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Abstract
The Eocene epoch was one of the most important greenhouse periods during the
Cenozoic era. Antarctica’s landscape was completely different during the Eocene:
there was a predominance of green rainforests rather than glaciers and ice caps. Most
evidences for this warm period were found mostly in Southern Ocean sediments and
a few from terrestrial settings. King George Island (KGl), South Shetlands Islands,
Maritime Antarctica are one of the key sites, where terrestrial evidence from the
Eocene are archived. Although the presence of paleosols are known, no detailed
paleopedological studies have been conducted so far. This gap in paleopedological
research on Eocene paleosols in Antarctica will be narrowed with this study.
The main objective was to use the properties of three paleosols on KGI as proxies for
the paleoenvironmental reconstruction of the early Eocene. To achieve this objective,
a set of different methodologies (i.e. macro- and micromorphology, X-ray
fluorescence, X-ray diffraction, diffuse reflectance spectroscopy, magnetic
susceptibility and “°Ar/*°Ar dating) were used with a focus on those properties that
have paleo-environmental significance (mainly morphological and micromorphological
features, mineralogy of clays and iron oxides). These properties were related to
macromorphological and micromorphological features, and mineralogy of clays and
iron oxides of the paleosols.
The macromorphological and micromorphological properties were used to attribute a
pedogenic origin of the paleosols. A gradual change in soil properties and features
with depth, such as colour, structure, bioturbation, iron mottles/nodules made it
possible to distinguish soil horizons. Consequently, a pedogenic origin for the
paleosols was confirmed. In addition, the results demonstrated that pedogenesis as
well as pre-weathering and diagenesis played a role for the formation of the properties
of these paleosols. The clay mineralogy showed mainly smectites inherited from the
parent material being later modified by pedogenesis. The reddish colour of the
paleosols was mainly caused by hematite that was rather formed by dehydration of
ferrihydrite during post-burial diagenesis than by pedogenesis.
The results indicated that the weakly/moderately developed paleosols were formed
under a cool and humid paleoenvironment. Although pre-weathering and diagenesis
had played a role in developing properties of the paleosols, the paleoenvironmental
significance is still preserved in these paleosols (soil memory). The, the paleosols on

KGl are an important proxy to better understand the greenhouse period of the Eocene.
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Zusammenfassung

Das Eozan war eine der bedeutendsten Warmperioden im Kanozoikum. Die Umwelt
der Antarktis war im Eozan anders als heute: es gab vorherrschend grine
Regenwalder statt Gletscher und Eiskappen. Die meisten Nachweise fur die warm
Epoche des Eozans wurden vor allem in Tiefseesedimenten der Ozeane auf der
Sudhalbkugel und terrestrischen Standorten wie auf King George Island (KGI), den
Sud-Shetland-Inseln und die der Maritime Antarktis gefunden. Obwohl das
Vorkommen von Palaobdden an einigen Standorten in der Antarktis seit vielen Jahren
bekannt ist, wurden an diesen bisher keine detaillierten paldopedologischen Studien
durchgefuhrt. Diese Lucke der palaopadologischen Forschung in der Antarktis wird
mit dieser Arbeit verkleinert.

Das Hauptziel dieser Arbeit war es, anhand einer palaopedologischen Analyse von
drei friheozanen Palaobodden auf KGI und unter Nutzung der Palaobdden als Proxies
die Palaoumwelt zu rekonstruktieren. Um dieses Ziel zu erreichen, wurden eine Reihe
unterschiedlicher Methoden (d.h. Makro- und Mikromorphologie,
Rontgenfluoreszenzanalyse, Rontgendiffraktometrie, diffuse
Reflexionsspektroskopie, magnetische Suszeptibilitat und “°Ar/*®Ar Datierung) mit
einem Fokus auf jene Eigenschaften verwendet, die eine gro3e Bedeutung zur
Beurteilung der Pedogenese haben (hauptsachlich morphologische und
mikromorphologische Merkmale sowie Ton- und Eisenoxidmineralogie). Diese
Eigenschaften wurden mit makro- und mikromorphologischen Merkmalen sowie
Ergebnissen aus der Ton- und Eisenoxidmineralogie verbunden.

Die makro- und mikromorphologischen Eigenschaften wurden verwendet, um einen
pedogenen Ursprung der Palaobdden zuzuordnen. Eine allmahliche Veranderung der
Tiefenfunktion der Bodeneigenschaften wie Farbe, Struktur, Bioturbationsmerkmale,
Eisen-Mangan Konkretionen ermdglichten die Unterscheidung von Bodenhorizonten.
Folglich wurde ein pedogener Ursprung fur die Palaobdden bestatigt. Dartber hinaus
zeigten die Ergebnisse, dass sowohl die Pedogenese als auch die Vorwitterung und
die Diagenese bei der Bestimmung der Eigenschaften tertiarer Palaobdden eine
groRe Rolle spielten. Die tonmineralogische Analyse zeigte, dass die Tonminerale
hauptsachlich vom Ausgangssubstrat vererbt waren und die Smektite spater durch
Pedogenese modifiziert worden sind. Die rotliche Farbe der Palaobdden wurde
hauptsachlich durch Hamatit verursacht, der mit grolRer Wahrscheinlichkeit nicht

pedogenetisch entstanden ist, sondern vielmehr durch die Dehydratation von
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Ferrihydrit wahrend der Diagenese gebildet wurde, die nach weiterer Uberdeckung
mit Sedimenten einsetzte.

Die Ergebnisse zeigten, dass sich die schwach entwickelten Palaobdden in einer kuhl-
feuchten Palaoumgebung gebildet haben. Obwohl die Vorwitterung und die
Diagenese bei der Entwicklung der Eigenschaften der Palaoboden eine Rolle gespielt
haben, blieben die Merkmale der Palaoumwelt im Archiv bzw. im Gedachtnis (soil
memory) der Palaobodden erhalten. Daher sind die Palaoboden auf KGI ein wichtiger

Proxy, um die Treibhausperiode des Eozans besser zu verstehen.



viii

List of publications and personal contribution

Published papers

(1) Spinola, D.N., Portes, R. de C., Srivastava, P., Torrent, J., Barron, V., Kuhn, P.,
2017. Diagenetic reddening of Early Eocene paleosols on King George Island,
Antarctica. Geoderma 315, 149-159. doi:10.1016/j.geoderma.2017.11.010

(2) Spinola, D.N., Pi-Puig, T., Solleiro-Rebolledo, E., Egli, M., Sudo, M., Sedov, S.,
Kahn, P., 2017. Origin of clay minerals in Early Eocene volcanic paleosols on King
George Island, Maritime Antarctica. Sci. Rep. 7, 6368. doi:10.1038/s41598-017-
06617-x

(3) Spinola, D.N., Portes, R. C., Schaefer, C.E.G.R., Solleiro-Rebolledo, E., Pi-Puig,
T., Kihn, P., 2017. Eocene paleosols on King George Island, Maritime Antarctica:
Macromorphology, micromorphology and mineralogy. Catena.
doi:10.1016/j.catena.2017.01.004

Share in publications

Publication Published N° of Authorship Scientific Data Analysis and Paper
n° authors position ideas of generation interpretation writing
candidate by by candidate by
candidate candidate
1 Yes 6 1 80 70 80 80
2 Yes 7 1 90 70 70 80

3 Yes 6 1 90 60 70 90




Introduction 9

1. Introduction

The importance of the Antarctica for world climate patterns is largely recognized
because it is the largest continent on Earth and is covered by a massive ice cap almost
4 km thick in some areas (Francis et al., 2007). Nevertheless, the Cenozoic climate
history of Antarctica (last 65 Ma) is punctuated by periods with less or no ice sheets.
These are the so-called “greenhouse” periods during which Antarctica was dominated
by rainforests rather than ice (Barrett, 2008; Francis et al., 2009, 2007).

The Eocene (56—34 Ma) was the most significante greenhouse period of the Cenozoic
era. The Antarctic landscape was completely different, with a predominance of a lush
rainforest without ice caps, despite the polar darkness (Askin, 1991; Birkenmajer and
Zastawniak, 1989; Francis and Poole, 2002; Hunt and Poole, 2003; Mozer, 2012;
Poole et al., 2001; Pross et al., 2012). The high concentration of CO: is the most
accepted hypothesis for such a warm paleoclimate (Fig.1) (DeConto and Pollard,
2003; Pagani et al., 2005; Pearson et al., 2009; Zachos et al., 2001).
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Figure 1. Carbon dioxide levels and Cenozoic climate change. The trend towards more positive 180 results from
a combination of deep-sea cooling and global ice volume increases. Four major steps (numbered 1 to 4) in 180
are indicated. Modified from (Pearson and Palmer, 2000).

There are different conclusions about the paleoclimate patterns during the Eocene,

such as paleotemperature and paleoprecipitation. These conclusions vary according
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to the location of the studied site (e.g. maritime or continental, west or east Antarctica)
and the proxy adopted. Nonetheless, the Eocene paleoclimate is roughly divided into
three major paleoclimatic units (Dingle and Lavelle, 2000, 1998a; Francis et al., 2009):
1) Early-Middle Eocene — warm to cool temperate humid, dominated by forests in a
frost-free environment with a cooling trend towards the Middle Eocene; 2) Late Eocene
— continuous cooling trend with a decline on vegetation species variety and
abundance, but still ice-free; 3) Eocene-Oligocene transition — the onset of glaciation,

with appearance of the ice sheets in comparable size with the modern ones.

1.1. Paleoenvironmental proxies

The Antarctic paleoclimate has been studied by several different proxies, such as
sedimentology (Ehrmann et al., 1992; Mackensen and Ehrmann, 1992; Robert and
Kennett, 1997), marine microfossils (Elliot et al., 1994; Stickley et al., 2004),
palaeontology (Feldmann and Woodburne, 1988; Mansilla et al., 2013, 2012; Reguero
et al., 2002), ocean isotope geochemistry (Coxall et al., 2005; Zachos et al., 2001,
1996), paleoflora/palynomorphs (Askin, 1991; Francis and Poole, 2002; Griener et al.,
2013; Poole et al., 2005, 2003, 2001; Pross et al., 2012), and computer modelling
(DeConto and Pollard, 2003; Huber et al., 2004). Most of these studies were carried
out in ocean sediment samples from the surrounding oceans, because Antarctica is
almost totally covered by ice. There are just a few sites where terrestrial records of
Eocene are still preserved. KGI, South Shetlands Island, Maritime Antarctica is one of

these sites where terrestrial records of the Eocene can be found (Fig. 2).
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Figure 2. Location of the sampling site at the King George Island.

