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Abstract

Frequent tephra deposition and a steady influx of aeolian matediaeo$eorigin dominate

soil formation in Iceland. Little is known about the weathering behaviour, mineral formation
and alteration of tephra and Icelandic soils after tephra depoditisthesis presents the
results from extensive studies on soil mineralogy and pedogenesis in various Icelandic soill
types and different soil environments.

The sampling sites were selected according to the presence of the light coloured rhyolitic
tephra fom the Oraefajokull eruption in 1362 CE and a dasloured basaltic Veidivotn
tephra from 1477 CE in the volcanically active area south of Vatnajokull, SE Iceland.

All investigated soilsvereacidic and dominated by sand. Indicated byfe ratios aboe

0.75 theyclassify as beingn anearly stage of chemical weathering and seitelopment.

The major portion of the clay siparticles are mainly derived from amorphous and poorly
crystalline constituents (allophane and ferrihydritdpwever traces of layer silicates
(smectite, hydroxy interlayerd mineraadsecondary chlorite)ere foundat all sitesThe
determining factor of pedogenesis in the histosols was the OM, but the aeolian transport of
tephra over long distances anddepositionas well as local site conditions, rather than the
primary composition of the parent material, were the important factors in the development
of all investigated soils and the alteration of minerldslandic soils develon a very
dynamic environmentNone of the profilesrepresenteda welldevelopeepbedon but
appeared disturbed over time, showsmgns of external influences






PDtdr §ttur

Tid eldgos med tilheyrandi gjoskufalli og stddugt afok vindborinna efna af oOlilppruna

setja mestan svip & jardvegsproun & islandi. Skortur er & pekkingu & vedrun, myndun og
ummyndun steinda i gjosku i islenskum jardvegi i kjolfar gjoskjufalls. | pessari ritgerd eru
nidurstédur umfangsmikillar rannséknar kynntar, sem tekur til shfigebi og
jarovegspréunar i  mismunandi jardvegsflokkum og i breytiiegu umhverfi
jarovegsmyndunatr.

Rannsoknarsvaedid er & virku eldfjallasveedi sunnan vid Vatnajokul & Sudausturlandi A
Ollum synatékustédum sem notadir voru i rannsokninni finnast ljoslitiidgj@ska fra
Oreefajokulsgosi fra 1362 e.Kr. og dokklitud, basisk gjoska ur gosi i Veidivotum arid 1477
e.Kr.

Oll jardvegsyni i pessari rannsékn reyndust str og sandkennd. Hlutf&eFe 0.75 gefur

til kynna ad efnavedrun og jardvegsproun sé skammt & veg komin. Meginhluti agna i
leirsteerd felst i myndlausum (e. amorphous) eda ofullkomlega kristdlludum (e. poorly
crystalline) efnum (all6fan og ferrihydrit). Engu ad sidur fundust ummaerkiagsilikot &

Ollum synatdkustodum (smektit, steindir med hydroxyl jonir milli laganna cegtsiddina
klérit). Lifreen efni voru radandi pattur jardvegsprounar i méjord (e. histosol), en flutningur
gjosku med vindi yfir langar vegalengdir, tilflutningugjésku og stadbundnir
umhverfispaettir rédu meiru um jardvegsproun og ummyndun steinda en frumsamsetning
modurefnisins. islenskur jardvegur proast i sibreytilegu umhverfi. Ekkert jardvegssnidanna
matti skilgreina sem vel préad og Oll syndu pau ummerki ask rog ahrif fra ytri
umhverfispattum.






Zusammenfassung

Die Bodenbildung in Islangt von raufigem Eintrag von Tephra und &aolischem Material
unterschiedlicher Zusammensetzung dominiBrs dato ist wenig Uber die Mineralogie
insbesondere Tonmineralogie und Bodenbildung infolge von Tephraeintrag in islandischen
Bdden bekannt. Die vorliegende wisseraftitche Arbeit prasentiert die Ergebnisse einer
umfassenden Studie an unterschiedlichen Bodentypen und Entstehungsmilieus zu diesem
Thema.

Das Untersuchungsgebiet stuidlich des Vatnajokull wurde in der Vergangenheit regelmafiig
mit Tephra bedeckt. Zwei bedende historische Tephraschichten, eine helle rhyolitische
Tephra vom Ausbruch des Oraefajokull im Jahr 1362 n.Chr. und eine schwarze basaltische
Tephra vom VeidivotrAusbruch 1477 n.Ch., sind in allen Profilen deutlich ausgepragt.

Die pHWerte der untersinten BoOden lagen im sauren Bereich, Sand war die
vorherrschende KorngréRenfraktion. Auf Grundlage degFBeVerhéltnisses (> 0.75)
konnten alle Boden als jung, demnach am Beginn ihrer Pedogenese, eingestuft werden.
Amorphe und schwachkristalline Bestagitét (Allophan, Ferrihydrit) machten den grof3ten
Teil an der Tonfraktion auskntgegen bisheriger Untersuchungen, aus denen hervorgeht,
dass pedogene Schichtsilikate in islandischen Boden kaum vorhanden sind, somekét)
hydroxy-interlayered Mineralend sekundareChlorit nachgewiesen werdebnterschiede

im Verwitterungsverhalten waren nicht nur zwischen der basaltischeteurtd/olitischen
Tephra, sondern auch in den Boderkennbar.Die Untersuchungen ergaben, dass die
Bodeneigenschaften unlie unterschiedliche Mineralogie der untersuchten Boden nicht nur
vom Ausgangsmaterial, sondern vor allem vom eingetragenen &olischen Material
(hauptsachlich basaltisches vulkanisches Glas) und edeeiligen Standortbedingungen
abhangig sind.

Umweltdynamische Einfliss@i.a. Vulkanismus, Erosionserscheinungeyen in allen
Bodenerkennbar Kei nes der wuntersuchten Bodenprofi
sondern vielmehr als eine Abfolge von mebder weniger dinnen Boderund
Tephraschichten betrachtet werden.
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1.l ntroducti on

1.1 The dynamic |l celandic enviro
Icqland is situated between | atitudes 63A2
24A3206 West, close to the Arctic Circle.

Ocean, near both oceanic and atmospheric fronts, makes it highly sensitmnate
changes(e.g. Einarsson, 1980; Hannesdottir et al., 20T5)e weather and climate are
generally characterized by strong winds, frequent precipitation, mild winters and cool
summers (Olafsson et al., 2007). Glacier variations and volcanic aativétly the last
centuries highly impacted and formed the Icelandic environifigditnsson and Palsson,
2008; Hannesdottir et al., 2015; Ingdlfsson et al., 2010; Vilmundardottir et al., 2015; 2014;
2010) All these factors greatly influenced the surface gepimbogy and soil properties.

Situated on the Midhtlantic Ridge and above the Iceland mantle plume, Iceland is one of
the most active and productive volcanic regions in the w@idarsson, 2008). Volcanic
eruptions are common and have a recurrena\vat of 25 year(Compton et al., 2015;
Pagli and Sigmundsson, 2008; Thordarson and Larsen,.Zll0 bedrock consists mostly

of basaltic igneous rocks, while tephra composition ranges from basaltic to rhyolitic
(Thordarson and Larsen, 2007)

Explosivehydromagmatic basaltic eruptions represent the most common volcanic activity
in Iceland during the Holocene (e.g. Thordarson and Hdskuldsson 2008), thus most of the
tephra layers in Icelandic soils and sediments are of basaltic compdsitioharsen ah
Eiriksson, 2008) Eruptions producing rhyolitic tephra are less common, but at least 24
eruptions have produced silicic tephra in historic tif@&sdmundsson et al., 2008; Larsen

et al., 1999)that is since 874 CHhe ejecta composition of each vol@asystem to have
remaired relatively stable and geochemically differdram other systems throughout the
Holocene (Jakobsson, 1979). Thus, it is possible to identify the sources of Holocene tephra
(Larsen et al.,, 1999)Based on written documents and teplstudies, an accurate
reconstruction of the historical eruptions in Iceland is possi{gdéadottir, 2009;
Thorarinsson, 1944)

Tephra may be deposited nearby the seuateano or transported over long distances and
preserved in glaciers, soils and lakiar away from its source. Amongst other factors,
dispersal and deposition depend on the eruption magnitude and prevailing wind directions
at the time of eruptioandwhich can change throughout the event. Vegetation and lakes in
the area of deposition @ralso of great importance for the preservation of the tephra.
Deposited on wvegetated land, tephra becomes very unstable and cannot withstand erosion
by wind and watemvhereasleposiiton onvegetatediand or in lakes it will be (at least partly)
shelteed from the winde.g. Oladattir, 2009)

Many of the volcanic systems in Iceland have produedigh volume of tepra The
eruption ofthe Oraefajokull central volcano in 1362 CE is the most voluminous explosive



silicic eruption to have occurred in Icatain historical times, producing up to 10 km?3 (or
even more) of light grey, acidic, taompacted tephr@Gudmundsson et al., 2008; Larsen et

al., 1999; Sharma et al., 200&)ccording toThorarinsson (1958&he vast quantity of the
erupted ejecta was caad to the southeast (Fig. 1.1), but tephra from this eruption has been
identifiedin Western Europé€Pilcher et al., 20053nd in Greenland iceores(Palais et al.,
1991) Based on the chemical composition, the rhyolitic 01362 tephra can be distinguished
from other Icelandic tephra deposits with a similar_Si@ntent of 72.71% on average (e.qg.
historical Hekla tephra) by its high FeO (average 3.30%), low MgO (close to zero), low CaO
content (<1.2%) and high Na (around 5%) value®.g. Larsen atl., 1999; Sharma et al.,
2008; WolftBoenisch et al., 2004)

Veidivotn (V1477) . Oraefajokull (01362)

Figure 1.1 Isopach maps of the distinctive tephra layers fhaWeidivotn eruption in 1477

CE (left) and the Oreefajokull eruption in 1362 CE (right). On both maps the respective
source volano is marked by a red triangle. Isopach maps have been modified from
Thorarinsson (1958) and Larsen (1984). The particular research area is marked by a yellow
rectangle. (Mapproducedby Benjamin D. Hennig)

The 1477 CE eruption in the VeidivéBardarbunga volcanic system is thought to be the
largest explosive basaltic eruption in Iceland during the last 1200 years. Over 10 km3 of
basaltic tephra from a 685 km long fissure along the Veidivotn lake basin was dispersed
towards east, northeast and noifig( 1), depositing a layer of tephra up to 12 m thick in
sum (Larsen, 1984; Larsen et al., 2014)ephra from the 1477 CE eruption has been
identified at many proximal andistal sites in Iceland as a visible horizon, in soils, lake
sediments and offshorearine cores (Abbott et al., 202 Compared to the rhyolitic tephra,
V1477 has a lower Sikzontent of c. 50%, about half of M (approx. 2.5%), but a multiple

of the MgO (6 7%) and FeOdpprox.13%) contente.g. Lawson et al., 2007; Streeter and
Dugmae, 2014)

When Iceland was first settled by Norse in the late 9th century, the environmental conditions
were very different to the contemporary environmental conditions. Hwuokmisation
introduced grazing livestock and lande which highly affectetthe natural environmeand
induced a significanthangen the Icelandic terrestrial environmein. particular, the loss

of woodland and other vegetation has left many places bdrra&onjunction with harsh
climate and frequent volcanic eruptions tesult was an increasesdsevere soil erosion

and thus drastically decreased soil quality and depletion of soil organic c&daundottir

et al., 2020; Gisladottir et al., 2010; Kardjilov et al., 2006; Lal, 2004; 2003; Oskarsson et al.,
2004) Large aresbecame prone to wind and water erosion processes, forming wide areas
of sandy desertand sources of dusthe main source areas for dust in Iceland nowadays
are thehighlands incentral Iceland and the sandur plains alongstheh coast, where the
surface is made up of loose sedim@rnalds et al., 2016)



