% dynes-cm. The moment tensor
inversion indicates strike-slip type faulting with
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Fig. 8.8 Source parameters determination for the event of 24 July 2015, using moment tensor inversion and recordings
in local and regional distances. Red colour represents observed waveforms and blue synthetics

the focal planes oriented in NNE-SSW (¢ = 33°,
0=69° 4=179°) and NNW-SSE (¢ = 123°,
0=289° A=21° directions, respectively
(Fig. 8.8), while the obtained results for the P-
and T-axes are ¢ = 256°, 6 = 14° and ¢ = 350°,
0 = 15°, respectively.

The second focal mechanism, presented in
Fig. 8.9, corresponds to an M,, = 4.1 shallow
event that occurred on 24 December 2012,
approximately 50 km NW of Nisyros Island.
Twelve stations were taken into account, in epi-
central distances varying between 50 and
300 km. The obtained fault plane solution of this
event revealed normal faulting in a NE-SW
direction. More precisely, the details of the two
focal planes are ¢ = 219°, 6 = 46°, 1 = —132°
and ¢ =91°, 6 =58°, A=-55° The corre-
sponding results for the P- and T- axes are
¢ =56° 6 =60° and ¢ = 157°, & = 6°, respec-
tively. The depth of the foci was determined at

11 km and the seismic moment was found equal
to 2.1-10** dynes-cm.

Moment tensor inversion was performed for
events with M,, > 3.8 in the broader study area,
depending on the quality of the available data.
The obtained fault plane solutions are presented
in the map of Fig. 8.10, where it is observed that
shallow events correspond to normal faulting.
Two main groups can be distinguished: the first
close to Karpathos Island, with the fault planes
striking in an approximate NNE-SSW direction,
while the second close to the coasts of W. Turkey
in a ~E-W direction. The latter are related to
N-S extension in the region, a regime which also
dominates in other active tectonic regions in
Greece, such as the Gulf of Corinth (e.g.
Papadimitriou et al. 1999; Kapetanidis et al.
2015). On the other hand, earthquakes of inter-
mediate focal depth are related to reverse focal
mechanisms, with an important strike-slip
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Fig. 8.10 Seismotectonic
map of the broader study area.
Focal mechanisms are from
the Seismological Laboratory
of the University of Athens
(NKUA) (www.geophysics.
geol.uoa.gr). Colours indicate
shallow (blue, H < 40 km)
and intermediate depth (red,
H > 40 km) events
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component in most cases. This type of faulting
dominates at depth in the vicinity of Nisyros,
mainly north and west of the island.

8.4 Local Earthquake Tomography

Seismic tomography is proven an effective tool
for the detailed investigation of the Earth’s
interior. The scope of the present tomography
study is to determine the crustal structure in the
northern part of Dodecanese Islands, in order to
identify the presence of magmatic chambers
using manually located events. Local earthquake
tomography techniques have been successfully
applied to reveal the velocity structure of vol-
canic regions (Drakatos et al. 1997; Zollo et al.
2003; Vanorio et al. 2005; Lees 2007; Zan-
domeneghi et al. 2008; Dimitriadis et al. 2010;
Koulakov et al. 2013; Papadimitriou et al. 2015).
In the present study, the analysis was based on
the local tomographic inversion code (LOTOS)
by Koulakov (2009). For the tomographic
inversion, more than 1000 manually located
events were taken into account as a primary
catalogue. Synthetic testing (checkerboard) was
performed to set the parameter’s values that
produce better resolution and increase the area of
fidelity. For the 3-D tomography inversion, a
dataset comprising of 7132 P and 2886 S
arrival-times, was selected, with at least 14
phases and ratio of S to P residual smaller than
1.7. Inversion was performed for V,, V, and
Vp — V,/V; to obtain additional constraints con-
cerning the V,, and V; anomalies. The LOTOS
code requires input data of the station coordi-
nates and the arrival times from locally recorded
seismicity. The coordinates of the hypocenter
and the origin time are not essential, as they are
determined during the execution of calculations.
However, if preliminary hypocentral locations
are available, as in the present case, they are used
to decrease the processing time of the operations.
Additionally, the obtained 1-D starting velocity
model and a set of input parameters for per-
forming the convergence iteration steps,

including parameterization, grid dimensions and
damping parameter, were considered (Koulakov
2009). Model parameterization of the velocity
field delineates, according to the local charac-
teristics, the shape and position of hetero-
geneities. A nodal representation was employed,
since the velocity field that is reconstructed by a
three-dimensional grid does not assume a speci-
fic geometry of heterogeneities (Toomey and
Foulger 1989). The spacing between the nodes of
the grid was kept considerably smaller than the
expected size of the anomalies (<8 km) to reduce
the bias of the resulting models due to the grid
configuration. The optimal grid mesh has been
determined  taking into  account  the
stations/events geometry. In addition, to further
decrease the influence of the model parameteri-
zation on the solutions, the inversion was repe-
ated using several grid orientations (0°, 22°, 45°
and 67°). The obtained results were combined
over a 3-D model of absolute P- and S-wave
velocities by simple averaging.

8.4.1 Resolution Tests

In the present study, the checkerboard method
(Humphreys and Clayton 1988) was applied as
indicator of the resolution and errors associated
with the inversion to define the fidelity area. This
method uses alternating anomalies of high and
low velocity, evenly spaced throughout the
model in a checkerboard pattern. Data resolution
is mainly controlled by ray-path distribution,
model parameterization and smoothing (Lees and
Crosson 1989).

Checkerboard tests are performed to repro-
duce the procedure of real data processing. In the
initial synthetic model, the size of cells corre-
sponds to the expected anomalies. The applied
procedure involves defining many spiked regions
with 20% variability in the velocity structure
compared to the one-dimensional reference
model (Fig. 8.11).

Random noise of 0.1 s for P-wave arrival-time
picks and 0.15 s for S-wave picks was added to
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the residuals, following a normal distribution, to
approximate the uncertainties of the 3D model,
using the same parameterization as for the real
data (Koulakov 2009). Subsequently, the
travel-times for the paths between source and
receiver are computed. This procedure corre-
sponds to the real observation system, which
uses a 3-D ray tracing that follows the bending
algorithm principles. The reconstruction of the
synthetic model is performed in the same way as
in the real data processing, including the opti-
mization of the 1-D model and the absolute
source location. The same values of free param-
eters, as in the real case, are used to examine the
area of fidelity for the obtained results. After
several synthetic tests, the set of parameters that
provides a greater area of trust and can success-
fully reconstruct the model of checkerboard
anomalies is used for the real data 3-D
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tomographic inversion. The inversion variance is
controlled by errors in the data, including
mis-picks, mis-locations and incorrectly deter-
mined ray-paths.

Synthetic tests were performed to investigate
the horizontal resolution of the modeling. The
variations of V, and V, are presented in
Figs. 8.12 and 8.13, respectively, at depths of 5,
15, 25 and 35 km. The horizontal resolution of
the lateral velocity variations’ reconstruction is
quite satisfactory in those depth slices, espe-
cially within the region between Nisyros and
Kos, which is the main area of interest. Con-
cerning the vertical resolution, additional tests
were performed, applying a change on the
anomaly sign at 5 km depth. It is worth noting
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that the transition is reconstructed correctly for
the largest part of the study area, with only
minor horizontal smearing along the ray paths,
mainly towards its NW edge. In most cases of
passive tomography, vertical resolution is
poorer than the respective horizontal one, due to
source and velocity parameters trade off
(Kasatkina et al. 2014). The size and shape of
P- and S-anomalies are reasonably preserved in
the central part of the area of interest down
to ~35 km. The size and form of the resolved
area for the horizontal slices provides reliability
to the interpretation of the final results for
velocity perturbations, as well as for V,/V;
tomograms which will be presented in the
following section.
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8.4.2 Real-Data Inversion

The inversion procedure was initiated with pre-
liminary source location and optimization of the
1D velocity model and, after three iterations,
yielded an average RMS travel-time residual of
0.35 s. Moreover, the average P- and S-residuals
were reduced from 0.52 and 0.72 s to 0.45 and
0.63 s, respectively. The resulting P- and
S-velocity anomalies with respect to the 1-D
starting model are shown in Figs. 8.14 and 8.15
in four horizontal slices, at depths of 5, 15, 25
and 35 km. The corresponding results for the V,,/
V ratio are depicted in Fig. 8.16. The interpre-
tation of the obtained results is limited to regions
of the model with adequate reconstruction of the
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checkerboard model, which is shown in
Figs. 8.12 and 8.13. Velocity variations for the
superficial layers generally range between +14
and —16% for P- and S-waves, while the
respective V,/V; ratio varies between 1.55 and
2.00. The velocity structure is resolvable for the
depth range 5-35 km according to the synthetic
modeling tests.

This fact, combined with the presence of
dense ray coverage down to the depth of ~15
km, provides a greater credibility to the outputs
of the 3-D inversion and the interpretation
becomes more feasible. Strong lateral velocity
perturbations were mainly recognized at shal-
lower depth sections (5-15 km). More specifi-
cally, at the horizontal sections of 5 and 15 km, a
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S anomalies, depth= 5 km
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NE-SW zone of positive P-wave velocity per-
turbations is observed, which coincides with the
Southern Nisyros and Eastern Kos basins. This is
anti-correlated with the corresponding low
velocity perturbation of the S-waves SW of
Nisyros Island. This important feature results in a
high V,/V ratio anomaly that can be observed in
Fig. 8.16. Moreover, a similar reverse sign
between P- and S-wave anomalies can be
observed at the northern part of the Nisyros-Kos
Caldera that could be attributed to the surface
expression of the Yali and Strongyli volcanic
centers (Nomikou and Papanikolaou 2011). The
resulting low-velocity pattern can be associated
with the location of weak zones (local faults)
indicated in Fig. 8.2. The fault system represents

a weakened part of the crust where penetration of
deep fluids and melts is most feasible. The col-
lapsed regions are characterized by a shallow and
broad low V;, anomaly down to 15 km depth that
is mainly observed offshore, South of Kos Island.
In the same area, at the deeper slices, the S-wave
velocity perturbation is even more negative than
the corresponding V,,, while it becomes positive
at the NE part of the study area. This pattern is
reflected in the V/V ratio (Fig. 8.16) value,
which is about 1.90.

In order to examine the velocity anomalies in
depth, two vertical cross-sections, performed at
N140°E and N50°E directions (Fig. 8.17a—c), are
shown presenting V,, (Fig. 8.18a—) and V;
(Fig. 8.19a—c) absolute velocities, as well as the



264

P. Papadimitriou et al.

Vp/Vs, depths 5 km

Vp'Vs, dapth= 15km

37.05
“
@
]
o
o
o
o
3
=
=

3.5 1— - T T
2675 27.00 2725 2750 27.75
Vp!Vs, deplh= 25 km

: . ar.05

36.90

§ 3675
&
@

R 36.60
@
]

= 3645

27.25 2775

27.50
longilude, degrees

26.75  27.00

Fig. 8.16 Tomograms of absolute V,,/V ratio values at 5,

P anomakes, depths 15 km

S anomabies, depth® 15 km

27.75

26.75

2700 2725 2750

Vp'Vs, deplh= 35 km

%

2675 2700 2725 2750 .75

longitude, degrees

15, 25 and 35 km depths

Wp/Vs ratio, depth= 15 km

ol

5

%

2-A

X85 s ko zar

Fig. 8.17 Horizontal projection of the tomographic profiles of absolute values of a P-wave velocities b S-wave

velocities and ¢ V,,/V; ratio

distribution of the V,,/V; ratio values (Fig. 8.20).
Profiles 1A-1B and 3A-3B indicate a low
P-velocity layer at 8-17 km depth, in the central
part of the study area which may be related to the
activation of local ruptures that bound the Yali—
Nisyros Basin. This can be justified by the

penetration of water fluids through local faults
and flat cracks, saturating the hosting rock for-
mation. An anomaly of high V,/V; ratio and low
Vs perturbations can be observed in an area
located 5-10 km SW of Nisyros, between the
NE-SW trending Fault System bounding the
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Southern Nisyros Basin. This anomaly is anti-
correlated with a positive V), perturbation, which
is typical for active volcanoes and may represent
magma intrusion of deeper composition con-
taining fluids and melts (Zollo et al. 2003;
Sherburn et al. 2003; Koulakov et al. 2013).
Furthermore, the obtained results (Fig. 8.16)
reveal an area of high V,/V, (~1.95) that can be
associated to the possible presence of magmatic
chambers which feed the Yali and Strongyli
volcanic centers, extending down to about
~15km. In the respective cross-sections
(Fig. 8.18), it appears that these circular-shaped
anomalies are connected to a region of low
velocity perturbation and high V/V ratio at lar-
ger depths. These observations could be related
to the primary magmatic chamber that feeds the
superficial ones with melt material through the
local fault system. A clear high V,, — V,/V; ratio
body (6.4-6.8 km/s and V,/Vs ~1.90), NE-SW
oriented and located 5 km E of Nisyros Island,
between 5 and 15 km b.s.l. (Fig. 8.18) is possi-
bly connected to high density cumulates, frac-
tionated by the magma during its ascent, stocked
and congealed at depth (Patan¢ et al. 2002). The
absolute values of P-wave velocity show a
low-velocity zone in the SE edge of the study
area, near Tilos Island, at about 35 km depth
(Figs. 8.14 and 8.15), which could possibly
indicate the presence of a hydrated mantle wedge
(Guillot et al. 2001; Dinc et al. 2010). The
P-wave velocity is much lower to the eastern part
of the study area (Figs. 8.14 and 8.15) than the
respective western one, which could be an indi-
rect characteristic of fluid penetration from the
lower crust to the mantle diapir, near Northern
Tilos Basin.

8.5 Conclusions

The seismic activity of the broader Nisyros
region during the last decades is moderate to low,
whereas several large earthquakes have been
reported in the past. Microseismic activity is not
well known, due to the absence of a local per-
manent seismological network. This fact is pro-
ven by the important number of shallow

microearthquakes that were located during the
operation periods of temporary networks on
Nisyros Island and its vicinity. On the other
hand, seismicity recorded by HUSN can be
divided in earthquakes of shallow and interme-
diate depths. Very low activity is observed on
Nisyros Island, whereas concentration of shallow
events is presented SW of Nisyros, along the
NE-SW trending Fault System bounding the
Southern Nisyros Basin. Important crustal seis-
micity is also recorded east of Kos Island, within
the Gulf of Gokova, mainly related to the N-S
extension in the region, as also revealed by the
normal-type focal mechanisms. Among the most
important characteristics of the study area is the
intermediate depth seismicity West of Nisyros
Island. Focal depths, determined by moment
tensor inversion, mainly vary between 100 and
150 km, while the rupture is consistent with
reverse faulting with a significant strike-slip
component. Histograms of seismicity monthly
rates revealed continuous background activity
with both shallow and deeper events occurring
frequently through time. Nevertheless, there
appears to be no evidence of correlation between
crustal and deeper seismicity, as far as the rates
are concerned. However, some deeper events in
the northern part of the study area have coin-
cided, in a timeframe of several days, with two
seismic sequences east of Kos, indicating that
this sort of relation may be worth looking into in
the future, when more data are available. The
study of the spatiotemporal distribution has
revealed some zones of particular interest in the
broader area, where seismic sequences have
occurred, such as the N-S oriented zone between
Nisyros and Karpathos, the E-W oriented zone
between Kos and the coasts of Turkey, near
Bodrum, in the gulf of Gékova and further south
in the gulf of Symi. The southernmost part of the
area of study, near Karpathos and Rhodes, where
two My, > 6 events of intermediate depth have
occurred within the last decade, is the zone with
the greatest seismic potential, related to the
subduction process.

