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Preface

Approach—Organization of the Book

Icelandic soils are quite different in nature from the soils found on either side of the Atlantic,
because of the active volcanism, unique climate conditions, and especially active geomorphic
processes shaping the island. This book on The Soils of Iceland takes a broad approach
considering soils as a part of ecosystems. The book provides the fundamental background to
Icelandic nature, including climate (Chap. 2) and the volcanic geology (Chap. 3), which is the
single most important factor in determining soil formation on this island: the formation of
Andosols and Vitrisols. The book also provides some basic information about the people and
the use of the land (Chap. 2). Vegetation of the country is described in Chap. 4, based on a
comprehensive land cover database housed at the Agricultural University of Iceland. The
author also found it necessary to present a short review on Andosols (Chap. 5), which
Icelandic soils basically are, with the often peculiar properties that characterize Andosols.

The more traditional soil science sectors are described in four Chaps. (6–9) on classifica-
tion, physical properties, chemistry, and finally genesis and biological issues. Chapter 7 on
physical properties suffers from lack of such studies in Iceland, but more is known about the
basic chemistry and genesis. Information about land use is woven into these chapters, which
include numerous photographs, tabular information, and figures representing various rela-
tionships between soil properties.

Iceland is a cold land with climate characterized by winter temperatures oscillating around
zero. The soils are very frost susceptible leading to some of the most frost affected soils and
nature anywhere outside of permafrost regions, which merits a special chapter (Chap. 10) on
soil frost and its effect on Icelandic landscapes. Chapter 11 is devoted to the extensive aeolian
environments, which influence all other ecosystems through redistribution of volcanic
materials.

With land degradation as the major factor shaping Icelandic ecosystems, considerable effort
is devoted to the history and processes of degradation in Chap. 12. And the question how is
such knowledge achieved? Understanding soils is part of the literacy needed to read the land,
to understand the state of the land, function, and condition; an approach taken in Chap. 12.

Punctuation—Icelandic

This book includes the names ofmany Icelanders, Icelandic place-names, and other words which
involve the use of special characters when written in Icelandic such as á/Á, é/É, í/Í, ú/Ú, ý/Ý, and
ö/Ö, which can be found in various other European languages. The characters also include ð/Ð,
þ/Þ, and æ/Æ. All these characters can give problems in English publications, during printing
and also with cross-referencing author names inmodern-day reference databases. The author has
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selected to avoid the use of special Icelandic characters and hyphens in the names of authors or
people except for the letter ö. Many other Icelandic authors have selected this approach, but the
names can otherwise be found spelled in two or more different manners in databases. Thus,
Ólafur Arnalds becomes Olafur Arnalds in this book. Þ is spelled Th in the reference lists, ð as d
and æ as ae. However, Icelandic place names and journal names are spelled out in Icelandic.
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1Introduction

1.1 A Book on Icelandic Soils

Soils are fundamental for life on Earth, providing a media
for cycling of energy, nutrients, and water. This vital
resource is dynamic, ever changing with time as natural
forces act on the surface, resulting in chemical weathering,
modification of the biological activity, and formation of a
great variety of soil types on the landscape. And then there is
man, utilizing Earth for living; almost the entire Earth’s
surface has been modified by anthropogenic activities, often
causing severe land degradation and even full ecosystem
collapse.

The strong link between agronomy and soil science has
sometimes placed restrictions of the realm of soil science
(e.g., Arnalds 2006), while the “collaboration beyond tra-
ditionally defined soil science research disciplines” is
increasingly emphasized by many (Adewopo et al. 2014; see
also papers in Hartemink 2006). That is the very approach of
this book: realizing soils as a part of the environment and
ecosystems that are subjected to multiple processes that
shape the landscapes of the Earth. Soils are subjected to
degradation by various processes, a field of study that is a
part of the soil science realm. Soil information is funda-
mental in understanding the condition of ecosystems; it is an
important aspect of bringing soil information into a useful
context (see Imeson 2012; also Adewopo et al. 2014), an
approach taken here.

The nature that meets the eye on this island in the middle
of the North Atlantic Ocean is unlike the nature we see on
both sides of the Atlantic. The island has active volcanism, is
subjected to more intense freeze–thaw processes than any
other country, and geomorphic processes are both diverse
and extremely active in places. Aeolian activity, with
widespread redistribution of dust by wind erosion, shapes
the character of all soils of Iceland. The soils are quite
special, be it the fertile volcanic soils of the rich and pristine
ecosystems, the unique blend of volcanic soils and Arctic
bogs in the wetlands, or the unstable deserts that cover a
large part of the country. And let us not be misled by the

beauty of the landscape: most of the nature that meets the
eye is very different from what our ancestors saw when they
settled on the island; the impact of man has been dramatic.

The soils of the deserts merit special consideration,
including the largest volcaniclastic sandy deserts in the
world, dark in color due to the basaltic nature of the volcanic
materials. The soils of deserts are given a special group
name in Iceland: the Vitrisols, but these desert soils classify
as Andisols under Soil Taxonomy.

This is a book on the soils of Iceland under the Springer
series of the world soils. It is about what shapes the soils of
Iceland and the soil landscapes, the services these soils
provide, the severe impact of man, and how it is perceived.
This book is intended to help the reader, the student of
Icelandic nature, our numerous visitors—anyone interested
in Icelandic nature—to understand the soils of Iceland and
the processes that shape Icelandic landscapes.

The book makes frequent references to the different
geographic regions of Iceland. These regions are presented
here in Fig. 1.1 to aid the reader in locating areas named in
the book. The figure also gives the names of the major
glaciers, prominent features of the Icelandic landscapes.

1.2 Soil—Mold

In the Scandinavian languages, both Earth and soil are jord,
in a similar way as the term sol is used in Latin languages.
“Jord” is used to connote soil types just as “sol” is used as an
ending for soil names under many classification systems
such as the International Soil Science Union World Refer-
ence Base system (WRB) and the US Soil Taxonomy (as in
Andosol under the WRB). However, in Icelandic, which in
many ways represents the old Nordic tongue, the terms for
soil are jarðvegur or the older more preferable term mold.
“Jarðvegur”, literarily meaning a soil-path or road, is
apparently a translation of the Latin term “arvum”, reflecting
the plowed furrows, but “mold” appears very early in Ice-
landic texts and is gaining ground again in the Icelandic
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language. However, the term jörð is now used to coin the
names of soil types such as “Brúnjörð” in Icelandic (Brown
Andosols).

One has to bear in mind that agriculture in the sense of
cultivating soils, which indeed was practiced during the
Settlement time in Iceland, was not part of Icelandic farming
throughout the Middle Ages, when the climate was not
warm enough for cultivating common types of crops. That,
in part explains the slow development of understanding of
soils of Iceland.

1.3 Soil Science in Iceland

Soil science is in many ways a young discipline in Iceland,
with only few scientists having received a Ph.D. degree in
Soil Science, but several more have M.Sc. in Soils and related
sciences. Interest is growing among students, often with
emphasis on soil science as a part of the broader environ-
mental sciences. The pioneers include Björn Johannesson
(1960, 1988), who early on introduced a soil map and a book
on the soils of Iceland. Gudmundsson (1994a) published a

short textbook on soil science and made an attempt to adopt
the present-day FAO classification for Icelandic soils
(1994b). Bjarni Helgason published papers on soil formation
in Southwest Iceland (1963, 1968) but his work included also
research on the fertility of agricultural lands and soil nutrients
(e.g., Helgason 2002). Fridrik Palmason pioneered soil
nitrogen studies (e.g., Palmason et al. 1996) and there is a
considerable volume of research devoted to grassland fertility
and fertilization (e.g., Gudmundsson et al. 2004, 2005),
which is in part cited under Chaps. 6–8.

The main work on soil science in Iceland has been
undertaken by the Agricultural Research Institute of Iceland
(Rala), which in 2005 became a part of the Agricultural
University of Iceland (AUI), and this work is extensively
used in this book. Many of the cited papers were published
under the annual Agricultural Congresses in Iceland
(Fræðaþing landbúnaðarins). Considerable information is
also drawn for the purpose of this book fromM.Sc. and Ph.D.
works of students at both European and American universi-
ties, such as Thorsteinn Gudmundsson (Ph.D. University of
Aberdeen), Rannveig Guicharnaud and Bergur Sigfusson
(Ph.D. University of Aberdeen), Berglind Orradottir (M.Sc.

Fig. 1.1 The author’s perception of the geographic areas in Iceland, which are referred to throughout the book
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Texas A&MUniversity), Birgir Oskarsson (M.Sc. University
of Iceland), Pall Kolka (M.Sc. Ohio State University) and by
the author (Ph.D. Texas A&M University). The author has
been fortunate to participate in the education of young sci-
entists in the field of soil science and environmental sciences,
and their work is extensively used in the book.

The author has focused his research efforts on soil issues
such as genesis/mineralogy, general properties, and classifi-
cation with an establishment of a soil database (AUI Soil
Database, heavily used in the book), but also surface pro-
cesses that shape the Icelandic landscapes, land degradation,
and land condition. Much information about the physical and
chemical properties of soils in Iceland can be drawn from the
joint European COST-622 Action (e.g., special issues of
Geoderma (Bartoli et al. 2003) and Catena (Arnalds and
Stahr 2004) and a book edited by Arnalds et al. (2007).
Scientists at the University of Iceland, such as Gudrun Gis-
ladottir and Sigurdur Gislason, have also contributed exten-
sively to many aspects of Icelandic soil science, including the
geochemistry and weathering. Research contributions in
relation to the impact of man and degradation are numerous
and include both Icelandic and foreign research efforts.

An attempt is made to cover all of this research by the
author and others, in the subsequent chapters. The list above
only gives an insight into the soil science in Iceland and
origins of the information presented in this book, with more
details given in the Preface in the section titled “Acknowl-
edgements and the Roots for the Publication” and in the
reference lists of each of the chapters.
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Regarding punctuation and Icelandic characters
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2High in the North—Climate, People,
and Agriculture

2.1 The Climate

Iceland, about 103,000 km2 of volcanic island, is located far
in the north, right under the Arctic Circle, between the 63°
and 66.6° northerly latitudes, and 13–24° westerly longi-
tudes (Fig. 2.1). In spite of the northerly global position, the
climate is relatively mild. The reason is the oceanic climate
and the powerful Gulf Stream, an ocean current that brings
warm waters to the shores of Iceland. If it was not for this
current, the climate of Iceland would be considerably colder
than it is. However, a cold East Greenland Current influ-
ences the climate, but to the south the warm Irminger Cur-
rent (part of the Gulf Stream) ensures relatively warm
temperatures (Olafsson et al. 2007; Einarsson 1984). Low
atmospheric pressure systems are frequent, sometimes
referred to as the “Icelandic low” pressure system; this
results in relatively high wind speeds, but Iceland is con-
sidered to be within the North Atlantic storm track (Olafsson
et al. 2007). It is worth considering that continental areas at
the same latitude as Iceland, in Siberia and Canada for
example, experience much colder climates than Iceland,
especially in winter. Mean monthly temperatures for Rey-
kjavik on the one hand and several foreign cities are com-
pared in Fig. 2.2.

The discussion in the subsequent chapters of this book
often refers to geographic areas in Iceland, such as the North
or Eastfjords. This division is presented in Fig. 2.3, but a
larger version of the map was presented in the Introduction.
It is based on the author’s perception of this division, which
is quite general, but may vary on how these lines are drawn
between people and the purpose for each such map.

Typical average values for temperature and precipitation
at several locations in Iceland are presented in Table 2.1. As
can be seen from this table, winters in Iceland are relatively
mild with temperatures commonly near zero (see also
Fig. 2.2). Low pressure systems that bring relatively mild air
masses are common in winter, and often raise the tempera-
ture above zero and bring ample moisture to the southern
shores with southerly winds. There is more stable or longer

lasting snow cover on the ground in the north and more so in
the highlands. In the south, snow stays usually on the ground
for a short time, for a day or a few days. Summers are, on the
other hand, relatively cool compared to the neighboring
countries (Fig. 2.2).

Table 2.1 presents averages based on the 1982–2012
(30 years) dataset, which results in significantly higher
means than for the 1961–1990 averages, due to a warming
trend. The averages for the last 5 years are still higher than
the 1982–2012, an expression of global warming. The
highest recorded temperature in Iceland is 30.5 °C (1939,
Eastfjords), the lowest is −38 °C (1918, Northeast) (Olafs-
son et al. 2007).

There is noticeable difference in temperatures between
the geographic areas of Iceland, but the elevation is the
single most important factor affecting the mean temperatures
(Fig. 2.4). As can be seen from this image, the mean annual
temperatures are commonly 0–4 °C in the lowlands, but
mostly 0 to −4 °C in the highlands. The highlands show
Arctic character, where permafrost can be found in some
locations under vegetation (see Chap. 10 on cryoturbation,
also Thorhallsdottir 1997; Saemundsson et al. 2012).

A map of average temperatures in January and June is
presented in Fig. 2.5. Winter temperatures are noticeably
lower at the high elevations, especially in the north and
northeast, but there are areas along the south coast where
average temperatures are above freezing in January. Summer
temperatures are also significantly higher in the southern and
western lowlands (>10 °C), but are also favorable in the
Eyjafjörður valleys (north) and inland valleys of the east.
The warmest July areas are also those where barley pro-
duction grows rapidly. It is interesting to note that the Arctic
is sometimes defined as areas with average July temperature
of <10 °C, but conventionally all of Iceland has been defined
within the Arctic region (CAFF 2001, see Chap. 10).

Most parts of Iceland receive ample moisture for vege-
tation growth (Fig. 2.6) with >600 mm annual rainfall. Some
areas in the south receive even more than 2,000 mm each
year (record is >4,600 mm south of Vatnajökull glacier;
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Olafsson et al. 2007). However, there are areas of low
rainfall north of the Vatnajökull glacier with some areas
receiving <400 mm rainfall. Humidity is usually as high as
75–90 %, but it can be quite low with cold dry air masses
(see, e.g., Einarsson 1984). Rainfall is very common, but is
often associated with long-lasting low intensity rainfall
events. High intensity events do occur (>100 mm day−1),
especially in the south and in relation to passing of high-
energy low-pressure systems (Olafsson et al. 2007).

Due to the common occurrence of low-pressure areas and
periodic occurrence of storms (cyclons) blowing from the
Arctic, Iceland is a windy country in general (Einarsson
1984; Olafsson et al. 2007). Wind speed can reach >30, and
>50 m s−1 near mountains during severe storms, but wind
speeds of 5–15 m s−1 are quite common (see Icelandic
Meteorology Office web page, www.vedur.is on wind).

2.2 The People

Iceland was settled by Norsemen after 874 AD with rapid
population increase during the first century. Iceland was an
“independent” country (if one can say so about the states of
the early Middle Ages) with a parliament, called “Alþingi”
established in 930 AD, with neither royalty nor a king. Ties
with Norway, however, remained close. The Icelandic Sagas
were written mostly in 1150–1300 but their subjects often
took place in the period 870–1000 AD (i.e., long after the
events described). Early Icelandic scholars include Snorri
Sturluson, who wrote both the history of the Norwegian
kings (Heimskringla, covering 600 years of history) and an
important mythological and poetic textbook (Snorra-Edda),
which is a source for the majority of what is known today

Fig. 2.1 Map showing the northerly location of Iceland. ESRI 2014; ESRi Basemaps
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about the old German pagan religion. The early writings of
the Icelanders, including the Sagas, provide an important
glimpse into the natural history of Iceland at and soon after
the Settlement. The Icelandic parliament is still called
“Alþingi”, and can be considered the oldest operating par-
liament in the world. Figure 2.7 shows the landscape of the
old site of the parliament (Þingvellir, SW Iceland, UNESCO
World Heritage Site).

The country was increasingly ruled by a few powerful
families after the Settlement period, which led to a civil war
during the thirteenth century and finally Norwegian rule
(however, with loose ties) in 1262. Iceland came under
Danish rule from 1662, which remained until the twentieth
century, with partial independence achieved in 1904 and
1918 and full independence was declared in 1944, when
Denmark was under German occupation. The population
declined during the Middle Ages due to ecosystem collapse,
civil strife, cooling climate, and natural disasters, which
included the catastrophic Laki volcanic eruption in 1783 AD
(e.g., Karlsson 2000). The population remained between
35,000 and 60,000 from the seventeenth century until the

Fig. 2.3 The author’s perception of the geographic areas in Iceland, which are referred to throughout the book

Fig. 2.2 Mean monthly averages for northerly cities. January and
February are the mildest in Iceland (oceanic, Gulf Stream), but summer
temperatures are considerably lower than in Stockholm (Sweden) and
Helsinki (Finland), with more southerly and continental influences, but
are similar as for Tromsö (69°\,41′\,N) at the northern coast of Norway.
Data are from yr no, and may not represent same reference years. Using
data from 1982 to 2012 (Table 2.1) gives about 0.5 °C higher means
than presented here for Reykjavik
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latter part of the nineteenth century, but rose rapidly during
the twentieth century. Livestock numbers about 1700 AD
were about 35,000 cattle, 280,000 sheep, and 26,000 horses
(Karlsson 2000). The struggle for sustenance with limited
winter fodder available for husbandry led to serious over-
exploitation of land resources and soil erosion, as will be
discussed in the last chapter of this book. The livestock
numbers at about 1700 AD were not far from what they are
today with about 75,000 cattle, 460,000 sheep, and 80,000
horses (see next section). Climate was believed to have been
considerably colder during the Middle Ages than it is now,
contributing to famine and ecosystem degradation (see the
last chapter of this book).

Before World War I, most Icelanders lived in rural
communities, on farms or small fishing villages. The
country was largely controlled by landowners and many
civil rights were limited to them: “… that it had been a
dominant policy in Iceland over the centuries that all adults
who did not run a farm of their own should serve as

domestic servants in the homes of the farmers” (Karlsson
2000). Only landowners and government officials with very
few exceptions were allowed to vote or to be voted to the
parliament, with very slow change in the franchise until
1915 (Karlsson 2000).

Icelanders are about 320,000 today. About two-thirds of
the population lives in the Reykjavik Capital area in
Southwest Iceland. Agriculture is now only a small pro-
portion of the total economic GDP (1.3 %) but a dominant
factor in terms of control and use of land resources. Fish-
eries, industry (mostly smelters using hydropower and
thermal energy), tourism, construction, and various services
(including the financial sector) are the largest segments of
Icelandic economy in terms of GDP (Statistics Iceland,
www.statice.is). Tourism is growing rapidly.

Iceland has its own language, which has remained similar
over the >1,100 years since the country was settled, which in
part can be attributed to the isolation of the country during
the Middle Ages.

Table 2.1 Typical climate in Iceland during 1982–2002

Weather station (region in parenthesis) Temperature (°C) Precipitation (mm)

Mean annual January July Mean annual January July

Reykjavík (SW) 4.8 0.2 11.3 868 87 53

Bolungarvík (W.fjords) 3.7 −0.1 10.3 812 85 41

Akureyri (N) 3.9 −1.1 11.2 559 63 33

Egilsstaðir (E) 3.3 −1.8 11.0 813 110 42

Kirkjubæjarklaustur (S) 4.9 0.2 11.6 1,775 168 126

Hella (S) 4.7 −1.3 12.5 1,258 119 92

Hveravellir (C) −0.8 −6.0 7.6 754 74 52

Data from the Icelandic Meteorological Office of Iceland, Bolungarvík since 1994
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  67oNFig. 2.4 Average annual
temperature in Iceland during
1961–1990. Note that averages in
Table 2.1 are for a different
(warmer) time period of
1982–2012. Icelandic
Meteorology Office web page
(www.vedur.is), Björnsson et al.
(2007a, b)
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2.3 Agriculture and Land Use

Iceland is among the least inhabited countries of the world
with about 3.3 persons per km2 but the EU average is about
112 and Scandinavia has 15–22 inhabitant per km2 (Hel-
gadottir et al. 2013). Only one-fourth of the country is under
200 m elevation, where almost all of the population lives,
bringing the population density in the lowlands to about 13
per km2.

Active Icelandic farms are only about 2,600. The pro-
duction, especially the dairy industry, can be considered
grassland-based agriculture dependent on haymaking and
grazing (see Helgadottir et al. 2013; Gudmundsson et al.
2013). Figure 2.8a, b exemplifies the Icelandic farming
landscape. Dairy production and the production of sheep
meat constitute the major proportion of the Icelandic agri-
culture (data from Statistics Iceland February 2013; www.
statice.is), with about 26,000 dairy cows and 75,000 cattle in
all, and 460,000 winterfed sheep. There are only about 1,000
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Fig. 2.5 Mean temperatures in
January and July for 1961–1990.
Note that averages in Table 2.1
are for a different (warmer) time
period of 1982–2012. Icelandic
Meteorology Office web page
(www.vedur.is) and Björnsson
et al. (2007a, b)
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goats and about 41,000 pigs. Horses are about 80,000, which
is a high number compared to the number of humans, but
horses are popular for recreation activities and they are also
exported abroad. The average land area for each farm gen-
erally ranges between 500 and 2,000 ha, but hay fields are
usually <100 ha, with 30–60 dairy cows and/or a few hun-
dred sheep on each farm (Agricultural University Database).

The Icelandic livestock is in many ways unique, as these
breeds, which were brought to Iceland 1,000–1,100 years
ago, have remained in isolation in Iceland without mixing
with other breeds during this time, maintaining an old
important genetic pool (Adalsteinsson 1981; see also Hel-
gadottir et al. 2013). The livestock are unusually colorful,
and the Icelandic horse (pony) possesses some unique gaits
that make it a valuable international commodity and a
popular riding horse (Helgadottir et al. 2013). More than

150,000 horses of the Icelandic breed are found in other
countries than Iceland (Helgadottir et al. 2013).

Animals, except horses, are kept indoors during winter,
which calls for haymaking and storing fodder for the winter.
Cultivated land is 1,100–1,300 km2 (Nytjaland data; Hel-
gadottir et al. 2013), but this number includes mostly per-
manent hay fields, which are plowed every 5–10 years.
Cultivars commonly used in the hay fields include timothy
(Phleum pratense), meadow foxtail (Alopecurus pratensis),
smooth meadow grass (Poa pratensis), fescues (Festuca
rubra, F. pratensis), and perennial ryegrass (Lolium per-
enne) (Helgadottir et al. 2013). Indigenous species are also
common, including smooth meadow grass, red fescue
(Festuca rubra), tufted hairgrass (Deschampsia caespitosa),
and bentgrass (Agrostis capillaris), especially in old hay
fields (Helgadottir et al. 2013). The soils of the hay fields are

Fig. 2.6 Average annual precipitation in Iceland (1971–2000). Data from the Icelandic Met Office, Crochet et al. (2007), Crochet and
Johannesson (2011). Prepared by SHB/AUI
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quite variable, but a large proportion is occupied by drained
wetland soils, mainly Gleyic Andosols and Histic Andosols,
but also Brown Andosols (soil classes explained later in the
book).

Haymaking (Fig. 2.9) involves fertilizer amendments
commonly in the range of 80–120 kg N ha−1. Total national
use of N is about 10,000 tons (www.statice.is). Due to the
andic nature of the soils in Iceland (see chapter on Ando-
sols), there is a need for P fertilizers in Icelandic crop pro-
duction, (about 3,100 tons in total annually; www.statice.is).
In addition to hay, barley is grown on about 5,000 ha, and
other crops include annual ryegrass and oats. Barley pro-
duction is growing rapidly with improved cultivars and a
warming climate (see Helgadottir et al. 2013).

Both the sheep and dairy production are heavily subsi-
dized by the government (for sheep: about equal to the
income for selling the meat), and the subsidies rate among

the highest in the world. Furthermore, most sheep farmers
amend their income by employment off the farm.

The dairy cows are grazed on good grazing land close to
the barn during summer. The sheep are set free on open
rangelands, which include much of the highlands during
summer, generally from late June or early July to early
September, when the sheep are gathered. They are left
unattended, as there are no predators that feed on the sheep
except for occasional killings by the wild fox (Arctic fox)
when the lambs are young.

The highland communal areas with the least vegetation
cover and with severe erosion problems have been judged
unsuitable for grazing after an extensive survey by the
Agricultural Research Institute and the Icelandic Soil Con-
servation Service (Arnalds et al. 1997, 2001). Grazing of
sheep in the highlands has caused considerable controversy,
but attempts to close some of the poorest highland grazing

Fig. 2.7 The medieval parliament site at Þingvellir, a UNESCO World Heritage Site. The area is characterized by active tectonic faults, with the
depressions used for campsites and keeping horses in medieval times. Photo G.Kr. Johannesson
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lands have failed (see Arnalds and Barkarson 2003; Crofts
2011). Icelandic nature conservation NGOs and the OECD
(2001) have been very critical of land use policies in Iceland,
and especially the poor state of the highlands. The highland
grazing of the poorly vegetated communal areas constitutes
only a minor part of the total sheep grazing (Arnalds and
Barkarson 2003); they are not important for agriculture in
general as their use is often more linked to traditions rather
than economic or sustainable land use.

2.4 Forestry in Iceland

At the time of Settlement, forest and shrubland covered up to
25 % of Iceland. At the beginning of the twentieth century,
only three stands of a few hectares remained of the tall
growing native birch (Betula pubescens), at Vaglaskógur,
North Iceland, in Hallormsstaður, East Iceland, and Bæjar-
staðarskógur, South Iceland (Fig. 2.10). These stands served

Fig. 2.8 a Farming landscape in
central North Iceland, the wide
dots are bales of hay. b A
beautiful location for a farm in
South Iceland. Photos Askell
Thorisson, AUI
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as a seed source for extension of the birch forests throughout
the twentieth century, but the spread was aided by natural
succession in many areas protected from sheepgrazing
(Aradottir and Eysteinsson 2005; Aradottir 2007). Forests
now cover about 1.2 % of the country (Snorrason et al. 2005;
Traustason and Snorrason 2008).

There has been considerable effort to increase the extent
of forests in Iceland since the early twentieth century, both
with natural and introduced species. The aims of the affor-
estation programs vary, but include aesthetics, nature, and/or
soil conservation, but the aim of some of the plantations is to
create timber forests (Aradottir et al. 2013). These forests are
becoming a prominent part of the Icelandic landscape,
especially in East Iceland. Part of this program is driven by
aims to sequester carbon to balance emissions in relation to
the UN Convention on Climate Change (see Sigurdsson
et al. 2007). Restoring native birch forests still remains a
priority (Aradottir and Eysteinsson 2005). Four introduced
tree species are most common: Siberian larch (Larix sibrica),
Sitka spruce (Picea sitchensis), lodgepole pine (Pinus con-
torta), and black cottonwood (Populus trichocarpa). A
number of other tree species have been successfully intro-
duced in Iceland. Currently, there is a debate about the use of
these and other alien species in Iceland (see Chap. 4).

Other land use components that are increasing the stress
on Icelandic soil systems include road construction and
urbanization (Fig. 2.11). This has led to fragmentation of
valuable ecosystems such as wetlands (Wald 2012), which
still continues.

Fig. 2.9 Haymaking in West
Iceland. Drying the hay was a
major challenge during rainy
summers until recently, but
modern haymaking techniques
are not as dependent on dry
weather conditions. Photo Askell
Thorisson, AUI

Fig. 2.10 An old native birch forest, Bæjarstaðarskógur, in Southeast
Iceland. This is part of the few stands of tall growing birch that
survived medieval times. Photo Asa L. Aradottir
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3Geology

3.1 Introduction

The volcanic geology of Iceland is a main factor shaping
Icelandic soils, which will be given considerable attention in
later chapters. Volcanism also explains much of Icelandic
landscapes, together with the action of glaciers and frost.
This chapter draws considerable material from a special
issue of the Icelandic Journal of Earth Sciences titled The
Dynamic Geology of Iceland, which was aimed to give an
up-to-date overview of the geology of Iceland. It was pub-
lished in 2008 (Issue 58). The Icelandic Journal of Earth
Sciences is an ISI journal easily found in international dat-
abases, but has also the Icelandic name Jökull (meaning
glacier in Icelandic). This journal has published a wealth of
material on the various features of geology of Iceland. Ari
Trausti Gudmundsson has published several books in Eng-
lish outlining the geology of Iceland, such as Living Earth,
the Outline of the Geology of Iceland (Gudmundsson 2007),
but his Icelandic ‘Íslenskar eldstödvar’ (Icelandic volcanoes)
from 2001 is an excellent overview of the active volcanism
on the island. A classical textbook on geology in Icelandic
by Einarsson (1999) contains many descriptions and expla-
nations of Icelandic geology, as would be expected. The
volcanism and earthquakes continuously threatens the
human population (Gudmundsson et al. 2008), which is
explained in detail in a recently published book in Icelandic
on natural hazards, a book that also provides a comprehen-
sive and up-to-date review of the volcanic geology of Ice-
land, in Icelandic (Solnes et al. 2013).

3.2 Why Does Iceland Exist? The Mantle
Plume Under Iceland

There is no doubt that the most important aspect of the
geology of Iceland is its volcanism; it is a recent and active
volcanic island. It is located on the Mid-Atlantic Ridge that
separates the Eurasian and North American tectonic plates.
These plates are drifting apart at a rate of about 2 cm each

year (Hreinsdottir et al. 2001; Arnadottir et al. 2008;
Einarsson 2008). Most of the Mid-Atlantic Ridge lies at the
bottom of the ocean (Fig. 3.1) as would be expected with
heavy basaltic rocks, in contrast to lighter weight continental
crusts. Most of the volcanic activity on the Earth (>94 %) is
associated with the active tectonic belts (Simkin and Siebert
2000). There are important exceptions to this distribution,
such as cores of volcanic activity caused by mantle
plumes or hotspots, which are driven by long-lived (millions
of years) isolated plumes transferring heat from the mantle
(e.g., Bjarnason 2008).

Basaltic chemical composition is typical for oceanic rift
zones with relatively “raw” magma rising from the mantle
filling in the gap created by the separating plates. These are
the conditions both north and south of Iceland. The existence
of Iceland is somewhat of an anomaly prompting the ques-
tion: Why does Iceland exist? Fortunately for Icelanders,
there are areas of high intensity of volcanic activity which
occurs over a relatively short time (still millions of years),
presently or in the past, which have been given the term
Large Igneous Provinces or LIPs. Iceland is definitely one of
these LIP areas. The Icelandic LIP area owes its existence to
the plume of hot magma rising up from the mantle; the
hotspot under Iceland. Bjarnason (2008) provided a detailed
overview of the theories on the Icelandic hotspot.

The mantle plumes (hotspots on the surface) are relatively
stationary on the globe, but the plates move slowly on top, a
few centimeters each year, which, with continuous volcanic
activity over millions of years, can create island arcs such as
those of the Hawaii islands. Iceland represents a rather
unique situation; the hotspot underlies the tectonic plate
boundaries, and an island of basaltic rocks is formed and
maintained, as the hotspot prevents these heavy basaltic
rocks to sink to the bottom—or rather, the basaltic crust
formed in Iceland is unusually thick: Einarsson (2008)
described Iceland as a 300 × 500 km platform at the plate
boundary and “on top of a hotspot presumed to be fed by a
deep mantle plume.” It should be noted here that the vol-
canic activity in Iceland is not only basaltic, but also

O. Arnalds, The Soils of Iceland,
World Soils Book Series, DOI 10.1007/978-94-017-9621-7_3
© Springer Science+Business Media Dordrecht 2015
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andesitic and acidic (silicious) under some circumstances.
This is because the magma is often subject to various kinds
of interaction with the existing crust, with partial melting and
differentiation of the chemical components of the magma on
the journey from the mantle.

Earthquakes are very common as a result of the plate
movements and hotspot activity, typically numbering 10,000
to >30,000 each year (Jakobsdottir 2008), while very few of
them are powerful enough to cause damage.

The volcanic production of magmatic materials in Iceland
rates among the most intense found on Earth, or 5 to >8 km3

per century on average (see Thordarson and Höskuldsson
2008), making it the most productive hotspot and accounting
for a sizeable share of the total of about 200 km3 of magma
produced on Earth each century (Francis and Oppenheimer
2004). Volcanic eruptions occur every 3–5 years on average
(Thordarson and Höskuldsson 2008).

Iceland is being thrust to the east and west by the plate
boundary cutting through the island. However, this boundary
is not clear-cut. Two volcanic zones enter the south shores of

Iceland, one at Reykjanes, making up the Reykjanes vol-
canic belt (RVB) and the western volcanic zone (WVZ) and
the other in the Vestmann-Islands/Katla vicinity, making the
eastern volcanic zone (EVZ) (Fig. 3.2, abbreviations in
Fig. 3.7). A separate belt makes up the Snæfellsnes volcanic
belt in West Iceland (SVZ). A series of volcanic systems are
aligned on these zones or belts, each having a number from
1 to 30 in Fig. 3.2. Each volcanic system has a center (solid
lines), but magma from below can be carried belowground
along the fault systems and enter the surface in eruptions
quite far from the center of these systems. The EVZ has been
the most active part of Icelandic volcanism during the
Holocene. Some of the most voluminous and frequent
eruptions occur on the zone between the Katla system (14)
and the Torfajökull system (17) to the southwest, extending
northeast to the Grímsvötn (19) and Bárðarbunga (18) sys-
tems, producing numerous tephra layers found in soils
(Fig. 3.3). Large recent eruptions associated with these
systems include the Vatnaöldur eruption (about 870 AD,
*5 km3 tephra, Larsen et al. 2013), which created a nice

Fig. 3.1 Epicenters in Iceland
and along the Mid-Atlantic Ridge
system 1964–2004. Data are from
the catalogs of the International
Seismological Centre.
Bathymetry is from GEBCO.
Modified from Einarsson (2008)
and Solnes et al. (2013), used
with permission
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marker for the Settlement in the soils, the gigantic Eldgjá
eruption (934 AD, *20 km3, Fig. 3.3), Bárðarbunga-
Veiðivötn eruption (1477 AD,*15 km3 tephra, Larsen et al.
2013), and the notorious Laki eruption in 1783 (>10 km3

lava), which caused respiratory problems, famine, and
deaths in Europe (see Thordarson and Höskuldsson 2008).
The larger of these eruptions rate among the largest on Earth
during historic times. Eruptions are also quite common in
Mt. Hekla (Fig. 3.4) which has produced important tephra
markers in Icelandic soils. The Askja system is frequently
mentioned in the literature, and its activity includes an
eruption that produced widespread rhyolitic ash in East
Iceland in 1875.

3.3 Volcanoes and Active Volcanic Systems

The active volcanic systems shown in Fig. 3.2 vary consid-
erably in nature. Many have well-defined centers with ther-
mal activity and a fissure swarm extending in both directions,
but not necessarily a defined volcano at the center, as is
common at the Reykjanes ridge (RVB). Eruptions associated
with such systems result in basaltic flows if they are in no
contact with water or glaciers. Other systems have developed
central volcanoes, with magma chambers underneath, such as
Mt. Hekla (14), Eyjafjallajökull (13), Katla (14), and Öræ-
fajökull (25). Various interactions and processes can occur in

Fig. 3.2 Distribution of active volcanic systems among volcanic zones
and belts in Iceland, based on Johannesson and Saemundsson (1998).
Numbers indicate each volcanic system. The Katla (14), Hekla (16),

Grímsvötn (19) and Bárðarbunga (18) systems are frequently referred
to in the text. Reproduced with permission from Thordarsson and
Höskuldsson (2008)
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Fig. 3.3 The volcanic landscape of the Southern Highlands. The crater
in the foreground (the lake) is a part of the tens of kilometers long
Eldgjá fissure (part of the Katla volcanic system) which formed in a

huge volcanic eruption around 934 (about 20 km3 of emitted materials;
Thordarson and Höskuldsson 2008)

Fig. 3.4 Mt. Hekla, one of the
most active volcanoes in Iceland.
Restoration efforts to establish
vegetation on land damaged by
grazing and volcanic impacts in
the foreground. Photo © Hreinn
Oskarsson
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relation to the magma chambers, which can result in andesitic
and even silicious eruptions, which can be quite explosive
(Mt. Hekla, Öræfajökull, Askja).

Many of the volcanic systems are capped with glaciers.
When eruptions occur under glaciers, a violent mixing of
hot lava and cold water occurs, creating explosive volca-
nism, which produces tephra (volcanic ash) where basaltic
lava would be created without the glacial cap. This results
in higher number of explosive eruptions than would
otherwise be expected, from such glacially capped volca-
noes as Katla (Fig. 3.5), Grímsvötn and Bárðarbunga,
which are characterized by frequent eruptions. These vol-
canoes have produced large quantities of volcanic ash
during the Holocene. The glacial meltwater formed during
eruptions can result in extraordinary voluminous floods.
The Katla floods are well known, reaching peak flows of
200,000–400,000 m3 s−1 (Larsen 2000; Gudmundsson
et al. 2008) which is of the same magnitude as the Amazon
river spring floods. A flood after the Grímsvötn 1996
eruption reached about 45,000 m3 s−1 discharge (Björnsson
2003) wiping out the road and bridges south of the glacier.

These floods bring down extremely heavy sediment loads
made of volcanic ash, and are similar in nature as lahars.
They are termed jökulhlaups in Icelandic, a scientific term
that has gained international acceptance for these natural
events (see Rodolfo 2000). Jökulhaups have created
extensive glaciofluvial floodplains in South Iceland, north
of Vatnajökull and in various other areas (see Gudm-
undsson et al. 2008). They serve as active sources for
aeolian materials that characterize the formation of Icelan-
dic soils, as will be discussed later.

3.4 Tephra and Volcanic Ash

The airborne materials from volcanic eruptions are collec-
tively termed tephra in geology. Tephra is the chief con-
stituent of the parent materials of Icelandic soils, and it is
therefore worthwhile to discuss tephra terminology briefly.
The term tephra was introduced to the scientific literature by
the Icelandic geologist Thorarinsson in 1944, “to describe all
pyroclasts that leave a volcanic vent by air, regardless of

Fig. 3.5 Glaciofluvial plain in front of Mýrdalsjökull glacier. The
Katla volcanic system is located under the glacier to the left. Much of
the Mýrdalssandur sandplain has formed during massive floods

(jökulhlaups) in association with volcanic activity under the glacier.
Glacial melt during summer also loads the plains, and the grayish part
of the sandplain is among the most active dust sources in the country
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type, size, and shape” (see Larsen and Eiriksson 2008a).
Tephra refers to materials that are primarily unconsolidated.
The term volcanic ash is often used quite loosely about all
tephra materials, but refers strictly speaking to tephra
materials (or pyroclasts) that are less than 2 mm in diameter
(Macdonald 1972; see also De Paepe and Stoops 2007;
Arnalds 2013). “Pyroclasts” and “pyroclastic rocks” are also
common terms, pyroclasts being a broader term than tephra,
including both consolidated and unconsolidated materials
(Schmid 1981; Manville et al. 2009), or for “all material
ejected from volcanoes as solid fragments” (Francis and
Oppenheimer 2004).

3.5 Tephrochronology

Thorarinsson (1944) introduced the term tephrochronology,
for using tephra layers of known age for dating (see text by
Steinthorsson (2012) about Sigurdur Thorarinsson). Tep-
hrochronology has proved to be an extremely useful tool for
a variety of research topics, as was recently reviewed by
Lowe (2011). Tephrochronology has been applied in studies
of pedogenesis, archeology, paleontology, geomorphology,
dating and correlating volcanic events, and many more
applications (e.g. Lowe 2011). An exceptionally large
number of tephra layers are found in Icelandic soils (see
Oladottir et al. 2012), where >150 eruptions have left
markers in glacial ice and the Andosols over the past
1,140 years since settlement, giving many opportunities for
practical applications (Larsen and Eiriksson 2008a, b).

Sediments and soils at archeological sites can be dated with
some accuracy, including the Norse settlement (Fig. 3.6),
and the soils and pollen provide evidence for the climato-
logical, ecological, and pedological history during the
Holocene (Hallsdottir and Caseldine 2005; Gisladottir et al.
2011; Streeter et al. 2012).

3.6 Glaciation—The Quaternary

Most of Iceland was glaciated during the Quaternary, with
pronounced effects on Icelandic landscapes. The glaciers
began to expand from mountain massifs about 3.8 million
years ago, but glaciation had become extensive about
2.5 million years ago (Eiriksson 2008). The glacier extended
far out to what is now ocean around Iceland, coinciding with
much lower sea levels due to water bound in the Quaternary
glaciers. The glaciation was discontinuous, with each glacial
event separated by ice-free conditions (Eiriksson 2008).
During the glacial stage, deep valleys were cut into the
Tertiary lava stacks, which are prominent features of the
present day North, West, and Eastern Iceland. The glacier
nearly obliterated extinct volcanic systems from the surface,
but geothermal heat is still common within such areas, such
as in the area around Reykjavík.

The consolidated volcanic tephra that make the rocks that
formed under glaciers is termed hyaloclastite, but is also often
referred to as palagonite, though the Icelandic term ismóberg,
constituting the Móberg Formation in Iceland, covering about
11,200 km2 or 11 % of Iceland (see Jakobsson and

Fig. 3.6 A soil profile showing
several tephra layers such as the
Öræfajökull 1362 (AD) and the
Settlement layer (about 870 AD).
Numerous other tephra layers are
evident, mostly from the Katla
volcanic system. The soil is
exceptionally thick and coarse,
situated close to major aeolian
sources and volcanoes. Photo
© Bergrun Anna Oladottir
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Gudmundsson 2008; Fig. 3.7). Fissure eruptions under gla-
ciers have formed ridges that are prominent in many highland
areas in Iceland within the active volcanic zone, termed
móbergshryggir in Icelandic (Fig. 3.8). Single event erup-
tions, which otherwise would have created shield volcanoes,
have resulted in prominent table mountains or tuyas (stapi in

Icelandic), but these mountains are a prominent part of the
Icelandic landscapes, such as Eiríksjökull (West Iceland), and
Herðubreið in the Northeast (Fig. 3.9).

The environmental conditions of the retreat of the glacier,
with the onset of the Holocene, about 10,000 years ago was
reviewed by Norddal et al. (2008, 2012).

Fig. 3.7 a A simplified geologic
map and the volcanic zones and
rift systems in Iceland.
MAR = Mid-Atlantic Ridge;
WVZ = Western Volcanic Zone;
MVZ = Mid-Iceland Volcanic
Zone; NVZ = Northern Volcanic
Zone; EVZ = Eastern Volcanic
Zone; SISZ = South Iceland
Seismic Zone; TFZ = Tjörnes
Fracture Zone;
SVZ = Snæfellsnes Volcanic
Zone; ÖVZ = Öræfajökull
Volcanic Zone. Circle represents
the approximate center of the
Iceland plume. Map modified
from Johannesson and
Saemundsson (1999); reproduced
with permission from Hardarson
et al. (2008). b Central volcanoes
in Iceland. Open circles Tertiary
(extinct) volcanoes; crossed
circles Plio-Pleistocene
volcanoes; brown circles active
volcanoes. Based on Johannesson
and Saemundsson (2003a, b);
reproduced with permission from
Hardarson et al. (2008)
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Fig. 3.8 Palagonite ridges, unique and prominent part of the Icelandic volcanic landscapes. A view of the Fögrufjöll ridges (center), formed
during fissure eruption under glacier during the last glaciation. Vatnajökull in background, Langisjór lake in the foreground

Fig. 3.9 Table mountain (stapi).
Herðubreið is the national
mountain of Iceland, located in
the highlands of Northeast
Iceland
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3.7 Older Rocks—The Tertiary

With the Eurasian part of Iceland being thrust eastwards and
the American plate pushed westwards, new rock materials
are being produced within the active volcanic zone. There-
fore rocks are gradually older moving away from the center
of the island. The oldest rocks in Iceland are found in the far
western and eastern parts of the country, dating several
million years, but the oldest rocks are less than 20 million
years old (Hardarson et al. 2008). These Tertiary rocks are of
course quite young on a geological timescale.

The Tertiary rocks, (Fig. 3.7a) are predominately made of
basalts with some andesites, as would be expected. They
make up a thick stack of individual lava flows (see Hard-
arson et al. 2008). These individual lava flows vary con-
siderably in thickness, from thin basalts (few meters) to
some thicker andesitic and occasional silicic lavas
(Fig. 3.10). The Tertiary regions cover about half of Iceland;
in North and Northwest Iceland and along the eastern shore.
Due to their relatively older age compared to the rocks of the
volcanic belt, their porosity has been partially plugged by
secondary minerals. The species composition of the minerals
varies with the depth of burial (pressure) and age, but
interesting and rare zeolites are among these minerals found
in the Tertiary rocks. In certain locations, unusually pure
calcite crystals are found, so-called Iceland spar (optical
calcite), which was used extensively in Nicol prisms in

microscopes to polarize light (Kristjansson 2007). As a
result of plugging of the Tertiary rocks, the hydraulic con-
ductivity is slower than of the various rocks of the active
volcanic belt, which results in slower drainage and the
common occurrence of wetlands within the Tertiary For-
mation (Arnalds and Oskarsson 2009).

The active tectonic belt is not stationary over a long time;
it appears to have shifted periodically, which results in
remnants of extinct volcanoes or volcanic systems within the
Tertiary Formation (e.g., Sigmarsson et al. 2012; Hardarson
et al. 2008). Activity within one system has characteristically
formed a center with a magma chamber. In many areas, the
Quaternary glacier has carved out valleys within these areas,
exposing the roots or the interior of the systems, including
the magma chambers (Fig. 3.11). The landscapes with
exposed extinct central volcanoes are often quite colorful,
with a range of rocks that have been altered by the intense
heat associated with the volcanism and intrusive rocks such
as granite, diorite, and gabbro. These areas tend to be
beautiful and are particularly prominent along the fjords
from the Southeast to Northeast Iceland (Fig. 3.12).

Many of the Tertiary valleys are quite deep, especially in
Central North Iceland, with mountains characteristically
>1,200 m above the valley bottoms (Fig. 3.13). Cirques
glaciers are common at high altitudes, together with active
rock glaciers and what is commonly perceived as old inac-
tive rock glaciers at lower elevations (Gudmundsson 1995;

Fig. 3.10 Tertiary basalt stack in
North Iceland. A degraded
landscape, note vegetation
remnants extending up the slopes
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see Chap. 10 on cryoturbation), although some of these
features may be rock slides or rock avalanches, which are
also very common (e.g., Jonsson et al. 2004).

3.8 The Magnificent Glaciers

Glaciers cover about 11 % of Iceland, but their effects on
nature, soils in particular, are pronounced. They are a
prominent part of the landscapes with the larger ones dom-
inating the skyline of the interior and much of South–-
Southeast Iceland. Glaciers are termed ‘jökull’ in Icelandic
(plural: jöklar). There is an excellent overview of Icelandic
glaciers published in the journal Jökull (The Icelandic
Journal of Earth Sciences) by Björnsson and Palsson (2008);
also Helgi Björnsson, a prominent Icelandic glaciologist,
published a comprehensive book on Icelandic glaciers in
Iceland in 2009, however, in Icelandic.

There are four glaciers, usually termed the “large gla-
ciers” (Fig. 3.14), which are Vatnajökull (8,100 km2,
Fig. 3.15), Hofsjökull (890 km2), Langjökull (900 km2), and
Mýrdalsjökull (590 km2, Fig. 3.16). Vatnajökull has an ice
volume of 3,100 km3, mean thickness of 380 m, and a
maximum thickness >900 m (Björnsson and Palsson 2008).
Other notable glaciers include Drangajökull (160 km2) in the
Westfjords, and Eyjafjallajökull (80 km2) in the South, but
there are numerous other glaciers larger than 10 km2 in area
in addition to smaller cirque glaciers and caps of single
mountains.

Icelandic glaciers are sensitive to climatic fluctuations
and are currently retreating, with Vatnajökull losing about
10 % (300 km3) of its volume over the past century or so and
the ice loss has accelerated over the past 15 years (see
Björnsson and Palsson 2008). There are predictions that
Iceland will lose the large glaciers in 150–200 years due to
climate change (Björnsson and Palsson 2008).

Fig. 3.11 An interior of an extinct volcano in Kjós, a part of the Skaftafell National Park. Colorful hydrothermally altered rocks are typical of
such areas

26 3 Geology

http://dx.doi.org/10.1007/978-94-017-9621-7_10


The glaciers cap many active volcanoes, as was discussed
earlier in this chapter. This results in the production of
poorly crystallized volcanic glass during eruptions, which is
deposited directly, often over wide ranging areas, during
eruptions. However, glacial meltwaters, aided by glacial
erosion, transport large quantities of these materials from
underneath the glaciers to the glacial foreland. This sediment
transport occurs both during regular summer melt of the
glaciers and during jökulhlaups, catastrophic floods resulting

from the volcanic eruptions or emptying out of subglacial
reservoirs formed by glacial melt above active thermal areas
(see Björnsson 2009). These materials tend to be very fine-
grained and unstable, and are therefore subject to intense
aeolian processes and redistribution of the volcanic materi-
als, providing a major proportion of the parent materials for
Icelandic soils (Fig. 3.17). Because of the importance of the
aeolian materials, the aeolian environment is given consid-
eration in a special chapter (Chap. 11).