1.2 Pedogenesis and weathering
soil s

The high frequency of volcanic activities in Iceland has great impacts on soil development
and environmental stability. Mo Icelandic soils are developed in volcanic ejecta and are
rich in volcanic glass. Andosols are thus the predominant soil order, covering 86% of the
island, while Histosols cover about 1% of the Icelandic surfacealds and Oskarsson,
2009) All Icelandc soils, even highly organic Histosols, exhibit andic soil properties to
some degreéBonatotzky et al., 2019)

Among the majority of volcanic soils worldwide, Icelandic soils show special
characteristics: They were formed during the Holocene whenegtactreatedArnalds,
2010; Arnalds and Kimble, 20Q1eceive large inputs of inorganic aeolian sediments and
occur in low temperatures with a wide range of precipitation. In such a dynamic
environmentthesoil surface is constantly recharged with ffrearent material (consolidated
rock and tephra), while subsoils are preserved and continue to develop afte(ebgrial
Bonatotzky et al., 2019; Gisladottir et al., 2010)

Iceland has extensive unstable sandy surfaces which are subject to frequemtidugi

winds. Aeolian transport of tephra over long distancedeposition and rguspension are

very common. This results in intense wind erosion events. Erosion has removed much of the
soils that formed in the aeolian and tephra sedimengs Arndds et al., 2001; Dugmore et

al., 2009; Gisladottir et al., 2011; 2010; Mockel et al., 20Aralds et al. (2016have
estimated that up to 80% of the aeolian dust in Iceland is amorphous basaltic volcanic glass,
rich in heavy metals.

Similar to otherwolcanic regions worldwide, chemical weathering of basaltic material is a
fundamental process in soil formation in Icelgiérdijilov et al., 2006) Volcanic glass

shows the least resistance in this process. As a result of its properties (e.qg. fire $aeticl

and amorphous nature), tephra enhances weathering and interactions in the soil environment
(Dahlgren et al., 1993)Despite the overall rapid weathering of tephra, rhyolitic tephra
weathers much more slowly than basal{@islason, 2005) With increasing age
accompanied by increasing silica content, the total chemical weathering rates decrease
(Gislason, 2008)The dissolution rate of glassy rocks (hyaloclastite) is about 10 times faster
than those of crystalline basé@islason and Eugster, 1987)

The most common weathering residuals of basaksamorphous allophane, a group of
amorphousshortrange order RO minerals (Parfitt, 1990) and/or imogolite of variable
Al/Si ratios and poorly crystalline ferrihydrif@rnalds, 2004) Their formationm volcanic

soils is connected to the properties of tephra (Shoji et al., 1993). Both, allophane and
ferrinydrite are abundant in the clay size fraction of Icelandic éeits Bonatotzky et al.,
2021; 2019) Due to their properties (e.g. large specifiaface area and high chemical
reactivity), they are more sensitive to chemical dissolution than crystalline clay minerals
(Wada, 1989) With increasing soil age, the crystalline weathering phases become more
abundan{Crovisier et al., 1992)

Clay mineralsalso referred to as phyllosilicates or layer silicates, are rare in Icelandic soils

(Bonatotzky et al., 2021; 2019They develop from volcanic ejecta and are formed in
subsurface horizons in situ rather than by translocation or leaching and precipitatio

3



(Arnalds, 2008; Dahigren et al., 2004)ue to their unique structures and distinctive
properties (i.e. small particle size, high surface area), clay minerals strongly affect both the
chemical and physical soil properties (Schulze, 1989). They areigesithanges in the

soil environment and are, thus, useful indicators providing aimfglenation on weathering

and the quality of soil developme(etg. Griffin et al., 1968; Jacobs and Hays, 1972; Rateev
et al ., 1969; .srodo®& 2013; 2002)

All Icelandic soils are in their initial state of soil development, liletause ofhe nature of
the parent material, they exhibit considerably high weathering rates despite the prevalent
cool climate(Gislason et al., 2009; Gislason et al., 1996)

1.3 Aims ofedarhceh r es

The overall aim of the research is to improve understanding on how the processes of
weathering and transformation of minerals in tephra and volcanic soils take place in different
soil environments following the deposition of basaltic and rhyolitghta. While the

impacts of explosive volcanic eruptions and consequences of heavy tephra fall on vegetation,

soil (e.g. Eddudottir et al., 2017, 2020; borbjarnarson, 2@l6)d peopl ebds |
(Thorarinsson, 1958 Iceland are increasingly understoaaformation about the direct
impact of tephra deposits on pedogenesis, soil weathering processes and soil quality is
lacking.

The specific objectives of this PhD study were:

1. To compare the weathering behaviamd alteration of tephra of different chemical
composition and to examine their contrasting mineral(@gpers 1 and 2)

2. To examine the genesis of soils derived from basaltic and rhyolitic tephra parent
material in the Icelandic environment and evaludueir physical and chemical
properties(Papers 1, 2 and 3)

3. To examine how the investigated soil reffeexternal environmentalinfluences
(erosional processes such as solifluction, slope instability and aeolian soil/tephra
reworking and deposition, asell as influence by seawater precipitation and tephra
deposition)which characterise the Icelandic environm@dper 3

4. To investigate the soil clay mineral composition under given conditions to provide a
better understanding of weathering processessmalialteration and the formation of
pedogenic minerals in young soils, under cool climate and influenced by frequent
disturbancesas well as thanflux of pristine material(Papers 1, 2 and 3)

The investigations consider five soil profiles in tbelands south of Vatnajokull, southeast
Iceland(Fig. 2.1) The volcanically active Vatnajokull area has received numerous tephra
deposits of varying thicknesses during the Holoogiadéttir et al., 2011b)The study
focuses on two welpreserved and sfiinct tephra layers; a light coloured, rhyolitic tephra
from the Oreefajokull eruption in 1362 CE and a black, basaltic Veidivotn tephra from 1477
CE(Thorarinsson, 1958; Larsen, 198Bpth tephra layers form an important parent material
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in the study areaAs hydrological conditions are likely to impact the weathering processes
and mineral alteration, both wetland (Histos&laper 1) and dryland (Andosolfaper 2

soils were examined. This allows for the comparison of soil formation under aerobic and
anarobic conditions. Additionally, a highly degraded and disturbed prafisgmmon
featurein Iceland, was investigate@gper 3.

Clay minerals are useful indicators providing information on weathering and the quality of
soil development(e.g. Griffin @ al., 1968; Rateev et al., 1969; Jacobs and Hays, 1972;
Srodo G, 2 Bdiv8ver, claynlr@rplogy in Icelandic soils is not well studied and
available data are thus still scarce. By extensive investigation of bulk and clay mineralogy
in different soilenvironments and soil types, this study built a large novel dataset on the
mineralogy in Icelandic soils. Through a combination of physical, chemical, and
mineralogical analyses, an extensive investigation of physical and chemical soil properties
and claymineralogy in various soil types and different soil environmestpresented to
improve the understanding of changes in soil propeni@seral formationand alteration

in different types of Icelandic soils following tephra deposition.






2. Study sites

The study sites are located in Aus8kaftafellsysla (in Sudursveit and Oreefi district),
Southeast Iceland (Fi@.1). They are situated inlawland area close to the sea in close
proximity to the Oreaefajokull volcano. The investigated soils are formed under both dryland
and wetland conditions but often appear highly degra8ei erosion is a problem in parts

of the area due to steep sloped anteractions between glaciers and glacial rivers,
volcanism, strong winds and land u3ée area in which the study sites are situated are
highly affected by soil erosion.

& sampling site
A volcano

iarmyrarkambur © weather station

e AN
B Elevation contour lines
5~ 500m intervals
) )

20m intervals
16‘?’W o

5 10 km

Figure 2.1 Location of the study sites and weather station Kvisker south radjdkatl
glacier, SE Iceland(Map produced by Benjamin D. Hennig)

The two investigated wetland sites are | oc:
and K§8I fafell (64 APhte:lyatkie ot of OrketajdkhilB/olcard . 6ThW)
vegetatio cover in the research area is mainly comprised of modified grassland and heath
utilised for pastoral agriculture. A small conifer plantation is located nearby but has no direct
influence upon the sampling area (Fig. 2.2 and 2.3).



Figure 2.2.The study site at Kalfafell (KF; left), soil profile on the right
(Photos taken by Theresa Bonatotzky)

Figure 2.3. The study site at ReynivelRV; left), soil profile on the right
(Photos taken by Theresa Bonatotzky)

Kv2sker (63A6902¢8WN, | i164A within ¥rbfi distr
16A0.29306W) is furt her(PagenX Bothiare drylahdesiteSwititur s v e i
vegetation communities consisting of bir@e{ulg woodland, grassland, herbs and mosses

(Fig. 2.4 and 2.5).



Figure 2.4. The study site at KvisK&; left), schematic soil profile on the right
(Photos taken by Theresa Bonatotdajl| profile produced by Benedict Rois)

Figure 2.5. The study site at Steinada|8BD; left) schematic soil profile on the right.
(Photo taken byriopér S. Sigurmundssosoil profile produced by Benedict Rois)

Kv2grmlirarkambur (63A56. 1 Zistdbedsite dit6afe@\Githis 1 5 6 W)
Oreefidistrict close to a morainepresenting the location of the outlet glacier Kviarjokull

by the end of the #8century(Paper 3) Both soil and tephra layers appeared to be disturbed.

The sampling site (Fig. 2.6) is situated in a drained wetland,fdattres different



hydrological onditions compared to the surrounding, i.e. drier and less oxidized, indicated
by a less reddish soil colour. The vegetation cover is comprised ofagd$eathland and
Salixshrubs.

—

Figure 2.6. The study site at Kviarmyrarkami{MK, (left), soil profile on the right
(Photos taken by Theresa Bonatotzky)

The geology of the research area is primarily composed of basaltic lava, hyaloclastite and
fluvial and glaciofluvial sedimentgél6hannesson and Seemundsson, 2009; Thorarinsson,
1958) Even though situated outside the active volcanic zone, the study area is strongly
affected by the active central volcanoes of Grimsvétn, Bardarbunga and Oreaefajokull to the
North and Katla to the West. All of these systems have erupted on multiple occasions
have produced the majority of the tephra deposits preserved in soils in the(€igidttir

et al., 2008) Two distinct tephra layers, the ligbbloured rhyolitic tephra from the 1362

CE Oreefajokull eruption (01362) and a dark basaltic tephra fheni477 CE Veidivotn
fissure eruption (V1477), are well preserved at all investigated research sites. After their
formation, both tephra were immediately deposited on vegetated land and are thus preserved
as important tephra marker layers in the researeh. With the aid of the known source
volcanic systems, ages obtained from written documgtfiiskuldsson, 2019; Oladéttir et

al., 2011a; 2011b; Seemundsson and Larsen, 2019; borbjarnarson, ap@dl&nown
geochemical compositiofLarsen, 1984; Sharma ek,a2008; Seemundsson and Larsen,
2019)these tephra layers form an importaail parent material in the study area.