Taking into account the recorded local seis-
micity, a tomographic inversion was performed.
This led to the identification of the location of
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possible magmatic chambers, as well as of other
processes related to the Hellenic Volcanic Arc.
More specifically, low V,, anomalies accompa-
nied by high values of V,,/V; ratio were obtained
for the depth intervals of 5-15 km and 25-
35 km, at the northern part of the Nisyros-Kos
Caldera. These areas are related to the collapsed
Late-Pliocene caldera of Nisyros-Kos, filled with
low-density volcanoclastic sediments, and the
gas products of Yali and Strongyli volcanic
centers. The correlation between absolute V,, and
Vp/ Vs ratio assisted to the recognition of high
density cumulates 5 km to the E of Nisyros
Island, that may be connected to volcano-tectonic
activity of the last unrest period (1996-1997).
Also, a prominent feature was recognized to the
SW of Nisyros Island with high absolute values
of V, and V,/V; ratio, as a result of the upward
migration of deeper composition magmatic
intrusions. Moreover, in the SE edge of the study
area, near Tilos Island, a low-velocity zone was
identified at about 35 km depth, which could be
an indirect characteristic of fluid penetration from
the lower crust to a mantle diapir.
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Microseismicity and Crustal
Deformation of the Dodecanese
Volcanic Area, Southeastern Aegean
Sea Using an Onshore/Offshore
Seismic Array

Joanna Papoulia, Jannis Makris, lvan Koulakov,
Chrysoula Fasoulaka and Paraskevi Drakopoulou

Abstract

The seismic activity of the volcanic field of Kos-Yali-Nisyros,
south-eastern part of the South Aegean Volcanic Arc, was observed by
an “amphibious” seismic network consisting of nine 3C stand-alone land
stations and four 4C ocean bottom seismographs. The array operated for a
period of four months, from June 28 to October 13, 2001. Accuracy
location of the seismic foci was optimized by using a 1D local velocity
model obtained by active seismic observations. 1190 micro-earthquakes
over a threshold magnitude of 0.7 ML were identified, using arrivals
recorded by a minimum of four stations per event. The average RMS of
the travel time residuals was better than 0.1 s for events located within the
array and 0.2 s for those lying outside. Regional seismicity and focal
mechanisms of larger events in the fault system Gokova, Kos-Nisyros and
that of Karpathos basins delineate the extensional boundary to the north
and west of the Dodecanese islands block. This block unit, although
internally strongly fractured, is decoupled from the Aegean microplate. It
is anticlockwise rotated with the west Karpathos basin that limits its
western flank—having the largest width and maximum subsidence. These
processes are very young having their maximum intensity at the bend of
the fault system from E-ENE direction to nearly N-S striking. The
magmatic intrusions are concentrated in this area of bending. They are
driven by the subduction of the Ionian oceanic lithosphere below the
Aegean microplate with deep seismic foci of 150 to 180 km depth
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building a cluster below the Nisyros and Kos islands. The mapped
seismicity is mainly induced by the volcanic processes of magma intrusion
within 4 km below Nisyros and apophytic branches of magma below Yali
and Strongyli islands. The main magma chamber is below 6 km depth and
the induced pressure in the upper crust, due to magma injection, generates
fractures and hydrothermal circulation followed by high local seismicity
of small magnitude events.

9.1 Introduction

The Aegean Volcanic Arc, extending from
Lichades, Methana, Milos, Santorini to Nisyros
volcano evolved within a back-arc extensional
tectonic regime. It was triggered by the north-
eastward subduction of the Ionian oceanic litho-
sphere beneath the passive Hellenic margin of
the European plate (e.g. McKenzie 1972; LePi-
chon and Angelier 1979; Papanikolaou 1993;
Jackson 1994). As a result of this ongoing sub-
duction, significant magmatic and volcanic
activity occurs in the Dodecanese area since late
Pleistocene—Holocene times. Nisyros and the
surrounding islands of Yali, Strongyli, Konde-
lioussa and Pergousa represent late Pleistocene—
Holocene volcanoes.

The island of Nisyros is mainly composed by
lava flows, pyro-clastic layers and lava domes
dated from 161 ka to date (e.g. Davis 1967,
Keller et al. 1990), forming a cone of 8 km
diameter at its base and a caldera of 4 km at the
top. It lies on alpine Mesozoic basement and a
thinned continental crust, with Moho depth of
20-23 km (Makris et al. 2016). On the island of
Kos, to the north of Nisyros, major magmatic
activity has also occurred since late Miocene—
Pliocene, and one of the largest volcanic erup-
tions in the eastern Mediterranean dated at
161 ka bp, is represented by the Kos ignimbrite
(Keller et al. 1990). Products of this eruption
covered an area of more than 3000 sq. km (Allen
et al. 1999).

The Dodecanese however is not only exposed
to volcanic hazard but is also one of the most
seismically active areas in Greece and the

Mediterranean region (e.g. Galanopoulos 1960;
Makropoulos and Burton 1981; Jackson and
McKenzie 1988; Papazachos and Papazachou
1997). Large magnitude earthquakes have
repeatedly affected it in recent and historical times
that caused severe destruction and human loss.
Among the most severe earthquakes are that of
Rhodes at 226 BC that destroyed the Colossus of
Rhodes, the 1481 Rhodes 7.1 Ms event with
30.000 fatalities, the Chalki 1840 6.5 Mw event
with 600 fatalities, and the 1993 6.6 Ms Kos
event with 178 fatalities. During the period 1995—
1998 increased seismic activity occurred at
Nisyros with extended damage at the northwest-
ern part of the Island (Mandraki town). Several
studies followed up this seismic activity, incl. a
detailed multibeam bathymetric, and a single
channel high-resolution air gun survey around the
volcano. The R/V AEGAEO of the Hellenic
Centre for Marine Research was used for these
operations. Several faults were located on- and
offshore Nisyros and the shallow sedimentary
structure was delineated (e.g. Nomikou and
Papanikolaou 2000; Papanikolaou and Nomikou
2001a, b). Further studies of the sediments and
crust followed up in 2001, during the “GEO-
WARN” project supported by the EC. An
on/offshore seismic network was established in
the broader area of Nisyros caldera and between
the islands of Kos to the north and Tilos to the
south (Fig. 9.1), and observed the microseismic-
ity associated with the volcanic activity and the
tectonic deformation. The 13 stations seismic
array operated for approx. four months, from June
28 to October 13, 2001. In the following we
present the results obtained by these observations.
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Fig. 9.1 The Geowarn “amphibious” seismic network. Operation period: 28 June—13 October 2001

9.2 The GEOWARN “Amphibious”
Seismic Array and Recorded
Seismicity

The Geowarn “amphibious” seismic array con-
sisted of 4 Ocean Bottom Seismographs
(OBS) and 9 stand-alone land stations (Fig. 9.2).
Both marine and land stations were equipped with
the SEDIS III seismic recorder developed at the
University of Hamburg (Makris and Moeller
1990). This instrument was used offshore inte-
grated in an OBS or as a stand-alone seismic unit

onshore. The OBS is a4-Channel recording station
(3 channels for geophones plus one hydrophone)
with a 4.3 GB storage capacity. One way alkaline
D-size batteries allowed continuous monitoring
for approximately 21 days. Timing was obtained
by GPS receivers onshore and inbuilt
thermo-stabilized quartz clocks of 10™® accuracy
and strictly linear drift offshore. Electronic com-
ponents and sensors are housed in a 17 in. glass
sphere that withstands pressure corresponding to
more than 6000 m water depth. Onshore stations
were equipped with solar panels and batteries that
permit continuous operation (Fig. 9.2).
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Fig. 9.2 An ocean bottom seismograph on R/V AEGEAO-HCMR before deployment (leff) and a stand-alone land

station equipped with solar panel (right)

9.3 Evaluation
of the Microseismicity

Data evaluation and location of seismic events
was accomplished by applying the hypoinverse
code (Klein 1989). We optimized the location
procedure by adopting a local velocity model
(Table 9.1), averaged from active seismic
observations per-formed during an active seismic
experiment (Makris et al. 2016).

Magnitudes were defined by the coda lengths
of the recorded seismograms, calibrated by local
earthquakes also observed by the Seismograph
Network of the National Observatory of Athens,
applying the Crosson (1972) method.

Table 9.1 Local velocity model for hypocentral location
(after Makris et al. 2016)

Velocity Vp (km/s) Depth (km)
4.40 0.00
5.50 4.00
6.50 10.00
8.00 25.00

In four months, from June 28 to 13 October
2001, 1191 events were located above a thresh-
old magnitude of ML 0.7 that were observed by
minimum four stations. On the average 11 events
per day were located (Fig. 9.3). The magnitude
of completeness is ML 1.8 (Fig. 9.4 Ileft).
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Distribution of the RMS travel time residuals of
the recorded seismicity is presented in Fig. 9.4
right, showing that one third of the events has a
RMS less than 0.1 s, and only 30% had RMS
values greater than 0.2 s for events located out-
side the seismic array.

Figure 9.5 shows the recorded seismicity on
the topography-bathymetry map. Seismic events
are mostly of shallow focal depth, located in the
upper and lower crust, with very few of inter-
mediate depth, of 90-100 km, associated with
the subduction below the volcanoes. As seen, the
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Fig. 9.5 Seismicity recorded by the GEOWARN “amphibious” seismic array. Location of three profiles mapped by

active seismic observations is indicated
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Fig. 9.6 3D distribution of seismicity. View from west

major part of the seismic activity coincides with
the caldera of Nisyros and the volcanic forma-
tions of Yali and Strongyli islands.

In Fig. 9.6 the seismicity is plotted in a 3D
cube. The number of events decreases with
increasing hypocentral depth. Of course thresh-

old magnitude is also increasing with depth, and
one cannot exclude the existence of small mag-
nitude seismicity at depth that our seismic array
could not resolve.

The fact that the northwestern part of the Kos
caldera is not very active at present could be
interpreted as a consequence of the relaxation
that followed the 161 ka bp eruption. This large
eruption that produced the extensive volcanic
tuffs and ignimbrites of western Kos (Smith et al.
1996) may have emptied this part of the caldera
producing the large morphologic depression of
the west Kos basin. The caldera exceeds 20 km
in diameter, from the coast of western Kos to
south Nisyros (Allen 2001; Allen and Cas 2001).
The highly active volcanic edifices of Nisyros,
Yali and Strongyli were activated after the major
volcanic event that affected the areas around
western Kos (Allen 2001).

A 3D velocity model (Fig. 9.7) demonstrates
the volcanic area developed from active seismic
observations accomplished around the island of
Nisyros and Yali, and recorded by 6 OBS and 12
land stations. By comparing the 3D magma
geometry with the seismicity we see that the

V( intrusives) > 5.2

Fig. 9.7 3D velocity tomography of magmatic intrusives below the Nisyros-Yali volcanoes (left), locations of shots

(numbers) and stations (triangles) (right)
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seismicity is directly linked to the magmatic
intrusions and the faults above and around the
magma chambers. Also the geometry of the large
Kos caldera was delineated and the apophytic
intrusions below the volcanoes have penetrated
the crust 3—4 km below surface. Although the
presently active magmatic intrusions and the
seismicity are concentrated below Nisyros,
Strongyli and Yali, the caldera geometry clearly
extends to the southwestern part of Kos, where
also intense hydrothermal activity is associated
with the bordering faults of the bay of Kefalos,
southeastern Kos (e.g. Varnavas and Cronan
1991; Varnavas et al. 1998).

The faults around Nisyros as delineated by the
active seismic experiments (Makris et al. 2016)
are presented in Fig. 9.8 together with the
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located seismicity. We can see that the maximum
concentration of seismic events is located below
Nisyros, where magma intrusions occur at shal-
low depths. The observed seismicity along three
2D velocity models, mapped by Makris et al.
(2016), is plotted to demonstrate the relation
between tectonic structures and intrusives. All
events located within a 10 km wide stripe on
either side of each 2D line were projected into
each cross section.

Profile P1 (location Fig. 9.5), is SW-NE ori-
ented, from the eastern Cretan Sea basin towards
Kos Island (Fig. 9.9). The major part of the
seismicity falls within the caldera region, where
the maximum deformation of the sediments and
crust were observed and the intrusives penetrated
the crust at the highest level.
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Fig. 9.11 Depth distribution of recorded seismicity along profile 5 (location Fig. 9.5)

Both the western and eastern marginal faults
of the western Kos basin—that coincides with
the Kos caldera—are seismically active. The
seismicity at crustal levels is confined probably
by the limits of the magmatic intrusions that feed
the magma chambers and the faults that tectoni-
cally limit the caldera.

Profile P3 (location Fig. 9.5), is SSW-NNE
oriented, from Karpathos basin to eastern Kos.
Alpine sediments are more than 3.8 km thick,
below the Karpathos basin that has maximum
water depth of 2.5 km. Seismicity is mainly
associated with the uplifted crustal block of
Nisyros and the faults between Nisyros and
Tilos. The Kos-Nisyros caldera lies to the north
of this cross section (Fig. 9.10).

Finally, profile PS5 (location in Fig. 9.5) of
NW-SE orientation extends from north-west of
Kos to the island of Rhodos crossing the caldera.
Alpine sediments are thickening from northwest
to southeast, exceeding 5 km below Rhodos.
Seismic activity along the profile is mainly con-
centrated in the area of Yali and Nisyros islands,
as previously described (Fig. 9.7). Also the west
Kos basin is seismically active (Fig. 9.11).

9.4 Discussion

The local seismic array regionally restricted to
the volcanic area of Nisyros mapped high seis-
mic activity directly linked to volcanic and
hydrothermal processes. The wider region and
the associated tectonic processes cannot be
explained from these observations alone. For this
reason, we also considered the data recorded by
two regional arrays, the CYCNET and EGELA-
DOS networks in the years 2002-2007 (Bohn-
hoff et al. 2004, 2006, Briistle 2012; Friedrich
et al. 2014).

The graben system Gokova-Kos-Karpathos is
impressively marked by crustal seismicity,
showing that the Dodecanese crustal block is
separated by extension from the Aegean micro-
plate. Bohnhoff et al. (2005) based on stress
inversion from focal mechanisms, describe slab
pull to be the driving mechanism for the exten-
sional processes in the south Aegean. This is also
valid for the Dodecanese volcanic area. Also the
focal mechanisms published by Friedrich et al.
(2014) from precisely located seismic events



282

J. Papoulia et al.

404 -

-40-

o e

— T T
-60 -40 -20 0

Fig. 9.12 Ray coverage of 3D tomography of the active seismic array

recorded by two regional seismic arrays show
extension for the crustal seismicity recorded.
They delineate the Dodecanese block that
behaves like one crustal unit rotating in anti-
clockwise motion out of its present position (Tiir
et al. 2014).

The basin systems from Gokova to Kos—east
to west—and Karpathos—north to south—are
the bordering extensional basins that limit the
Dodecanese block to the north and west. This
trend is also identified by a 3D active tomogra-
phy we performed in the Dodecanese region
(Figs. 9.12 and 9.13). The presented velocity of
P-waves and the velocity anomalies for layers at
6, 10 and 14 km show the extensional crustal
process mentioned above. The high velocities

mapped below Nisyros, trending NE-SW, are
due to magmatic intrusives below the volcanic
area. High velocity anomalies recorded at the
northern part of Kos, and also the island of Tilos,
are due to basement highs (see also Makris et al.
2016).