Previous paleobotanical research carried out on KGI showed a landscape dominated
by rainforest trees, typical of cool, humid environments. The best modern analogue
for such paleoenvironment is the Valdivian rainforest on Southern Chile (Birkenmajer
and Zastawniak, 1989; Francis and Poole, 2002; Hunt and Poole, 2003; Mozer, 2012;
Poole et al., 2003, 2001). The Valdivian rainforest climate is heterogeneous because
of its large extension (34 million hectares), ranging from 36°S and to 47°S latitude
(Veblen and Alaback, 1996). Nevertheless, the paleoclimate studies usually link
Antarctica’s paleoclimate with the cooler and wetter regions of the Valdivian forest with
estimated paleotemperature between 5°C—-15°C and precipitation more than 1000mm
without a large dry season (Francis et al., 2009). Beyond the similar fossil flora
assemblage, the Valdivian forest is formed in an actively volcanic landscape, like KGI.
Such an environment in the modern Valdivian rainforest is usually dominated by
Andosols (IREN, 1978).
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1.2. Paleosols on King George Island

In KGI, the eruption of basalt flows occurred episodically, and during the intervals of
flows, the landscape was sufficiently stable for paleosol development. However, there
is very little information about the paleosols on KGI, with only one publication from the
90’s (Birkenmajer and tydka, 1990). This study indicated a warm, humid paleoclimate,
because the paleosols were composed of smectite and kaolinite. Although no further
detailed research about these paleosols has been conducted so far, other studies
have recognized weathered paleosurfaces, usually between two basalt flows
(Birkenmajer et al., 2005; Canile, 2010; Mozer, 2012). Therefore, there is a gap in the

study of paleosols on KGI.
1.3. Objectives and hypotheses

Considering the potential of paleosols as a paleoenvironmental archive and the
relevance of the Eocene for the understanding of Antarctica’s climate history, the main
objective was to reconstruct the paleoenvironment of KGI using paleosols as a proxy.
To achieve this objective, this thesis was divided into three manuscripts. The
manuscripts were designed to achieve specific objectives related to the paleosols

characteristics.

Objective 1: To identify the main pedogenic properties and features that would define

the intrabasaltic red layers as a paleosol (Manuscript 1).

Recognition of paleosols in certain situations is complicated, and it is crucial to
differentiate between paleosols and another geological phenomenon. In the present
study, the paleosols occurred as reddish layers (50 cm—100 cm thick) between basalt
flows. Red layers occurring between basalt flows are very often defined as baked
zone, sediments, and altered pyroclasts. Therefore, a proper identification of these red
layers as a paleosols or not is essential to provide paleoenvironmental information.
Hypotheses:

a) The Eocene red layers in KGI are paleosols formed during periods of lower or no
volcanic activity.

b) These paleosols are suitable proxies for paleoenvironmental reconstruction.
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Objective 2: To determine the origin of the clay minerals in KGI paleosols (Manuscript
2)
These paleosols had a reasonable amount of clays (>15%) and mostly composed of
smectite. In volcanic soils, the predominance of smectite is related more with warm
temperate climates with long dry seasons (e.g. the Mediterranean). However, as
demonstrated in Section 1, the paleoclimate was likely humid, without a long dry
season. For this reason, the predominance of smectite would indicate a contradictory
finding. On the other hand, smectite is not always formed during pedogenesis. In
volcanic parent materials, smectite can be formed by hydrothermal alteration of the
tephra. Afterwards, the smectite is progressively released into the soil during the
weathering and soil formation. Thus, the understanding of smectite origin is essential

to avoid paleoenvironmental misinterpretations.

Hypothesis: The smectite on KGI paleosols were inherited from the parent material,
because the paleosols were weak/moderated developed under a cool, humid climate,

which is not conducive for smectite formation.

Objective 3: To investigate if the early Eocene paleosols on King George Island,
Maritime Antarctica have acquired their reddish colour during the paleopedogenesis,

by burial diagenesis and/or by heating of a covering lava flow (Manuscript 3).

These paleosols present strong reddish colours that are in apparent disagreement
with their weakly/moderated pedogenic development. Furthermore, they were formed
on a basaltic tephra under a cool, humid paleoclimate prone to ferrihydrite formation
rather than hematite. In addition, these paleosols were covered by a lava flow, which
could be another pathway for reddening. Therefore, the understanding of the origin of
the red colour of the paleosols can provide a clue about their paleoenvironment and/or

indicate diagenetic processes.

Hypotheses:

a) The red colours of the KGI paleosols are the result of burial reddening, because
these paleosols were weakly/moderated developed under a cool, humid climate, not
prone to hematite formation.

b) The horizons in contact with the lava flow were not affected by heating because

they are not redder than the deeper horizons.
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2. Methodology
2.1. Study area

The samples were collected on King George Island, South Shetland Islands, Maritime
Antarctica. The specific outcrop is located in the Cytadela area of the Ezcurra Inlet in
the Admiralty Bay (62° 11.057'S - 58° 35.209'W) (Fig. 3). The deposits in the outcrop
stratigraphically belongs to the Point Thomas Formation, Ezcurra Inlet Group, which
comprises a 500 m thick Paleogene (Eocene-Oligocene) volcanic succession
(Birkenmajer, 1980a; Birkenmajer and Zastawniak, 1989). This formation was
deposited during the Arctowski interglacial period (ca 50 to ca 32 Ma), a
climostratigraphic unit introduced by Birkenmajer (1988).

Two informal units of the Point Thomas Formation are recognized at the Cytadela, the
Lower Member (LM) and Upper Member (UM) (Birkenmajer, 1980a). The LM is a 20—
40 m thick regular high - Al flow basalt with a thickness of 1-6 m alternating with
pyroclastic deposits. The LM corresponds to the Early Eocene humid temperate
climate, similar to the present-day Chilean Valdivian rainforest (Mozer, 2012) (Fig. 3).
The UM comprises 150—-450 m of irregular, lenticular basalt lavas alternating with

feldspathic tuff, interbedded with coarse vent breccia and plant-bearing tuff.
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Figure 3. Schematic field section with the location of the profiles. Modified from Mozer, 2012. Samples
were taken from a red layer covered by the 6th basalt flow basalt flow (from bottom to top) in the LM of
the schematic field section made by (Mozer, 2012). Three profiles (P1, P2 and P3) were chosen (Fig.4),
which are located with a distance of 60 m between the P1 and P2 and of 90 m between P2 and P3.
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Figure 4. Location of the sampling site at the King George Island and photographs of the profiles with
field colours.

After removing overlying debris, the profile face was excavated ~20 cm to provide a
fresh surface for describing and sampling. The profiles were described following FAO
(2006) with a particular focus on horizon boundaries, colour (Munsell soil colour
charts), structure (size and type), visual estimation of rock fragments and presence of
plant fossils. A total of 13 bulk samples from red layers were sampled.

2.2. Laboratory methods

2.2.1. Micromorphology (Manuscript 1, Manuscript 2 and Manuscript 3)

For micromorphological analysis, 12 undisturbed and oriented samples were taken
from the paleosols horizons and six samples from the overlying and underlying
basalts.

The undisturbed samples were not impregnated with resin because of sufficient
induration of the material. The samples were sliced into 9 x 6 cm thin sections.
Afterwards, they were analysed and photographed using a polarizing microscope
(Zeiss Axio Imager.A2m, Software AxioVision 4.7.2) with plane polarized light (PPL),
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crossed polarized light (XPL) and oblique incident light (OIL). Description followed
(Delvigne, 1998) and (Stoops, 2003).

2.2.2. Scanning Electron Microscopy (SEM) equipped with Energy-Dispersive
X-Ray Spectroscopy (EDS) (Manuscript 2)

Textures and microchemistry of selected samples were determined using a Hitachi
TM3030 Plus Scanning electron microscope (SEM) coupled with a Bruker Quantax 70
X-ray microanalysis detector (EDS) on polished uncoated thin sections at the Institute

of Mineralogy and Geodynamics, University of Tubingen.

2.2.3. Geochemistry (Manuscript 1)

The bulk samples (ratio Li-metaborate to soil 1:5) were ground with an agate mill for
10 minutes and the major elements were measured with a wavelength dispersive XRF
device (PANnalytical PW 2400). Information about the standard errors of the
calibration for the major elements is provided in the supplementary data of Manuscript
1.

The Chemical Index of Alteration minus K (CIA - K) was used (Maynard, 1992)
(calculated in molar portions). The K is excluded in this equation to avoid any possible
effect of K-metasomatism (Maynard, 1992).

CIA-K = [Al203/ (Al2O3 + CaO* + Na20)] x 100 (1)
where CaO* is the amount of silicate-bound CaO. For that, we calculated the CaCO3
bound Ca from the carbonate content and subtracted that from CaO.

Total carbon (TC) content was measured on ground samples with an Elementar
Analyser (DIN ISO 10694, 1995) and the total inorganic carbon (TIC) content was
determined gas volumetrically (DIN ISO 10693, 1995).

2.2.4. Particle size distribution (Manuscript 1 and Manuscript 2)

Particle size distribution analysis was performed by a combined sieving and pipette
method (NRCS, 1996).

2.2.5. X-ray diffraction and differential X-ray diffraction (Manuscript 1,

Manuscript 2 and Manuscript 3)

The clay fraction (<2um) of all horizons and the coarse fraction (>2mm) of selected
horizons. The coarse fraction is the rocks fragments (pyroclastic material) forming the

paleosol parent material.

The clay fraction was separated in distilled water according to Stoke’s law and was



Methodology 18

prepared using two different methods:

Air-dried oriented preparations were obtained by pipetting some drops of the
suspensions onto a glass slide, which was then dried at 30°C for a few hours (Moore
and Reynolds Jr, 1997).

Ethylene glycol solvation of the slides was achieved by exposing them to ethylene
glycol vapor at 70°C for a minimum of 12 hours.

Randomly oriented samples, to measure the 060 reflections that allowed the
distinction between dioctahedral and trioctahedral clay minerals, were prepared using

a back-loading procedure (Moore and Reynolds Jr, 1997).

Measurements were made using an Empyrean diffractometer operating with an
accelerating voltage of 45V and a filament current of 30mA, using CuKa radiation,
nickel filter and PixCELL 3D detector.

Oriented samples were examined by XRD in the air-dried form, saturated with ethylene
glycol (EG) and after heating (550°C). The preparations were measured over a 20
angle range of 2-70° (air-dried) and 2-30° (glycolated and heated) with a step size of
0.04° (26) and 40s of scan step time. For randomly samples the peaks were resolved
from the background by small step scan (0.002° 26) and long count time (100s)

measurements.

Profile fitting was calculated from oriented samples using simple peak weighting
factors. For area estimation, we used Fityk (Wojdyr, 2010), a software for data
processing and nonlinear curve fitting, simple background subtraction and easy
placement of peaks and changing of peak parameters. The smectite peak was

evaluated by peak fitting that is based on a pseudo-Voigt function.

The decomposition of peaks using profile fitting allows the identification of clay
assemblage and provides information of peak position and full width at half maximum
intensity (FWHM). For the FWHM measurement, instrumental broadening effects were
calibrated via a LaB6 standard (NIST 660a).

2.2.6. Mineralogy of iron oxides (Manuscript 1 and Manuscript 3)

The following extractions were made sequentially.

First, the nanocrystalline Fe (Fe,) compounds were extracted by shaking 2.5 g of soil
100 mL 0.2M acid ammonium oxalate (pH3) for 4 h in the dark (Schwertmann, 1964).
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With the residuum of this treatment we carried out the selective dissolution of
maghemite (y - Fe203) using H2SO4 using a concentration of 1M during 1h at 75°C
(Schwertmann and Fechter, 1984). The remaining residues were extracted with
dithionite-citrate-bicarbonate (DCB) solution, dissolving the well-crystallized iron forms
(Mehra and Jackson, 1960).