The climate regime in the region is maritime, dominated by cool, moist summers and mild
winters with high precipitation and strong win@narsson, 1980¥%trongly affected by the
mountainous landscag®lafsson et al., 2007Mean annual temperature at Kvisker (30 m
a.s.l.), the weather station, which is closest to the sampling sites, is 5.9 °C2@08Pand
annual precipitation (1962011) is 3500mm on average (based on unpublished data from
the Icelandic Meteorological Office).
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3. Met hods

3.1 Sampling and profile descrip

The sampling sites were selected according tptasencef the two desire tephra layers
(detected by test cmg with a IMC Backsaverandto includethe main types of developed
Icelandic soils (Andosols, Histosols) formed in different environments (wetland, dryland,
disturbed). None of the profiles showed a clear horizonation, thus soil samples were taken
at 10 cm depth intervaland at 5 cm intervalto capture the chemical weathering and clay
formationfor better resolutiomnmmediately above and below the two main tephra layers.
Wherefield conditions inhibited the apgftion of this strategy, samplingas adapted
slightly. Tephra layers, easilysfinguishable from the soil, were sampled separately.

Soil profiles at KF and R{Paper 1)were described according to the Tre8isith system
(Aaby and Berglund, 1986; Troe®&mith, 1955) The Andosols at SD and K{Paper 2)

were described in the field@rding toSchoeneberger et al. (2003pil colour was assessed

on fieldmoist soil using a Munsell colour chgRaper 1 and 2) Soil accumulation rates
(SAR) (mm yf ) were calculated by measuring soil thickness between tephra layers of
known aggGisladottir et al., 2010; Oladéttir et al., 2011a)

3.2 Soil and tephra mineral ogy a

Soil mineralogy was determined by usingra§ diffraction (XRD), Differential scanning
calorimetry (DSC) and Thermogravimetry (TGYRD of bulk soil samples and the clay
fraction were conducted usin@ P ANal yti cal X0Pert Pro diff
divergent slit, Cu LFF tube 45 kV, 40 mA, with an X'Celerator detector (Malvern
Panalytical, Malvern, UK)Bulk soil samples were grinded to analytical finenessl

prepaed according to the "backloadingltocedure (Bish and Post, 198®referential
orientation of the clay minerals was obtained by suction through a porous ceramic tile,
similar to the method described Kynter and Diamond (1956). The exchange complex of
each sample was saturated with &d Mg*. Expansion tests using ethylene glycol and
dimethylsulfoxide (DMSO), as weklscontraction testby heating of the clay sizeaction

up to 550 Aaloges toe¢he bulk mimeral analysis, the clay minerals were
determined by XRDBulk samples were X ayed from 2 to ,kley 2d,
fraction sampleswere-X ay e d f r o nRestltant diffra¢t6gtamwekre evaluated by
using the software X'PeHighScorePlus and identified accordingMoore and Reynolds

(1997) Brindley and Brown (198@ndWilson (1987) Thermal analyses, consisting of DSC

and TG were carried out using a Netzsch STA 409 PC Luxx® Simultandoarsnal
Analyzer (Netzsch GmbH, Geany). Thermal flux andhanges in weight were measured
simultaneously. Resultant endothermic and exothermic reactions were ascribed according to
SmykatzKloss (1974)andBarros et al. (2007)
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3.3 Physical and chemical soi |l
anal yses

Particle sze analyses were carried out in combination with the clay size analysis. Following
pre-treatment with HO,, coarse fractions were separated by wet sieving using-siess
ranging from 2000 to 2Qm. The fine particles were analysed by means of sedimamtati
analysis using a Sedigraph 111 5120 (Micromeritics, Georgia, USA). Dry bulk density (DBD)
was measured on soil monoliths in the lab as describ&lrimundardaéttir et al. (2014)

DBD was calculated by dividing the dry weight of a sample by the voluthe eindisturbed
sample(Brady and Weil, 1996)

Representative bulk soil and tephra samples werarigd, gently crushed to pass through

a 2mm sieve, bathmilled to pass through a 150m sieve andused for the analyses of
physical and chemical properties.

Soil organic matter (SOM) was estimated by loss on ignition (LOI) accordiBgrigtsson

and Enell (1986)Soil pH (HO) was obtained ifh:5watersoil suspension. Andic properties

of soil and tphra were estimated by the indirect method of determining soil pH in 1M NaF
solution. Phosphate retention-(&t) was analysed using the method outlineBlakemore

et al. (1987)Concentrations of soil organic carbon (SOC) and total nitrogen (total té) we
obtained by the dry combustion method at high temperature (900°C) using a Flash 1112
Elementar Analyzer ThermoaScientific, Italy). Since the studied soils did not contain
carbonate minerals (determined by HCI test), the values thus obtained weredagsume
correspond to organic carbon (OC).

Selective dissolutions were carried out to determine poorly crystalline and amorphous
constituents as well as those associated with humus in the soils and tephra samples. Iron
(Fe), aluminium (Al) and silica (Si) asciated with amorphous constituentse(Ado, Si)

were extracted with ammonium oxalate in the dark by the shaking method at pH 3.0. Fe and
Al associated with OM (ReAlp) were extracted with sodium pyrophosphate at pH 10.0 and
shaking for 16 h. Both amonium oxalate and sodium pyrophosphate extraction were
carried out according to USDA Soil Survey Laboratory Manual (Burt, 2004). Fe in
crystalline and nowrystalline oxides (R¢ was extracted by citrat@carbonatedithionite

(CBD) as outlined in Sparkst al. (1996). The resultant extracts were analysed by
inductively coupled plasma optical emission spectroscopy-QEB).

Values obtained were used to estimate the allophane contefMi@é)a and van Reeuwijk,

1989; Parfitt and Henmi, 1982; ParfittdaWilson, 1985) and ferrihydrite content (%)
according to Child¢1985). Contents of nearystalline secondary phases of the clay size
fraction, hereafter referred to as amorphous secondary clay, were estimated as the total
amount of allophane and ferritiyte (Shang et al., 2008). The molar Al/Si ratios were
calculated from (AFAlp)/Sio according to Wada (1989). #10.5Fg was used as a taxonomy
criterion for andic soil properties (Soil Survey Staff, 2014),/Mb ratio was used to
differentiate betweemluandic and silandic soil properties (IUSS Working group WRB,
2015) and to estimate the presence of allophanic material (Shoji et al., 1993). The molar ratio
of metathumus complexes was estimated byyfAla,)/OC (e.g. Inoue and Higashi, 1988;
Takahashi and Dahlgren, 201&ontents of amorphous Al and Fe were calculated by the
formula AT Apland Fei Fyeespectively (e.g. Mizota and van Reeuwijk,1989).
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The effective cation exchange capacity (ECEC) was determined according to USDA Soil
Survey Laboratory ManugBurt, 2004) Exchangeable base cations {C#&1g?*, Na" and

K*) were extracted by 1 N pH 7 NBAc, exchangeable Alwas extracted by 1 N KCl and
ECEC was calculated as the sum of these ions. The ion content of the extracts was
determined by inductively coupled plasma atomic emission spectrophotometekER)P
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4. Resul t s

4.1 Selected soil and tephra pro

developed in differeretntsoi | en

All investigated soils developed in the lowlands south of Vatnajokulbaspresersdtive
of the most important soil types and soil environméHtstosols, Andosols, disturbed soils)
foundin Iceland.

Tephra layers were well preserved at all sites, although at different depths. The basaltic
V1477 tephra was found within 35 and 59 cm depth, the rhyolitic tephra (01362) within 48
and 86 cm depth. The thickness of the two distinct tephra layers diffexeedethe sites.

In general, V1477 was between 4 cm (KF) and 10 cm (KV) and 01362 between 1.5 cm (SD)
and 7 cm (KMK) thick. Both, V1477 and 01362 were found to be thickest closest to the
Oraefajokull volcano, the westernmost part of the research area.t&thea layers, mainly

of basaltic composition, were found in all soil profiles, Wetrenot allocated to a specific
volcanic system.

The calculation of the SARshowed differences between the soils formed after the
deposition of V1477 tephra to the tiroé sampling and those formed in 115 years of soil
development between 01362 and V1477 deposition. Above the basaltic V1477 layer the
SAR was between 0.63 mm/yr (SD) and 0.93 mm/yr (KF). At four out of the five
investigated sites, the SAR were significgritlgher between 01362 and V1477 (between
1.48 mml/yr at KF and 2.11 mm/gt SD). The opposite pattern wasly found at site RV,
where the rates throughout the profile were generally ®ing0.61 mm/yrbetween the

two tephra layers, but it was slightiygher (0.67 mm/yr) abové1477.

The SOM content was high in the wetland soils, close to 70% in some layers. The content
of SOM (expressed by the LOI%) was significantly lower in the Andosols, with a mean
content of 8.5%. Soils at site KMK varied in th8OM content between 2.5 and 20%. SOC
content ranged between 9 and 38% in the Histosols and between 0.5 and 9% in the soils at
site SD, KV and KMK. The soils were acidic, with fH.0) between 3.7 at site KF and 6.7

at site SD.

The particle size distsution was determined for soils and tephra at sites SD, KV and KMK.
The soils were dominated by sand and silt. Only the sediment layer-iB0LOmM depth at

KMK showed a considerable high portion of gravel size constituents (22.3%). Clay contents
were betveen 4.3 36.6% in the Andosols and ranged between 2.6% (in the sediment layer)
and 33.4% at site KMKNoticeably high contents were generally found in the soils below
both tephra layers.

Both types of tephra were dominated by sand. In V1477 the agrdovas similgraround

5% at all sites, wheredsshowed differences in ©1362. While it was 4.2% and 4.8% at KV
and KMK, respectively, it was nearly double (7.9%) at site SD.

15



4.2 Weathering and the amor phous

soi |l and tephra

The ammonium oxale extractable Al, Fe, and Si, pyrophosphate extractable Al and Fe and
Fey, varied between the sites.ce@d Al were higher than those extracted by pyrophosphate
(Fey, Alp). Si contents () were generally low in the Histosols (mean 26 g/kg) medum
(average of 6.2 g/Rgn the soils at site KMKand 16 g/kg in the investigated Andosols (sites
SD and KV). In all but one profile the highest ®as found in the V1477 and the lowest in
01362. The trend was opposite at site KV. Compared §wdlaes, the content of Fe in
crystalline and nowrystalline constituents (gewere significantly lower in all investigated
soils.

The pH valuesneasured in sodium fluoride pfflaF) were below the limit of 9.5 in the
Histosols in all soil layers, while the mean RaF) was 10.9 aites SD and KVAt site
KMK the values for pH in NaF solutiowere well above the limit of 9.5 in the soils
developedrom the rhyolitic tephra, while soils above V1477 did not reachiré.

Al/Si ratios in the Histosols ranged between 0.1 and 2.0, being higher at KF than RV where
the ratio was as low as 0.1. The highest Al/Si in the soils were found above tlad agphs.
Similar Al/Si ratios, all above 1, were found in the soils at sites SD, KV and KMK. The
Alp/Alo ratios in the Histosols ranged between 0.3 and 1.0. LeiRIratios were founeht

the surface at both sites and in the sagkt above the tephriayers. Compared to the
remaining layers, the soil just below the tephra showed slightly lower ratios. Except for the
top layerat SD and KV, the Al/Al, ratios in all investigated soil layers were 0.1, but even

in the uppermost 10 cm, the ratios wereselto zero (0.3). The soils at site KMK were all
showing Ap/Al, ratios below 0.5. The percentage,#0.5Fg, a criterion for Andosol
classification, ranged between 0.1 and 1.9 inHisosols, between 2.7 and aflsites SD

and KVand between 1.1 andin the soils at site KMK, reaching lowest levels in 01362

at all sites except for site KV. The JAeg; ratios in the investigated soils rank higieing

1.17 2.9 in the Histosols, in a similar range in the soils at site KMK and between 1.3 and
even 3.4atthe SD and K\, Increased ratios were often found above 01362.