Fig. 3.12 a Borgarfjörður Eystri
area in East Iceland, characterized
by colorful rocks associated with
an extinct central volcano
b Vestara-Horn in Southeast
Iceland, with solid intrusive rocks
formed in relation to Tertiary
volcanism
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Fig. 3.13 Valleys and fjords, carved out from the Tertiary Formation by the Pleistocene glacier (Westfjords)

Fig. 3.14 The major glaciers and the division of Iceland into geographical areas referred to in the chapter
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3.9 Rivers and Streams

A foreign traveler coming to Iceland may expect the vol-
canoes, the cold weather, and the glaciers to be the natural
features that give the strongest impression. This is the
experience of many, of course. But for others, this is not
the case, but the abundance of water. The Icelandic land-
scapes are in part characterized by the numerous streams
and larger rivers, waterfalls in the steep terrain, lake dis-
tricts, wetlands, snow in winter, glaciers on the horizon,
and, of course, rain.

There is a lot of precipitation that falls on Iceland, as can
be expected for a mid-oceanic island (see Chap. 2). The fate
of the water is quite variable, depending on the terrain, which
includes such diverse surfaces as glaciers, sandy deserts, and
vegetated land, with various soils and bedrocks; and slope
angles from nearly level plains and steep slopes in moun-
tainous areas. The average runoff rate is 1,460 mm year−1,
which is much higher than the average world runoff rate of
372 mm year−1 (Jonsdottir 2008).

There are not many publications that review Icelandic
rivers with the exception of the book by Rist (1990) in
Icelandic: Vatns er þörf (“Water is Needed”). The term
“need” in the title refers in part to the need for water to
generate hydropower energy. Most texts dealing with Ice-
landic rivers divide them into three main categories: (i)
spring-fed rivers (groundwater fed rivers), often with rela-
tively few water outlets making the river; (ii) surface runoff
rivers (“dragár” in Icelandic), fed by system of ever smaller
rivers and streams; and (iii) glacially fed rivers (Kjartansson
1945; Rist 1990; see also Jonsdottir 2008; Gislason 2008)
(Figs. 3.18, 3.19, and 3.20). The Icelandic Meteorological
Office operates elaborate systems to monitor water flow in
most major Icelandic rivers, which is accessible in real time
on the internet on the Icelandic Met Office website (www.
vedur.is).

Most rivers, at least the larger ones, are a mixture of these
three categories. Nonglacial rivers are usually a mixture of
surface runoff and groundwater components, and the longer
glacial rivers include both groundwater and surface runoff
water (Fig. 3.19). There are notable exceptions, such as the

Fig. 3.15 Glacial landscape, Kverkfjöll in the northern part of Vatnajökull. This is an active volcanic system with thermal areas under the glacier,
melting a lake in the glacier. The volcanic system is seen from a distance in Fig. 3.22. Photo © G.Kr. Johannesson
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Fig. 3.17 The Skaftá river in
South Iceland during a windy
day. Sediments are blown from
the floodplain toward the southern
shore

Fig. 3.16 Mýrdalsjökull glacier. The Katla volcanic system rests under the glacier
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Fig. 3.18 Brúará river. Nearly
purely spring-fed river in South
Iceland, most of the water
appearing in a canyon below an
extensive desert area around
Hlöðufell table mountain. The
water flow tends to be quite
stable, but sometimes surface
runoff during snow melt events
increases the water flow

Fig. 3.19 Jökulsá á Fjöllum
glacial river in Northeast Iceland
during flooding caused by the
summer melt of Vatnajökull
glacier. There is a substantial
spring water component in the
river, which is dwarfed during
peak summer flow from the
glacier
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short but powerful glacial rivers along the south and
southeast coast which are purely glacially fed. Many spring-
fed rivers within the active volcanic belt receive limited
surface runoff due to high infiltration rates and permeability
of the bedrock (except during thaw events on frozen
ground). Surface runoff characterizes the areas outside the
volcanic zone, such as the valleys of the Westfjords, West,
Northwest, North, and Eastern Iceland and in parts of the
South, with varying amounts of spring water. There is some
glacial input from the numerous cirque glaciers in most
major rivers in North Iceland.

There is a notable difference between the spring fed and
the surface runoff rivers in that the spring-fed rivers have
quite stable water flow over the year. The surface runoff
rivers can have extremely fluctuating flow, often low in
winter and during dry spells, but typically >10 times the
average flow during spring floods and sudden thaw events in
winter (Fig. 3.21). Here, the soil cover on the watershed has
a dominant influence on the stability of the water flow. As
the main water discharge in glacially fed rivers occurs during
summers, when the glaciers melt and return much of the
yearly snow accumulation, hydroelectrical power generation
relies on reservoirs to accumulate the water and regulate the
water flow over the year (Fig. 3.22). These reservoirs have
large impact on Icelandic landscapes, some drowning valu-
able fully vegetated ecosystems, while the energy generated
does not involve burning of fossil fuels. The reservoirs have

resulted in rather stable water flow in some of the major
glacial rivers, especially the river Þjórsá in the South, Blanda
in the Northwest, and Lagarfljót in the East. The electricity
generation with large reservoirs remains a subject of heated
environmental debates in Iceland.

Fig. 3.20 Surface runoff river in
West Iceland. The water level is
quite variable, the river being low
during dry spells, but flooding
during high intensity rains and
snow–thaw events

Fig. 3.21 Flow in the surface water fed Norðurá in West Iceland prior
and during one rain and snow melt event in January. The water flow
increases from about 3 to 270 m3 s−1, but is fast to recede again.
Draining of wetlands and poor state of some of the rangelands within
the watershed (low water infiltration in winter) amplifies the effect of
such rain/thaw events. Data: Icelandic Met Office
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4Vegetation and Ecosystems

4.1 Introduction

The aim of this chapter is to provide a general overview of
the vegetation and terrestrial ecosystems in Iceland. Soil
types associated with each vegetation class are discussed
briefly, but the classification system used for the soils is
explained in Chap. 6, which deals with the Icelandic clas-
sification scheme.

There is no comprehensive overview of ecosystems in
Iceland available in English. Hördur Kristinsson published a
popular flora, available in both English and Icelandic
(Kristinsson 2010), and the Icelandic Institute of Natural
History maintains a web page with accessible information
about botany, geology, zoology, and biotypes (www.ni.is).
The Agricultural University of Iceland (formerly, Agricul-
tural Research Institute) and the Icelandic Institute of Natural
History have continuously been mapping the vegetation at
various scales and for diverse purposes. Products include
vegetation maps in 1:40,000 and 1:25,000 scale for a part of
Iceland, and the Institute for Natural History has simplified
this information in a map in 1:500,000 (Gudjonsson and
Gislason 1998). The Agricultural University of Iceland has
produced a vegetation classification map with relatively
good resolution (1:25,000), a part of the so-called Nytjaland
database (AUI Icelandic Farmland Database). This database
is used extensively for this chapter. The AUI Farmland
Database is also the underlying information for the most
extensive land cover classes in the European CORINE
dataset for Iceland. Information presented in this chapter, in
addition to the AUI Farmland Database, is also drawn from
various publications and maps from the Icelandic Institute of
Natural History and other sources, such as Einarsson (2005)
and Einarsson and Arnalds (2011).

4.2 Vegetation Classes and Common
Plant Species

The flora of Iceland does not consist of many native species
of vascular plants, which counts fewer than 500 species. In
addition, there is a range of lichens (about 750 species) and
mosses (about 600 species) and cyanobacter (Icelandic
Institute of Natural History webpage www.ni.is; www.
floraislands.is). The national flower of Iceland is Dryas
octapetala, which is common throughout Iceland.

The AUI Farmland Database land-cover (Nytjaland) was
created based on supervised classification of satellite images
(www.lbhi.is/vefsjá; Arnalds et al. 2003; Arnalds and
Barkarson 2003; Gisladottir et al. 2014). It uses 10 classes
for vegetation in addition to glaciers/snow and open water.
A map of Iceland drawn from the database is presented in
Fig. 4.1. The aerial extent of each class, divided between
elevation classes is presented in Table 4.1. Following is a
short description of each class, based on the original Ice-
landic text (Arnalds et al. 2003). For more detailed account
of the vegetation species, see Kristinsson (2010) and a
summary for the highlands by Thorhallsdottir (1997).

Cultivated land and hayfields (1,723 km2). Dairy cows
and sheep are kept indoors during winter; hay-production for
winter feeding can therefore be considered as the backbone
of agricultural activities in Iceland (see Helgadottir et al.
2013). The soil types under cultivated land vary consider-
ably, from various Brown Andosols and Gleyic Andosols,
Histic Andosols to Histosols.

Shrubs and forests (1,205 km2). This category includes
land dominated by willow (Salix phylicifolia, S. arctica and
S. lanata) and mountain birch (Betula pubescens) shrubs
over about 50 cm height (Fig. 4.2). Understory consists most

O. Arnalds, The Soils of Iceland,
World Soils Book Series, DOI 10.1007/978-94-017-9621-7_4
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often of forbs, grasses, and heath vegetation. Birch ecosys-
tems were dominant ecosystems in Iceland prior to the
Settlement (Aradottir and Arnalds 2001; Aradottir et al.
2001), as will be discussed later in the book. The primary
soil types under forests are Brown Andosols, but also Histic
Andosols to some extent in pristine and vigorous systems.

Grasslands (2,375 km2). Grasslands occur where growing
conditions are favorable, with ample soil moisture, com-
monly in depressions or in toe-slope positions, protected by
snow in winter, but also in the lowland plains. Forbs are often
prominent. Grasslands are also common on alluvial materials
near streams. Grasslands include some former wetland areas
that have been drained. Soil types under grasslands are quite
variable (all are Andosols, however), but they are usually
high in organic matter in surface horizons (>6 % C).

Saturated wetlands (3,968 km2). The AUI Farmland
Database (Nytjaland) separates between saturated wetlands
and damp wetlands (‘hálfdeigja’), the latter having aquic

soils but partial drainage leads to a mixture of plants char-
acteristic of wetlands and species more common within the
dryland vegetation classes. Both these vegetation classes
would have soil types qualifying for the aquic soil moisture
regime. The wetland species include Carex spp., such as
Carex bigelowii, C. lyngbyei, C. rostrata, C. chordorrhizia,
and Equisetum spp. Cotton grass (Eriophorum angustifo-
lium) is quite common as is heathland vegetation discussed
below. The wetlands are usually fully vegetated unless they
have been overgrazed by horses (which is common in some
of the lowlands). The soils of saturated wetlands range from
Gleyic Andosols within areas of high aeolian deposition,
Histic Andosols to Histosols, far from aeolian sources.
Example of wetlands is shown in (Fig. 4.3).

Damp Wetlands (1,829 km2) are wetland areas with
partial drainage, often at the margin of the saturated wetlands
(‘hálfdeigja’ in Icelandic). Species include Carex spp. such
as Carex bigelowii, C. nigra, and C. vaginata, Equisetum

Fig. 4.1 A map of vegetation classes in Iceland. AUI Farmland
Database classes (Nytjaland). The wetlands are shown as pinkish-
orange color, but deserts (poorly vegetated and barren land) in gray-

tones. Poor heathland has the largest extent of the vegetated classes.
Prepared by Sigmundur Helgi Brink. AUI/SHB/OA. © AUI
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spp. such as E. arvense and E. palustre, and also Juncus
arcticus. Eriophorum angustifolium is very common. Other
species include grasses such as Agrostis capillaris, Des-
champsia caespitosa, Festuca richardsonii, Luzula multifl-
ora, and heath vegetation. Willow species (Salix spp.) and

dwarf-birch (B. nana) are common in damp wetlands and
sometimes birch (B. pubescens). Groundwater level is usu-
ally high, allowing for easy pumping of water to the freezing
front, often resulting in unusually high hummocks, even
>1 m high (see Chap. 10, Cryoturbation) as are found in the

Table 4.1 Vegetion classes divided between 200 m elevation intervals

Elevation intervals (m)

Vegetation class 0–200 200–400 400–600 600–800 800–1,000 >1,000 Total %

km2

Hayfields/cropland 1,678 44 1 0 0 0 1,723 1.7

Shrubs and forests 979 215 10 1 0 0 1,205 1.2

Grassland 1,618 591 151 14 1 0 2,375 2.3

Saturated wetlands 1,540 1,168 1,017 241 2 0 3,968 3.9

Damp wetlands 1,164 474 163 28 0 0 1,829 1.8

Rich heathland 3,902 2,173 632 105 23 8 6,843 6.6

Poor heathland 6,770 6,548 7,623 3,479 393 34 24,847 24.1

Moss 939 1,392 842 202 8 1 3,384 3.3

Half vegetated 2,136 2,762 4,281 3,278 996 174 13,627 13.2

Barren 3,073 2,312 6,700 10,318 5,447 1,938 29,788 28.9

Streams and lakes 1,278 235 467 181 52 17 2,230 2.2

Glaciers and snow 72 195 272 875 1,445 8,242 11,101 10.8

Total 25,149 18,110 22,158 18,722 8,369 10,414 102,922 100

Vegetated minus moss 17,651 11,213 9,596 3,868 418 42 42,788 41.6

Moss 939 1,392 842 202 8 1 3,384 3.3

Desert (barren + ½ veget.) 5,210 5,074 1,0981 13,595 6,444 2,112 43,416 42.2

Wetlands (sat. + damp) 2,704 1,642 1,180 269 2 0 5,797 5.6

Total and % of Icealnd shown in the far right column. The lowest portion of the table is a summary of the upper portion. Based on the AUI
Farmland Database, and the AUI IGLUD database. © AUI

Fig. 4.2 Shrublands in the
southern part of the Westfjords
(Barðaströnd). The shrubs are
mostly birch (Betula pubescens)
with occasional Sorbus trees
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northwestern highlands. The range of soils of damp wetlands
is the same as for the saturated wetlands above.

Wetlands (damp and saturated) make up 3,968 + 1,829 =
5,797 km2 or about 6 % of Iceland according to the Nytja-
land database. In addition, there is a considerable area that
now classifies as cultivated land and grasslands that are
drained wetlands, making the total wetland area to about
8,000 km2.

Rich heathland (6,843 km2). The Icelandic heathlands have
also been termed ‘dwarf shrub heath’ (Einarsson and Arnalds
2011). They are separated into two classes: rich heathland and
poor heathland in the AUI Farmland Database (Nytjaland),
partly reflecting the condition relative to grazing history. Rich
heathland is dominated by dwarf heathland vegetation, such as
dwarf-birch (B. nana), blueberries (Vaccinium uliginosum, V.
myrtillus), crowberries (Empetrum nigrum), common heather
(Calluna vulgaris) and Arctostaphylos uva-ursi, but also

willow species (Salix phylicifolia, S. arctica and S. lanata).
Moss species are also common, such as Rachometrium
spp. Most of the heath species are not or less sought after for
grazing by sheep compared to forbs and grasses, but rich
heathland also has a significant component of herbaceous
plants that are good for grazing, both grasses and forbs. This
separates the rich heathland from the poor heathland below.
Brown Andosols are the main soil type under the rich heath-
land but some are Histic Andosols (Fig. 4.4).

Poor heathland (24,847 km2). Poor heathland is by far
the most extensive vegetated class, covering about one-
fourth of the country. This class is dominated by the heath
species and has usually a large component of moss, such as
Rachomitrium lanuginosum. Good grazing plants are not as
abundant as in the rich heathland (<10 %) and sometimes
nearly absent, most often as a result of long-lasting contin-
uous grazing. One can say that the poor heathland has

Fig. 4.3 Example of wetlands. These wetlands are near Lake Mývatn in Northeast Iceland, in areas of large aeolian contributions. The soils are
Gleyic Andosols with <12 % C in surface horizons. Photo © Asa L. Aradottir
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largely been shaped by the grazing history. Poor heathlands
are characterized by Brown Andosols, but also Gleyic An-
dosols to some degree (Fig. 4.5).

Moss (3,384 km2). One of the distinctive characteristics of
Icelandic vegetation is the abundance of surfaces covered by
moss. Mosses also appear with prominent abundance in poor
heathlands, often as a result of grazing (plants sought after for

grazing decrease in cover with time), but also as a primary
succession vegetation on recent lavas (Cutler et al. 2008;
Magnusdottir and Aradottir 2011) such as in the Laki lavas in
South–Southeast Iceland from 1783 (Fig. 4.6). This vegeta-
tion class is dominated by moss species, but it should be
noted that mosses appear in most other vegetation classes.
Common moss species include Rachomitrium lanuginosum,

Fig. 4.5 Poor heathland is the
most common vegetation class. It
is dominated by heath species,
moss, and sometimes lichens
(white on photo). Erosion spots
are also common as seen here.
The soils are Brown Andosols.
Photo Fanney Osk Gisladottir/
AUI

Fig. 4.4 Example of the rich
heathland vegetation class in an
area that was protected from
grazing about 20 years ago.
Flowers and grasses are
increasing their dominance, but
willow (Salix phylicifolia) and
dwarf-birch (Betula nana) are
abundant. The soils are Brown
Andosols

4.2 Vegetation Classes and Common Plant Species 39



R. ericoides, Hylocomium splendens, and Rhytidiadelphus
squarrosus (see Magnusdottir and Aradottir 2011; Icelandic
Institute of Natural History webpage www.ni.is; www.
floraislands.is). The land covered with moss has quite low
production of green biomass and has limited value for graz-
ing. Soil types include Brown Andosols and Leptosols and
Vitrisols (vitric soils of the deserts, Vitric Andosols under
WRB, Vitricryands under Soil Taxonomy see Sect. 6.5).

Poorly vegetated—half vegetated land (13,627 km2).
A large proportion of Iceland is poorly vegetated, but many
of the desert like areas have scattered vegetation cover
(15–50 %), often isolated hummocks of plants well adapted
to these conditions such as Cerastium alpinum, Silene
acaulis, Armeria maritime, Thymus praecox subsp. arcticus
(Fig. 4.7). Willow and heath are also common within the
vegetation patches or hummocks. The poorly vegetated

Fig. 4.7 Poorly vegetated land
has more vegetation cover than
barren land (below), but these two
classes combined are considered
desert land. The vegetation
(15–50 %) is often characterized
by mosses and plants adapted to
desert conditions with extensive
root systems to exploit limited
water and nutrient resources. The
soils are Cambic Vitrisols (Vitric
Andosols under WRB) with
patches of Brown Andosols (also
Vitric Andosols under WRB).
Photo Fanney Osk Gisladottir/
AUI

Fig. 4.6 Moss. This moss cover
has established on the lava from
the gigantic Laki eruption in
1783. The photo was taken a year
after the area was disrupted by
volcanic ash from the 2011
Grímsvötn eruption. The soils are
very shallow (Leptosols and
shallow Brown Andosols)
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ecosystem is limited in carbon and nitrogen stocks and is
dysfunctional in terms of nutrient and water cycling (see text
on the desert environment). Poorly vegetated land occurs
within desertified areas, but also at high elevations and areas
disturbed by volcanic events and flooding. It occurs also
within degraded areas with shallow soils, resulting in rock
outcrops where part of the soils have been lost, such as in
West Iceland.

This vegetation class is counted with the barren land
(below) as desert land, which makes up 13,627 + 29,788 =
43,416 km2 in total, or about 42 % of Iceland. These areas are
referred to as ‘sparsely vegetated land’ by the Icelandic
Institute of Natural History. The main soil types are various
Vitrisols (vitric soils of deserts; Vitric Andosols under WRB,
Vitricryands under Soil Taxonomy), but Leptosols also occur.

Barren land (29,788 km2) is characterized by the lack of
vegetation (Fig. 4.8). As the poorly vegetated land described
above, the barren land is a dysfunctional ecosystem, with
intense cryoturbation processes, limited infiltration during
winter, rapid evaporation during summer, limited water
storage, and lack of functional water and nutrient cycles (see
Chap. 12). However, scattered vegetation occurs, often

5–15 % cover with the same plants as within the poorly
vegetated class. The deserts (poorly vegetated and barren)
surfaces consist of a variety of geologic surfaces, such as
sand surfaces, lag gravel, and lavas. The main soils are
Vitrisols (vitric soils of the deserts) and Leptosols.

4.3 Vegetation Cover and Relation
to Elevation

Iceland has about 45 % vegetation cover in total according to
the Nytjaland database (Table 4.1), a number that includes
the land with moss cover. This is the poorest vegetation
cover in all of Europe. Deserts cover >40 %, but a sub-
stantial part of the deserts were vegetated at the time of
Settlement (see Chap. 12 on land degradation).

Considering the northerly location of Iceland, cold cli-
mate is an important constraint to vegetation growth and
ecosystem function. There is generally a rapid drop in heat
units for plant growth with increased elevation. Figure 4.9
shows changes in vegetation cover with elevation, using
200 m elevation intervals. Total vegetation cover (minus

Fig. 4.8 Barren land, a desert, in South Iceland. This area receives
>1,200 mm of annual rainfall. Barren state of the land is maintained by
the instability of the sandy surface, sand abrasion, water shortage

(limited infiltration in winter, rapid evaporation in summer), and
grazing. The soils are Sandy (Arenic) Vitrisols, (Vitric Andosols under
WRB)
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land with moss cover) is about 70 % for the 0–200 m ele-
vation class and continues to be relatively high (62 %) with
200–400 m elevation but drops rapidly with height after that
to 0.4 % above 1,000 m elevation (Fig. 4.9).

Grassland, shrubs/forests, and rich heathland are most
prominent at the lower elevations, representing better grow-
ing conditions and resilience of the ecosystems in response to
land use. The poor heathland becomes dominant vegetation
class at higher elevations, together with desert landscapes.

With a gradual change from the forest/shrub types of
vegetation, which dominated Iceland at the time of Settle-
ment, to the current dominance of poor heathlands and
deserts, there has been a dramatic shift in microclimate
conditions. Shrubs allow for snow accumulation during
winter, which isolates the soils and allows for increased
infiltration of melt water. Surface wind-speeds are low
within shrublands, but increase with reduced vegetation
cover. Snow is blown off the barren surfaces, which really
renders mean precipitation values meaningless for the desert
surfaces: only a portion of the precipitation infiltrates into
the soils. Furthermore, nonpermeable ice that forms in the
desert soil blocks infiltration during winter (see Chap. 10 on
frost and cryoturbation). Based on this, it can be postulated
that only a third to half of the precipitation reaching the
Icelandic deserts are leached into the soil. Much of rapid
rainfall in summer is lost as gravitational water to the ground
water as many of the desert soils are quite sandy with limited
water holding capacity. Snow melt is lost as runoff due to
impeded infiltration blocked by solid ice in the soil. The dark
desert surfaces heat up in sunshine (often >50 °C), which
leads to rapid evaporation in summer, sometimes aided by
rapid hydraulic conductivity. From this, it is clear that water
shortage is a fate of many of the deserts, in spite of ample

rainfall; hence dry desert soil conditions can occur in moist
climatic environments. These physical properties change
rapidly when vegetation cover is re-established on the sur-
face. The special conditions in Iceland have been used to
shed a different light on concepts such as ‘desert’ and
‘desertification’, which, according to the UN Convention to
Combat Desertification, is primarily confined to areas with
low precipitation, while the ecosystem approach to such
definition, considering the fate of the rain/soil moisture is a
much more viable approach (Arnalds 2000). What matters is
the fate of the water, not how much it rains.

4.4 Wetlands, Drainage and Agriculture

Wetlands rate among Iceland’s most important ecosystems,
with a key role in water and nutrient regulation and rich
species diversity (Gunnarsson et al. 2006). Icelandic eco-
systems support 21 internationally important populations of
breeding bird species (Einarsson et al. 2002), and is
responsible for a large proportion of the world population of
some species (Wetlands International 2006). Iceland is an
important stopover area for birds migrating across the
Atlantic Ocean on their way between breeding habitats and
wintering areas (Einarsson et al. 2002; see also Gunnarsson
2010; Gunnarsson et al. 2006).

Wetlands are 5,800 to about 8,000 km2 in total depending
on how they are defined. They occur in all geographic regions
of Iceland and extend into highland elevations. However,
about half of the wetlands are found below 200 m elevation.
The most prominent wetlands occupy the southern lowlands,
but wetlands are also common within the Tertiary Formation
in West Iceland. Widespread wetlands are found in the
northwestern and eastern highlands and they are an integral
part of the deep valleys of the Tertiary Formation in Iceland.

Much of Icelandic wetlands have been drained for agri-
cultural purposes. The main production on the drained areas
is hay for winter, but grazing by cattle, sheep, and horses is
an also important use of the drained wetlands. This drainage
constitutes a widespread and pronounced ecosystem distur-
bance. The Icelandic government provided generous subsi-
dies to enhance the drainage after World War II, in order to
promote food safety in Iceland (Oskarsson 1998). This led to
excessive drainage of land and a significant proportion of
this area is not used for agriculture (see Fig. 4.10).

It is estimated that 3,400–3,900 km2 of Icelandic wet-
lands have been drained, with about 32,000 km long ditches
(Oskarsson 1998; AUI/IGLUD (Icelandic Geographic Land
Use Database); Hallsdottir et al. 2013). Nearly 97 % of the
wetlands in South Iceland lowlands have been drained
(Thorhallsdottir et al. 1998) which gives an indication of the
extent of disturbance. Drainage of wetlands is discussed
further in Chap. 12.

Fig. 4.9 Vegetation cover (%) as a function of elevation. X-axis
represents 200 m elevation intervals. Arrows indicate a shift in the
curve for vegetation cover; toward the left with land use (current
situation) and to the right with reduced land use (and before
Settlement). Data from the AUI Farmland Database (Nytjaland)
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4.5 The Desert Ecosystems

The deserts are perhaps the most conspicuous of all Icelandic
geographic surfaces (Fig. 4.11). Desert areas are not com-
mon outside the dry regions of Earth, but most of the Ice-
landic deserts occur in areas of >500 mm of annual rain.
Dark-colored or black volcaniclastic deserts are also rare on

Earth, Iceland has by far the largest volcaniclastic desert
surfaces (Edgett and Lancaster 1993; Arnalds et al. 2001).
Their occurrence under a relatively humid oceanic climate
makes them quite special, and also their vast extent, covering
>40 % of Iceland (Table 4.1). The reason for the large extent
of deserts is complex (see Arnalds 1987). Sometimes the
explanation lies in destructive natural processes, such as
volcanic activity and catastrophic flooding, especially in the

Fig. 4.11 Deserts are a
prominent part of the Icelandic
landscapes, but the surfaces
include gravelly and sandy
surfaces (shown). This area has
very limited vegetation cover,
which in part is due to the
instability of the surface and
continuous abrasion by the sand

Fig. 4.10 Drained wetlands in a valley bottom in the Loðmundarfjörður valley in the Eastfjords. Farming was abandoned a year after the drainage
was put in. Such wetland disturbance has pronounced negative ecosystem impacts
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highlands and to some extent for the lowland floodplains. In
other cases, land use is to blame, often in combination with
natural events such as ash deposition or cold spells (see
Arnalds 1987; Arnalds and Barkarson 2003; Aradottir and
Arnalds 2001; Chap. 12). Continuous grazing in the com-
munal grazing areas in combination with natural stresses are
the main factors in many areas, including large areas at
relatively low elevations (<500 m) in the southern lowlands,
such as the communal areas south of Langjökull and Hof-
sjökull and in the neighborhood of Mt. Hekla and the Katla
volcanic systems. One way of stating the impact of man on
Icelandic ecosystems is that the curve in Fig. 4.9 has been
shifted to the left and down as shown by the arrow in the
figure. Further discussion of the desert types and erosion is
provided in Chap. 12.

4.6 The Biological Soil Crusts

An important component of ecosystems (Fig. 4.12), however
often overlooked due to its subtle appearance, is the bio-
logical soil crust or biocrust (see e.g., Belnap 2003; Johnson
et al. 2012). Biological soil crusts consist of associations of
cyanobacteria, algae, microfungi, lichens, bryophytes, and
soil particles in different proportions within or immediately
on top of the soil (Belnap 2001). It is usually only a few
millimeter thick. Biological soil crusts are capable of stabi-
lizing the soil surface to prevent erosion (Belnap 2003) and
needle-ice formation (see Chap. 10 on Cryoturbation). It
enhances soil aggregation, stabilizes the surface temperature,
infiltration, reduces evaporation and winter runoff, and

brings nitrogen into the ecosystem. Soil biological crusts can
be used as an indicator of ecosystem health (Tongway and
Hindley 1996; Bowker 2007). Biological crusts are extre-
mely vulnerable to disturbance, with grazing disturbances
being the most extensive (e.g., Belnap 2003; Gómez et al.
2012; Read et al. 2011), but burial by aeolian and/or vol-
canic processes is also detrimental (see Arnalds 2013). The
biological soil crusts are often a necessary precursor to
enhance primary succession in relation to restoration of
severely degraded land in Iceland (e.g., Elmarsdottir et al.
2003). Furthermore, they are likely to be instrumental in
building up adequate nitrogen levels for proper ecosystem
functioning in the restored systems. They are therefore quite
an important component of Icelandic ecosystems and eco-
system development.

4.7 Introduced and Invasive Species

The Icelandic ecosystems have evolved on an isolated island
after the retreat of the Pleistocene glacier, without grazing
animals, but with relatively few species of higher plants.
These ecosystems are therefore particularly vulnerable to the
introduction of new species into the existing species
assemblages, especially species that are of invasive nature.
von Schmalensee (2010a, b) has reviewed the influence of
alien species in Iceland. She reported that several thousand
species have been imported to Iceland since its Settlement,
of which seven are particularly invasive: American mink
(Neovison vison), Nootka lupine (Lupinus nootkatensis),
cow parsley (Anthriscus sylvestris), Spanish slug (Arion

Fig. 4.12 Biological soil crust in
Iceland (dark areas). Various
bryophytes are gaining foothold
in the crust. A camera case (lower
left) provides a scale
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lusitanicus), heath star-moss (Campylopus introflexus),
white-tailed bumblebee (Bombus lucorum), and European
physa (Physella acuta). There are several more species that
are considered to pose a possible threat, including trees and
shrubs such as rugosa rose (Rosa rugosa), lodgepole pine,
(Pinus contorta), dark-leaved willow (Salix myrsinifolia),
and the European rabbit (Oryctolagus cuniculus) (see von
Schmalensee 2010b). Reindeer were introduced in East
Iceland, but they are not considered an invasive species (von
Schmalensee 2010b) and are an important part of the rural
economy of East Iceland.

The Nootka lupine (Alaska lupine), which is a nitrogen
fixing plant, was imported primarily for revegetation of the
nutrient poor deserts (Fig. 4.13). This plant is economic in
use and successful in early revegetation efforts, but its
influence on long-term success of revegetation and ecosys-
tem restoration can also be negative by preventing succession
of native vegetation. It is spreading rapidly, mostly due to
unrestricted seeding by the public and government organi-
zations after 1980. Nootka lupine is increasingly becoming a
prominent part of the Icelandic landscape, as are introduced

tree species in some areas. The use of the Nootka lupine is
currently debated and efforts are now being made to eliminate
lupines (also the mink and the cow parsley) from some of the
more sensitive nature protection areas; efforts that have had
limited success to date.
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5Andosols—Soils of Volcanic Regions

5.1 Introduction

The primary influence on most soils of Iceland is the vol-
canic nature of the parent materials (Fig. 5.1). This leads to
the formation of Andosols, a special soil group under the
WRB soil classification system (IUSS Working Group WRB
2006) due to the unique soil properties that develop. These
soils are termed Andisols (soil order) under the US Soil
Taxonomy (Soil Survey Staff 1999, 2003). As Andosols
dominate Icelandic landscapes, it is worthwhile considering
some of their main characteristics before discussing soils of
Iceland specifically. The following chapters (Chap. 6 on
classification and Chaps. 7, 8, and 9 on soil properties) refer
back to this current chapter about Andosols in general.

The term ‘Andosol’ is derived from the Japanese, ‘an’
meaning dark, and ‘do’ connoting soil (Fig. 5.2). Andosols
occupy a limited extent (<1 %) of the Earth’s land surface,
but many such areas are densely populated (McDaniel et al.
2011).

The properties of Andosols have been widely studied, but
overview publications include a book by Shoji et al. (1993)
and three special issues of scientific journals (Fernandez
Caldas and Yaalon 1985; Bartoli et al. 2003; Arnalds and
Stahr 2004). Overview chapters include works by Wada
(1985), Kimble et al. (2000), Arnalds (2008), McDaniel
et al. (2012), a monograph by Dahlgren et al. (2004), and an
early compilation of benchmark papers on Andosols (Tan
1984). An overview of various aspects of soils of volcanic
regions in Europe has also been published (Arnalds et al.
2007) as a result of joint European scientific cooperation
(COST project), where Icelandic soil resources are among
the studied soils.

Andosols are uncommon in northern Europe and in the
circumpolar regions as can be seen on the map in Fig. 5.3.
Other large Andosol areas at northerly latitudes include areas
in Kamchatka and Alaska, following the so-called “Pacific
Ring of Fire” volcanic activity. The map clearly shows the
uniqueness of the Icelandic soil environment, which led to
many misunderstandings in the past, where rhyolitic tephra

layers were interpreted as eluvial horizons of Podzols, while
others have placed some soil of Iceland in the Leptosol/
Entisol category on the basis of lack of soil genesis (which is
far from the truth, as will be explained in the subsequent
chapters).

5.2 Classification

The development of the concept of Andosols has roots in the
U.S. Soil Taxonomy, first presented as the Andept suborder
of Inceptisols (Smith 1986), but from 1990 as Andisols,
based on work of an international working group (ICO-
MAND) as was reviewed by Parfitt and Clayden (1991). The
concept of the Andosol soil group, as used in the WRB, is
similar to that of Soil Taxonomy (see Shoji et al. 1996). The
central concept of Andosols is soil development of volcanic
ejecta (Fig. 5.1). The tephra (mostly volcanic glass, see
Chap. 3) weathers rapidly which results in the precipitation of
so-called ‘short-range order’ minerals and/or ‘metal–humus
complexes’, a process that is sometimes referred to as ‘an-
dozolization’ (e.g., Duchaufour 1977). These colloidal con-
stituents provide Andosols with characteristic properties such
as low bulk density, high-organic content, rapid hydraulic
conductivity and high water retention, variable charge char-
acteristics, thixotropy, and strong phosphate retention. An-
dosols/Andisols are classified based on a measure of the
colloidal constituents (ammonium oxalate extractable Al and
Fe (Alox + ½Feox > 2 %), low bulk density (<0.9), and high
phosphate retention (>85 %). These criteria have been har-
monized between the WRB and Soil Taxonomy systems. The
diagnostic properties reflect the product of soil genesis. A
unique feature of Andosols is that they can contain up to
25 % carbon (both systems), but are still considered as An-
dosols if other criteria are met. This is because the dominant
influence of andic soil properties and because Andosols tend
to accumulate large amounts of organic matter (see Shoji
et al. 1993). However, Andosols (WRB) and Andisols (Soil
Taxonomy) also include soils with a large component of
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non-weathered volcanic glass, by lowering the diagnostic
limits if volcanic glass is prominent (need > 0.4 %
Alox + ½Feox and other requirements also lowered or
waived). This is quite important in the context of soils of
Iceland, as a substantial proportion of the country is barren
with surfaces dominated by volcanic glass, consisting of soils
primarily classified as Andisols or Andosols (Arnalds and
Kimble 2001; Arnalds 2004; Arnalds and Oskarsson 2009).

5.3 The Colloidal Constituents
of Andosols—The Soils of Iceland

5.3.1 Clay Mineral Formation in Andosols

The clay minerals that make Andosols so unique, together
with the metal–humus complexes, are allophane, imogolite,
ferrihydrite, and halloysite (see Wada 1989; Shoji et al.

1993; Dahlgren 1994; Harsh et al. 2002; McDaniel et al.
2011). These are not layered lattice clay minerals such as
smectite and kaolinite, but are described by terms such as
‘spherical’, ‘tubular’, and ‘gel-like’. Their crystallinity has
been subject to debate and these constituents have been
described as ‘amorphous’, ‘X-ray amorphous’, ‘poorly
crystalline’, ‘noncrystalline’, and ‘short-range order’.

The reason for the formation of the Andosol clays is
linked to the nature of the tephra parent materials of Ando-
sols, which weather rapidly, resulting in high concentrations
of Al, Fe, and Si. The poorly crystalline (short-range order)
morphological forms of these minerals are the result of rapid
crystallization of Al and Si (allophane and imogolite) and Fe
(ferrihydrite) from such soil solution. However, these min-
erals are not exclusive to Andosols as they are also com-
monly found in Podzols, but to a lesser degree. The
weathering of basaltic tephra is rapid, resulting in areas of
high chemical denudation (Stefansson and Gislason 2001),

Fig. 5.1 The eruption in Eyjafjallajökull in 2010 added new parent materials to soils of southern Iceland. The central concept of Andosols is soils
that develop in volcanic ejecta. Several farms are seen in the foreground
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and rapid formation of allophane and ferrihydrite. The sur-
face area of basaltic tephra can be quite high or >10 m2 g−1

(Wolff-Boenisch et al. 2004). Weathering rates of silicious
(rhyolitic) tephra are slower than in basalt with less abun-
dance of cations released to maintain the pH (but the tephra in
Iceland is mainly basaltic). Intense weathering often results in
more acidic soils, especially in humid-wet areas (Fig. 5.4).
Dry climates can alternatively result in relatively unaltered
parent materials, especially if the tephra is silicious.

5.3.2 Allophane and Other Andosol Clays: Odd
‘Creatures’ Among Clay Minerals

Clay minerals are fundamental in giving soils the properties
that are essential for their function. They are extremely
small, most of them made of sheets of two-dimensional

layers, one on top of the other with space between the sheets.
Therefore, they are termed phyllosilicates, layer silicates/
minerals, or sheet silicates/minerals. The extremely small
size of the layers, usually measured in Angstroms or nano-
meters, and the space between the layers results in tremen-
dously large surface area, which can be as high as 200 m2 for
each single gram of soils! This results in the ability of the
clays to hang on to water adsorbed to the surfaces of the
clays for extended periods of time but the water is still
available for plant growth, long after the last rains. Clays
also retain cations that are important for plant growth, such
as Ca++, Mg++, K+, and Na+, where roots of plants can
access and utilize these ions. Common clay minerals include
smectite, illite, kaolinite, vermiculite, goethite, and gibbsite,
and many of these are used for various industrial purposes.

The major clay mineral formed in Andosols is allophane.
It is very different from the conventional clay minerals as it
is less crystallized and has a spherical shape. It still has
enormous surface area and chemical reactivity, but allo-
phanic soils lack the cohesion of other clayish soils. Its
cation exchange capacity is pH dependent, in contrast to
such minerals as the common smectite. Allophane has a
tendency to stimulate carbon accumulation in soils, and this
organic matter improves physical and chemical properties of
the soils, as well as their fertility. Other common clay
minerals in Andosols are imogolite, ferrihydrite, and hal-
loysite. Ferrihydrite is especially common in Iceland.

Allophane is an aluminum and silica mineral that forms
hollow spherules about 5 nm in diameter (see Fig. 5.5). The
atomic ratio between Al and Si is somewhat variable, most
commonly 1–2, but values <1 occur (Parfitt and Kimble
1989) and are common in Iceland (e.g., Arnalds and Kimble
2001). These minerals have an extremely large surface area
and a charge that is pH dependent (variable charge), which
increases rapidly with increasing pH. In addition, allophane
has considerable anion exchange properties.

Imogolite is tubular and often appears thread-like viewed
with a transmission electron microscope. It usually has an
Al/Si ratio close to 2, and has similar properties as allophane
(Fig. 5.6).

Ferrihydrite is a poorly ordered Fe(III) mineral (Schw-
ertmann 1985), consisting of well-aggregated spherical
particles (Bigham et al. 2002) which often appear with gel-
like structure. Its structure has been debated and ideas about
the nature of ferrihydrite are still evolving. Ferrihydrite is
very common in Andosols, especially where the parent
materials are rich in iron, as in Iceland. It has a large surface
area and a pH-dependent cation and anion exchange capacity
(Bigham et al. 2002).

Halloysite is a common mineral in Andosols, especially
in Si-rich environments, and is often associated with dry

Fig. 5.2 A dark colored Andosol from the southern lowlands. Note,
clear granular structure in the A horizons and roots extending deep into
the soil. Carbon rich horizons reach for the entire depth of the soil as is
common with Andosols

5.3 The Colloidal Constituents of Andosols—The Soils of Iceland 49



Fig. 5.3 The Circumpolar Soil Map from the Soil Atlas of the Northern Circumpolar Region (Jones et al. 2010). Andosols are red on the map,
with the largest Andosol areas in Iceland, Kamchatka and Alaska

Fig. 5.4 The effect of weathering
intensity on the formation of
colloids in young Andosols.
Metal humus complexes (MHC)
are characteristic of highly intense
weathering of tephra, while
allophanic soils are more
common in less weathered
environments. Based on Arnalds
(2013)
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environments or a distinct dry season (Dahlgren et al. 2004;
McDaniel et al. 2012). The morphology of halloysite is
believed to be closely related to kaolinite (see White and
Dixon 2002). Halloysite is often reported as representing
more weathered environments than allophane dominated
soils (e.g., Ndayiragije and Delvaux 2004). Other minerals
are found in many Andosols, especially when Andosols
become mature, with the Andosol minerals being trans-
formed to other minerals such as kaolinite, smectite, Al/Fe
oxides, and chloritized 2:1 minerals (e.g., Shoji et al. 1985).
Opaline silica is also often reported in young Andosols,
especially under grassland vegetation (e.g., Shoji et al.
1993).

5.4 Allophane–Humus and Metal–Humus
Complexes

The original concept of Andosols (‘an-do’) reflects the dark
color of many Andosols, which mainly results from the
accumulation of organic matter. Large contents of organic
matter characterize well-developed Andosols. Appreciable
amounts of carbon are found at depths, and the distribution
is often quite erratic. This is typical of many soils in Iceland,
with high carbon levels deep in the soils. There are two main
pathways of organic accumulation in Andosols: the forma-
tion of allophane-organic matter complexes and metalhumus
complexes.

Allophane and organic matter form bonds that are rela-
tively stable, which results in soils that commonly have
>6 % C in both A and B horizons. Another mode of carbon
accumulation is when Al3+ and Fe3+ form stable bonds with
organic matter by ligand exchange (metal–humus com-
plexes). This means carbon accumulation is effective at a
relatively low pH, while allophane-humus accumulation is
enhanced at higher pH. Research has confirmed the stability
of organic constituents in Andosols, which can be
>100,000 years old in Hawaii (Torn et al. 1997).

In some areas, other environmental factors can enhance
the accumulation of organic materials in Andosols, such as
poor drainage and cold climate, resulting in OC of 12–20 %,
which is the case in Iceland (Arnalds 2004).

5.5 Andosols and the Carbon Cycle

Volcanoes emit large quantities of greenhouse gases into the
atmosphere. However, the soils that form in the volcanic
deposits, Andosols, have a tendency to accumulate organic
materials as was previously described. Andosols store more
carbon reserves per unit area than other dryland soils, often
>30 kg C m−2 (Batjes 1996; Eswaran et al. 1993). In addi-
tion, calcium released from the weathering of basaltic vol-
canic materials, such as found in Iceland, have a tendency to
react with CO2 from the atmosphere to form bicarbonate and
finally CaCO3 that precipitates both in rocks and in the ocean
(see Gislason 2008). However, land degradation in relation to
overexploitation of volcanic soils contributes to the release of
greenhouse CO2 by reducing the carbon levels of the soils
(Shoji and Takahasi 2002). Therefore, restoration of degra-
ded areas in volcanic regions can result in rapid sequestration
of carbon from the atmosphere (Arnalds et al. 2013).
Zehetner (2010) concluded that carbon accumulation in
volcanic soils did not offset CO2 releases from volcanoes, but

Fig. 5.5 A photo obtained with a transmission electron microscope
(TEM) of allophane in an Icelandic soil. See also Wada et al. (1992)

Fig. 5.6 A photo obtained with a transmission electron microscope
(TEM) of imogolite in an Icelandic soil. See also Wada et al. (1992)
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he used lower carbon accumulation averages than experi-
enced in Iceland (Arnalds et al. 2013, see also Chap. 9), and
did not consider the CaCO3 formation in soils, rocks, and
oceans through weathering of Andosols.

5.6 The Three Axes of Andosols: Vitric,
Allophanic, and Metal–Humus Complex
Andosols

The parent materials made of tephra (Vitric or vitrandic), the
higher pH allophanic (sil-andic) Andosols, and Andosols
dominated by metal–humus complexes or organo-mineral
complexes (alu-andic) can be viewed as the three ‘end-
members’ of Andosols (Shoji et al. 1996). These axes are
represented by the corners of the triangle in Fig. 5.4; they are
important in the context of soils in Iceland as is discussed in
the next chapter. The rate of cation release and the pH of the
soil solution largely determine whether allophanic Andosols
or soils dominated by metal–humus complexes are formed.
Allophane formation is favored by a high pH, while it does
not form when pH is under 5. Under such acidic pH con-
ditions, the formation of metal–humus complexes becomes a
dominant process. The ‘alu-andic’ soils often contain con-
siderable amounts of phyllosilicates, such as chloritized 2:1
minerals (Shoji et al. 1985), under a variety of climatic
conditions, which contribute to their physical and chemical
behavior (see also Ndayiragije and Delvaux 2004).

The vitric materials are relatively unweathered volcanic
deposits (Fig. 5.7), but the subsequent weathering rate is
dependent on the chemical composition, climate, and biotic
factors. Thickness of the tephra is also important, as thick
deposits with low biological activity are more likely to
remain less weathered than thin deposits spread onto func-
tional ecosystems. The thicknesses of the tephra (ash layers)
in soils in Iceland are quite variable, but ash deposition
events are considerably more frequent than in most other
volcanic areas, with numerous thin tephra layers (<1 mm) in
most Andosol profiles. Few relatively thick layers (>10 mm)
occur in close vicinity of the active volcanic systems.

5.7 Physical Properties

Many peculiar physical properties give Andosols unique
characteristics, such as strong silt-sized aggregation and
thixotropic nature, as reviewed by Maeda et al. (1977).
These characteristics are expressed vividly in soils in Ice-
land. Vitric materials or Vitrisols (Icelandic system, Vitric
Andosols of the deserts) do not show these properties as
clearly as allophanic or metal-humus Andosols, but their
physical behavior depends on their type and degree of
weathering (see Warkentin and Madea 1980).

Andosols are light and fluffy soils. Low bulk density is
one of the diagnostic criteria for Andosols with density of
<0.9 g cm−3 required. The mineral colloidal fraction also

Fig. 5.7 Thick volcanic tephra
deposits in the vicinity of Mt.
Hekla. This stack has remained
relatively unweathered for
thousands of years and contains
both andesitic and rhyolitic
tephra. Thick deposits of this kind
commonly form consolidated
hardpans in Iceland and
elsewhere. They are called
‘móhella’ in Icelandic. Photo
© Bergrun Anna Oladottir
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forms stable silt-sized aggregates that influence the physical
properties of Andosols (Maeda et al. 1977) and make con-
ventional mechanical particle size determinations useless for
Andosols. Drying can cause irreversible decrease in water
retention and increase in bulk density.

Andosols can retain large amounts of water, which is one
of the main characteristics of such soils, hence the low bulk
density. These soils commonly contain >60 % water (per dry
weight of soil) at the wilting point for plants (15 bar,
1.5 MPa), which indicates their unusual water storage
capacity. The term ‘hydric’ is used to describe Andosols
when water retention is >100 % at 15 bar tension based on
dry weight of the soil. While allophane, imogolite, and fer-
rihydrite contribute to this strong water retention the effect of
organic matter (metal–humus complexes, allophane-humus
and humus alone) is also important. Andosols have a large
proportion of both large and intermediate pores, which allow
for rapid water transport. Water infiltration and both satu-
rated and unsaturated hydraulic conductivity are rapid
compared to most other soils (see Warkentin and Maeda
1980; Basile et al. 2003). The aggregation of clay materials
to silt-sized particles and the extremely high water retention
leads to high frost susceptibility of Andosols (Arnalds 2004),
which has a pronounced impact on soils of Iceland (see
Chap. 10 on cryoturbation).

Andosols possess a special property called thixotropy.
The soils can contain large amounts of water and yet appear
relatively dry. When disturbed, the water is released. In other
words, the soil can reach the liquid limit upon disturbance.
This property is also expressed by very high liquid limits but

a low range where the soil is plastic, resulting in very low
plasticity index (often near 0). This property explains in part
why Andosols are quite susceptible to slope failures when
disturbed (Fig. 5.8).