The proportion of crystalline pedogenic iron against the total amount of iron was
determined using Feqd/Fet*100 ratio, where Fey is the total Fe2O3, measured by X-ray

fluorescence (XRF).

The mineralogical composition of the bulk samples was achieved by X-ray diffraction
(XRD) of randomly oriented specimens using an EMPYREAN diffractometer with Ni
filter, a CuKa radiation at 40 kV and 30 mA. The samples were scanned from 5° to 70°
(2h), with counting for 40s every 0.03° (26) in an aluminium rotating sample-holder.

Same XRD procedures for randomly oriented samples were repeated after removal of

free-iron by DCB, producing a differential X-ray diffraction (Schulze, 1981).

2.2.7. “Ar/*®Ar dating (Manuscript 2)

The groundmass samples with 250-500 uym size were prepared by crushing the fresh

part of the rock, sieving, washing and the removal of phenocrysts with a magnetic
separator and by handpicking. Finally, the samples were soaked in 1N HCI for a few

minutes to remove secondary minerals on their surface.

Neutron activation of the groundmass was performed at the Oregon State TRIGA
Reactor (OSTR) in the University of Oregon, USA. The samples were irradiated by the
fast neutrons in the CLICIT facility, in which a Cd tube with 0.51 mm thickness is
equipped. Samples were wrapped by commercial Al foils, then were loaded into the
99.999% pure Al sample container together with the neutron-flux monitoring mineral,
Fish Canyon Tuff sanidine (FC3), prepared by Geological Survey of Japan (27.5 Ma;
(Ishizuka, 1998; Uto et al., 1997) crystals of KoSO4 and CaF2 for correction of
interference by the Ar isotopes produced from K and Ca in the samples. They all had
been irradiated for 4 hours with the fast neutron flux of 2.5x10'® n/cm?/s. After cooling
of samples, they were sent back to Potsdam then their Ar isotopes were analysed at
the “°Ar/3°Ar geochronology laboratory in the University of Potsdam (Halama et al.,
2014; Wilke et al., 2010).

The Ar isotopic analytical system consists of, (1) a New Wave Gantry Dual Wave laser
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ablation system with a 50W CO. laser (wavelength 10.6 micrometre) for heating
samples and extracting gases, (2) an ultra-high vacuum purification line equipped with
SAES getters and the cold trap held at the frozen temperature of ethanol, and (3) a
high-sensitivity Micromass 5400 noble gas mass spectrometer equipped with an
electron multiplier conducting the pulse-counting analysis. All groundmass samples of
about 13 mg each were firstly loaded into the sample chamber. Then the sample
chamber and the purification line were baked for 24 hours at 100 and 200°C. The
groundmass samples were firstly preheated and pumped with 1.2% output (0.6W),
then were analysed by stepwise heating for two minutes with 10-15 steps with a
continuous CO: laser beam with 1.5 mm diameter. The obtained Ar isotope ratios by
the analysis are corrected for blank, mass discrimination, interferences and decay
corrections following Uto et al. (1997), and then the plateau age, total gas age, normal
and inverse isochron ages are calculated for each sample. Decay constants and
atmospheric Ar isotope ratios follow Steiger and Jager (1977) and the calculation of
isochron ages follows York (1969). Plateau ages were determined by the criteria of
Fleck et al. (1977). Finally concluded ages for each sample were obtained by the
comparison among plateau age, normal and inverse isochron ages from plateau steps
or all steps and total gas age with considering if the initial “°Ar/*Ar ratios obtained by

isochrons were valid. See section Supplementary data of Manuscript 2 for

supplementary tables and figures.

2.2.8. Diffuse Reflectance Spectroscopy (DRS) (Manuscript 3)

The detection of goethite and hematite were performed by DRS after Torrent et al.
(2007). DR spectra were recorded at a scan rate of 30 nm min~! from 380 to 770 nm
in 0.5 nm steps using a Varian Cary 5000 UV-Vis-NIR spectrophotometer equipped a

diffuse reflectance attachment.

The samples were heated in different temperatures in a muffle furnace for 2 hours at
300°C, 400°C, 500°C, 600°C, 700°C, 800°C and measured after each heating interval.

The second derivative of the Kubelka—Munk (K—M) remission function within the 380—
710 nm range were calculated by using a cubic spline procedure based on segments
of 30 data points. The intensities of spectral bands at ~415 nm and ~535 nm are
proportional to the concentration of goethite and hematite, respectively (Scheinost et
al., 1998). With this technique, it is possible to detect goethite and hematite

concentrations of less than 0.1%, which is more than one order of magnitude smaller
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than the detection limit of ordinary X-ray diffraction (Torrent and Barrén, 2002).

The spectra measurements were converted into tristimulus values (X, Y, Z) according
to the CIE colour system (Commission Internationale de L’Eclairage, 1978)
Afterwards, the X, Y, Z values were converted to Munsell hue (H), value (V), and
chroma (C) and to L* a* b* colour systems (Wyszecki and Stiles, 1982). The L*-axis
represents “lightness-darkness”, the a*-axis “redness-greenness”, and the b*-axis

“yellowness-blueness”.

2.2.9. Magnetic susceptibility (Manuscript 3)

The magnetic susceptibility, x, of fine earth fraction was measured at both low (470
Hz = Lf) and high (4700 Hz = Hf) frequencies, using a Bartington MS- 2 magnetic
susceptibility meter (Bartington Instruments, Witney, UK) equipped with an MS-2B
sensor. The absolute frequency-dependent susceptibility, xfd, was defined as xIf — xhf.
The per cent frequency-dependent susceptibility, xfd%, was defined as (xfd /xlIf) x 100.
Values of xfd% < 5% are typical for samples in which non-SP grains dominate the
assemblage or where extremely fine grains (<0.005 pm) dominate the
superparamagnetic (SP) fraction. Samples dominated by SP grains (e.g. maghemite)
have xfd % between 10-14% and xfd can be used semi-quantitatively to estimate their

total concentration in soils (Dearing, 1999).
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3. Results and Discussion
3.1. Pedogenic and diagenetic features of the paleosols and their

paleoenvironmental significance (Manuscript 1).

This study was conducted in order to define whether the red layers are paleosols and
to interpret the paleoenvironmental signal they may have. Another objective was to
identify the diagenetic features, which are those formed after the burial of the paleosol.
The identification of such features is important to make reliable paleoenvironmental
interpretations because diagenesis can disturb the paleoenvironmental signal of

paleosols.

The three profiles had their morphology analysed in field followed by
micromorphological, geochemical and mineralogical analysis. The main
morphological features were colour, structure and how they change in depth. The
profiles are reddish-brown with gradual colour changes with depth. They have
predominantly strong blocky (more angular) and platy structure with variable size with
depth. With the exception of P1, rock fragments became more abundant and larger
with depth (Table 1). The combination of diffuse transitions of colour and changes in
structure can be taken as main physical properties indicating pedogenesis (Retallack,
1988). The differences noticed in structure, either shape or size of peds across the
horizons of the investigated profiles, can be considered as ample features of

pedogenesis (Fenwick, 1985).

The reddish colours called the attention because red soils are predominantly found in
tropical regions and on land surfaces hundreds of thousands to millions of years old
(Blodgett et al., 1993). This was not the case because the red layers were weakly-
moderately weathered as detected by micromorphology and geochemistry. Therefore,
the red colours were considered partially the results of diagenesis. On the other hand,
the role of pedogenic processes is demonstrated by the diffuse transition of the colours

between the horizons, a common behaviour in soils (Fenwick, 1985; Retallack, 1988).

The Feq — Feo / Fetratio also supports the combination of pedogenesis with post-burial
reddening (Table 3). The reddish horizons, which have similar colours, display varied
Feq — Feo / Fet ratios. The Bwb1 horizon in P2 for example, with the highest ratio of
18, has a similar colour compared with the other horizons (hue 2.5YR). This indicates

that the iron released during pedogenesis was different among the horizons but they
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caused almost the same colours. On the other hand, the yellowish horizons 2ABb and
2BADb in P1 have values of 10, which is not much different compared to the reddish
horizons. This suggests that the burial reddening did not, or only partly, affect these
horizons. Following this rationale, P1-3ABb is gray (5Y 4/1) and have measurable
crystalline iron (=5). It means that this horizon was not affected by post-burial
reddening. Hence, the paleo pedogenesis also played an important role forming a

yellowish/gray colour in these horizons.

Among the micromorphological features, the occurrence of channels, passage
features and unaccommodated voids were the most important because they point to
biological activity in all profiles (Stoops, 2003). The planar voids, channels (Fig. 5a, b)
and vughs are the predominant void types (Table 2). Accommodated to partially
accommodated planar voids are most common but unaccommodated planar voids
were also observed (Fig. 6). Passage features are present in all horizons, except in
P2 (the ABDb horizon) and P3 (the Bwb horizon). Although bioturbation can also occur
in e.g. marine/lake sediments (Buurman, 1975), the presence of channels is a useful
feature to differentiate paleosols from other materials (Singer, 1970). Moreover,
neither sedimentary structures nor features were found, ruling out such a marine or

lacustrine paleoenvironment.
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Table 1. Selected main macromorphological properties (after FAO, 2006).
Profile Horizon Depth Horizon Structure’ Colour (Munsell) Rock Plant Particle size Textural
boundaries fragments fossil % class
(distinctness -
topography

[em] Type Size Dry Name Clay Silt Sand

(<2n) (2p-63pw)  (63n-

2000p
P1 Bwbl 0-23 clear - wavy sb +pl very fine 5YR 5/4 Dull reddish brown many 15 18 67 Sandy loam
Bwb2 23-34 gradual — smooth sbtpl fine/thin 2.5YR 5/4  Dull reddish brown common 15 19 66 Sandy loam
Bwb3 34-45 abrupt- smooth ab fine 2.5YR5/4  Dull reddish brown common 14 19 67 Sandy loam
2ABb 45 - 60 clear - smooth ab fine 7.5YR 7/4 Dull orange none 17 21 62 Sandy loam
2BAb 60-73 abrupt - smooth ab+tpl coarse 10YR 6/4 Dull yellow orange none 20 22 58 Sarigzncllay
3ABb 73+ pltab medium 5Y 4/1 Gray none X 20 15 65 Sarigzncllay
2 ABb 0-20 abrupt - smooth sb medium 2.5YRS5/4  Dull reddish brown fow 19 17 64 Sa‘}gzrfllay
Bwbl 20-30 gradual - smooth ab+pl coarse 2.5YR 2/4 Reddish few 15 19 66 Sandy loam
Bwb2 30-53 diffuse - irregular ab+tpl medium 2.5YR 5/4  Dull reddish brown common 15 18 67 Sandy loam
Bwb3 53+ ab+sb medium 2.5YR5/4  Dull reddish brown many 15 13 72 Sandy loam
P3 ABDb 0-10 diffuse sb+pl fine/thin 2.5YR5/4  Dull reddish brown common 12 15 73 Sandy loam
Bwb 10-57 gradual sb+pl medium 2.5YR5/4  Dull reddish brown common 14 20 66 Sandy loam
C 57+ sbtpl coarse 7.5YR 5/3 Dull many 11 10 79 Sandy loam