The estimated content of amorphous and poorly crystalline constituents (allophane and
ferrihydrite) was 106 26% in the Andosols at sites SD and KV, but significantly lower (7

9%) at siteKMK. A low content of amorphous secondary clay size constituents was found
in the investigated Histosols, ranging from 1.5 to 5.0%. The allophane content in the
Histosols (KF and RV) was low (0142.4%), as well as the estimated content of ferrihydrite
(0.97 3.2%). Significantly higher contents were found in the Andosolsa(8IKV) ranging
between 5.5% and 17.4% allophane and between 3.7% and 9.9% ferrihydrite. Allophane
(1.97 5.5%) and ferrihydrite (1.5 4.3%) contents in the soils at site KMK randmdween

those from the Histosols and Andosols.

At both wetland sites, the estimated content of-aystalline constituents in the basaltic
V1477 was around 6.0%, but significantly lower in 01362 (0.5% at KF and 0.2% at RV).
There was a wide range in themount of amorphous clay size constituents in both types of
tephra at sites SD, KV and KMK (41314.2% in V1477 and 2.1 7.7% in 01362). The
allophane content in V1477 ranged between 2.6% and 9.4%, in 01362 it viag.8%.
Contents of ferrihydrite we found to be lower (0.B 4.8% in V1477 and 0.1 2.9% in
01362). The lowest contents were found in the rhyolitic tephra, irrespective the site.
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4.3 Mineralogical composition of

The bulk soil mineralogy was dominated Ipjagioclase and pyroxene. Additionally,
appreciable amounts of quartz and various types of zeolite were found. Volcanic glass was
abundant in all samples. A distinct 14 A reflection was detected in small and trace amounts
at SD, KV and KMK, respectively.fie bulk mineral composition of the two different tephra
was comparable at all sites. Similar to the soils, both types of tephra were dominated by
plagioclase, pyroxene and volcanic glass. The rhyolitic 01362 was strongly characterized
by its amorphous nate.

Investigations of the clay fraction of the soils discerned the presence of layer silicates in the
samples. Hydroxy interlayered (HI) minerals were verified at RV but were absent at KF,
where smectite was found instead. The latter was also founé &K, especially in the

soils above the basaltic tephra V1477, but only in traces in some layers below. The
investigations of the clay size fraction discerned secondary chlotite asly type of layer
silicates at the dryland sites SD and KV. Traceglafioclase and zeolite were found even

in the clay size fraction in some samples at all sites. According to the clay mineralogy of the
soils, the tephra samples showed traces of smectite at KF and small amounts of HI minerals
at RV in the basaltic V14 7ephra. Phyllosilicates were not found in 01362.

Thermal analysswere performed on soils and tephra from both wetland @{fesnd RV)

as well as site KMK. TG curves of the subsoils showed the main average thermogravimetric
mass loss of 15% at KMK anden as high as 45% in the Histosols in the temperature range
between 200 and 600°C. At low temperatures (< 200°C) the mean mass loss was 6.5%, while
it was only marginal at temperatures above 600°C. DSC curves showed a distinct exothermic
peak in the tempature around 300°C (occurring at slightly different temperatures) in all
samples. A distinct endothermic reaction in the temperature range below 150°C was found
in all samples. Dehydration, characterized by a distinct endothermic peak generally occurred
a very | ow temperatures (O 74AC) in the we
(13371 152°C) in the soils at site KMK. Compared to the thermogravimetric mass losses and
DSC curves in the subsoils, the surface laydowed differences. Simildrends were

visible in the tephra samples, but considerably weaker reactions than those in the soils.
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5. Di scussi on

5.1 Soil devel opment

Irrespectiveof soil type, Icelandicsoils develop from volcanic parent material rich in
volcanic glass and receive large amounts of amorphous and inorganic influx (tephra and
aeolian material). Even though highly organic soils form from organic plant material they
exhibit andic soil propeks derived from volcanimaterial.

The soils in the research area south of Vatnajokull develop in a very dynamic environment.
Abundant precipitation, basaltic igneous bedrock and a large amount of volcanic glass
present in the soils provide an environment beneficial for chemical weatlherspiie of

the cool climatgGislason et al., 2009)celandic soils are exposed to a recurrent cycle of
tephra addition, incipient soil development and the soil covered by the next tephra deposit
and left in its initial state of pedogenesihe il surface is constantly recharged with
pristine material (tephra and aeolian material), while subsoils are preserved and continue to
develop after burial. None of the investigated profiessentec welldeveloped pedon but
comprised of sequences of buriedlsoThis process is well known in Icelané.g.
Bonatotzky et al., 2021; 2019 nd similar processes have been found in other volcanic
regions on EartfiTakahashi and Dahlgren, 2016)

With an age <650 year s, t h eeflect mnearly stagega t e d
weathering and soilevelopmen{Paper 1, 2 and 3. Despite the abundance of weathering
beneficial constituents (basaltic and rhyolitic glass) in the soils, the initial state of weathering
does not enable pedogenic minerals tonfore. the active Fe is mainly present in form of
poorly crystalline ferrihydrite.

The main iron (Fe) source in Icelandic soils is from amorphous basaltic glass, only small
amounts originate from crystalline materjalg. Arnalds et al., 2016; 2014Jompared to

Fe in crystalline and nearystalline constituents (kg the values for Fe associated with
amorphous constituents dFen Icelandic soils are high, resulting in a.fFey ratio > 1
(Arnalds et al., 1995; Bonatotzky et al., 2019; Wada et292)l Fe/Fe ratios, widely used

to indicate the degree of soil development, were generally found quite high, indicating a low
degree of pedogenesis in all investigated soils, irrespeatigeil type. The ratio ranged
between 1.1 and 2.9 in the Histasahd between 1.3 and 3.4 in the Andosols.

A strong influence of Fe in the investigated soils especially above the V1477 tephra, is likely
to derive from numerous basaltic tephra layers over a period of about 530 yrs since the
Veidivotn eruption in 147TE. During approixnately100 yrs of soil developmerietween

the deposition of 01362 and V1477, hardly any tephra addition occurred.

OM was the determining factor for soil development and the major factor inhibiting

weathering in the investigated Histtsat site Kalfafell and ReynivellifPaper 1). Plant
residues were protected from decomposition by the prevailing anaerobic conditions and a
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low soil pH (H20) (3.71 5.1). Most A}/Al, ratios were in the typical range for ron
allophanic soils(Nanzyo et b, 1993) exceeding the critical level of 0.5 indicating the
dominance of aluminous metaiganic complexegKleber et al., 2004)Through thick
tephra layers, inorganic material was added to the highly organic soils, leading to lower SOC
content (3654% C averages) in our soilspmpared withLoisel et al. (2014jor northern

peat soils purely dominated by plant residues. Thus, they can be seen as an outcome of both,
organic and volcanic materigArnalds, 2008; Arnalds and Oskarsson, 20@@cording to

World Reference Baséoth Histosols meet the requirements for histic and andic soill
charactestics (IUSS Working Group WRB, 2015). M0.5Fg < 2% and pHNaF) below

the limit of 9.5suggest a preferred formation of metaimus complexes. The intermittent
deposition of inorganic material as well as the fact that SOM is protectadudoid-up of
metathumus complexes, leads to a preservation and further increase of the OM content in
the soils. The generally low clay content in the Histosols is driven by the prevailing acidic
soil conditions anda high SOM content that limit the weathering process and inhibit
formation of pedogenic minerals. The greatest influence of andic materiahpaceed by

low SOM content was found in the layer just above V1477 at Kélfafell.

The influx of aeolian material of unknown origin and the particular site conditions are the
driving factors in the development of the investigated Andosols and the altefatiorerals

at sites Steinadalur and KvisK@&aper 2. In addition, the high volcanic activity in Iceland
constantly adds new tephra to the soils. Parent material, availability of Al and $6ib@H

are important factors contributing to the formatidramorphous SRO minerals and poorly
crystalline Fe oxides and hydroxides. A correlation betweegtf\Rlratio and SOC and pH

(H20) above 5 in all but one sample affirmed our assumption that the investigated Andosols
are dominated by poodyand nomrcrystaline constituents. A high portion of clay size
particles, even in the tephra, mainly derives from amorphous constituents (e.g. allophane
and ferrihydrite).

Despite the soil type, we observed that particular site conditions (e.g. moisture, SOM), rather
than the primary composition of the parent material play an important role in soil
development and the formation of different clay minef@iper 1 and 3. Even though the
environmental conditions at the two sites in each environment (wetland and drylemédjise

to be similar, the investigated soils are hardly comparable and have to be considered
separately. In the HistosolPaper 1) we demonstrated smectite and hydroxy interlayered
minerals as an alteration product in the soils. Secondary chlorite is ltheypa of layer
silicates that could be verified in the Andos@aper 2 and is supposedly attributed to
aeolian influx of material from older, more weathered, more developed eroded surfaces of
unknown origin and chemical composition, maybe from souwaéside IcelandBaldo et

al.,, 2020; Bullard et al.,, 2016\We suppose that with increasing age the chemical
composition of the parent material becomes more important in the soil development process.

Higher SARs in the soils origiriag from 01362 compaed to those above the basaltic
V1477 tephrareflect a stronger impact of erosion and aeolian activity during 115 yrs of soll
development between 1362 and 1477 CE, than in the soils above V1477, in both wetland
and dryland soil¢Paper 1, 2 and 3.

The wlcanically active Vatnajokull area has received numerous tephra deposits of varying

thickness duringhe Holocene(Oladéttir et al., 2011a)Beside the chemical composition,
the thickness of the tephra layer seems to be a crucial factor in tephra wgatiseshown
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by Dahlgren (2005)Thick tephra layerareusually more compactedyndthus showower
weathering rates than thinner lay€efrginner layerdave greater pore volunaad arethus

more prone to weathering. While intermittent tephra falls may have a beneficial role in
sustaining the productivity of terrestrial ecosystems through soil renewal, large tephra falls
candestroy vegetation angeparateghe underlying strata from themosphere, affecting
pedogenic processés.g. Edduddttir et al., 2017; 2016; borbjarnarson, 200&)s, it is a

fact that thick tephra deposits may have a significant and lasting effect on ecgsystem

At the time of the Plinian Oreefajokull eruption 862 CE, the rhyolitic tephra was
deposited as a distinctive layer of up to several tengmtineetres(Thorarinsson, 1958)

Even though a large quantity of tephra has been removed by erosion processes subsequent
to the eruption event, the initial depii@n strongly impacted the terrestrial environment.
Based on our results veeteced a change in soil propertigsg. decreased SOM and SOC
contents, modified weathering patternillowing the deposition of 01362 in all
investigated soil profiledbut met notably at site KMKRaper 3.

The results of thermal analygRaper1 and 3 led us to the conclusion that mass losses and
thermal reactions in our soils are mainly due to the 10S®M, andpossiblyhiding changes

in the mineral compounds. Decongimn and combustion reactions of organic fractions
with slightly different thermal stabilities occurred at all investigated sites.