Deep seismicity is focused only below Nisyros
and the focal mechanisms of the Nisyros cluster as
interpreted by Friedrich et al. (2014) are strongly
influenced by magmatic processes connected to
the subducted slab below Nisyros. Related focal
depths are between 100 and 150 km.

Finally, if we consider the geological situa-
tion of Nisyros and the islands around it, the
seismicity and magnitude of events recorded so
far (e.g. Papazachos and Papazachou 1997;
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Briistle 2012; Friedrich et al. 2014) and the vol-
canic eruptions (e.g. Marini et al. 1993; Nomikou
2004), it is the volcanism that poses the main
source of hazard.
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Abstract

The southeastern part of the South Aegean Volcanic Arc (SAVA),
including Kos, Yali and Nisyros islands, is geodynamically very active.
Intense seismic activity occurred on Nisyros Island during 1996-1998,
accompanied with strong ground deformation and temperature increase of
the fumaroles. Ground-deformation studies based on GPS and differential
Interferometry for the period 1996-2000 revealed an “opening” of the
island along the main faulting zones together with intense uplift of up to
90 mm that gradually reduced the following two years (2000-2002). Two
Mogi point sources related to magmatic chambers fitted the observed
ground deformation that was deduced from differential GPS and
conventional Interferometry. One source is located onshore at about the
centre of Nisyros, and the other is offshore at about 5 km to the north of
Nisyros and 2 km to the southeast of Yali. Additional geophysical and
geotectonic data support the existence and the location of these two
magma chambers. Remeasurement of the Nisyros-Yali GPS network in
2012, combined with the analysis of SqueeSAR™ Interferometric data
from ENVISAT ascending and descending imageries (2003-2010),
provided the spatial and temporal ground-deformation pattern after the
period of the seismic crisis. The GPS results indicated intense subsidence
(5-10 mm/year) in the northern and central parts of Nisyros that caused
the western and eastern flanks of the island to “collapse” towards its
centre, as is evident from the horizontal component of the GPS vectors.
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The observed line of sight (LOS) velocity field of the SqueeSAR™
analysis revealed a nearly linear type of ground deformation for that
period, exhibiting values ranging between —3 and +3 mm/year with small
standard deviations (<0.8 mm/year). The SqueeSAR™ results have
generally shown a similar deformational pattern as the GPS one;
subsidence is observed along the northern and central parts of Nisyros,
while when comparing ascending and descending LOS components of
ground velocities, an eastward horizontal component is inferred for the
southeastern part of Nisyros. Motions along the main faulting zones that
crosscut the island are also clearly identified. Both analyses have shown
that the ground deformation on Yali may be associated with a more
regional subsidence that takes place to the south and offshore of the islet,
as is clearly indicated from the horizontal component of the GPS vectors.
The overall pattern of subsidence in the broader area of Nisyros and Yali
after 2000 is consistent with the two modelled Mogi sources, and indicates
that the pressure inside the two associated magma chambers and the

hydrothermal system has likely decreased.

10.1 Introduction

The eastern part of the South Aegean Volcanic
Arc, including the islands of Kos, Yali and Nisy-
ros (Fig. 10.1), comprises the largest volumes of
volcanic materials. Approximately 160,000 years
ago, ignimbrites were emplaced in the region of
the NE-striking “Kos Horst-Graben System” in the
largest eruption in the Eastern Mediterranean,
emitting more than 100 km® of pyroclastic mate-
rial. As a result, a present-day submarine caldera
with a diameter of 15-20 km was formed, which
is now covered up to several kilometres with
volcano-sedimentary materials from younger
eruptions. Since 140,000 years ago the volcanic
edifices of Nisyros, Yali and Strongyli have grown
on the central part and rim of this caldera
(Papanikolaou et al. 1991; Vougioukalakis 1993;
Longchamp et al. 2011).

Nisyros Island lies above a basement of Meso-
zoic limestone (Geotermica Italiana 1983, 1984).
The exposed rocks are Quaternary volcanics. The
evolution of Nisyros Volcano during the past
160,000 years, together with the succession of
calc-alkaline lavas and pyroclastic rocks, has been
studied in detail by various authors (Di Paola 1974;

Keller et al. 1990; Papanikolaou et al. 1991; Lim-
burg and Varekamp 1991; Vougioukalakis 1993;
Hardimann 1999; Tibaldi et al. 2008).

Major fault systems have been identified within
the volcanic edifices of the Kos-Yali-Nisyros
Volcanic Field (Fig. 10.2) on the basis of recent
structural and  geological  investigations
(Papanikolaou et al. 1991; Vougioukalakis 1993;
Stiros 2000; Papanikolaou and Nomikou 2001a, b;
Nomikou and Papanikolaou 2011). The caldera’s
rim and its accompanying cone-shaped local faults
are entirely volcanic structures, which are a result
of the collapsing of the caldera after the last Plinian
eruptions.

Although the last magmatic activity on Nisy-
ros dates back to at least 15,000 years, volcanic
unrest as expressed by seismic activity continu-
ous at present. Such activity has been reported
since historical times and is partially a result of
the hydrothermal activity at crustal levels less
than 1500 m (Lagios 1991; Dawes and Lagios
1991; Lagios and Apostolopoulos 1995; Men-
drinos et al. 2010). Its surface expressions are
fumaroles and hydrothermal explosion craters
within the caldera, as well as several thermal
springs that occur around the island. During the
latest hydrothermal explosion in 1873, fire and



10 Reviewing and Updating (1996-2012) Ground Deformation ...

287

Nisyros

Fig. 10.1 Distribution of stations of the GPS network of the Kos-Yali-Nisyros Volcanic Field. Solid red circles
represent the two modelled Mogi point sources. Str stands for the station established on Strongyli Islet

gas emanations were reported along the coast
near Mandraki (Gorceix 1873a, b, ¢). Two dis-
tinct hydrothermal aquifers may be present
underneath the caldera based on: (i) geophysical
data (Dawes and Lagios 1991); (ii) temperature
distribution, fluid geochemistry, and physical
chemical characteristics of the fumarolic gases
and the thermal waters at the surface; and
(iii) results from the deep geothermal drill holes
(Geotermica Italiana 1983, 1984). The deeper
hydrothermal aquifer is characterized by high

temperatures above 300 °C and fluids of high
salinity, whereas the shallow aquifer has tem-
peratures around 100 °C and boiling fluids with
high concentrations of CH4, CO,, H, and H,S
gases (Chiodini et al. 1993; Marini et al. 1993;
Kavouridis et al. 1999; Chiodini et al. 2002;
Nomikou et al. 2013a, b).

Earthquakes have been described throughout
historical times as has been reported in detail
since 1830 (Gorceix 1873a, b, ¢; Papazachos and
Papazachou 1989; Stiros and Vougioukalakis
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Fig. 10.2 Fault pattern of major faulting systems (F1-
F7), location of hydrothermal explosion craters and other
significant features superimposed on a digital elevation

1996). Their origin may be a result of regional
tectonic processes, magma ascent, degassing
phenomena of deep crustal magma and steam
explosions within the hydrothermal system.

model of Nisyros Island. Abbreviations of locations; P/
Prophitis Ilias, Lp Lakki plain

Detailed accounts of the most recent seismic
crisis—which started in the beginning of 1996,
culminated in 1997, continued through 1998, and
returned to the background level at the beginning
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of 1999 are given by Papadopoulos et al. (1998),
Makris and Chonia (1999) and Sachpazi et al.
(2002). The Mandraki Fault (Fig. 10.2) that
comprises a branch of the F3 fault system was
reactivated in 1996 (Lagios et al. 2005) and
caused damage to buildings and other structures
within Mandraki (Ioannidis 1998). Tectonic
processes expressed by the latest seismicity
indicate tensional fracturing (Makris and Chonia
1999) which could reduce the lithostatic pressure
and trigger explosive volcanic phenomena, such
as those reported in 1871 and 1873 by Gorceix
(1873a, 1874).

Efforts for studying the ground deformation
on Nisyros started after the outbreak of the
seismic activity in 1996 and have involved GPS
observations and SAR interferometric analysis
(e.g. Lagios et al. 2005; Sachpazi et al. 2002;
Sykioti et al. 2003). The present study reviews
the ground deformation on Nisyros up to 2002,
and subsequently addresses its evolution during
the next decade (/=2002-2012) on the basis of
combined GPS and advanced SAR interfero-
metric techniques.

10.2 The GPS Measurements

10.2.1 Period 1997-2002

A geodetic GPS network (Fig. 10.1) was estab-
lished in the broader area of Nisyros in June
1997 in order to study ground deformation. It
initially consisted of 21 stations and included a
local reference station (17-Kos) at the north-
eastern part of Kos Island (Lagios et al. 1998).
Another station (benchmark) was installed on
Strongyli Islet in 2013. Measurements for all
campaigns were made in the static mode using
tripods centered above the permanently installed
benchmark at a given station.

Geodetic, dual frequency WILD receivers
(SR299, SR399, SR9500, AX1202) were
employed for all measurements. A local base
station (No. 09) that was established in Mandraki
was continuously operated for the entirety of a
given campaign. Other receivers were used as

rovers and recorded for 24-48 h at a given sta-
tion with a sampling interval of 15 s. Most of the
stations were occupied more than once during a
campaign. Post-processing was performed using
the Bernese GPS Software, versions 4.2 and 5.2
for earlier and later campaigns, respectively
(Dach et al. 2007), together with post-computed
satellite orbits (available through the Interna-
tional GPS Service) to improve the error esti-
mation. Accuracies of 2-5 and 4-8 mm were
achieved for the horizontal and vertical compo-
nents, respectively.

The GPS network was reoccupied in:
September 1997, May and October 1998, June
1999, July 2000, June 2001, July 2002 and
August 2012. The results up to 2002, relative to
Station 17-Kos, are presented in detail by Lagios
et al. (2005). It was found that the amplitude of
the horizontal deformation ranged from 20 to
60 mm. The maximum horizontal displacement
occurred between 1997 and 1998 during the
peaking (1997) and subsequent high level (1998)
of seismic activity. For the periods 1998-1999
and 1999-2000, the amplitude decreased to 10—
20 mm, and to approximately 10 mm, respec-
tively. However, the deformation increased again
to approximately 15 mm at some stations for the
subsequent period (2000-2001). Then, Nisyros
entered a different mode of deformation with a
clear westward increase of the horizontal com-
ponent in almost all of its western part for the
period 2001-2002.

Vertical deformation in the sense of a general
uplift of the whole island occurred over almost
the entire active period of observation up to 2002,
and in particular the majority of stations exhibited
uplifts of 40-60 mm between 1997 and 1998.
Greater values of uplift were measured at stations
installed on the western uplifted side of the acti-
vated Mandraki Fault (Fig. 10.2). In subsequent
periods, general uplift continued by only 8§ mm
(1998-1999), followed by a deflation of 15 mm
(1999-2000) and further uplift of about 10 mm
(2000-2001). For the period 2001-2002, an uplift
of about 10 mm occurred in the western, central
and northern parts of the island, while the eastern
area subsided by about 10 mm.
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10.2.2 Period 2002-2012

The GPS network on Nisyros was remeasured in
August 2012, which was more than a decade after
its establishment. Through this decade (2002-
2012), there was no significant seismic activity in
the broader area, nor was there any other type of
volcanic activity as would be detected via tem-
perature increase in the fumaroles. It may thus be
assumed that the ground deformation that occur-
red in the island was of an almost linear character

27°06’ 27°09°

without any strong fluctuations. The lack of
fluctuations is also supported by the Squee-
SAR™ analysis that will be presented in the next
section. The results for this last remeasured period
(2002-2012) are also relative to Station 17-Kos in
order to have a common reference point with the
previous remeasured periods.

As can be seen on the velocity map
(Fig. 10.3), the most prominent aspect of ground
deformation is the subsidence that took place in
Nisyros and Yali during this ten-year period. The
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Fig. 10.3 Horizontal and vertical deformation on Yali-Nisyros relative to northeastern Kos for the period 2002-2012
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subsidence reached values of up to 10 mm/year
in the northern part of Nisyros, but with smaller
values (~3-5 mm/year) in the southern and
eastern parts. The horizontal velocity vectors of
the stations located on the NE had motion to the
SW, while the stations on the NW exhibited
motion to the ENE. The amplitudes of the hori-
zontal velocity vectors are slightly higher for the
stations at the northwestern part (~ 8.5 mm/year)
as compared to the northeastern part
(~5 mm/year). The two GPS stations located in
Lakki Plain also subsided. Generally, it should be
noticed that the stations located outside the cal-
dera’s rim had exhibited stronger deformation as
compared to those located inside the rim for both
horizontal and vertical components. An excep-
tion is Station 31 at the southern part of Nisyros
(Avlaki), where both its horizontal and vertical
components had low values (~2 mm/year). The
nearly opposite direction of horizontal motion
that is observed for the stations located at the
eastern and western parts of Nisyros may be due
to the strong subsidence which had taken place at
its northern and central parts during this ten-year
period, thus forcing the facing eastern and
western flanks of the island to ‘collapse’ towards
its centre which produced the observed westward
and eastward horizontal motions, respectively.

Significant subsidence (~8 mm/year) had
also occurred in Yali islet. The horizontal
velocity components of the two stations, located
on the extreme eastern and western parts, have
similar amplitudes (~8 mm/year) and clearly
point off-shore to the west and south respec-
tively. It is concluded that strong subsidence
likely occurred in the region between Yali and
Nisyros which caused the two edges of the islet
to converge toward this area, consistent with the
deformational pattern observed at those two
stations.

10.3 The SAR Interferometry

Conventional ~ Synthetic ~ Aperture  Radar
(SAR) Interferometry (InSAR) and GPS mea-
surements are the most widely used techniques to
measure the ground deformation in volcanoes.

However, techniques like tiltmeters and GPS
provide only point coverage, since they are
detecting changes at single locations (stations) on
the ground surface. Space-borne-radar interfer-
ometry has already demonstrated the ability to
map ground deformation of volcanoes on a large
spatial scale by using short-term data sampling
rates (e.g. Amelung et al. 2000; Lagios et al.
2005) and the phase difference between two SAR
acquisitions to obtain the interferograms (Hans-
sen 2001). However, this processing technique
has drawbacks relating to atmospheric noise that
cannot be efficiently eliminated which can result
in unreliable representation of the ground defor-
mation. This deficiency has been overcomed by
considering phase changes in a series of SAR
images that are obtained at different times over
the same region. A series of interferograms with
respect to a “master” image can then be produced
in which small parts of the study area (pixels)
that exhibit coherent phase behaviour may be
identified, the so-called permanent scatterers
(PS), thus introducing the PSInSAR™ technique
(Ferretti et al. 1999, 2000, 2001). This technique
has been effectively applied to areas of active
tectonism and volcanism (e.g. Peltier et al. 2010;
Bonforte et al. 2011; Lagios et al. 2012). Sub-
sequently, PSINSAR™ has been advanced and
replaced by the SqueeSAR™ algorithm (Ferretti
et al. 2011).