5.8 Chemical Properties

Andosols can have a range of soil pH (measured in H2O), in
Iceland the range is typically 4.5–7.5. Metal-humus domi-
nated soils tend to be acid (<5) with low base saturation.
Soils dominated by allophane often have pH 5.5–6.5 (Nanzyo
et al. 1993). If fresh basic parent materials are still present,
which is typical in Iceland, pH is maintained by recharge of
basic cations during weathering, which in Iceland sometimes
leads to pH > 7 (Arnalds 2004). Soil reaction of Andosols
rises rapidly when NaF is added to the soil solution, with
F− replacing OH− from active surfaces. This is sometimes
used to identify the presence of andic soil materials, both in
the laboratory and in the field.

Andosols have pH-dependent charge as is common in
tropical soils. Allophane, imogolite, ferrihydrite, and
metal–humus complexes all have large reactive surface
areas, but cation exchange capacity rises rapidly with
increasing pH (see Wada 1985). Determination of CEC is
therefore dependent on the pH used in any particular method
(see Madeira et al. 2003). Common CEC values reported for
Andosols range between 10 and 40 cmolc kg−1. Andosols
also exhibit anion exchange properties that can be important
for nutrient retention (e.g., Cl−, NO3

−, SO4
2−).

Exchange characteristics make Andosols susceptible to
heavy metal and radiocaesium (137Cs) pollution (e.g.,
Adamo et al. 2003) by retaining the pollutants quite effec-
tively, especially when the soils are not very acid (Nanzyo
et al. 1993).
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6Classification and the Main Soil Types

6.1 Introduction and Historical Notes

The Andosol soil group of the WRB and the Andisol order
of the Soil Taxonomy were developed before information
about Icelandic Andosols was reported extensively in the
literature. These systems are poorly suited for Icelandic
Andosols, especially Soil Taxonomy with its climatic bias,
resulting in contrasting soils being classified as the same soil
on sub-order and even great group level (Vitricryands). The
WRB is better suited for soils of Iceland, but still fails
separating the desert soils from the fertile Brown Andosols.
The discussion in this book is based on an Icelandic clas-
sification scheme. The major difference between the WRB
and the Icelandic system is that it separates the desert soils as
a special soil group, Vitrisols (Fig. 6.1). This is absolutely
necessary considering the dramatic difference between the
desert soils (Vitrisols) and the soils under vegetation (An-
dosols). In addition, deserts cover >40 % of Iceland, which
justifies this separation still further. The current level of the
system was published by Arnalds and Oskarsson (2009), but
is also explained in English in a paper in the journal Jökull
(Arnalds 2008). A soil map of Iceland is published at the end
of this chapter.

The oldest soil map of Iceland that the author has come
across is from the early twentieth century published by a
German named Gruner (1912). It is simple and seems largely
based on earlier geodesic mapping by the Danish military
(Iceland was under Danish rule). The Danish land survey in
1:50,000 differentiated between vegetated land and barren
and also took notice of wetlands, a separation that also set
apart the main soil categories. The first major attempt to
systematically map the soils of Iceland was undertaken by
the US soil scientist I.J. Nygard (Nygard and Johannesson
1959) (Fig. 6.2), but the soil classification for the map is
described in a monograph by Johannesson (1960) titled “The
Soils of Iceland.” The soil map was included with his
monograph. Johannesson’s book was also published in
Icelandic. The map is in the scale 1:750,000 and it gives a
good overview of the soils of Iceland. A closer look at the

map suggests that the map polygons are, at least in part,
based on Danish land survey maps. The Icelandic version of
the book was re-issued in 1988, with an extended appendix
reviewing soil research up to the publication date (Johan-
nesson 1988).

Johannesson made a distinction between soils of deserts
and soils under vegetation, a separation that is still being
used under the current system (see later in the chapter).
Vegetated land was divided into Peat soils (wetlands), silty
soils (heathland dominating) and gravelly and rocky soils.
The deserts (soils with little or no vegetation) were divided
into sands, and gravelly and stony materials. The total
number of soil mapping units was 20 and 3 additional units
represented surfaces with “neither soil nor vegetation.” Soil
thickness, coarse fragments (stoniness), and the nature of the
underlying materials were factors used to differentiate
between the soil mapping units. The mapping is undertaken
in a coarse scale, so each map unit describes predominant
soils, and associated soils are also noted with a broad esti-
mate of aerial proportion for each of the categories. An
example is mapping unit 1, peat on gravel and sand
(40–60 %), but associated soils are silt loams (20–40 %) and
other kinds of soils (15–25 %). Soil associations dominated
by vegetated land are about 29,000 km2, but subtracting the
estimated extent of barren soils within these associations
gives a sum for soils under vegetation cover at about
24,000 km2. This is a considerably lower number than
indicated by the AUI Farmland Database (Nytjaland,
Chap. 4), but closer to results from the Danish geodesic
mapping and often cited 25 % vegetation cover during the
latter part of the last century. It is, however, difficult to
calculate the total aerial extent of each soil type because each
unit is an association of soil types. The peat soils correspond
to Histsols, Histic Andosols, and Gleyic Andosols in the
current system, but it should be noted that a large part of the
peat soils under the Nygard and Johannesson’s mapping do
not qualify as Histosols (true peat soils) due to low organic
content of many of the Icelandic wetlands. The silt loams are
predominantly Brown Andosols and soils without vegetation

O. Arnalds, The Soils of Iceland,
World Soils Book Series, DOI 10.1007/978-94-017-9621-7_6
© Springer Science+Business Media Dordrecht 2015
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would be Vitrisols under the current system. Andosols were
not yet recognized by the science community at the time
when this work was undertaken, which limits its usefulness
today. And, naturally, better geographic data for Iceland is
now available. Yet, the soil map and the monograph “Soils
of Iceland” are monumental achievements worth
commemorating.

Gudmundsson (1994) translated and adapted the FAO
soil classification from 1988 (FAO-UNESCO 1988, prede-
cessor to the current WRB) for the soils of Iceland. The main
soil types were Andosols, Histosols, Arenosols, Fluvisols,
Gleysols, Regosols, and Leptosols. However, much of the
Histosols, Arenosols, Fluvisols, Regosols, and Gleysols
under this Icelandic version of the 1988 FAO legend are now
classified as Andisols (Soil Taxonomy) or Andosols (current
WRB), as they meet the criteria for andic or vitric properties
according to the WRB and andic soil properties according to
Soil Taxonomy (Arnalds et al. 1995; Arnalds and Kimble
2001; Arnalds 2004; Arnalds and Oskarsson 2009). Gudm-
undsson’s work was, however, a remarkable step forward,
recognizing Andosols in Iceland within his system, and
some of the principles he developed are used in the current
system presented below.

6.2 Main Classes

The system used here takes notice of the current WRB soil
groups (IUSS Working Group WRB 2006). It separates
between Histosols, Andosols, Vitrisols, and other soils at the
highest level. The use of the term Vitrisols is not unique to
Iceland; it is also used under the French classification system
(INRA 1998) and Pumice soils are a special unit under the
New Zealand classification (Hewitt 1993, 1998). This dis-
tinction is important for the soils of Iceland and is worth
considering for use elsewhere. The reason is that tephra
(volcanic ash) as parent material is quite unique and differs
from other sandy parent materials in that it has considerable
surface area, leading to positive soil properties such as water
retention and CEC. Furthermore, basaltic tephra weathers
rapidly, and even though the materials are relatively
unweathered, basic cations are released at a considerably fast
rate and retained by exchange sites, making the Vitrisols a
fertile medium for plant growth, if other environmental
factors allow for it. This is less evident for silicious tephra
compared to basaltic volcanic materials. Much of the basaltic
tephra meets the criteria for vitric materials (andic soil

Fig. 6.1 There is a dramatic difference in soil characteristics and
ecosystem functions between soils under vegetation (Andosols) and
desert soils (Vitrisols). These differences are not adequately accounted
for under the Soil Taxonomy or WRB, but separation of these soils at
the highest level is an important attribute of the Icelandic classification

scheme. The soil on the left is a Brown Andosol, a fertile agricultural
soil. It shows marked signs of cryoturbation with light colored rhyolitic
Mt. Hekla tephralayers. The soil on the right is a Sandy Vitrisol, formed
in recent glacio-fluvial deposits, lacking both clays and organic matter

56 6 Classification and the Main Soil Types



properties under Soil Taxonomy) when it is freshly depos-
ited. This indicates the level of physical and chemical
properties the basaltic tephra has as a fresh parent material,
which is in no way equivalent to sandy materials made of
quartz or carboniferous materials. Vitric Leptosols/Entisols
or Vitric Inceptisols/Regosols (Soil Taxonomy and WRBH)
are simply not comparable to non-weathered quartz or rocky
materials with the same classification. This alone justifies the
use of the term Vitrisol, not just in Iceland, but on an
international scale. Furthermore, deserts with surfaces
dominated by tephra materials are dominating large pro-
portions of Icelandic landscapes, which need to be differ-
entiated from other soil surfaces at the highest level.

The separation into major soil classes is shown in
Fig. 6.3, the diagnostic criteria in Table 6.1.

The diagnostic criteria are made as simple as possible. It
considers the weighted average of the top 30 cm, but there is
no minimum depth limit. It should be noted here, as was in
the previous chapter, that Andosols can have up to 25 % C
according to the WRB, compared to 12–18 % limit between
Histosol and other soil groups/orders. The WRB limit was

recently lifted from 20 to 25 % (same as Soil Taxonomy).
The Icelandic system still uses the 20 % C limit and it seems
sensible to do so to allow more space for the organic peat
soils, also considering that these soils generally have more
carbon in horizons under the 30 cm control section. Allo-
phane is determined based on Siox content (Siox × 6).

Below is a discussion of the soil classes with figures
illustrating examples of each of the soil types. The soil map
is shown at the end of the chapter, but examples of soil
descriptions and analytical data are presented in the sub-
sequent chapters.

6.3 Andosols

Icelandic Andosols are soils with andic soil properties that
occur under vegetation (hence have organic carbon above
the minimum of 1.5 % C in the surface horizon). They are
separated from Vitrisols based on having more carbon and
allophane than the Vitrisols (Table 6.1). Allophane is
determined based on Siox content. The upper carbon level is

Fig. 6.2 Part of the Nygard/Johannesson soil map from 1959. Soils with vegetation cover are green (wetlands dominate), pink (drylands) and
yellow (gravelly soils). Deserts are bluish, with “mountainous land with neither soil nor vegetation” shown as dark blue-grayish
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20 % C, but Histosols are classified by >20 % C in surface
horizons. The Andosols can be shallow over vitric materials,
when it has an A horizon meeting the allophane and carbon
criteria.

6.3.1 The Pedogenic Parameters Underlying
the Separation of Andosols

The separation between the Andosol classes (or soil types) is
based on dominant influences of (1) amount of steady aeo-
lian input and (2) drainage category. These factors determine

if the soils are wetland or dryland soils, but the aeolian input
influences carbon content, clay content, hydraulic properties,
soil reaction, grain-size, and the overall properties of the
soils. The separation of Andosols is shown schematically in
Fig. 6.4, together with the Histosols and Vitrisols
boundaries.

The steady aeolian deposition is one of the most dis-
tinctive characters of the soil environment. The aeolian
sedimentation rates are commonly 0.01–1 mm year−1,
resulting in a steady burial of the soil surface (see Chap. 9 on
soil genesis). Periodic volcanic additions and momentary
augmentation of the aeolian deposition rates, as witnessed by
recent volcanic eruptions in Eyjafjallajökull (2010) and
Grímsvötn (2011) enhance this effect (see Arnalds 2010;
Arnalds et al. 2013). A discussion of the aeolian environ-
ment, a major factor affecting Icelandic geomorphology and
soil environments is provided in Chap. 11, with a map
showing the geographic distribution of the deposition.

As the aeolian input decreases with more distance from
the main aeolian sources (Fig. 6.4, y-axis), the soil thick-
ening rates are reduced. Finer sediments are deposited at
distance from the aeolian sources compared to deposition
close to the aeolian sources. The slow deposition rate and
finer materials means enhanced soil development per depth
increment. That translates into more accumulation of organic
materials and increased formation of clays (allophane and
ferrihydrite) for each depth increment of the soil pedon.
Wetland positions further enhance carbon accumulation,
resulting in Histosols and Histic Andosols in wetlands far
from aeolian sources, such as in West and North Iceland
(organic arrow at the center of Fig. 6.4 pointing to the lower
left corner). However, with increased aeolian deposition, the
mineral materials become a more substantial proportion of
the soil; the carbon level drops below 12 % and the soil
becomes Gleyic Andosol. Many Gleyic Andosols within the
most active aeolian areas have less than 3 % carbon in
surface horizons. With more rapid aeolian influx, less time is
given for soil formation before the soil is buried under new

Fig. 6.3 Schematic visualization of the Icelandic classification. Four
main categories are split into 11 main soil types plus “other soils”

Table 6.1 The principal soil classes and corresponding terms of the Soil Taxonomy and the WRB

Soil class Symbol Identification S.T. WRB (2006)

Histosol H >20 % C Histosol Histosol

Histic Andosol HA 12–20 % C Aquand Histic and Vitric Andosol

Gleyic Andosol GA <12 % C; gleying/mottles Aquand Gleyic, Histic and Vitric Andosol

Brown Andosol BA <12 % C, dry; >6 % allophane Cryand Vtiric, Silandic Andosol and more

Cambic Vitrisol MV/GV <1.5 % C; <6 % allophane Cryand Vitric Andosol/Regosol/Leptosol

Arenic Vitrisol SV Sand, <1.5 % C Cryand Vitric Andosol/Arenosol/Leptosol

Pumice Vitrisol PV Pumice >2 mm Cryand/Entisol Regosol/Vitric Andosol

Leptosol L Rock/scree Entisol Leptosol

Cryosol C Permafrost Gelisol Cryosol

Identification criteria also shown. Table slightly modified from Arnalds and Oskarsson (2009)
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aeolian materials; younger soils on top of buried soils.
However, as the organic factor takes over (little aeolian
deposition in wetland positions), clay formation slows down,
concurrent with lower pH values. Allophane does not form
at pH < 4.9 (see Chap. 8). Clay formation is also slower for
each depth increment when the aeolian deposition is quite
rapid. Consequently, ideal conditions for clay formation are
found in dryland positions where aeolian deposition is not
rapid (allophane axis in Fig. 6.4 pointing to the lower right
corner). The vitric axis is pointed with the aeolian deposition

axis (y-axis, toward the top of Fig. 6.4). These three axes are
concurrent with the three major types of Andosols in gen-
eral, as was discussed in the previous chapter, namely the
alu-andic (organo-mineral, organic), sil-andic (allopanic),
and vitric soils.

The trends for the various soil properties influenced by
the amount of aeolian deposition are presented in Fig. 6.5.
The x-axis shows increased aeolian deposition, but the y-axis
shows % C and % clay (on left), and pH (on right), while the
lines depicted are indicative of other soil properties such as

Fig. 6.4 Separation of Icelandic
Andosols, as influenced by
drainage and aeolian
sedimentation rates. Histosols and
Vitrisols also shown. 20 % C
separates Histosols, but Vitrisols
are low in allophane and organic
materials

Fig. 6.5 The influence of aeolian
deposition on clay content, pH
and organic carbon. Histic
Andosols and Histosols form in
wetland landscape positions

6.3 Andosols 59

http://dx.doi.org/10.1007/978-94-017-9621-7_8


bulk density and grain size (blue line). Maximum clay
accumulation for each depth increment can be expected
where aeolian deposition is neither very rapid nor slow, in
both dryland and wetland positions. Soil reaction (pH) drops
with reduction in aeolian inputs, and the carbon levels
generally rise. Inorganic soils dominated by the aeolian
influences are Vitrisols (to the right on the graph).

The effect of aeolian deposition on carbon content in
wetlands and heathlands is shown in Fig. 6.6. It shows
clearly how the average carbon content decreases from
>30 % C in the top 30 cm in wetlands far from aeolian
sources to <10 % closest to aeolian sources. The trend for
rich heathland is from nearly 15 % C far from the aeolian
source to <5 % C within the most active aeolian area. The
carbon in poor heathland decreases from about 10 % to
below 4 % C. These trends correspond to the line for C in the
figure above (Fig. 6.5).

6.3.2 The Andosol Classes: Brown, Gleyic,
and Histic Andosols

Brown Andosols are the soils of vegetated drylands. These
are often typical of Andosols, in many ways similar to those
found in Massif Central in France, Hokkaido Japan, or in
Alaska, as represented by the amount of allophane and

organic matter, and physical properties such as water
retention. Incidentally, the term “Brown Andosol” is also
used for the soil classification in Hokkaido (Hokkaido Soil
Classification Committee 1979). However, the active aeolian
deposition makes these soils coarser close to aeolian sources.
The soils contain many volcanic tephra (ash) layers, because
of the frequent volcanic activity (see Chap. 3). The tephra
layers are more distinct and coarse close to the most active
volcanoes, such as Hekla and Katla, but some tephra layers
cover a large proportion of Iceland, especially the silicic
layers from Hekla. The two pedons in Fig. 6.7 are typical
examples of Brown Andosols. Both are about 1 m deep,
resting on about 10,000 year old glacial till. Both receive
intermediate amounts of aeolian additions. The pedons have
organic rich A horizons and carbon content remains high,
with quite erratic distribution throughout the profiles (see
descriptions at the end of the next chapter). Plant roots
extend deep into the profiles, but the soils are light (BD
generally <0.8 g cm−3) and “fluffy”. The soils are easy to dig
in with a spade. The color of the soil to the left is redder and
it shows some signs of gleying in the lower horizons, but it is
sometimes saturated during winter and spring when frozen,
but is otherwise freely drained. Both soils show signs of
more rapid aeolian sedimentation rates over the past
1,100 years after the Settlement of Iceland. Hummocks are
common on the surface.

Fig. 6.6 The relationship between the level of aeolian additions
(x-axis) and carbon in the top 30 cm of soils. 1 least aeolian deposition;
4 rapid aeolian deposition. Based on Agricultural University of Iceland

IGLUD database (random samples, total of 63 for wetlands, 116 for
rich heathland, and 257 samples for poor heathland (see Chap. 4 on
vegetation). © AUI IGLUD/JG/OA
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The pedon to the right (Fig. 6.7a) from South Iceland
exhibits thick tephra layers, especially from Mt. Hekla. This
pedon is about 50 km away from the Hekla volcano. It
shows many features caused by cryoturbation. The soil on
the left, from East Iceland, does not have as clear tephra
layers although some traces of both dark and light colored
tephra can be seen. It is also a typical Brown Andosol with
considerable carbon, allophane, and ferrihydrite content
from top to bottom, with erratic distribution.

Gleyic Andosols are the soils of wetlands with <12 % C in
surface horizons. They show strong andic soil properties, as
the Brown Andosols, expressed by numbers for (Al +½ Fe)ox
far exceeding the 2 % limit. Allophane and ferrihydrite
contents are similar to those for Brown Andosols, often
10–20 % allophane and 3–8 % ferrihydrite. Tephra layers are
common, as many of these soils occur in proximity of active
volcanoes, and also receive considerable aeolian deposition.

Two Gleyic Andosol pedons are presented in Fig. 6.8 but
descriptions and some other characteristics are presented at
the end of the next chapter. The one on the left is obtained
near the town Hella in South Iceland, and it is one of the so-
called COST-622 profiles, a part of an EU sponsored col-
laborative research and cooperation on volcanic soils of
Europe. The COST-622 profiles were subjected to a range of
scientific analysis in many European laboratories (see Arn-
alds et al. 2007). This profile shows many of the charac-
teristic features of Gleyic Andosols. The profile is relatively
thick (>2 m), with a pronounced difference in properties
between surface horizons and subsurface horizons, with the
lower part being buried Histic Andosols and Histosols.

There is a clear sign of the Settlement of Iceland in the strata,
signified by a distinct color difference with lighter colored
soils formed after the Settlement. The time of the Settlement
is also easy to identify by the two-color Settlement layer
dated from time of Settlement (about 874 AD), which is
shown in Fig. 6.9 (close-up from the profile). The lighter
color above the Settlement is caused by increased aeolian
sedimentation rates (fourfold to tenfold the pre-Settlement
rates, see Chap. 12), with a proportion of rhyolitic light
colored tephra grains. This increased aeolian sedimentation
rates results in lower carbon contents for each depth incre-
ment, resulting in the Gleyic Andosol classification, but
Histic Andosols are also common in the southern lowlands.
It is clear that Histosols were much more common in this
area at the time of Settlement than they are now. However,
pollen research has shown a warm period with extensive
woodlands 8,500–6,000 years ago (Hallsdottir and Caseldine
2005), but tree trunks from birch are often found deep in the
soils of the current wetlands. Wetlands expanded gradually
after this main birch-period (see also Norddahl et al. 2008),
but birch expanded again in some places, e.g., in the south,
to peak before the Settlement of Iceland (Hallsdottir and
Caseldine 2005). The pedon to the right is obtained from a
wetland in Hornafjörður, Southeast Iceland. It is much
shallower, most likely a new soil that has formed on previ-
ously disturbed site (disturbed by a flooding glacial river).
The site receives large amount of aeolian sediments,
resulting in the platy structure, each band often representing
winderosion events or series of events nearby. The carbon
content is low but still above the required 1.5 % C.

Fig. 6.7 Two examples of
Brown Andosols. The one on the
left is from E Iceland. The lower
half has some clay loam horizons
but the upper half, deposited after
the Settlement (darker part) is
typical silt loam. Traces of dark
and light colored tephra layers
can be seen. The pedon on the
right is from South Iceland with
numerous tephra layers, mainly
from Mt. Hekla
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Cryoturbation is evident in surface horizons in Fig. 6.8a,
imprinted by the waving dark tephra layer from the Middle-
Ages. It is worth noticing that older horizons are not cryo-
turbated, reflecting both change in surface vegetation cover
and climatic change, with the climate becoming cooler
during the Middle-Ages; (see Chap. 10 on frost and
cryoturbation).

Features showing gleying and mottles are common in
Gleyic Andosols as can be expected. Some examples are
shown in Fig. 6.10.

Histic Andosols are Andosols with 12–20 % C in the top
30 cm of soils (weighted average). The majority of these soils
are wetlands (saturated and damp wetlands according to the
AUI Farmland Database, see Chap. 4), but some are dryland
soils including rich heathlands, birch forests and grasslands
far from aeolian sources. Examples of Histic Andosol from
West and North Iceland are shown in Fig. 6.11.

Fig. 6.9 A close-up of the Settlement strata, seen in the Hella COST-
622 profile. Scale on the right is in centimeters. The Settlement layer is
distinctive. The soils above the Settlement continue to be organic in
nature, but the organic content gradually decreases toward the top of the
profile

Fig. 6.8 Gleyic Andosols. a Deep wetlands soil to the left (South
Iceland) and shallow wetland soil to the right (Southeast Iceland). The
Gleyic Andosol on the left overlies a buried Histosol. A clear color
difference, manifested by the Settlement tephra layer occurs at the

middle of the profile, resulting from increased aeolian deposition after
the Settlement. Clear signs of cryoturbation in the upper part of the
profile. b The profile on the right receives rapid aeolian deposition,
depicted by the platy structure
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The Histic Andosol from West Iceland occurs in rela-
tively dry landscape position far from aeolian sources, but to
the right is a Histic Andosol in wetland position receiving
intermediate levels of aeolian inputs. These soils are a
peculiar mixture of histic and andic soils, with the andic soil
properties dominating. Distinctive organic build-up phases
can clearly been seen in the West Iceland profile (left), but
oxidation features around a coarse tephra layer are promi-
nent near the base (130 cm depth).

The Histic Andosol on the right is located at the AUI
experimental farm at Möðruvellir in North Iceland. It is
nearly 4 m deep. It shows clearly the H3 and H4 tephra
layers from Hekla. The H1 (1104 AD) layer is cryoturbated
and less distinctive about 20 cm above H3. Under the Histic
Andosols are buried Histosols, hence the dark to black color
of the lowest horizons. Some of the deep horizons have
preserved birch and/or willow stems up to 6 cm in diameter.
The soil is lighter in color toward the top as is common, due

Fig. 6.10 Oxidation features in Gleyic Andosols. To the left is a red
oxidized zone that follows a coarse tephra layer (better aeration) and
some thinner layers showing the same features. To the right are

oxidized (red) areas around roots of wetland plants. Both photos were
taken near the Hálslón Reservoir, in the eastern highlands

Fig. 6.11 Histic Andosol from
West Iceland (left) and North
Iceland (right). The West Iceland
example is acidic (pH 4–4.5) and
relatively thin (<1 m), with layers
of organic materials. The North
Iceland example is a deep soil,
with distinct Mt. Hekla rhyolitic
tephra layers. It has higher pH
(>5) and a growing organic
content with depth. The top has
<20 % C because of increased
aeolian activity after the
Settlement and improved
drainage in the surface
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to increased aeolian deposition which partly contains light
colored tephra grains (from erosion of soils upwind) and also
because of lower organic matter content. This soil showed
strong hydrophobic character on drying.

6.4 Histosols

Histosols are soils with more than 20 % C in the uppermost
horizons (30 cm weighted average) according to the Ice-
landic classification scheme (Arnalds and Oskarsson 2009).
Organic Histosols are only found where aeolian deposition
rates are low. They are mainly found in the westernmost and
northernmost parts of Iceland. Prominent areas with Histo-
sols are found on ‘Mýrar’ which are the wetland areas close
to the coast in West Iceland, on the Snæfellsnes peninsula
and the Westfjord penisula and the Skagi and Tröllaskagi
peninsulas in the North. An example of Histosols from
Dýrafjörður in the Westfjords is shown in Fig. 6.12.

Total extent of Histosols is rather limited. Many early
discussions of Icelandic wetlands soils did not separate aquic
soils with low organic content (Gleyic Andosols and Histic
Andosols) from the peat soils with high organic content
(Histosols), which can make review of the literature con-
fusing. It should be noted here that many of the Histosols
have subsurface horizons with higher organic content than
the surface horizons, as was explained above for Gleyic and
Histic Andosols.

There are several publications that provide overview of
Icelandic peat soils and wetlands. The Ph.D. thesis of Gu-
dmundsson (1978) gave a detailed account of some Histo-
sols in West and Northwest Iceland, however unpublished.
An accumulation of papers on Icelandic wetlands were
presented in a book in Icelandic (Olafsson 1998). Johan-
nesson’s monograph (1960) on the soils of Iceland has
several sections dealing with the soil group “peat soils”
which entails Gleyic and Histic Andosols together with
Histosols. In addition, useful information can be drawn from
the various papers on the Icelandic pedons of the European
COST-622 study (see Arnalds et al. 2007). Bjarnason (1952,
1966) conducted a survey on the Icelandic peat with its
possible use as fuel as the main theme.

The geological separation of wetlands (and then some-
times collectively termed peat even though not all are peat)
are (i) “flói” which are broad level wetlands; and (ii) hal-
lamýri, or wetlands on slopes, where the ground-water seeps
downwards and the water level reaches the surface
(Einarsson 1968). The “flói” is considered to be chiefly rain-
fed while the “hallamýri” is charged by rainwater, runoff and

groundwater (Gudmundsson 1978). However, a mixture of
both is very common.

The carbon content reaches 40 % in some horizons, but is
generally much lower (20–30 %). The main character of the
organic matter in the soils is that it is poorly decomposed
and the soils would classify as Fibrists (Borofibrists and
Cryofibrists) under Soil Taxonomy. They show considerable
shrinkage when they are completely dried in the laboratory
(often less than half the original volume when dry), but
limited or very slow shrinkage when drained, which is in
part attributed to the volcanic ash materials in the matrix
(Bartoli and Burtin 2007).

The Histosols do not contain appreciable amounts of
allophane clays, as pH is generally low, but allophane for-
mation is inhibited at pH below 4.9. The pH of the pedon
shown in Fig. 6.12 is about 4. Still, the soils have some andic
properties with a considerable amount of aluminum–humus
complexes.

Fig. 6.12 Histosol from Dýrafjörður in the Westfjords. A newly dug
ditch in a gently sloping wetland. All horizons are organic, the soil has
low pH of about 4 and limited allophane content
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6.5 Vitrisols—The Andic Soils of the Deserts

The two most commonly used international classification
systems, the WRB and the US Soil Taxonomy fall short in
separating Icelandic desert soils from other soils, as was
mentioned previously. Thus, Brown Andosols formed under
vegetation classify the same as the very contrasting soils of
the deserts at the higher level according to Soil Taxonomy
(Vitricryands) and WRB (Vitric Andosols). There is a need
for separating these soils, which have very extensive cov-
erage (>40 % of Iceland) from other soils, as they have very
different soil properties (to say the least), genesis and eco-
system services. They lack the high organic matter content
and water holding capacity which is typical of Andosols and
have very low allophane content. Their separation from
other Andosols is fundamental to the soil map of Iceland.
Yet, they meet the criterion for andic/vitric materials, which
should be kept in mind in relation to their classification
according to Soil Taxonomy and WRB.

The very nature of Icelandic Vitrisols makes one think
how soils are defined. Are the Vitrisols soils or just sedi-
ments? Many Icelanders find it difficult to accept that deserts
have a soil cover, which is understandable in light of the
large difference between the organic Andosols and the poor
Vitrisols. The author of this book has also been in corre-
spondence with foreign scientists who have had the same
difficulties and even made strong arguments that the less
developed Andosols are not soils, but only sediments. Well,
of course all these surfaces do have soils, but some of them
are very poorly developed, just as many of the Entisols
under the US Soil Taxonomy.

The Icelandic Vitrisols are divided into four subclasses:
Cambic, Gravelly, Sandy (Arenic), and Pumice Vitrisols.
These subclasses reflect the different geologic environments
where Vitrisols occur. A comprehensive publication of the
Vitrisols was published by Arnalds and Kimble (2001), who
gave detailed analytical data for eight desert soil pedons.
Other papers dealing with Vitrisols include those of Johan-
nesson (1960), Arnalds (1988, 1990), Gudmundsson (1991),
and Arnalds et al. (1995). The following discussion on
Vitrisols is largely based on the paper by Arnalds and
Oskarsson (2009) on soil classification.

The Cambic Vitrisols are typical of glacial till environ-
ments with rather low sandy aeolian inputs (Fig. 6.13). There
is enough pedogenesis to cause color changes in subsurface
horizons to create a cambic horizon (Bw). The clay in the
Bw horizon can be formed in situ, it can be a remnant of a
former Andosol cover that has been removed by soil erosion
(common), or it can also have been deposited by aeolian
processes caused by wind erosion of Andosols upwind. It is
common to have 0.2–1 % organic carbon in the Bw horizon,
but the surface is often more sandy with less organic carbon.

The surface is commonly gravelly, which is maintained by
frost heaving. As a result of some organic matter and clay,
the soils have considerable water retention and CEC, yet
they are nutrient limited and the availability of the N is
probably limited as the organic matter is strongly complexed
as andic soil materials, represented by (Al + ½Fe)ox ranging
between 1 and 2 %. The fine materials enhance cryoturbation
and sorting by freeze–thaw cycles, resulting in patterned
ground on the surface (see Chap. 10).

The Gravelly Vitrisols have similar features as the
Cambic Vitrisols, but are more gravelly throughout and lack
a distinct cambic horizon. They are typical of raised beaches,
such as in extensive areas in West Iceland that have lost the
soil cover due to land degradation. They occur also where
powerful glacial floods have deposited gravelly sediments,
such as at the Markarfljótsaurar plains west and south of
Eyjafjallajökull in South Iceland. They are also typical of
fluvial plains along many rivers. These materials tend to
have higher bulk density than the Sandy and Cambic

Fig. 6.13 Cambic Vitrisol. A shallow soil with a cambic B-horizon
with about 1.2 % C. Frost-heave maintains the gravelly surface. The
soil is silty and subject to intense cryoturbation
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Vitrisols, and are less fertile as they have smaller component
of fine materials <2 mm. However, they have sometimes
accumulated fine silty materials from aeolian deposition.

The Sandy Vitrisols (also termed Arenic Vitrisols) are
quite extensive in Iceland (>15,000 km2) and are charac-
terized by poorly weathered basaltic glass and rock frag-
ments (Fig. 6.14). The thickness of these deposits varies
from several meters to very thin layers over various geologic
surfaces such as lava and till. In many cases there is a gra-
dient from the Cambic Vitrisols to Sandy Vitrisols reflecting
the various amount of aeolian deposition. As sand advances
over lava surfaces (see Chap. 11 on aeolian environments),
depressions become full of sand while rocks outcrop at
topographic heights, making a complex mosaic of Sandy
Vitrisols and Leptosols. However, the Icelandic system
presented here does not put depth requirement on the Vit-
risols, making most of these surfaces as Sandy Vitrisols. In
spite of being young deposits or surfaces, these basaltic
materials have acquired andic soil properties, with

(Al + ½Fe)ox commonly >1 %. These soils are characterized
by very low organic contents (often <0.1 % C) and extre-
mely unstable surfaces. Patterned ground is not as common
on sandy surfaces as they are on Cambic Vitrisol surfaces.

The Pumice Vitrisols are characterized by coarse-grained
pumice (majority >2 mm in the top 10 cm of soil). Pumice is
a porous material, which often floats on water. This porosity
influences the hydrology, allowing for some water retention.
These soils are common in the vicinity of Mt. Hekla
(Fig. 6.15), along the active volcanic zone from the Tor-
fajökull caldera to Vatnajökull glacier, and near the Askja
caldera in NE highlands. There is a difference in soil prop-
erties depending on whether the pumice is rhyolitic (high
SiO2) or basaltic (low SiO2) as more acidic soils tend to form
in the silicic pumice. The basaltic pumice weathers more
readily, which allows for ecosystem restoration, while the
silicic pumice weathers very slowly, making restoration
efforts more difficult. The pumice surfaces are often more
stable than the sandy surfaces, but the lack of fine materials
hampers natural succession after the volcanic events.

6.6 Other Soils

Other soil types than Andosols, Vitrisols and Histosols occur
in Iceland. The fjords of western Iceland often have beaches
that are calcareous from ocean derived sediments. These
sediments are periodically blown inwards, affecting the
neighboring soils, creating a transect from Andosols/Histo-
sols towards Calcisols. These transects have not been studied.

Fig. 6.15 Pumice Vitrisol in pumice sediments close to Mt. Hekla.
Note the finer soil below the new tephra. A sequence of tephra and
buried soils is often found close to the volcanoes. Photo © Elin Fjola
Thorarinsdottir (ISCS)

Fig. 6.14 Sandy Vitrisol beneath a gravelly surface. The location is
near an active sand source
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Permafrost occurs in the highlands with some wetlands
developing palsas with permanently frozen soil core, hence
Cryosols (see Saemundsson et al. 2012). Permafrost is also
likely to occur on the high deserts (e.g. >900 m elevations),
but are poorly studied (see Chap. 10).

Bare rocks and gravelly scree slopes are classified as
Leptosols, and they are common throughout the country.

6.7 The Mosaic

The purpose of this subchapter is to illustrate some Icelandic
landscapes in photographs (Figs. 6.16, 6.17, 6.18, and 6.19),
with emphasis on how variable the surfaces are. More than
two soil types can occur within a range of a few meters. This
makes mapping of the soils of Iceland often quite

Fig. 6.16 A typical valley landscape in Southeast Iceland (Lón). Much
of the slopes are barren scree slopes, often of rhyolitic rocks associated
with the interiors of Tertiary volcanic systems, exposed by the
Quaternary glacial erosion. The ecosystems are degraded, with remnant
soils at the bottom (Gleyic, Histic, and Brown Andosols), and in places

shrublands that survived heavy land use over the ages, and is now
spreading with reduced grazing and a shorter grazing period. Soil
mapping capturing the details of the soil variability is difficult and
involves grouping the soils into complexes of several soil types

Fig. 6.17 A valley in the
Tertiary landscape of Skagi,
North Iceland. Histosols in
depressions (grasses and sedges),
grading into Histic Andosols
closer to dryland patches (heath
dominating). The drylands have
both Brown Andosols rich in
organic matter (>6 % C in surface
horizons), but some are classified
as Histic Andosols (even in
dryland positions). The soils are
relatively thin (far from aeolian
sources). The slopes have
alternating Histic Andosols,
Brown Andosols, and Leptosols
(scree). Snowmelt is active in
early summer
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Fig. 6.18 Wetland landscape of
West Iceland. The wetlands are
Histosols of high resilience
against land use pressures (see
Chap. 12), but landuse-induced
erosion has stripped the soil cover
from the dryland parts, exposing
Tertiary basaltic rocks. Some of
the drylands have vegetation
cover with Brown Andosols,
including regrowth on formerly
eroded land

Fig. 6.19 Sandy desert volcanic
landscape in the southern
highlands. The major glacial river
Tungnaá in the background.
Areas sheltered from the abrasion
of the sand have vegetation cover
and very sandy Brown Andosols,
while the deserts are Sandy
Vitrisols. This kind of landscape
is characteristic of many of the
southern and northeast highlands
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complicated, as one has to combine various soil types into
“soil complexes” which are landscape units consisting of
two or more soil types.

6.8 The Soil Map of Iceland

The first soil map of Iceland under the classification scheme
presented here was first published digitally in 2001 but the
current version (Fig. 6.20) is from 2009, published in
Náttúrufræðingurinn (The Naturalist) by Arnalds and Osk-
arsson. It utilizes the AUI Soil Database and a large set of soil
data accumulated for the IGLUD/LULUCF project also
housed at the Agricultural University, based on random
sampling of different vegetation types under variable

geographic conditions. The Farmland Database (vegetation
classes) is extensively used to delineate the mapping units
verified by the AUI databases. The Soil Erosion Database is
also extensively used for the desert soil types. This mapping
procedure provided the basic data for Iceland to the Soil Atlas
of Europe (Jones et al. 2005) and the Soil Atlas of the Northern
Circumpolar Region (Jones et al. 2010). This current edition
of the soil map is intended to give an overview of soils in
Iceland at a relatively small scale (1:250,000). It is not inten-
ded to give accurate soil information for a given geographic
point. It consists largely of soil complexes (see preceding
subchapter), because of limitations given by this small scale. It
is imperative to initiate work on the next level of the map,
which would involve one step further down the classification,
which has not been published to date.

Fig. 6.20 A general soil map of Iceland from Arnalds and Oskarsson (2009). Note that most areas are defined as a complex of soil types, such as
Brown Andosols and Gleyic Andosols alternating on the landscape
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7Physical Characteristics

7.1 Stratification of Soil Horizons

The aeolian and volcanic nature of soils of Iceland is
strongly expressed by the clear horizonation of the soils,
with abrupt horizon boundaries (Arnalds et al. 1995). This
sometimes results in platy structures of the Brown and
Gleyic Andosols, while granular structures are otherwise
dominating in surface horizons of the Andosols. Subsurface
horizons have a weakly developed blocky structure. How-
ever, it is often disrupted by tephra and aeolian layers within
the volcanic zone (Fig. 7.1). The Vitrisols (soils of the
deserts, see Sect. 6.5, Vitric Andosols according to WRB)
are characterized by single grain structure, but very weakly
developed blocky structure occurs in the Cambic Vitrisols.
Pedon descriptions for nine characteristic pedons are pre-
sented at the end of the chapter, but chemical data for these
pedons are presented at the end of Chap. 8. Some of these
pedons are also used for explanations in Chap. 9.

The strong horizonation with alternating composition of
parent materials, which consist mainly of basalts, but some
andesites, and dacites, is much more pronounced than in
other European volcanic soils (Taboada et al. 2007). Clear
stratification representing changes in inorganic constituents
is also evident in organic horizons. However, the effect of
stratification becomes less evident with increasing distance
from the active aeolian sources, with more homogenous
mixing of the various aeolian deposits; once again empha-
sizing the importance of the aeolian environment and sedi-
mentation for soil formation in Iceland.

The textural differences associated with lithological chan-
ges within the profile have important bearings on hydraulic
characteristics. Coarse aeolian or tephra layers impede
hydraulic conductivity when the soils are not saturated,
hindering spread of water under unsaturated conditions into
layers below (wetting process) or above (during drying out).

Deep-rooted plants with roots growing through the coarse
layers, such as birch trees, are better suited for such soils than
shallow rooted plants.

7.2 Texture

Conventional methods for determining grain size distribu-
tion, such as the hydrometer method, have limited applica-
bility for Andosols (e.g., Maeda et al. 1977; see Chap. 5).
This is caused by strong aggregation of the clay constituents
into silt-sized materials. Hand texturing, employing the
broad categories of the textural triangle (USDA system),
gives more reliable results than hydrometer methods for soils
in Iceland. Figure 7.2 gives examples of clay contents
measured by the hydrometer/pipette method and by ammo-
nium oxalate extractions of the same samples. Allophane
content is calculated as Siox × 6 (Parfitt 1990) and ferrihy-
drite as Feox × 1.7 (Parfitt and Childs 1988). Total extracted
clay is allophane and ferrihydrite combined. The graph
clearly demonstrates that there is no relationship between the
actual clay content (y-axis) and the clay content determined
by the conventional pipette method. Buurman and van
Doesburg (2007) showed that laser grain size analysis can be
used to identify the sources of the aggregation in the soils
from Iceland, but some of this aggregation is due to
organomineral aggregation in addition to allophane clusters.

Particle size distribution from pedon descriptions are
presented in Table 7.1. The table shows that soils in Iceland
are most commonly silt loams, as was noted by Johannesson
in 1960, with 40–47 % of the Andosol horizons textured as
silt loams. Some horizons are textured as clay loams but
none as clayey horizons (i.e., >30 % clay). The data show
that Histic Andosols are finer textured on average than the
Gleyic Andosols. Brown Andosols generally show more

O. Arnalds, The Soils of Iceland,
World Soils Book Series, DOI 10.1007/978-94-017-9621-7_7
© Springer Science+Business Media Dordrecht 2015

71

http://dx.doi.org/10.1007/978-94-017-9621-7_6
http://dx.doi.org/10.1007/978-94-017-9621-7_8
http://dx.doi.org/10.1007/978-94-017-9621-7_9
http://dx.doi.org/10.1007/978-94-017-9621-7_5


variability in textures, with coarse textured horizons found in
drylands close to volcanoes and aeolian sources. Many of
the coarse textured horizons (loamy sand and sand) of the
Andosols are tephra layers. The coarse textures reflect the
young age of the soils, which are continuously buried under
more recent aeolian and tephra sediments. With less aeolian
deposition, more time is allowed for chemical weathering
and clay formation. The texture of the Vitrisols is extremely

variable, depending on the geology of each site, but sandy
textures dominate.

The Andosols that form in the aeolian sediments are often
devoid of coarse fragments, even profiles exceeding 1 m
thicknesses, making the soil easy to work with, such as
plowing for hay fields. However, there are some thin
Andosol mantles overlying glacial till that tend to be quite
gravelly due to frost heaving of rocks towards the surface.

Fig. 7.1 Stratification of Brown
Andosol within the volcanic zone.
Tephra and aeolian sediments are
frequently deposited on top,
subsequently becoming buried
layers that have abrupt horizon
boundaries. Tephra layers, mostly
from Mt. Hekla but also the Katla
volcanic system, are prominent.
Frost action creates wavy
boundaries
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7.3 Bulk Density

Icelandic Andosols are “light” or “fluffy” soils as is charac-
teristic of Andosols. Low bulk density is one of the diagnostic
criteria for Andosols (WRB and Soil Taxonomy), which is in
part waived for vitric soils. Icelandic Andosols (soils under
vegetation) generally have bulk density lower than
0.8 g cm−3, but the Vitrisols (soils of the deserts) usually have
bulk densities higher than 0.8 g cm−3. Histic horizons with
>20 % C generally have bulk density <0.4 g cm−3. The low
bulk density of the Andosols are clearly related to the carbon
content of the soils overall (Fig. 7.3).

However, the range in bulk density for mineral horizons is
quite variable as can be seen in Fig. 7.4 which shows bulk
density data for horizons with 2–8 % carbon. There is a slight
tendency for lower bulk density with increased carbon within
this carbon range (left) and increased allophane (right). Total
clay yields similar relationship with bulk density as the

allophane shown on the right. These weak relationships show
that other factors, such as density of the parent materials (often
with numerous tephra layers (Fig. 7.5)) also influence bulk
density at relatively low carbon levels, as many of these
horizons are young with limited weathering.

7.4 Hydrological Characteristics

7.4.1 Infiltration

The fate of precipitation, when it reaches the surface, has a
large impact on soil water relations and hydrology. Most of
the summer precipitation infiltrates readily into soils in
Iceland. However, a large part of the precipitation falls in
wintertime when the ground is frozen, leading to surface
runoff. Furthermore, parts of the winter precipitation falls as
snow which is subjected to (i) large-scale removal due to
snowdrifts, especially from higher ground and barren areas;
(ii) periodic accumulation in depression areas and where
taller vegetation is found (trees and shrubs); and (iii) rapid
surface runoff from barren areas during snow melt because

Fig. 7.2 Comparison of clay content determined by pipette method
and oxalate extractions. Based on data for 50 horizons from four
pedons located in different regions (from Arnalds 1990; see also
Arnalds et al. 1995). The pipette method shows <5 % clay, while actual
clay contents are mostly >10 %. There is no clear relationship,
indicating that conventional texturing methods do not work for
determining the clay fraction of these soils

Table 7.1 Grain size classes of the major soil types

Soil Clay loam Silt loam Loam Sandy loam Loamy sand Sand

% within each soil type

Histic Andosol 36 40 8 4 12a 0

Gleyic Andosol 17 44 19 10 10a 0

Brown Andosol 4 47 26 9 40a 3a

Vitrisol 2 6 2 38 44 8

Histosols are excluded. Histic Andosols are dominated by clay loam and silt loam; Gleyic and Brown Andosols are dominated by silt loam and
loam. The Vitrisols are sandy and also tephra layers in the Andosols. Based on the AUI Database, about 200 horizons
a Mostly tephra layers

Fig. 7.3 Relationship between bulk density and carbon content for 160
horizons from various depths and soil types. Based on the AUI
database, Arnalds (1990), Orradottir (2002), and Guicharnaud (2002).
Vitric soil horizons with BD >1 excluded
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of limited infiltration during winter. Therefore, only a pro-
portion of the precipitation infiltrates the soil, especially in
desert areas and in the highlands. Furthermore, much of the
precipitation seeps through the soil as gravitational water as
the sandy Vitrisols have limited water holding capacity,
enhancing water shortages in these systems, together with
rapid evaporation of black (warm) surfaces during summer
sunshine, as discussed in Chap. 4 about the deserts.

It is known that infiltration rates are generally high in
Andosols, and also into the coarse-grained Vitrisols. Orra-
dottir et al. (2006, 2008) investigated infiltration of various
soils in Iceland and found that summer rates ranged between
28 and 363 mm h−1. The summer rates are higher for
sandy soils (102–363 mm h−1) than finer textured soils
(28–94 mm h−1). These rapid rates indicate that most of the
precipitation during summer will enter the soil and that water
erosion is unlikely in most cases, except on steep slopes with
loose Andosol remnants, also considering that high intensity
rainstorms are not common under the sub-Arctic climate.
Infiltration rates during winter, when the soils become frozen,
are quite different from the summer rates. Winter rates are
generally reduced in the Andosols (vegetated surfaces) except
where vegetation cover is vigorous (e.g., birch forests), yet
infiltration is allowed, but numbers vary greatly between
vegetation and soil types (0–72 mm h−1) with disturbed or
heavily grazed sites having the lowest rates. Even where
infiltration is greatly reduced due to frost, the vegetation cover
reduces water erosion, but runoff is inevitable from the deserts
in winter. Orradottir’s research (Orradottir 2002; Orradottir
et al. 2008) shows that in soils with limited vegetation cover
(Vitrisols), a concrete type of ice can form that can impede
infiltration completely. Higher winter infiltration rates some-
times found for sandy Vitrisols are most likely associated with
relatively dry conditions, with little frost in the ground.

Impeded infiltration in winter has important conse-
quences for the hydrology of the 40,000 km2 of desert land
in Iceland. Frequent snowmelt events in winter result in
rapid surface runoff, with temporary flooding of rivers and
loss of water from the desert ecosystems. Figure 7.6 shows a
snowmelt event on frozen ground with coarse sand near
Mt. Hekla, but surface water is only seen during such events.

Vegetation types have an interesting influence on the type
of ice that forms in the soil during winter, with birch and rich
grassland allowing for good infiltration (porous ice lenses),
while planted coniferous patches and deserts have low winter
infiltration rates (concrete ice; Orradottir et al. 2008). The
research also indicates that heavy grazing reduces infiltration
rates by causing soil compaction and altering vegetation vigor
and the root mat, which in turn enhances the formation of
concrete ice in the soil (Orradottir et al. 2006).