5.d2ephra chemistry, weathering p
pedogenesi s

Icelandic soils are characterized by frequent tephra depoaitidra steady flux of aeolian
material of multiple origingArnalds, 2008)While tephra compositions range from basaltic
to rhyolitic, up to 80% of the windblown dust is amorphous basaltic volcanic(@asdds

et al., 2016)

The fine particle size, glassy nature, high porosity and high permeability of tephra enhance
weathering and interaction in the soil environm@ahlgren et al., 1997; Lowe, 1986)
Chemical alteration or even complete dissolution of volcanic glass isottedtby the

chemical composition of the parent volcanic matdgPalllard et al., 2003; WoHBoenisch

et al.,, 2006; 2004) Di ssol ution rates of fAcoloured gl
are higher than -¢d dloser ed nzgodkehaindID3).(T&hgefatu@ n

and various soil properties, i.e. pH and Al availability have an important inipactercq

et al., 2013; Gislason and Oelkers, 2003; WBIbenisch et al., 2006; 2004% well as the

thickness of the tephra layer (Dahlgréf05) which seems to be a crucial factor in tephra
weathering.

Basaltic glass dissolution is one of the main processes in the geochemical weathering of
Icelandic soils. At low soil pH conditions, the amorphous basaltic glass dissolves rapidly
(Oelkers ad Gislason, 2001)'he oxalate extracted Fe and Al {F&lo) represented by far

the main portion of extractable Fe and Al, verifying the amorphous nature of the tephra (e.g.
Oelkers and Gislason, 2001). A difference between the two tephra tygkisned by a

high amount of amorphous Fe and Al in V1477, while their quantity is very low in O1362.
The average contents of Fe and Al in the tephra showed small differences between the sites.
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Under bothwetland or dryland conditions, the weathering ratesegenerally very low in
the tephra. According to previous studies on the dissolution rates of volcanic géagses
Gislason, 2005; Kirkman and McHardy, 1980; W-@ffenisch et al., 2004he results of
our investigations revealed a different stateveatheringoetweenthe basaltic V1477 and
the rhyolitic ©1362Bonatotzky et al., 2021; 2019

The bulk mineralogy of V1477 mainly consisted of pyroxene and plagioclase, two minerals
with a shorter lifetime compared to quartz and theretmicative ofweathering processes.

We found considerably higher contemtf clay size material (as high as 36.6% in the
Andosols,Paper 2 and traces of layer silicates in the basaltic V1477 tephra.

In contrast, e rhyolitic 01362 tephra consssbf hard and brittleparticles and is
charactesed by a highSiO, content (above 70%), but proportionally little 8% (e.g.
Sharma et al., 2008). Evéimough the rhyolitic tephra is older, it (especially in the wetland
soils) consists almost exclusively of pure volcanisgland has hardly been altered since its
deposition in 1362 CE. In the Andosols we found a slightly more diverse mineralogy in the
rhyolitic tephra, suggesting higher weathering in dryland conditions.

While at least traces of layer silicates were founthenbasaltic V1477 tephra, we did not
find any pedogenic minerals in the rhyolitic tephra in the wetland soils, suggesting that it
was hardly altered since its deposition in 1362 CE. In the Andosols we found traces of
secondary chlorite in both, V1477 arttl362, indicating a slightly higher degree of
weatheringunderdryland conditions.

Our investigations showed that both types of tephra were dominated by inorganic material,
rich in amorphous and poorly crystalline SRO minerals and volcanic(@lapsr 1, 2 and

3). The OM contents in the tephra layers were low, even in the Histosols, and result in a
higher pH (HO and NaF) compared to the soils. The majority of the clay size fraction was
comprised of poorly crystalline and amorphous constituents (eaghalhe and ferrihydrite).

The predominance of shemdnge order (SRO) minerals is also confirmed by thgAN

ratio, which is close to zero in all tephra samples, but generally slightly higher in ©01362.
The weathering of V1477 is reflected in the low&kfAl, value in the layer just above this
tephra at KF, suggesting an increase of allophanic properties in the soils due to the
precipitation of the basaltic tephra. A similar pattern was visible at sitP&per 2), but

with a significantly lowerratio, reflecting the dominance of inorganic constituents in the
Andosol (compared to the Histosols).

At KV the soils formed above the basaltic V1477 tephra show higher ferrihydrite contents
than those originated from the rhyolitic ©1362 tephra. Thehfglrite content increased
suddenly in 2030 cm depth, presumably duette presence ad distinct basaltic tephra
layer of unknown origirfPaper 2.

There is no doubt that tephra has impacted the weathering and properties of the investigated
soils espedally at site KMK (Paper 3. According to the different weathering state between

the tephra layers, the progress of weathering in the soils above &lHigh, while they

tend to be lower between 01362 anth77.
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5.3 The source of pedogymumrmg mine
| cel andic soil's

As would be expected for soils derived from volcanic ejecta of mainly basaltic origin, the
examination of the bulk mineralogy revealed a predominance of plagioclase, pyroxene and
a large quantity of volcanic glass in all sampl®arious types of zeolite (e.g. stilbite,
phillipsite, faujasite)were identified. Even though the conditions in volcanic soils are
beneficial for layer silicate formation, phyllosilicates are rare in Icelandic $eits
Bonatotzky et al., 2021; 2019 cortrast to previous studies, showing that layer silicates
are not present or are just minor components of the clay fraction of Icelandi¢espils
Arnalds, 1993; Wada et al., 1992ayer silicates were found to be present in the soils
investigated in thetudy, but only to a limited degré@aper 1, 2 and 3. The major portion

of the clay size patrticles in Icelandic soils mainly derives from amorphous and poorly
crystalline constituents (e.g. allophane and ferrihydrite). Therefore, it was generallytdifficu
to identify these crystalline minerals.

The investigations of the AndosdBaper 2 revealed sacalled 1.4 nm minerals, a peak
showing a 1.4 nm spacing on the bullREX pattern. The presence of 1.4 nm minerals
provides evidence of clay minerals anccammon in Andosol¢Kawasaki and Aomine,
1966) In the Histosols we did not firglichevidence of clay minerals in the bulk XRD data,
andonly the investigations of the clay size fraction discerned the presence of layer silicates,
with different types foud at each locatio(Paper 1).

The clear evidence of smectite in the soils Btakd hydroxy interlayered (HI) minerals at

RV were one of the mineralogical characteristics we found in the studied Histosols. Under
acid soil conditions, soil vermiculites and smectites act as sinks for Al released to solution
by weatheringChesworth et al., 2008\l hydroxides incorporate into ¢hinterlayer of the

2:1 layer silicates, which leads to the formation ofh#tiroxy interlayered minerals, such

as hydroxy interlayered vermiculite (HIV) and smectite (H{E®rnhisel and Bertsch, 1989)
Smectite was also the most distinct clay minerahébin the soils at KMK(Paper 3. It

mainly appeared to be abundant in the soils above V1477. Below this basaltic tephra layer,
smectite was only found in traces in some of the soil layers. Our findings from the XRD
were confirmed B the results fronthermal analysis. An endothermic reaction in the low
temperature range around 170°C resulted from the dehydration of water in the interlayers
and indicates smectite to be present. The r
from basaltic tephra, ftmermore, indicating an alteration of volcanic glass to smectite.
Investigations of the clay size fraction of the soils at both dryland sites discerned secondary
chlorite agheonly type of layer silicate@Paper 2.

Investigations of the soproperties as well as the mineralogy confirm that the investigated
soils are young; in their initial state of pedogené3aper 1, 2 and 3. It usually takes more
time under given environmental conditions for clay minerals to form and alter. For this
rea®n, the question aroskepm wheredo the pedogenic mineratkerive?

The chemical and structural characteristics of the parent material (Lowe, 1986), climate and
time since the tephra depositi¢gg. Ugolini and Dahlgren, 2002; Vilmundardéttir et al.,
2014) as well as the effective time of weathering are the main factors controlling soll
development and composition, type and morphology of the resultant -wgivad
pedogenic clayninerals(Jenny, 1941)Our investigations indicated only a minor influenc
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of the chemical composition of the inorganic parent material (basaltic and rhyolitic tephra)
on theseprocesses. We rather revealed a strong dependence on the local environmental
conditions (e.g. moisture, SOM content) for the formation of clay min@alser 1 and 2.

Volcanic activity, glacier variations and erosion processes highly impacted and formed the
Icelandic environmen@Bjérnsson and Palsson, 2008; Hannesdottir et al., 2015; Ingdélfsson
et al., 2010; Vilmundardottir et al., 201%yequent tepra addition and a steady influx of
aeolian material provides an input of more developed and weathered constituen{siio the
the wholg young soils. A high amount of allophane and ferrihydrite, both amorphous SRO
secondary minerals andJagdroxides resgctively, are Xray amorphous and confirm our
assumption of an especially high aeolian input. The layer sili¢htdsvere found can
probably beattributed to aeolian influx of material from older, more weatharegtimore
developed eroded surfaces of unknown origin, maybe from sources outside (Belpad

2 and 3.
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6. Concl usi on

The development of the investigated soils is an outcome of bgdhic and volcanic (tephra
and aeolian) materidDespite the abundanceaveatheringbeneficial constituent (basaltic
glass) in the soils, they cdie seerto bein their early stage of chemical weathering and
developmen(Fig. 6.1)
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The main findings of the study are:

1. Both types of tephra were dominated by inorganic material, rich inarahpoorly
crystalline SRO mineraknd Fehydroxideqallophane and ferrihydrite) and volcanic
glass. The OM contents were low, even in the Histosols, and result in a higher pH
(H20 and NaF) in the tephra compared to the soils. Irrespective of being exposed to
wetland or dryland conditionshe weathering rates were generally very low in the
tephra. Nevertheless, a different state of weathering between the basaltic V1477 and
the rhyolitic 01362 tephra was found. In the Histog®laper 1), traces of layer
silicates were found in the basalt/1477, while we did not find any pedogenic
minerals in the rhyolitic tephra, suggesting thdtatl hardly beenaltered since its
deposition in 1362 CE. In the AndosdBaper 2 we found traces of secondary
chlorite in both, V1477 and 01362, indicatiaglightly higher degree of weathering
in the dryland conditions.
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2. The parent material (basaltic and rhyolitic tephdigplayed little influenceon
pedogenesis and the formation of pedogenic minerals in the Histosols. Instead, the
OM was the determining driver for soil development and the major factor inhibiting
weathering processes. The soils are the result of altered plant residues and volcanic
material (tephra and aeolian material). Plant residues, as well as the soil itself, were
protected from decomposition by the prevailing anaerobic conditions, a low soil pH
and the repeated addition of inorganic matter. Clay formation was low, while metal
humus complexes were predominant. The soils at sites SD, KV and KMK were
dominated by SRO minerals. The frequent tephra addition and the influx of aeolian
material of unknown origin are the major factors in the Andosol development and the
alteration of mineals. A change in soil properties after the deposition of 01362 was
visible in all investigated profiles, btd varying degreesn this context, the thickness
of the tephra deposition seems to be a crucial faBegardlesof soil type, we
observed thiaparticular site conditions (e.g. moisture, SOM) play an important role
in soil development and the formation of different clay minerals. In 115 years of soil
devel opment bet ween 1362 CE and 1477 CE,
stronger impact afrosion and aeolian processes on soil development, than in the soils
above V1477 at all sites.

3. Icelandic soils develop in a very dynamic environment and signs of external
influences were found in the investigated soils. Harsh climate, extensive unstable
sandy surfaces which are subject to frequent-kigbcity winds, glacier variations,
volcanic activity and not least human occupation over the last centurigbly
impacted and formed the Icelandic environment. Aeolian transport of tephra of
basaltic ad rhyolitic composition over long distances anedeposition is very
common and characterizes the investigated soils. None of the profiles appeared to be
a welldeveloped pedon but comprised of sequences of buried Boithermore, it
is not onlythe ®ils that weredisturbed over timeas disturbance maylso have
occurred during the deposition of the two tephra layers, especially at site(RiglK
6.2).