The SqueeSAR™ is a second generation of
the PSInNSAR™ technique, in which targets from
a SAR image include not only identified con-
sistent permanent scatterers (PS), but also
homogeneous spatially distributed scatterers
(DS). It is noted that the PS usually correspond to
man-made objects (e.g. buildings, linear struc-
tures, and open outcrops), whereas the DS are
typically identified by homogeneous ground
surfaces and scattered outcrops, or by unculti-
vated, desert or debris-covered regions. All
identified PS and DS are then jointly processed
applying the PSInSAR™ algorithm by taking
into account their different statistical behaviour.
Because of the high density of identified mea-
surement points (scatterers), and their wider
spatial coverage, millimetre accuracy on ground
displacement can be achieved, together with
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reduced standard deviations, as compared to the
previous PSInSAR™ algorithm (Ferretti et al.
2001). Therefore, an increased number of scat-
terers on the ground results at an increased con-
fidence of the ground motion by identifying and
“squeezing” all possible ground-target informa-
tion relating to acceptable coherent levels for
estimated optimum phase values for the SAR
interferometric analysis (Ferretti et al. 2011).
This technique was successfully applied to a

Table 10.1 ENVISAT orbit scenes
ENVISAT ascending orbit scenes

Track 286

Id Date Bn (km)* Bt (days)
1 09/03/2003 -0.41 -1715
2 22/06/2003 —0.83 -1610
3 27/07/2003 —0.58 —1575
4 31/08/2003 —0.46 —1540
5 14/12/2003 0.48 —1435
6 28/03/2004 -0.52 —1330
7 02/05/2004 —-0.12 —1295
8 11/07/2004 -0.17 —1225
9 02/01/2005 0.42 —1050
10 22/05/2005 —-0.28 -910
11 31/07/2005 —0.01 —840
12 02/04/2006 -0.22 —595
13 29/10/2006 -0.1 —385
14 11/02/2007 -0.42 —280
15 09/09/2007 0.14 =70
™) 16 18/11/2007 0 0
17 06/04/2008 0.08 140
18 15/06/2008 -0.31 210
19 20/07/2008 —-0.26 245
20 02/11/2008 0.11 350
21 11/01/2009 —0.06 420
22 31/05/2009 —-0.36 560
23 09/08/2009 -0.02 630
24 13/09/2009 0.06 665
25 11/04/2010 0.11 875
26 20/06/2010 —0.03 945

?Critical normal baseline fraction (M) master image

recent study of the Santorini Volcano (Lagios
et al. 2013).

10.3.1 Application of SqueeSAR™

Technique
A total of 26 ascending and 22 descending

ASAR scenes that were acquired by ENVISAT
satellites were processed covering the period

ENVISAT descending orbit scenes

Track 107
1d Date Bn (km)* Bt (days)
1 25/02/2003 —0.91 -910
2 02/12/2003 -0.39 -630
3 06/01/2004 0.09 -595
4 10/02/2004 —0.43 —560
5 16/03/2004 0.28 —525
6 25/05/2004 0.01 —455
7 03/08/2004 —0.26 —385
8 12/10/2004 —0.04 -315
9 21/12/2004 —0.46 —245
10 25/01/2005 —0.49 -210
11 10/05/2005 0.2 —105
12 19/07/2005 0.26 =35
M) 13 23/08/2005 0 0
14 01/11/2005 0.1 70
15 14/02/2006 -0.7 175
16 26/12/2006 0.04 490
17 30/01/2007 -0.82 525
18 06/03/2007 —0.03 560
19 21/10/2008 —0.18 1155
20 01/09/2009 —-0.15 1470
21 06/10/2009 —0.55 1505
22 23/02/2010 -0.7 1645
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February 2003-June 2010 (Table 10.1). More
than 3400 and 2200 PS/DS in ascending (Line of
Sight—LOS angle 24.62°) and descending (LOS
angle 24.24°) geometries, respectively, were
identified within an area of about 50 km”. The
reference point for the interferometric analysis is
located at the southern part of the island, near a
station of the local GPS network that has been
remeasured since 2001. The small LOS angles on
both acquisitions imply that the velocity vector
has a strong vertical component (up to 90%)
compared to the horizontal one.

The same ASAR scenes were used to produce
the LOS velocity map for Yali. Significantly
fewer number of PS/DS points were determined
(~500) that were referred to a point located at
the southwestern part of the islet.

10.3.2 The Velocity Field

Figure 10.4 shows the SqueeSAR™ products of
the LOS velocity field (in mm/yr.) for both
acquisition geometries. It is obvious that the
velocity field for the ascending image
(Fig. 10.4a) has a significantly higher number of
identified points as compared to the descending
one (Fig. 10.4b), because of the greater number
of scenes, as well as the type of topography
which refers to the orientation of the slopes with
respect to the geometry of acquisition (Hanssen
2001). Small LOS velocities ranging from —3 to
+3 mm/year are observed on both images.

The greater negative LOS velocities
(~2.5 mm/year) are observed along the F3
faulting system, together with the area between F1

(b)

LOS Velocity (mml/yr)

® <-1.80
-1.80--0.60
® -0.59-0.60
0.61-1.80
--=- Caldera Rim ® >180
— Faults

A Reference Point

+ 7

LOS Velocity (mm/yr)

® <-1.80
-1.80 - -0.60
©® -0.59-0.60
0.61-1.80
--=- Caldera Rim ® >180
— Faults

A Reference Point

Fig. 10.4 LOS velocity field deduced from the Squee-
SAR™ for a ascending, and b descending orbital
geometries, for the period 2003-2010. Red and blue

arrows indicate the orbit and acquisition directions for the
ascending and the descending data sets, respectively
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and F2 faulting zones inside the caldera, as can
been in the ascending image. However, such
values are not observed in the descending image
for the same area, as there are not many identified
PS/DS, except along the westerly facing flanks of
the caldera. The area along the western part of
Nisyros and to the west of the caldera’s rim yiel-
ded similar velocities for both images, ranging
between relatively stable to slightly positive val-
ues (~ 1.5 mm/year). The greatest LOS velocities
(1.8-3.0 mm/year) in this area are observed on the
ascending image in the vicinity of the two small
peninsulas at the extreme southwestern part. This
region is bounded by the segments of the F1 and
F6 faulting systems (Fig. 10.2).

Considering the southeastern part of Nisyros
and east of the caldera’s rim small negative LOS
velocities (about —1.5 mm/year) are observed in
the ascending image, while positive values (up to
2 mm/year) are observed in the descending one.
This difference indicates that an eastward com-
ponent of ground deformation took place in this
area during the observational period 2003-2010,
without being able to verify this issue due to the
lack of GPS stations in this particular part of the
island. Another interesting observation concerns
the area at the northeastern part of Nisyros,
which is flanked by segments of the F1 and F2
fault systems. This part had positive LOS
velocities on both images (0.6-1.8 mm/year).
The limited number of identified PS/DS points at
the northern part of the island, which is covered
by dense vegetation, yielded an inconsistent
pattern of ground deformation.

The deformation of the Yali islet does not
exhibit a consistent pattern when comparing both
acquisition geometries, except in the northeastern
part, which is characterized by relatively stable to
small negative LOS velocities. An overall dif-
ferential motion had occurred between the
northeastern and the southwestern parts of the
island (in both geometries), but it is still not
clearly depicted and may be attributed to differ-
ing geological characteristics of the two parts:
obsidian is present in the northeast while pumi-
ces occur in the southwest.

10.3.3 The Standard Deviation

Two parameters generally affect the calculation
of the standard deviation. Firstly, the distance of
each PS/DS point from the reference point is
considered. In fact, the displacement model is
estimated based on the phase difference between
the point under analysis and the reference point,
in order to mitigate the effect of the atmospheric
noise, which is strongly spatially correlated.
However, moving away from the reference point,
the difference between its atmospheric contribu-
tion and the atmospheric contribution of the
PS/DS point under analysis tends to increase
producing a larger residual after the estimation of
the linear model. The latter is represented by the
standard deviation of the corresponding esti-
mated average velocity. Therefore, the standard
deviation of velocity increases moving away
from the reference point. Secondly, the standard
deviation of motion from the linear model is
considered. Since the standard deviation is
associated with the average rate of deformation, a
high value will result if a PS/DS point exhibits a
strong non-linear motion because of the associ-
ated high residual with respect to the linear
model. This, therefore, allows identifying areas
being affected by motion-dynamics that are more
complex than the linear-model assumption, and
in any case it shows a clear deviation from a
linear ground deformation.

The standard deviation of the velocity field
was computed for both the ascending and the
descending images (Fig. 10.5). They present
generally small values (~0.5 mm/year); how-
ever, the standard deviation of velocity for the
descending data (Fig. 10.5b) has slightly higher
values than the ascending data (Fig. 10.5a). The
smallest values occur near the reference point as
expected, and at the northeastern part
(Fig. 10.5a). Low moderate values of standard
deviation (~ 0.4 mm/year) are observed for the
rest of both islands (Nisyros and Yali). These
overall low values suggest an almost linear type
of ground deformation throughout the observa-
tional period.
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Fig. 10.5 Standard deviation of the LOS velocity field deduced from the SqueeSARTM for a ascending, and

b descending orbital geometries

10.4 Discussion

The seismicity outbreak in Nisyros in early 1996
mobilized the scientific community to conduct
studies of the island and the broader area. The
multi-disciplinary EU project GEOWARN (IST
1999—12310; www.geowarn.ethz.ch) consti-
tuted the bulk of the research activities. A very
detailed digital elevation model (2 m x 2 m)
was produced, and a high-resolution IKONOS
image was ortho-rectified (Ganas et al. 2002;
Vassilopoulou and Lagios 2002; Vassilopoulou
et al. 2002) and was used as a background for
map projection of all thematic layers (e.g. geol-
ogy, tectonics, building environment). Thermal
satellite images were also used to study the
thermal state of the volcano (Lagios et al. 2007;
Ganas and Lagios 2003; Ganas et al. 2002, 2010;
Zouzias et al. 2011). The monitoring of the

ground deformation was one of the major tasks
for the study and evolution of the volcanic crisis.
It was measured by using repeated GPS obser-
vations on the installed network in the
Kos-Yali-Nisyros Volcanic Field, and by apply-
ing conventional and advanced SAR interfero-
metric techniques.

The ground deformation during the unrest
period and up to 2002 was marked by intense
non-linear uplift (up to 140 mm along the acti-
vated Mandraki Fault) in 1998, which was sub-
sequently reversed to a gradual subsidence after
1999-2000. The former was determined on the
basis of both GPS and SAR Interferometry
(Lagios 2000; Parcharidis and Lagios 2001;
Lagios et al. 2001, 2005; Sachpazi et al. 2002;
Sykioti et al. 2003). Interferometric processing of
ERS data covering the period 1995-1997 by
Derdelakos et al. (2013) showed a total ground
deformation ranging from —50 to +50 mm, with
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Fig. 10.6 Broader area of Nisyros-Yali volcanic field indicating the location of the two Mogi sources (black circles)

the maximum uplift taking place in the caldera.
However, these results should be underestimated,
because the reference point used in this pro-
cessing procedure was located approximately
1.5 km SE of Mandraki, at an area that was
subjected to a strong uplift, as has been revealed
by the GPS data (Lagios et al. 2005).

Based on Differential SAR Interferometry, the
observed ground deformation on Nisyros was
modelled by Sykioti et al. (2003) as a Mogi point
source (Mogi 1958) located at 5(£0.5) km depth
beneath the northwestern edge of the island.
However, a later study based on combined Dif-
ferential GPS and SAR Interferometry (Lagios
et al. 2005) modelled the observed deformation
in the broader area of Nisyros in terms of two
Mogi point sources, one onshore and another
offshore of Nisyros (Fig. 10.6).

The onshore source is located at the north-
western part of Nisyros Caldera and at a depth of
5.5(£0.5) km. The location of this source coin-
cides with (i) a deeper conductive body (6-9 km)
deduced by earlier geophysical (magnetotelluric)
measurements that was interpreted as a magma
chamber (Dawes and Lagios 1991), and (ii) the
junction of the two major faulting zones F1 and
F3 at about the centre of the island (Fig. 10.2). It
appears that the slightly different location of the
two identified onshore Mogi sources is attributed
to the different interferometric periods 1995—
1997 (Sykioti et al. 2003) and 1996-1999
(Lagios et al. 2005). The offshore source is
located about 5 km to the north of Nisyros, to the
southeast of Yali, and to the southwest of
Strongyli Islet, at a depth of 6.5(£0.5) km. The
location of this source coincides with the
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2012

intersection of submarine fault zones (Nomikou
and Papanikolaou 2011), and is consistent with
geophysical (seismological) evidence (Sachpazi
et al. 2002) that suggests the presence of an area

of low-strength/cohesion volume that may be
interpreted as a magma chamber. The two-source
approach by Lagios et al. (2005) was based
mainly on GPS modelling that subsequently
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fitted also the InSAR data. Bearing in mind the
ability of the GPS method on accurately defining
both the horizontal and vertical deformation
component compared to the InSAR technique,
which basically provides the deformation only
along the LOS direction with its inherent uncer-
tainties, the interpretation by Lagios et al. (2005)
may be considered as more justified.

The evolution of the ground deformation
relating to GPS results after 2002, as shown in
Fig. 10.3, is consistent with the existence of the
two Mogi sources (onshore and offshore of
Nisyros) as described above. The decrease of
pressure inside the magma chambers after 2000
resulted in the observed subsidence of the
broader region of Nisyros. This interpretation is
supported by both the vertical and horizontal
components of the GPS vectors in Nisyros, as
well as the displacements that occurred at Yali,
as previously described. It is noted that all GPS
results refer to the station in northeastern Kos,
which did not experience any unexpected motion
for the period before or after the seismic crisis in
Nisyros. This is evident by an earlier work of
Parcharidis et al. (2005), and a more recent one
by Sakkas et al. (2014).

Similar to the GPS results for the period after
2002, the SqueeSAR™ analysis indicates that
subsidence occurred (Fig. 10.4), which is con-
sistent with the reduction of pressure for the
onshore Mogi source. A similar deformational
pattern was also observed by Derdelakos et al.
(2013) using the Singular Value Decomposition
interferometric technique, while their Persistent
Scatterers Interferometric (PSI) approach did not
yield cogent results for Nisyros, which further
validates the effectiveness of the SqueeSAR™
algorithm with its incorporation of DS
(non-man-made) targets.

For a direct comparison between the GPS and
the interferometric results for the period 2002—
2012, an additional analysis of the GPS data was
implemented by choosing the same reference
point as used for the SqueeSAR™ analysis
(Station No. 53). The comparison is presented in
Fig. 10.7, which revealed a significant subsidence
in the northern part of the island. The horizontal
component of the velocity vector emphasizes this

subsiding pattern, showing opposite horizontal
motion for the stations located across this zone.
The uplifted pattern of the southeastern part,
although it is extrapolated from only two GPS
stations located close to the caldera’s rim, coin-
cides with the pattern of motion deduced by the
descending data set (Fig. 10.4b). Deformation on
Yali also exhibited significant subsidence, with
the horizontal component pointing offshore
towards the second (offshore) Mogi source
(Fig. 10.6). The nature of the subsidence will be
better controlled in the future by remeasuring the
station at Strongyli (Str), which is to the northeast
of this offshore source.

Note that the assumed lower levels of pressure
prevailing at the magma chambers after 2000-
2002 should have correspondingly an effect on
the state of the hydrothermal field associated with
the Nisyros Volcano. Gravity measurements on
Nisyros between 2003 and 2006 have shown
short-term fluctuations of the hydrothermal sys-
tem and are attributed to shallow fluid flow and
degassing processes (Gottsmann et al. 2005,
2007a, b).