7.4.2 Water Retention

The water retention of the soils of Iceland varies consider-
ably between soil types. Typical values are presented in
Table 7.2. The Histosols and the Histic Andosols have
extremely high water contents, even at the 15 bar (1.5 MPa)
wilting point, and both Gleyic and Brown Andosols also
have quite high water contents. The high water retention of
the Icelandic Andosols is related to the nature of the
porosity, which is usually characterized by capillary poros-
ity, with limited macro porosity (Bartoli and Burtin 2007).
The coarse-grained Brown and Gleyic Andosols of the
volcanic zone generally have lower water retention than the
fine-grained soils (30–50 % at saturation), which is exem-
plified in coarse Brown Andosols of the Gunnarsholt area
(South Iceland) studied by Strachan et al. (1998).

Fig. 7.4 Bulk density of 83 soil horizons with 2–8 % carbon as related tocarbon content (left) and allophane content (right). Based on AUI data
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The numbers in Table 7.2 show considerable variability.
This variability is demonstrated for 15 bar water retention in
Fig. 7.7, where water retention in relation to clay and carbon
content is plotted for low (<1.5 % C), median (1.5–8 % C)
and high carbon content horizons (>8 % C). The water
content is both related to the carbon contents (graphs to the
right) and clay content (graphs on the left). This variability
can be expected as these horizons are from soil profiles

scattered around the country, taken from various depths.
These graphs are based on horizons and do not represent soil
types per se, as horizons within each profile most often have
a range of clay contents, carbon values, and water charac-
teristics, indicated by the wide scattering of the data.

At lower carbon contents, both clay and carbon contents
contribute to the 15 bar water retention (upper four graphs in
Fig. 7.7). However, at higher carbon contents, there is an

Fig. 7.5 A soil profile being
sampled for bulk density. Tin
cans of known volume are driven
into the different soil horizons.
Profile from South Iceland with
numerous tephra layers from the
Hekla and Katla volcanoes.
The coarse tephra layers have
disruptive influence on water
conductivity. AUI/OA/RAG
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inverse relationship between allophane content and 15 bar
water retention. This is because at high carbon contents, the
pH becomes low and allophane formation is inhibited, but
the water retention is governed by the increased carbon
content (lowest graphs in Fig. 7.7).

Although the water retention values for Vitrisols (andic/
vitric soils of barren areas) are considerably lower than for
the other soil types, these soils do exhibit considerable water
holding capacities that are much larger than in inorganic
sandy soils found elsewhere. This is due to the inherent
porosity of the vitric materials and the high water retention
of the allophane present, even though it is in low quantities.

The high water retention of soils of Iceland has profound
influence on the nature of Icelandic ecosystems. Given
proper infiltration with good vegetation cover, these soils
can store enormous water quantities, making the systems
relatively resistant to drought conditions during the short
growing season from May/June–August/September. This

ability is, of course, affected by other properties, such as the
presence of coarse tephra layers, which can block capillary
rise of water within the pedon. Under such conditions deep
roots become quite important for water transfer, both
upward and downward, with deep-rooted trees such as
mountain birch best suited for conditions close to the active
volcanoes.

The Vitrisols and the sandy Brown and Gleyic Andosols
do not have this water retention ability, and some of the
Andosols are shallow, limiting the water storage capability.
In addition, the dark surface of Vitrisols that lack vegetation
cover warm up in sunlight, accelerating evaporation and
soon resulting in drought conditions. Periodic droughts do
occur in Iceland, in spite of the humid climate, typically
lasting 3–6 weeks. This is enough time to cause severe water
shortage in the dark surfaced Vitrisols, but also in sandy
(vitric) Andosols. Plants in such areas usually have extensive
root systems to increase water and nutrient availability.

Fig. 7.6 Water on the surface
during snowmelt on very sandy
soils near Mt. Hekla. The ground
has mostly concrete ice form with
very slow infiltration rates. Water
is never seen on the surface when
the ground is not frozen
(extremely high infiltration rates).
Photo © Elin Fjola
Thorarinsdottir (ISCS)

Table 7.2 Typical water holding capacities of Icelandic soil types

Soil type Field capacity (0.3 bar) Wilting point (15 bar) Water holding capacity

%

Histosol 200–350 150–250 80–200

Histic Andosol 100–200 75–150 50–125

Gleyic Andosol 40–100 30–70 15–40

Brown Andosol 30–100 15–70 15–40

Vitrisol 5–40 5–30 5–15

Based on the AUI soil database. Data for sandy tephra layers are excluded
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7.5 Cohesion and Erosion Susceptibility

The high infiltration rates of soils in Iceland during frost-free
periods reduce potential surface runoff, with minimal risk of
water erosion except on sparsely vegetated slopes, but low

water erosion risks are commonly reported worldwide for
Andosols (McDaniel et al. 2012). However, water infiltra-
tion is greatly reduced in winter, leading to saturated soils
over frozen subsurface layers. As Icelandic Andosols lack
the phyllosilicates that provide other soil types with

Fig. 7.7 15 bar (1.5 MPa) water content in soil horizons with a <1.5 % C, b 1.5–8 % C, and c >8 % C in relation to clay and carbon content. See
explanation in text
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cohesion, these saturated soils can be noncohesive. Soils in
Iceland are often thixotropic in nature, meaning that they
easily reach the liquid limit upon disturbance at high water
contents, even though they seem cohesive before the dis-
turbance (Fig. 7.8). In other words, the soils can contain
large amounts of water and yet appear relatively dry until
they are disturbed or become too saturated with water. When
disturbed, the water is readily released. This can lead to
massive soil erosion by water, and trigger landslides, which
are common in Iceland (Fig. 7.9).

The unique water holding characteristics of Andosols,
with their thixotropic nature is well illustrated by measure-
ments of the plastic limits of the soils (Atterberg limits), and
placing the soils on the well-known Casagrande plasticity
chart. Most soils of the world fall somewhere near the A-line
on the chart, but Andosols have a very narrow range from
being plastic until they reach the liquid limit (low to zero
plasticity index; PI). This occurs at very high water contents,
placing the soils separate from other world soils near the zero
PI line at high liquid limits (LL) as can be seen in Fig. 7.10.

Fig. 7.8 The noncohesive thixotropic nature and extremely high liquid
limit of the Andosols is demonstrated by a clod of soil, and the same
soil after applying some disturbance and pressure on the clod

Fig. 7.9 A massive landslide that occurred in the spring of 2013 in
Northeast Iceland during spring thaw. Some parts of the surface were
frozen, which allowed for building up high pressures in the soils from

the snowmelt, resulting in shear failures. After the failure, the soils
reach the liquid limit causing rapid flow of the materials down the slope
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The andic colloidal matter has a tendency to form silt-
sized stable aggregates as is discussed in Chap. 5 on An-
dosols. Silt-sized particles generally lack cohesion, but are of
the size easily picked up by the wind (saltation movement,
see Chap. 11 on the aeolian environment). The thicker Ice-
landic Andosols (close to aeolian or volcanic sources) also
lack coarse fragments, as the parent materials have been
deposited by the wind or as volcanic ash. These soils are

therefore extremely susceptible to wind erosionerosion,
when the vegetation cover is disturbed. The wind and water
are often “coworkers” at sites with disturbed Andosols in
Iceland: wind erosion can be active during dry spells and
water erosion during wet periods, especially in winter when
infiltration rates are reduced (Fig. 7.11). This in part explains
the extreme soil erosion that has occurred in Iceland over the
last millennia (see Chap. 12).

Fig. 7.10 Icelandic Andosols
placed on the Casagrande
plasticity chart. Based on Arnalds
(1990)

Fig. 7.11 Bare soils with
concrete ice haltering infiltration,
exposed to water erosion. Severe
wind erosion occurs at this site
when the soils are dry. Photo ©
Berglind Orradóttir, AUI
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7.6 Simplified Pedon Descriptions

Following are pedon descriptions for nine pedons of various
characters obtained from a diverse range of environmental
settings. Analytical data is presented for these soils in the
subsequent chapters.

These descriptions come from various research cam-
paigns: Three European COST-622 profiles, two from the
Ph.D. work of the author, two desert profiles published by
Arnalds and Kimble (2001), and finally two profiles
obtained for the AUI soil database. The system used for each
of the descriptions is kept unchanged. Site descriptions are

shortened and the soil descriptions are slightly abbreviated.
Photos of all the profiles (Figs. 7.12, 7.13, 7.14, 7.15, 7.16,
7.17, 7.18, 7.19, and 7.20) are also shown. Note Capital T
means that the horizon is a single tephra layer, but tx has
x number of well-noticeable tephra layers.

COST EUR-07; Ós, Northwest Iceland.
Described by AG Jongmans, F Van Oort and O Arnalds.
Soil: Histic Andosol (Iceland system), Orthidystri-Vitric

Andosol (WRB 2001), Ashy, amorphic Eutric Pazchic
Fulvicryand (Soil Taxonomy 1999). Frigid temperature
regime, Udic moisture regime, MAT: 2.5 °C, MAP: 550 mm.
Winters mild, summers cool.

Fig. 7.12 The Ós soil pedon
(Northwest Iceland—Histic
Andosol) from the EU COST-622
project. The hummocky
landscape show well up in the
profile (see pedon descriptions in
this chapter and chemical data in
Chap. 8)

Fig. 7.13 The Auðkúluheiði
pedon (Northwest highlands—
Brown Andosol) from the EU
COST-622 project. Cryoturbated
rhyolitic Hekla tephra layer
prominent in the profile. (See
pedon descriptions in this chapter
and chemical data in Chap. 8)
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Gently rolling glaciated landscape with west facing gentle
slope. The surface is hummocky with steep 20–50 cm high
hummocks. The vegetation is “half-drained” grassland with
vegetation strongly affected by grazing.

Bedrock is about 10,000 years glacial till, but about 1 m
thick aeolian and tephra deposits on top, both basaltic and
some rhyolitic grains,with distinctive tephra layers (Table 7.3;
Fig. 7.12).

Pedon COST EUR-08; Auðkúluheiði. Northwest
highlands.

Described by AG Jongmans, F Van Oort and O Arnalds.
Soil: Brown Andosol (Iceland system), Dystri-Vitric

Andosol (WRB 2001), Ashy, amorphic Typic Vitricryand
(Soil Taxonomy 1999). Cryic temperature regime, Udic
moisture regime, MAT: 1.0 °C, MAP: 800 mm. Mild winter,
frost 6–9 months, snow cover 3–7 months, summers cool.

Gently rolling glaciated landscape, nearly level. The
surface is hummocky with steep 10–30 cm high hummocks.
The vegetation is typical poor heathland, with Betula nana,
Empetrum nigrum and Vaccinium spp. Vegetation strongly
affected by grazing.

Fig. 7.14 The Hella pedon (South Iceland—Gleyic Andosol) from the
EU COST-622 project. Lower part of the soil is more organic (darker),
but becomes light colored from lighter colored tephra fragments
(aeolian deposition) and less organic matter after the Settlement. The
“Settlement tephra layer” evident at the color change. Upper part of the
profile cryoturbated (changes in landuse, vegetation cover and climate).
(See descriptions in this chapter and chemical data in Chap. 8)

Fig. 7.15 The Godafoss Pedon
(NE Iceland—Brown Andosol)
from Arnalds (1990), Arnalds
et al. (1995). Light colored tephra
layers are from Mt. Hekla. Dark
layer from about 30 cm is from
1480 AD. This pedon is discussed
in further detail in Chap. 9 on
genesis. (See descriptions in this
chapter and chemical data in
Chap. 8)
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Fig. 7.16 The Thingvellir Pedon (SW Iceland—Brown Andosol) from
Arnalds (1990), Arnalds et al. (1995). The soil has some relatively clay
rich horizons (allophane + ferrihydrite > 35 %), but is lacking
prominent tephra layers. (See descriptions in this chapter and chemical
data in Chap. 8)

Fig. 7.17 The Möðruvellir Pedon (North Iceland—Histic Andosol)
from the AUI Soil Database. The soil is >2 m thick with higher organic
contents with depth. Light colored tephra layers are from Mt. Hekla.
(See descriptions in this chapter and chemical data in Chap. 8)
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Bedrock is 9,000–10,000 years old glacial till, but
50–100 cm thick aeolian and tephra deposits on top, both
basaltic and some rhyolitic grains, with distinctive tephra
layers (Table 7.4).

Pedon COST EUR-09; Hella. South lowlands.
Described by AG Jongmans, F Van Oort and O Arnalds.
Soil: Gleyic Andosol (Iceland system), Thaotihisti-Vitric

Andosol (Umbric and Pachic) (WRB 2001), Ashy, amorphic
Eutric Pachic Fulvicryand (Soil Taxonomy 1999). Frigid

temperature regime, Udic moisture regime, MAT: 4.5 °C,
MAP: 1,150 mm. Summers cool, mild winters, 4–5 months
growing season. Plain of southern lowlands. The surface is
hummocky. The vegetation type is grassland. Very notice-
able environmental change about the Settlement 1,125 years
ago, increased aeolian deposition resulted in higher mineral
content in the sediments and lighter soil colors. Profile is
situated in a 2-year-old ditch, 2.5 m deep. Parent materials

Fig. 7.18 The Breiðdalur Pedon (Southern Eastfjords—Gleyic Ando-
sol) from the AUI Soil Database. Dark tephra layer at 40 cm is from
1480 AD but the rhyolitc tephra from 1875 (Askja) and is disruptive to
water conductivity in places. The upper part is quite cryoturbated.
Darker upper color is in part because of increased aeolian deposition of
black basaltic tephra grains from the growing desert in Northeast Iceland

Fig. 7.19 The Sigalda Pedon (South highlands—Cambic Vitrisol)
from Arnalds and Kimble (2001). The soil is sandy but some allophane
and organic matter are found in the Bw horizon
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are aeolian sediments, many tephra layers, and organic
materials. Site is near Mt. Hekla and is influenced by vol-
canic activity in both Mt. Hekla and Katla (Table 7.5).

Pedon Godafoss, Northeast Iceland.
Described by O Arnalds, CT Hallmark and LP Wilding.
Soil: Brown Andosol (Icelandic scheme), ashy over

medial Vitric Haplocryand (Soil Taxonomy).
Soil formed in aeolian and tephra materials (“eolian-an-

dic”) overlying about 9,000 year old glacial till. Summit
position, gently rolling, 260 m a.s.l. Well drained. Land is
open range for sheep grazing with typical heath vegetation
(poor heathland). Source: Arnalds (1990), Arnalds et al.
(1995) (Table 7.6).

Pedon Thingvallasveit. Southwest Iceland.
Described and sampled by LP Wilding, CT Hallmark and

O Arnalds.
Soil: Brown Andosol (Icelandic scheme); medial Typic

Haplocryand (Soil Taxonomy).

Soil formed in volcanic aeolianmaterials (“aeolian-andic”)
overlying about 9,000 year old glacial till. About 200 m ele-
vation on gently rolling glacial till, 3° slope SSE. Moderately
drained site with moss heath vegetation (poor heathland) with
Rachomitriummoss together with common dwarf shrub heath
such as Calluna, Empetrum and Vaccinium spp. Source:
Arnalds (1990), Arnalds et al. (1995) (Table 7.7).

PEDON Möðruvellir II. North Iceland.
Described and sampled by Arnalds et al. (2001).
Soil: Histic Andosol (Icelandic scheme).
Profile taken at side of newly restored manmade ditch at

24 m elevation at slightly sloping site. Site used for hay
production. Parent materials made of different mixture of
aeolian materials and organic residues, interrupted by few
major tephra layers (Hekla tephra). Soil qualifies as peat
(>20 % C) in many subsurface horizons, but not in the
control section of the surface (Table 7.8).

Pedon Breiðdalur. Southeast Iceland.
Described and sampled by O Arnalds, R Guicharnaud

and B Oladottir.
Soil: Gleyic Andosol (Icelandic scheme).
Profile dug into grassland/rich heathland in a valley bottom

at 130 m elevation. Grass species and dwarf shrub heath
vegetation. Rather poorly drained site. Rare confirmed
occurrence of smectite at the bottom of the profile (Table 7.9).

Pedon Sigalda. Southern highlands.
Described and sampled by Olafur Arnalds and Asa

L. Aradottir.
Soil: Cambic Vitrisol (Icelandic scheme); ashy, shallow,

amorphic Typic Vitricryand (Soil Taxonomy)
The site is sandy undulating glacial till influenced by

aeolian processes and frost heaving of coarse fragments.
Desert surface; there is almost no vegetation cover (0.5 %).
The little vegetation there is remains grazed. Elevation is
540 m a.s.l., MAP 1,200 mm, average July mean tempera-
ture about 7 and −5 °C in January. Source: Arnalds and
Kimble (2001) (Table 7.10).

Pedon Myrdalssandur, south lowlands, glacial
floodplain.

Described and sampled by Olafur Arnalds and Asa
L. Aradottir.

Soil: Sandy Vitrisol (Icelandic scheme); ashy, shallow,
amorphic Typic Vitricryand (Soil Taxonomy).

Unstable glaciofluvial floodplain, most of current surface
formed during massive “jökulhlaup” flood during a Katla
eruption. Active aeolian processes. Materials consisting of
basaltic glass and pumice and some more crystalline frag-
ments. Site at about 30 m elevation, MAP about 1,800 mm,
average July temp about 10 °C and about 0 °C in January.
The surface is sandy desert with about 1 % vegetation cover.
Source: Arnalds and Kimble (2001) (Table 7.11).

Fig. 7.20 The Mýrdalssandur Pedon (South lowlands—Sandy Vitr-
isol) from Arnalds and Kimble (2001). The soil has formed in recent
(1918) glaciofluvial deposits that are continuously affected by erosion
losses and aeolian additions

84 7 Physical Characteristics



Table 7.3 Pedon COST EUR-07, Ós. NW Iceland, Fig. 7.12

Horizon Depth (cm) Munsell color Description

O 0–5 5YR 3/2 Dominantly partly decomposed organic material; some mineral particles are present; very
weak fine granular structure; clear and smooth to:

Ah 5–17 5YR 3/3 Loam; weak, fine subangular blocky/granular structure; friable; pores are not detectable;
common very fine and fine roots; abrupt and wavy to:

AC 17–35/50 2.5YR 3/4 Stratified horizon; organic clay loam; moderate fine platy structure; friable; few fine to
medium iron mottles, brown to dark brown (7.5YR 4/4); common, fine to coarse
roots; smooth to:

2BC 35/50–65 5YR 3/2 and 5YR 2.5/2 Organic loam; no macro structure; friable; common fine and medium roots; few, distinct
iron mottles, red (2.5YR 5/8); smooth to:

3BC 65–73 10YR 6/6 and 10YR 5/4 Organic loam; no macro structure; friable; common fine and medium roots; few, distinct
iron mottles, red (2.5YR 5/8); smooth to:

3CB T 73–82 10YR 5/4 and 5YR 2.5/1 Stratified horizon, consisting of H4 tephras from Hekla (4,000 years BP) having two
colors: lower part yellowish brown (10YR 5/4), upper part (3 cm) very dark gray to
black (5YR 2.5/1); thickness of the individual layers range from 0.5 to 4 cm; light
colored tephra: loam; dark colored tephra: organic clay loam; moderate fine platy
structure; friable; common fine and medium and few coarse roots; very few, fine and
medium iron mottles, red (2.5YR 5/8); abrupt and smooth to:

4Bw 82–90/100 5YR 3/3 Organic clay loam; few coarse partly altered basaltic gravel and stones; weak, fine
subangular blocky; friable; common fine roots; few, medium, distinct iron mottles,
red (2.5YR 5/8), dominantly concentrated along pores and stones; abrupt and wavy
to:

4B/Cg >90/100 5Y 4/1 Clay; many coarse gravel to boulders, subangular, altered; no macro structure; friable;
common, medium and coarse, prominent iron mottles, red (2.5YR 4/8), dominantly
concentrated around pores and stones; few fine roots

Table 7.4 Pedon COST EUR-08, Auðkúluheiði, NW highlands, Fig. 7.13

Horizon Depth (cm) Munsell color Description

O 0–3 – Partially decomposed organic materials; abrupt and smooth to:

Ah1 3–11/19 7.5YR 3/3 Sandy loam; moderate fine to medium platy; friable; many fine to medium roots; from 12 to 16 cm
irregular bright dark yellowish brown (10YR 4/5) spots, 1 cm; abrupt and wavy to:

Ah2 11/19–21/27 5YR 3/3 Sandy loam; no macro structure; very friable; no biopores detectable; common fine roots; abrupt
and tonguing to:

Bw1 21/27–26/34 7.5YR 4/4 Sandy loam; no macro structure; very friable; few fine pores; common fine roots; abrupt and
tonguing to:

2Bw2 T 26/34–37/42 10YR 5/5 Bright discontinuous tephra layer, slightly weathered; sandy loam; moderate fine platy structure;
friable; common fine roots; occurrence of cryoturbationCryoturbation features, presence of
material from the over- and underlaying horizons; abrupt and wavy to:

3Bw3/4C 37/42–59/62 7.5YR 3/5 30 % 4C, glacial till material, dark yellowish brown (10YR 4/4); loam; few fine gravel,
subrounded, up to 3 cm, slightly weathered; no macro structure; friable; few, fine roots; abrupt
and smooth to:

4C >59/62 10YR 4/4 Glacial till; sandy clay loam; fine gravel to boulders, subrounded, partly weathered; layers of 2 cm
consisting of 3Bw material, distributed inclined to the soil surface as a result of cryoturbation;
no macro structure; friable; few fine roots in the upper 10 cm

7.6 Simplified Pedon Descriptions 85



Table 7.5 Pedon COST EUR-09, Hella, S-Iceland, Fig. 7.14

Horizon Depth
(cm)

Munsell
color

Description

Ah 0–55 5YR 3/3 Loam; the horizon has a high organic matter content; locally pockets of angular, fine gravely and sandy
material; disturbed stratification, the entire horizon shows features of cryoturbation

2C T 55–60 2.5YR 2.5/0 A basaltic ash layer of 5 cm, very dark gray to black with a loamy sand texture; friable; common fine to
medium roots; clear and wavy to:

3H 60–95 7.5YR 3/3 Stratified horizon consisting of plant remnants; friable; common fine and medium roots; occurrence of
discontinuous fine bands of basaltic ash; clear and wavy to:

3C 95–100 10YR 3/2 95–100 cm; very dark grayish brown (10YR 3/2), with light spots of sand grains, light yellowish brown
(10YR 6/4); no macro structure; friable; few fine roots; abrupt and wavy to:

4H 100–230 2.5YR 2/0 Stratified horizon consisting of organic material with aeolian mineral and basaltic pyroclastic [black
(2.5YR 2/0)] layers with a loamy sand texture and ranging in thickness from 1 to 10 cm; at 160 cm
some mineral layers up to 2 cm consisting of lighter colored rhyolitic material; organic material and
ash layers are friable; at 120 and 170 cm wood remnants of birch up to 20–30 cm in size

Table 7.6 Pedon Godafoss, N-Iceland, Fig. 7.15

Horizon Depth (cm) Munsell color Description

A1 0–4 7.5YR 3/2 Mucky loam; weak fine granular parting to weak fine platy structure; very friable; many fine roots;
clear smooth boundary

A2 4–12 5YR 3/3 Mucky loam; weak fine subangular blocky parting to weak fine granular structure; very friable;
many fine roots; clear smooth boundary

A3 12–20 5YR 3/3 Loam; weak fine subangular blocky parting to weak fine granular structure; very friable; many
fine roots; clear smooth boundary

A4-(t1) 20–26 7.5YR 3/2 Loam; weak fine subangular blocky parting to weak fine granular structure; very friable; many
fine roots; includes thin black (10YR 2/1) tephra layer; abrupt wavy boundary

Bw1-T 26–29 10YR 2/1 Loamy fine sand; weak medium subangular blocky structure; very friable; common fine roots;
tephra layer AD 1480; abrupt wavy boundary

Bw2-(t1) 29–41 5YR 3/2 Silt loam; weak medium and coarse subangular blocky structure; friable; common fine roots:
pockets of a remnant yellowish red (5YR 5/6) tephra layer (H1?) incorporated in horizon,
about 30 % (by volume) of horizon; clear smooth boundary

Bw3 41–49 5YR 3/3 Loam; weak medium and coarse subangular blocky structure; friable; common fine roots; abrupt
wavy boundary

Bw4-T 49–57 10YR 5/4 Silt loam; many medium distinct strong brown (7.5YR 5/6) mottles; weak medium platy parting
to weak medium subangular blocky structure; friable; common fine roots; many fine vesicular
pores; horizon is H3 tephra (2900 BP); abrupt wavy boundary

Bw5 57–65 5YR 4/4 Silt loam; weak medium subangular blocky parting to medium granular structure; friable;
common fine roots; about 10 % (by volume) of horizon contains dark reddish brown (5YR 3/
3) material from horizon below; clear smooth boundary

Bw6 65–70 5YR 3/2 Loam; weak medium subangular blocky structure; friable; few fine roots; lower boundary is
irregular on microscale with lobes of the underlying white tephra extending abruptly into the
horizon; pockets are slightly brittle; abrupt wavy boundary

Bw7-T 70–73 10YR 6/4 Silt loam; many fine distinct strong brown (7.5YR 5/6) mottles; weak medium palty structure;
friable; few fine roots; horizon is H4 tephra (4000 BP); mottles occur along plate surfaces; root
channels and vesicular pores; abrupt wavy boundary

Bw8-(t1) 73–91 5YR 4/6 Silt loam; weak medium and coarse subangular blocky structure; friable; common fine roots; dark
reddish brown (5YR 3/3) pockets of loam-textured material are mixed in the horizon; a thin
1–2 cm brown (10YR 5/3) tephra layer occurs in the horizon; many fine vesicular pores; clear
wavy boundary

2Bw9 91–101 5YR 3/4 Loam; weak coarse subangular blocky structure; slightly brittle; firm; few fine roots; coarse
fragments are gravel-sized and originate from below; lower portion of horizon is olive brown
(2.5Y 4/4) grading to the till below; 10 % coarse fragments; clear wavy boundary

2C 101–121 5Y 4/2 Gravelly loam; weak coarse platy structure; friable; few fine roots; glacial till is relatively dense as
fines are packed between coarse fragments (subrounded basalt gravel and cobbles); about
10 % of horizon is gravels >2 cm; a few oxidized dark reddish brown (5YR 3/3) vertical
planes extend through horizon; 25 % coarse fragments
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Table 7.7 Pedon Thingvallasveit, SW Iceland, Fig. 7.16

Horizon Depth
(cm)

Munsell
color

Description

A1 0–12 7.5YR 3/2 Silt loam; weak very fine granular structure; very friable; many fine pores; many fine roots; clear smooth
boundary

A2 12–28 5YR 3/3 Silt loam; weak medium subangular blocky parting to weak fine granular structure; very friable; many
fine pores; many fine roots; clear smooth boundary

Bw1 28–61 5YR 3/4 Silt loam; weak coarse subangular blocky parting to weak very coarse platy structure; very friable; many
fine pores; common fine roots; clear smooth boundary

Bw2 61–68 10YR 4/3 Silt loam; weak coarse subangular blocky parting to moderate coarse platy structure; friable; many fine
pores; common fine roots; abrupt smooth boundary

2Bw3 68–87 10YR 4/2 Silt loam; few medium faint dark yellowish brown (10YR 4/4) mottles; moderate very coarse platy
structure; friable; few fine roots; occasional vertical fractures noted; abrupt smooth boundary

2C 87–142 10YR 4/1 Silt loam; few medium distinct yellowish brown (10YR 5/4) and common medium distinct brown
(7.5YR 4/4) mottles; moderate medium platy parting to strong fine platy structure; firm; very few fine
roots; structure is inherited from parent material; mottles along root channels and some bedding
planes; very occasional vertical planes

Table 7.8 Pedon Mödruvellir II, N Iceland, Fig. 7.17

Horizon Depth (cm) Munsell color Texture and structure

A1 (H) 0–30 7.5 YR 5/6 Loam. Very weak fine granular structure. Very friable. Many very fine to medium roots. No
mottles. Abrupt wavy boundary to:

2O1 30–55 10 YR 4/3 Very weak thin platy structure. Friable. Many very fine and fine roots. No mottles. Abrupt wavy
boundary to:

2O2 55–83 5 YR 3/2 Weak fine and medium subangular blocky structure. Friable. Many very fine and fine roots.
No mottles. Stratification of organic matter and aeolian matter expressed by different colors.
Clear wavy boundary to:

2O3 83–98 5 YR 2.5/2 Very weak thin platy and very weak fine and medium subangular blocky structure. Friable. Mixed
with yellowish undecomposed organic matter. No mottles. Abrupt wavy boundary to:

3C - T 98–104 10 YR 7/4 Sandy loam. Very weak subangular blocky structure. Firm. Very few fine roots. Few faint mottles.
Tephra layer H3 (Hekla 2800 BP). Clear wavy boundary to:

4O1 104–145 10 YR 2.5/1 Very weak thin platy and weak fine subangular blocky structure. Few very fine and fine roots.
Tephra layer in bottom, 1–2 cm, 10 YR 6/4, light reddish brown. Abrupt wavy boundary to:

4O2 145–180 5 YR 2.5/1 Weak thin platy structure. Few very fine and fine roots. Abrupt wavy boundary to: Weak thin platy
structure

4O3 180–200 5 YR 2.5/1 &
5 YR 4/4

Weak thin platy and weak medium subangular blocky structure. Very few very fine and fine roots.
Faint reddish mottles around roots (oxidized). Abrupt wavy boundary to:

4O4 200–260 5 YR 2.5/1 Weak thin platy and weak medium subangular blocky. Very few very fine roots. Up to 2 diameter
centimeter stems of woody plants. Clear wavy boundary to:

4O5 260–300 5 YR 2.5/1 Very weak thin platy and very weak medium subangular blocky structure. Very few very fine roots.
Up to 6 cm stems of woody plants. No mottles. Abrupt wavy boundary to:

4O6 300–350+ 5 YR 2.5/1 Very weak thin platy and very weak medium subangular blocky structure
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Table 7.9 Pedon Breiðdalur, Eastfjords, Fig. 7.18

Horizon Depth (cm) Munsell color Texture and structure

A1 0–11 5YR 3/2 Silt loam; weak, medium granular structure; very friable; abundant roots of all sizes clear
wavy boundary

A2-t 11–26 5YR 3/2 Silt loam; very weak, medium subangular blocky and very weak, medium granular structure;
very friable; many fine and very fine roots; cryoturbationCryoturbation signs; tephra
(possibly “a” tephra from 1480) at the bottom, 1–3 cm thick; very abrupt wavy boundary

Bw1-t 26–37 7.5YR 3/4 Silt loam; weak, medium subangular blocky structure; many fine and very fine roots; 2 %
medium, cylindrical mottles; light colored 0–1 cm tephra at bottom (Öræfajökull 1362?);
cryoturbation signs; very abrupt, wavy boundary

Bw2 37–47 10YR 3/2 Silt loam; weak subangular blocky structure; very friable; moderately few, medium roots; dark
yellowish brown (10 YR 4/6) clear cylindrical mottles (1–3 mm); very abrupt wavy
boundary
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mottles; few fine and very fine roots; cryoturbation signs; very abrupt wavy boundary

Bw4 70–82 10YR 3/3 Silty clay loam; weak, medium subangular blocky structure; friable; few, fine and very fine
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Table 7.10 Pdeon Sigalda, South-Cenral, Fig. 7.19

Horizon Depth (cm) Munsell color Description

C 0–2 NA Gravel, wide range of diameters

2A1 2–22 10YR 3/2 Sandy loam; weak fine and medium granular structure; very friable; abrupt wavy boundary

2A2 22–34 10YR 3/2 Sandy loam; weak fine and medium granular structure; very friable; clear wavy boundary

3C 34–50+ 2.5YR 2.5/0 Loamy sand; single grain

Table 7.11 Pedon Myrdalssandur, south lowlands, Fig. 7.20

Horizon Depth
(cm)

Munsell
color

Description

A 0–4 7.5YR 2.5/0 Gravelly loamy sand; weak fine granular structure / structureless; very friable; abrupt wavy boundary

C1 4–8 7.5YR 2.5/0 Gravelly loamy sand; single grain; abrupt smooth boundary

C2 8–13 7.5YR 2.5/0 Loamy sand; single grain; abrupt wavy boundary

C3 13–25+ 7.5YR 2.5/0 Gravelly sand; single grain
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8Chemical Characteristics

8.1 Introduction and pH

Most soils of Iceland show chemical characteristics which
are typical of Andosols, yet many of these soils are youthful,
especially those close to aeolian and volcanic ash sources.
The northerly location and cold climate are also revealed in
the soil by accumulation of organic matter and slow
decomposition. The volcanic and climatic influences are
reflected by the chemical properties, such as pH and charge
properties. These general characteristics are described here,
but a table, showing common chemical properties for nine
pedons with a total of 66 soil horizons, is presented at the
end of the chapter. This chapter draws from many sources.
The Agricultural University of Iceland (AUI) soil database is
a prominent source of information, together with data from
European COST-622 research cooperation on volcanic soils
of Europe. Information is also drawn from various studies of
the author and other sources, many of which were originally
published in Icelandic.

The pH of soils in Iceland has a narrower range than often
experienced in other countries of more diverse geology,
because of the dominant influence of the aeolian materials,
recharging the soils with basic cations. Furthermore, the
values are higher than commonly reported for Andosols
elsewhere in the world, including Alaskan Andosols (Ping
et al. 1988, 1989; see also Arnalds et al. 1995). However,
there are regional differences that are depicted for surface
horizons of Brown Andosols in Fig. 8.1 (pH measured in
water). The range is generally between 5 and 7 for the
Brown Andosols, with the highest pH found in Northeast
Iceland, but the lowest in the west and in some areas of the
Westfjords. The northeast receives high amounts of aeolian
additions and is also the driest part of the country, which
minimizes lowering of the pH by leaching. Southeast and
South Iceland receive the largest amount of precipitation, but
the leaching is balanced by high aeolian additions. West
Iceland has relatively lower aeolian additions and moderate
rainfall, resulting in relatively low pH values. The pH of

soils of the Westfjords is variable, ranging from 4.5 to 6.5
for Brown Andosols. This overview image shows similar
results as was presented in a map by Johannesson (1960),
which also suggested that pH was controlled in part by the
aeolian additions and rainfall patterns.

The pH of wetland soils (Gleyic and Histic Andosols and
Histosols) is usually 0.5–1 unit lower than for the Brown
Andosols. The lowest pH is measured in Histosols in the
Westfjord area, with pH 4 in the surface horizons, and even
lower values found in subsurface horizons. Similar values
were found in some of Histosols in West Iceland (Borg-
arfjörður and Mýrar).

The soil reaction of the Vitrisols of the deserts (Vitric-
ryands according to ST) is generally higher than 7, often
around pH 7.5 (measured in water). The pH of these soils is
not much affected by organic acids and the reaction is
dominated by the basic cations. This high pH is not influ-
enced by location in the country, but lower pH occurs on
rhyolitic tephras, especially in the south in high rainfall
areas. Research shows that the pH drops rapidly after veg-
etation is established on the desert surfaces, such at the
Geitasandur LandAid research site. There, the pH dropped
from 0.3 to 0.5 units in 8 years after reclamation was initi-
ated (Arnalds et al. 2013), and older restoration efforts show
similar lowering trend.

The AUI database does not reveal a clear trend in pH with
depth except that pH increases with depth in more pedons than
it decreases with depth. The soil reaction is clearly related to
the organic content of the soil horizons as is illustrated in
Fig. 8.2. The regression equation with R2 of 0.49 is highly
significant, even though data are used from various depths of
pedons scattered around the country. The variability, reflected
by the scattering of the data points, can be related to the
interacting effects of aeolian depositions and carbon accu-
mulation, with lows at wetland sites far from aeolian deposi-
tion. At such locations, less amount of basic cations are
released during chemical weathering and conditions are
optimal for carbon accumulation. There are a cluster of data
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points at low carbon contents that both represent Vitrisols of
high pH and also surface horizons with rhyolitic tephra in high
rainfall areas showing lower pH.

Soil reaction measured in weak KCl solution (1 M) is
generally 0.5–1.5 unit lower than pH measured in water. Soil
reaction measured in KCl releases reserve acidity (Al3+ and
H+) from exchange sites, which is considerable according to
these data. However, this reserve acidity is strongly related
to the pH of the soil, and is most visible at higher pH, with a
highly significant negative correlation with pH measured in
water (Fig. 8.3).

An important property of Andosols is a strong response of
pH to a weak NaF (1 M) solution, which often is used to
identify the presence of andic soil materials, such as allophane
and organo-mineral complexes (metal–humus complexes).
This occurs because the active F− ion replaces OH− from the
surfaces of the andic materials, thus increasing the pH. The pH
(NaF) of the soils is predominantly <9.5 and is commonly
between 10 and 11.5 (Fig. 8.4, see also table at the end of the
chapter). The lower pH (NaF) values seen in the graph are both
fromVitrisols and someHistosols with high carbon values but
low (Al + ½Fe)ox indicating less andic influences.

Fig. 8.1 A range for pH for
surface horizons of Brown
Andosols in the major regions of
Iceland. Data from the AUI
Database, prepared by SHB/OA;
AUI

Fig. 8.2 The relationship between soil pH (H2O) and carbon content
for 319 soil horizons. Based on the AUI Soil Database

Fig. 8.3 The reserve acidity (pH H2O–pH KCl) as a function of soil
pH in H2O, showing an increase with increased pH. Based on AUI Soil
Database

92 8 Chemical Characteristics



8.2 Charge Characteristics

Cation exchange capacity (CEC) is a measure of the capacity
of the soil to retain cations in the soils which can be sub-
sequently supplied to plant roots and organisms in the soil.
CEC is therefore an important measure of soil fertility. It can
either be determined directly or the exchangeable cations
making up the CEC can be measured independently and
added together. The cations Ca++, Mg++, Na+, and K+ are the
main “basic cations,” while H+ and Al3+ are the “acid cat-
ions,” contributing to soil acidity. The proportion of the sum
of bases (SB) in the total CEC is termed “base saturation”
(given as %).

There is a considerable difference in charge measured
either as CEC or SB between the major soil classes in Iceland.
Factors that affect the CEC include organic carbon, the
amount of clay in the soils, and the pH. The AUI soil database
contains mostly data for exchangeable bases (Ca++, Mg++,
Na+, and K+) which are determined by using ammonium
acetate buffered at pH 7. An average of 238 horizons from the
AUI soil database gave an average SB of 24 cmolc kg−1

(meq 100 g−1) for Andosols and Histosols (not counting
Vitrisols). The SB is generally highest for the organic hori-
zons, often with 15–30 cmolc kg

−1, but some histic horizons
have SB > 50 cmolc kg

−1. Surface horizons of Brown and
Gleyic Andosols generally have SB of 10–20 cmolc kg

−1 but
the sum drops below 10 in areas receiving large amount of
aeolian or tephra materials (low in clay and C). The Vitrisols
(see Sect. 6.5) have SB 2–10 cmolc kg

−1, which originates
from significant, yet low, amounts of allophane and organic
matter. A multiple regression relating SB to organic content,
clay, and pH (H2O) yielded a regression coefficient of 0.28

with p < 0.0001 (n = 238). This analysis (using the AUI
database) was made for 238 horizons at various depths from
evenly distributed pedon locations of Andosols and Histosols
(excluding Vitrisols). This low coefficient, although highly
significant, shows that there are many other factors that affect
the charge characteristics than the amount of organicmaterials
or clay, such as various humification stages of the organic
matter (noted by Madeira et al. 2007b), but also the nature of
the parent materials and possible presence of calcite in some
horizons. Similarly made regression coefficients made for a
database for European Andosols are generally higher
(Madeira et al. 2007b).

The dominant exchangeable cation is calcium, reflecting
the chemistry of the basalt glass in the soils. Calcium was
generally 50–70 % of the exchangeable cations, with Mg++

also being abundant, often about 1/3–½ of the exchangeable
Ca++. Exchangeable K+ is generally 0.5–2 cmolc kg

−1 and
Na+ 2–5 cmolc kg−1 according to the AUI database. Ice-
landic Andosols had the highest proportion of Ca++ in the
exchangeable bases of the European Andosols studied under
the COST-622 program (Madeira et al. 2007b), reflecting Ca
rich volcanic parent material of soil in Iceland. KCl
extractable Al3+ is generally low, indicating high base sat-
uration of the soils as shown in the COST-622 study by
Madeira et al. (2007b). A study by Arnalds et al. (1995)
gives similar CEC values as the range in SB stated above.

The charge of Icelandic Andosols is characterized by the
pH dependency of the charge. With rising pH, there is a
proportional increase in the number of negative charges
provided by soil colloids. CEC is therefore quite dependent
on the pH during the extraction. It should therefore be stressed
that the AUI method for determining the SB tends to over-
estimate the sum of exchangeable bases for the lower pH soils
because of pH-dependent charge, but it still gives a good
indication of the overall exchange properties. An analysis of
three Icelandic pedons under the COST-622 program gives a
good indication of the differences in pH-dependent charge
properties (Table 8.1). Data for the uppermost 30–50 cm of
soils are shown in the table. The pH and % C is typical for
many soils in Iceland. The SB (measured at pH 7) ranges
between 18 and 43 cmolc kg−1, and there is very little
extractable Al3+, resulting in the SB being the same as CEC7,
measured at pH 7. However, CEC measured at soil pH
(CECS) is considerably lower for the EUR-N7 pedon due to
the pH dependent charge. The EUR N8 and EUR N9 have
about the same CEC7 and CECS but the EUR N8 soil has
higher pH and lower organic C, while the low difference for
EUR-N9 (19.8 vs. 18) in spite of lower pH and high pH may
in part be attributed to limited humification of the organic
matter and relatively low allophane content.

It can be concluded from the paragraphs above that
CEC of Icelandic soils is relatively favorable in most cases.
This influences the fate of radioactive fallout materials such

Fig. 8.4 pH (NaF) as a function of andic materials measured as
(Al + 1/2Fe)ox (oxalate extractable aluminum and iron), showing a
marked increase with andic soil properties. Most of the pH (NaF) is >9
and much of the values >10. Based on the AUI Soil Database
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as 137Cs. Research shows that the amount of fallout cesium
from the nuclear testing period is mostly dependent on
precipitation, and that the majority of the 137Cs (83 % on
average) is retained in the uppermost 5 cm of the soil (CEC
sites) (Sigurgeirsson et al. 2005). This is more than 40 years
after the major fallout maximum in 1965. This shows the
ability of Icelandic Andosols to retain polluting anions in
surface horizons. Interestingly, Sigurgeirsson et al. (2005)
found that the Vitrisols (vitric soils of the deserts) with only
2–5 % clay content and limited organic content retained
76 % of the 137Cs fallout from the nuclear testing period,
showing that the Vitrisols are unique for such recent sandy
sediments. However, rapid aeolian deposition has the ten-
dency to bury former surface horizons retaining fallout
137Cesium.

Soils in Iceland also have anion exchange properties at low
pH, primarily the Histic Andosols and the Histosols. Anion
capacity can help retaining important anions such as NO3

−.
Madeira et al. (2007b) showed a general anion exchange
capacity range for Icelandic pedons of 2–5 cmolc kg−1

(examples in the last column of Table 8.1). The pedons
investigated by Madeira et al. (2007b) all had pH > 5.5 and
presumably the anion exchange is considerably higher for the
low pH soils.

8.3 Phosphorus Retention

Pronounced phosphorus retention is among the diagnostic
properties of Andosols (Dahlgren et al. 2004) as is discussed
in Chap. 5 on Andosols in general. Madeira et al. (2007a)
showed that the P-retention in European Andosols was
related to Al–humus complexes (organo-mineral com-
plexes), allophane and ferrihydrite, but not to the total

carbon content. Icelandic soils show typical tendencies for
phosphorus retention, with general values >90 % for rea-
sonably developed Brown and Gleyic Andosols with lower
values for less weathered coarse-grained and silicic tephra
horizons (20–50 %) (Arnalds et al. 1995). The COST-622
database (Buurman et al. 2007) indicates somewhat lower P-
retention (80–90 %) for histic soil horizons compared to the
Andosol horizons lower in organic matter (see table for nine
pedons at the end of the chapter).

The Vitrisols of the desert surfaces (Vitricryands
according to Soil Taxonomy) have considerably lower P-
retention due to lower allophane and organo-mineral con-
tent, commonly in the range of 30–80 % (Arnalds and
Kimble 2001), depending on composition. It is noteworthy,
however, that soils of unweathered glaciofluvial sands fields
have P-retention >20 %, but these materials do contain
appreciable amounts of oxalate extractable Al and Fe,
making the soils Andosols/Andisols (WRB/ST) in spite of
the limited pedogenesis.

Helgason (2002) published a review paper on phospho-
rous in soils in Iceland. He showed that the range for organic
P was from minimal to >2 g kg−1. Helgason found that more
of the total P (inorganic + organic) was bound organically
outside of the active volcanic belt (48–53 %) than inside
(17 % in South Iceland). The C:P ratio ranged from 66 to
399 with organic P closely related to carbon content, yet the
bioavailability of P was only somewhat related to the carbon
stock in the soil (Helgason 2002) as would be expected for
Andosols.

The phosphorus fixing capacity of Andosols makes it
necessary to use phosphorus fertilizers when these soils are
cultivated. It is commonpractice to use 20–30 kgPha−1 year−1

on Icelandic hay fields (e.g., 400 kg of 23-23-12
N—P2O5–K2O fertilizer). The P levels build up in the soils,

Table 8.1 Exchange properties of upper horizons of the COST-622 Icelandic soil pedons

Horizon Depth (cm) pH (H2O) C (%) Sum of bases Al (KCl) CEC7 CECS AEC

cmolc kg
−1 (meq 100 g−1)

EUR N7 Ós, NW Iceland (Histic Andosol)

O 0–5 6.3 19.9 42.6 0.14 42.7 17.8 6.4

Ah1 5–17 5.8 16.6 43.3 0.14 43.4 18.5 5.2

2Ah2 17–35/50 5.9 13.0 18.5 0.17 18.6 10.8 4.5

EUR N8 Auðkúluheiði, highland NW Iceland (Brown Andosol)

Ah1 3–11/19 6.1 6.6 18.2 0.26 18.5 20.9 3.9

Ah2 11/19–21/27 6.5 5.7 18.7 0.13 18.9 20.9 4.2

Bw1 21/27–26/34 6.8 4.2 17.7 0.02 17.7 18.6 4.2

EUR N9 Hella, South Iceland (Gleyic Andosol)

A1 0–55 5.7 10.0 19.4 0.4 19.8 18.0 5.1

Sum of bases measured with ammonium acetate at pH 7, CEC7 is sum of bases plus extractable Al (KCl), CECS is measured at soil pH
(compulsive exchange procedure). AEC is anion exchange capacity. Data compiled from Buurman et al. (2007). See Buurman et al. (2007) and
Madeira et al. (2007b) for methods
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yet the continuous P fertilization seems necessary (Gudm-
undsson et al. 2005). Furthermore, fertilizers used for resto-
ration efforts of severely degraded areas contain substantial
proportion of phosphorus. However, there seem to be ample
phosphorus turnaround in vigorous natural ecosystems.

8.4 Oxalate and Pyrophosphate Extraction

Acid oxalate and pyrophosphate extractions are widely used
to account for short-range order clay minerals (allophane,
imogolite, ferrihydrite) and to characterize the metal–humus
complexes in Andosols. Iron and aluminum are most com-
monly determined in both the extracts, but silica mainly in
the oxalate extract (Feox, Alox, Siox, Alpyr, Fepyr). These are
very important chemical parameters for Andosols and give
valuable information about the character of the soils (see
Chap. 5). The oxalate extraction is a basis for the classifi-
cation of Andosols. Oxalate dissolves both components (clay
and metal–humus complexes), while pyrophosphate dis-
solves the humus complexes. Results for oxalate extractions
are presented for nine pedons at the end of the chapter.
Discussion of the results in relation to mineralogy is pro-
vided in the next chapter.