Structure type: ab= angular blocky., sb= subangular blocky., pl= platy. Size: vf= very fine/thin., fi= fine/thin., me=medium., co= coarse/thick
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Table 2. Selected main micromorphological characteristics.
Profile Horizon Depth Pedality Voids Accomodatio Microstructure Micromass Plant Pedofeatures  Zeolit
residu e
e
[em] sp mp wp spv._ cmv cxp ch cm ve vu a pa un Colour b-fabric cc pf Fe/M
n nod
ppl oil u ssp gs
P1 Bwbl 0-23 X X X X X X X X sb, (gr-cr) br,rd, b, bl  rd X X X X
Bwb2 23-34 X X X (sb) br,rd, b, bl  rd X X
Bwb3  34-45 X X X X X sb, (gr) br,rd, 1b, bl  rd X X
2ABb  45-60 X X X (sb) 1b, br, rd 1b, br x (x) % X X X
2BAb  60-73 X X X (gr) 1b, br, rd 1b, br x (x) % X X X
3ABb 73+ gr, Ib, br ol, Ib x (x) % X
P2 ABD 0-20 X X X X X X X X X sb, gr br,lb,rd, bl  rd X X X X
Bwbl  20-30 X X X X X X sb, (gr-cr) br,lb,rd, bl rd X X X
Bwb2  30-53 X X X X X (sb) br,lb,rd, bl  rd X X X
Bwb3 53+ X X X X X (sb) br,lb,rd, bl  rd X X X
P3 ABDb 0-10 X X X X X X sb br,Ib,rd, bl rd X (x) X X (x) X
Bwb 10- 57 X X X X X sb, (gr-cr) br,lb,rd, bl rd X

The micromorphological property is shown by the presence (cross) or absence (no cross).

The brackets are used when the property is weakly expressed

Pedality: sp=strongly developed pedality., mp=moderately developed., wp=weakly developed

Voids: spv= simple packing voids., cmv= compound packing voids., cxp= complex packing voids., ch= channels., cm= chamber., ve= vesicles., vu= vughs

Accomodation of planar voids: a= accommodated., pa= partially accommodated., un= unaccommodated

Microstructure: sb= subangular., gr= granular., cr= crumb

Colour: PPL (Plane Polarized Light); OIL (Oblique Incident Light): rd= red., br= brown., bl= black., Ib= light brown., ol= olive, gr= grey

b-fabric: u= undifferentiated., ssp= stipple speckled., gs= granostriated

Pedofeatures: cc = clay coatings, pf= passage features, Fe/Mn nod = iron/manganese nodules
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Figure 5. Bioturbation voids: a) P1-ABb, 60cm: a channel; b) P1-2BAb, 73cm: a channel (white arrow) filled by
Fe/Mn oxide.

Figure 6. Bioturbation voids. P2-Bwb1, 30cm: unnacommodated void (blue arrow) and several channels around
(red arrows). Note the void is crossing a moderately impregnated area by Fe/Mn oxides.

Angular, subangular blocky, platy and, less common granular and crumb
microstructures are most prominent in all profiles. However, they are not well
developed because pedality or planes of weakness are poorly or moderately
expressed. These kinds of structure are related to pedo/bioturbation. Even though the
undifferentiated b-fabric was predominant, the presence of weakly expressed
granostriated and stipple-speckled b-fabrics also corroborate to pedoturbation process
(i.e. swelling and shrinking processes) (Fig. 7a, b). Furthermore, the XRD data
confirmed the dominance of smectite, which could be the responsible for the swelling
and shrinking processes (Kovda and Mermut, 2010).
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Figure 7. Groundmass and pedogenic features: a) P1-2BAb, 70cm: brownish fine mass (PPL); b) granostriated
and stipple-speckled b-fabric (XPL); ¢) P1-2BAb, 70cm: typic disorthic disjointed Mn nodule (PPL); d) P2-Bwb2,
53cm: typic orthic digitate Mn nodule (PPL); e) P1-Bwb3, 45cm: yellowish-orange clay infilling (PPL); f) P2-Bwb2,
53cm: white/grey clay infilling (blue arrow) (PPL).

The differences in weathering degree in depth was an important micromorphological
feature, indicating pedogenesis. Overall, the weathering degree was moderate
because there were no fresh minerals, except the plagioclases, which exclude a heavy

weathering degree (Fig. 8).
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Figure 8. Mineral weathering examples. P2-Bwb1, 30cm. a) a yellowish sand-sized clay-body with mosaic-
speckled b-fabric (blue arrow), orange glass fragment at the center of the figure (PPL); b) minerals showing
speckled b-fabric due to clay neoformation, note the preservation of the shape of both alteromorphs (XPL).

Another pedogenic fingerprint was the Fe/Mn impregnation features and nodules,
signalling to wet/dry cycles (Fig. 7c, d). These features were not heavily expressed
nor had showed depletion features in the groundmass, suggesting short-periods of
waterlogging (Veneman et al., 1976).

The presence of plant residues was one of the most important findings, indicating a
former land surface. They were found in all profiles and particularly in the 2ABb, 2BAb
and 3ABb horizons of P1. Organ (mainly roots) and tissue residues with reddish and
orange/yellowish colours, probably impregnated by iron oxide (Fig. 9a), were found in
the 2ABb and 2BAb horizons. Charcoal was found in the 3ABb horizon (Fig. 9b). Plant
residues are scarce in P2 and P3 and were found only in A horizons.
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Figure 9. Plant residues, under PPL. a) P1-ABb, 60cm: root fragment; b) P1-3ABb, 73+cm: charcoal fragment.

Voids filled with zeolite crystals were detected only in the uppermost horizons of all
profiles. This finding corresponds with the field observations; thus, an effect of the
covering lava flows has to be considered. Euhedral zeolite crystals occur in the fillings
of the uppermost horizons of P1 and P2, whereas anhedral crystals are characteristic
for the filings in the uppermost horizon of P3 (Fig. 10). Even though zeolites can be
present in natural soils, their occurrence is very rare (Ming and Boettinger, 2001).
Zeolite filling voids of the former surficial horizons are an evidence of circulation of
hydrothermal fluids with a temperature range of 40° to 250°C (Kristmannsdottir and
Tomasson, 1978). Such feature has been observed in other red layers and paleosols
covered by lava flows (Garcia-Romero et al., 2005; Gérard et al., 2007; Parra et al.,
1987).
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Figure 10. Types of zeolite crystallization in the horizons in contact with the lava flow, under XPL. a) P1- Bwb1,
23cm: euhedral zeolite crystals filling a large void; b) P2-ABb, 20cm: euhedral zeolite crystals filling a large void;
c) P3-ABb, 10cm: anhedral zeolite crystals filling a large void.

Total organic carbon (TOC) and carbonates are present in negligible concentration in
all samples (Table 3). The values are slightly higher in the 2ABb horizon of P1 with
0.3% of TOC and 2.6% of CaCOs. This means that the TOC content does not reflect
the occurrence of (once) organic material, detected by micromorphology. The source
of the CaCOs in the 2ABb horizon was not detected in the thin sections. Therefore,

their origin could not be traced.

Table 3. Selected chemical characteristics: chemical index of alteration minus K (CIA-K); ratio of
crystalline pedogenic iron oxides; amounts of carbonate (CaCO3) and total organic carbon (TOC).

Profile Horizon Depth CIA-K! (Feq — Feo)l (Fey)*1002 CaCO; TOC
[cm] %

P1 Bwb1 0-23 50 11 0,2 0,0
Bwb2 23-34 53 12 0,5 0,0
Bwb3 34 - 45 54 15 0,6 0,0
2ABb 45 - 60 54 10 2,6 0,3
2BAb 60-73 56 10 0,6 0,0
3ABb 73+ 56 5 0,6 0,1

P2 ABb 0-20 52 14 0,0 0,0
Bwb1 20-30 52 18 0,1 0,0
Bwb2 30-53 52 14 0,1 0,0
Bwb3 53+ 52 14 0,2 0,0

P3 ABb 0-10 52 12 0,1 0,0
Bwb 10 - 57 53 11 0,3 0,0
C 57+ 50 8 0,1 0,0

'after Maynard (1992)
2after Arduino et al., (1984)

The CIA-K (wt%) values show weak variations with depth in each profile and between
the profiles, with an average value of 51 (Table 3, Fig. 11). These values were below
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the expected because they are lower than the CIA-K values for modern cryoturbated
in King George Island with similar parent material (average CIA-K = 61 in Lee et al.,
2004). In addition, the uppermost horizons of the profiles are less weathered than the

others below, which is not a normal pedogenic behaviour (except for arid areas).

Although zeolite infillings were only found in the horizons in contact with the uppermost
lava flow, it seems likely that a rejuvenation and a geochemical homogenization effect
by percolation of hydrothermal fluids after the burial has occurred. Another potential
geochemical rejuvenation in volcanic soils, which can disturb the weathering indices,
is the upbuilding pedogenesis by an eventual addition of fresh volcanic ash (Lowe,
2000; Lowe and Tonkin, 2010; Sedov et al., 2010). Hence, the CIA-K should be used

with caution in such circumstances.

P1 - CIA-K P2 - CIA-K P3 - CIA-K
(1045 50 55 60 40 45 50 55 60 40 45 50 55 60
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Figure 11. Depth function of the CIA-K values.

Overall, soil forming processes have occurred in all profiles, confirming the hypothesis
that these red layers are paleosols. Several features related to soil formation were
identified: soil horizons (defined by colour and peds), bioturbation, Fe/Mn nodules,
clay neoformation, clay infilling, striated b-fabrics and plant residues. The main
diagenetic features were the reddening of oxyhydroxides by dehydration, burial

compaction, loss of organic matter and induration.

The paleoenvironment interpretation is in agreement with previous studies (Mozer,

2012; Poole et al., 2003) indicating a humid temperate environment, which are
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supported by the abundant presence of pyroclastic material, plant residues, Fe/Mn
nodules, moderate weathering, lack of carbonates and presence of some

yellowish/gray horizons.

3.2. Origin of clay minerals in the paleosols (Manuscript 2).

The main objective of this study was to investigate the origin of smectites in the
paleosols by using X-ray diffraction, microscopic and sub-microscopic techniques
(SEM-EDS).

In addition to investigate the origin of smectite, the ages of the basalt flows underlying
and covering the paleosols were determined in this study by “°Ar/*°Ar. A late Early

Eocene age was confirmed, with ages ranging from 51 to 48 Ma.

Two profiles were studied, P1 and P2. The microscopic analysis revealed six alteration
types that occur both in the soil groundmass and in the rock fragments (Table 4, Fig.
12). Three types of alteration show a topotactic reaction or alteromorphism
(transformation of a primary mineral to a secondary product with shape preservation)
of olivine, plagioclase (partially transformed) and glass to clays (Delvigne, 1998). The
absence of olivine and glass in the XRD analysis indicate their complete
transformation to secondary products (i.e. alteration of olivine to smectite and less
frequently to serpentine). The other three clay types were neoformed and are
characterized by a brown, grey and green infillings. Infillings and alteromorphs of
olivine were the most frequent alterations types followed by alterations of glass and

plagioclase.