Nevertheless, the volcanic hazard from the
occurrence of likely hydrothermal explosions is
significant and, among other issues, is why
Nisyros has been categorized as a “Very High
Threat” (Kinvig et al. 2010). This threat is
something that should be taken seriously by state
and local authorities, and not underestimate the
potential danger.
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Changes of the Kos-Nisyros Volcanic
System Between 1995 and 2008

Stefanie Hautmann and Joachim Gottsmann

Abstract

With the beginning of unrest of the Kos-Nisyros volcanic system in late 1995,
temporal-spatial monitoring of surface deformation and gravity changes was
established for the first time on Nisyros island. The collection and analysis of
geodetic observables allowed for the identification of two distinctive
dynamics associated with the unrest: (i) a major inflation/deflation sequence
(1995-2000) affecting the whole of Nisyros island with vertical uplift of up to
140 mm subsequently followed by subsidence of 70 mm and (ii) sinusoidal
variations in gravity and ground deformation at periods of tens of minutes to
hours with amplitudes of up to 25 pGal and 40 mm, respectively. The major
episode of ground uplift has been attributed to pore pressure increase within
the hydrothermal aquifer induced by intensified magma degassing, while the
switch to surface subsidence in 1998 was probably promoted by seismic
induced fault dilation that increased rock permeability and facilitated efficient
hydrothermal discharge resulting in fluid volume decrease and ground
deflation. The periodic short-term oscillations, first recognized in 2003,
predominantly occurred along well-documented fault zones and appear to be
driven by episodic degassing of a magma reservoir and release of fluids that
interacted with a succession of overlying hydrothermal aquifers and a
mechanically heterogeneous and anisotropic shallow crust. Diminution of
short-term dynamics in both frequency and amplitude between 2003 and
2008 indicate slow unrest waning and return to background levels of activity
of the volcanic/magmatic system by spring 2008.
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the gravitational acceleration, both measurable at
the ground surface. Analysis and modelling of
the geodetic observables enable the imaging of
active magmatic systems in the ground as well as
the assessment of causative subsurface processes
related to magma flux (e.g. Nishimura et al.
2001; Marchetti et al. 2009; Lu et al. 2010;
Hautmann et al. 2013), gas ascent (Hautmann
et al. 2014) and hydrothermal fluid flow (Wicks
et al. 1998; Battaglia et al. 2006). The detection
and quantification of fluid migration in the
underground is vital for the assessment of a
volcanic system in terms of its activity state and
eruption forecasting. Particularly in caldera sys-
tems that repeatedly experience phases of unrest,
the identification of subsurface processes and
mechanisms that herald a switch from back-
ground activity to possible impending eruption is
of paramount importance (Troise et al. 2001;
Gottsmann et al. 2006; Battaglia et al. 2008;
Gottsmann and Battaglia 2008).

The Kos-Nisyros volcanic field (Fig. 11.1) is
a caldera system that underwent several episodes
of unrest in historical times (e.g., Marini et al.
1993). Today’s locus of hydrothermal activity is
the 3.8 km wide Nisyros caldera that truncates
the centre of Nisyros island. Hydrothermal
activity on Nisyros is expressed at the surface by
active fumaroles and hydrothermal explosion
craters within the caldera as well as by thermal
springs in coastal areas (e.g., Lagios et al. 2005).
The current subsurface model of the caldera is
that it is underlain by a magma reservoir (at
unknown depth), which fuels a hydrothermal
system that consists of two stacked aquifers
located in the upper crust (<1500 m beneath the
caldera floor, Fig. 11.2).

The aquifers differ in temperature and geo-
chemical fluid composition, with supercritical
fluids above 300 °C in the deep and boiling
fluids at ~ 100 °C in the shallow aquifer (Dawes
and Lagios 1991; Chiodini et al. 1993, 2002).
A total of 13 phreatic eruptions occurred in
Nisyros in historical times (Marini et al. 1993),
with the most recent eruptive event being a

steam-driven hydrothermal explosion in 1888.
The eruption was preceded by increased seismic
activity that probably formed a pathway for
fluids to transfer from the deep to the shallow
aquifer, which finally triggered the eruption
(Marini et al. 1993). Since then short episodes of
local seismic unrest were reported to be felt in
1953 and 1970 (Sachpazi et al. 2002) but did not
culminate in an eruption. The most recent epi-
sode of seismic unrest, which was in the same
time the first to be instrumentally documented,
started at the end of 1995. Thenceforth earth-
quake activity increased continually and peaked
in August 1997. Seismic activity remained at
high levels throughout 1998 until it declined to
background level activity in early 1999 (Sach-
pazi et al. 2002). The epicentres of the events
were mainly confined to the Yali-Nisyros region
(Sachpazi et al. 2002). Increased seismic activity
was accompanied by fault reactivation in Yali
and the town of Mandraki in NW Nisyros
(Vougioukalakis et al. 1998). In 1997 intensified
fumarolic activity occurred in the Nisyros caldera
(Brombach et al. 2001) but attenuated towards
the end of the year.

The onset of high-level seismic activity in the
Kos-Nisyros volcanic field raised the awareness
for potential hazards posed by the Nisyros caldera
in case of a re-awakening of eruptive activity. In
consequence, volcanic monitoring, including for
the first time geodetic surveillance, was estab-
lished on Nisyros island. This paper presents a
review on geodetic monitoring conducted on
Nisyros between 1995 and 2008, i.e., since the
beginning of the seismic crisis until a time when
the system had reverted to a mode of background
activity. We will give a detailed overview on the
collection, modelling and interpretation of pub-
lished ground deformation data enhanced with
new data from surface deformation and gravi-
metric surveys. Finally, we will outline underly-
ing mechanisms of the observed ground
deformation/gravitational changes and will com-
pare observations from Nisyros caldera with
findings from other caldera settings.
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Fig. 11.2 Topography of Nisyros island with a sche-
matic illustration of its subsurface structure (modified
after Marini et al. 1993; Lagios et al. 2005). Degassing of
a magma reservoir beneath the caldera charges two
confined hydrothermal aquifers located in the shallow

11.2 Syn- and Post-seismic

Deformation 1995-2000
11.2.1 InSAR and GPS Data Collection
Due to a lack of routine geodetic surveillance in
the early 1990s the onset of surface uplift that
was associated with or even preceded the seismic
crisis was not recognized. The collection of
geodetic data on Nisyros started in 1995 by
means of satellite-based monitoring techniques
(Fig. 11.3), more specifically Interferometric
Synthetic Aperture Radar (InSAR: Sachpazi
et al. 2002; Sykioti et al. 2003; Lagios et al.
2005) and since 1997 also Global Positioning
System (GPS: Lagios et al. 2005).

SAR interferograms from Nisyros were gen-
erated between May 1995 and September 2000
with a total of six images acquired in the
ascending and three images acquired in the
descending pass of the satellite sensor (Sachpazi
et al. 2002; Sykioti et al. 2003). Due to satellite
orbital problems, images from after 2000 are not
available (Lagios et al. 2005). Data were
acquired from the ERS-2 system and reduced for
topography using a DEM generated from a
1:5000 topographic map (Sachpazi et al. 2002;
Sykioti et al. 2003). Depending on the sensitivity

crust. Hydrothermal explosion crater, fumaroles and hot
ponds are the surface expression of hydrothermal activity
within the caldera. Major fault systems crossing Nisyros
provide pathways for hydrothermal fluid escape across the
Lakki plain and to thermal springs along the coast

to the topography of interferometric pairs (ex-
pressed by the altitude of ambiguity) the error in
inferred ground deformation ranges between 5
and 15% for individual observation periods.
Interferometric images from descending passes
were only used for qualitative analysis as to their
low coherence.

SAR interferometric images were also con-
structed for the adjacent Kos island from satellite
passes on August 1996, July 1999 and Septem-
ber 2000 (Parcharidis et al. 2005). Inferred
interferograms, however, lack imaging a clear
deformation pattern, due to low coherence of the
interferometric pairs.

The first GPS network was installed in June
1997 and re-occupied seven times until July
2002 (Lagios et al. 2005). The network consisted
of 18 benchmarks that were distributed across
Nisyros and referred to a base site on Kos Island.
The data was collected with dual-frequency
WILD receivers and post-processed with the
Bernese GPS Software Version 4.2 (Rothacher
et al. 1993). The achieved accuracy of GPS data
is given as between 2-3 mm and 4-6 mm at the
horizontal and vertical component, respectively
(Lagios et al. 2005).

Both InSAR and GPS data are time-lapse
datasets covering distinct observation periods at
intervals between 3 and 13 months (Fig. 11.3).
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Fig. 11.3 Overview of geodetic surveys performed on
Nisyros island between 1995 and 2008. Monitoring
intervals of time-lapse observations are indicated by white
boxes with the times of individual survey campaigns and
satellite passes marked by vertical bars. Survey

Note that GPS data were collected in campaign
mode, thus continuous deformation data are not
available from the early unrest. The radar inter-
ferometric images allow documentation of
ground deformation only in the slant range
direction, which is 23.5° from the vertical,
making the technique more sensitive to vertical
than to horizontal displacements. In contrast,
GPS data resolve surface deformation in vertical
and horizontal vectors with a higher accuracy in
the horizontal components. As such, the com-
plementary use of both techniques can yield high
precision constraints on the absolute magnitude
and spatial distribution of surface deformation.
On Nisyros, however, SAR images and GPS data
were not acquired simultaneously allowing only
for a qualitative combination of both datasets.

11.2.2 Inflation/Deflation Sequence

For the time interval between June 1995 and June
1997 SAR interferograms document ground
uplift across the entire island of Nisyros with
maximum deformation of 140 mm in slant
direction. The centre of surface deformation was
located on the NW edge of the Nisyros caldera,

campaigns that included continuous occupations within
the caldera are marked by a tilde (~). Associated seismic
activity levels and visually observed changes within the
caldera are displayed at the top

about 1.5 km south of the town Mandraki
(Sachpazi et al. 2002; Sykioti et al. 2003).
Interferometric images from the individual
observation periods report 84 mm uplift during
the first (June 1995-May 1996) and 56 mm
uplift during the second year (May 1996-June
1997; Sachpazi et al. 2002; Sykioti et al. 2003).
From June 1997 to June 1999 InSAR data then
show a deformation of 42 mm into the opposite
direction (i.e., ground subsidence), while the
records from May 1998 to September 2000
indicate a deflation by 70 mm (Sykioti et al.
2003). Due to incompatibility of interferometric
images surface deformation between June 1997
and May 1998 is not quantifiable. All observa-
tion intervals show a similar relative displace-
ment pattern with radially symmetric ground
deformation around a stationary centre of defor-
mation located on the NW caldera rim.

GPS data document vertical deformation
between June 1997 and October 1998 with a
maximum upward movement of 140 mm at 3 sites
in the NW of Nisyros and uplift between 40 and
60 mm at all other sites on island (Lagios et al.
2005). Horizontal displacements range between
20 and 60 mm and diverge from the NW rim of the
Nisyros caldera (i.e. the centre of deformation
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inferred from SAR images). For the subsequent
observation period (October 1998-June 1999)
GPS data indicate further uplift at a maximum of
8 mm, while for the interval between June 1999
and July 2000 a deflation of 20 mm was detected.
Associated horizontal displacements indicate 10—
20 mm southward movement of all sites during
1998-1999, while during 1999-2000 horizontal
deformation was not detected at a significant level
(Lagios et al. 2005).

Both InSAR and GPS data document ground
uplift of up to 140 mm on Nisyros Island during
the seismic crisis. From the combination of both
datasets it was inferred that ground inflation
ended in mid-1998 (Sykioti et al. 2003). While
InSAR data indicate a strong post-crisis defla-
tion, GPS records from after 1998 show varia-
tions in uplift/subsidence at amplitudes only
within or slightly above the limits of data
accuracy.

11.2.3 Modelling of Source
Parameters

The most simple and therefore most widely
employed approach to model geodetic data is the
‘Mogi model’ that inverts ground deformation
data for a spherical pressure source that is
embedded in a isotropic, homogeneous, elastic
half-space (Mogi 1958). Although this model is
based on a very simplifying assumption—as it
neglects others than spherical source geometries as
well as effects due to surface topography, crustal
discontinuities and variations in mechanical rock
properties—Mogi solutions offer a reasonable first
approximation to source depth and volume chan-
ges associated with the recorded ground defor-
mation. A Mogi point source inversion was
performed by Sykioti et al. (2003) on InSAR data
for the period June 1995 to June 1997, which is the
time interval with the most pronounced surface
deformation and therefore the clearest interfero-
gram. The authors inferred a source location 1.5 +
0.4 km south of Mandraki (i.e., close to the caldera

rim), a source depth of 5 &= 0.5 km and a source
volume change of 0.026 =+ 0.004 km®.

Lagios et al. (2005) applied GPS recorded
deformation data from 1997 to 2001 to Mogi
equations assuming a dual-chamber system with
one source located in the NW of Nisyros caldera
(1 km SE of the source centre inferred by Sykioti
et al. 2003) and another source situated about
6 km north of Nisyros. The existence of an
additional offshore source was assumed from
seismic data (Makris and Chonia 1999; Sachpazi
et al. 2002). A best fit of model to GPS data was
obtained for a simultaneous inflation of both
sources. The offshore source was inferred to be
located at 6.5 £ 0.5 km depth with a source
volume change of 0.012 &+ 0.002 km?, while the
onshore source was found to be centred at 5.5 £+
0.5 km depth and underwent a volume change of
0.007 + 0.001 km®. In order to account for the
large amplitudes in surface uplift observed at
three sites in NW Nisyros, Lagios et al. (2005)
considered this region as a separate tectonic
block and allowed in their modelling for a
right-lateral normal dislocation along the Man-
draki fault. Trials to model the observed defor-
mation exclusively with fault activation failed
owing to unacceptably large misfits of model to
data. Lagios et al. (2005) further apply the source
parameters derived from the dual-Mogi model to
generate a synthetic interferometric image for
qualitative comparisons with collected InSAR
data. The results, however, show that although
the assumption of a two source model might be
justified from GPS and seismic data, the better
agreement of synthetic interferograms with
InSAR images is achieved for the single source
model (compare Sykioti et al. 2003).

11.2.4 Interpretation

Based on the available geodetic data it is not
possible to prefer one model over the other in
order to determine the source parameters. This
reflects the problem of non-uniqueness of model
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solutions that can derive from data noise,
insufficient network coverage and/or temporal
aliasing. Due to the lack of additional geodetic
data, such as Electronic Distance Measure-
ments, tilt, strain or gravity, it requires other
information derived from seismic, geochemical or
petrological monitoring to constrain the causative
source(s) for the most active unrest period.
Although it remains unclear whether or not
pressure changes in an offshore magma chamber
contributed to the surface uplift observed on
Nisyros, it is widely agreed that ground defor-
mation was generated by mechanisms different
than purely elastic crustal response to magma
injection and withdrawal (Sachpazi et al. 2002;
Sykioti et al. 2003; Caliro et al. 2005). Sykioti
et al. (2003) argue that ascribing the surface
inflation to magma chamber filling implies that in
consequence the subsequently following deflation
period must result from the removal of this
magma volume. Subsurface migration of magma
was not confirmed from geodetic data, although
there is the possibility that magma migrated
towards a reservoir located offshore Nisyros.
Seismic data, however, indicate fluid transport in
1997 from NW Nisyros (the centre of maximum
ground deformation) towards the central part of
Nisyros caldera rather than in the opposite
direction (Sachpazi et al. 2002). Sykioti and
co-workers conclude that the sequence of ground
uplift and subsidence was mainly a thermody-
namically controlled poroelastic response of the
shallow crust to magma injection at depth. Caliro
et al. (2005) more specifically assume that the
observed deformational changes were related to
increased subsurface hydrothermal activity due to
intensified magma degassing at depth. The
authors suggest that the hydrothermal system in
the shallow crust was charged by heat and fluids
from the deeper-seated magma body causing an
overpressure build-up in the shallow crust that
resulted in surface uplift. Intensification of
activity in the hydrothermal discharge area (fu-
marolic degassing, thermal springs) observed
towards the end of the seismic crisis might have

facilitated cooling processes in the shallow crust,
which then entailed the reversal of ground
deformation. This interpretation is indeed sup-
ported by seismic data that indicate fluid transport
towards the caldera’s centre shortly before the
onset of increased hydrothermal surface activity
(Sachpazi et al. 2002).