The aluminum extracted by oxalate (Alox) is in moderate
amounts, commonly in the range of 1–3 % in Andosols
(soils with vegetation cover), but higher (2–5.7) in the
Breiðdalur Pedon (Southeast, Pedon 7 in Table 8.4 at the end

of the chapter) and in some horizons of other pedons. Values
for Vitrisols (soils of the deserts, Vitricryands according to
ST) are generally about 1 % or lower (Arnalds and Kimble
2001). The Al extracted is both in allophane and bound with
humus complexes. Pyrophoshate Al (Alpyr), a measure of Al
bound by metal humus complexes, has direct relationship
with the total organic carbon, with higher Alpyr values in
organic rich horizons. Table 8.2 shows results of oxalate and
pyrophosphate extractions from two COST-EU pedons, one
relatively organic Histic Andosol and the other highland
Brown Andosol (slow weathering) (Buurman et al. 2007;
Garcia-Rodeja et al. 2007). These pedons are also depicted
in the table at the end of Chap. 7 (descriptions) and this
chapter. The Alpyr/Alox ratio is relatively high for the Histic
Andosol of Pedon 1, with ratios generally 0.3–0.4 and Fepyr/
Feox ratios even higher (0.5 to >1). This indicates that a
considerable amount of the aluminum and iron is associated
with metal–humus complexes in Pedon 1 (Ós), and that a
considerable fraction of the carbon is in the form of alumi-
num–and iron–humus complexes. This pedon has relatively
low pH, which facilitates higher Al3+ concentration in the
soil solution needed for the metal–humus formation.

The Alpyr/Alox and Fepyr/Feox ratios are lower for Pedon 2
(Auðkúluheiði), which has lower organic contents, cooler
climate and also higher pH (see Table 8.4 at the end of the
chapter). This indicates that lower proportion of the Al and Fe
is associated with metal–humus complexes. Cooler climate
leads to slower decomposition of organic matter in Pedon 2,

Table 8.2 Oxalate and pyrophosphate extractions for two COST-622 pedons

Horizon Depth (cm) C Alox Feox (Al + ½Fe)ox Alpyr Fepyr Alpyr/Alox Fepyr/Feox

%

Pedon 1. Ós, Northwest. Histic Andosol. COST 622 EUR 07

O 0–5 19.9 1.1 1.3 1.7 0.39 0.77 0.36 0.61

Ah 5–17 16.6 1.4 1.4 2.2 0.54 0.83 0.38 0.58

AC 17–35/50 13.0 2.1 6.1 5.2 0.83 1.17 0.39 0.19

2BC 35/50–65 17.4 2.4 0.6 2.7 1.16 0.78 0.49 1.24

3BC 65–73 6.7 2.9 0.6 3.2 0.83 0.44 0.29 0.69

3CB T 73–82 11.8 2.6 1.1 3.1 1.05 0.56 0.41 0.50

4Bw 82–90/100 8.5 5.2 0.8 5.6 1.08 0.75 0.21 0.96

4B/Cg >90/100 0.5 0.3 0.6 0.6 0.02 0.15 0.06 0.25

Pedon 2. Auðkúluheiði, Northwest highlands. Brown Andosol. COST 622 EUR 08

Ah1 3–11/19 6.6 1.9 1.4 2.6 0.40 0.48 0.21 0.34

Ah2 11/19–21/27 5.7 2.0 1.3 2.6 0.34 0.44 0.17 0.33

Bw1 21/27–26/34 4.2 2.7 1.5 3.5 0.29 0.30 0.11 0.19

2Bw2 T 26/34–37/42 2.0 1.5 0.7 1.9 0.13 0.12 0.08 0.16

3Bw3/4C 37/42–59/62 2.8 2.9 1.9 3.9 0.20 0.20 0.07 0.11

4C >59/62 0.3 0.8 0.8 1.2 0.03 0.03 0.04 0.04

Carbon content shown for convenience. Data from University of Santiago de Compostela, Spain (see Buurman and van Doesburg 2007; Garcia-
Rodeja et al. 2007). T is a horizon made of single tephra layer
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compared to Pedon 1, which has some enhancing effect on
carbon buildup at Auðkúluheiði. Allophane clay content is
low in Pedon 1 (lower pH slows/inhibits allophane formation,
see next chapter), so organic materials are not much bound by
allophane compared to metal–humus complexes.

The Fepyr values are very high compared to what is usual
in Andosols in other countries. This can be related to the
high content of the iron in the Icelandic parent materials
(6–12 %; Jakobsson 2008), and high values are commonly
found in soils where periodic reduction occurs (Gleyic/Histic
Andosols), and where the iron is carried to areas of better
aeration, e.g., at the boundary of coarse tephra layers.

The (Al + ½Fe)ox is generally above the 2 % limit
(Table 8.4) for the Brown Andosols and Gleyic Andosols used
for Andosol classification in WRB and Soil Taxonomy. The
glass counts for these soils are generally high (Stoops and
Gerrard 2007; Stoops et al. 2008), which would lower the
(Al +½Fe)ox limit underWRB and Soil Taxonomy below 2%.
The Histic Andosols and Histosols have lower (Al + ½Fe)ox
but still generally >2 %, especially the Histic Andosol. The
>20 % C criterion overrides the oxalate criterion in the clas-
sification, defining the Histosols, which still have many
chemical properties typical of the Andosols. The (Al + ½Fe)ox
is lower for the Vitrisols, yet often relatively high (>1 %), and
these soils are mostly classified as Andosols under the WRB
and Soil Taxonomy as is discussed in Chap. 6 on classification.

8.5 Carbon and Nitrogen

8.5.1 General Carbon Levels

Organic carbon accumulation is one of the major charac-
teristics of Andosols in the world (Nanzyo et al. 1993). This
is quite evident in Iceland, of course, but the unusually
active geomorphic environment, with continuous aeolian
deposition, periodic tephra deposition, and the presence of
extensive desert surfaces, makes the carbon content much
more variable than otherwise would be expected. The allo-
phanic Andosols of the world often stabilize at about 6 % C,
but alu-andic (metal–humus complexes) soils often have
more organic matter. In Iceland, there is a full range from
nearly zero C in Vitrisols (which classify as Andosols
according to WRB and Soil Taxonomy) to >20 % C in
organic soils with andic soil properties. This carbon accu-
mulation tendency is part of the andic soil properties, and
therefore the division between Andosols and Histosols is set
at 25 % C according to the WRB (and also Soil Taxonomy),
but the Icelandic system uses the 20 % limit as a boundary.

The carbon content of the Brown Andosols (dryland soils
under vegetation) ranges generally between 2 and 5 %, but is
higher in surface horizons in fertile ecosystems such as the
birch forests and grasslands. The vegetation cover is an

important factor influencing the carbon accumulation in
addition to soil functions. But the overriding factors in Ice-
land are aeolian deposition, drainage, and long-term land use
(grazing). The cold climate of Iceland is an additional factor
contributing to the accumulation of organic matter as
decomposition tends to be slow. Yet, organic accumulation
will only occur with good vegetation cover. The soils of
heavily grazed heathlands are generally limited by limited
organic input as aboveground productivity is low and/or
removed by grazing. This effect is, however, amplified by
the influence of aeolian inputs, which lowers the organic
content of each horizon. Carbon levels (in %) within each
class of soil are therefore lower in areas receiving large
amounts of aeolian inputs. Brown Andosols and Gleyic
Andosols often have as low as 2–3 % C in surface horizons
close to active aeolian sources, while the levels exceed 10 %
far from the aeolian sources in fertile systems.

The Histosols have >20 % C in surface horizons by
definition. They are found at poorly drained landscape
positions where aeolian deposition is limited (see Chap. 6).
The carbon levels in the Vitrisols of barren surfaces is quite
different from the Histosols and Andosols as they are soils of
limited vegetation cover and therefore have limited organic
input to the soils.

The depth distribution of the carbon can be described as
erratic. The environmental conditions vary considerably
during each time segment of soil formation as the soil is
gradually becoming deeper. This leads to surprisingly differ-
ent carbon levels between soil horizons—low carbon content
when aeolian deposition is rapid and especially low in thick
tephra layers, but higher when deposition is slow (calm
weathering environment). This is illustrated in Fig. 8.5 where
carbon contents of several soil horizons have been plotted.

Oskarsson et al. (2004) used the AUI database to see the
average depth distribution of carbon for the different soil
types. The results for Sandy and Cambic Vitrisols, Brown
Andosols, and Gleyic Andosols are shown in Fig. 8.6, which
shows the pronounced difference between the Vitrisol and
Andosol classes. Another noteworthy point is that there is a
marked decrease in organic carbon at around 20 cm depth
on average. This decrease has been explained by increased
aeolian activity during the Middle Ages, when severe ero-
sion of existing soils (mostly Brown Andosols) caused more
rapid aeolian redistribution and deposition. The vertical
distribution curve for the Histic Andosols and Histosols
follows a similar trend (not shown on the figure).

8.5.2 Carbon Stocks—Accumulation

One can consider the surface carbon stocks as the energy
reserves of the ecosystems. These reserves are not only
important for the immediate ecosystem drawing from these
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reserves; the fate of the soil carbon affects the global carbon
cycle. The cycle is, however, not only affected through the
organic carbon, but also in relation to chemical weathering,
which can adsorb large quantities of CO2, especially when
the rocks are rich in Ca, which combines with CO2 pro-
moting the formation of CaCO3 in rocks and oceans.
Gislason published a book (2012) on the carbon cycle with
special reference to Icelandic conditions and especially the
geochemical aspect of the cycle (see also Gislason 2008;
Gislason et al. 2009), but chemical weathering is discussed
in more detail in the next chapter of this book.

Soils store more carbon on a global scale than are found
in the atmosphere and aboveground vegetation combined—
soils are extremely important component in the carbon cycle
on Earth. Release of carbon from soils increases greenhouse
gas levels in the atmosphere, but a substantial proportion of
annual greenhouse gas emissions could potentially be
absorbed to terrestrial ecosystems, both vegetation and soils
(Lal 2004). Severe depletion of these reserves has occurred
in Iceland where Vitrisols have taken the place of Andosols
due to erosion, and many of the ecosystems, such as the poor
heathlands, have reduced carbon stocks in surface horizons.

Andosols contain the largest amount of carbon of all
dryland soils, often >30 kg C m−2 (Batjes 1996; Eswaran
et al. 1993). Icelandic Andosols contain the characteristic
high amounts of carbon, often ranging between 15 and
80 kg C m−2. Oskarsson et al. (2004) estimated the total
carbon stocks of Iceland to be 2.1 × 109 tons and that
120–500 × 106 tons C have been lost due to land degradation
since the Settlement. However, the aeolian additions cause
the surface to rise, continuously accumulating and burying
carbon from the atmosphere. The rates vary between eco-
systems and rates of aeolian deposition, commonly ranging
from 0.005 to 0.03 kg C m−2 year−1 (based on Nytjaland
Database, AUI Soil Database, and the AUI IGLUD Data-
base; Jon Gudmundsson and O. Arnalds AUI unpublished
data). Gisladottir et al. (2010) reported long-term carbon
accumulation of the same order on heavily used land
(grazed), since the twelfth century in Southwest Iceland
(0.017–0.030 kg C m−2 year−1), resulting from the contin-
uous aeolian burial. Ritter (2007) reported rates up to
0.023 kg C m−2 year−1 in relation of tree plantation in heath
soils in Iceland. These rates are higher than commonly
reported for the world’s Andosols, but Zehetner (2010)
suggested an average of 0.01 kg C m−2 year−1 as average
accumulation for the world’s volcanic soils based review of
published research. Jon Gudmundsson and O. Arnalds esti-
mated carbon accumulation in Icelandic soils of the order
200,000–900,000 tons C year−1 in dryland soils (AUI
unpublished data), which is a substantial proportion of the
annual release from fossil fuel burning in Iceland. In addi-
tion, there is considerable accumulation in vegetation,
especially in relation to restoration of the birch forests and

Fig. 8.5 Organic carbon distribution for three selected soil pedons, a
Gleyic Andosol (S Iceland), Brown Andosol (NE Iceland) and Histic
Andosol (NW Iceland). The Gleyic and Brown Andosols have tephra
layers low in organic content. Data from the AUI Soil Database

Fig. 8.6 Average vertical distribution ofcarbon for Sandy and Cambic
Vitrisols and Brown and Gleyic Andosols. There is a clear decrease in
carbon content of the Andosols that coincides with aeolian redistribu-
tion of soils during the Middle Ages. Data from the AUI database,
based on Oskarsson et al. (2004)
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other tree plantations (Bjarnadottir et al. 2007, 2009; Snor-
rason et al. 2002). However, heavy land use and partially
open land (erosion spots, etc.) can cause considerable and
measurable release of CO2 from these systems as well
(Einarsson 2013; Gudmundsson and Oskarsson 2014).

As much of Iceland is poorly vegetated, there are many
restoration efforts being carried out (see the final chapter of the
book). The nature of the soils and cold climate leads to rapid
organic accumulation in the soils after restoration efforts are
initiated (Arnalds et al. 2000, 2013; Aradottir et al. 2000)
(Fig. 8.7). Common rates found are 0.04–0.08 kg Cm−2 year−1

or 400–800 kg ha−1 year−1, which can be maintained over a
long time, potentially >200 years. These rates are among the
highest found for simple management practices in the world
literature—a result of having deserts under humid cold climate
with andic soil properties which are factors that all favor carbon
accumulation and carbon rich systems when fully restored.
Currently, restoration efforts add carbon accumulation in soils
in Iceland of the order of 50,000 tons C annually (Hallsdottir
et al. 2012).

8.5.3 The Icelandic Wetlands in Relation
to Carbon Budgets

The wetlands, ranging from organic Histosols to Gleyic
Andosols with low organic content near active aeolian
sources and volcanoes, are important ecosystems on a
national scale due to their rich biodiversity, water regulation,
and ecosystem services to other systems (Fig. 8.8). They are
important international areas for the preservation of many
bird populations.

Wetland soils are considered to be 5,800–8,000 km2,
depending on how they are accounted for, with nearly half of
this area below 200 m elevation (see Chap. 4). However,
they are also very important for agriculture, mainly for
making hay as winter fodder. They have been extensively
drained for this purpose (Oskarsson 1998; Thorhallsdottir
et al. 1998), but about 45 % of the hay making land (‘tún’)
are drained wetlands (Helgadottir et al. 2013). Gudmunds-
son et al. (2013) estimated that 3,400–3,900 km2 of the
wetlands have been drained. These are drained with about
31,600 km long ditches and additional 61,600 km of sub-
surface channeling (AUI unpublished data; see further dis-
cussion on wetland disturbance in Chap. 12.)

TheAUI operates aWetlandCenter. AUI hasmade estimates
ofCO2,CH4, andN2Oemissions from the drainedwetlands. The
values are rather staggering. Gudmundsson and Oskarsson
(2014) measured emissions of 4–8.2 tons C ha−1 year−1

(14.6–30.3 tons CO2 ha
−1 year−1; see alsoMaljanen et al. 2010).

These measured emissions are of the same order as measured in
the other Nordic countries (Maljanen et al. 2010). Applying a
mean value to the drained wetlands of 3,440 km2 results in
release of 1.4–4.8 million tons of C each year to the atmosphere
(5–10.5 million tons CO2) (see Gudmundsson and Oskarsson
2014). These values are considerably larger than the 4.4 mil-
lion tons of CO2 released by other sectors (industry, transpor-
tation, etc.), casting doubt on the justification for the extensive
drainage of Icelandic wetlands.

Draining peatlands outside of Iceland often leads to
oxidation, or burning of the peat, when oxygen gets access
to the high organic reserves. Consequently, the surface can
start to subside, even from several meters to few centimeters,
with time. Interestingly, the oxidation of the drained

Fig. 8.7 The Geitasandur
LandAid restoration research area
consists of 40 one ha plots with
10 treatments replicated four
times, including a control. Land
treated with grass seeds and
fertilizer to the left, untreated land
on the right. The research shows
carbon accumulation of
0.04–0.08 kg C m−2 year−1

during the first years, a rate that
can potentially be maintained
>200 years (see Arnalds et al.
2013)
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wetlands in Iceland has not caused much subsidence or
lowering of the surface, which is attributed to the presence of
the volcanic materials in the matrix (Bartoli and Burtin
2007). No subsidence has been reported in the literature to
date, but AUI staff has made some vague observations of
subsidence at experimental plots.

Several successful attempts have been made to restore
wetlands (Fig. 8.9). Groups and institutes engaged in such
activities include the road authorities (to counteract wetland
disturbance from road construction), a large aluminum
smelter company (to balance carbon emissions), farmers and
other landowners and NGOs (see Aradottir and Hagen 2013;
Oskarsson 2011). However, these efforts are small to date,
compared with the extensive drainage of the wetlands.

8.5.4 Nitrogen

Nitrogen is often the most limiting nutrient in agriculture and
in early stages of ecosystem development following land
degradation in Iceland. Fertilizers are used extensively for
haymaking in Iceland. Common fertilizer applications are of
the order of 80–140 kg N ha−1, a total of about 15,000 tons
on about 1,250 km2 hay fields (average of 120 kg N ha−1;
data from the Farmers Association; www.bondi.is). These
fertilizer rates are similar to those found in other Nordic
countries, however, lower than is commonly found in
Denmark. Nitrogen pollution from fertilizers has not been
documented to any extent and is believed to be minimal due

to the low density of the agriculture and relatively moderate
applications levels. Fertilizer applications are based on
extensive fertilizer experiments which have been published
in Icelandic (mainly the annual Agricultural Congress in
Iceland, ‘Fræðaþing’), but also in some international
journals (see e.g., Gudmundsson et al. 2004, 2005). The
methods are in need for revisions and increased scrutiny
(Gudmundsson and Sveinsson 2011). There has been con-
siderable research and modeling of nitrogen mineralization
rates in the soils (e.g., Palmason et al. 1996) and in relation
to afforestation, revegetation and land restoration research
(e.g., Oskarsson et al. 2006; Oskarsson and Brynleifsdottir
2009; Thorvaldsson et al. 2009).

The AUI IGLUD Database and soil databases provide a
good opportunity to explore total nitrogen on regional scales
and in relation to factors such as aeolian additions to the
soils (Table 8.3). The nitrogen stocks in the top 30 cm of
Brown Andosols under heathland (see Chap. 4 on vegetation
classes) are from 4,500 to almost 11,000 kg N ha−1. Rich
heathland has higher N on average than the poor heathland
except where aeolian additions are rated very high, where
both vegetation classes have relatively low nitrogen levels in
the top 30 cm of soil. The pattern for N stocks in the wet-
lands are noteworthy, and are explained by the low bulk
density for the more organic soils (low aeolian additions)
and aeolian additions (top two rows). There is a general
tendency of higher N with less aeolian additions per depth
increment as would be expected, underlining the importance
of the aeolian additions on the ecosystems.

Fig. 8.8 Typical wetland area, in
part drained for agricultural
production. Hay is being made on
the fields. Extensive afforestation
areas in background with
introduced species. Relatively
undisturbed wetland in the
foreground. Photo © Tomas
Gretar Gunnarsson, University
of Iceland
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8.6 Trace Elements

As the parent materials of soils in Iceland are mainly basaltic
volcanic materials, a suite of elements can be expected to be
released to the soil solution by weathering and as part of
various organo-mineral complexes. However, mobility of
many ions are limited because of high CEC, but the con-
centration of ions that get mobilized under reduced condi-
tions, such as Fe and Mn, may both increase and decrease,
depending on the drainage conditions. Tanneberg and Jahn
(2007) concluded that volcanic soils have in general high
sorption capacity for heavy metals at different pH values,
with strong sorption of Pb and Cr. Many research efforts have
been made to monitor trace elements in fodder-hay and in
domestic animals (Johannesson et al. 2004a, b, 2005, 2007;
Hardarson et al. 2006; Thorvaldsson and Gudmundsson

2006). Thorvaldsson and Gudmundsson (2006) concluded
that microelements are not limiting in grass production in
Iceland, but copper (Cu), manganese (Mn), and molybdenum
(Mo) need to be monitored. Iron levels tend to be high in hay
fodder, generally 100–1,000 mg kg−1 (Johannesson et al.
2007), which is a direct result of aeolian deposition of
basaltic glass high in iron (10 %). Gudmundsson and Thor-
steinsson (1980) reported low values for Cu in hay. Cu has a
tendency to be fixed by organo complexes, which are char-
acteristic of many of the Icelandic Andosols. Ragnarsdottir
and Hawkins (2006) noted both low levels of Cu in the soils
and also unfavorable Mn/Cu ratio. However, Panek
and Kepinska (2002), who investigated four sites in Iceland,
reported rather high Cu levels compared to soils in northern
and Central Europe, or 34–150 mg kg−1. High Mn values
are due to the basaltic chemistry and reduction in wetland
soils.

Fig. 8.9 Restoration of a
wetland at an AUI experimental
farm in West Iceland. The ditches
are filled in with soil materials.
Restoration cuts down the severe
greenhouse gas emissions and
brings back the functions of the
system in relatively short time
(few years). The road authorities,
an aluminum smelter company,
private landowners, NGOs, and
the government sector (including
the Agricultural University of
Iceland) have engaged in wetland
restoration in Iceland. Photo
© Hlynur Oskarsson, AUI

Table 8.3 Nitrogen stocks in the top 30 cm of poor heathlands, rich heathlands, and wetland vegetation categories (see Chap. 4 on vegetation
types)

Aeolian deposition category Poor heathland Rich heathland Wetland

BDa (g cm−3) Stock (kg N ha−1) BDa (g cm−3) Stock (kg N ha−1) BDa (g cm−3) Stock (kg N ha−1)

Very high 0.74 4,516 0.74 4,643 0.63 8,145

High 0.66 9,551 0.67 8,746 0.58 11,802

Medium 0.69 7,788 0.62 11,253 0.53 12,749

Low 0.60 10,704 0.53 14,347 0.13 4,839

Poor and rich heathlands have Brown Andosols, but the wetlands a range from Histosols (>20 % C, Histic Andosols (12–20 % C) to Gleyic
Andosols (<20 %C). Based on the Agricultural University of Iceland IGLUD and Soil Databases
a Calculated BD using a regression equation based on AUI data: BD = 0.812 − (C % × 0.0203)
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Zink (Zn) is easily adsorbed to organo-mineral complexes
and seems to be strongly adsorbed on the surface of iron
hydroxides and iron metal humus complexes in Iceland
(unpublished research, see Arnalds and Guicharnaud 2008).
Lead levels (Pb) have been reported as rather low for soils in
Iceland (Panek and Kepinska 2002).

The mobile form of molybdenum (Mo) is primarily MoIV,
which forms stable bonds with Al- and Fe oxides and
hydroxides. The Mo levels measured in hay in Iceland varies
considerably and is sometimes very low (Johannesson et al.
2005, 2007), most likely due to the presence of ferrihydrite,
allophane, and metal–humus complexes. Another trace ele-
ment, selenium, has long been of concern in Icelandic
agriculture, as the Se concentrations in Icelandic hay is low
(e.g., Johannesson et al. 2005; Hardarson et al. 2006).

8.7 Biology

The biological activity is the driver of nutrient cycling in the
soils; it affects water chemistry and weathering and is fun-
damental to the function of ecosystems. Soil ecology, which
deals with microflora (fungi and bacteria), microfauna (e.g.,
protozoa and nematodes), mesofauna (e.g., collembolan and
mites), and macrofauna (e.g., isopods and earthworms) is a
young science in Iceland and some of these sectors have not
been addressed in detail, especially the microfauna. There
are several publications, mainly in Icelandic, on various
aspects of the mesofauna and macrofauna of the soils,
mainly Collembola and earthworms. These include lists of
sampled of invertebrates (Gudleifsson and Bjarnadottir
2002) and the long-term influences of fertilizers on inverte-
brates (Gudleifsson 2002). The Collembola is the best
studied species group. Recent study shows that Collembola
species richness in general is lower in Iceland than under
similar climatic conditions elsewhere, except in undisturbed
systems such as old birch woodlands, where species richness
is higher than in comparable birch forests in Norway
(Fjellberg 2007). Fjellberg (2007) also found high species
richness in frequently disturbed natural systems such as sea
shores and river banks. The low species richness is attributed
to degradation of the most common ecosystems in Iceland.

Sigurdardottir (1994), Gudleifsson (2007), and Gudle-
ifsson and Olafsson (1981) reviewed the occurrence and
importance of earthworms in soils of Iceland, contributing to
such factors as nutrient cycling and physical structure of the
soils. There have been 11 earthworm species identified,
which is considerably fewer species than in the other Nordic
countries (Sigurdardottir and Thorvaldsson 1994) with

higher number of earthworms in fertile garden systems than
natural sites (Bengtsson et al. 1975). Gudleifsson (2002)
showed that fertilizers and lowering of the pH severely
affected earthworm populations. Gudleifsson (2005) also has
published papers on beetle species (Coleoptera) in Iceland.

There has been considerable research on soil fungi, ec-
tomycorrhiza, and their effects of seedlings and survival of
various plant species (e.g., Oddsdottir et al. 2010a, b, c), Soil
ecology has also received considerable attention in relation
to land reclamation and restoration (e.g., Oddsdottir et al.
2008). Oskarsson and coworkers (e.g., Enkhtuya et al. 2003;
Oskarsson 2012) have studied the function of mycorrhiza in
soils in Iceland. They are extremely important for the
function of the lymegrass (Elymus arenarius), which is
fundamental for sand stabilization in Iceland, but also in
birch (Oskarsson 2010, 2012).

Guicharnaud et al. (2009, 2010) studied microbial activity
in relation to temperature increase, seasonal changes, and
fertilizer treatments. They studied factors such as respiration,
nutrient availability, microbial biomass carbon, arylphos-
phatase, and dehydrogenase activity and showed that the soil
temperature regime affected the soil microbial biomass car-
bon sensitivity to temperatures. When soils where sampled
from the cryic temperature regime, a decreasing soil
microbial biomass was detected when temperatures rose
above the freezing point. Frigid soils, sampled from milder
climatic conditions, where unaffected by difference in tem-
peratures. Nitrogen mineralization did not change with
temperature.

8.8 Chemical Data for Nine Selected
Soil Pedons

Chemical data for nine selected soil pedons (a total of 66
horizons) is presented in the table below (Table 8.4). These are
the same pedons that have soil and site descriptions in Chap. 7
with photographs, so the reader is referred to that chapter for
visualization and more physical details about the pedons. The
data is derived from various sources: European COST-622
profiles for Pedons 1–3 (see book edited by Arnalds et al.
2007); two from the Ph.D. work of the author (Pedons 4 and 5,
Arnalds 1990; Arnalds et al. 1995), two profiles from AUI
unpublished data (pedons 6 and 7) and desert profiles (pedons
8 and 9) published by Arnalds and Kimble (2001). Methods
for soil analysis are comparable between these different
studies, except for the CEC, which is measured under different
pH conditions, which greatly affects the results. In some pe-
dons (6 and 7), (SB) is given but not the CEC.
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Table 8.4 Chemical properties of nine selected pedons

Horizon Depth (cm) C (%) pH H2O pH NaF P-ret (%) CEC (cmolc kg
−1) Siox Alox Feox Alox + ½Feox

%

Pedon 1. Ós, Northwest. Histic Andosol. COST 622 EUR 07

O 0–5 19.9 6.3 8.8 75 59 0.4 1.1 1.3 1.7

Ah 5–17 16.6 5.8 9.4 70 58 0.5 1.4 1.4 2.2

AC 17–35/50 13.0 6.0 10.6 93 49 0.9 2.1 6.1 5.2

2BC 35/50–65 17.4 5.8 10.8 95 51 0.7 2.4 0.6 2.7

3BC 65–73 6.7 5.8 11.0 92 35 1.1 2.9 0.6 3.2

3CB T 73–82 11.8 5.5 10.8 94 50 1.0 2.6 1.1 3.1

4Bw 82–90/100 8.5 5.7 11.1 98 66 2.2 5.2 0.8 5.6

4B/Cg >90/100 0.5 5.3 8.6 51 27 0.2 0.3 0.6 0.6

Pedon 2. Auðkúluheiði, Northwest highlands. Brown Andosol. COST 622 EUR 08

O 0–3 – – – – – – – – –

Ah1 3–11/19 6.6 6.1 10.6 90 32 1.0 1.9 1.4 2.6

Ah2 11/19–21/27 5.7 6.4 10.5 92 29 1.1 2.0 1.3 2.6

Bw1 21/27–26/34 4.2 6.7 10.6 95 34 1.5 2.7 1.5 3.5

2Bw2 T 26/34–37/42 2.0 6.9 10.4 78 18 0.9 1.5 0.7 1.9

3Bw3/4C 37/42–59/62 2.8 6.9 10.3 96 32 2.0 2.9 1.9 3.9

4C >59/62 0.3 7.1 9.7 48 11 0.5 0.8 0.8 1.2

Pedon 3. Hella, South Iceland. Gleyic Andosol. COST 622 EUR 09

Ah 0–55 10.0 5.7 10.3 87 42 1.1 2.3 1.1 2.8

2C T 55–60 – – – – – – – – –

3H 60–95 19.9 5.1 9.8 40 51 0.6 1.6 0.6 1.9

3C 95–100 2.4 5.6 9.8 53 15 0.3 0.8 0.4 1.0

4H 100–230 13.0 4.2 10.2 96 48 0.7 2.1 0.7 2.4

Pedon 4. Goðafoss, Northeast. Brown Andosol (Arnalds 1990; Arnalds et al. 1995)

A1 0–4 9.0 5.9 10.4 97 41 2.5 2.8 4.3 4.9

A2 4–12 5.0 6.5 10.2 95 32 2.5 2.5 4.2 4.6

A3 12–20 4.6 6.3 10.2 95 40 2.5 2.4 3.8 4.3

A4 (t1) 20–26 6.6 6.3 10.1 86 27 1.7 1.7 3.0 3.2

Bw1 T 26–29 1.2 6.6 10.0 – 9 1.1 1.0 1.4 1.7

Bw2 (t1) 29–41 7.1 6.7 9.9 99 44 2.3 2.2 4.5 4.4

Bw3 41–49 5.1 6.7 10.2 98 42 3.4 2.9 5.3 5.6

Bw4 T 49–57 1.4 6.7 10.6 66 11 1.1 1.1 0.6 1.4

Bw5 57–65 4.1 6.6 10.4 96 40 2.8 3.2 4.5 5.4

Bw6 65–70 2.1 6.6 10.1 98 25 2.0 2.2 3.2 3.8

Bw7 T 70–73 1.4 6.6 10.1 – 14 1.4 1.5 1.2 2.1

Bw8 (t1) 73–91 4.4 6.7 10.3 98 44 3.5 5.9 6.8 9.3

2Bw9 91–101 1.3 6.6 10.1 94 26 2.7 3.1 4.5 5.3

2C 101–121 0.1 6.7 9.8 47 14 0.9 1.0 1.8 1.9

Pedon 5. Þingvallasveit, Southwest. Brown Andosol (Arnalds 1990; Arnalds et al. 1995)

A1 0–12 7.9 5.7 11.0 99 32 2.2 3.1 5.0 5.6

A2 12–28 7.6 6.1 10.7 99 45 2.7 4.5 6.5 7.8

Bw1 28–61 7.4 6.0 10.8 99 44 2.5 5.6 7.1 9.2

Bw2 61–68 4.2 6.0 11.1 98 32 2.7 5.5 3.5 7.2

(continued)

102 8 Chemical Characteristics



References

Regarding punctuation and Icelandic characters
in citations: See note on punctuation in the
Preface

Aradottir AL, Hagen D (2013) Ecological restoration: approaches and
impacts on vegetation, soils and society. Adv Agron 120:173–222

Aradottir AL, Svavarsdottir K, Jonsson TH, Gudbergsson G (2000)
Carbon accumulation in vegetation and soils by reclamation of
degraded areas. Icel Agric Sci 13:99–113

Arnalds O (1990) Characterization and erosion of Andisols in Iceland.
Unpublished PhD dissertation, Texas A&M University, College
Station, Texas

Arnalds O, Kimble J (2001) Andisols of deserts in Iceland. Soil Sci Soc
Am J 65:1778–1786

Arnalds O, Guicharnaud R (2008) Soils and public health. Agric
Sci Congr (Fræðaþing landbúnaðarins) 2008:59–70 (in
Icelandic)

Arnalds O, Hallmark CT, Wilding LP (1995) Andisols from four
different regions of Iceland. Soil Sci Soc Am J 59:161–169

Arnalds O, Gudbergsson G, Gudmundsson J (2000) Carbon seques-
tration and reclamation of severely degraded soils in Iceland. Icel
Agric Sci 13:87–97

Table 8.4 (continued)

Horizon Depth (cm) C (%) pH H2O pH NaF P-ret (%) CEC (cmolc kg
−1) Siox Alox Feox Alox + ½Feox

%

2Bw3 68–87 2.1 6.1 10.5 99 25 2.8 3.4 2.6 4.7

2C 87–142 0.8 6.0 10.3 – 12 2.1 2.2 2.1 3.2

Pedon 6. Möðruvellir, North. Histic Andosol. AUI soil database

A1 (H) 0–30 14.6 5.4 9.4 n.a. 18 1.5 1.8 7.8 5.6

2O1 30–55 12.5 4.8 9.8 n.a. 13 0.9 1.6 0.8 2.0

2O2 55–83 7.4 5.8 10.7 n.a. 15 1.1 1.7 0.6 2.0

2O3 83–98 10.0 5.4 10.4 n.a. 22 0.7 1.2 0.6 1.6

3C T 98–104 1.4 5.6 10.9 n.a. 2 0.4 0.4 0.1 0.5

4O1 104–145 35.4 4.6 8.6 n.a. 37 0.3 1.1 1.2 1.7

4O2 145–180 37.6 5.1 8.7 n.a. 69 0.3 1.3 1.4 2.0

4O3 180–200 34.8 5.2 9.0 n.a. 65 0.6 1.2 1.4 1.9

4O4 200–260 28.0 5.1 9.3 n.a. 58 0.5 1.5 0.8 1.8

4O5 260–300 27.2 5.2 10.0 n.a. 35 1.0 1.9 0.7 2.2

4O6 300–350+ 41.8 5.1 7.4 n.a. 86 0.2 0.6 1.0 1.1

Pedon 7. Breiðdalur, Southeast. Gleyic Andosol. AUI soil database

A1 0–11 9.3 5.8 11.2 n.a. 17 0.9 2.0 2.9 3.5

A2-t 11–26 7.2 6 11.6 n.a. 42 1.1 2.4 3.7 4.2

Bw1-t 26–37 8.2 6.1 11.9 n.a. 14 1.7 3.7 4.9 6.2

Bw2 37–47 7.2 6.2 11.9 n.a. 10 2.0 3.9 5.0 6.4

Bw3 47–70 10.1 6.2 12.0 n.a. 14 2.4 5.4 1.9 6.3

Bw4 70–82 10.6 6.2 12.0 n.a. 17 2.5 5.7 1.6 6.5

2Bw1 82–100 5.4 6.1 11.0 n.a. 9 2.3 5.1 1.4 5.9

2Bw2 120–120+ 0.7 6.2 11.0 n.a. 23 0.3 0.9 0.7 1.2

Pedon 8. Sigalda, South highlands. Cambic Vitrisol (Arnalds and Kimble 2001)

C 0–2 – – – – – – – – –

2A1 2–22 0.1 7.1 9.7 49 11 0.8 1.0 1.9 2.0

2A2 22–34 0.08 7.2 9.5 38 12 0.7 1.0 1.9 2.0

3C 34–50+ 0.05 7.2 9.6 52 16 0.6 0.8 1.9 1.8

Pedon 9. Mýrdalssandur, South. Sandy Vitrisol (Arnalds and Kimble 2001)

A 0–4 0.09 6.8 9.8 32 3 0.5 0.6 1.5 1.3

C1 4–8 0.05 6.9 9.8 35 3 0.4 0.4 1.1 0.9

C2 8–13 0.02 6.7 6.6 17 3 0.3 0.2 0.5 0.4

These pedons are described at the end of Chap. 7. The source of the data is explained in the text. T marks horizons made of single tephra layers, t
distinct minor tephra layers within horizon
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9Genesis and Mineralogical Characteristics

9.1 Minerals

The understanding of the mineralogy of soils in Iceland
remained rather vague until the last part of the twentieth
century, as conventional methods for clay research, such as
X-ray diffraction, did not show the presence of phyllosili-
cates. Research by Arnalds (1990, 1994) and Wada et al.
(1992) showed that the main mineral constituents consisted
of allophane, imogolite, and ferrihydrite. Earlier, Johannes-
son (1960) makes a brief mention of allophane based on a
suggestion of Tu in an appendix of Johannesson’s book on
the Soils of Iceland. It is also discussed in unpublished
reports by Björnsson (1961) and Einarsson (1979). It is
interesting to note that F. Weis did try ammonium oxalate
extractions of Icelandic soil samples during the 1930s and
concluded that weathering rates in Iceland were high, but
this comment was disregarded on the grounds that it was too
cold in Iceland (cited by Johannesson 1988).

Other minerals than allophane, ferrihydrite, and imogolite
occur in Iceland. Gudmundsson (1978, 2009) noted that
goethite, siderite, and pyrite occur in some soils, but infor-
mation on the occurrence of these minerals is otherwise
limited. Most attempts to find phyllosilicate minerals (layer
silicates) in soils from Iceland in some appreciable amounts
have failed. The mineralogical analysis of the clay constit-
uents of the EU COST-622 soil samples did not reveal
secondary phyllosilicates: “Practically no reflections of
phyllosilicate minerals are visible in XRD diagrams of the
<2 µm fraction of the profiles from Iceland” (Monteiro et al.
2007). However, Kleber and Arnalds (unpublished data)
found smectites in some samples from the Eastfjords, where
the origin may be from sedimentary rocks from the Tertiary
basalt stack. Björnsson (1961) also found evidence of
smectite based on XRD peaks in samples from alluvial soils
in Northwest Iceland and similarly concluded that it origi-
nated in Tertiary rocks. He did not find phyllosilicates in
adjacent aeolian soils. Smectites and even kaolinites are
likely to occur elsewhere in soils under unstable Tertiary
basalt stacks with red sedimentary interlayers. However, a

suit of secondary clay minerals occur within the numerous
thermal areas of Iceland, but they have a limited extent (see,
e.g., Gennadiev et al. 2007).

9.1.1 Allophane and Imogolite

The basaltic glass particles have considerable surface area
(often >10 m2 g−1 with broken bonds on the edges). They
weather relatively rapidly (see Wolff-Boenisch et al. 2004),
releasing basic cations at comparatively fast rate, with
oversaturation of Si, Al, and Fe, which form the colloidal
constituents allophane, imogolite, and ferrihydrite. Allo-
phane is the chief clay mineral of the soils in Iceland,
together with varying amounts of ferrihydrite and less
amount of imogolite. Photographs (Transmission Electron
Microscopy) of Icelandic allophane were shown in Chap. 5
on Andosols. The idea of allophane was somewhat alien to
many naturalists in the beginning, not the least in Iceland, in
part because of poor understanding of this mineral early on,
with several Icelandic texts rejecting the idea that weathering
in Iceland is as rapid as is explained in this chapter, on the
basis that it is cold in Iceland and that phyllosilicates are not
found in the soils. However, general understanding of the
soil genesis is improving with subsequent changes in texts
written about Icelandic nature.

How much allophane is there in Icelandic soils? The
amount varies of course, but generally ranges between 2 and
15 %, but higher contents do occur. The total content is
dependent on the weathering environment. Allophane content
is low in the desert Vitrisols (see Sect. 6.5), often 2–5%,which
are youthful or continuously disturbed soils, not allowing for
rapid allophane accumulation, although weathering rates can
be considered rather high. Allophane content is also low in
organic soils with low pH, far from aeolian sources. This is
because allophane formation is inhibited at pH below about 4.
9, with Al–humus complex formation becoming dominant as
the pH becomes lower. Icelandic Andosol surface samples
analyzed by Sigurgeirsson et al. (2005) provide excellent
evidence of this, as is shown in Fig. 9.1.

O. Arnalds, The Soils of Iceland,
World Soils Book Series, DOI 10.1007/978-94-017-9621-7_9
© Springer Science+Business Media Dordrecht 2015

107

http://dx.doi.org/10.1007/978-94-017-9621-7_5
http://dx.doi.org/10.1007/978-94-017-9621-7_6


One of the characteristics of allophane is that it does not
have quite fixed chemical composition, with variable Al/Si
ratio. This molar ratio is obtained by extracting the soils with
acid oxalate and pyrophosphate, the molar ratio calculated as
(Alox − Alpyr)/Siox. The pyrophosphate extractable Al is
associated with organic complexes (see Garcia-Rodeja et al.
2007). The AUI soil database shows clear relationship
between Alpyr and total organic content, with more alumi-
num–humus complexes occurring in the organic soils with
lower pH. The Al/Si ratios of the Icelandic allophanes (and
imogolite, combined in the bulk soil) range generally
between 0.8 and 2 (AUI soil database), with vitric soils
having this ratio near 1, and allophanes in andic soil hori-
zons having a cluster around 1.2, however, with a large
variability. Meijer et al. (2007) reported Al/Si ratios of
0.9–1.1 (one with 1.5) for peons from three EU COST
profiles in Iceland. These values represent a lower Al/Si
range than commonly found for the world’s Andosols,
which is most likely attributed to the basaltic nature and the
rapid weathering of the parent materials. All Icelandic An-
dosols have vitric character and are less weathered than the
average Andosols of Europe (Taboada et al. 2007) and the
molar ratio of allophane in these soils are similar to the more
vitric horizons in the EU COST-622 database (Garcia-
Rodeja et al. 2007). The formation and structure of allo-
phanes with these low Al/Si ratios are less understood than
the more common allophanes with Al/Si near 2 (Dahlgren
et al. 1993). Some of the oxalate extractable Si (Siox) can in
fact be chemisorbed to the surfaces of the ferrihydrite,
amplifying the low (Si rich) Al/Si ratios (see Arnalds et al.
1995). The fate of the Si depends on the Al availability and

Opfergelt et al. (2011) suggested that opaline silica was
likely to form in the Si rich Icelandic weathering environ-
ment, but opaline silica is common in many other Andosols,
such as in Japan (Dahlgren et al. 1993). However, the author
is not aware of available information about opal in soils in
Iceland.

Imogolite was found in some but not all horizons in study
by Wada et al. (1992). It can be concluded that allophane is
the dominant mineral together with ferrihydrite, and thus
imogolite is not considered in general discussions of the
mineralogy below.

9.1.2 Ferrihydrite

Ferrihydrite is common in young iron oxide accumulations
and as bog iron consisting of small (3–7 nm) poorly ordered
Fe3+ (Schwertmann and Taylor 1989; Bigham et al. 2002).
Ferrihydrite is most commonly calculated as oxalate
extractable iron (Feox) times the factor 1.7 (Parfitt and Childs
1988). Ferrihydrite is generally 2–10 % in soils in Iceland,
although horizons with up to 20 % ferrihydrite exist. The
AUI soil database (using >400 horizons) showed no clear
relationship between ferrihydrite and pH (in H2O) or organic
carbon. The highest ferrihydrite contents (>10 %) are gen-
erally associated with subsurface horizons, but not exclu-
sively. These higher contents were not associated with
particular types of soils or regions, but are likely to reflect
reduction–oxidation environment of each profile, which is
influenced by freeze/thaw process, water retention, coarse
grained tephra layers and other factors. Garcia-Rodeja et al.
(2007) noted that high Fe values in some horizons were
likely to occur “due to gleying upon water saturation caused
by frost blockage and/or freezing thawing processes.”

Some of the ferrihydrite can be in early stages of goethite
formation, which was observed under the microscope by
Stoops et al. (2008).

9.1.3 Organo-mineral Complexes

Using many different dissolution technics can yield important
information about the mineral constituents of soils and these
methods have widely been employed on Andosols, especially
since conventional methods such as XRD are often of limited
use (e.g., Garcia-Rodeja et al. 2007). Pyrophosphate extrac-
tions (Alpyr and Fepyr) reveal the amount of Al and Fe in the
form of organo-mineral complexes. The AUI soil database
shows that the amount of Al and Fe bound by organo-mineral
complexes (allophane, ferrihydrite, and Al/Fe humus com-
plexes) is closely correlated with the total carbon content
(Fig. 9.2), with an increasing proportion of the (Al + Fe)ox as
pyrophosphate extractable Al + Fe (R2 = 0.77; n = 77).

Fig. 9.1 Allophane and pH (measured in H2O) in surface samples.
Samples obtained from 38 sites at 31 locations are widely distributed
over the country. Top 0–15 cm were sampled, obtained from 2 or 3
depth intervals. Allophane content is abruptly cut near pH 4.9. Soils
with the highest pH are vitric in nature with low allophane content. The
samples were obtained for 137Cs research, see Sigurgeirsson et al.
(2005)
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Common ratios of (Al + Fe)/C in organo-mineral complexes
in Andosols range between 0.1 and 0.25 (Dahlgren et al.
1993; Nanzyo et al. 1993; Rodriguez et al. 2006). Using this
ratio reveals that a significant proportions (often 20 to >80 %)
of the carbon in the soil is associated with organo-mineral
complexes, but this awaits further studies (see Arnalds et al.
2013). It is noteworthy that the AUI soil database and other
studies (Arnalds et al. 1995, 2013) show considerable
amounts of organo-mineral complexes at relatively high pH.
Garcia-Rodeja et al. (2007) had indicated that metal–humus
complexion would be limited at pH (H2O) > 6, but the
complexion at the higher pH may be primarily associated
with allophane and ferrihydrite surfaces.

9.2 Total Chemical Composition

The mineralogy of soils of Iceland is dominated by the
volcanic origin of the parent materials, with varying amounts
of secondary minerals characteristic of Andosols (see
Chap. 5). As most of the parent materials originate in aeolian
dust sources, the total chemical composition is influenced by
the geochemistry of these sources. However, the composi-
tion may be compounded by redistribution of soils caused by
wind erosion of already weathered soil materials. Oskarsson
et al. (2012) published a comprehensive table showing the
composition for the major elements for 62 horizons from 16
Andosol pedons in Iceland (soils under vegetation). These
horizons were at various stages of weathering. The SiO2

content of these horizons ranged from about 29 to 61 %,
with about half of the horizons with <40 % SiO2. Al2O3

generally ranges between 13 and 17 %. Iron content shows
more variability, with Fe2O3 (total Fe) ranging from 3.5 to
>17 %, with lower values caused by both differences in
parent materials (rhyolite inputs) and reduction and leaching
of iron. A graph showing major element composition in
selected profiles is presented in Fig. 9.3 (from Oskarsson
et al. 2012).

Figure 9.3 clearly demonstrates the erratic distribution of
the major elements with depth, which is influenced by the
various inputs of aeolian and tephra materials. An example
of this is the AR pedon (lower left), a pedon from South
Iceland relatively close to Mt. Hekla (note the many tephra
layers), but this soil has also received major additions of
redistributed soils from the highland areas close by, in part
rich in silicious tephra. The thick tephra layer at the MV site
is silicious Hekla tephra, note the increase in SiO2. Chemical
reactivity and subsequent mobility is most active near the
surface, but slows down as the materials become buried
under more recent materials.

Oskarsson et al. (2012) found that Ti, Al, Fe, and Mn
were the least mobile elements and thus often found enriched
within mature horizons. Mg, Ca, and Na are depleted as a
result of pedogenesis.

Volcanic glass is the main constituent of the sand fraction
of most of the Vitrisols (desert soils, classify as Vitricryands
according to ST) and Andosols. The character of the sand
fraction varies considerably in the Andosols, representing
the aeolian and tephra deposition environment, with strong
stratification (Fig. 9.4). Tephra is often a dominating com-
ponent, together with other pyroclasts, but rock fragments of
augite, feldspar, and olivine also occur as expressed by 11
horizons from three pedons of the EU-COST-622 project
(see Stoops and Van Driessche 2007). Rock fragments are
often more abundant in the lower parts of the profile, rep-
resenting lithological discontinuities, i.e., change in the
aeolian environment. Glacial till C horizons often underlie
the Andosols with contrasting mineralogy, chiefly made of
basaltic rock fragments (see also Arnalds et al. 1995).

The mineralogy of the Vitrisols is generally dominated
by the geochemistry of the volcanic system influencing
the desert surfaces, with the Katla volcano dominating the
Mýrdalssandur, Grímsvötn volcanic system controlling the
Skeiðarársandur, and Bárðarbunga and Kverkfjöll volcanic
systems dominating the Northeast desert sands (see, e.g.,
Baratoux et al. 2011). Some desert sands consist primarily of
rock fragments, created by glaciers advancing over and
reworking lava surfaces, such at the southern margin of
Langjökull glacier (Mangold et al. 2011). The Cambic Vit-
risols, characteristic of the lag gravel surfaces, often have a
mixture of andic materials, vitric and rock fragments,
expressing a very weakly developed Bw horizon.