Table 4. Alteration types distribution through the paleosols horizons.

Profile Horizon Depth Alteration type
(cm) Transformation Neoformation
Grey Green
Olivine  Plagioclase Glass Brown infiling o .
infilling infilling
P1 Bwb1 0-23 X X X X
Bwb2 23-34 X X X X
Bwb3 34-45 X X X X
2ABb 45-60 X X X X
2BAb 60-73 X X X X
3ABb 73+ X X X X
P2 ABb 0-20 X X X X X

Bwb1 20-30 X X X (x) X
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Bwb2 30-53 X X X (x) X
Bwb3 53+ X X X (x) X X

Alteromorphism of primary minerals, such as the plagioclases or olivine, is often used
as a proof of deuteric alterations (Hekinian, 1982). Delvigne et al. (1979), however,
demonstrated that either deuteric alteration or weathering of olivine can produce
similar products. Nonetheless, it seems that rock weathering has left the infillings and
olivines alteromorphs in the soil groundmass as a residuum (Jongmans et al., 1994).
The alteration of plagioclase in the present study was caused by deuteric alteration.
One proof is that the plagioclase phenocrysts within rock fragments are more
weathered than the glassy groundmass. As a result of weathering and pedogenic
processes the glassy groundmass should have been much more weathered than
plagioclases in rock fragments.

paleosol ground P1 rock fragment b
- N .. " 2 R ors <P . TINER

Figure 12. Alterations types occurring in the groundmass of paleosols and in rock fragments under Plane Polarized
Light (PPL). a-) P1-Bwb2, 23-34cm: brown infillings (blue arrows); clay filling vesicles in glass shards (red arrows);
brownish clays of former olivines (green arrows); yellow arrows: alterations of plagioclase b-) P1-Bwb2, 23-34cm:
similar alterations occurring inside a rock fragment, the red line defines the limit between rock (below the line) and
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paleosol (above the line). c-) P2-Bwb1, 20-30cm: grey infilings are almost transparent under PPL (blue arrows);
clay (red arrow) filling vesicles in glass shards; brownish clays in former olivine (green arrows). d-) P2-Bwb1, 20-
30cm: same alterations occurring in a rock fragment, note the brown infilling (blue arrow) surrounded by a white
rim due to Fe depletion (black arrows); alteration of plagioclase (yellow arrow).

Neoformation of clays occurs generally as infillings. These are a common feature in
both profiles. The centre of the infilling has a speckled b-fabric (not well-oriented clay)
and the boundaries of the infilling has extinction bands (well-oriented clay). Such
behaviour was also detected under SEM (Fig. 13). These infillings are predominantly
brown in P1 (Fig. 12a), whereas they are mostly light-grey and nearly transparent in
P2 (Fig. 12c) together with brown and green colours. These differences in colour are
most probably related to paleodrainage conditions. The colour of the infillings in P1 is
brown while in P2 is predominantly grey, with minor brown and green. In P2, the green
infilling was only detected in the lowermost horizon (Bwb3), while a brown colour was
present in rock fragments upwards in the profile. This suggests that the brown colour
was the original colour that turned into green in Bwb3 horizon under more reducing
conditions. In addition, the predominant grey colour in the soil groundmass of all
horizons indicates Fe depletion, confirmed with EDS (Fig. 13f), suggesting slightly

reductive conditions.

x1.8c  S50pm

Figure 13. Petrographic and SEM images of selected alterations. a-) P1-Bwb3, 34-45cm: brown infilling in a rock
fragment (red rectangle). b-) the same infilling analysed with SEM. Note the abundant cracks in the centre of the
infilling (white arrow) with smoother boundaries (black arrow) and a large crack next to the contact with the rock
(blue arrow). c-) EDS spectrum of the infilling. d-) P2-Bwb1, 20-30cm: brown infilling with a white rim in a rock
fragment. e-) the same infilling analysed with SEM. Red rectangle indicate the selected area for elemental mapping
f-) distribution of Fe in the infilling. Darker areas (borders) indicate a lower content, whereas brighter red colours
(towards the centre of the image) indicate a higher Fe content.
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The clay mineralogy of the profiles is generally homogeneous. The clays are
composed of smectite having some randomly interstratified components. Smectite
was confirmed by a strong doo1 reflection at about 1.4 nm under air-dried conditions
that shifted to about 1.7 nm after ethylene glycol treatment and collapsed to 1.0 nm
after heating at 550°C (Fig. 14). The presence of a shoulder in the doo1 peak in some
samples indicated a presence of randomly interstratified illite-smectite (1/S), which was

better detectable after decomposing the spectra using profile fitting techniques

(Wojdyr, 2010) (Fig. 15).
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Figure 14. XRD patterns of clay samples from selected horizons. The d-spacing are given in nm. AD = Air dried,

EG = Ethylene glycol solvation, 5500C = sample heated at 5500C, PM = parent material.
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In both profiles, the smectitic component is better crystallized, having sharper peaks
and a lower Full Width at Half Maximum (FWHM) value than the interstratified
component. In the rock samples, the smectites have a higher degree of crystallinity,
with sharper peaks (Fig. 14) and lower FWHM values than the smectitic component in
the paleosols (Fig. 15).

The degree of crystallinity of the smectitic component is also an important difference
between the paleosols and rocks samples. Pedogenic smectites tend to be less
crystalline (Velde and Meunier, 2008), producing broader peaks or higher FWHM
values, which corresponds to our findings. The smectites of the paleosols were less
crystalline (higher FWHM) than those in rocks.
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Figure 15. Degree of crystallinity of smectitic and interstratified components of the paleosol samples and the parent
material. a-) Examples of profile fitting analysis obtained for clay samples of selected horizons; b-) Full width at half
maximum (FWHM) of paleosols and rock samples. The lower the FWHM, the better the crystallinity and vice-versa.
Smectitic component of P1 and P2 in red and blue, respectively. Interstratified component of P1 and P2 in green
and orange, respectively. Smectite of rocks samples in pink. Each symbol represents one horizon. Note the
smectitic component is more crystalline than the I/S component. Smectite from the rocks has a higher crystallinity
with lower FWHM values.

There is a dominance of dioctahedral smectite over trioctahedral smectite with more
than 80% of dioctahedral smectite in all horizons (Table 4). The portions of the
dioctahedral and trioctahedral smectites in the rocks samples are similar, but the
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dioctahedral component is still higher. These results are in accordance with the
common knowledge that dioctahedral smectites are more common in soils because of
its higher stability than the trioctahedral types (Borchardt, 1989; Velde and Meunier,
2008; Wilson, 1999). Even in soils formed in Siberia, with limited chemical weathering,
Lessovaia et al. (2016) reported an increase in the proportion of dioctahedral smectites
in relation to trioctahedral ones from bottom to top soil horizons. Nahon et al. (1982)
demonstrated in a study about weathering of olivine-bearing rocks that the formation
of smectites started with trioctahedral species being progressively replaced by
dioctahedral smectites. Some paleosols between basalts in India also had smectites
formed by deuteric alteration followed by weathering (Craig et al., 2017). Thus, it can
be inferred that trioctahedral smectites in the present study were a product of deuteric
alteration of the pyroclastic rocks and were progressively transformed to dioctahedral

smectites during weathering in a soil environment.

The morphological similarity between smectites of the paleosols and its parent
material suggests inheritance from a deuteric altered parent material as the origin.
Further weathering in a soil paleoenvironment produced the differences discussed
above, such as differences in crystallinity, octahedral occupancy, and
interstratification. Similar clay composition between parent material and soil was
previously described in other volcanic areas such as in ltaly (Fiore, 1993; Fiore et al.,
1992; Mirabella et al., 2005), Costa Rica (Jongmans et al., 1994) and US (Dudas and
Harward, 1975; Pevear et al., 1982). In all these cases, the smectites were proven to

be inherited from deuteric or hydrothermally altered parent material.

Homogeneity in clay assemblage and crystallinity in depth within each profile and
between the profiles also support the inheritance origin (Mirabella et al., 2005). A clay
assemblage formed by pedogenesis should be more heterogeneous, since each soill
horizon gather specific chemical-physical and biological conditions (Churchman and
Lowe, 2012; Singer, 1980).

3.3. Evidence of diagenetic reddening of the paleosols (Manuscript 3).
In this study, the iron oxides were studied in order to understand on what extent the
predominantly reddish colours of the paleosols were given by paleopedogenesis or

diagenetic processes.

In general, there were a predominance of reddish hues with some variation in depth
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(Table 5) from typical hematite-rich soils (2.5YR 5/4) to goethite-rich soils (5Y 4/1).
Furthermore, most of the samples became yellower after mechanical grinding (L*a*b
colours) during sample preparation because of the destruction of hematite clusters

(Torrent and Schwertmann, 1987).

Table 5. Munsell colours taken in field and converted DR spectra in Munsell and L*a*b* colours
measured on  powder-size samples.

Profile Horizon Depth (cm) Munsel Munsell colour L*a*b*
colour (converted
(natural from DRS

samples) measurements)

L* a* b*

P1 Bwb1 0-23 5YR 5/4 7.5YR6/3 643 74 20
Bwb2 23-34 2.5YR5/4 5YRG6/3 644 10 20.2
Bwb3 34 —45 2.5YR5/4 5YRG6/4 63 1.1 20.9
2ABb 45 -60 7.5YR7/4 T7.5YR7/4 66.9 6.6 21.8
2BAb 60-73 10YR6/4 7.5YR7/4 68 6.3 228
3ABb 73+ 5Y 41 0.6Y 6/3 631 26 17.2

P2 ABb 0-20 2.5YR5/4 5YRG6/4 59.7 116 20.5
Bwb1 20-30 2.5YR2/4 5YRG6/4 58.8 115 20
Bwb2 30-53 2.5YR5/4 5YRG/4 604 135 213
Bwb3 53+ 2.5YR5/4 5YRG6/4 59.6 11 18.5

P3 ABb 0-10 2.5YR5/4 5YRG6/4 62.1 122 23.1
Bwb1 10 - 57 2.5YR5/4 5YRG6/4 63 1.1 227
Cc 57+ 7.5YR5/3 10YR6/4 66.6 5 20.5

The main mode of occurrence of iron oxides observed in thin sections was finely
dispersed on the groundmass due to the weathering of the basaltic tephra,
coating/replacing primary minerals and as mottles or nodules (Figure 16). The
micromorphological observations agree with those made in the field. The micromass
colours are homogeneously reddish under OIL, with few gradual changes in depth.
The concentrations of iron in mottles and/or small nodules were commonly occurring
features. The higher the concentration of iron, either in nodules (Fig. 16c-d-e) or

mottles (Fig. 16e-f), the darker were these features under PPL and reddish under OIL.
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Figure 16. Types of iron oxide distribution in the paleosols. Photographs on the left side were taken under Plane
Polarizer Light (PPL) and under Oblique Incident Light (OIL) on the right side. a-) P1-Bwb3, 34-45 cm: two different
colours of rock fragments reflecting different levels of oxidation. An orange and less oxidized fragment (black arrow)
and a darker, more oxidized fragment (white arrow); b-) Same under OIL. Note the strong reddish colours replacing
the darker rock fragment (white arrow); c-) P1-2BAb, 60-73 cm: typic disorthic disjointed iron nodule; d-) Same
under OIL. Note the strong contrast between the iron concentration in the nodule in comparison with the
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surrounding groundmass; e-) P2-Bwb1, 20-30 cm: Different degrees of groundmass impregnation by iron, from
strongly impregnated to moderated impregnated. Darker is the impregnation, higher is the iron concentration; f-)
Same under OIL. The strongly impregnated area showed darker red colours; g-) P1-3ABb, 73+ cm: dendritic iron
nodules (white arrows) in a paler groundmass; h-) P2-Bwb2, 23-34 cm: olivine phenocryst being replaced by an
admixture of smectite (brownish colour) and iron oxide (white arrows), photograph taken under PPL.