11.3 Fissure Opening in Nisyros
Caldera 2001-2002

On 20 November 2001 a shallow fissure opened
abruptly in the eastern Nisyros caldera
(Fig. 11.4), more specifically the Lakki plain
(Lagios et al. 2005). Although seismic and
deformational activity was at low level at this
time, this event revealed that tensional stressing
of the subsurface still persisted. The open rupture
was oriented in N-S direction with a length of
about 350 m and a depth of 10 m at maximum.
Dilation varied between 1 and 5 m along the
fissure. About a year later, on 18 December 2002,
the rupture extended southwards for another
250 m but did not penetrate deeper into the
ground. As to the lack of lateral and vertical
dislocations associated with the rupture, the fis-
sure opening is attributed to the accumulation of
purely horizontal EW directed tensional stresses
(Lagios et al. 2005). GPS records from Lagios
et al. (2005) covering the time intervals Sept
2000—June 2001 and June 2001-July 2002 give
indeed evidence for a repeated uplift of the cal-
dera floor by a total of 20 mm. In addition, hor-
izontal displacements from the latter observation
period indicate E-W extension of the island’s
centre by approximately 20 mm (Lagios et al.
2005). Modelling the GPS data with a simple
Mogi model failed due to a highly disperse pat-
tern in the deformational field. Lagios et al.
(2005) therefore assume that crustal weaknesses
due to fault structures considerably influenced the
deformational field and that fissure opening in
Lakki plain was a result of a local accumulation of
uncompensated near-surface stresses.
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Fig. 11.4 Picture of the Lakki plain fissure in 2006. N-S
oriented fissures started to open in 2001 in absence of
preceding or accompanying seismic activity. The ruptures

11.4 Hydrothermal Background
Activity 2003-2008

11.4.1 Time-Lapse Microgravity/GPS

Data

Upon the re-occurrence of surface activity
expressed by fissure opening in Lakki plain, a
new joint gravity-deformation network was
established on Nisyros in November 2003
(Fig. 11.5) in order to detect and document
long-term mass/density variations in the islands
underground. The network was re-occupied in
October 2004 and partly re-visited in May 2006
and May 2007 (Gottsmann et al. 2005, 2007). The
network comprised a total of 23 benchmarks
distributed across the entire island including a

most likely result from local accumulation of uncompen-
sated near-surface stresses

N-S directed line through the Nisyros caldera.
Collected data was referred to a base site in the
NW of Nisyros (shrine base; see Table 11.1), as
the installation of an off-island base was due to
financial and logistical reasons not feasible.
Time-lapse gravity data was sampled using a
Lacoste&Romberg  gravimeter G-403 and
reduced for Earth and Ocean tides, instrumental
drift and elevation changes inferred from
co-recorded GPS data. The collection of GPS data
was conducted with 2 Leica GPS 500 receivers
operated at 1 Hz for 60 min at each site.
Post-processing was performed using Leica
Geosystems SKI-Pro software. The precision of
each individual gravimeter reading was within
3 pGal, while accuracy of individual GPS deter-
mined sited positions was 10 and 12 mm for the
horizontal and vertical component, respectively.
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Table 11.1 De-drifted, de-tided and free-air corrected time-lapse gravity data (uGal) and corresponding errors from
the observation intervals October 2003—October 2004, October 2003—May 2006 and October 2003—May 2007

BM ID Easting Northing (m) | 2003/4 2003/6 2003/7

(m) dg stdev dg stdev dg stdev

(uGal) | (uGal) | (uGal) | (uGal) | (pGal) | (uGal)

AEK 516,103.87 | 4,050,590.76 | —16 15 —-18 14 -10 20
White beach 514,949.25 | 4,052,460.06 | —12 11
Goat beach 518,304.61 4,050,082.37 9 9
Donkey 516,025.16 | 4,051,545.80 | —15 11 19 10
Terrace 517,463.82 |4,048,773.93 | —28 13 0 14 -11 19
St George 516,180.20 1 4,047,582.32 |32 17 =22 10 =31 14
Isomat 51421692 | 4,051,941.14 5 9 —41 8 34
27 October 516,914.71 | 4,052,288.79 -8 8 10 8 -9 7
Blue bell 515,733.38 | 4,045,996.45 2 6 4 9
Bird bath 515,820.07 | 4,050,253.18 3 14 4 16 -9 14
Carpark 515,019.01 | 4,048,308.21 0 12 0 13
Borehole 515,555.43 | 4,048,487.91 5 10 -12 7 9 7
Monastery 513,576.67 | 4,050,737.32 |29 15 -14 26 9 18
Fidel 511,773.93 | 4,051,178.00 | —15 13
Artemis 515,406.02 | 4,049,381.74 -6 15
Stavros 513,986.03 | 4,047,624.77 | —41 15 -22 23 5 14

(continued)
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Table 11.1 (continued)

BM ID Easting Northing (m) | 2003/4 2003/6 2003/7
(m) dg stdev dg stdev dg stdev
(uGal) | (uGal) | (uGal) |(uGal) | (uGal) | (uGal)

Chasm 514,506.23 | 4,050,205.98 14 23

Elvis 512,850.84 | 4,049,181.00 -9 16

Isabel 515,362.23 | 4,049,215.49 =7 21

Bavaria 514,988.85 | 4,050,010.74 10 14

Scorchio 515,257.81 4,048,709.38 -9 10

Mama Nisyros 513,703.95 | 4,046,636.53 -2 6

Shrine base 512,349.72 4,051,962.54 Reference

Time-lapse gravity data from the monitoring
intervals 2003-2004 and 2003-2006 document
gravity variations between —41 and 14 pGal
across the entire island (Fig. 11.6, Table 11.1).
However, the uncertainty over multiple readings
at individual benchmarks during different survey
loops was +6-26 pGal, leaving only very few
sites affected by significant long-term gravity
changes. During 2003-2004 significant changes
occurred at 5 sites along the caldera rim with a
decrease in gravity between —28 and —41 pGal.
The spatial correlation of gravity changes with
respect to mapped primary and secondary fault
systems on the island (Stiros 2000) suggest that
the gravity changes may originate from
fault-bound dynamics (Fig. 11.6). Hot springs in
the northern and southern extension of the major
faults (Lagios et al. 2005), lineaments of
anomalous CO, degassing in the Lakki plain
(Caliro et al. 2005) and the alignment of phreatic
explosion pits along major NNW-SSE F1 fault
systems evidence that the structural discontinu-
ities provide pathways for hydrothermal fluids
due to enhanced fracture permeability. We thus
assume that the reported gravity variations result
from fluid migration along the major fault sys-
tems. Gravity residuals measured between 2003
and 2006 are most likely of the same origin since
the significant long-term changes align along the
NNE-SSW F1 faults that cross the central caldera
and extend towards the coast. Gravity changes
reported for the period 2003-2007 are only
within the standard deviation (see Table 11.1)
and therefore insignificant.

Co-recorded GPS data from 2003-2004 docu-
ment surface subsidence of up to 40 mm and
northwestward displacement of up to 30 mm of
the entire island relative to the reference site
installed near Mandraki harbour (Fig. 11.7). This
observation allows for different interpretations:
One scenario is that the deformation reflects an
uplift and southeastwards displacement of the NW
part of the island (including the reference site),
which would relate to an inflating shallow seated
off-island pressure source positioned NW of the
island close to the coast (not identical with the
offshore source suggested by Lagios et al. 2005).

Another interpretation is that southeastern
Nisyros was undergoing subsidence and north-
westward movement. This scenario would
require a deflation of a rather oblate source
centered below the SE caldera together with a
lateral pushing towards the NW from a second
source located off-island in the SE of Nisyros.
A westward movement of Nisyros relative to Kos
was also observed as early as 2001 (Lagios et al.
2005) and might have continued through 2004.
However, the absence of off-island reference
observations precludes constraints on source
location and mechanism and available data only
allow us to conclude that deformation on Nisyros
after 2003 was largely controlled by off-island
sources. A tectonic decoupling of the NW part of
the island (including Mandraki) from the rest of
Nisyros seems to be likely. Surface deformation
between 2003 and 2006 reveals a more diffuse
pattern (Fig. 11.7): Northwestward displace-
ments—although less pronounced—are still
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Fig. 11.6 Map of Nisyros with superimposed residual
gravity changes (pGal) from the observation intervals
October 2003—October 2004 (leff) and October 2003—
May 2006 (right). The circle size indicates the uncertainty
over multiple readings at individual benchmarks with
measurement uncertainties of up to 26 pGal. These
uncertainties predominantly result from short-term oscil-
lations of the gravity field as discussed in the text and
shown in Figs. 11.8, 11.9 and 11.10. (Multi-) Annual
residual gravity change records are thus highly aliased and
are only significant at very few sites (coloured dark blue).

The left Fig. 11.6 displays the major faults systems of
Nisyros island and location of off-shore thermal springs
(red circles). Faults that were activated during the
volcano-seismic crisis of 1995-2000 are shown in black.
Additional faults classified in the F1 and F2 fault systems
(see Stiros 2000; Lagios et al. 2005) are given in red. The
F1 fault system is NE-NNW/SW-SSW oriented, while the
F2 fault system is directed towards N-NW/S-SE. The
locations of benchmarks affected by significant gravity
changes coincide with the major faults zones
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Fig. 11.7 Map of Nisyros showing recorded changes in
ground deformation (m) from the observation intervals
October 2003-October 2004 (left) and October 2003—
May 2006 (right). The accuracy of site positions is 0.01
and 0.012 m for horizontal and vertical deformation,
respectively. Horizontal and vertical changes of the
second monitoring interval are given in black and blue

arrows, respectively. The overall deformation pattern of
the first observation window indicates subsidence and
northwestward displacement of the island with respect to
a reference located in the NW corner of the island. In
contrast, the deformation pattern of the second monitoring
period is more diffuse and hints at multiple pressure
sources and fault-related anisotropic crustal responses
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apparent, while vertical displacements reveal
recessive subsidence (with respect to 2003—
2004) of the caldera floor and up to 25 mm uplift
outside the caldera. This deformation field indi-
cates either a superposition of multiple stress
sources or a complex structural architecture that
controls the stress and strain relationship in an
heterogenous and anisotropic subsurface.

11.4.2 Continuous Multi-parametric
Geophysical Data

While the primary aim of the microgravity sur-
veys was to quantify time-lapse mass/density
changes in the caldera’s subsurface, the surveys
in 2003 and 2004 unexpectedly revealed sinu-
soidal changes in residual gravity data over a
period of 45-60 min (Gottsmann et al. 2006).
The amplitude of the short-term variations was
between 12 and 25 pGal and as such at the same
scale than the residual gravity changes observed
between the individual measurement campaigns
(Gottsmann et al. 2005). The gravity oscillations
were confined to regions of known hydrother-
mally altered deposits and anomalous CO, flux
within the Lakki plain and along the southern
caldera rim. Co-recorded GPS time series data
attest that the oscillations in gravity did not

emanate from free-air effects initiated by changes
in ground elevation.

Survey campaigns conducted in May 2006
and May 2007 consequently focused on the
installation of a combined multi-parametric
geophysical experiment in order to assess for
the first time short-term dynamic background
processes in a restless caldera system (Gottsmann
et al. 2007). The set-up included continuous
geodetic (4 Leica GSP 500 receivers at 1 Hz),
gravimetric (Lacoste & Romberg D-41 recording
at 1 Hz, Lacoste & Romberg G-403 and G-513
recording at 0.003 Hz for about 30 h), seismic
(Lennartz LE-3D/5 s at125 Hz) and electromag-
netic (VLF, 15-250 kHz at 4 Hz recording fre-
quency) measurements in the areas -earlier
identified as being affected by short-term cyclic
changes in gravity. In May 2008 only GPS and
continuous gravity data (using B-028 gravity
meter) were collected. Residual gravity time-
series collected during the survey campaigns in
2006, 2007 and 2008 are shown in Figs. 11.8,
11.9 and 11.10.

The multi-parametric data showed oscillatory
behaviour of gravity changes, ground deforma-
tion, seismicity and electromagnetic perturba-
tions.  Positive  gravity = changes  were

accompanied by ground uplift and ground sub-
sidence was

matched by gravity decrease.
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Fig. 11.8 Continuous gravity data recorded at UTM
515,661.50 m Easting and UTM 4,048,567.75 Northing
(near BORE) at 1 Hz (Lacoste & Romberg D-41) over a
period of 36 h starting on 15 May 2006 12:21 UTC. The

time-series is band-pass filtered at cut-off period between
5 min and 7.5 h. Sinusoidal gravity changes of +10 pGal
are attributed to hydrothermal fluid circulation in the
shallow subsurface (see text for details)
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Fig. 11.9 Gravity time-series produced via repeated
readings at 0.0033 Hz at two benchmarks in Lakki plain.
(Top UTM 514,427.20 Easting and UTM 4,048,392.90
Northing, start: 1610 UTC May 20, 2007; bottom UTM
515,558.70 Easting and UTM 4,048,489.50 Northing,
start: 1302 UTC May 18, 2007) within the caldera

(bottom) using Lacoste & Romberg G-403. Data have
been cleaned for linear instrument drift and tidal effects;
the first 30 min of observations during instrument settling
have been removed to improve clarity. The data show
peak-to-peak variations in gravity of up to 25 pGal at
periods of 45-60 min
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Fig. 11.10 Example of residual continuous gravity data
recorded at UTM 515,661.50 m Easting and UTM
4,048,567.75 Northing (near BORE) at 1 Hz (Burris
Meter B-028). The data shown in the fop panel starts June

Electromagnetic changes were inversely corre-
lated with the gravity/GPS signals. Seismic
records displayed repeated bursts in seismic

272

6, 2008 0700 UTC, while the data shown in the bottom
panel starts June 9, 2008 0724 UTC. Both time-series are
de-tided, de-trended and high-pass filtered at cut-off
period of 3 h

intensity in the character of tremor waveforms.
Gravity and ground deformation peaked during
bursts of seismic intensity, while the peak
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amplitude in the VLF signal was delayed by
18 min.

We applied various band-pass and high-pass
filters to continuous gravity time-series recorded
in 2006 and 2008 and established power spectra
using Fast-Fourier transforms. Results for the
seismic, gravity and electromagnetic time series
recorded in 2006 indicate peak periods of
between 45 and 70 min, matching the timescales
of cyclic activity observed by discrete gravity
measurements in 2004 (Gottsmann et al. 2005,
2007). Figure 11.8 shows a pass-band filtered
(between 5 min and 7.5 h) continuous residual
gravity record from May 2006 with peak periods
of 64 and 273 min. Residual gravity change
amplitudes are =+8 pGal around the mean.
Applying the same filter to the May 2008 data
(64 h of continuous records) revealed the same
peak period (273 min), however, with a much
smaller amplitude of =+1.5 pGal in residual
gravity (i.e., about an order of magnitude lower).
High-pass filtering both datasets below a period
of 3 h gives peak periods of 104 and 140 min at
46 puGal during 2006 and less than £1 pGal
during 2008. It thus appears that between 2004
(first continuous recordings) and 2008 (last
continuous recordings) the high-frequency grav-
ity changes decreased in amplitude while they
increased in period. However, we lack con-
straints on the wider frequency contents of the
2004 data, as those records were obtained over
less than two hours of manual recording time.