Fig. 9.2 Pyrophosphate extractable Al (Alpyr) as a proportion (%) of
total extractable Al (Alox), indicating how much of the extractable Al is
associated with aluminum–organo complexes. Higher proportion of the
Al is bound to organo-mineral complexes as the total organic content of
the horizons increases. Based on AUI soil data
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9.3 Micromorphology

Micromorphological studies of Icelandic soils are relatively
few. Early attempts include those Gudmundsson (1978) who
studied peat soils in Northwest Iceland. He found that the
structure of the roots and rhizomes were preserved in his
wetland pedons, with relatively little disturbance by animals.
He identified diatoms near mineral layers, siderite in lenses
and also pyrite in the lower parts, and concluded that chemical
weathering and secondary mineral formation were active in
the peats he studied. Other studies include those of Romans
et al. (1980), who studied recently exposed glacial tills in front
of the retreating Breiðamerkurjökull glacier (South Iceland)
and Simpson et al. (1999), who used micromorphology as a
tool in archeological research near LakeMývatn, in Northeast
Iceland. A considerable effort was made to characterize
mineralogical and micromorphological characteristics of
volcanic soils in Europe during the COST-622 project, which
resulted in numerous publications involving soils from Ice-
land (three pedons), such as Stoops andGerard (2007), Stoops

Fig. 9.3 Major element composition in four selected profiles. From
Oskarsson et al. (2012). Shaded horizontal lines represent major tephra
layers. Locations are: MV Möðruvellir, North Iceland; KO Korpa,

Southwest Iceland; AR Árnes, South Iceland; HA Hálslón, Eastern
Highlands

Fig. 9.4 Thin section micrograph from the surface horizon of the
COST-622 09 (Auðkúluheiði) pedon. Thin diffuse coatings of fine
material around pumice fragments, and partially penetrating in the open
vacuoles. Frequent fragments of brown partially decomposed organic
material and frequent coarse sand and gravel size grains of pumice with
fine material coatings. Occasional basalt fragments e.g., olivine. From
Stoops et al. (2007); see also Stoops et al. (2008). Photo Georges
Stoops
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andVanDriessche (2007),Meijer et al. (2007),Monteiro et al.
(2007), Bartoli and Burtin (2007), and Basile et al. (2007),
which were in part summarized in the book chapter “A
micromorphological study of Andosols Genesis in Iceland,”
by Stoops et al. (2008). Van Vliet-Lanoe and coworkers have
studied micromorphology in Iceland in relation to frost action
(e.g., Van Vliet-Lanoe et al. 1998). Hydrothermally affected
areas have totally different mineralogy and morphology from
other areas (Fig. 9.5).

Judging from the literature, the mircromorphology of soils
in Iceland (Figs. 9.6, 9.7, 9.8, and 9.9) is in general charac-
terized of various combinations of (i) poorly weathered vitric
materials, which both include basaltic (sideromelane and
tachylite) and rhyolitic materials together with palagonite
fragments; (ii) rock fragments, with olivine, pyroxene, and
plagioclase as the most common minerals; (iii) various
organic matter fragments of different degree of decomposi-
tion; and (iv) various secondary amorphous mineral products,
which are most commonly allophane and ferrihydrite. The
common aeolian and tephra deposition events result in

Fig. 9.5 Colors in part dominated by secondary minerals in hydrothermally altered interior of the Torfajökull caldera, South Central Iceland

Fig. 9.6 Micrograph of the 4Bw horizon of the Ós pedon (COST 622
07). Angual grains of augite, feldspar and rounded grains of green
glass. Black vesicular pyroclasts and aggregates of chlorite. Few
rounded feldspathic pyroclasts with chlorite inclusions. The most
striking feature of this picture is the lamellar, partly lenticular
microstructure, pointing to an alternation of freezing and thawing.
From Stoops et al. (2007); see also Stoops et al. (2008). Photo Georges
Stoops
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multiple lithological discontinuities, showing microstratifi-
cation that is evident in thin sections, both of mineral and
organic horizons. The rhyolite tephra is especially resistant to
weathering and often has limited weathering fringes. How-
ever, Stoops et al. (2008; Stoops personal communication)
points out that in coarse soils, the >2 mm tephra grains are
sieved out before analysis, but these grains commonly have a
large quantity of clay and amorphous material present in the
open vacuoles (hence the high surface area of the vitric
materials mentioned above). This means that the physical and
chemical analysis (e.g., CEC, clay content, base saturation,
etc.) are not correct, but the extent of this influence of coarse
materials has not been investigated.

Some horizons show signs of iron cementation (Arnalds
et al. 1995) and even early stages of goethite transformation
of ferrihydrite in iron-rich horizons (Stoops et al. 2008).
Some early attempts on identifying the weathering products
in the soils may have used the term móberg (palagonite) for
poorly ordered secondary minerals amorphous under the
microscope. Freeze–thaw phenomena shows up in the mi-
crofabric (Stoops et al. 2008; Van Vliet-Lanoe et al. 1998).
The limited weathering of some of the mineral matter may
suggest that most of these were deposited directly as ash, but
one has also to consider that much of the aeolian sources
consist of sand flats with relatively unweathered vitric
materials (Baratoux et al. 2011).

Douglas (1987) noted manganese-rich coatings on Ice-
landic rock surfaces, especially in fractures of basalt lavas.
These are likely to affect the color of the dark Icelandic
deserts.

9.4 Genesis

Björn Johannesson’s book “The Soils of Iceland” from 1960
contains discussions on soil genesis, noting the importance
of the basaltic nature of the rocks and the aeolian influence
(“loessial soil”). He noted the difference in deposition rates
(soil thickening rates) before and after the Settlement, with
about tenfold increase in East Iceland, citing the work of the
geologist Sigurdur Thorarinsson. He also noted the impor-
tance of differences in the drainage of the bedrock, resulting
in the division of wetlands and dryland soils. Other early
publications on the genesis of soils in Iceland include those
of Helgason (1968) who studied soils of Southwest Iceland.
Many early genesis studies were devoted to soil thickening

Fig. 9.7 Micrograph of the 2CB horizon at Ós (COST 622 07).
Mineral fragments of brown greenish glass with few angular grains of
feldspar and augite. Diatoms are abundant. Reddish brown organic
tissue residues. Subrounded holocrystalline volcanic rock fragment and
smaller angular glass fragments; partly granular microstructure, char-
acteristic for andic materials. From Stoops et al. (2007); see also Stoops
et al. (2008). Photo Georges Stoops

Fig. 9.8 Micrograph of Ah2 horizon from Auðkúluheidi (COST
622 08). Subrounded pumice fragments (about 500 µm) covered by
coatings of fine material penetrating in the elongated vacuoles at the
outer rim (internal clay hypocoatings); subangular grains of green
volcanic glass. From Stoops et al. (2007); see also Stoops et al. (2008).
Photo Georges Stoops

Fig. 9.9 A micrograph from the Ah horizon of the Hella pedon (COST
622 09). Some grayish pumice fragments are present, some angular
augite grains and greenish glass. Elongated phytoliths and diatoms are
common. The parallel orientation of the organic matter is not
horizontal. From Stoops et al. (2007); see also Stoops et al. (2008).
Photo Georges Stoops
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rates, which in Icelandic context was sometimes considered
“soil formation” (see Thorarinsson 1961; Gudbergsson
1975). Sigbjarnarson (1969) concluded after studying
thickening rates near one of the most active dust sources in
Iceland that all majority of the mineral parent materials were
basaltic volcanic glass originating from the distant desert
areas (volcanic loess), but his conclusions met with skepti-
cism initially, with many considering that more of the
materials were locally derived and consisting of palagonite.
However, the sources of these volcanic loess materials
remained rather unclear, but have now been placed at the
very active dust plume areas on one hand and the sandy
desert areas in general on the other (Arnalds 2010), with
contributions from erosion and redistribution of existing
Andosols in variable amounts, as is discussed in the chapter
on the aeolian environment (Chaps. 11 and 12).

9.4.1 Andosols

The genetic pathways of the Icelandic soil formation vary
with soil type, ranging from organic Histosols to the unstable
barren desert surfaces. All these soils are subjected to
chemical weathering, with the formation of colloidal con-
stituents (clays and organo-mineral complexes). The aeolian
additions (and tephra deposition), with the rising soil sur-
face, is a major characteristics of all soils with stable sur-
faces—but to a varying degree, depending on the rate of
sedimentation. Carbon accumulation is also typical of stable
surfaces, affected by aeolian characteristics and drainage.
Sigfusson et al. (2008) and Oskarsson et al. (2012) showed
that chemical weathering is greatest, while the parent
materials are close to the surface, but slows down as they
become buried. Chemical weathering is most effective in the
biologically active surface layer, and the degree of chemical
weathering for each horizon is therefore in part affected by
how long each horizon remains near the surface before it
becomes buried under new aeolian accumulations. This
generates an interesting interaction between chemical
weathering and aeolian burial, where one has to consider
both the characteristics of each horizon and the total thick-
ness of the profile. The fast weathering of basalt controls the
chemistry of the soil water on one hand, and the precipitation
of allophane and ferrihydrite on the other (see Sigfusson
2004). These fast rates are well expressed both by rapid
geochemical denudation (Gislason 2008; Gislason et al.
2009) and the fast rate of allophane formation discussed
below. Yet, each horizon consists of relatively little weath-
ered materials as the soil is subjected to these rapid rates of
weathering over a short time (decades, hundreds of years).

How much aeolian materials are deposited? How fast are
the surfaces rising? Arnalds (2010) reviewed literature on
thickening rates and found that the surfaces are rising on

average from <0.01 mm far from aeolian sources to as fast as
>1 mm each year within the most active aeolian areas.
Research that utilizes thickening rates of aeolian deposits
includes the classical paper by Thorarinsson (1961) on wind
erosion in Iceland, which covered much of Iceland, Gud-
bergsson (1975, 1996) in the Skagafjörður area in the central
North, Sigbjarnarson (1969) in the South, and Gisladottir
et al. (2010) in the Southwest. More papers of this nature
will be discussed in the Chap. 12. The burial/additions
characteristics of the soils are illustrated in Fig. 9.10.

Figure 9.10 is a drawing of the development of a Brown
Andosol located near Goðafoss in Northeast Iceland
(descriptions and data for this pedon are presented in
Chaps. 7 and 8). This pedon is selected for illustration
because it is located within area that is well vegetated (the
pedon representing regional rather than local changes in
aeolian activity), large amount of analytical data that is
available, and it has easily identifiable and dated tephra
layers. Soil development begins after the glacier retreats, and
vegetation gets established on the surface. Aeolian materials
accumulate gradually on the surface, building an A horizon,
which again becomes slowly buried, however, with contin-
ued soil development, to become a Bw (or 2Bwb) horizon.
This steady burial continues, but is disrupted by the depo-
sition of thick rhyolitic tephra deposits from Mt. Hekla about
4,250 and 3,150 years ago (from 220 km distance). There is
a marked change in the soil development about 1,100 years
ago, when there is a large increase in aeolian deposition
rates, and the soils are noticeably lighter above this color
change in the profile. This change is brought about by the
Settlement. The reason for the lighter color is in part change
in organic content and a larger proportion of yellowish
colored tephra grains which are being redistributed by aeo-
lian processes due to massive soil erosion upwind. These
rhyolitic grains originate from the H3 and H4 tephra layers
in soils further south and are being redistributed toward
north during dry southerly high intensity wind events.

The change in aeolian deposition rates has an influence
on carbon accumulation and clay formation. The Goðafoss
pedon presented here in Fig. 9.10 was divided into five
periods based on the age of the major tephra layers present in
the profile. The average thickening rate before the settlement
ranged between 0.048 and 0.11 mm year−1 but has been
0.51 mm year−1 over the past 500 years (Table 9.1). This is
based on present bulk thicknesses, not considering losses by
chemical weathering and gains of organic carbon (see note
on aeolian thickening rates in Chap. 12). Carbon has been
accumulating much faster during the past 500 years than
before the Settlement when aeolian deposition rates were
considerably slower. The same applies for the clay (allo-
phane + ferrihydrite), with about 60 g of clays forming each
year under a square meter at present time. The average
Al2O3 content of the Vatnajökull volcanic sources is about
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14 % (Oladottir et al. 2011), and the Al is relatively
immobile in the soils (Oskarsson et al. 2012). Dissolution of
9–140 tons km−2 year−1 of rocks (range in clay formation in
Table 9.1) is needed for the formation of the allophane clays
alone based on the Al content. This range is similar as is
reported by Gislason (2008) for chemical denudation rates
for Iceland (see below).

The main pattern of the chemical weathering of the Ice-
landic Andosols is characterized by the accumulation of Al
and Fe with minimal translocation (Oskarsson et al. 2012) as
is characteristic of Andosols, together with accumulation of
organic materials (Dahlgren et al. 1993). However, Oskars-
son et al. (2012) also found evidence of mobilization of Al/
Fe complexes resembling podsolization, which also occurs
in other volcanic areas (Ugolini and Dahlgren 2002).
Guicharnaud and Paton (2006) showed that eathering rates
in the Icelandic Andosols were considerable faster than in
Cambisols from Scotland from similar climatic region, and
had a much greater buffering capacity with stable pH under
experimental acid rain deposition.

9.4.2 Vitrisols—The Vitric Soils of the Deserts

The most comprehensive overview of the Icelandic Vitrisols
was published by Arnalds and Kimble (2001). The Vitrisols
meet the criteria for Andosols (WRB) and Andisols (Soil
Taxonomy) by consisting of volcanic glass and having
(Al + ½Fe)ox > 0.4 %, except where WRB depth require-
ments are not met (no such requirements in Soil Taxonomy).
The oxalate extractable Al and Fe are thought of as being the
result of pedogenesis according to those classification sys-
tems. It is therefore interesting to note that many of the sand
flats classifying as Andosols according to both WRB and
Soil Taxonomy have surface materials deposited in recent
floods associated with volcanic eruptions, such as the 1918
flood at Mýrdalssandur and the 1996 at Skeiðarársandur.
Some of these basaltic glass materials have developed
enough “allophanic like” materials (oxalate extractable)
upon deposition of the tephra materials. However, limited
extent of weathering is still the very character of the Vitri-
sols. They are characterized by low organic matter and clay
contents compared to the Brown Andosols. The allophanes,
often 1–5 % have very low Al/Si ratio (often <1) charac-
teristic of vitric materials elsewhere (see section on allo-
phane above). The soils are young, but the weathering rates
of these materials are relatively rapid, even though they are
lacking mostly the biological activity characteristic of the
soils under vegetation in Iceland.

It should be noted that the desert Vitrisols of Iceland are
quite variable, mostly depending on the geomorphic surfaces,
ranging from sandy materials, gravelly glacial till (lag gravel)
to scree and lava surfaces (see Chap. 6 on classification).

Fig. 9.10 Genesis of Icelandic soil under a steadyaccumulationof aeolian
materials and periodic ash-fall events. The graph shows 9–10,000 years
evolution, starting with a glacial till surface (left), which gradually is buried
under more and more of aeolian materials, however with continuous soil
development, with losses of cations but gains of organic materials and clay
constituents. Graph based on Arnalds (1990) and Arnalds et al. (1995)
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9.4.3 Histosols

There are two main studies of the genesis of Histosols in
Iceland, firstly by Gudmundsson (1978) and secondly
research of two wetland pedons (not Histosols per se) by the
European COST-622 group (e.g., book edited by Arnalds
et al. 2007). The main characteristic of the genesis of the
Histosols is, of course, the accumulation of organic matter.
Gudmundsson (1978) noted similar rates of organic accu-
mulation (0.1–0.45 mm year−1) in Iceland as reported for peat
soils in neighboring countries. However, the accumulation
occurs under various rates of aeolian accumulation and
periodic tephra deposition events. The cold climate results in
reduced decomposition rates, leading to the accumulation of
poorly decomposed organic matter. Unique feature of the
Icelandic Histosols is the sporadic occurrence of tephra lay-
ers, which allows for calculations of organic accumulation
rates. The chief difference of the wetland soils in general are
the variable organic contents and the degree of humification.

9.5 Chemical Weathering and Denudation

Rapid weathering of volcanic tephra has been emphasized as
an important feature of the formation of Andosols and the
colloids that make up the mineral constituent of these soils
(see Chap. 5). As Iceland is located in a cold climate, one
may expect that the weathering rates are not especially rapid
and many Icelandic naturalists believed that chemical
weathering in Iceland was slow or nonexisting until recently.
Other factors than the climate are also important, of course,
such as the crystallinity and the composition of the volcanic
materials. But how rapid is chemical weathering in Iceland?
The short answer: it is very rapid on a global scale. The
numbers above indicating the rate of clay formation and how
much rock dissolution was needed (9–140 tons km2 year−1)
clearly indicate that the rate is high. Some of the other ele-
ments (other than Al) dissolved during the soil genesis are in
part incorporated into clay minerals such as iron in ferrihy-
drite and silica in allophane, but some are relatively immo-
bile such as titanium.

Sigurdur R. Gislason and coworkers have studied the
chemical weathering rates and chemical denudation in var-
ious parts of Iceland (Eiriksdottir et al. 2008; Gislason et al.
2006, 2009; Kardjilov et al. 2006), which was reviewed by
Gislason in the journal Jökull special issue on Icelandic
geology in 2008. He concluded that chemical denudation
rates in Iceland, of the order of 20–150 tons km−2 year−1

were 1.3 times the world average, which occurs in spite of
the cold climate. These rates are very comparable to the rock
dissolution rates calculated for allophane clay formation
above. The high weathering rates are especially interesting
as chemical denudation rates are generally highest for car-
bonate dominated areas (CaCO3). Poorly crystalline olivine,
with many broken edges and bonds, is a major constituent of
the glass that dominates the parent materials of the soils in
Iceland and it weathers rapidly. Poorly crystalline plagio-
clase and pyroxenes are also major components of the glass
and they also weather relatively rapidly. The olivine and
plagioclase minerals are calcium bearing, and the Ca++ is
lost from the soil profile during weathering and it eventually
reacts with CO2 to form carbonate (CaCO3) in the oceans or
the bedrock. Thus, large quantities of CO2 is drawn from the
atmosphere with chemical weathering in Iceland, at a rate
that will increase with global warming, thus having a
counterbalancing effect on climate change (Gislason 2008;
Gislason et al. 2009). The weathering rates vary between the
geological formations. Holocene lavas have high perme-
ability which allows for ready infiltration and limited surface
runoff, at least during summer (see Chap. 10 on Cryotur-
bation). The Quaternary and Tertiary formations have slower
permeability, resulting in more surface runoff. The average
water runoff rates are 1,460 mm year−1, an order of mag-
nitude higher than the average world runoff rates of
372 mm year−1 (Jonsdottir 2008).

The chemical denudation rates as summarized by Gisla-
son (2008) were highest for the younger geologic forma-
tions, which incidentally, are also areas of highest aeolian
sedimentation rates. Climatic factors, which are affected by
elevation, are important. Eiriksdottir et al. (2013) concluded
that chemical denudation increased by 13 % with each 1 °C
increase in temperature, but that it was also influenced by

Table 9.1 Soil thickening rates, carbon and clay accumulation in the Goðafoss pedon between tephra layers of known age, based on Arnalds
(1990)

Period Time interval Thickening ratea (mm year−1) Carbon (g m−2 year−1) Clay (g m−2 year−1)

“a”–present 1480–1987 AD 0.51 17.9 62.3

Settlement–“a” 874–1480 AD 0.19 8.4 9.4

H3–Settlement 3150 PB–874 AD 0.039 1.2 6.5

H4–H3 4250–3150 BP 0.12 2.3 16.0

Till–H4 9000–4250 BP 0.059 1.2 10.2

Dates for Hekla (H) tephra layers from Larsen and Eiríksson (2008)
a Based on present bulk thickness, not considering losses by chemical weathering, organic additions and changes in particle arrangements

9.4 Genesis 115

http://dx.doi.org/10.1007/978-94-017-9621-7_5
http://dx.doi.org/10.1007/978-94-017-9621-7_10


runoff rates. The most mobile elements are F, S, Na, K, Ca,
and Mg (see also Oskarsson et al. 2012). Aluminum is not
mobile and precipitates mostly as allophane (and some im-
ogolite) together with part of the silica.
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10Frost and the Soil Environment

10.1 Arctic—Periglacial Environments

The action of frost has pronounced influence on all soil
surfaces of Iceland, shaping the soils and landscapes. The
Icelandic soil environment provides an overamplified
example of frost-driven processes due to (i) exceptionally
frequent freeze–thaw cycles and (ii) frost-susceptible soils.
A variety of landforms are generated with the frost action,
such as thufur (hummocks), palsas, patterned ground, and
solifluction features on the surface and cryoturbation pat-
terns within the soils. In this chapter, the nature of frost
action on the soil and the geomorphic surfaces are explored,
together with some of the environmental parameters that
influence the frost action.

It seems that much professional effort is channeled to
discussions on terminology and definitions within the
domain of periglacial science. Such discussions will be
limited here for purposes of simplicity, although it is
important to introduce some commonly used terms. The
term periglacial has been used in relation to areas, processes,
and landforms that occur in the cold environments of the
Earth. Although the term literally means ‘near-glacier’, this
term has been broadened to include areas, landforms, and
processes that are substantially affected by the action of frost;
environments where frost actions and/or permafrost-related
processes dominate (French 2000; Slaymaker 2011). The
frost action causes displacement and mixing of soil materi-
als. The term cryoturbation is often used for these processes,
but the definition of the term varies considerably among
literature sources (see Jones et al. 2010). While some may
argue that this movement is independent of the traditional
soil forming factors, it clearly depends both on climate and
time and cryoturbation should be considered as part of
pedogenic processes (see Bockheim et al. 2006). The result
of this movement on the soil can be visible long after the
climate has become much warmer—the effects of cryotur-
bation during the last Pleistocene glacial stage can be seen in
soils where limited cryoturbation occurs today, e.g., in
Europe.

A large proportion of the Earth’s surface is characterized
by permanently frozen soil layer, or ‘permafrost’, covering
about 23 million km2 (Jones et al. 2010). Soils of these areas
are termed Gelisols (Soil Taxonomy) or Cryosols (WRB),
defined by their permanently frozen layer (Kimble 2004).
South of the permafrost areas are environments that are
influenced by the action of the frost; periglacial areas
affected by cryoturbation. Considering the northerly position
of Iceland right under the Arctic Circle, one could assume
that permafrost is a common feature of the Icelandic soil
environment. Yet, permafrost is not common in Iceland
except at the highest elevations. This can be thought to result
from the heating effects of the oceans around Iceland,
warmed up by the Gulf-Stream (see Chap. 2). However, the
impacts of frost action are evident everywhere.

Another term commonly associated with northerly loca-
tions is Arctic. The term is derived from the Greek ‘Arktos’,
signifying constellations of Ursa major and Ursa minor.
Astronomical definition is set where the sun does not set on
the summer solstice (66° 6′ N), the Arctic, or Polar Circle.
However, defining the term ‘Arctic’ has proven to be diffi-
cult; “in biological terms the Arctic Circle is merely an
abstraction” (CAFF 2001). A botanical feature often used is
the tree line, which would be hard to pinpoint in reality. An
average temperature of the summer month <10 °C has also
been used to characterize Arctic areas (CAFF 2001), but
there, one has to bear in mind that temperature fluctuations
can be considerable over time. The tree line and the 10 °C
line occurs at elevation somewhere above the Icelandic
lowlands, the height being considerably variable between the
various geographic regions, lower in the north than in the
south, lower at the northern coast than inland in the north.
Hence, most Icelandic environments are not far from a
boundary that could be described as the Boreal—Arctic
boundary (belonging to both sides), or at the boundary
between the temperate and sub-Arctic regions.

The climatological characteristics of Iceland were descri-
bed in Chap. 2. Its location results in a continuous ‘tug of
war’ between the warm Atlantic Ocean air masses and the
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cold Arctic air. Consequently, temperatures linger near 0 °C
for extended periods during winter, especially in the low-
lands. As a result, the surface is frequently freezing and
thawing. It is likely that the surface of the Icelandic lowlands
experience more freeze–thaw cycles each year than any other
place, prompting the concept of the ‘Icelandic cycle’
(Washburn 1980). Winter temperatures are lower in the

highlands with less frequent freeze–thaw events on the sur-
face, also aided by more common isolative cover of snow.
Figure 10.1 shows temperature fluctuations over one winter
season at Geitasandur restoration experiment site (Land-Aid),
near Hella in South Iceland (Arnalds et al. 2013). A com-
parable line for surface/soil temperatures on the continents
would be warmer temperatures in summer, colder in winter,
with less frequent dissection of the 0 °C line.

10.2 Water Freezes in the Soil

In order to understand why frost has such pronounced effects
on Icelandic surfaces, it is helpful to look at some of the
underlying principles of how water freezes in the soil. Water
increases its volume by about 9 % becoming a solid matter,
or ice (it is almost unique that substances become lighter
changing from a liquid to a solid). This slight volume
increase does not suffice in explaining the formation of
thufur (hummocks; explained later) and other cryoturbation
features. Water possesses many unique physical and chem-
ical properties that are important in relation to soil frost. It
contains immense amount of latent heat which is given up
when the water freezes (Fig. 10.2). A token of the enormous
latent heat of water is the heat transfer with the Gulf-Stream
far up the North Atlantic Ocean. As the soil is cooled
downward from the surface and the water begins to freeze,
the latent heat is dissipated, counteracting the movement of
frost downwards. This results in a temporary stationary
‘freezing front’ or ‘freezing pane’, a location where the frost

Fig. 10.1 Frequent freeze–thaw cycles over one winter at an exper-
imental plot in South Iceland. The lines reflect the mean, minimum, and
maximum temperatures every 24 h. Crossing the 0 °C line can occurmore
than once each day (AUI/BO/OA unpublished data)

Fig. 10.2 A conceptual drawing
for water freezing in soil. Latent
heat is released from the water
when it freezes, balancing the
cold coming from above,
resulting in a stationary freezing
front. Water is pulled up from
lower depths to the freezing front
due to a water tension gradient.
Considerable amount water can
be drawn up to the freezing front,
resulting in heaving of the soil
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action is balanced by the energy release from the water and
the coldness from above (Fig. 10.2). At this boundary, water
has been immobilized by the frost, resulting in a water
tension gradient (more water further down below). This
leads to capillary movement of water or pull to the freezing
front, sometimes referred to as ‘cryosuction’. If there is
ample supply of water below, a considerable amount is
drawn to the freezing front and the heaving becomes exag-
gerated as a result. Such conditions exist where there is a
short distance down to a water table (Fig. 10.3). However, if
the balance between soil heat, heat released when the soil
freezes, and the temperature above is changed, the freezing
front may well advance still further or retreat, or even exist at
more than one depth, resulting in accumulation of multiple
ice-lenses in the soil.

There are other factors that contribute to the nature of
cryoturbation. Thermal conductivity is important and is
influenced by such factors as the organic matter content,
nature of the mineral matter, water content, bulk density,
vegetation and snow cover, and the temperature. Air is a
poor conductor of heat. Cooling is therefore more effective
in wet soils than dry, but the water can also store great
amounts of heat (latent heat). Higher bulk densities usually
result in faster heat transfer (less air). The great latent heat of
water reduces the thermal diffusion in wet soils, slowing
down the cooling effect when air temperatures become low.
Vegetation that acts as windbreaks, such as shrubs and trees,
accumulate snow, which provides insulation and reduces the

cooling of the soils resulting in warmer soils. Organic O(H)
surface horizons provide insulation that may slow spring
thawing resulting in overall colder soils.

Another important factor to consider in relation to soil
frost is the so-called frost susceptibility of the soil materials,
which differ according to grain size, organic content, and
composition of the materials. Coarse materials are in general
not susceptible to frost as they neither store nor conduct
water to the freezing front. Clay-sized materials conduct
water slowly and are therefore not very frost susceptible.
Silt-sized materials are the most frost-susceptible materials,
having rapid hydraulic conductivities enhancing water
transfer to the freezing front. Materials classified as loams,
silt-loams, clay-loams, and sandy-loams are generally very
susceptible to frost. The chief mineral clay constituents of
Icelandic Andosols are allophane and ferrihydrite. Allophane
forms stable silt-sized aggregates (Maeda et al. 1977) as is
discussed in Chap. 5. Furthermore, these materials have
immense water holding capacities, together with the organic
matter that tends to accumulate in Andosols. The compara-
tively well-developed Andosols that occur under vegetation
cover in Iceland are therefore very susceptible to frost. In
addition, there is very high silt content in many of the desert
Vitrisols (see Sect. 6.5 for Vitrisols), which also are highly
frost susceptible. Both these soil types lack the cohesion
provided by layer silicate clays which dominates the clay
fraction in the neighboring countries, allowing for easy
displacement of soil particles by the pressure from ice. Many

Fig. 10.3 Frost heaving. In
summer, the grass surface is level
with the stone-path, which has
‘frost free’ material under it. In
winter, the grass lawn is heaved
while the stone-path is not lifted
except at the boundary to the
grass. There is ample water in the
soil under the grass in winter,
enhancing the frost heave by
water transfer to the freezing front
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of the soils can easily reach the liquid limit, adding to the
susceptibility to frost. Many of the Vitrisols become fluid-
like in the surface in the spring, when water saturates, when
the silty surface soils rest on the frozen layer below, making
the terrain difficult to pass, even on foot. To summarize: the

soils contain lots of water, they conduct water rapidly, and
lack cohesion, resulting in very frost-susceptible soils. Fur-
thermore, environmental factors intensify the effects, such as
the climatic factors. It is therefore understandable that peri-
glacial processes are intense in Iceland.

Fig. 10.4 Ice on the ground
caused by alternating freeze–thaw
events over frozen ground with
near zero infiltration in winter.
Such ice is detrimental for plant
survival in desert environments
and sometimes over vegetation,
causing abrasion and hindering
oxygen flow to the surface.
Hay fields and turf grass on
soccer fields and golf courses
are periodically damaged by
standing ice

Fig. 10.5 Standing water on a
frozen desert ground at
Geitasandur LandAid research
area (near Hella, South Iceland).
Concrete ice with near zero
infiltration rates underneath.
Surface water is hardly ever seen
in summer due to rapid infiltration
rates. Berglind Orradottir (AUI) is
sampling soil water samples for
chemical analysis
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10.3 Soil Frost, Types of Ice,
and Surface Runoff

Andosols under vegetation and the sandy Vitrisols of the
deserts in Iceland (are Vitricryands under the Soil Taxon-
omy) generally have very rapid infiltration rates when not
frozen, even >300 mm h−1 (Orradottir 2002; Orradottir et al.
2008). However, soil frost dramatically decreases the infil-
tration rates, to less than 50 mm h−1 on vegetated sites and to
near zero in frozen deserts. Thus, the vegetation cover has a
pronounced effect on the infiltration rates in winter, which is
explained by different ice forms that form in the soil, as was
shown in research conducted by Orradottir, cited above.
Porous ice that is conductive to water can form in soils under
rich vegetation cover. However, under less vigorous herba-
ceous vegetation, in depressions between thufurs and espe-
cially on deserts, concrete type of ice is formed (Orradottir
et al. 2008). The reduced or blocked infiltration can result in
severe runoff, which is one of the factors that shape the
Icelandic desert landscapes. Flooding occurs frequently
during sudden snow–thaw events where the watersheds have
poor vegetation cover (Figs. 10.4, 10.5 and 10.6).

10.4 Needle-Ice Formation

The formation of needle-ice on barren surfaces is one of the
most ecologically detrimental processes operating on Ice-
landic ecosystems. They grow vertically in or near the

surface, lifting up the topmost layer, often a few millimeters
thick (Fig. 10.7). In Iceland this occurs most frequently
during frost-nights when there is ample moisture in the
surface, such as after rainfall. An absolute prerequisite is that
the surface is barren and the occurrence seems more com-
mon where the surface soil materials are relatively fine and
dominated by silt, which is similar to findings elsewhere
(Meentemeyer and Zippin 1981). International studies on the
formation of needle-ice, which have relevance for Iceland,
include those of Soons and Greenland (1970), Outcalt

Fig. 10.6 Standing water in
winter in a desert near Mt. Hekla.
Infiltration is impeded, thaw
events cause massive runoff. No
water can be seen on these
surfaces of extremely fast
infiltration rates in sand and lavas
when the ground is not frozen.
Photo © Elin Fjola
Thorarinsdottir, ISCS

Fig. 10.7 Needle-ice formations. A coin, 2.5 cm in diameter, provides
a scale. The ice is layered, representing different frost events. There is
ample moisture in the soil and each layer is added during frost nights
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(1971), Lawler (1993), Branson et al. (1996), and Meente-
meyer and Zippin (1981), with a global survey of needle-ice
conditions published by Lawler (1988).

Barren conditions typical for needle-ice formation are
found in erosion spots, as exemplified in Fig. 10.8 (see
Chap. 12 on erosion), but they occur in a variety of other
settings. Studies in Iceland on needle-ice formation are few,
but include surface stability and frost-heaving measurements
by Thorsson (2008), B. Orradottir, and others (AUI/ISCS,
unpublished), study of the influence of frost heaving on tree
nursery (Oskarsson and Brynleifsdottir 2009), and a BS
project at the AUI grounds at Hvanneyri (Madsen 2013).
The field experiment at Hvanneyri revealed >40 freeze–thaw
events typical for needle-ice formation in just 2 months
(Madsen 2013). However, water needs to be available in the
surface layer of the soil, thus, lack of water (e.g., dry or
frozen layer) limits ice formation, as does snow cover. Thus,
needle-ice is not formed during all freezing events. They are
common in spring and fall, when snow cover is limited and
ample moisture is in the surface layer.

Needle-ice is capable of lifting rocks of several kilograms
(Fig. 10.9), and it has a negative effect on seedlings that are
struggling to get established in these surfaces. This has a
detrimental influence on early ecosystem succession on
barren surfaces and in part prevents natural vegetation
establishment (e.g., Aradottir 1991; Oskarsson and Brynle-
ifsdottir 2009). A biological soil crust is therefore often
needed to stabilize the surface, which subsequently

facilitates the development of vascular plant cover which can
survive winters. An example of frost-heave measurements
are presented in Fig. 10.10. Frost heave is pronounced in
untreated desert plots, but fertilizer treatments have reduced
frost-heave a few years after the fertilizer applications. This
displacement can be >8 cm (Madsen 2013) during a single
frost night. Needle-ice can grow surprisingly long as shown
in Fig. 10.11, often stratified, representing consecutive frost
nights. Soil particles are often incorporated into the ice.

Fig. 10.8 Needle-ice formations
in an erosion spot, clearly
explaining the difficulty for
vegetation establishment in such
spots. Even small rocks are lifted
from the surface

Fig. 10.9 Needle-ice has lifted the entire surface, including pebbles
and rocks. Bare Andosol surfaces are extremely susceptible to needle-
ice formation
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Needle-ice influences surface stability and vulnerability to
wind and water erosion. As an example, it has been shown that
after frost, threshold velocity for wind erosion was reduced
from 9–10 to 6m s−1 (wind at 2m height) (Arnalds et al. 2012).
Needle-ice is quite detrimental in increasing fluvial sediment
loads by detaching soil particles, resulting in increased runoff
from needle-ice areas (e.g., Lawler 1993), hence, the intensity
of snow-melt events on frozen ground in Iceland.

10.5 Thufur

Hummocks, which in Icelandic are termed thufur (spelled
‘þúfur’ in Icelandic, single ‘þúfa’) are prominent and often
dominating features of the Icelandic soil surface. Thufur are
mounds or hummocks, often 50–150 cm in diameter. They
can be low (<10 cm) to more than 1 m height, of various
steepness (Fig. 10.12). Examples of thufur interior is shown
in Fig. 10.13. Thufur are found on the surface of nearly all
vegetated surfaces in Iceland, being formed in the aeolian-
andic soil mantle (volcanic loess) that rests on other types of
bedrock. The soils include Brown, Gleyic, and Histic An-
dosols, but also on Histosols to some degree. Thufur occurs
in Iceland under a range of average annual temperatures
from >5 to <−2 °C.

Harris et al. (2009) defined hummocks as “Dome-shaped
features with raised center and depression or through
between hummocks,” but they note that the terminology
used for patterned ground is confusing. Schunke and Zoltai
(1988) suggested that the term ‘earth hummocks’ were
hummocks of permafrost areas while ‘thufur’ were hum-
mocks in areas with seasonal frost. The Icelandic term
‘thufur’ has increasingly become the international term for
the types of hummocks that occur in Iceland, and have been
used in research describing these features on the slopes of a
volcano in Korea (Kim 2008) and in South Africa (Grab
2005) to give examples of the international use of the term.
Hummocks are also called ‘pounus’ in Fennoscandinavia

Fig. 10.10 Surface stability on barren desert and areas treated with
fertilizers and grass seeds. The Y-axis shows vertical displacement but
the x-axis is vertical distance with 5 cm between pins. Measurements
made 7 years after treated areas were treated and fertilized. Orradottir
and Arnalds, unpublished data

Fig. 10.11 Exceptionally long
needle-ice. Soil and a plant on the
top! Photo Axel Arnason
Njardvik, © Sigthrudur Jonsdottir
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(e.g., Luoto and Seppäla 2002). Van Vliet-Lanoë et al.
(1998) considered thufur as a subtype of hummocks, but
they fall well within a definition suggested by Grab (2005)
as miniature cryogenic mounds generally less than 1.5 m in
height, which form both in seasonally frozen and permafrost
areas. Definitions related to thufur and hummocks will
undoubtedly still be the focus of continuing discussions in
the literature.

The formation of thufur is dependent on ample soil water
supply and soil frost. The northern boundary seems to be
related to the northern vegetation boundary (Schunke 1977).
An annual temperature lower than 3–6 °C has been sug-
gested as a prerequisite for thufur formation (Grab 2005),
but lower values were suggested by Tarnocai and Zoltai
(1978). Icelandic annual temperatures fall well within the
temperatures suggested in these papers.

Thufur in Iceland were noted early on by scientists, such
as Gruner (1912) and Thoroddsen (1913), and they occur in
earlier nonscientific writings, while their nature was poorly
understood early on. Schunke (1977) made a detailed study
of the morphology of thufur in Iceland, but otherwise,
studies related to thufur formation in Iceland are relatively
few.

10.5.1 Thufur over Shallow Water Table

The conceptual model provided in Sect. 10.2 shows that
thufur are likely to form where standing water is within

reach of capillary pull to the freezing front. This was noted
early by Johannesson (1960), who suggested that the tallest
thufur occur at the transition zone between wetlands and
heathlands, which is quite evident on short catenas from
wetlands in depressions to dry hilltops. Figure 10.14 shows
such transect measured from wetland surface to heathland
above it, with the highest thufur closest to the wetland. It is
noteworthy that thufur do not form or are at least not sub-
stantial within the wetland areas, where there is standing
water or the water table is within a few centimeters from the
surface. The thufur appear to be highest were the ground-
water table is at optimal depth, somewhere between 20 and
60 cm. This fits well with the Johannesson (1960) model.

10.5.2 ‘Dryland Thufur’—Thufur in Areas
Without the Presence of Shallow
Water Table

In the discussion above, the role of groundwater table was
emphasized, a model that is well established. However, only
a part of the soil in Iceland has water table within the reach
of capillary pull. However, thufur occur nearly everywhere;
there are extensive areas where thufur occur without the
water table being close to the surface (Brown Andosols;
Fig. 10.15). This calls for alternative explanations for the
formation of thufur under such drylandconditions, why they
are so common, and why they can become as large as >1 m
in height and diameter under such conditions. An example of

Fig. 10.12 Example of thufur
surfaces in a poor heathland
vegetation. Thufur are among the
most common and influential
features of Icelandic soil surfaces.
Photo: Fanney Osk Gisladottir/
AUI
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such thufur are in soils of the Holocene lavas between the
Krafla area and Kelduhverfi in Northeast Iceland, where the
water table is often at 20–70 m depth, yet there some of the
largest thufur in Iceland are found. Thufur in this area were
studied by Van Vliet-Lanoë et al. (1998).

An important factor in explaining the formation of thufur
without the presence of shallow water table is high water
content in the soil for movement to the freezing front, but
also different conditions prevailing under each mound
compared to the space between them, resulting in ‘differ-
ential frost heaving’ (see Grab 2005). Walker et al. (2008)
emphasized the difference in vegetation and snow cover
characteristics from the ‘on-top’ to the ‘between thufa’
locations, which affects the thermal and water regimes in the
soils, resulting in water being drawn to the ‘center of the
patterns’. This would apply both to the ‘water table thufur’
and the ‘dryland thufur’. Below are listed some important
characteristics, properties, and processes that contribute to
the formation of thufur without the presence of shallow
water table based on review in Icelandic by Arnalds (2010a).
(i) The soils are Andosols, with extremely high water

retention, but lacking cohesion, allowing for easy
movement or squeeze of the soil materials, especially
when near saturation (when liquid limit is easily
reached).

(ii) The clay materials are dominated by allophane, which
forms stable silt-sized aggregates, with high hydraulic
conductivity, yet also high water retention. The result is
very frost-susceptible materials. Coarse tephra layers,
where present, do halt the capillary movement toward
the freezing front (lower thufurs within the active
volcanic belt).

(iii) Extremely common freeze–thaw cycles enhance water
accumulation in the soil all winter long; water is both
transferred from the soils below up to the frozen area,
and added to the top during thaw events. The thaw
events are often characterized by both rainfall and
snow–thaw, adding water to the soils. Yet the soil has a
frozen layer, which slows downward movement of the
winter precipitation to lower layers, resulting in water
saturated surface above the frozen layer.

(iv) Animal grazing is clearly a factor adding to the for-
mation of thufur in Iceland (both water table and dry-
land soil conditions). Domestic animals, especially the
heavy ones such as horses and cattle, but also sheep to
some degree, nearly always put their feet down
between the thufur. As the soil has low cohesion, there
is a gradual push upwards of the thufur around the
depression. The highest and steepest thufur are found
within areas heavily and often overgrazed by horses;
grazing often takes place in winter when the soil is
relatively saturated by water. Horse grazing therefore

Fig. 10.13 A soil profile exhibiting an interior of a thufur

Fig. 10.14 A transect running from open wetland to dry heathland at
Mosfellsheiði, West Iceland. The thufur are highest in the transition
zone near the wetland zone. From Arnalds and Sigurjonsdottir (2012)
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accelerates the process (Figs. 10.16 and 10.17). It is
interesting to note that thufur occur in the Azores
Islands where the soil does not freeze, but the soils are
Andosols, often of extreme water holding capacities
(Hydric Andosols) with low cohesion—and are grazed
by heavy cattle (see Arnalds 2010a). The influence of
grazing animals is undoubtedly an underestimated
factor in the international literature concerning thufur
development.

After thufur development has begun, there are increas-
ingly different conditions in the soils between the thufur than
within them. There is shelter in the depressions which also
accumulate snow, but the thuufur are more exposed to the
cold, allowing for earlier formation of a freezing front.
Vegetation cover often provides less insulation on top of
thufur than in-between areas. However, there is high prob-
ability of periodic formation of standing water between the
thufur during thaw events (Orradottir et al. 2008).

Fig. 10.15 Example of thufur in
area where the water table is far
below the surface. The photo is
from Kelduhverfi, NE Iceland,
and the water table is several tens
of meters below the surface. Yet,
this area has very large thufurs

Fig. 10.16 A fence-line between
an area heavily grazed by horses
and a moderately grazed area by
sheep. Thufur have formed within
the horse pasture as a result of
hoof action, vegetation removal
(grazing), climatic factors
(modified by the grazing), and
soil properties
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10.5.3 Thufur, Geography, and Some General
Considerations

Based on this model, larger hummocks would be expected
where the soils are relatively fine textured with more allo-
phane clay constituents, which is extremely frost-susceptible
material. In areas with dryland thufur surfaces (without
shallow water table), thufur are larger at a distance from
aeolian sources and where soil development has advanced
further compared to areas experiencing rapid aeolian accu-
mulation and coarse tephra fallout. The northeastern, north,
and western areas meet these criteria in many places, with
thufur dominating the landscape regardless of the depth to
the water table. The coarse tephra layers deposited near the
most active volcanoes such as Hekla and Katla seem to
reduce thufur formation. Thufur are not as distinct in dryland
soils of the southern communal grazing areas, such as east of
Mýrdalsjökull glacier where relatively level heath and
grassland surfaces are common, even with water table close
to the surface. Deep isolative snow cover would reduce the
formation of thufur as noted by Thorarinsson (1951), and the
author has noticed that thufur do not form or are much lower
inside birch forests than outside within the same area, but the
forest both shelters from wind and accumulates more snow
in winter, but they are also not grazed by heavy animals.

Thufur make the landscape challenging to walk in, and
they made hay-making difficult. Yet, farmers in the old days
were reluctant to level out the thufur surfaces to make hay-
making easier, as many believed that the increased surface

area would provide more yields than level land. Leveling of
thufur surfaces with machinery was among the first major
projects of the new age in agriculture in Iceland. Some areas
had particularly notorious thufur; it was said about one farm
in Northeast Iceland that the thufur were so steep that even
cats broke their legs in the terrain.

The stratigraphy within the soils in Iceland, created by
steady aeolian and periodic tephra inputs, is often quite clear
in the soil strata. In many lowland areas, the author has
observed that tephra layers are often relatively straight hor-
izontal in strata dating up to the Middle Ages, but become
cryoturbated in the surface horizons, but the depth for non-
cryoturbated soil horizons is often greater in the highlands,
e.g., >2,500 years, as was noted by van Vliet-Lanoë et al.
(1998). This may both be indicative of land use and vege-
tation cover changes (such as removal of birch forests and
increased grazing) and climate change with cooler climate
during the Middle Ages.

10.6 Solifluction

Solifluction is the slow, downward movement of the soil
surface due to the action of freeze–thaw processes and the
pull of gravity. Several landforms, such as terraces (‘stallar’
or ‘paldrar’ in Icelandic; Fig. 10.18) and lobes (‘jarðsil-
stungur’; Fig. 10.19) are formed. These features are promi-
nent on nearly all vegetated slopes in Iceland (Figs. 10.20
and 10.21) and barren slopes, where texture is rather fine and

Fig. 10.17 Steep, recent thufur
(10–20 years) in a heavily grazed
horse pasture
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screen movement does not mask the effects of solifluction.
Lobes commonly have turf or coarse materials at the fore-
front of the lobes providing cohesion against the downward
pull, so-called stone-banked and turf-banked lobes. Down-
ward movement has been reported as few as >60 mm year−1

in the literature outside of Iceland (e.g., Benedict 1970,
1976; Ridefelt et al. 2009), but rates have not been measured
in Iceland. Needle-ice formation is considered to be an
important factor for solifluction movement, at least of the
barren surfaces (see general review by Matsuoka 2011).

When soilerosion was mapped in all of Iceland (Arnalds
et al. 2001), erosion spots associated with solifluction was a
special entity of the erosion classification, because barren
soil on solifluction slopes are exposed to running water and
are more unstable than on level land.

As with the thufur formation, one has to keep the special
characteristics of Icelandic Andosols in mind, the highly
frost-susceptible material, high water holding capacity, and
lack of cohesion when considering solifluction processes.
These factors, associated with ideal temperature and soil

Fig. 10.18 Example of
solifluction terraces in Iceland.
One way to look at the terraces is
to view them as wave motion of
the soil materials down the slope
(gravitational pull) in a similar
fashion as small ocean waves
(wind push)

Fig. 10.19 Example of
solifluction lobes in Iceland. The
front of the lobes often has turf
and gravel that impedes the
downward movement, causing
the enlargement of the lobes. The
lobes are very susceptible to
landslides upon disturbance when
water saturated
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moisture conditions, are likely to add to the activity of
solifluction in Iceland. Barren ground can develop on top of
the terraces, but the turf at the forefront still provides
cohesion. The slopes can therefore look well-vegetated
looking up the slopes, but only half-vegetated when looking
down the slopes. This is quite noticeable in Northwest Ice-
land. Furthermore, solifluction slopes are quite susceptible to
slope failures, with evidence of landslide being a common
feature in areas characterized by solifluction lobes.

10.7 Patterned Desert Ground

Soil frost has a way to create peculiar patterns in the surface
of cold soils, including ‘patterned ground’, ‘sorted polygons’
and ice wedges. Patterned ground “is a group term for the
more or less symmetrical forms, such as circles, polygons,
nets, steps, and satrapies, that are characteristic of, but not
necessarily confined to, mantle subject to intensive frost
action” (Washburn 1956). These geomorphic phenomena are
among the distinctive surface features of the Arctic areas and
are explained in most general textbooks on geomorphology
and texts on cryology (see Ritter et al. 1996; Goldthwait
1976). Polygons have rocky gutters or boundaries with finer-
textured centers (e.g., Goldthwait 1976). Polygons form
gradually with differential action of soil frost on finer versus
more coarse textured soil materials. When glacial till appears
from underneath the retreating glacier, or when erosion
removes the aeolian–andic soil profile from the underlying

surface (see Chap. 12 on soil erosion), soil frost begins to
push gradually the more coarse materials to the sides, while
finer materials are left or accumulate (relatively speaking) at
the center. The finer materials, mainly silt with some allo-
phane clay, hold more soil moisture than the edges, resulting
in more and more active differentiation process. The process
is intensified by the extreme frost susceptibility of the silty
materials at the center—and most likely the unique fre-
quency of freeze–thaw cycles, adding ever more moisture to
the system in Iceland. Figure 10.22 shows newly formed
small patterns. The picture is taken mid-morning during a
dry day after a cold night, with the finer materials in the
center still retaining moisture while the gravelly edges have
dried up. The center area is sometimes called ‘frost boils’ or
‘mud boils’ (Fig. 10.23), being extremely unstable and
creating conditions similar to quicksand when the boils are
water saturated over frozen layer, such as in the spring.