Figure 6.2Visible disturbancesat site KMK (etail: 01362 tephra layeon theright).
(Photos taken by Theresa Bonatotzky)

Tephra deposition impacted and changed soil properties as was observed in the

Andosols in general, but most notably at site Kifé@per 3. There, compared to the
layers above, soils below 01362 showed a firmetigle size composition (more clay
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and silt than in the layers above), a higher SOM and SOC content, lower O

and in general, a quite low §Ee ratio, suggesting a more developed soil below
0O1362.Investigations of the mineralogy confirm that gwls are very young, thus

in their initial state of soil developmentsually, it takes more time under given
environmental conditions for clay minesdb form and alter. Thus, the layer silicates
we found areprobably attributable to aeolian influx of material from older, more
weatheredand more developed eroded surfaces of unknown origin, maybe from
sources outside Icelandhe distinct sediment layet site KMK (10- 30 cm depth)
appeared to be very differelnom the remaining soil layers in the profile. The layer
is characterized by a significantly coarser particle size composition, low SOM and
SOC content and a more diverse bulk and clay mineyalognsidering all factorst

is suggestedthat the disturbanceat 10 - 30 cm depth originated from a landslide
coming from the slope of thikviarmyrarkambur morain& the north of the sife
reflecting the diverse composition of glaciofluvial material.

4. Driven by the prevailing acidic soil conditions and the high SOM content in the
Histosols, the weathering processes were limited, resulting in a low clay content and
inhibited formation of pedogenic minerals. In contrast, a high portion of clay size
particles, even in the tephra, in the investigated profiles at site SD, KV and KMK
mainly derives from amorphous constituents (e.g. allophane and ferrihydrite). Even
though Icelandic soils are known for their lack of layer silicates, we demonstrate
smectite, hgroxy interlayered minerals and secondary chlorite as an alteration
product in the soils. Differences in the alteration and formation of pedogenic minerals
in the young Icelandic soils investigated in the present study are mainly related to the
influx of aeolian material of unknown origin and chemical composition and particular
local environmental conditions, rather than the primary composition of the parent
material. It is supposd that with increasing age the chemical composition of the
parent material becomes more important in the soil development process.

Theaim of the researckvas to improve understanding on how the processes of weathering
and transformation of minerals in tBp and volcanic soilsake place indifferent soil
environments following the deposition of basaltic and rhyolitic tepBra.extensive
investigations of bulk and clayineralogy in different soil environments and soil typbs

study builta comprehense and noveldataset on the mineralogy in Icelandic soils. The
knowledge garnered within this thesis form a basis for further investigations concerning the
importance of soil mineralogy in Icelandic soils.
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ARTICLE INFO ABSTRACT

Keywords: Little is known about the impact of tephra deposits from explosive volcanic eruptions on soil formation and
Histosol weathering processes in organic soils. The weathering of tephra of basaltic and rhyolitic origin and their impact
Tephra on Icelandic histosols were studied through a combination of physical, chemical and mineralogical analyses.

Chemical weathering
Soil development
Mineralogy

Iceland

Two sampling sites were selected according to the presence of the light coloured rhyolitic tephra from the
Orzfajokull eruption in 1362 CE and a dark-coloured basaltic Veidivétn tephra from 1477 CE in the voleanically
active area south of Vatnajokull in South East Iceland.

The determining factor of pedogenesis in the investigated histosols is the OM, but the influence of tephra and
aeolian material from external sources must be taken into consideration. The soils are the result of altered plant
residues and volcanic material (tephra and aeolian material). Plant remnants, as well as the soil itself, are
protected from decomposition by the prevailing anaerobic conditions, a low soil pH and the repeated addition of
inorganic matter. Clay formation is low, while metal-humus complexes are predominant. Fe,/Fes ratios in-
dicated a generally low degree of weathering, being higher close to the basaltic tephra.

The mineralogy was dominated by plagioclase and pyroxene, with quartz and zeolite as minor components. In
contrast to previous research on Icelandic soils, our investigations revealed layer silicates at both sites. While we
found evidence of smectite in the soils at Kélfafell, hydroxy interlayered minerals were found at Reynivellir. In
the basaltic tephra, traces of layer silicates could be verified. In contrast, the rhyolitic tephra did not show any
pedogenic minerals, suggesting that it had hardly altered since its deposition in 1362 CE. It is not the chemical
composition of the inorganic parent material, but the location that may be an influencing factor on the formation
of clay minerals in the investigated histosols.

1. Introduction

Iceland is one of the most active and productive volcanic region in
the world with eruptions expected to occur every two years on average
(Compton et al., 2015; Pagli and Sigmundsson, 2008), forming con-
solidated rocks and tephra. The bedrock is mainly of basaltic origin
while tephra composition ranges from basaltic to rhyolitic (Thordarson
and Larsen, 2007).

Many surfaces have been disturbed by erosion and cryoturbation
processes, modifying the surface and the soil environment (Gisladottir
etal., 2011; Mockel et al., 2017; Porbjarnarson, 2016). Frequent tephra
deposition and a steady flux of aeolian material from unstable sandy
deserts and eroded soils constantly recharge the surface with new ma-
terial while subsoils are preserved and continue to develop after burial

(Arnalds et al., 1995). Thus the weathering of tephra is reflected in the
soil layers above, although it may also infiltrate the soil immediately
below.

Icelandic soils were formed during the Holocene when glaciers re-
treated (Arnalds, 2010; Arnalds and Kimble, 2001). A cool period be-
tween 1250 CE and 1900, referred to as Little Ice Age (LIA) (Ogilvie and
Jénsson, 2001) resulted in advancing glaciers (Bjornsson and Palsson,
2008; Hannesdéttir et al., 2015; Ingolfsson et al., 2010). Due to climate
warming since the end of the LIA, new land has emerged with sub-
sequent soil formation (Vilmundardéttir et al., 2014; Vilmundardéttir
et al., 2015a; Vilmundardéttir et al., 2015b), with time and climate as
the key factors controlling weathering and soil development (Ugolini
and Dahlgren, 2002; Vilmundardéttir et al., 2014).

A young weathering state is common for all Icelandic soils,
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attributed to the parent material and the prevailing climatic conditions
(Arnalds, 2015). Andosols are the predominant soil order, covering
86% of the island, while histosols cover only 1% of the Icelandic surface
(Arnalds and Oskarsson, 2009).

Soil is the largest terrestrial pool of organic carbon (OC) (Batjes,
1996), being an important sink of carbon over a long term scale (Loisel
et al., 2014). Histosols of the Northern hemisphere are organic soils,
dominated by peat, thus often referred to as peat soils. The develop-
ment in waterlogged, anaerobic conditions (Bridgham et al., 1995;
Clymo, 1987; FAO, 2014) and cold climate lead to reduced decom-
position rates and an accumulation of poorly decomposed soil organic
matter (SOM) and soil organic carbon (SOC). Despite covering only c.
1% of ice-free land globally, histosols contain the highest portion of
SOM (up to 50% or even higher) and SOC (20-40%) in all soil types.
Therefore, they play an important role in the global carbon cycle. As the
climate gets warmer, the extent of peatland may decrease (IPCC, 2015).
Prominent wetland areas with histosols in Iceland are in the west and
northwest of the island. Other important areas of histosols are in south
Iceland (Arnalds and Oskarsson_, 2009).

Even though Icelandic histosols show similar rates of organic ac-
eumulation (0.1-0.45mm yr ') as reported for peaty soils in neigh-
bouring countries (Gudmundsson, 1978), they exhibit features that
separate them from most other histosols on the globe. The parent ma-
terial is mainly comprised of poorly decomposed plant remains but
contains considerable quantities of inorganic material originating from
voleanic ejecta and aeolian activity. Despite very limited research, it
has been shown that Icelandic histosols exhibit a unique combination of
histic and andic soil properties. They are characterized by a consider-
able amount of metal-humus complexes (Arnalds, 2008; Arnalds and
Oskarsson, 2009) and variable SOM content (Mockel et al., 2017). A
study on peatland soils in west and north Iceland by Gudmundsson
(1978) showed that properties are controlled by the quantity and form
of mineral material present.

SOC content and the amount of clay minerals in organic soils are
influenced by drainage conditions and the addition of fresh parent
material (Mockel et al., 2017). High OM content and low dry bulk
density (DBD) (0.17-0.4 gcm ™~ ) lead to a high water halding capacity
(Gisladéttir et al., 2010; Gisladéttir et al., 2011; Mockel et al., 2017) in
Icelandic histosols. A prevailing low pH and the presence of large
quantities of SOM tend to result in an inhibited formation of amorphous
secondary minerals (Stefdnsson and Gislason, 2001).

Ammonium oxalate extractable Al and Fe (Al,, Fe,) in Icelandic
histosols are commonly found to be in the range of 0.7-1.6% Al, and
0.5-1.2% Fe,, while the Si, content is low (Arnalds, 2004). Icelandic
soils are highly affected by windblown dust. Up to 80% of the aeolian
dust has a volcanogenic origin of basalt composition, rich in heavy
metals (Arnalds et al., 2016). The main source of Fe in the soils is ba-
saltic glass but not crystalline material (Arnalds et al., 2014; Arnalds
et al., 2016). At low pH conditions in the soil, the amorphous basaltic
glass dissolves rapidly (Oelkers and Gislason, 2001), leading to high Fe,
values. Arnalds and Kimble (2001) suggested that high Fe,, compared
to Al, and Si,, are further caused by ferrihydrite as a common com-
ponent of the clay fraction. They also stated dithionite-citrate ex-
tractable Fe (Fey) values to be generally about half of the Fe, values.

Histic andosols generally show very similar properties to histosols.
They cover about 5.5% of the Icelandic surface area and develop in
poorly drained areas where aeolian input, especially from wvolcanic
areas, is considerable. SOC content is high (12-20%) but, due to aeolian
input, it is too low to meet the criteria for histosols and therefore, the
SOC and andic properties of these soils define it as andosols with histic
properties (Arnalds, 2004). Garcia-Rodefa et al. (2004) found low Al,
contents in histic andosols from northwest Iceland to be due to low
humification caused by temperature regime and poor drainage.

Chemical weathering of basaltic rocks is a fundamental process in
soil formation in volcanic regions (Kardjilov et al., 2006). Gislason
(2008) found chemical denudation rates in Iceland being 1.3 times
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higher than the world average; despite the cold climate. Linked to the
importance of climatic factors on weathering, Eiriksdottir et al. (2013)
showed that chemical denudation in Iceland increased by 13% with
each 1 °C increase in temperature. Nonetheless, in the southern regions
of Iceland, runoff and the age of rocks are the primary factors con-
trolling the chemical denudation rate (e.g. Gislason, 2008; Gislason
et al., 1994; Gislason et al., 1996; Stefansson and Gislason, 2001). The
annual mean surface runoff in Iceland is at a maximum on the south
and south eastern fringe of the Vatnajékull ice cap (Jénsdoéttir, 2007;
Jonsdottir, 2008). The dissolution rate of glassy rocks (hyaloclastite) is
about 10 times faster than those of crystalline basalt (Gislason and
Eugster, 1987).