Figure 17 shows the spectra of the second derivative of the Kubelka—Munk function
measured at 25°C and at 800°C for the redder and the less red horizon of each profile.
The reason for the heating was to help to discriminate between the most intense
absorption band of goethite at ~415 nm and a less intense absorption band of hematite
at ~423 nm. The most intense band of hematite occurs at ~5635 nm (Scheinost et al.,
1998). The absence of goethite was confirmed after heating at 800°C because the
permanence of the band at ~425 nm, which can be associated to hematite rather than
goethite (~415 nm) (Scheinost et al., 1998). Furthermore, because goethite is unstable
upon heating, such band should have disappeared much before 800°C. Some
experimental studies have demonstrated that goethite should dehydrate to hematite
at about 300°C (Gialanella et al., 2010; Gualtieri and Venturelli, 1999). In Chinese red
beds a conversion of goethite to hematite was identified at diagenetic temperatures
>150°C (Jiang et al., 2015) and >105°C for Triassic sandstones in Denmark (Weibel,
1999). In reddish pre-Quaternary paleosols, goethite was detected in those not
affected by deep-burial or high diagenetic temperatures (Dawit, 2016; Kraus and
Hasiotis, 2006; Srivastava et al., 2015; Vacca et al., 2012). Another evidence is the
presence of plant residues with preservation of the distinct plant cell structure (Spinola
et al., 2017b). Therefore, the conversion of goethite into hematite in buried paleosols

or sediments needs a heating source produced by deep-burial.
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Figure 17. The second-derivative curves of K—M function for selected samples. Position (straight line) and
amplitude (dashed line) of hematite bands. Measurements taken in air-dried samples at the left side and after
heating at 800°C at the right side.

The absence of goethite is supported by the XRD because its most intense peak (110)
at 4.18 nm (21.2 °20) was not identified in any of the samples. On the other hand, the
hematite presented a large crystallite size (between 37 nm and 62 nm). The mean
crystallite dimension (MCD) was calculated with the Full Width at Half Maximum
(FWHM) values using the Scherrer formula (Table 6). Another evidence of the higher
crystallinity of the hematite was the remaining peak (104) at 2.69 nm measured in the
DRXD spectra (Fig. 18). Even though its intensity was reduced, the residue of this
peak indicated that the Dithionite-Citrate-Bicarbonate (DCB) treatment did not extract
all the hematite. No correlation was found between the crystallite size and the L*a*b*

parameters.

Table 6. Hematite properties calculated from XRD. Full width at half maximum (FWHM) and crystallite
size.

Profile Horizon Depth FWHM Crystallite
(cm) (104) size (nm)
P1 Bwb1 0-23 0.16 58
Bwb2 23-34 0.18 50
Bwb3 34 -45 0.21 41
2ABb 45 -60 0.19 47
2BAb 60-73 0.15 62
3ABb 73+ ND ND
P2 ABb 0-20 0.18 50
Bwb1 20-30 0.17 53
Bwb2 30-53 0.16 58
Bwb3 53+ 0.15 62
P3 ABb 0-10 0.18 50
Bwb1 10 - 57 0.16 58

Cc 57+ 0.23 37
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Figure 18. X-ray patterns of a representative sample. P1-Bwb1, 0-23 cm. XRD pattern (black) plotted against DCB
treated sample (DXRD) (yellow). Note a small remnant peak of hematite peak 104 (blue circle), indicating an
incomplete removal of hematite by DCB. Hm = Hematite.

The previous results indicated that the paleosols colours were mostly due to hematite,
even in the paleosol horizons with yellower hues. Nevertheless, the higher values of
Fe extracted by H2SOs (Fes) indicated that maghemite was the dominant iron oxide
followed by hematite (Feq) in all samples (Table 7).
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Table 7. Selective and sequential extraction of iron oxides.

Profile Horizon Depth Fe' Fe, ? Feq? Fe.* Fed/Fes*100°
(cm) (g/kg™)  (g/kg™) (g/kg™)  (g/kg™)

P1 Bwb1 0-23 31 1.5 15.7 80.5 19.5
Bwb2 23-34 26.7 0.9 13.5 79.3 17
Bwb3 34 —45 29.9 1 13.3 88.7 15
2ABb 45 -60 32.4 0.9 10.5 79.8 13.2
2BAb 60 -73 34 1 12.1 83.8 14.4
3ABb 73+ 33.9 1.7 7 89.6 7.8

P2 ABb 0-20 27.9 1 21.9 107.3 20.4
Bwb1 20-30 25.1 0.8 21.7 88.3 24.6
Bwb2 30-53 21.4 1.7 20.1 88.9 22.6
Bwb3 53+ 22.1 1.1 18.7 83.6 22.4

P3 ABb 0-10 28.2 1.7 14.8 84.8 17.5
Bwb1 10 -57 23.9 1.5 14.7 80.7 18.2
C 57+ 24 2.1 9.6 80.7 11.9

"H,S04 extraction; 2Ammonium oxalate extraction; 3DCB extraction; *XRF analysis; SProportion of hematite in
relation to total iron (Fey).

The high amounts of maghemite is also expressed by the magnetic susceptibility of
the samples (Fig. 19). As a rule, the xfd% of all samples (except P3-3ABb) were higher
than 8%. This indicates the predominance of the superparamagnetic (SP) fraction
(e.g. maghemite). Furthermore, the relationship between xIf and xfd was high (r? =
0.83), reinforcing the predominance of the SP minerals over coarse-grained non-SP

ferrimagnets (i.e. magnetite).

Although no colour differences were detected in the uppermost horizons of P1 and P2,
neoformation and enrichment of ferrimagnetic compounds thermal transformation of
other iron oxy-hydroxides at temperatures >250°C in combination with organic matter
and lower Oz supply (Maher, 1986). An enhancement of low-frequency (xIf) magnetic
susceptibility was detected in P1 from 0 to 23 cm (Bwb1 horizon) and in P2 from 0-30
cm. Nevertheless, the frequency-dependent susceptibility, xfd and xfd%, were similar
for all horizons. In soils formed in non-mafic parent material (e.g. loess, mudstone),
enhancement of xIf occurs simultaneously with xfd and xfd% caused by the
neoformation of nano-sized magnetite and/or maghemite (Dearing et al., 1996; Torrent
et al., 2006). On the other hand, soils formed from volcanic parent material show an
opposite behavior: they have high initial xIf values because of inherited magnetite and
lower xfd and xfd%. With the progressive weathering of magnetite and other Fe-

bearing minerals, the xIf values decrease and xfd and xfd% increase due to
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neoformation of maghemite (Lu et al., 2008; Preetz et al., 2017; Rivas et al., 2006).
Thus, enhanced xlf values with homogeneous xfd and xfd% in the uppermost horizons
of P1 and P2 indicate enrichment in magnetite.
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Figure 19. Depth function of mineral magnetic susceptibility parameters.

The predominance of maghemite, hematite, and the strong red colours of KGI
paleosols is not compatible with their weak to moderate pedogenic development.
Therefore, it is unlikely that a predominance of hematite would have been achieved
during past pedogenic processes (Retallack, 1991). Weakly to moderately developed
volcanic soils are usually brownish/yellowish with ferrihydrite as the main iron
hydroxide (Shoji et al., 1993; Ugolini and Dahlgren, 2002). The formation of ferrihydrite
in soils depends upon a combination of factors, such as a high rate of Fe' release,
presence of silicate, and organic matter. Some of these conditions count for the
investigated soils, such as considerably high amounts of Feq, and widespread iron
pigmentation found in thin sections. Although organic matter was not detected
because of the burial oxidation (Retallack, 1991), there are still plant residues in the
“‘A” horizons (Spinola et al., 2017b). Nonetheless, ferrihydrite would hardly be

preserved in Eocene paleosols because of its metastable nature (Cornell and
Schwertmann, 2003).
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Both hematite and goethite are common stable end-products of ferrihydrite. Their
relative portions are controlled by specific soil chemical conditions: the transformation
of ferrihydrite to hematite involves a dehydration step, whereas transformation to
goethite involves dissolution and recrystallization. Furthermore, a pH around 7 — 8 will
favor hematite (Schwertmann et al., 1999). Although it is not possible to access the
pH of the paleosol after burial, some characteristics of these paleosols are indicative
of basic pH, such as base-rich parent material (basaltic tephra) and presence of
smectite (Spinola et al., 2017a). Hence, we assume that goethite was probably never
formed in these paleosols and ferrihydrite was the main iron hydroxide, which later

converted to hematite by dehydration after the burial.
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4. Summary and outlook
The major objective of this thesis was to reconstruct the paleoenvironment of King
George Island, Maritime Antarctica, using paleosols as a proxy. To achieve this

objective, the genesis of these paleosols was investigated.

In the first manuscript, the objective was to identify the main pedogenic properties and
features of the paleosols. The reasoning is because paleosols between basalt flows
are relatively similar to other geological features, such as sediments, zones of thermal
contact (bakes zones), or altered pyroclasts. Therefore, a proper characterization of

these paleosols was essential to provide reliable paleoenvironmental information.

A combination of field and micromorphological allowed to identify the main pedogenic
features of the paleosols. In field, the most important was the variation of colour and
structure in depth, which characterize a paleosol horizon. The colours were
predominantly reddish but also yellowish and greyish. The structure were mainly

angular and subangular blocky.

In the thin sections, the field observations were also present; change in colour and
structure horizonwise. Furthermore, some features observed in the thin sections were
crucial as a pedogenic fingerprint: pedogenic Fe mottles/nodules, bioturbation
features (e.g. channels, passage features, disturbed voids) and in situ mineral

weathering.

The geochemistry has demonstrated a weak degree of basic cations depletion.
However, an additional input of volcanic ash could have played a role on the
geochemical rejuvenation. Another important non-pedogenic reason for the
geochemical rejuvenation could be the zeolite infillings. Well-formed zeolite crystals
were detected in thin sections filling former voids of the horizons in contact with the
covering lava flow. Although zeolites were not detected in deeper horizons, its

contribution with addition of basic cations could have been possible.