It appears from my travels in Iceland that sorted polygons
are much more noticeable in areas receiving relatively low
amount of aeolian sedimentation (lag-gravel, melur), while
they are often absent or at least less prominent in the more
sandy areas of the volcanic belt (sandy lag-gravel, sandmelur
and other sandy surfaces). The polygons also rely on deep
enough regolith (‘loose materials’) of >20–30 cm (Priesnitz
and Schunke 1983). It is not clear if there are any climatic or
regional restrictions to the distribution of sorted polygons in
Iceland. An elevation restriction of >200–300 m has been
suggested (Thorarinsson 1964; Friedman et al. 1971), but it
is clear that polygons occur at sea level in most parts of the

Fig. 10.20 A combination of
thufur and solifluction terraces,
created under frost-heave in the
influence of the gravity of the
slope. The thufur forms
are >1 m high
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Fig. 10.21 A mountain slope characterized by solifluction terraces

Fig. 10.22 Small newly formed
patterned ground in the western
lowlands after erosion removed
an Andosol mantle and exposed
underlying gravelly material.
Photo taken in the morning, with
moisture retained in the finer-
textured center of the polygons,
revealing the textural differences.
Photo Fanney Osk Gisladottir,
AUI
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country on barren ground where sand accumulation is lim-
ited. However, Thorarinsson (1964) concluded that large-
scale subsoil polygons found on low-level coastal plains and
valley bottoms are not formed under current conditions, but
are rather ‘fossils’ from colder periods. This can, however,
be doubted, noting the examples in Fig. 10.22, where
polygons are forming on surfaces that have recently become
barren at a lowland location in the west. One can conclude
that further research is needed to pinpoint the distribution
and the conditions for the formation of patterned ground on
deserts in Iceland. Again, it is likely that high moisture
content throughout winter, frequent freeze–thaw cycle with
the occurrence of periods of low temperatures (<−10 °C),

and frost-susceptible materials are factors that need to be
considered.

Frost heaving has an important bearing for many of the
desert surfaces of Iceland, as it maintains the gravelly to
rocky surfaces. In many of the desert areas there is a rapid
influx of aeolian materials from various dust sources (Arn-
alds 2010b) which are added on top of the desert surfaces,
often 0.01 to >1 mm year−1. Frost action pushes the gravel
and rock fragments continuously to the surface each year,
thus maintaining the gravelly surface. As a result, the surface
is rising, creating sandy subsurface horizons under a gravelly
surface layer. However, some of these surfaces become
unstable during the most intense dry storms, and rapid
snowmelt events, counteracting the sand accumulation.

Ice wedges, which form frost cracks in the ground (see
Goldthwait 1976) do occur in Iceland (Thorarinsson 1964;
Friedman et al. 1971), but they are not as widespread as the
polygons.

10.8 Palsas

Palsas are ice cored mounds, >50 cm, that rise up from
wetlands in frost affected areas (Seppälä 1988). Some defi-
nitions restrict palsas to soils having peat horizons (Seppälä
1988), which is not always the case in Iceland (see below).
Palsas are common in the circumpolar regions and they have
received considerable research attention (e.g., Seppälä 1988;
Pissart 2002; Luoto et al. 2004; Zuidhoff and Kolstrup
2005). Palsas are remarkable geomorphic features, but they
are now subjected to degradation in many areas of the world
because of warmer climate brought on by climate change

Fig. 10.23 Typical polygons (patterned ground) at about 200 m
elevation in West Iceland. A black lid from a camera lens provides the
scale. The center of the polygons is frost-susceptible silty materials,
with considerable cryoturbation occurring during the winter, pushing
the more coarse materials aside

Fig. 10.24 The Orravatn palsa
area in the highlands north of
Hofsjökull glacier
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(e.g., Vallée and Payette 2007; Luoto et al. 2004). There are
numerous palsa areas in the Icelandic highlands, but the best
studied are the prominent Þjórsárver palsas south of Hof-
sjökull glacier (Thorhallsdottir 1994, 1996, 1997), but some
of the largest palsas are found in the Orravatnsrústir area
north of Hofsjökull glacier (Saemundsson et al. 2012).
Figure 10.24 shows palsas in the Orravatnsrústir area. Palsas
occur sporadically in the highlands of the northern part of
Iceland such as in the Blanda area (North), within vegetated
patches on the Jökuldalsheiði and on Fljótsdalsheiði (East
Iceland), northeast of the Vatnajökull glacier. The distribu-
tion of palsas in Iceland is declining; palsas have decreased
or disappeared from certain areas over the past 5–50 years
(Bergmann 1973; Arnalds 2010a). Palsa areas are important
ecosystems in Iceland in spite of limited distribution because
of their scientific (including climate change evidence) and
aesthetic values, rarity, and diverse wildlife (Magnusson
et al. 2009).

The Icelandic palsas form where there is an isolated cover
of vegetation at highland locations and where there is ample
water near the surface (see Thorhallsdottir 1996; Saem-
undsson et al. 2012). Most of these palsas form in areas
receiving a large amount of aeolian dust input in addition to
periodic tephra deposition events, which separates them
from many other palsa areas of the world (Saemundsson

et al. 2012). This results in soils that have lower organic
content (often <5 % C in surface horizons) compared to the
organic Arctic soils where palsas are common elsewhere.
However, the presence of peat is commonly used in defini-
tions (e.g., Pissart 2002) or mentioned as a requirement for
palsa formation (e.g., Zuidhoff and Kolstrup 2005). Saem-
undsson et al. (2012) stated that “the surface root mat of the
wetland vegetation patches in the Icelandic highlands seems
to have similar thermal and hydraulic properties as peat in
the Arctic.” Discontinuous snow-cover with low summer
temperatures also contributes to the formation of palsas in
Iceland.

Palsa areas are known to exhibit cyclic behavior with
alternating growth and decay (e.g., Seppälä 1986, 1988;
Zuidhoff and Kolstrup 2000). Thorhallsdottir (1996) and
Kristinsson and Sigurdardottir (2002) emphasized the
dynamic nature of the palsas in the Þjórsárver region (south
of Hofsjökull glacier), with the soils becoming dryer as the
ground rises with the formation of the palsa. Draining of the
soil surface causes vegetation changes that subsequently
reduce insulation, hence, the wet climate, leading to melt of
the palsa and ultimately a pond is formed.

Many Icelandic palsa areas are under threat of hydro-
power development, such as the areas in Þjórsárver and
Orravatn.

Fig. 10.25 A possible inactive rock glacier, with activity during colder periods. The nature of many such features in Iceland are disputed (either
rock glaciers or landslides/rock falls). Photo: Asa L. Aradottir, AUI
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10.9 The Rock Glacier Dilemma

Features that resemble rock glaciers are very common in
Iceland, especially in North Iceland, but also elsewhere in
mountainous landscapes, such as in the Westfjords, West,
Northeast, and East Iceland. These features are traditionally
explained as rockslides or rock falls as described in the
works of Olafur Jonsson (see Jonsson 1976). Some features,
such as the gigantic Vatnsdalshólar (North Iceland; Jonsson
et al. 2004) and the massive gravel area in Loðmund-
arfjörður in East Iceland (dated 1,000–2,000 years old;
Guttormsson 2008; Hjartarson 1997) have been identified as
rock falls. More recently, many of these features have been
considered as classical rock glaciers and active rock glaciers
are found at high elevations in the central north (Gudm-
undsson 1995, 2005). However, there is considerable dis-
agreement among earth scientists about many of the features,
which are either considered as rockfalls/rock slides or rock
glaciers (often old and inactive). An example of astounding
natural features that both have been considered as a rockslide
and a rock glacier is the ‘Stóraurð’ under the Dyrfjöll
mountains (Door-mountains) in East Iceland (Fig. 10.25).

10.10 Permafrost

There has been limited research concerning the extent of
pSermafrost in Iceland except the previously research on
palsa areas. The most comprehensive account of permafrost
in Iceland was published by Farbrot et al. (2007), which was
based on short time series from boreholes at high altitudes.
Their results show that permafrost is widespread at eleva-
tions above 900 m in northern and eastern Iceland. They
concluded that permafrost in Iceland was quite sensitive to
global warming.

10.11 Construction and Soil Frost

Considering the frost susceptibility of soils in Iceland, it is
not surprising that they have to be removed from construc-
tion sites, all the way down to solid bedrock or some other
frost-free materials. The soils are replaced by sand and
gravel before construction. This adds considerable costs to
construction in Iceland, such as for roads and buildings
(Fig. 10.26).
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11The Volcanic Aeolian Environments of Iceland

11.1 Introduction

Nowhere outside of the arid regions on Earth is nature asmuch
influenced by wind erosion processes as in Iceland. A large
proportion of Icelandic surfaces are made of unstable sandy
deposits (Fig. 11.1), and dust is continuously being redis-
tributed over the entire country, having a dominant influence
on soils and ecosystems. Thus, to understand the soils and
Icelandic nature in general, one has to give the sandy desert a
special consideration. In soil science, the development within
the soil is often perceived as being the essence of under-
standing soil behavior, but in some areas of Earth, surface
processes are at the heart of soil behavior, and that is certainly
the case Iceland.

Sandy environments, which generally are referred to as
aeolian environments, have a considerable share in Earth’s
terrestrial systems. Sandy areas are also a source of dust that
can be blown over enormously long distances, to produce
aeolian sediments. While the sandy environments are hostile
to life and among the least populated areas on Earth, aeolian
deposits provide the media for soils of some of the most
fertile areas on Earth, including fertile agricultural lands in
the USA, Europe, Asia, and Latin America. These deposits,
often referred to as loess, are of various ages and composi-
tion, with a pronounced proportion of loess deposits pro-
duced at the margin of the Pleistocene Continental glaciers.
Current aeolian processes and dust production continue to
have an effect on Earth’s ecosystems, both negative and
positive. Dust has harmful effects human health, and affects
such factors as snow-melt, atmospheric radiation, and cli-
mate (Field et al. 2010). However, dust can also bring in
fresh parent materials that can help rejuvenate fertility of
ecosystems (Vitousek et al. 2003; Pelzer et al. 2010). Iceland
is an active laboratory to study the loess production of the
past as well as the effect of aeolian deposition in the present.

The nature of the aeolian environments can be considered
a special field of scientific study; a field that involves a range
of scientific disciplines including soil science, ecology,

geomorphology, meteorology, geology, and engineering.
Several textbooks have been devoted to the aeolian envi-
ronments and processes (e.g., Desert Geomorphology by
Cooke et al. (1993) and Aeolian Sand and Sand Dunes by
Pye and Tsoar (1990), and journals such as the Journal of
Arid Environments and Aeolian Research are devoted to
such studies. Welland (2009) provided an interesting insight
into sand and sandy environments, past and present in his
book titled Sand. The Never-Ending Story.

An overview of the various desert ecosystems was pre-
sented in Chap. 4, and on the soils of the deserts termed
Vitrisols in Chaps. 6–9. The desert soils are classified as
Vitricryands according to Soil Taxonomy, but a special class
is designated for these soils in Iceland for many reasons (see
Sect. 6.5). In this chapter, the attention is given to the active
aeolian environments of Iceland.

When considering the aeolian environments, it is impor-
tant to realize how wind moves soil and sediment particles.
They are moved by three different modes. The collision of
moving particles causes new ones to be lifted up; they gain
momentum with the wind before colliding with several
others when they hit the ground. This bouncing movement
of materials is saltation, which is the most destructive form
of wind erosion movement. Finer particles become airborne
as dust, in suspension. Larger grains (limit often set at about
1 mm) are hit by the saltating materials and may be moved
along the surface this way, which is termed creep. Contin-
uous wind erosion leads to sorting, the dust particles are
gradually lost while to proportion of saltation materials
increases.

In active wind erosion areas, the majority of particles are
moved by saltation. The saltation layer, where the materials
are bouncing forward, usually extends to 20–30 cm height.
In Iceland, the saltation layer easily reaches >100 cm height,
and more coarse materials (several millimeters in diameter)
are transported because of extreme wind speeds and because
some of the tephra (volcanic ash) materials are of light
density.
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© Springer Science+Business Media Dordrecht 2015

139

http://dx.doi.org/10.1007/978-94-017-9621-7_4
http://dx.doi.org/10.1007/978-94-017-9621-7_6
http://dx.doi.org/10.1007/978-94-017-9621-7_9
http://dx.doi.org/10.1007/978-94-017-9621-7_6


11.2 Icelandic Sand Surfaces and the Origins
of the Sand

11.2.1 Extent

Iceland has about 20,000 km2 of sandy desert surfaces. Their
distribution is shown in Fig. 11.2. The desert surfaces were
mapped with the survey of soil erosion in Iceland, which
was presented in the book “Soil Erosion in Iceland” (Arnalds
et al. 1997, 2001a). Arnalds and Kimble (2001) studied the
general pedological characteristics of the deserts and the
aeolian environments were reviewed by Arnalds et al.
(2001b, 2012). The mapping by Arnalds et al. (2001a)
employed erosion severity scores from 0 (no erosion) to 5
(very severe erosion), with scores 4 and 5 for sandy deserts
representing active surfaces, but 3 representing occasionally
active (see also Chap. 12). The scores were based on evi-
dence of sediment transport in the field. The mapping of
sandy surfaces differentiated between three types of geo-
morphic surfaces: sand-fields (sandur), sandy lag-gravel and
sandy lava surfaces (Fig. 11.3a–c).

11.2.2 Sand-Fields

The sand-fields represent the most unstable sandy environ-
ments. These surfaces have relatively small proportion of
coarse fragments and are often characterized by level sur-
faces with minimal surface roughness. The sand-fields vary
considerably in size, from few hectares to thousands of
square kilometers. Examples of large sand-fields include
Dyngjusandur, north of Vatnajökull, Skeiðarársandur, south
of Vatnajökull, Mýrdalssandur, southeast of Mýrdalsjökull,
and Mælifellssandur, north of Mýrdalsjökull (Fig. 11.4).
Geomorphology and formation of some of the sand-flats
were discussed by Kjær (2004) for Mælifellssandur and
Mýrdalssandur, Krüger (1997) for Mýrdalssandur, and
Russell et al. (2001) for Skeiðarársandur. Some aspects of
the glacial margins in association with extreme floods
(jökulhlaups) were discussed by Maizels (1997), and the
Icelandic aeolian conditions are a prominent part of over-
views on glaciogenic dust provided by Bullard (2013).

The sediments are brought on to most of the sand-fields
from underneath the glaciers with glacial rivers. There are
two main modes of sand accumulation:

Fig. 11.1 Sandy surface in NE Iceland. This surface is very unstable and undergoes severe wind erosion during high intensity storms
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(i) Temporary (often daily) floods during warm days or
rains cause the water levels of the glacial streams to
rise, often with heavy sediment load. The water level
recedes every night with cooler temperatures, or after
the rain (Fig. 11.4). Consequently loose sediments are
left on the ground, often consisting chiefly of coarse
silt and fine sand (Fig. 11.5). The sediment load tends
to be high in many of the glacial streams. The reason
is that active volcanoes are underneath most of these
major glaciers, and the rocks are often young, poorly
consolidated volcanic materials, thus giving little
resistance to abrasion by the glacier. In addition, the
glaciers also contain tephra layers at depth that add to
the fluvial sediment load. The tephra has often spread
from the deposition areas over larger areas with wind.

(ii) Large floods caused by volcanic eruptions or sudden
release form subglacial water reservoirs. Volcanic
eruptions under glaciers cause spectacular explosive
events when the hot magma meets the melt water of

the glacier. Extreme floods can occur during such
eruptions, which temporarily can equal some of the
largest rivers on Earth with flow of >200,000 m3 s−1

(Eliasson et al. 2007). The 1996 flood in Skeiðará
(south of Vatnajökull) peaked at about 50,000 m3 s−1

with a total sediment transport of about 180 mil-
lion m3 (Russel et al. 2006). Vatnajökull also has
some sub-glacial lakes that accumulate melt water
from thermal areas under the glaciers. When sufficient
water has accumulated, the glacier gives in and water
rushes out from underneath the glacier (see Björnsson
and Palsson 2008; Björnsson 2009). Floods of this
kind are in part responsible for many of the sandy
areas in Iceland. Sandy deserts subsequently spread
from the main deposition areas.

While most of the sediments are deposited at the margins
of the glaciers, the glacial rivers carry a heavy sediment load
further downstream. Where these rivers flow over relatively
level land, with reduced speed of flow, sedimentation can be

Fig. 11.2 Sandy deserts in Iceland, shown in gray to black colors.
They cover large portions of the south coast and glacial margins of the
active volcanic zone from Mýrdalsjökull glacier to areas northeast of

Vatnajökull glacier. Map based on AUI soil erosion database, prepared
by Sigmundur Helgi Brink/© SHB/OA, AUI
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Fig. 11.3 Examples of sandy
surfaces in Iceland. a Sand-field
at Mýrdalssandur, South Iceland.
The wheel-rim was previously
level with the sandy surface, but
wind erosion has removed
enormous amounts of materials
with deflation of 20–30 cm at the
location. b Sandy-lag gravel in
the central highlands. c Sandy
lava surface south of Langjökull
glacier. The sand deposits of
glacio-fluvial origin have
gradually filled up and abraded
the lava surface. Gravel fragments
from the lava also on the surface
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expected. These areas can gradually develop into sand-fields
that may advance over the surrounding areas. This is com-
mon along the mighty Jökulsá á Fjöllum (Northeast high-
lands), particularly after volcanic induced floods, and along
the Skaftá river in South Iceland, both draining Vatnajökull
glacier.

The massive sediment load of the glacial rivers creates
sandy coastlines, which often tend to be unstable aeolian
environments. It has been estimated that Icelandic rivers
deliver 60–70 million tons annually to the oceans (research
reviewed by Gislason 2008). Gislason (2008) further noted
that extreme flood events associated with volcanic eruptions
and emptying of sub-glacial water reservoirs may bring the
annual average up to 120–140 million tons. This has resulted
in large sandy coastal areas such as the southern shoreline and
Héraðssandur in East Iceland and Jökulsársandur in NE
Iceland.

Some of the mapped sand-fields include areas where vol-
canic ash has been deposited and subsequently reworked by
the aeolian and fluvial processes, such in the area around Mt.
Hekla in South Iceland (Thorarinsdottir and Arnalds 2012).

The soils of the sand-field areas classify as Vitrisols, but
Vitric Andosols or Vitricryands according to the WRB and
Soil Taxonomy (respectively), even though these deposits
are often very fresh (see Chap. 6 on Classification).

11.2.3 Sandy Lag-Gravel

The sandy lag-gravel surfaces are formed on glacial till left
by the Pleistocene glacier, raised shorelines, and alluvial
surfaces. These surfaces often have accumulated appreciable
amounts of aeolian sand (often 0.1–1 mm year−1) and vol-
canic tephra, trapped by the coarse fragments on the surface.
Frost heave elevates the coarse fragments every winter,
maintaining the gravelly surface. This is causing the surface
to gradually rise, accumulating, sandy layers below the
surface. Sandy lag-gravel surfaces become unstable during
dry high intensity winds, causing massive wind erosion and
dust production. Much lower wind intensities are required
for dust production on the unstable sand-fields described
above. Losses of materials from sandy lag-gravel surfaces

Fig. 11.4 Mælifellssandur, a sand-field north of Mýrdalsjökull. The
sand-fields are flooded during the day, charging the surface with silty
materials. The water channels change frequently. Dust storms are
extremely common within this area during summer (often daily), but

less frequent during winter when the area is usually covered with snow.
Some patches can be lowered (deflation) by several cm in single storms
while some remain moist from the rivers and some areas accumulate
sand by saltation
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during wind erosion events counteract the aeolian sediment
accumulation. Ventifacts, which are wind abraded rocks, are
common on sandy lag-gravel surfaces (Fig. 11.6). Sandy lag
gravel is the most common sandy surface in Iceland, with a
total of 12,910 km2, but about 7,500 km2 of these have a

very unstable surfaces (erosion score 4 and 5; Table 11.1).
Many of the sandy lag-gravel areas were previously covered
with Andosols, with full vegetation cover, but have become
desertifed after the Settlement.

Fig. 11.5 Loose silty glacio-
fluvial sediments on
Dyngjusandur, recently deposited
during temporary flooding caused
by warm summer weather. Wind
erosion at beginning stages early
in the day, but some moisture still
remains in the deposits close to
the photographer. This area is
perhaps the most active aeolian
dust source in Iceland.
Photo © Sveinn Runólfsson

Fig. 11.6 Wind abraded rock,
termed ventifact (center of
picture), in an Icelandic desert.
Photo © Fanney Osk Gisladottir
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11.2.4 Sandy Lava Surfaces

There are large areas of lava surfaces dating from the
Holocene, formed after the last major glaciation
(11,700 km2; Johannesson and Saemundsson 2009). Some
of these lavas have become fully vegetated with fertile
Brown Andosols underneath. A large part of the lavas are
barren, with accumulation of silty and sandy deposits in
depressions from both aeolian processes and direct deposi-
tion of tephra during volcanic eruptions. Lava surfaces with
silty/sandy deposits cover more than 4,700 km2 (Table 11.1).
The combination of rock outcrops and sandy deposits creates
an interesting combination of Leptosols and Sandy Vitrisols.
The surface roughness of the lavas is an important factor
determining the fate of the sand. Relatively flat “pahoehoe”
lavas are more common than the rougher “aa” lavas, but
there are also intermediates (“rubbly pahoehoe”) lavas (see
Thordarson and Höskuldsson 2008). The rougher lavas can
accumulate immense amount of sand before they become
unstable sand-fields, often providing a temporary partial
shelter from sand for the downwind areas. Extensive sandy
lava areas are found within the Mt. Hekla lava-fields, which
have received large amount of tephra, but there are also large
lava-fields in Northeast Iceland (Ódáðahraun) filled with
sand, and a large proportion of the sand has been blown long
distances over the lavas from the sources closer to Vat-
najökull glacier or the Jökulsá á Fjöllum glacial river.
Unstable sandy lava areas (erosion score 4 and 5) are about
3,400 km2.

11.3 Composition

Considering, the geology of Iceland, it is not surprising that
the majority of the sand is comprised of basaltic volcanic
glass, often originating from hyaloclastic ridges formed
during volcanic eruptions under the glaciers (see Baratoux
et al. 2011) or tephra deposited over the landscapes during

volcanic eruptions. Typical low Si and high Fe basaltic sands
are at the margins of Vatnajökull glacier (including the
Dyngjusandur and Skeiðarársandur dust-plume sources) and
the Mýrdalsjökull glacier (Mýrdalssandur and Mælifells-
sandur dust-plume sources; see Baratoux et al. 2011;
Oladottir et al. 2008, 2011; Dagsson-Waldhauserova et al.
2014). Andesitic glass is also common, especially near Mt.
Hekla (numerous andesitic eruptions over the past
1,000 years). Few rhyolitic tephra layers from large erup-
tions have wide-spread distribution in soils, such as the large
rhyolitic Hekla tephra layers (see Chap. 3 on Geology).
However, rhyolitic deposits have limited surface extent
except close to few volcanoes.

The active sand surfaces within the Hagavatn area south
of Langjökull (Figs. 11.7 and 11.8), differ from other sandy
deposits in Iceland, because this sand is largely crystallized
basalt (Baratoux et al. 2011; Mangold et al. 2011). It seems
that a glacier has advanced over few thousand years old lava,
leaving abraded lava particles behind as it retreats, and
adding to the pile created by the glacial rivers coming from
underneath the glacier (see Gisladottir et al. 2005; Mangold
et al. 2011).

Volcaniclastic aeolian environments are reported in many
areas on Earth, but are not nearly as common as quartz-rich,
carbonatic, or clay/silt aggregate aeolian materials (Edgett
and Lancaster 1993). Iceland has, by far, the largest such
volcaniclastic fields (see Arnalds et al. 2001b). These sand-
fields have been used as analogs for the desert landscapes
and processes on the planet Mars (e.g., Baratoux et al. 2011;
Mangold et al. 2011). The research by Mangold et al. (2011)
showed that wind erosion in Iceland can be effective in
sorting of minerals because of difference in their shape, grain
size, and density.

11.4 The Redistribution of the Materials

Wind erosion, the redistribution by wind of loose materials,
is the subject of research all over the world, on agricultural
fields, rangelands, and within the sandy deserts. However,
there are several ways to report quantification of wind ero-
sion. The most common response value, which is employed
by the widely cited Wind Erosion Equation and similar
equations (see e.g., Skidmore 1994) is tons of soils lost from
each hectare over given time (tons ha−1 year−1). This value
often has limited meaning in sandy environments where both
sedimentation and transport can occur simultaneously.
Another method is to measure transport over a 1 m wide
line, often during a given time (sec, min, hrs, days, years).
We in Iceland have commonly employed the response value
kg m−1 h−1 (Arnalds et al. 2012), or kg of materials trans-
ported over 1 m wide line in 1 h (see Fig. 11.9 for equipment
and methods). Similar response value used in the literature is

Table 11.1 Active aeolian surfaces in Iceland

Surface type Erosion Score Total

3 4 5

km2

Sandur (sand-fields) 318 1,087 2,828 4,233

Sandy lag-gravel 5,407 6,217 1,286 12,910

Sandy lava 1,366 1,757 1,620 4,743

Total 7,091 9,061 5,734 21,886

Total 4 + 5 14,795

Erosion scores represent erosion activity with 3 considerable; 4 severe;
5 very severe. Based on “Soil Erosion in Iceland” (Arnalds et al.
2001a). The combined areas of erosion score 4 and 5 represent the
active aeolian areas (14,795 km2)
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kg m−2 or even g cm−2 (e.g., van Donk and Skidmore 2001;
Skidmore et al. 1994). It is also common to measure defla-
tion rates (e.g., mm year−1) or the lowering of the surface
(e.g., Seppälä 2004), which has the same limitation as

tons ha−1 when removal and deposition occur within the
same area. Dust production is often measured in tons per unit
area (e.g., tons km−2) which also can be time or event ref-
erenced (tons km−2 year−1 or per storm). These different

Fig. 11.7 The Hagavatn dust plume source in front of the Hagf-
ellsjökull glacier. The shore of the glacial lake with unstable water
level, and the fluvial areas around the glacial river feeding the lake are a
major source of dust production. The river flows over a drained lake
bed with fine glacial deposits. More coarse materials are saltated long

distances to the south (right) over the lava-fields, creating sandy lava
surface. During severe storms, the sand-flats south of the river and the
lake also become dust sources. Mountain peaks at the center of the
photo are the Jarlhettur formation, formed by a fissure eruption under
glacier during the last glaciation

Fig. 11.8 A concentrated dust-
plume rising from the Hagavatn
dust source in July 2009. The
photograph is taken from a 40 km
distance from the source. Photo ©
Asa L. Aradottir, AUI
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methods sometimes cause confusion in the literature, which
is why this is brought up here.

When silty and sandy materials have been deposited by a
river or during eruptions, wind erosion begins a sorting
process, with the finer materials lost as dust and the larger
materials left behind, but with ever increasing proportion of
saltation materials downwind from the source. This sorting
effect is well expressed in the vicinity of areas of fluvial
deposition at the glacial margins within plume areas (see
later in the chapter) such as the Hagavatn area and at the
Mýrdalssandur sand-field. Materials can be blown long
distances (tens of kilometers) from the source areas, forming
a kind of rivers of sand (“sand-paths”), causing severe wind
erosion far from the point of origin (Fig. 11.10). Sand seems
to be blown >100 km in the Ódáðahraun area in Northeast
Iceland (Arnalds 1992).

11.5 Wind Erosion Rates in Iceland

What are the rates of surface transport of aeolian materials in
Iceland? It seems that common values for sandy areas range
between 500 and 3,000 kg m−1 year−1; thus, ½–3 tons are
blown over a 1 m wide transect each year. However,
transport caused by storms within the most unstable areas is
even greater: >500 kg m−1 is common during single storms
(Thorarinsdottir and Arnalds 2012; Arnalds et al. 2012,
2013). This enormous transport has very severe conse-
quences when it reaches fully vegetated systems, but such

destruction is a major factor in the collapse of Icelandic
ecosystems (“advancing sand-fronts”, see Chap. 12). Trav-
eling over some of the sand-fields during sandstorms can be
quite detrimental, as visibility is near zero, paint on auto-
mobiles can be scraped entirely off on the side facing
upwind, the windows become opaque and even broken by
the large particles moved by the wind.

Volcanic eruptions can leave vast amounts of loose
materials on the surface. Fully vegetated systems can adsorb
considerable volcanic ash deposition without severe damage
or subsequent redistribution, but if the ash falls on relatively
barren land, it becomes unstable and is subjected to erosion
both by wind and water. Wind erosion measured after the
2010 Eyjafjallajökull eruption rates among the most violent
sandstorms ever reported in the scientific literature, with
>11 tons of materials blown over a 1 m wide transect in a
single storm (Arnalds et al. 2013) with severe dust problems
in extensive areas after the eruption (Thorsteinsson et al.
2012).

11.6 The Dust Hotspots: Sandy Areas
and Dust Plume Areas

Dust coming from wind erosion areas is the major source for
the parent materials of Icelandic soils. Dust can be generated
from most of the sandy surfaces during the high intensity
storms, but the amount of finer particles varies in the sedi-
ments, hence, the sorting effect caused by downwind

Fig. 11.9 Wind erosion
measurement equipment in the
field. On the left are 5 Fryrear
samplers (BSNE samplers;
Fryrear 1986), from 10 to 120 cm
height. In the center are SENSIT
wind erosion sensors at three
different heights, each giving
pulse when a soil grain hits a
small piezo-electric plate. The
pulses are gathered in a data-
logger, together with various
climatic parameters, and the data
can be accessed by a telephone
(remote research site)
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movement of the sand from its source. This has an influence
on the dust production of the sandy areas. The areas that
generate dust most frequently and in the largest quantities
have been termed plume areas to distinguish them from
other sandy areas (Arnalds 2010). A map showing the major
plume areas are presented in Fig. 11.11.

Weather reports from weather stations in Iceland show that
>130 dust events occur each year, and many of the (5–15)
can be considered major with dust generation exceeding
500,000 tons in each storm (based on Arnalds et al. 2014; see
also Dagsson Waldhauserova et al. 2013). An example of a
major storm from Dyngjusandur dust-plume source in North
Iceland (see Fig. 11.11) is presented in Fig. 11.12a. Arnalds
et al. (2014) estimated that 300–800 tons of aeolian materials
are blown during each storm of this size. The dust plume
extends >200 km from the source on the image. Figure 11.12b
illustrates dust being blown from South Iceland, but the
sources include recently deposited volcanic ash.

11.7 Quantification of Aeolian
Sedimentation in Iceland
and Implications for Soils
and Ecosystems

Arnalds (2010) presented a map of dust sedimentation rates
for dust deposition in Iceland (Fig. 11.13). The map is an
approximation based on published research and the

Agricultural University Soil Database for soil thickening
rates of Brown Andosols. The results show that sedimenta-
tion rates range from <50 to >250 g m−2 according to the
map, but the highest values approach about 1,000 g m−2,
which is among the highest reported in the world literature
(Lawrence and Neff 2009). A modified version of this map
(more deposition classes) was published by Gunnarsson
et al. (2014) and it was extended to oceanic areas by Arnalds
et al. (2014). There is a huge amount of dust that is created
by the Icelandic dust sources each year, which has been
estimated of the order of 30–40 million tons each year
(Arnalds et al. 2014). Most of this dust is redeposited on land
but a large fraction (5.5–13.8 million tons) is deposited on
sea, which most likely affects the primary production in the
oceans around Iceland (Arnalds et al. 2014).

The steady aeolian accumulation results in the gradual
rise of the surface, which has occurred since vegetation
began to trap the sediments after the retreat of the Pleisto-
cene glacier. Since then, thicknesses from few decimeters to
>2 m of sediments have been accumulated, providing parent
materials for Icelandic soils. This is, of course, an analog for
loess deposition elsewhere in the world, but volcanic loess
materials are, however, rather rare. It should be emphasized
that most soil profiles show rapid increase in sedimentation
rates after the Settlement (874 AD), as is discussed in
Chap. 12. A part of that increase results from redistribution
of existing soils (mostly Brown Andosols), which have high
component of silty materials with suspended materials (dust)

Fig. 11.10 River of sand south
of the Hagavatn area. The source
area are frequently flooded by
glacial streams loaded with
sediments, yet on flat land, hence
lack of channeling. Sand is blown
southwards >16 km and deposited
at Rótarsandur sand-field. The
river was slowly being formed as
the lava terrain gradually filled up
by sand. The source area is one of
the major dust plume sources in
Iceland. Adapted from Gisladottir
et al. (2005)
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being a major component the aeolian materials when such
soils are subjected to wind erosion (see Chap. 12).

The author of this book has emphasized the influence of
the dust and tephra deposition on Icelandic ecosystems,
which is part of the underlying principles for the classifica-
tion of the soils. High deposition rates result in lower organic
carbon and clay contents (per depth increment) but high pH
values, while low deposition rates enhance carbon levels and

low pH. Clay contents are highest at intermediate stages (see
Chaps. 6–9). Birds are a sensitive measure of ecosystem
condition, generally being at the top of the food chain. It is
therefore interesting to note that Gunnarsson et al. (2014)
showed that the ecosystem fertility, as indicated by bird
numbers in dryland and wetland habitats, was closely linked
to the amount of aeolian deposition; more deposition
enhances ecosystem fertility.

Fig. 11.11 Main plume areas in Iceland (Arnalds 2010). These plume
areas, major sources of aeolian materials in Iceland, are located at the
margins of the glaciers and along glacial rivers. There are smaller
additional plume sources. Red colors indicate sandy deserts and erosion

severity (score), based on Arnalds et al. 2001a, but the sandy deserts are
also unstable and become active dust sources during the most intense
storms, but much less frequently than the plume sources indicated by
the dots in the figure
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Fig. 11.12 a A dust plume
extending from the Dyngjusandur
dust source over NE Iceland and
into the oceans north of the
island. (see Dagsson-
Waldhauserova 2013; Arnalds
et al. 2014). b Dust being blown
from the major dust sources in
South Iceland into the North-
Atlantic Ocean. The dust also
includes recent unstable volcanic
ash from the 2011 Grímsvötn
eruption. Both images ©NASA
(MODIS)
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12Collapse, Erosion, Condition, and Restoration

12.1 Collapse

Man-induced ecosystem degradation in Iceland has had more
dramatic consequences than in most other countries of the
northern hemisphere (Fig. 12.1). Poorly vegetated land now
covers >40%of the country, with the remaining ecosystems in
a much poorer state compared to optimal conditions (e.g.,
Thorsteinsson et al. 1971; Arnalds 1987, 1988; Arnalds and
Aradottir 2011).Woodlands were reduced from about 25% to
almost total elimination about 100 years ago (Sigurdsson
1977; Hallsdottir 1995; Aradottir and Arnalds 2001; Aradottir
and Eysteinsson 2005). A large proportion of the Icelandic
wetlands were drained during the last century (Gardarsson
et al. 2006). The Icelandic ecosystem collapse is often cited
with other examples of disastrous human impacts, such as in
Jared Diamond’s book Collapse (2005), Montgomery’s book
Dirt (2007), and the Icelandic example is given considerable
attention in Desertification, Land Degradation, and Sustain-
ability by Imeson (2012). Recent Icelandic natural history is
not only about destruction and collapse; it is also about sur-
vival of man. Streeter et al. (2012) stated that “Iceland occu-
pies a position of precarious survival, defined by not becoming
extinct, like Norse Greenland, but having endured, sometimes
by the narrowest of margins.” A comprehensive overview of
the nearly 1,140 years of human history of Iceland, empha-
sizing its location as a marginal environmental area, was
published by Karlsson (2000).

Degradation of ecosystems on Earth is a severe threat to
soil resources and is therefore one of the most important
aspects of soil science and ecology. Large-scale land deg-
radation is addressed in other World Soil Book Series books
published by Springer, such as in The Soils of Chile
(Casanova et al. 2013) and The Soils of Mexico (Krasilnikov
et al. 2013), but in addition to similarities reflected by severe
degradation, these countries have a large share of volcanic
soils as are found in Iceland.

There is a considerable wealth of research to give insight
into the collapse of Icelandic ecosystems, which will be
discussed below with references to aid those with interest in

the subject. The current state of the resources, including
vegetation distribution, major vegetation classes, and erosion
activity is relatively well documented. Research methods
and the state of the land will be described in this chapter.
Finally, restoration activities in Iceland will be discussed
briefly.

12.2 Resilience and Impacts: A Little History
of Soils and Vegetation

12.2.1 Evidence of Ecosystem Changes

Iceland was almost entirely covered by glacier during the
Pleistocene glaciation. After the retreat of the glacier, some
9,000–10,000 years ago, Iceland gradually became nearly
fully vegetated, with plants species surviving the glaciation
or brought to the island by wind, birds, or other means. The
climate has fluctuated considerably during the Holocene,
causing large-scale vegetation changes, especially in abun-
dance of wetland species and birch woodlands. Einarsson
(1968) splits the Holocene vegetation history in Iceland into
periods or zones based on pollen analysis, with alternating
birch and mire/wetland periods, reflecting climatic fluctua-
tions during the period. The current epoch is the second mire
period, but birch was dominant with apparent dryer condi-
tions during two prehistoric periods (see also Hallsdottir
1995; Hallsdottir and Caseldine 2005). But the most dra-
matic change during the Holocene in vegetation composition
and soil cover occurred with the arrival of man to Iceland.

Considerable knowledge has been gathered from multiple
sources about the past riches and environmental changes in
Iceland, but these sources were summarized by Arnalds
(1987). These include: (i) medieval written records such as
the Sagas and Annals; (ii) vegetation and soil remnants in
severely degraded areas; (iii) pollen analyses; (iv) old
charcoal pits and remnants in present day deserts (Fig. 12.2);
(v) aeolian deposition rates; (vi) old place names;
(vii) studies of lake sediments; (viii) archeological research;

O. Arnalds, The Soils of Iceland,
World Soils Book Series, DOI 10.1007/978-94-017-9621-7_12
© Springer Science+Business Media Dordrecht 2015
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Fig. 12.1 Visitors in an Icelandic desert. Small soil and vegetation
remnants to the right of the men. This area was previously fully covered
with >1 m thick Andosol and birch forest, which was used as a source

for fuel wood. The surface is now 1–2 m lower than it was prior to the
destruction and vegetation is scarce. Photo © G.K. Johannesson

Fig. 12.2 Charcoal pits in
present day deserts. A stone ring
marks the place where the
charcoals were found. Vegetation
and soil remnants in the
background. In many areas,
remnants of charcoal making
from cutting down birch trees are
found where there is presently a
desert. Most such areas can
potentially be restored to former
grandeur. Photo Andres Arnalds,
ISCS
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(ix) vegetation of naturally protected areas such as on islands
in large rivers. There is a famous passage in The Book of
Icelanders written by Ari Fróði (Ari the Wise) few centuries
after the Settlement, which states that Iceland was covered
with woodlands from the shore to the mountains at the time
of the settlement. Although the validity of this statement can
be questioned, Icelanders have always been aware of vast
environmental changes that have occurred since the island
was settled.

Many noted the poor state of the land early on, including
the geographer Th. Thoroddsen and Saemundur Eyjolfsson
during the nineteenth century (see Sigurjónsson 1958;
Arnalds 1988). It became increasingly evident that heavy
grazing the year around by sheep and wood harvesting for
fuel caused widespread damage, which prompted the writing
of many papers, including a landmark paper by Bjarnason
(1942) on the results of overgrazing and wood cutting.

The Sagas and other written medieval documents provide
many clues for the state of the land. Old place names indi-
cate the presence of farms and forested areas where now
there is severely degraded land. The meaning of some terms
have changed, such as the common term “holt” which pre-
viously meant forested hill but now an unsheltered or barren
area.

Erosion history has been studied in several areas in Ice-
land. Gudbergsson (1975) studied erosion history of the
Skagafjörður district, North Iceland, mostly based on aeolian
sedimentation rates, historical records, and thin sections of
soils. He also published an extended review of the vegetation
and land use history of NW Iceland (Gudbergsson 1996).
Sveinbjarnardottir et al. (1982) and Gerrard (1985) studied
erosion and landscape stability in southern Iceland. Gisla-
dottir (1998), Gisladottir et al. (2010) have made detailed
studies of the erosion history of the Krísuvík area (Coastal
Southwest) and in West Iceland (Gisladottir et al. 2011).
Sigbjarnarson (1969), Gisladottir et al. (2005) and more
recently Greipsson (2012) studied the degradation and soil
erosion south of Langjökull Glacier, where the combination
of grazing, wood cutting, climate change (cold spells), and
changes at the glacial margins acted to cause severe eco-
system destruction. Glacial margins, glacial rivers, and lakes
with unstable water levels act as sand sources for the
advancement of advancing sand fronts, with sustained sand
drift enhanced by dry katabatic winds from the Langjökull
glacier. All these studies provide valuable insight into the
history of degradation in Iceland.

12.2.2 Aeolian Deposition Rates

Aeolian deposition rates are commonly used in Iceland to
infer environmental changes, with rapid rates signaling ero-
sion periods, but slow rates indicate periods of less aeolian

activity, hence: little or less geomorphic activity associated
with land degradation. The rates can be determined by
measuring depths between tephra layers of known age.
Sigurdur Thorarinsson pioneered the scientific field of tep-
hrochronology and published a comprehensive review in
1961 showing that the aeolian sedimentation rates increased
dramatically after the Settlement, as a result of wind erosion
of soils. His aeolian deposition rate studies were followed by
Sigbjarnarson (1969), who studied land degradation south of
the Langjökull Glacier, Gudbergsson (1975) in North Iceland
and the method was employed in a number of studies by
Andrew Dugmore and coworkers (e.g., Dugmore et al. 2000).
Micromorphological studies show that a large proportion
of the aeolian deposits dated after the Settlement consist of
redistributed soils. This is exemplified by the occurrence of
redistributed rhyolitic tephra grains easily identified under the
microscope and often under a hand lens (e.g., Gudbergsson
1975; Arnalds 1990; Stoops et al. 2008). The redistributed
soil materials are mixed with other aeolian materials that
originate from the major dust source areas discussed in
Chap. 11. It was shown in Chap. 8 how organic carbon levels
dropped in soils with high rate of aeolian deposition during
the major advent of soil erosion during the Middle Ages.

Aeolian deposition rates remain an important part of the
methodology to study past environments (e.g., Gisladottir
et al. 2010; Streeter and Dugmore 2012). Care, however,
must be exercised in interpreting aeolian deposition data. It
is appropriate in this text about soils and the Icelandic soil
environment to raise some points of caution in relation to
aeolian deposition rates.

(i) Recent studies show that the most active present day
sources of aeolian materials are “confined” areas of
high dust productivity (Arnalds 2010; Dagsson-
Waldhauserova et al. 2013; Arnalds et al. 2014). In
some areas, much of the most erodible Andosols
were depleted during early periods of erosion activity
during the Middle Ages, leaving deserts behind.
Aeolian activity would subsequently decrease from
such areas, while the dust sediment production from
the present day main dust sources is likely to have
increased during the twentieth and twenty first cen-
turies with glacial retreat (see Fig. 12.3).

(ii) Chemical weathering occurs after the aeolian mate-
rials are deposited with some materials being lost
(mobile elements). Clay minerals are formed and
organic matter added to the soils, with subsequent
changes in bulk density. Losses by chemical weath-
ering are not accounted for, nor are the organic matter
contents and changes and differences in bulk density
(see Arnalds 2010). These methods use bulk thick-
nesses to calculate rates in mm year−1. Considering
these factors and calculating deposition in g m−2

accounting for these factors instead of using
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thickening rates in millimeter, would possibly yield
somewhat different results.
Chemical weathering is minimal in areas of high
rates, but can be considerable where the rates are low
(see Oskarsson et al. 2012 and Chap. 9 on soil gen-
esis). Soil strata found at depths is usually signifi-
cantly weathered and simply using depth increments
between tephra layers would indicate slower accu-
mulation than actual initial rates when these materials
were at the surface (materials being lost due to
weathering over time). With the weathering, the bulk
density of the materials changes from >1.1 to 0.6–0.
8 g cm−3, which can lead to underestimation of ori-
ginal aeolian deposition rates.

(iii) Aeolian deposition rates are affected by spikes of
aeolian activity after tephra deposition events as
exemplified by the 2010 Eyjafjallajökull deposition
(Arnalds et al. 2013), but similar large scale spike
effects are reported for the 1990 Hudson eruption in
Chile (Wilson et al. 2011; Casanova et al. 2013).
Volcanic tephra that falls on desert areas, even in
small quantities, is unstable, creating such spikes on
surrounding vegetation. In Iceland, growing desert
areas after the Settlement have possibly amplified
aeolian spikes with time.

It should be noted that variable ecosystem surfaces and
multiple erosion types make interpretation of aeolian data
per se not sufficient to understand erosion processes and

erosion history at a given site. Wind erosion would not have
been the major erosion process in many areas, such as west
Iceland with relatively wet soils dominating, and thin dryland
soils in between, which are not very susceptible to wind ero-
sion (the area is still relatively well vegetated except for steep
hills). Water erosion would be the dominant erosion process,
dominating the hillsides. Ideal sites for general interpretations
of aeolian records for extensive areas (e.g., highland areas)
would be located well within vegetated areas (not at desert
margins) relatively far downwind from the degraded areas.

12.2.3 Vegetation—Pollen

Vegetation mapping was started during the middle of the
twentieth century, and the results highlighted the poor state of
the ecosystems. Vegetation classes in relation to land con-
dition were discussed briefly in Chap. 4, but a system sepa-
rating land condition classes are introduced later in this
chapter. Ingvi Thorsteinsson published a monograph on
vegetation protection (Gróðurvernd) in 1972 and an over-
view of the range resources in English (Thorsteinsson et al.
1971). Pollen analyses in Iceland were pioneered by Thora-
rinsson (1944), Einarsson (1962) and later by Hallsdottir and
others (see Hallsdottir and Caseldine 2005), which showed
dramatic changes in vegetation composition after the Settle-
ment. Other detailed pollen studies include those of Lawson
et al. (2007) from the Lake Mývatn area (NE Iceland) and

Fig. 12.3 Schematic drawing
indicating a shift in contribution
from the major dust sources from
the Middle Ages to the present.
Soil redistribution is presently not
as large component compared to
earlier erosion periods while
major glaciofluvial sources are
more active now, together with
growing sandy deserts and
redistributed ash from the poorly
vegetated areas after volcanic
eruptions
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Erlendsson et al. (2009) in southern Iceland, which showed
less dramatic vegetation change at the Settlement at the
southern coastal location in comparison to many previous
studies.

Vegetation studies in areas naturally protected from heavy
grazing show vigorous vegetation at such locations, but the
studies include those of Jonsdottir (1984) in a protected
highland area in North Iceland, and by Valdimarsdottir and
Magnusson (2013), who studied an island in the major glacial
river of Thjórsá in the South (Fig. 12.4).

12.2.4 Impacts, Resilience and Stability

Volcanic eruptions periodically cause deposition of volcanic
tephra (ash). The impact of the tephra is largely determined
by the thickness of the tephra that is deposited and vegeta-
tion height receiving the deposition (Arnalds 2013). Com-
position of the vegetation is also important, with mosses and
lichens being vulnerable to deposition impacts. Grazing
affects vegetation height, composition and nutrient levels in
the soil, and long-term heavy grazing reduces both resilience
and stability of the systems. The relationship between eco-
system resilience and stability on one hand and the periodic
impacts of volcanic events and cold spells on the other has
been stressed by many (see Arnalds 2013). The time of
dramatic ecosystem changes begins immediately after the
Settlement around 870, but exact timing of disturbances
varies somewhat. This is reflected in multidisciplinary
studies (e.g., Gudbergsson 1996; Geirsdottir et al. 2009;
Vickers et al. 2011), that show that time of initial major

disturbance is affected by such factors as climate (mainly
cold spells), landscape, elevation, land accessibility (and cost
of woodland clearing), and ecosystem stability and resil-
ience, which in turn are affected by soil texture, soil thick-
ness, and the presence of coarse tephra layers. It has been
noted that many of the marginal areas such as highland areas
were subjected severe land degradation with widespread soil
erosion early on (Gudbergsson 1996, 1975; Gudmundsson
1997). Degradation was delayed in many areas of higher
resilience such as in the West.