Total chemical weathering rates decrease with increasing age of
rocks (Gislason, 2008). Voleanic glass shows the least resistance to
chemical weathering in soils developed from volcanic ejecta. As a result
of its properties (e.g. fine particle size and amorphous nature), tephra
enhances weathering and interactions in the soil environment
(Dahlgren et al., 1993). Despite the overall rapid weathering of tephra,
rhyolitic tephra weathers much more slowly than basaltic (Gislason,
2005) and dissolution rates of “coloured glass” of basaltic andesitic
composition are higher than those of rhyolitic “non-colotired glass”
(Nanzyo et al., 1993). Furthermore, with increasing silica content, glass
dissolution rates decrease. Studies on dissclution rates of natural glasses
by Wolff-Boenisch et al. (2004) showed a lifetime of 4500 yrs for nat-
ural glass of rhyolitic composition, whereas it is only 500 yrs for natural
basaltic glass.

Clay minerals in Icelandic soils developed from volcanic ejecta are
formed in subsurface horizons in situ rather than by translocation or
leaching and precipitation (Arnalds, 2008; Dahlgren et al., 2004).
Amorphous secondary minerals are predominant. With increasing soil
age the crystalline weathering phases become more abundant (Crovisier
et al., 1992). Crystalline plagioclase and pyroxene are major primary
minerals of Icelandic basalt (Arnalds, 2005). Allophane, imogolite and
poorly crystalline ferrihydrite are the dominant phases for the clay size
fraction of Icelandic soils (Stefansson and Gislason, 2001) while layer
silicates are rare (Arnalds, 1993).

A recent study by Mackel et al. (2017) showed that aeolian material
had an impact on soil properties of histosols in North Iceland. Fur-
thermore, it has been verified that heavy tephra falls influence vege-
tation and soil (Eddudéttir et al., 2016; borbjarnarson, 2016). Never-
theless, the impact of tephra deposits from big explosive eruptions on
soil formation and soil weathering processes in histosols is not well
studied in Iceland. The island offers unique opportunity to conduct such
research, specifically in regions that have been inundated with thick
tephra deposits of different chemical composition.

In this paper we present the results from a comprehensive study on
histosols in the lowlands south of Vatnajékull glacier, SE Iceland. The
volcanically active Vatnajokull area has received numerous tephra de-
posits of varying thicknesses during the Holocene (Oladéttir et al.,
2011). The presence of the light coloured rhyolitic tephra from the
Orazefajékull eruption in 1362 CE and a black basaltic Veidivétn tephra
from 1477 CE in this region enables comparison between the weath-
ering behaviour of tephra of different composition and to examine their
contrasting mineralogy. The present research will improve the under-
standing of changes in soil properties and mineralogy in histosols after
tephra deposition and will add significant knowledge about the impact
of volcanism on weathering processes and histosol development glob-
ally. The main purpose is to examine the following research questions:

1} How do different tephra weather?
2} How do tephra influence the weathering processes and development
of histosols?

The weathering behaviour of tephra deposits of basaltic and rhyo-
litic origin and their impact on Icelandic histosols were studied through
a combination of physical, chemical and mineralogical methods. As far
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Fig. 1. The research area south of Vatnajokull glacier, SE Iceland. Triangles show the position of the two sampling sites at Kélfafell to the east and Reynivellir further

to the west. The location of the weather station Kvisker is shown as circle.

as we are aware of, no research on this matter has been published
previously.

2. Study sites and material

The study area lies in a lowland area close to the sea, south of
Vatnajokull, in southeast Iceland (Fig. 1). The two investigated sites are
located in Reynivellir (64°07.731’N, 16°03.245'W) and Kalfafell
(64°10.749’N, 15°53.236'W) (Fig. 2 and Fig. 3). Both sites sustain
wetland soils at the foot of Orafajokull volcano.

The climate in the research area is maritime, dominated by cool,
moist summers and relatively warm winters with high precipitation
(Einarsson, 1980). The climate is strongly affected by the mountainous
landscape (Olafsson et al., 2007). Mean annual temperature at Kvisker,
the weather station which is closest to the sampling sites, is 5.9 °C
(2009-2016) and annual precipitation (1962-2011) is 3500 mm on
average (based on unpublished data from the Icelandic Meteorological
Office).

The geology of the research area is primarily composed of basaltic
lava and hyaloclastite (Jéhannesson and Semundsson, 2009;
Thorarinsson, 1958). The research sites are in an area influenced by the
active central volcanoes of Grimsvétn, Bardarbunga and Oraefajckull
(north) and Katla (west). All of these systems have erupted on multiple
occasions in historic times and have produced the majority of the te-
phra deposits preserved in soils in the region (Oladéttir et al., 2008).
Two distinct tephra layers, the light coloured rhyolitic tephra from the
1362 CE Orzfajokull eruption (01362) and a dark basaltic tephra from
the 1477 CE Veidivotn fissure eruption (V1477), are well preserved at
both research sites.

The 1362 CE Plinian Orzfajokull eruption is thought to be the lar-
gest rhyolitic eruption in Iceland in historic times and produced huge
amounts of tephra (Sharma et al., 2008) which can easily be identified
by its light grey colour and major element composition. According to
Sharma et al. (2008) the 01362 is characterized by a high content of
Na,O (average 4.95%) and a very low MgO content (close to zero). The
range in SiO, (average 72.71%) is similar to some historical Hekla

Fig. 2. The study site at Kélfafell (left), soil profile on the right. View north towards the edge of Vatnajokull National Park.
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Fig. 3. The study site at Reynivellir (left), soil profile on

tephra layers, but a higher FeO (average 3.30%) and lower MgO con-
tent enable $1362 to be distinguished (Larsen et al., 1999). The basaltic
1477 CE tephra is characterized by its black colour and originates from
an eruption in the Veidivotn fissure swarm, which belongs to the
Bardarbunga volcanic system. This eruption produced one of the most
voluminous tephra layers of its kind in Iceland (Larsen, 1984). Com-
pared to the rhyolitic tephra, V1477 has a lower SiO5 content of c. 50%,
about half of NasO (approx. 2.5%), but a multiple of the MgO (6-7%)
and FeO content (around 13%) (e.g. Streeter and Dugmore, 2014;
Lawson et al., 2007). Iron-enrichment typifies the basaltic magmatism
in Iceland (Jennings et al., 2014). Other tephra layers, mainly of ba-
saltic compaosition, were found in both soil profiles, e.g. a coarse ba-
saltic tephra right below (01362 which is presumed to belong to the
Grimsvotn volcanic system. Other basaltic tephra layers were detected
but not allocated to a specific volcanic system.

The vegetation cover in the research area is mainly comprised of
modified grassland and heath utilised for pastoral agriculture. A small
conifer plantation is located nearby, but has no direct influence upon
the sampling area. Soils are formed under both dryland and wetland
conditions but often appear highly degraded. A detailed description of
the soil samples is given in Table 1.

3. Methods
3.1. Sampling and profile description

Both sampling sites (Figs. 2 and 3) were selected according to the
occurrence of wetland condition in conjunction with the two desired
tephra layers detected by test coring with a JMC Backsaver. A soil pit
was dug and samples were taken at 10 cm depth intervals, and at 5 cm
intervals immediately above and below the two main tephra layers.
Where field conditions inhibited the application of the preferred
strategy, sampling had to be adapted slightly. Tephra layers were
sampled separately. Additionally, soil monoliths of each profile were
taken. Prior to analyses, soil and tephra samples were marked, kept in
sealed plastic bags, and stored at 4 °C. Soil profiles were described ac-
cording to the Troels-Smith system (Aaby and Berglund, 1986; Troels-
Smith, 1955). Soil colour was assessed on field-moist soil using a
Munsell colour chart (Table 1),

3.2. Soil sample analyses

Soil and tephra samples were analysed at the University of Natural
Resources and Life Sciences, Vienna and at the University of Iceland.
Ammonium oxalate, sodium pyrophosphate and

the right. View west towards Oreefajokull in the background.
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citrate-bicarbonate-dithionite (CBD} extractions were operated at the
Innovation Centre Tceland (Nysképunarmidstéd fslands).

3.3. Soil and tephra mineralogical analyses

To determine soil mineralogy we used X-ray diffraction (XRD),
differential scanning calorimetry (DSC) and thermogravimetry (TG)
methods. For bulk mineral analyses the samples were oven-dried at
70°C and ground to analytical fineness. To obtain the clay fraction
{ < 2um), the OM of the samples was removed by 10% hydrogen per-
oxide (H50,) treatment. After this pre-treatment it was separated from
the soil by a combination of sieving and centrifugation after initial
dispersion with ultrasonic vibration, XRD of bulk soil samples was
conducted by using a Panalytical XPert Pro MPD diffractometer with
automatic divergent slit, Cu LFF tube 45 kV, 40 mA, with an X'Celerator
detector. The measuring time was 250s, with a stepsize of 0.017°.
Analogous to the bulk mineral analysis, the clay minerals were de-
termined by X-ray diffraction and identified according to Moore and
Reynolds (1997), Brindley and Brown (1980) and Wilson (1987).
Afterwards, expansion tests using ethylenglycol, as well contraction
tests heating of the clay size fraction up to 550 °C were done. After each
step the samples were X-rayed from 2 to 40°20. A semiquantitative
mineral composition of both, bulk and clay size fraction was estimated
from the resultant diffractograms according to Riedmiiller (1978) by
using the Panalytical software X'Pert HighScorePlus.

DSC and TG were conducted on 15mg of air-dry and ground bulk
soil samples and 50 mg of tephra respectively, using a Netzsch STA 409
PC Luxx® Simultaneous thermal analyzer, which monitored the heat
flow of a sample relative to a reference as a function of temperature,
while the sample was heated up from 25 to 1000°C at a rate of
10°Cmin ! in a reaction atmosphere of synthetic air (flow rate:
50 mlmin~"). Thermal flux and changes in weight were measured si-
multaneously. The resulting endothermic and exothermic reactions
were ascribed according to Smykatz-Kloss (1974) and Barros et al.
(2007).

3.4. Physical and chemical soil and tephra sample analyses

Representative bulk soil and tephra samples were air-dried, gently
crushed to pass through a 2mm sieve and used for the analyses of
physical and chemical properties. SOM content was estimated by loss
on ignition (LOI) method at 550 °C (Heiri et al., 2001), Contents of SOC
and total nitrogen (total N) were obtained on oven-dried fine earth by
the dry combustion method at high temperature (900°C) using a
Thermo Fisher Scientific Flash EA 112 CN elementar analyzer. The



T. Bonatotzky et al.

Table 1
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Selected morphological, physical and chemical characteristics of the studied pedons at Kélfafell (KF) and Reynivellir (RV) (values marked with * term the OM and OC
in the tephra). Abbreviations in the sediment description follow the Troels-Smith system (Aaby and Berglund, 1986; Troels-Smith, 1955). The description of the
organic compound of the samples is abbreviated as follows: Th (Turfa herbacea), Dh (Detritus herbosus) and Sh (Substantia humosa). Mineral particles are abbreviated
as follows: As (Argilla steatodes) consists of colloids or grains < 0.002 mm, Ag (Argilla granosa) consists of grains the size of which ranges from 0.06-0.002 mm, Ga
(Grana arenosa) consists of grains from 0.06 to 0.6 mm. All estimated on a 5 class scale: ( +) very slight quantities of a given element. (1) 25% and (2) 50% proportion

of the component of the individual deposit.

Sample Depth  Munsell colour code (moist) Sediment description built upon Troels-Smith ~ SOM S0C Total N DBD pH(H:0)  pH(NaF)
cm % % % gem™?