In addition to zeolite crystals, other features occurred probably after the burial (viz.
diagenetic) such as induration due to compaction, lack of organic matter due to post-
burial oxidation and rubification due to dehydration of iron hydroxides to hematite.

An important property of these paleosols were the predominance of smectite in the
clay mineralogy. Volcanic soils rich in smectite is more commonly found in semi-arid

regions, where there is a marked dry-season, which would contradict the previous
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findings of a humid paleoenvironment. For this reason, the origin of the smectites was

investigated.

Minor mineralogical changes between the pyroclastic fragments (parent material) and
the paleosols and a homogenous distribution of smectites throughout the paleosol
horizons were detected by X-ray diffraction and microscopic techniques. These results
indicated the smectites were inherited from the parent material, which was altered by
hydrothermal fluids before surficial weathering. Nevertheless, the smectites in the
paleosols were predominantly dioctahedral and less crystalline in comparison with
predominantly trioctahedral and more crystalline in the parent material. These
changes in octahedral site occupancy and crystallinity indicates that the smectites

were affected by surficial weathering and pedogenesis.

The other important paleosol property was the reddish colour. The strong reddish
colours (2.5YR) with variations in depth to yellowish (10YR) and greyish (5Y) were
described in the first manuscript as a consequence of pedogenesis and diagenesis.

The diagenetic and pedogenic role were detected using micromorphology, Diffuse
Reflectance Spectroscopy, X-ray diffraction and mineral magnetic properties. The
diagenetic role was confirmed because the dominance of maghemite and hematite as
the iron oxides, without goethite. Such iron oxide assemblage is more common in well-
developed soils from subtropical-tropical regions rather than in weakly/moderated
developed volcanic soils under humid conditions. The ferrihydrite is the main iron
oxides under such environmental conditions but it is not sufficiently stable to persist in
long-term buried paleosol. Another clue to diagenesis was the large grain size and
high crystallinity of hematite that was more similar to diagenetic, like those found in

red beds, than to pedogenic hematite.

The pedogenic role was indicated by the content of hematite and the mode of
occurrence observed in the thin sections: finely dispersed on the groundmass;
coating/replacing primary minerals and as mottles and/or nodules. In addition,
hematite clusters were another important property for colours differences. Therefore,
these results indicate that the burial reddening took place by dehydration and

transformation of ferrihydrite to hematite.

The effect of the covering lava flow was suggested by the enrichment of magnetite in

the uppermost horizons of two profiles. Magnetite formation demands the contact of
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precursors iron oxy-hydroxides with heating (250°C — 400°C) in combination with
organic matter and low Oz supply, which was the probable conditions during the burial.

Nevertheless, the heating had no effect on colours.

The findings of this thesis highlight the importance of combination of methods to
understand paleosol genesis. As could be demonstrated, some important
paleoenvironmental fingerprints like clay mineralogy, including iron oxides, can be the
result of several processes others than pedogenesis. This could lead to
misinterpretations of paleoenvironment. A proper study of paleosols should consider
pre-weathering (alteration) and post-burial (diagenesis) features. Therefore, a
combination of different methods was successfully adopted to understand the genesis

of the King George Island paleosols.

The results exposed in the three manuscripts indicated the paleosols of King George
Island were weakly/moderated developed formed wunder a cool humid
paleoenvironment. The main pedogenic signatures were the soil horizons,
bioturbation, mineral in situ weathering, plant fossils. Pre-weathering and diagenesis
had disturbed in some extent all pedogenic features as demonstrated by compaction,
loss of organic matter, zeolite infillings, clay inheritance and dehydration of iron

hydroxides. Despite this, the main objective was achieved.

The further steps for this research will be concentrated on those features that can
provide more quantitative results: 1) the isotopic composition of the smectites (3D and
5'80); 2) detailed geochemistry of trace elements and their respective weathering
indices; 3) analysis of n-alkanes biomarkers, particularly in those horizons with plant

residues; 4) paleobotanical analysis of the plant residues and phytoliths.
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Abstract

We investigated the origin of reddish layers between basalt flows in an Early Eocene
volcanic succession in King George Island, Maritime Antarctica. Previous studies in
the area classified these layers as regolith surfaces, baked zones and paleosols, but
the properties of these layers and the reasons for their classification are not clarified.
Since the Early Eocene epoch was one of the warmest phases on Earth during the
Cenozoic, a proper investigation of these layers is crucial to obtain additional regional
information about the paleoenvironment.

The focus of this study is on three profiles located in the Admiralty Bay on King George
Island. They were classified as paleosols based on field, micromorphological and
mineralogical properties. Main soil forming processes identified by micromorphological
analyses were clay neoformation, pedo-/bioturbation and a weak redoximorphosis.
The occurrence of plant residues in all profiles was a reliable indicator that these soils
formed a land surface during the Early Eocene. Abundant weathered volcanic glass
and pyroclasts may indicate andosolization although the main diagnostic features for
Andosols, which are the presence of nanocrystalline minerals and organic matter
accumulation, were not detected or only in small amounts, respectively. The long-term
burial of the paleosol could be a reason for lacking of these diagnostic features. Clay
minerals associated with moderately weathered volcanic soils (smectite) were
detected in the X-ray diffraction analysis. A pre- dominantly reddish colour of most of
the soil horizons is given by hematite, confirmed by the determination of pedogenic
oxides. Nevertheless, rubification was not solely a result of pedogenesis but also of
reddening of oxyhydroxides by dehydration during diagenesis. Other diagenetic
processes were burial compaction, loss of organic matter and induration. In the
horizons directly buried by a basalt flow, voids were filled by zeolite crystals, an effect
related to lava cooling. Another possible diagenetic effect was the geochemical
rejuvenation and homogenization of the profiles. Despite the occurrence of these
features, the results are in agreement with previous studies, indicating a humid

temperate paleoclimate for King George Island during the Early Eocene.
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1. Introduction

Sequences of lava flows very often display alternating fine-textured red layers (partly
weathered) and basaltic layers (unweathered). These red layers have a potential for
paleoenvironmental reconstruction because they may indicate a hiatus in the volcanic
activity combined with landscape stability and soil formation (Ghosh et al., 2006;
Marques et al., 2014; Pietsch and Kiuhn, 2012; Sayyed et al., 2014; Sheldon, 2003;
Shukla et al., 2014; Singer and Ben-Dor, 1987; Solleiro-Rebolledo et al., 2016)). On
the other hand, red layers can also be a product of other geological processes such
as hydrothermal alteration (or “fritting”) (Gérard et al., 2006; Graef et al., 1997; Lange
et al., 2002a; Muller and Schwaighofer, 1979; Singer, 1970), pyroclast weathering
(Emeleus et al., 1996; Widdowson et al., 1997) or sedimentation (Canile, 2010;
Srivastava et al., 2012). In the latter cases the red layers do not represent periods of

landscape stability and soil formation.

Red layers have been identified in an Early Eocene volcanic succession in King
George Island (KGI), South Shetland Islands, Maritime Antarctica (Fig. 1). These
layers have been labelled as regolith surfaces (Mozer, 2012), baked zones
(Birkenmajer, 1980a) and also as paleosols (Birkenmajer and Lydka, 1990). However,
is not clear which properties were crucial for these authors to differentiate either
paleosols, regoliths or baked zones. Where these were recognized as paleosols, only
clay mineralogy was studied, showing a main composition of kaolinite and smectite
(Birkenmajer and Lydka, 1990), despite the importance of paleosols for paleoclimate
interpretation (e.g. Kihn et al., 2013; Schatz et al., 2015; Sheldon and Tabor, 2009).

The major importance of detailed studies of these red layers in King George Island is
because they were formed during the Early Eocene, which was one of the warmest
periods on Earth during the Cenozoic when climatic differences between the equator
and the poles were much smaller than today (Bijl et al., 2009; Greenwood and Wing,
1995; Pearson et al., 2009). There is evidence for near-tropical paleoclimate in
Antarctica with frost-free winters despite the polar darkness (Dingle and Lavelle,
1998b; Pross et al., 2012). A cool temperate forest similar to the Valdivia Forests,
Southern Chile, is often considered the best modern analogue environment in
particular for the Antarctica Peninsula (Francis et al., 2009; Hunt and Poole, 2003;
Mozer, 2012).

Because no detailed studies of the red layers on KGI have been carried out so far, a
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proper genetic interpretation is crucial. For this reason, certain criteria must be
adopted to recognize paleosols. The main properties to be identified in the field are
the presence of root traces, soil horizons and soil structure (Retallack, 1988). Based
on thin section analysis, (Fedoroff et al., 2010) listed the following micromorphological
features formed only by in situ pedogenesis: undisturbed biological activity features
such as passage features and channels, pedogenic micro- structures, pedogenic b-
fabrics and one or more types of undisturbed pedofeatures. Most importantly,
however, is the combination of physical properties, micromorphological characteristics
and other properties and how they behave in a depth function within a vertical profile
(Fenwick.l, 1985).

The hypotheses of this study are: (i) the Eocene red layers in KGI are paleosols formed
during periods of lower or no volcanic activity, and (ii) these paleosols are suitable
proxies for paleoenvironmental reconstruction.

Our main objective to test the first hypothesis is to identify the main pedogenic
properties and features. To test the second hypothesis, the objective is to identify the
diagenetic features because they can eventually interfere with the paleoenvironmental
record. In this work, we attribute to diagenesis those features formed after the burial

of the paleosols, either by effect of the lava flow or due to long-term burial.

2. Material and methods

2.1. Site description

The samples were collected on King George Island, South Shetland Islands, Maritime
Antarctica. The specific outcrop is located in the Cytadela area of the Ezcurra Inlet in
the Admiralty Bay (62° 11.057'S— 58° 35.209'W) (Fig. 1).

The deposits in the outcrop stratigraphically belong to the Point Thomas Formation,
Ezcurra Inlet Group, which comprises a 500 m thick Paleogene (Eocene-Oligocene)
volcanic succession (Birkenmajer, 1980b; Birkenmajer and Zastawniak, 1989). This
formation was deposited during the Arctowski interglacial period (ca 50 to ca 32 Ma),

a climostratigraphic unit introduced by (Birkenmajer, 1988).

Two informal units of the Point Thomas Formation are recognized at the Cytadela, the
Lower Member (LM) and Upper Member (UM) (Birkenmajer, 1980a). The LM is a 20—
40 m thick regular high-Al flow basalt with a thickness of 1-6 m alternating with

pyroclastic deposits. The LM corresponds to the Early Eocene humid temperate
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climate, similar to the present-day Chilean Valdivia Forest (Mozer, 2012). The UM
comprises 150-450 m of irregular, lenticular basalt lavas alternating with feldspathic
tuff, interbedded with coarse vent breccia and plant-bearing tuff.

There is no dating information for the sampled basalts. Accordingly to Mozer (2012)
these layers were deposited in the Early Eocene. Radiometric dating (K/Ar) of basalts
of Point Thomas Formation on nearby locations gave an oldest age of 49 Ma
(Nawrocki et al., 2011) and youngest of 41 Ma (Birkenmajer et al., 2005).
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Figure 1. Location of the sampling site at the King George Island.