It is worth noting that climate had become cooler leading
up to the Settlement, with decline in birch pollen (see e.g.,
Lawson et al. 2007), making the systems more vulnerable to
anthropogenic disturbance. Olafsdottir et al. (2001) con-
cluded that the forest cover and vegetation was already
declining at the time of the Settlement because of a cooling
trend after 3000 BP that culminated between about 1300 and
1900. The cold Middle Ages were, however, characterized
by “broad interval of warmth” with the occurrence of “multi-
decadal cold intervals,” as was determined by investigation
of lake sediments (Geirsdottir et al. 2009). The natural sys-
tems with limited anthropogenic influence, can adapt to such
climate changes and most of the systems would have ample
resilience and stability to counter cold spells, with warmer
periods in between to enhance recovery. Cooling during the
Middle Ages would, however, affect the elevation of the
upper limit of continuous vegetation, which became gradu-
ally lower (Olafsdottir et al. 2001). The cooling trend would
have reduced the stability of the ecosystems with detrimental
consequences when human land use increased, especially at
marginal locations.

Fig. 12.4 Birch trees and
vigorous vegetation in the Viðey
island (Wooden-Island) in the
Þjórsá river in South Iceland. The
land in the background is severely
degraded, but has been restored
to a certain degree. Photo © Anna
Sigridur Valdimarsdottir
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Grazing in Iceland involved very damaging land use
practices such as winter and early spring grazing, which are
particularly harmful for declining and marginal ecosystems
with low stability and resilience (Fig. 12.5). It has been
argued that the grazing capacity of the land had not been
exceeded during the Middle Ages judging from total medi-
eval livestock numbers. Such calculations, based on average
values for climatic conditions, animal numbers, and vegeta-
tion are rather meaningless, as they do not consider ecological
principles, including stability, resilience, fluctuating climate,
and periodic volcanic impacts. Poor grazing practices were
indeed very detrimental: grazing during cold spells and after
tephra deposition events is more harmful than grazing during
average years in relation to impacts on ecosystems.

The frequent volcanic eruptions have been very destructive
for Icelandic ecosystems, with less stable and resilient sys-
tems after the Settlement. A good example is found in the
Askja area. During the nineteenth century, a growing popu-
lation led to the establishment of new farms in many marginal
areas, such as in the eastern highlands (Jökuldalsheiði). A
volcanic eruption in the Askja volcanic system in 1875 lead to
the deposition of rhyolitic tephra over the area, with severe
erosion following and subsequent land abandonment (Tho-
rarinsson 1979). Volcanic eruptions can also reduce the sta-
bility and resilience of systems to repeated volcanic activity,
but Dugmore et al. (2007) noted such repeated volcanism as
an important factor for the massive destruction in Þjórsárda-
lur, close to Mt. Hekla, caused by the 1104 and 1300 AD
eruptions in the volcano. The largest Hekla eruptions,
depositing thick rhyolitic tephra over extensive highland
areas, are bound to have caused severe ecosystem disturbance,
even during prehistoric times with no land use (Fig. 12.6).

Fig. 12.5 Fate of the woodlands.
Continuous heavy grazing by
sheep prevents regeneration of the
birch woodlands, eventually
leading to their disappearance

Fig. 12.6 Thick, coarse, rhyolitic Hekla layers in soil (yellowish).
These layer lacks cohesion and are very susceptible to wind erosion if
exposed, causing damage to surrounding systems after erosion
processes are initiated. Grains >2 mm in diameter are common and
are easily moved by the wind
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This has been shown to be the case from studies of lake
deposits in Hvítárvatn (South Central Iceland) by Larsen et al.
(2011), where severe erosion continued for over 100 years
after the deposition of the H3 tephra (probably the largest
tephra deposition over Iceland during Holocene), dated at
about 3100 BP by the authors. However, the land eventually
recovered, even in highland areas where the tephra was
>10 cm thick. Reduced land use in many areas at present has
resulted in evidence of reduced soil erosion. Reduced land use
occurred also during the Middle Ages, when the population
decreased dramatically because of plagues. Streeter et al.
(2012) showed that reduced land use following population
decline in the fifteenth century resulted in reduced “geomor-
phological activity” such as soil erosion.

Climatic variations, mainly cold spells, are often stressed
as important contributors to ecosystem collapse in Iceland.
Yet, the severity of the “Little Ice Age” is debated (Ogilvie
2005), although the occurrence of cold spells during this
time are not disputed. The impact of cold spells would,
however, largely depend on the stability and resilience of the
systems. Systems under heavy land use would be more
susceptible to climatic and volcanic impacts, and the
destruction of the woodlands is bound to have an immense
impact on the stability of the systems with a change in
microclimate. Heavy land use may also mask the impacts of
cold spells judging from lake sediments in the Westfjords
(Doner 2003), especially in places where the aeolian soil
mantle is relatively thin as in that area. Streeter et al. (2012)
noted delayed impacts of climate change, attributed to

landscape or ecosystem resilience. But one has also to bear
in mind that colder climate also means less biological pro-
duction, which results in increased grazing pressure if animal
numbers remain similar, with subsequent reduced food
production and consequently this interaction can result in the
well-established downward spiral of ecosystem destruction
(e.g., Whisenant 1999). The coldest years also saw extensive
sea ice at the northern coastlines, blocking fishing harbors
and limiting fishing options (see Ogilive and Jonsson 2001)
and still increasing the pressure on land-based resources.
These authors noted that land use impacts were likely to
dwarf the impacts of potential climate change such as the
effect of the “Little Ice Age.” The question of climate change
versus land use effects is very important globally today (see
Herrick et al. 2013), with some arguments stating that land
use may, in many cases, dwarf the effects of present day
man-induced climate change.

The stability of ecosystems varies considerably between
geographic regions in Iceland (Figs. 12.7 and 12.8), with
wetland soils and more shallow dryland soils far from major
aeolian and volcanic sources being more stable than dry
thick soils with coarse layers (tephra and aeolian layers).
Geirsdottir et al. (2009) noted that erosion had begun around
lake Haukadalsvatn in West Iceland prior to the Settlement
due to cooling climate, with no sediment spike deposited
into the lake soon after the Settlement. This area is charac-
terized by more stable ecosystems than the volcanic zone,
with limited wind erosion, and it is still an area with rela-
tively continuous vegetation cover.

Fig. 12.7 Unstable ecosystems
within the volcanic belt. Much of
this area has become a barren
desert, with ecosystem remnants
surviving in landscape positions
providing more resilience (more
moisture etc.)
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12.3 Soil Erosion

Soil erosion has long been considered themajor environmental
problem of Iceland. This prompted a major effort to map soil
erosion in the country, which was carried out between 1991
and 1997. The aim of the project was to obtain an overview of
soil erosion in all of Iceland, but the extent of the problem was
much disputed at that time. The project was run by the Agri-
cultural Research Institute and the Soil Conservation Service
of Iceland. The scale ofmappingwas 1:100,000.Mappingwas
carried out in the field, with polygons drawn on Landsat five
satellite images, and the data was subsequently stored and
handled using GIS software. The results were published in the
book Soil Erosion in Iceland (Arnalds et al. 1997) which was
translated into English (Arnalds et al. 2001). Various efforts
were made to inform land owners and the general public about
the state of the land in relation to the erosion mapping project,
including the booklet To read the land (Arnalds 1997). The
project received the Nordic Nature and Environmental Award
in 1998. This chapter outlines the methods and results of the
erosion mapping in Iceland.

12.3.1 Erosion Forms

Soil erosion processes in Iceland are extremely varied and
many processes can occur at any given site. Snow cover and
the action of frost are important factors influencing the
erosion, including needle ice formation (see Chap. 10).

Conventional models for soil erosion, such as the Universal
Soil Loss Equation (USLE) and the Wind Erosion Equation
and similar models are poorly suited for Icelandic conditions
except perhaps for the desert areas. Conventional methods
are largely designed for cultivated areas and are often poorly
suited for rangelands in general (e.g., SRM 1992; NRC
1993; Pierson 2000). A geomorphological approach was
taken for designing methods for Icelandic conditions. Soil
erosion forms were defined based on features that can be
identified in the field. These forms are broadly divided into
two categories: (i) forms associated with erosion of soils
with vegetation cover (Andosols), and (ii) erosion on deserts,
Vitrisols (vitric soils of the deserts, see Sect. 6.5), Leptosols
etc. (Table 12.1).

Fig. 12.8 Relatively stable and
resilient ecosystems in East
Iceland, especially the wetlands in
the valley. The underlying rock is
Tertiary basalts with low
permeability leading to high
water tables in the area. The
dryland positions are evidently
more unstable

Table 12.1 Classification of Icelandic erosion forms (Arnalds et al.
2001)

Erosion forms associated with erosion
of vegetated land

Erosion associated with
desert landscapes

Advancing sand fronts “Melur” (lag gravel /till
surfaces)

“Rofabards” (escarpments) Lava surfaces (without sand
or soils)

Erosion spots Scree (gravelly/rocky
hillsides)

Erosion spots on solifluction slopes Sandur (aeolian and tephra
sand surfaces)

Landslides Sandy lag gravel

Water channels (rills and gullies) Sandy lavas
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The Icelandic soil erosion survey system includes grading
of erosion severity, with a scale of 0–5 as follows: 0: no
erosion; 1: little erosion; 2: slight erosion; 3: considerable
erosion; 4: severe erosion; and 5: very severe erosion. Areas
with erosion severity 4 and 5 are not considered suitable for
grazing until erosion has been halted. Following is a dis-
cussion on these different erosion forms with examples
illustrated. Examples of the erosion severity grading are also
illustrated with some of the photographs.

12.3.2 Advancing Sand Fronts (Encroaching
Sand)

Advancing sand fronts form where there is a source of loose
silty and sandy sediments that are carried by the wind over
vegetated areas. A tongue-shaped front into the vegetation
cover is created, where sand is advancing (Fig. 12.9). The
soil materials underneath the destroyed vegetation are added
to the silty/sandy materials that keep advancing with pre-
vailing dry winds. A barren desert is left behind. If the soils
are very sandy, e.g., if they have thick coarse tephra layers,
the soil materials added to the process along the way of the
front are sufficient to maintain the process; the tongue con-
tinues until the advancement is stopped by some landscape
features such as a hill, river, or a shoreline. Continuous
activity with advancement of the front is also maintained if
there is a steady source of aeolian materials, such as are
deposited by repeated flooding of glacial rivers or from
glacial lakes with unstable shore lines. Advancing sand
fronts are common on and near the volcanic active zone, and
the remnants are expressed as long straight lines on the
landscape on the boundary between vegetation and desert, in

the same direction as the dry winds, from the abrasion of the
silt/sand along the vegetation–desert boundary.

There is evidence that this type of erosion has been the
most destructive erosion form after the Settlement.
Advancing sand fronts can progress over vegetated areas up
to several hundreds of meters each year if there are a lot of
sandy and silty materials advancing. There are accounts of
such rapid advancement in Northeast Iceland, where the
sediment sources vary from river sediments (Jökulsá á
Fjöllum, see Fig. 12.10), to unstable ephra and glacial
deposits.

The Icelandic Soil Conservation Service was established
as Sandgræðsla ríkisins in 1907, mainly to battle advancing
sand, which was destroying farm after farm in South Iceland.
An account of the battle against the sand is given in several
papers in a book commemorating the 50 years anniversary of
the Soil Conservation (Sigurjonsson 1958; in Icelandic), but
the history is also accounted for in the 100 years story of soil
conservation in Iceland (Olgeirsson 2007; in Icelandic)
which in part was used as the basis for an book in English by
Crofts (2011): Healing the Land.

Areas that are subjected to sand abrasion from sand
sources, or possibly subjected to such stress, like the areas
within the volcanic zone, can be described as supermarginal
areas, where it is very important to maintain as strong veg-
etation cover as possible, preferably birch or salix wood-
lands/shrublands, which alter wind conditions at the surface
and accumulate and store snow cover. Many of these areas
are now protected from grazing, but recovery of sandy
deserts is very slow because of the unstable sandy surfaces
(see subchapter on restoration later on).

12.3.3 Rofabards

“Rofabards” may be the most typical of all the Icelandic soil
erosion features and most noted by observers. Rofabards are
escarpments marking the boundary between vegetated sys-
tems on top with a mantle of Andosols formed in aeolian and
tephra materials, but a barren surface at the bottom and in the
adjacent area; typically till, lava or a sandy surface. Rofa-
bards are often very prominent features on the landscape
(Fig. 12.11) and were the subject of discussions by Arnalds
(2000). The vegetation and the root mat provides a cohesive
upper surface, but underneath are less cohesive soil materials
which are undermined by erosion processes (Fig. 12.12).
Conditions for the formation of rofabards are found in dry-
land areas where the aeolian soil mantle is relatively thick,
which is within and near the active volcanic zone and close
to glaciers. The thicker and coarser this aeolian soil mantle is
above the harder bedrock, the more active the rofabards
become in terms of erosion.

Fig. 12.9 Example of the formation of an advancing sand front. The
original source of the sand (and silt) is sediments half filling the lake
due to water erosion in the surrounding area, drying out the lake. The
sediments are driven to the south (left on the fig. 12.9) with north
prevailing dry winds
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Measurements show that the rofabards are retreating (the
boundary between desert and vegetated areas are moving
into the vegetated land) at rates ranging from few millimeters
to >50 cm year−1. It should be noted, however, that much of
the most erosion susceptible soils have already been lost, and

rates of soil loss were rapid during the main erosion phases
of the Middle Ages.

Many soil erosion processes occur at rofabards. Wind
erosion is common, especially in NE Iceland and where the
soils are thick and coarse. Water erosion is important for

Fig. 12.10 Infrared satellite
image of a portion of Northeast
Iceland showing the path of many
advancing sand fronts. Vegetation
is red on the image, but the
deserts dark-bluish. Lake Mývatn
is at the bottom left. Note the
straight lines on the sides of the
path of the fronts. New lava
(1980s) from the Krafla system
shows up black on the center left.
The river in the upper right
corner is Jökulsá á Fjöllum, the
major river of NE Iceland.
Eruptions in volcanic systems
under Vatnajökull ice cap causes
catastrophic flooding which
deposits large amount of
sediments and which are later
subjected to wind erosion and the
creation of advancing sand fronts.
The Hólsfjöll desert was created
by such process during the
Middle Ages, the formation aided
by reduced stability of the
systems due to land use. A desert
area NW of Lake Mývatn
originates in sandy deposits near
the lake. Numerous smaller
advancing sand fronts are east
(right) and north of Lake Mývatn.
SPOT 5 Satellite image
© EruoImage
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rofabards in South Iceland. Lateral rain, during high inten-
sity winds is a key factor contributing to the erosion of
rofabards as well as to erosion of desert surfaces (see
Figs. 12.12, and 12.13). As the rofabards become under-
mined, the surface turf mat slumps down. Sheep seek shelter
under the rofabards, and trampling by the animals also
contributes to the erosion.

12.3.4 Erosion Spots

Erosion spots are small patches of barren soils in otherwise
vegetated surface (Fig. 12.14) which typically is relatively
flat. They are extremely common in the Icelandic range-
lands, and are usually the result of overgrazing, at least when
they occur in the lowlands. Vegetation re-establishment is

Fig. 12.11 Rofabards are often
quite prominent in the landscape
within the volcanic zone and
close to active aeolian sources
(creates thick Andosol mantle),
but they were more abundant in
older days during the main
erosion phase of the Middle Ages

Fig. 12.12 Erosion processes
that can be expected at rofabards
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slow after the erosion spots have formed. Conditions for
needle-ice formation are optimal within the spots, which
impede vegetation establishment in the spots by killing little
seedlings that get established during summer. Recovery,
after prevention from grazing, can take many decades.

12.3.5 Hill Slopes: Solifluction, Water Channels,
and Landslides

Hill slopes are subjected to slow downhill movement of the
soils, which is termed “solifluction”. Solifluction leads to the
formation of wave-like system of small terraces (“steps”) or

tongue-shaped lobes (Fig. 12.15). Erosion spots that form on
such slopes are subjected to the force of runningwater, which is
a minimal factor for erosion spots on flat land. Therefore, they
are a separate entity in the Icelandic soil erosion classification
system. Erosion spots on hill slopes are often easier to see
looking down the slopes, and can be pronounced even though
the hill looks full vegetated looking up the hill (Fig. 12.16).

Water channels occur on many vegetated hill slopes, but
often develop to form rofabards as the erosion progresses on
slopes with thick aeolian soil mantle. Hill slopes are most
common in the valleys of the Tertiary lava stack landscapes
of Iceland. Slope length is often limited by each lava flow in
the stack, making water erosion not as serious as it would be
if the slopes had continuous surfaces. Palagonite formations
(hyaloclastites from Quaternary volcanism, see chapter on
geology) tend to have long continuous convex slopes. They
are periodically subjected to intense water flow and are
frequently lacking vegetation cover, but may often have had

Fig. 12.13 Lateral rain splash during one high intensity storm has cut
into the ground but small pedestals are protected by the pebbles. Large
rain drops driven by 20–40 m s−1 gale force winds have a substantial
erosion power. Grass straws at top and the bottom right give the scale.
Photo © Elin Fjola Thorarinsdottir

Fig. 12.14 Erosion spot are barren patches in otherwise vegetated
land. They are most often a result of overgrazing, especially in the
lowlands. The vegetation here is degraded poor heathland and land
covered with moss, with low abundance of grazing plants, which have
been grazed out over the years

Fig. 12.15 A front of a solifluction lobe with erosion spot which is
caused by overgrazing by horses. Erosion can develop into a severe
problem on such slopes

Fig. 12.16 Looking down solifluction slopes reveals the erosion spots,
which are not prominent when the view is from below. This slope looks
fully vegetated looking up the slope
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such cover prior to use of the land. Such vegetation and soil
cover may have been lost early on after the Settlement, but
remnants of these ecosystems can be found on many of the
eroded hillsides (Fig. 12.17).

Landslides are common in Iceland and they sometimes
cause damage to buildings, roads, and other structures. The
reason for the high frequency of landslides is the noncohe-
sive Andosols and periodic overloading of water. The soils
can adsorb very large quantities of water and some become
thixotropic upon reaching the liquid limit. Large mudslides

can occur where conditions lead to saturation of the soils,
such as during snow melt in spring (Fig. 12.18). It seems that
both tephra layers in the soils and the bedrock underlying the
aeolian soil mantle can provide slip planes that further
increase landslide susceptibility.

12.3.6 Erosion Associated with Desert Landforms

The Icelandic desert systems cover over 40 % of the island
and they are subjected to erosion by wind, water, hill slope
process, and cryoturbation. Desert ecosystems were dis-
cussed in Chap. 4. Soil classification of desert soils was
discussed in Chap. 6, and soil properties (Vitrisols) in
Chaps. 7–9. The surface types of Icelandic deserts were
classified and mapped during the “Soil Erosion Mapping
Project” that provides the basis for this subchapter (Arnalds
et al. 1997, 2001). As was stated previously, the Icelandic
erosion classification considers soil or surface stability with
scores from 0 to 5 (no erosion—extremely severe erosion).
The desert types are lag gravel surfaces (glacial deposits
dominate), sandy surfaces (fluvial and aeolian deposits
dominate), barren lava surfaces, and scree slopes. As
aeolian processes carrying silt and sand over various sur-
faces are such a dominant feature of Icelandic nature, sub-
classes with sandy lag gravel and sandy lavas are special
classes in this classification (see Chap. 11 on the aeolian

Fig. 12.17 Soil and vegetation
remnants on otherwise barren
scree slopes in the Westfjords.
Many of the barren hill slopes of
Iceland were in part vegetated
prior to the Settlement.
Vegetation recovery on these
kinds of slopes is extremely slow,
especially on rhyolitic scree
slopes

Fig. 12.18 A large landslide in N Iceland, formed by oversaturation of
water uphill and the soil reaching the liquid limit
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environment). The results of mapping of the deserts are
presented in Table 12.2 and Fig. 12.19.

Lag gravel surfaces are the most common desert surfaces,
extending about 25,000 km2, but much of these surfaces
occur in combination with vegetated land, hence the nearly

10,000 km2 with erosion score 1. The lava surfaces are also
rather stable unless sandy deposits have been blown onto such
surfaces. The sandy surfaces have high erosion scores (very
unstable surfaces), and they occupy >20,000 km2, as the
surface types sandur (sand-flats), sandy lag gravel and sandy

Table 12.2 Desert surfaces in Iceland

Desert surface Erosion score Total

1 2 3 4 5

km2

Lag gravel 9,939 8,546 6,580 0 0 25,065

Lavas 1,832 228 25 0 0 2,085

Sandur 195 337 318 1,087 2,828 4,765

Sandy lag gravel 8 741 5,407 6,217 1,286 13,659

Sandy lavas 10 101 1,366 1,757 1,620 4,855

Scree slopes 64 913 2,378 1,255 392 5,002

Bare brown soil 17 518 350 65 36 987

Total 12,065 11,384 16,424 10,381 6,162 56,418

More than one desert type can occur within the same mapped polygon; hence the total area in the table is considerably higher than the actual value

Fig. 12.19 Map showing the extent of desert surfaces in Iceland. Modified from Soil Erosion in Iceland (Arnalds et al. 2001), prepared by
Sigmundur Helgi Brink, © OA/SHB, AUI
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lava areas. A large proportion of Holocene lavas have sandy
deposits in the surface (4,855 km2). Scree slopes are quite
common with >5,000 km2. It should be noted that each unit or
polygon under this mapping scheme can have several erosion
scores (e.g., both sandy lag gravel and sandur occurs within
the polygon), resulting in a total of 56,418 km2 area mapped
as desert, but the total area of deserts is about 40,000 km2

according to the Nytjaland database (see Chap. 4).
Most of the desert areas continue to be grazed, in spite of

the negative impact of such land use practice on these col-
lapsed and/or vulnerable ecosystems.

12.4 Wetland Disturbance

For ages, wetlands provided grazing areas, they were
important for hay production and some provided peat for
fuel and turf for house structures (Magnusson 1998). Yet,
wetlands also were obstacles to the traveler and they were, in
a sense, considered a negative aspect of the landscape in
older times. Draining the wetlands facilitates oxidation of the
organic matter and release of nutrients, resulting in sub-
stantial increase in biomass production (Magnusson 1998), a
prospect that was of interest to the farming community
during the early twentieth century.

After World War II, with the arrival of large and
effective digging machinery, a large scale program to drain
the wetlands was initiated (Fig. 12.20). This draining

program was a part of the national post-war strategy to
ensure food safety (Gardarsson et al. 2006). In the early
stages of the drainage effort (1940–1965), the drained areas
were mainly used to establish permanent hay fields for the
production of winter fodder for cattle and sheep (see
Helgadottir et al. 2013). During later stages of the effort,
the focus was on creation of rangeland. Currently, less than
15 % of the drained areas are used for agricultural purposes
as hay fields or for growing grain. The Agricultural Uni-
versity of Iceland (unpublished data) has mapped and
measured the length of the drainage ditches to be
>30,000 km, with >3,500 km2 wetland area converted to
grassland (Hallsdottir et al. 2013). It has been estimated
that 50–75 % of all wetlands in lowland areas have been
altered and disturbed (Oskarsson 1998; see also Thorh-
allsdottir et al. 1998) (Fig. 12.21).

The drainage of these wetlands has resulted in large scale
greenhouse gas emissions as the organic matter oxidizes; a
release of greenhouse gases of the same order of magnitude as
emissions by the heavy industry (smelters) in Iceland (Osk-
arsson 2008; Gislason 2012; Hallsdottir et al. 2013). The
majority of the drainedwetlands are not used for hay production
and some even not for grazing. It can be inferred by the pub-
lished literature (Geirsson 1998; Oskarsson 1998; Magnusson
1998; Wald 2012; Olafsdottir 2013) that some were drained
simply because of generousfinancial aid provided for the effort,
especially after 1974, and that the vast majority of wetlands
drained after 1966 are generally not in use as hay fields.

Fig. 12.20 Drainage ditch being
put in a wetland in the South. The
ecosystem changes towards a
grassland, but a large amount of
CO2 is released by oxidation of
the organic rich wetlands. Photo
© Hlynur Oskarsson, AUI
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Wetland restoration has begun in Iceland and will likely
grow in importance during the next decades. However, some
of the drained wetlands are still very important for agricul-
ture and will in all likelihood continue to be used as such.

12.5 Reading the Land—A Simple Scheme
for Land Condition

12.5.1 A Simple Land Condition Scheme

The observer of Icelandic landscapes, native or foreign, may
believe that the beautiful Icelandic landscapes are pristine
and unspoiled by human actions. The observer may not
comprehend the vast changes that Icelandic landscapes have
undergone since the Settlement of the country. Some efforts
have been made to prepare materials to aid the public in
understanding the state of Icelandic ecosystems. Arnalds
(1997) published an educational booklet titled To Read the
Land and Arnalds and Aradottir (2014) recently published a
book in Icelandic (To Read and Heal the Land), where an
attempt is made to explain for the public ecosystem distur-
bance and the condition of the land. These publications draw

from many sources, including the “Erosion Mapping Pro-
ject” and a paper published in the Soil Conservation Year-
book on assessment of land condition in Iceland (Aradottir
et al. 1992). The methods presented by Aradottir et al.
(1992) which are used here were in part adopted and mod-
ified by Archer and Stokes (2000) and Bestelmeyer et al.
(2011) for rangelands in general and by Thorsson (2008) for
an Icelandic desertification research study. Following is a
short discussion on the classification land condition in Ice-
land, based on the original Aradottir et al. (1992) system to
aid the reader in understanding the Icelandic landscapes.

Aradottir et al. (1992) split land condition into six stages,
ranging from pristine (Stage I) to deserts (Stage VI)
(Fig. 12.22). There are dramatic differences from the pristine
stage to the desert for most ecological variables. Table 12.3
lists some of the key surface and soil parameters with grading
(A–E) of surface parameters and a numerical range for three
soil parameters to give an indication of the dramatic changes in
ecosystem functions. The discussion below is mainly aimed
for dryland systems below 300–400 m elevation.
I. The pristine stage is characterized by woodlands and

rich heathlands with grasses and herbs (Fig. 12.23).
The soils are Brown Andosols with fertile soils.

Fig. 12.21 Wetland disturbance by drainage. The wetland areas are
shown in red and pink colors, but the drainage ditch system has been
superimposed as thin black line following each ditch. The figure clearly
indicates that much of the Icelandic lowland wetlands have been
disturbed. A portion of the map is enlarged, to give an indication of

how ditches dominate many of the wetland landscapes. Image Icelandic
Farmland Database (vegetation classes) and the IGLUD database
(drainage ditches), prepared by Sigmundur Helgi Brink. © SHB/JG/
OA, AUI
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Erosion is negligible, the system has favorable micro-
climate with limited surface wind speeds and snow is
trapped in winter for insulation and better moisture
conditions. Infiltration is considerable in winter. Car-
bon contents are high, exceeding 6 % in surface hori-
zons with ample nitrogen stocks and robust nutrient
cycling.

II. The altered stage is characterized by systems that
have been modified by land use, without causing
severe land degradation (Fig. 12.24). The shelter from
the woodland is lost, allowing for more effects of
cryoturbation with increased formation of hummocks.
Productivity is lower with less amount of nutrients

(carbon, nitrogen) in the system compared to Stage I.
Erosion is still low.

III. The degraded stage is often characterized by hum-
mocky landscape (Fig. 12.25) with systems with high
proportion of mosses and poor heathlands (see Chap. 4
on vegetation classes). Microclimate is unfavorable
with intense cryoturbation. Litter accumulation is lim-
ited and physical surface characteristics are notably
more unfavorable than at Stages I and II, with reduced
infiltration in winter and surface runoff during snowmelt
events. There is more erosion activity and more coarse
materials being deposited on top of the soils, leading to
lower C, N, and clay contents in surface horizons.

Fig. 12.22 Land condition
classes, vegetation cover and cost
of ecosystem restoration to Stage I.
Adopted from Aradottir et al.
(1992) and Arnalds and Aradottir
(2014)

Table 12.3 A gradient for dryland condition for factors typically used applied to assess land condition or quality

I. Pristine II. Altered III. Degraded IV. Erosion V. Remnants VI. Desert

Surface

Plant cover (%) A full B C D–E E E non

Surface wind A non B D E E E extreme

Litter A high B C D E E non

Snow accumulation A high B B–D D–E E E non

Wind erosion A non A–C B–D C–E C–E C–E extreme

Water erosion A non A B–C C–E C–E C–E extreme

Needle ice formation A non A B C–D E E extreme

T° extremes A non B B–D C–E E E extreme

Evaporation A limited B C D–E E E extreme

Infiltration winter A ample B C–D D–E D–E E limited

Topsoil

C% in top 30 cm 6–12 3–7 1.5–4 0.5–3 0.2–2 0.0–0.5

N top 30 cm, kg/ha >10,000 >5,000 >2,500 <1,000 <500 <250

Clay% 15–30 10–25 10–20 3–15 3–10 1–5

Descriptive terms (non, low, considerably, high, very high) or typical numerical values or ranges. Note that moss and poor heathland may also
occur as successional stages, e.g. on disturbed ground (lava, ash, floods) or as a result of restoration efforts
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IV. The erosion stage is characterized by a mosaic of two
systems: vegetated areas and barren patches where ero-
sion has removed the aeolian soil mantle (Fig. 12.26).
The vegetated areas have the characteristics of degraded
areas (Stage III) and the barren areas have the features of
desert surfaces. Erosion is quite rapid at this stage.

V. The remnant stage is characterized by the deserts of
Stage VI, yet there are remnants of previous ecosys-
tems (Fig. 12.27). These remnants bear similarities to
systems at Stage III (degraded), but with lower nutrient
reserves due to aeolian and fluvial deposition of coarse
materials. The remnants are often important sources of

Fig. 12.23 Stage I. Pristine. A
typical woodland provides good
shelter, and robust nutrient and
water cycles. Soils are rich in
organic carbon with favorable soil
properties and good infiltration
the year around

Fig. 12.24 Stage II. Altered and
somewhat degraded stage. The
carbon pool is lower with less
robust nutrient cycles. Little
shelter from the wind and there is
pronounced cryoturbation with
thufur formation. Water is lost
with blowing snow and with
impeded infiltration in winter.
Some erosion spots visible on the
landscape. Species composition
has been altered by selective
grazing, with less palatable
species becoming more abundant
than grasses and forbs
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plant materials to spread around the surrounding desert
during restoration efforts.

VI. The desert stage is the final stage of the degradation
(Fig. 12.28). The soils are Vitrisols (Sect. 6.5) or Le-
ptosols. Plant cover is often 5–15 %. Here is no shelter
from the wind, the desert surface heats up during sum-
mer leading to very rapid evaporation, but there is very

limited infiltration of water during winter. This leads to
intense surface runoff during high intensity snowmelt
events in winter. In summer, the sandy areas are sub-
jected to intense wind erosion events (see Chap. 11 on
aeolian environments). The soils are coarse with limited
nutrient reserves and low water holding capacity com-
pared to the vegetated systems.

Fig. 12.25 Stage III. The
degraded stage. Considerable
amount of soils has been lost
together with vegetated systems,
with barren patches becoming
prominent on the landscape.
Active erosion. The soil
properties of the barren areas are
poor compared to the vegetated
patches. The area shows some
signs of improvement with
reduced grazing intensity with
relatively vigorous plant growth
on the vegetated patches

Fig. 12.26 Stage IV. The
erosion stage (late in the stage);
soils and vegetation are lost at a
rapid rate. The rofabards show
signs of high erosion activity. The
soils here are coarse grained and
especially susceptible to wind
erosion
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12.5.2 Condition of Communal Grazing Areas

The Erosion Mapping Project resulted in an assessment of all
Icelandic communal grazing areas (Arnalds et al. 1997, 2001).
The grazing commons are typically 400–1,000 km2. There is a
large difference in condition between the commons. Some
have reasonably good vegetation cover (>80 %), often char-
acterized by poor heathland and sometimes wetlands. The
communal areas rated in poor condition often have less than

50 % vegetation cover and severe erosion (erosion grades 4
and 5) on >50% of the land. Yet, almost all these areas are still
used for grazing, regardless of their condition. Most of these
poor-state commons are within or in the proximity of the
active volcanic zone.

An attempt is made to visualize the changes that have
occurred within the barren communal grazing areas in
Fig. 12.29. It shows parts of two communal areas in NE
Iceland, divided by the glacial river Skjálfandafljót at the

Fig. 12.27 Stage V. The
remnant or vegetation island
stage. Vegetation and soil
remnants indicate lost ecosystem
riches. Deserts dominate the
landscape, with lack of energy
input (photosynthesis), poor
nutrient cycling (soil biota,
carbon, and nitrogen) and
disrupted water cycle. Desert
surfaces are shaped by the
geology of each area, such as
lavas, sandy surfaces, scree
slopes, and gravel. The islands are
important sources of plant
materials for spreading during
restoration efforts

Fig. 12.28 Stage VI. The desert
stage. All the previous soils and
vegetation cover has been lost.
Vitrisols, poor in nutrients and
with disrupted water cycle remain
(see Table 12.3 for changes in soil
and surface parameters). Extreme
surface conditions with excessive
evaporation in summer but
concrete ice and limited
infiltration in winter
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center with a perspective looking inland (south). The figure
on the left shows the current condition with scattered vege-
tation patches in depressions. A road winds into the interior
on the right (west side of the river). The two commons shown
on the figure are among the poorest vegetated commons, but
both are still used for grazing. On the figure on the right, an
attempt has been made to add vegetation cover to the land, to
resemble the condition about 200 years after the Settlement.
The area is almost fully vegetated with some erosion on the
steepest parts of the landscape. Birch forest dominates the
valleys. This land could support a high number of grazing
animals without damaging the environment, with good
grazing practices. The difference is quite dramatic.

The Soil Conservation Service has protected many
severely degraded areas from grazing, but there is a growing
pressure to return grazing on some of these areas, even
though they are in a poor state and mostly deserts. This
shows the need for improving environmental education and
communication in Iceland, and the need to tailor environ-
mental law more to ensure protection and the restoration of
severely degraded ecosystems.

12.6 Erosion Control and Restoration
Perspectives

12.6.1 Early Efforts and Drivers for Restoration

Realization of the severe degradation and soil erosion was
part of the “Enlightment” of the late nineteenth century, with
advancing sand fronts being a constant threat to many

communities. Organized efforts began in the Westfjords in
the late eighteenth century by the priest Björn Gunnlaugs-
son, where calcareous beach sand was advancing into a
small agricultural valley. There are accounts of sand burying
farms in NE Iceland from the late eighteenth century (Crofts
2011). Earlier attempts to halt sand drift are manifested in
old structures to halt sand drift, but they are poorly
accounted for (Crofts 2011). Encroachment of sand from the
Thjorsá river and the Hekla tephra deposits caused a massive
destruction of one farm after the other in the late nineteenth
and the early twentieth centuries in South Iceland. In 1907,
while Iceland was under Danish rule, an organization was
established to halt the sand and to protect and re-establish
the tree cover. The Danish had successfully halted sand drift
and re-established tree cover in severely degraded areas in
Denmark (see Sigurjónsson 1958; Arnalds 1988; Olgeirsson
2007; Crofts 2011). There were only small patches of tall
birch forests remaining in Iceland at that time, which were
saved at the “last minute.” At that time, Iceland was among
the poorest nations anywhere on Earth, with rapid population
growth, scarcity of food and fuel, and escalating land deg-
radation problems. This organization that was established in
1907 developed into the current Soil Conservation Service
(initially as the Sand Reclamation Service) and the Forest
Service of Iceland. Thus, Iceland hosts one of the world’s
oldest operating national Soil Conservation agencies, while
most other national agencies where established after the US
Soil Conservation Service was initiated in the 1930s.

Halting the sand drift was the initial driver of the resto-
ration work in Iceland as reviewed in a recent paper by
Aradottir et al. (2013). The early efforts to halt the sand

Fig. 12.29 Now and then. A satellite image showing the current
vegetation cover (on the left) and possible vegetation cover about
200 years after the Settlement (on the right) in two communal areas in
NE Iceland. The river is the glacial river Skjálfandafljót. The vegetation
cover on the right has been added to the original image. There is a
dramatic difference between the current state and the expected

vegetation cover in the past. The area can be restored to the former
condition, but a long time is required (possibly 50–200 years,
depending on inputs such as fertilizers and planting) with initial
protection from grazing. Image processing based on SPOT (©
EuroImage) by AUI/SM. © OA/SM; AUI
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encroachment gradually became more and more successful
during the twentieth century. Lyme grass (Leymus arenari-
us), a native sand-tolerant species, was (and still is) widely
used to stabilize the sand, but various materials such as rocks
and corrugated iron were used to raise wind brakes
(Olgeirsson 2007).

Halting soil erosion was a major emphasis of the Soil
Conservation up to the end of World War II, but after the
war there was a growing emphasis on establishing new
vegetation areas to enhance agricultural production, mainly
grazing areas for sheep (Magnusson 1997; Petursdottir and
Aradottir 2011). The latter part of the twentieth century saw
increasing emphasis on “paying the debt to the land” (ide-
alistic reasons for restoration work), but ecological restora-
tion and nature conservation are currently growing as drivers
for reclamation projects in Iceland (Aradottir et al. 2013).
Other drivers include carbon sequestration in soils and
vegetation to meet national commitments in relation to the
UN Framework Convention on Climate Change (Petursdottir
and Aradottir 2011; Aradottir et al. 2013).

12.6.2 Revegetation—Restoration

The terms “restoration” and “ecological restoration” have
been defined in several different ways (see Aradottir and
Hagen 2013 about restoration concepts and definitions) but
the terms can be perceived as actions to facilitate the
recovery of damaged or degraded ecosystems, to similar
ecological function as existed before disturbance or degra-
dation of a system. The terms “reclamation” and “revege-
tation” have more general meanings and involve actions to
establish vegetation cover and ecological function on the
surface. All these terms have frequently been used in relation
to efforts to halt erosion and/or to restore degraded land and
deserts in Iceland to productive ecosystems. Icelandic has a
unique term “landgræðsla” which literarily means “land-
healing,” which is used in the Icelandic name of the Soil
Conservation Service (“Landgræðslan”). This term is often
used for all actions taken to improve the condition of the
land, including protecting degraded lands from grazing. The
Icelandic term for ecological restoration is “vistheimt.”

Aradottir and Halldorsson (2011) edited a comprehensive
volume on ecological restoration in Iceland (“Vistheimt á
Íslandi,” in Icelandic), including a review of restoration
projects and the history of restoration efforts. The history of
soil conservation in Iceland, including halting soil erosion
and reseeding was published by Olgeirsson (2007) in Ice-
landic, rewritten in part in English by Crofts (2011). Other
overviews available in English include those of Runolfsson

(1987), Arnalds et al. (1987), Magnusson (1997), Aradottir
and Eysteinsson (2005), and Aradottir et al. (2013).

There is considerable research that has been carried out
over the years in relation to restoration efforts in Iceland. A
long list of research projects with about 250 cited references
was published by Aradottir et al. (2011) in the book “Vist-
heimt á Íslandi” (Ecological Restoration in Iceland). Early
research focused on fertilizer experiments and finding suitable
grass species for seeding in desert areas, both native and
introduced, first with the intention to create fodder for sheep,
but later increasingly to provide initial surface stability to
allow natural establishment and succession of native species
(see Magnusson 1997; Aradottir et al. 2013). Succession was
studied on the newly formed Surtsey volcanic island (e.g.,
Kristinsson and Heidmarsson 2009; Magnusson et al. 2009),
in lavas (e.g., Cutler et al. 2008), and on recently formed
moraines in front of retreating glaciers (e.g., Marteinsdottir
et al. 2010). A growing body of research in relation to recla-
mation and restoration has emerged over the past 30 years
(Arnalds et al. 1987; Elmarsdottir et al. 2003; Gretarsdottir
et al. 2004). These studies are not limited to vegetation cover,
but also deal with soils and factors such as arthropods (e.g.,
Oddsdottir et al. 2008). New ecological methods to restoration
involving sward and turf transplants have recently been
studied at the Agricultural University of Iceland (e.g.,
Aradottir 2012; Aradottir and Oskarsdottir 2013).

Multidisciplinary research in relation to reclamation pro-
jectswas initiated in the 1990s on theBlanda reclamation areas
in NW highlands, where barren areas were being reclaimed to
substitute foodstuff for grazing when a large hydroelectric
reservoir was created in the area (see Arnalds et al. 1987;
Thorsteinsson 1991; Gudmundsson 1991). More recent large
reclamation and restoration ecology research projects, with
specific studies of soil parameters include the LandAid and
CarbBirch projects and studies by the Icelandic Soil Conser-
vation Service on carbon sequestration within reclamation
areas. The LandAid research area is unique for its extent, with
40 research plots, each being 1 ha, locatedwithin a 350 ha area
dedicated to this research (Fig. 12.30). The research was ini-
tiated in 1999 with 10 commonly applied reclamation treat-
ments, replicated four times (see Arnalds et al. 2013).

12.6.3 Reclamation and Soil Development

An important element of restoring ecosystems is renewing
soil functions, such as organic carbon content, nitrogen and
other nutrient levels, water infiltration, water holding
capacity, and reducing evaporation. The results from these
reclamation studies show in general a reversing of the trends
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for the soil and surface factors in Table 12.3. Carbon
accumulates in the soil at a relatively rapid rate of
0.04–0.08 kg C m−2 year−1, owing to the andic nature of the
soils, fast weathering rates of the basaltic tephra, and in part
cold climate (Aradottir et al. 2000; Arnalds et al. 2002,
2013). This rate can be maintained for >100 years. Research
shows significant increase in carbon with repeated mea-
surements few years apart (Arnalds et al. 2013). One of the
most notable change with restoration of the desert systems is
a drop in pH from >7 to 5.5–6.5 in dryland systems. Clay
formation takes longer time than the carbon accumulation
(>50 to 100s of years to make significant changes). The
organic matter increase results in improved water storage.
However, the most dramatic changes occur on the surface,
where vegetation that includes biological soil crust hinders
surface movements by erosion and needle-ice (e.g., Osk-
arsson and Brynleifsdottir 2009). Infiltration in winter also
improves gradually (Fig. 12.31; Orradottir et al. 2008; see
also Strachan et al. 1998 for older restored soils). Temper-
ature extremes and evaporation are reduced (Fig. 12.32).

Nitrogen accumulation is one of the most limiting factors
after initial stabilization of the surface and the establishment of
native species. As the deserts are almost devoid of nitrogen, the
pool has to be accumulated from “scratch.”Nitrogen deposition
from the atmosphere in Iceland is only about 1 kg ha−1 year−1.
Studies that involve carbon accumulation for >50 years fol-
lowing restoration show that 20–40 kg N are accumulated each
year in some lowland areas (which include 2 × 100–150 kg
fertilizer applications), but much slower at higher elevations,
from biological nitrogen fixation of soil crusts and other

organisms in areas that are not grazed. Fully vegetated systems
have, however, >4,500 kg N in the top 30 cm on average (AUI
unpublished data). International studies (see Whisenant 1999)
show that a minimum of 750–1,000 kg N is needed to reach
adequate levels for ecosystem functions. Thus, it takes decades
or even >100 years at higher elevations to reach sufficient
nitrogen levels for robust ecosystem functions.

Grazing slows the accumulation rates in the early suc-
cessional stages substantially and can halt it altogether.
Grazing has also very detrimental effect on biological soil
crusts which are key “players” in stabilizing the surface and

Fig. 12.30 The Geitasandur
Landaid Restoration Research
Area, infrared satellite image
showing vegetation as red. The
1 ha plots show up as squares on
the image. Satellite image ©
CNES/SPOT Image Corporation
2003

Fig. 12.31 Measuring infiltration rates at the Geitasandur LandAid
research cite. This an untreated control plot, with rapid infiltration in
summer but very limited infiltration in winter time when the soil is frozen
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accumulating the nitrogen. It is therefore important to pre-
vent grazing in desert areas in Iceland in addition to multiple
other factors that call for such intervention.

12.6.4 Many Ecosystems Are Being Reclaimed

Extensive areas have been revegetated in Iceland, and in
many parts of the country, the vegetation cover is improving
due to less or no grazing pressure on previously heavily
grazed land. Much of the sandy deserts of the lowlands south
and southwest of Mt. Hekla now have vegetation cover
where barren sand was before. Many glacial rivers in South
and Southeast Iceland have been channelized, reducing the
extent of summer flooding and allowing for restoration and
agricultural practices. Reclamation activities include seeding
of grasses, applying fertilizers, and planting areas with trees
(mostly by the Icelandic Forest Service but also by NGO’s,
farmers and other private landowners). Protecting from
grazing is an important part of the land-healing activities,
with 1,500 km2 protected from grazing and additional
2,000 km2 with partial protection and active land treatment
in places by the Icelandic Soil Conservation Service

(Halldorsson et al. 2011). The Icelandic Soil Conservation
estimates that 571,000 ha (5,710 km2) of land has been
reclaimed in relation to the activities of the institute since
1907 (Crofts 2011). Halldorsson et al. (2011) listed all major
restoration projects of the ISCS (in Icelandic).

Grazing practices have changed over the past decades.
Horses are no longer grazed on the highland commons (with
few exceptions), and the communal grazing period of sheep is
becoming shorter. The number of sheep peaked around 1980
was nearly 1,000,000 winterfed ewes (see Arnalds and
Barkarson 2003), but is currently below 500,000, which yet is
much higher than the number during all the Middle Ages.
Many sheep farms have been abandoned during the past
decades, which have resulted in areas that now have limited
grazing pressures in contrast to earlier days. Many of these
areas are becoming greener with barren patches slowly
becoming vegetated (e.g., around Reykjavík, inWest Iceland,
parts of the South, Southwest, West, and in the southwest part
of the Westfjords). Reclamation and forestry activities are
also slowly changing the Icelandic landscape toward more
green, but almost exclusively in lowland areas. In some areas,
more biological production is enhanced by a warm period,
which can be related to global climate change (Hanna et al.
2004). The changes in green biomass show up in comparisons
of satellite images 1982–2010 (Icelandic Institute of Natural
History: http://www.ni.is/frettir/nr/13534).

The Icelandic Soil Conservation Service is involved in
numerous land reclamation projects in co-operation with
farmers and NGO’s. The largest single project is the
Hekluskógar project (Hekla Woodlands Project), which is
intended to re-establish forests on the deserts around Mt.
Hekla (Aradottir 2007; Oskarsson 2011). The project area is
about 900 km2 and a proportion of the area has very unstable
ash and pumice surface. Much of the area was previously
forested (birch and willows), but volcanic eruptions, wood
harvesting, and continuous grazing (prevents regeneration of
trees) have caused catastrophic erosion and desertification in
the area. Woodlands are capable of receiving and stabilizing
large amount of tephra, and the goal is to create resilient and
stable ecosystems that can challenge inevitable future erup-
tions in the volcano. The method involves the use fertilizers
and grasses to stabilize the surface and the establishment of
islands of birch trees. The grasses give in, but provide safe
sites for the birch to colonize from seed dispersal and sub-
sequently spread further from clusters planted specifically
for seed generation (Oskarsson 2011).

“Farmers Heal the Land” is a participatory approach
project run by the Icelandic Soil Conservation Service,
which involves about 15,000 ha (150 km2) of land (see
Arnalds 2005, 2011; Petursdottir 2011). The ISCS provides
the fertilizer and guidance about land use and land recla-
mation. The areas involved are often used for grazing over

Fig. 12.32 Precipitation events and water contents at 5 cm depth in
control (desert), and 5-year revegetated plots with grass/fertilizer and
grass/fertilizer/birch treatments. The water content remains consistently
lower in the control plots
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short periods, e.g., during the fall after full summer vege-
tation cycle. Large proportion of Icelandic farmers (about
650) are enrolled in the program (Petursdottir 2011).

Protection from grazing is often a major action taken to
initiate and follow through land restoration by natural suc-
cession. Þórsmörk (The Garden of Thor) in the neighbor-
hood of Eyjafjallajökull and the volcano Katla, a beautiful
area popular for recreation activities, is perhaps one of the
most impressive restoration areas in Iceland. It is about
4000 ha area where soil erosion and wood harvesting had
nearly destroyed all the soils and the forest around 1900
(Oskarsson et al. 2011). During the twentieth century, the
area was gradually protected from grazing and the birch
forest has spread again over much of the area (Fig. 12.33).
The Þórsmörk area is an example what can be achieved in
restoration of Icelandic ecosystems.
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