What is the nature of the short-term dynamics
displayed in the combined multi-parametric geo-
physical data? Gottsmann et al. (2007) assume
that non-steady degassing of the deep magma
reservoir triggers sudden volume expansion of
supercritical fluids in the overlying hydrothermal
system, which causes pressure increase that
finally results in elastic inflation of the upper
crust. The seismic tremor relates to degassing
activity, while associated gravity changes are
explained by the Bouguer effect of deformation
resulting from the migration of density bound-
aries at depth. The ensuing rise of fluids and vapor
along a network of fractures and faults results in a
source pressure decrease as seen in the associated
ground subsidence. The observed time delay of

the peak electromagnetic signal with respect to
the gravity and seismic signals most likely reflects
changes in the secondary induced electromag-
netic field below the Lakki Plain at a depth of ca.
35 m given the employed 20.8 kHz observation
frequency. The multi-parameter results indicate
thermohydromechanical (THM) disturbances that
result from episodic degassing of a magma
reservoir and re-charge of hot fluids from depth
that ascend through a complex network of stacked
hydrothermal aquifers and fractured rock. The
delay time was used to estimate propagation
speeds of the THM waves at 0.4—1.4 m/s.

11.5 Synopsis

Since the beginning of the volcano-seismic crisis
on Nisyros in 1995, geodetic observations from
Nisyros island were dominated by two dynamic
processes occurring over different timescales:
(i) a 5-year long sequence of gradual ground
uplift and subsequent subsidence with maximum
vertical displacements of 140 mm and (ii) oscil-
lating short-term variations in gravity and ground
deformation at sub semi-diurnal periods between
45 and 300 min with amplitudes of up to
25 pGal and 40 mm, respectively. Although the
spatial and temporal variability of the observed
signals is fundamentally different, governing
mechanisms in the subsurface are assumed to be
similar, with fluid circulation in the shallow crust
causing overpressures in the hydrothermal sys-
tem (Sachpazi et al. 2002; Caliro et al. 2005;
Gottsmann et al. 2007). In fact, it is widely
acknowledged (e.g. Todesco 2007; Hurwitz et al.
2007; Fournier and Chardot 2012) that repeating
episodes of ground uplift/subsidence (brady-
seisms) in caldera settings not necessarily reflect
changes in the state of the deep magmatic system
but result from dynamics in the shallow
geothermal system. Bradyseisms at time-scales
and magnitudes similar to and larger than those
observed on Nisyros are known from several
other caldera settings (including Campi Flegrei,
Long Valley and Yellowstone) and numerous
multi-parametric studies including quantitative
models of collected geodetic data have
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demonstrated its hydrothermal origin (e.g. Bat-
taglia et al. 2006; Gottsmann et al. 2006; Tode-
sco et al. 2010; Lowenstern and Hurwitz 2008).

The conceptual model for volcano-
hydrothermal systems, established by Fournier
(1999), suggests that aqueous fluids and gases
are expelled from magma due to either crystal-
lization, convection or repeated injection of fresh
material into the reservoir. The ascent of high
temperature magmatic fluids and its inflow into
the shallow hydrothermal system induces fluid
overpressures and heating, which causes ground
uplift due to poroelastic and thermoelastic
expansion of the host rock. Deformation switches
back to rock contraction and surface subsidence
when either the flux rate of magmatic fluids into
the hydrothermal system attenuates and/or pore
pressures exceed the yield strength of the host
rocks, leading to the formation of pathways for
rapid fluid exhalation (Fournier 1999).

Deformational processes due to poroelastic
and thermoelastic expansion and its controlling
factors were investigated in detail via numerical
simulations (Hurwitz et al. 2007; Todesco et al.
2010). Model results revealed that surface
deformation (magnitude, rate and pattern) is
highly sensitive to material porosity and perme-
ability, but also to host rock rigidity, fluid
injection rate and depth. For ground uplift on
decadal and shorter timescales fluid volume
increase rather than thermal rock expansion
appears to be the dominant causative process
(Hurwitz et al. 2007). Accounting for H,O/CO,-
multiphase fluid flow (compared to H,O-single
phase flow) showed that variations in fluid
composition affect long-term deformational pro-
cesses over centennial to millennial timescales
(Hutnak et al. 2009).

Numerical simulations and insights from
similar caldera settings thus support the
assumptions that poroelastic  deformation
induced by the caldera-hosted hydrothermal
system has played a major role in both short-term
(tens of minutes—hours) and long-term (annual)
geodetic changes on Nisyros (Sachpazi et al.
2002; Caliro et al. 2005; Gottsmann et al. 2007).
However, a quantitative model on recorded

geodetic data accounting for poroelastic crustal
response is as yet missing and should be con-
sidered for future research.

Unprecedented insights into subsurface cal-
dera dynamics were gained from the identifica-
tion of short-periodic changes in gravity and
ground deformation that continued on Nisyros
for several years after seismicity and hydrother-
mal discharge in the caldera returned to back-
ground level activity. The gathered dataset is the
first to document high-frequency gravity oscil-
lations in a volcanic setting, which, however,
might be owed to the fact that continuous
gravimetric observations are not yet standard in
volcano monitoring (Williams-Jones et al. 2008).
We consider the attenuation of short-term signals
between 2003 and 2008 in both frequency and
amplitude as indicator for unrest waning and
possible termination. In fact, our results imply
that integrated geodetic observations over a
broad frequency range (periods of sec to dec-
ades) should be regarded an effective tool to
better assess the spatio-temporal dynamics of
volcanic unrest and to enable early detection of
system reactivation as well as unrest waning. The
research on Nisyros indicates that unrest may
continue for more than a decade after initial
volcano reactivation.
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Epilogue Nisyros Island,

the Inaccessible Outpost Between

Orient and Occident, Home
of a Restless Giant

Volker Jorg Dietrich
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Abstract

The epilogue is meant to provide a short review of the colourful history of
Nisyros Island, found at the crossroads between occidental and oriental
cultures. The interesting cultural and historical heritage of the island is a
courtesy of its geographical position, in the southeast corner of the Aegean
Sea, and of the circular and mountainous volcanic morphology, making it
a rather inaccessible island, where values are more easily preserved.
Nisyros Island offers not only a unique volcanic history and beauty of its
nature, but also the splendour of art and civilization, expressed through
prehistoric and historic locations and monuments. In this respect, Nisyros
differs from all Dodecanese and Aegean islands. Etymological studies
have led to a variety of interpretations regarding the various names of the
island: Porphyris, Kisiris and Nisyros. Greek Mythology is present in
many legends, which have been preserved in poems by Greek and Roman
writers and geographers. Prehistoric witnesses are present from Early
Neolithic times, in the form of relicts from the “Cycladic and Minoan”
civilizations. Historical records start from the Hellenistic epoch and
continue uninterrupted through Roman, Byzantine, Venetian and Ottoman
eras, into modern times. Each of these periods has enriched the island with
ancient caverns and spas, magnificent castles, churches and monasteries
with hagiographic frescoes. We invite the reader to dwell in the wonders
of Nisyros island.

The pre-historic development of Nisyros Island
can be better understood taking into account the
entire history of the southeastern Mediterranean,
as well as all natural phenomena, such as the
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rescue and hiding place for small groups of early
Neolitic settlers, despite the fact of lack of fresh
water. There, they were protected from riots of
pirats and bandits, not being familiar with such
an wilderness island. The pumice cover and soft
volcanic rocks allowed simple treatment for
constructions of caves and buildings. Although
the early inhabitants know the steaming fumar-
oles in the hydrothermal craters, the intensive
smell of sulphur gases and hot springs on the
shores, they were not aware about the danger of a
possible volcanic eruption, emitting lavas, bombs
and ashes covering the total environment. All
these phenomena were unknown, since they
dated back in the Eastern Mediterranean at least
20,000 years. The catastrophic experience

appeared with the Minoan eruption of Santorini
around 3620 BC causing total devastation in the
South Aegean islands and Crete and breakdown
of the blooming Minoan civilization (Fig. 12.1).

12.1 Mythology and Etymology

Already in Hellenistic time, the islands of Kos
and Nisyros were well known to the Greeks,
based on their colonization from the Peloponnese
since Archaic times and their polytheistic believe
with the Asclepius sanatoria cult documented in
the medical school of Hippocrates from Kos and
the daily use of the hot springs in Kos and
Nisyros, as well as in their believe of the origin



12 Epilogue Nisyros Island, the Inaccessible Outpost ..

323

of the islands, i.e. glorified in the battle between
the titans and giants on the Parthenon fries of the
Akropolis in Athens. In the “Periplus of
Pseudo-Skyllax”, a mid-4th century BC circum-
navigation, Nisyros Island is placed in Caria.

The first citation of Nisyros can be found in the
“Bibliotheca” (Bifito0nkn) of Apollodorus of
Athens (A, 6, 2; 2nd century BC), a compendium
of myths and legends. Strabo (Ztpdpwv), a Greek
geographer, philosopher and historian (c. 64/63
BC—c. AD 24) reported in his “Geographia” (X, 5,
16) the mythological birth of the island of Nisyros
as follows: The titan Poseidon, helping Zeus in his
battle against the giants, chased the fearful giant
Polyvotis over land and seas. When Poseidon
reached the island of Kos, Poseidon broke off a
piece of the western island with his mighty trident
and hurling it at Polyvotis and buried him under it
(Fig. 12.2). This broken off piece of Kos became
the island of Nisyros. The volcano was created
over the mouth of Polyvotis and the constant
rumblings and groaning at depth are the chest sighs
of the buried giant.

Strabo described Nisyros (X, 5, 16) as fol-
lows: “is round and high and rocky, the rock
being that of which millstones are made”.

Fig. 12.2 Poseidon crushing Polybotis under a huge
rock; black-figure amphora from the 5th century BC.
Photo Yorgos Fafalis, © Athens, Museum of Cycladic
Art, inv. no. SP 98

According to Plinius (1st century AD, “Nat.
Hist.” V 36) Nisyros was known as “Porphyris”
(“purple”) on account of the abundant murex
shells from which the Phoenicians produced the
famous purple-red color or less plausible from
reddish porphyry stones, which do not occur on
this island.

Dionysius Periegetes, 2nd century AD, car-
tographer of the famous world map as a disc and
Stefanos Byzantinus (c. 6th century AD), the
author of the important geographical dictionary
“Ethnica”, gave several etymological interpreta-
tions to the Name of Nisyros. According to
Eustathios of Thessalonike (a Greek bishop and
scholar, c. 1115-1195/6) and commenting on
Periegetes the name Nisyros originated from the
Greek words neo, (“to swim”), and syro, (“to
drag”), taking as a reference to Polyvotis who
swam the last few moments while dragging the
rock, which he had received from Poseidon on
his back.

12.2 History and Civilisation

The settlements of Nisyros Island and on Yali
reach back to Neolithic times in the order of c.
6000 years BP. First settlers in the Dodecanese
islands may have come from the west Anatolian
coast and Asia Minor making their way towards
south to Crete and west to the Aegean islands
(Pendlebury 1965). Early trading is indicated by
the findings of obsidian from Yali in the first
center of obsidian fabrication on the island of
Saliagos between Paros and Antiparos (Renfrew
et al. 1965).

During the beginning of the Bronze time, a
time span of approximate 600 years between
3000 and 2400 B.C a new wave of settlers from
the East introduced the “Cycladic Civilization”,
which was characterized by a certain social
hierarchy, believing in reincarnation and wor-
shipped female deities. The beginning of
exchange trading started by the “longboats”
during the Kero-Syros culture approx. 2600—
2400 B.C., which were built from tall cedar trees
in Lebanon (in the pre-Phoenician cities of Ugarit
and Byblos), and were paddled by large crews
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mainly along the Anatolian coast. These people
knew how to mine and smelt bronze and copper,
as well as a first sophisticated casting, bringing
along domesticated animals, and evolved
sophisticated methods of agricultural production.
They developed a craftsmanship in stones,
carving marble figurines, which they buried with
their dead. Settlements on Nisyros Island during
this time relate to findings of pottery fragments
and of a “folded arm female figurine” (Fig. 12.3),
similar to those from the “Chalandriani tombs”
on Syros island.

Around the same period an invasion of people
from the area Caria opposite to the islands of Kos
and Rhodos with ethnic roots close to Lycians
and Lydians may have taken place. According to
Diodorus Siculus (Bibliotheca Historica; ¢. 60—
30 BC) they may have been the first real inhab-
itants of Nisyros.

Thousand years later, the first sailing galleys
from the Levant coast and Cyprus (originally
Egyptian constructions) were able to withstand
the open sea and heavy weather. Extensive

Fig. 12.3 Folded arm female figurine (Kero-Syros cul-
ture c. 2600-2400 B.C.) found in Nisyros; Photo Marcus
Cyron, Altes Museum: Antikensammlung Berlin

trading started throughout the Eastern Mediter-
ranean, Cyprus, Rhodes, Kos, Crete, and the
Aegean islands, which led to a Cycladic-Minoan
thalassocracy, the volcanic ring island Santorini
(at that time “Kallisti”, the “most beautiful”)
advancing to central trading point of the Aegean
Sea due to its geographic position and secure
shelter within the inner Caldera lake (Dietrich
2004).

Cycladic-Minoan settlements have been found
along the Anatolian coast between Samos and
Rhodes, such as Tigani, Miletus, Iasos, Knidos
etc. There is also evidence of remnants in Yali,
which definitely served as obsidian raw material
supplier (Georgiadis 2008). This is proven by the
obsidian vessel (Fig. 12.4) found tin the palace
of Zagros, made out of white-speckled obsidian
from Yali; Late Neopalatial period (1450 BC,
LMID).

Fig. 12.4 Ritual vessel with high degree of aesthetics
and superb workmanship from the “Sanctuary Treasury”
of the palace of Zagros, made out of white-speckled
obsidian from Yali; Late Neopalatial period (1450 BC,
LMII); Photo V.. Dietrich Archaeological Museum
Herakleion Crete
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Fig. 12.5 Remnants of a Cycladic-Minoan settlement or
outpost represented by a pair of “horns of consecration” at
the northern entrance of the little Nymfios valley in the
center of the island. Photo Barry’s Ramblings

Solid evidence for a Cycladic-Minoan settle-
ment or outpost has not been found yet on the
island of Nisyros. However, a remarkable indica-
tion is represented in a pair of “horns of conse-
cration” (Fig. 12.5) that have been carved out of
the solid rhyodacitic rocks at the northern entrance
of the little Nymfios valley in the center of the
island. In addition, numerous unidentified stone
cuttings (Fig. 12.6) and a cave with a carved pillar
(Fig. 12.7) have been described on the eastern and
northeastern side of the same valley and inter-
preted by Economakis and de Vries (2001). as a
singular sacred Minoan enclave. The circum-
stance, that these structures were placed in a
remote hidden place high up in the mountains also
allows the interpretation of refugee constructions
of survivors from the Santorini volcanic Minoan
eruption c. 1620 BC and tsunami, which devas-
tated the entire coasts of the Cycladic islands,
Crete and eastern Mediterranean.