Soil KF1 0-10 7.5YR 3/3 (dark brown) Ag2, Thl, Sh1, Dh+, Ga+ 2441 10.31 0.630 0.38 4.7 9.0
Soil KF2 10-20  7.5YR 2.5/2 (very dark brown)  Dhl, Thl, Agl, Sh1, As+ 53.07 28.66 1.500 0.21 4.8 8.2
Soil KF3 20-30  10YR 2/2 (very dark brown) Dhl, Thl, Agl, Shl, As+ 57.39 24.55 1.060 0.25 4.7 7.8
Soil KF4 3040  7.5YR 2.5/3 (very dark brown)  Thl, Gal, Agl, Shl, Dh+, As+ 56.91 28.43 1.590 0.25 4.3 7.9
Soil KF5 40-45  7.5YR 2.5/2 (very dark brown)  Th2, Agl, Sh1l, Dh+, As+ 39.08 20.31 1.112 0.15 4.2 8.5
Soil KFé 45-50  10YR 3/3 (dark brown) Thl, Gal, Agl, Shl, Dh+, As+ 2396 17.76 0.910 0.36 4.3 B.6
Tephra KF V1477  50-54 - - 287 074 0010 - 4.9 9.3
Soil KF7 54-59  10YR 2/2 (very dark brown) Dh1, Th1, Agl, Shl, As+ 45.67 21.44 0.860 0.21 3.7 8.1
Soil KF8 60-65  10YR 2/1 (black) Dhl, Thl, Gal, Agl, As+, Sh+ 63.61 34.79 1.460 0.13 3.9 7.8
Soil KF9 65-70  10YR 2/2 (very dark brown) Dhl, Thl, Agl, Shl, Ga+, As+ 56.90 30.77 1.531 0.12 4.1 7.9
Tephra KF 01362 71-74 - - 3.01* 070* 0010 - 52 8.7
Soil KF10 75-80  10YR 2/1 (black) Thl, Gal, Agl, Shl, Dh+, As+ 55.64 26.37 0.980 0.45 4.6 8.3
Soil KF11 80-85  10YR 2/2 (very dark brown) Dhl, Thl, Agl, Asl, Ga+, Sh+ 54.80 31.83 1.510 0.15 4.9 8.1
Soil KF12 85-92 10YR 2/2 (very dark brown) Dh1, Thl, Agl, Shl, Ga+, As+ 55.23 28.92 1.560 0.14 51 8.1
Soil RV1 0-10 7.5YR 2.5/3 (very dark brown)  Ag2, Thl, Shl, Ga+, As+ 2476 15.05 1.024 0.43 4.0 9.7
Soil RV2 + 3 10-18  7.5YR 3/3 (dark brown) Th2, Agl, Dhl, Dh+, Sh+ 55.48 25.69 1.465 0.26 4.2 B.8
Soil RV4 + 5 19-30  10YR 2/2 (very dark brown) Thl, Gal, Agl, Shl, Dh+, As+ 55.60 29.68 1.633 0.29 4.4 8.5
Soil RV6 30-36  7.5YR 3/3 (dark brown) Dhl, Thl, Agl, Shl, Ga+, As+ 47.10 23.35 1.262 0.21 4.3 9.2
Tephra RV V1477 3641 - - 3.57 % 1.45*  0.050 - 53 10.4
Soil RV7 41-42  10YR 2/2 (very dark brown) Th2, Dhl, Agl, Ga+, As+, Sh+ 41.81 23.31 1.060 0.23 4.5 9.3
Soil RVE 43-48  10YR 2/2 (very dark brown) Dh1, Thi, Agl, Shl, As+ 50.08 25.56 1.180 0.20 4.4 8.7
Tephra RV 01362  48-52 - - 3.96 %  1.01* 0030 - 5.4 9.7
Soil RV9 53-63  10YR 2/1 (black) Th2, Agl, $h1, Dh+, Ga+ 61,68  28.41 1.029 0.18 4.5 86
Soil RV10 63-75  10YR 2/2 (very dark brown) Dh2, Thl, Agl, Ga+, As+ 69.20 37.60 1.656 0.18 4.4 7.9

values thus obtained were assumed to correspond to organic carbon,
since the studied soils did not contain carbonate minerals. Soil pH was
determined in water-soil suspension according to ONORM L1083
(Austrian Standard Institute, 2006) and in 1 M NaF solution for esti-
mation of the andic properties of the soil following the method of Fields
and Perrott as outlined in Blakemore et al. (1987). Dry bulk density
(DBD) was measured on soil monoliths in the lab. For this purpose we
used small cubical cores of known volume (7.9 em®) as described in
Vilmundardottir et al. (2014). Due to the small size of cores, three re-
plicates (n) for each DBD sample were collected to obtain an average
value. The samples were dried and sieved through a 2 mm sieve. The
top layer of site Reynivellir contained coarse fragments (> 2mm).
Their volume was determined by the water displacement technique.
The DBD of the fine earth fraction was calculated after subtracting the
weight and volume of the coarse fraction from the weight and volume
of the total bulk density sample.

To determine poorly erystalline and amorphous materials (e.g. al-
lophane, ferrihydrite, iron and aluminium-humus complexes), extrac-
tions of pedogenic oxides and hydroxides were implemented
(Blakemore et al., 1987). Therefore, air-dry tephra and soil samples
were ground to pass through a 150 um sieve. Iron (Fe), aluminium (Al)
and silica (Si) associated with amorphous constituents (Fe,, Al,, Si,)
were extracted with acid ammonium oxalate in the dark by the shaking
method at pH 3.0 (Schwertmann, 1964). Fe and Al associated with OM
(Fep, Al,) were extracted with sodium pyrophosphate at pH10.0
(McKeague, 1967). Fe in crystalline and non-crystalline oxides (Fey)
was extracted by the citrate-bicarbonate—dithionite procedure (Mehra
and Jackson, 1960). Al, Fe and Si from dissolution analyses were de-
termined by inductively coupled plasma optical emission spectroscopy
(ICP-AES). The molar Al/Si ratios of allophane in the soil and tephra
samples were calculated from (Al, — Al,)/Si, (e.g. Wada, 1989). Allo-
phane content (%) was estimated by the formula: 100 x % Si,/
[23.4-5.1x] with x = (Al, — Al,)/Si, (e.g. Mizota and van Reeuwijk,
1989; Parfitt and Henmi, 1982; Parfitt and Wilson, 1985). The amount
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of ferrihydrite (%) was estimated by multiplying the %Fe, by a factor of
1.7 (Childs et al., 1991). Contents of non-crystalline secondary clay
minerals, herein after referred to as clay content, was estimated as the
total amount of allophane and ferrihydrite (e.g. Shang and Zelazny,
2008). Ammonium oxalate extractable Al, plus 0.5 Fe, was used as a
taxonomic criterion for andic soil properties (Soil Survey Staff, 2014).
The contents of amorphous Al and Fe were calculated by the formula
Al, — Al, and Fe, — Fe, respectively (e.g. Mizota and van Reeuwijk,
1989). The molar ratio of metal-humus complexes was estimated by
(Al, + Fep)/OC (e.g. Takahashi and Dahlgren, 2016; Inoue and Higashi,
1988).

3.5. Statistical analysis

Descriptive statistics and correlations were performed using the
JMP software (JMP, 2013).

4. Results
4.1. Selected soil properties

Soils from both sample sites developed in wetland habitats in the
lowlands to the south of Vatnajokull. Tephra layers are well preserved
although those at Reynivellir occur at a shallower depth (Fig. 4). SOM
content was generally high, 25-69% at Reynivellir and 24-64% at
Kélfafell (Table 1). SOC was high and ranged between 9 and 38% at the
two sites. There is a strong correlation between SOC and SOM
(r* = 0.76, P < 0.0001).

The DBD was low at both sites, but varied more at Kalfafell than at
Reynivellir. DBD above the tephra layers varied according to site and
tephra. The amount of total N was above 1% at Reynivellir and varied
more at Kalfafell, but was generally close to 1% in all soil layers
(Table 1).

The soils were acidic with pH(H»0) ranging from 4.0 to 4.5 at
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Reynivellir and between 3.7 and 5.1 at Kalfafell. The pH(H,O and NaF)
were higher in the tephra than in the soil at both sites (Table 1).

4.2. Weathering of soil and tephra

The ammonium oxalate extractable Al, Fe, and $i, pyrophosphate
extractable Al and Fe and Fey, varied between the two sites. Fe, and Al
were higher than those extracted by pyrophosphate (Fe,, Al). 5i con-
tents (5i,) were generally low with highest values in V1477 and lowest
in (1362. Citrate-bicarbonate—dithionite extractable Fe (Fey) was
higher at Kélfafell, but fluctuated in both sites.

There was a significant correlation between Al, and pH(NaF)
(Fig. 5), but no correlation between Fe, and pH(NaF) (Fig. 6), Al/Si
ratios in the soils were below 2, being higher at Kélfafell than Reyni-
vellir where Al/Si was as low as 0.1. Highest ratios in soils were found
above the tephra layers. Clay contents in the soils ranged between 2.6
and 5.0% at Kalfafell and between 1.5 and 4.9% at Reynivellir. In
V1477 the clay content was around 6.0% at both sites, but significantly
lower in ©1362 (0.5% at Kalfafell and 0.2% at Reynivellir).

v

T KF, above V1477
DI KF, between V1477 and 01362
1 KF, below 81362
¥ Rv, above V1477
M RV, between V1477 and 01362
# RV, below 01362

9.5

pH{NaF)

85

4 5 & 7 8 9 10 11 12
Alo (g/kg)
Fig. 5. Correlation between Al, and pH(NaF) ? = 0.66,

¥y = 6.9157406 + 0.2157065%, P < 0.0001).
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Fig. 4. Schematic soil profiles at Kélfafell (left) and
Reynivellir (right). Soils are illustrated in brown,
basaltic tephra in black and rhyolitic tephra layers in
light grey. At Kalfafell V1477 was found in 50-54 em
depth, at site Reynivellir in 36-41 em depth. $1362
was found in 71-74c¢m and 48-52cm depth at
Kélfafell and Reynivellir, respectively. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

v “/ KF, above V1477
= KF, between ¥1477 and 01362
9.5 © KF, below 01362
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o]
v
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v [m} v
5 75 10 125 15 17,5 20
Feo (g/kg)

Fig. 6. No correlation between Fe, and pH(NaF).

Al, + 0.5Fe, ranged between 0.1 and 1.9, reaching lowest levels in
01362.

The Al,/Al, ratios were between 0.5 and 1.0 in the soils at
Reynivellir and generally lower at Kalfafell, ranging between 0.3 and
0.7 (Table 2). Low Al,/Al, ratios were found in the surface layer at both
sites and in the soils above the tephra layers. Compared to the re-
maining layers, the soil just below the tephra layers showed slightly
lower ratios.

Fe,/Feq ratios in the soils were higher at Reynivellir than Kalfafell,
the highest ratio was above 1362 at Reynivellir.

4.3. Mineralogy of soil and tephra

The bulk XRD data (Table 3) showed the dominance of pyroxene
and plagioclase in all soils. Additionally, appreciable amounts of quartz
and traces or greater amounts of zeolite were found in most samples.
While stilbite and faujasite were the main types of zeolite at Kélfafell,
the soils at Reynivellir were dominated by laumontite.

There is a difference in the bulk mineralogy of the two different
types of tephra. V1477 mainly consisted of pyroxene and plagioclase
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