L

Fig. 12.6 Unidentified stone cuttings on the eastern and
northeastern side of the Nymfios valley. Photo Barry’s
Ramblings

With this catastrophe and with subsequent
major earthquakes, the Minoan civilization in
Crete and definitely in the Cycladic islands came
to an end. In the Argolis, the Cycladic and
Minoan emigrants formed a new and powerful
civilization, the “Mycenae civilization”, based on
military principles and monumental customs,
which lasted for another four hundred years.
With the help of seafarers from Cyprus and the
Levant the Mycenaean’s returned mainly to
Crete; little is known about the Dodecanese
islands and, i.e. Kos and Rhodes. Several con-
structions, which can be seen as Mycenaean
remains have been detected in Nisyros: the base
walls of Paleokastro at the northern part, resem-
bling the classical “cyclopean” tracery of a
Mycenaean citadel, relict walls at Tafies
south-west of Mandraki, Vathia, and in the
foundations of the Stavros monastery. Homer
mentioned in the epic poem Iliad, Nisyros pro-
vided ships and troops to fight, under the com-
mand of the rulers of Kos Pheidippos and
Antiphos, children of Thessalos, the son of
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Fig. 12.7 Unidentified stone cuttings and a cave with a
carved pillar on the eastern and northeastern side of
Nymfios valley. Photo Barry’s Ramblings

Herakles against Troy in 1184 BC. Since no
archaeological solid data have been found, the
epic poem remains a glamorous phantasy story.
There were neither proper ships and sheltered
bays nor large populations on the Dodecanese
islands to provide troops. The fall of the Myce-
naean empire is rather assigned to a time of
increase natural catastrophes (Dietrich 2004),
such as major earthquakes and flooding accom-
panied by social unrest and destruction than
invasion of the Dorians from north. Despite the
fact, that the Phoenicians became dominant tra-
ders in the eastern Mediterranean 1200 and 1150
BC, no traces have been found so far on Nisyros
Island. The reason may be seen in the lack of
harbours for their galleys, which were built with
a keel for anchoring in protected bays. The lack
of springs (only one known at Pigi) and water
supplies, as well as the climatic conditions at
these periods might have been responsible
avoiding the island.

No archaeological findings can be assigned
from the Minoan—Mycenaean period until the

Archaic to Classical times from the 7th to 4th
century BC, a time gap of more than 400 years
(Stampolidis et al. 2011). The classical poets and
historians assigned the first inhabitants of the
Aegean islands as “Pelasgians” with an origin
from Argos in the Peloponnese and the Greek
mainland.

The Greek historian Herodotus (c. 485-425
BC, VII, 99) stated that the Dorian population in
Kos, Kalymnos, Nisyros, Kasos and Karpathos
arrived from Peloponnese, i.e. from Epidaurus
and Argos. Indications were found by the Ger-
man archaeologist Ludwig Ross (1843) ancient
foundations in the locality of Argos close to the
monastery of Stavros in the southern slopes of
the island, which already had been reported by
Stephanus Byzantinus, possibly being an
important sanctuary of Argive Poseidon. A pos-
sible Pelasgian location is the Dracospilia grotto
above Cape Korfos.

Nisyros must have reached a certain economic
importance during archaic times, proven by the
archaeological finds such as steles and vessels
from the cemetery of the 8th—5th centuries B.C
(Filimonos and Apostolou 2010) and displayed
in the Archaeological Museum at Mandraki. The
autonomy of the island during the 4th century
BC seems to be indicated by its own coinage
(Ashton 1999) as witnessed by the inscriptions in
several places on the island (Chaviaras 1913;
Arafas 2002). In addition, the island was also
known at those times for its thermal waters as it
is evident from an inscription in the Roman
thermal bath at Pali.

During the second part 4th century BC Pale-
okastro was built as a highly organized defense
system (Fig. 12.8), which comprised watchtow-
ers and lighthouses around the island and neigh-
boring islet in order to control the ship routes and
naval activity between the Anatolian coast, Crete,
Rhodes, Kos and the Cycladic islands.

Several watchtowers (“fryktories”) from this
period have been found on the islet of Pergousa,
on the southwest side of Nisyros, at Drakospilia
on Cape Lefkos, at Pyrgoi near Kateros; at Skopi
near the municipal baths (Loutra) on the north
side of the island. According to the construction
of the walls with its precise, tightly-fitting joints
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Fig. 12.8 Paleokastro is the Classical and Hellenistic
Acropolis that was built during the 4th century BC on an
ancient settlement with fortifications and outside cemen-
taries (Filimonos-Tsopotou 2013) and is situated on the
hill overlooking the village of Mandraki. The walls
consist of black accurately formed andesitic basalt from

of the lava blocks this powerful fortification has
been as part of a defence system of the Mausolus
dynasty of Asia Minor (Karia), who governed the
Dodecanese islands of Rhodes, Kos, Tilos, and
Nisyros during the period 355-332 BC
(Pimouuet-Pédarros 2000; Apostolou 2014).

Another flourishing time of Nisyros started
when Alexander the Great claimed the Dode-
canese islands around 333 BC including Nisyros
after liberating Asia-Minor from the Persians.
After Alexander’s death the islands split into
several independently governed territories until
in the 3rd century BC Rhodes took over the
control. It seems that Nisyros joined Rhodian
Parea c. 200 BC taking part in the Cretan war and
winning over King Philip V of Macedon, the
Aetolian League and several Cretan cities
(Papachristodoulou 1933).

There were defense systems on Nisyros
Island, observatories and towers all over the
island and communication with the castle was
maintained through smoke signals during the day
and fire signals during the night. Retaining
foundations and cisterns on the hill testify the
existence of Hellenistic-Roman settlement. As

its lava underground. In some cases these cubolds reach
3.5 m and weigh up to 4 tons. Six towers are still standing
on the south side along with a wall 230 m long while on
the east side there are two towers and 80 m of wall. Photo
Barry’s Ramblings

harbour served the little inlet east of the high
cliff, which has been filled up completely by
currents with sand and silt, as well as local
debris. Many traces of Roman settlements, such
as columns, steles, sculptures of white marble
and vessels have been found. However, the set-
tlement below and around the Paleokastro site
moved gradually towards the sea, overbuilding
the ancient inlet harbour, spreading eastward
parallell along the coastline and founding the
main settlement Mandraki of the island.

A detailed description of the Roman period
has been given by Economakis and de Vries
(2001). It seems that Nisyros had produced its
own silver and copper coins with images of
Poseidon, Artemis, Aphrodite, Apollo, and a
dolphin with trident (Fig. 12.9).

Strabo (X, 5, 16) mentioned that at the 1st
century on Nisyros one city with harbor, a ther-
mal bath (Fig. 12.10), and a Poseidon temple
occurred devoted to the principal deity of the
island. Two little bays may have given shelter at
these time periods, a deeper inlet eastward
behind the high cliffs of Mandraki and an ana-
logue bay eastward behind Cape Akrotiri at Pali.
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Fig. 12.9 Roman coin: Poseidon on a sitting on a rock
with his trident in hand found in Nisyros (Ashton 1999)

During the 4th century the Western Roman
Empire went down and with it the naval control of
the Mediterranean, which was followed by chaotic
raids of pirates and galley fleets of the Vandales.
The time between the 7th and 11th century the
entire Mediterranean and the Aegean Seas were
the scene of continuous naval battles of the
Byzantine empire with help of the “Holy Allies”
England and Spain against the Muslim conquests.

Fig. 12.10 The vault of the
Roman thermal bath of the
spring Panagia Thermiani east
of Pali. Photo community of
Nisyros

Signs out of the Eastern Roman Empire and
Byzantine time exist in Nisyros in several basilicas
and Early Christian churches at least in ten places
(Economakis and de Vries 2001), i.e. in the church
of Faneromeni (Fig. 12.11).

At the end of 11th century the “Holy Roman
Empire” started the Crusades, which led to the
Kingdom of Jerusalem and the Crusader states
along the Levantine coast. These ventures reo-
pened the Mediterranean to trade and travel,
enabling the kingdoms of Genua and Venice to
flourish.

The Venetians started commercial trading
based on political and cultural grounds with the
Byzantine Empire and founded a commercial
outpost 1082 in Rhodes. During the 13th century
Nisyros was dominated by Genoa, that in 1309
sold the island to the Order of the Knights of
Saint John from Jerusalem, who built in 1315 the
fortified bastion on the top of the cliffs above the
village of Mandraki that thrusts northward into
the sea (Fig. 12.12); besides four other forts in
strategic points around the island, i.e. the fort of
Pandenichi overlooking Emborios and a fort on
top of the Parletia neck inside the caldera beneath
Mt. St. John Theologian.

The localities Mandrachi, Palaiocastro, Pan-
denichi (Emborios), Nicea and Argos are shown
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Fig. 12.11 The domed Byzantine church of Faneromeni (11th century) on the western slopes of the island; in the
background the hillside of Paleokastro. Photo V.J. Dietrich

Fig. 12.12 The fort the order of the Knights of Saint the monastery of “Panagia Spiliani” (Virgin of the
John from Jerusalem built after 1315 on the pillow lava  Grotto), founded at least during early 18th century. Photo
cliffs of Mandraki. The northwestern part is occupied by  V.J.Dietrich
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Museum, Greenwich, London. The map shows an erup-
tion of gases in the central part of the volcanic island;
Buondelmonti mentions in his description the commercial
explotation of sulphur and millstones
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in the first “precise” map of Nisyros from
Christoforo Buondelmonti from 1420/1422
(Fig. 12.13): “Here (in the island of Nisyros),
Flaminius consul, coming back from Orient has
been predicted to win in the coming fighting
against Galics, as actually happened. For this
reason the island has been always considered of
good omen by Latin people. Also Cleopatra and
Antonius passed by Nisyros and razed to the
ground the island as its inhabitants refused to
obey their orders. The island is eighteen miles in
circumference and there are five towns to be seen
there: Mandrachi and Paleocastro are the lar-
gest; Pandenichi, Nicea and Argos are found
elsewhere around the island. In the centre of the
island there is a very high mountain which bel-
ches out sulfur fire from underground passages
day and night, as it happens in the island of
Stromboli, near Lipari”.

Despite the conquest of the city of Con-
stantinople and the fall of the Byzantine Empire
1453 by the Ottomans, the Knights of St. John
reinforced their forts to defend the outlooks
against the Ottoman fleets. However, Nisyros

Island got attacked in 1455, 1457 and 1483;
many inhabitants were killed or carried away into
slavery. After half a century the island was
almost deserted, 1522/1523 the Knights of
Rhodes and Kos had to capitulate. The twelve
islands Ikaria, Patmos, Leros, Kalymnos, Nisy-
ros, Astypalaia, Symi, Tilos, Chalki, Kassos,
Karpathos and Kastellorizo, except Kos and
Rhodes received a certain autonomy and freedom
as a separate Ottoman province, called “Isporad
Adisi” (origin of the later name Dodekanese).
Despite the Ottoman domination the commercial
trading of the Venetian fleets continued till the
end of the 17th century. Many geographical
maps of the Mediterranean and the Aegean Seas
were published during this period (Fig. 12.14).
During the second part of the 18th century the
island was less controlled due to the destruction
of the Ottoman fleet during the Russo-Turkish
War. Many Nisyrians could return or leave
founding settlements in Odessa, Konstantinople
and Izmir. Although many families converted to
the Islam, the Christian orthodox and catholic
religion was tolerated. Churches and monasteries

Fig. 12.15 Remnants of a hidden chapel in the western hills below Nikia. Photo Stavros Osaris
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were built or restored during the 18th and 19th Throughout its long history, Nisyros was a place
century (i.e. Figs. 12.15, 12.16, 12.17, 12.18; for  of intense spirituality and religiosity. Proof of it is
review see Orsaris 2012). the numerous places of worship, as evidenced by

Fig. 12.17 The catholic Armas monastery is dedicated buildings around the chapel showing the monastery’s
to Ioannis Prodromos (John the Baptist) and dated mid  original size and still containing in the underground store
18th century. The abandoned but undisturbed stone areas pithoi and lids still intact. Photo V.J. Dietrich
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Fig. 12.18 The chapel of
Armas with ornate iconostasis
and apse are completely
decorated 18th century
frecoes by Neophytos of
Symi, meticulously divided
into small panels crowded
with detail. Behind the
simple, rustic wooden screen,
the altar and prothesis table
are ancient spolia. Photo V.
J. Dietrich

the remains of small churches, the countless tem-
ples of Byzantine and post-Byzantine periods and
the hidden chapels that are scattered in the
countryside.

The monastery Panagia Spiliani (“Virgin Mary
of the Grotto) has become the most famous and
picturesque monastic complex of the island,
which dates back to at least early 18th century,
and appears today as the most typical landmark
approaching Nisyros from the sea (Fig. 12.12).

According to the legend, people from Man-
draki saw a flickering light on the side of a cliff
near the hot springs of Loutra. A farmer climed
up the cliff and discovered a small icon of the
Virgin Mary (Fig. 12.19). He took this icon to
the church of Panagia I Potamitissa (the Virgin of
the Rivers) for safekeeping.

The next day, the icon was missing. They sup-
posed it to be stolen. A few days later, it was
rediscovered by the locals on a hay bale in the castle
grotto in the high cliffs above Mandraki. Again they
took the icon to the church of Panagia i Potamitissa
but again the icon went missing and was

rediscovered in this same cave on the rocks.
This continued a few times until the locals recog-
nised the mysterious happenings as a divine sign
and decided to consecrate this site with a church and
to leave the icon in its preferred location. This cave
has been called Panagia Spiliani and the monastery
was built above this cave, which may be assigned
during the 16th century. The Nissyrians dedicate
this icon for protection of the island.

During the Greek revolution that began in
1821, the Nisyrians supported the Greek fleet
anchoring at Yali prior to the naval battle of Ger-
ontas in the year of 1824 near Leros. However,
their liberation did not last very long. According to
the “London treaty” the Dodecanese islands were
put back under Ottoman and later Turkish
Republic rule, which ended on May 12, 1912.

Modern times started in the island at this
period with the construction of Mandraki harbour
and a long pier (Fig. 12.20), which gave enough
shelter from northerly winds for small steam-
boats and allowed to a certain extend weather
indepentend transport to Kos and Rhodes.
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Fig. 12.19 The “Virgin Mary of the Grotto” the protec- monastery Panagia i Spiliani. The icon was silver-gilded
tor of the island of Nisyros and located in a cave on a  soon after the Russo-Turkish war in the late 18th century.
30 m high rock. 170 steps lead to the holy cave of the Source of picture Kentris 1993

Fig. 12.20 The reinforced pier at Mandraki harbor 1920. Unknown photographer
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According to the Lausanne treatise, the
“Regio Decreto n. 1854” in 1925, all Dodecanese
islands were given to Italy until the collapse of
the fascist regime and the country’s surrender to
the Allies in 1943, followed by a short period of
German military occupation. After the surrender
May 8, 1945 the islands were put under British
military protectorate until they were formally
united with Greece 28th October 1947 ending
630 years of foreign rule over the islands.

Although the island of Nisyros had suffered
occupations for centuries, the inhabitants devel-
oped their own unique dialect, a combination of
ancient and modern Greek independent from Latin,
Turkish, Italian and other linguistic influences,
which proves the island’s inaccessible character.
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