2.2. Field and laboratory analyses

Samples were taken from a red layer covered by the 6th basalt flow basalt flow (from
bottom to top) in the LM of the schematic field section made by (Mozer, 2012). Three
profiles (P1, P2 and P3) were chosen, which are located with a distance of 60 m
between the P1 and P2 and of 90 m between P2 and P3 (Fig. 2).

After removing overlying debris, the profile face was excavated ~ 20 cm to provide a
fresh surface for describing and sampling. The profiles were described following (FAO,
2006) with a particular focus on horizon boundaries, colour (Munsell soil colour charts),
structure (size and type), visual estimation of rock fragments and presence of plant

fossils. We sampled each profile with a total of 13 bulk samples from red layers.
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For micromorphological analysis, 12 undisturbed and oriented samples were taken
from the red layers and six samples from the overlying and underlying basalts. The
undisturbed samples were not impregnated with resin because of sufficient induration
of the material. The samples were sliced into 9 x 6 cm thin sections. Afterwards, they
were analysed and photographed using a polarizing microscope (Zeiss Axio
Imager.A2m, Software AxioVision 4.7.2) with plane polarized light (PPL), crossed
polarized light (XPL) and oblique incident light (OIL). Description followed Delvigne
(1998) and (Stoops, 2003). In order to test for features of soil formation, special
attention was given to the type of voids, microstructure and micromass properties, to
b-fabrics as well as to some pedogenic features such as passage features, clay

coatings, infillings and nodules.

The bulk samples (ratio Li-metaborate to soil 1:5) were ground with an agate mill for
10 min and the major elements were measured with a wavelength dispersive XRF
device (PANnalytical PW 2400). Information about the standard errors of the
calibration for the major elements is provided in the supplementary materials. To verify
whether the red layers follow the normal weathering behaviour of surface soils we
used the Chemical Index of Alteration minus K (CIA-K) (after Maynard (1992)
(calculated in molar portions). The K is excluded in this equation to avoid any possible
effect of K-metasomatism (Maynard, 1992).

CIA-K = [Al203/ (Al2O3 + CaO* + Na20)] x 100 (1)
where CaO* is the amount of silicate-bound CaO. For that, we calculated the CaCO3

bound Ca from the carbonate content and subtracted that from CaO.

Total carbon (TC) content was measured on ground samples with an Elementar
Analyser (DIN ISO 10694, 1995) and the total inorganic carbon (TIC) content was
determined gas volumetrically (DIN ISO 10693, 1995). Particle size distribution
analysis was performed by a combined sieving and pipette method (NRCS, 1996).

For the X-ray diffraction analysis, the samples were gently disaggregated to avoid
artificial grain size reduction of rock components, then was broken into small chips (2
mm) using a porcelain crusher and subsequently dispersed in deionized water. Clay
size fraction (<2 ym) was separated in distilled water according to Stoke's law using

the most unaggressive method (Moore and Reynolds Jr, 1997).

From the <2 ym fraction, air-dried oriented preparations were obtained by pipetting
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some drops of the suspensions onto a glass slide, which was then dried at 30 °C for
a few hours (Moore and Reynolds Jr, 1997). Ethylene glycol solvation of the slide was
achieved by exposing them to ethylene glycol vapor at 70 °C for 24 h. Measurements
were made using an EMPYREAN XRD diffractometer operating with an accelerating
voltage of 45 kV and a filament current of 40 mA, using CuKa step size of 0.04°
(2theta) and 40 s of scan step time. Clay samples were examined by XRD in the air-
dried form, saturated with ethylene glycol (EG) and after heating (5650 °C). The
preparations were measured over a 20 angle range of 2—-70° (air-dried) and 2-30°
(glycolated and heated).

Pedogenic Fe-oxides (Fed) were extracted by dithionite-citrate-bicarbonate (DCB)
solution (Mehra and Jackson, 1960). The nanocrystalline Fe (Feo), Al (Alo) and Si (Sio)
compounds were extracted by shaking 2.5 g of soil 100 mL 0.2 M acid ammonium
oxalate (pH 3) for 4 h in the dark (Schwertmann, 1964). The proportion of crystalline
pedogenic iron against the total amount of iron was determined using the following Eq.
(2) (after Arduino et al., 1984).

Crystalline iron: (Feq-Feo)/Fet (2)
where Fet is the total Fe2O3, measured by X-ray fluorescence (XRF).

Vobcanic rocks fragment Plast fossih This section Zewhne infiling

Figure 2. Distribution of the paleosols on the landscape at the Cytadela outcrop and their schematic representation.
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3. Results

3.1. Physical properties

The investigated profiles are located between basalt flows. Whereas the contact to the
covering basalt flow was clear, the contact with the saprolite and the underlying basalt
was not accessible. Therefore, all profiles should be thicker than originally described.
The covering basalt flow is thin, no more than 1 m thick. Although it is probable that

the original lava has been eroded.

The profiles are reddish-brown with gradual colour changes with depth. They have
predominantly strong blocky (more angular) and platy structure with variable size with
depth. With the exception of P1, rock fragments became more abundant and larger
with depth (Table 1). Most of the horizons have sandy loam as texture. The horizons
2ABb-2BAb and 3ABb of the P1 are slightly finer with a sandy clay loam texture.
Because of the difficulty to disperse the material, some amount of clay should have

been accounted for silt or sand. Thus, the texture of the samples should be finer.

P1 is the most heterogeneous profile based on colour, which varies from red to gray,
structure type and size, and the distribution of the rock fragments through the horizons.
It is the thickest (> 73 cm) profile and has two lithic discontinuities (LD). The first LD
was identified be- tween the Bwb3 and 2ABb horizons, because of an abrupt lack of
rock fragments in the 2ABb horizon. The second LD was identified between the 2BAb
and 3ABb horizons because of the first appearance of dark fossil plant leaves and a

grayish colour (hue = 5Y) being a marker of a buried A horizon.

The horizon boundaries in P2 are gradual and diffuse based on differences in structure
type, varying between subangular/angular blocky and platy. The profile is reddish-

brown (hue-2.5YR), with slight colour variations.

P3 has only minor differences of properties and gradual transitions between horizons.
Based on colour and structure, three horizons could be distinguished. The colour
grades from reddish-brown (hue = 2.5YR) to dull (hue = 7.5YR) and the peds becomes

larger downwards.

Following the scale for the strength of paleosols (Ollier, 1965; Retallack, 2001), the
horizons are moderately to strongly indurated, but no cements were detected. Small
veins of zeolites crystals (up to 1 cm) were identified only at the basal contact of the

overlying basalt with the uppermost red layer in all profiles.
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Table 1. Selected main macromorphological properties (after FAO, 2006).
Profile Horizon  Depth Horizon Structure’ Colour (Munsell) Rock Plant Particle size Textural
boundaries fragments fossil % class
(distinctness -
topography
[ecm] Type Size Dry Name Clay Silt Sand
(<2y) (2p-634)  (63p -
2000y
P1 Bwb1 0-23 clear - wavy sb +pl very fine 5YR 5/4 Dull reddish brown many 15 18 67 Sandy loam
Bwb2 23-34 gradual —smooth  sb+pl fine/thin 2.5YR 5/4 Dull reddish brown common 15 19 66 Sandy loam
Bwb3 34-45 abrupt- smooth ab fine 2.5YR 5/4 Dull reddish brown common 14 19 67 Sandy loam
2ABb 45 - 60 clear - smooth ab fine 7.5YR7/4 Dull orange none 17 21 62 Sandy loam
2BAb 60-73 abrupt - smooth ab+pl coarse 10YR 6/4 Dull yellow orange none 20 22 58 izr:y clay
3ABb 73+ pl+ab medium 5Y 4/1 Gray none X 20 15 65 izr:y clay
) . Sandy clay
P2 ABb 0-20 abrupt - smooth sb medium 2.5YR 5/4 Dull reddish brown few 19 17 64 loam
Bwb1 20-30 gradual - smooth  ab+pl coarse 2.5YR 2/4 Reddish few 15 19 66 Sandy loam
Bwb2 30-53 diffuse - irregular  ab+pl medium 2.5YR 5/4 Dull reddish brown common 15 18 67 Sandy loam
Bwb3 53+ ab+sb medium 2.5YR 5/4 Dull reddish brown many 15 13 72 Sandy loam
P3 ABb 0-10 diffuse sb+pl fine/thin 2.5YR 5/4 Dull reddish brown common 12 15 73 Sandy loam
Bwb 10- 57 gradual sb+pl medium 2.5YR 5/4 Dull reddish brown common 14 20 66 Sandy loam
C 57+ sb+pl coarse 7.5YR 5/3 Dull many 11 10 79 Sandy loam

Structure type: ab= angular blocky., sb= subangular blocky., pl= platy. Size: vf= very fine/thin., fi= fine/thin., me=medium., co= coarse/thick
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3.2. Micromorphology

A petrographic analysis reveals that the red layers were formed on a tephra deposit
rather than directly on the underlying basalt flow. The parent material is a basaltic
lapilli tuff, with hypocrystalline crystallinity and with porphyritic texture, composed of
predominantly large (> 0.5 mm) plagioclases, olivines, pyroxenes and smaller (< 0.5
mm) opaque phenocrysts embedded in a dark or orange groundmass. Another
common mineral in all samples is a yellowish anisotropic sand-sized clay-body with
mosaic-speckled b-fabric, showing second order yellow and red interference colours
(Fig. 4).

The pyroclasts fragments of the profiles are very similar, suggesting the same parent
material, with the exception of the horizons 2ABb, 2BAb and 3ABb in P1. They have
pyroclasts with similar mineralogical composition, but smaller in size than in the
overlying horizons and silt-sized quartz becomes more abundant (especially in the
3ABDb) confirming the field observations of a lithic discontinuity.

In general, the pyroclastic fragments are moderately to strongly weathered in all
profiles, with an upward increasing intensity. Under PPL, they have a blackish or
orange groundmass, which becomes dark/ light reddish under OIL due to oxidation of
released iron (Fig. 3).

Figure 3. Weathered pyroclasts fragments. P1-Bwb3, 45cm. a) under PPL; b) same figure under OIL. Note the
strong iron oxide pigmentation and the plagioclase weathering (blue arrows).
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Figure 4. Mineral weathering. P2-Bwb1, 30cm. a) a yellowish sand-sized clay-body with mosaic-speckled b-fabric
(blue arrow), orange glass fragment at the center of the figure (PPL); b) minerals showing speckled b-fabric due to
clay neoformation, note the preservation of the shape of both alteromorphs (XPL).

The phenocrysts show various degrees of weathering with a stronger alteration
upwards in the profiles, with the exception of P1 because of the lithic discontinuity. A
pellicular and/or irregular linear alteration of olivine to reddish-brownish alteromorphs.
Alteromorphs are the secondary weathering products with shape preservation of the
primary mineral, iddingsite (a mixture of iron oxide with phyllosilicates) is one of the
most common alteromorph after olivine (Delvigne et al., 1979). Glass shards are
abundant in all horizons but less in the 2ABb, 2BAb and 3ABb horizons of the P1.
They show a range of colours, such as red, yellow, orange, brown and black. The main
observed glass morphology were cuspate to platy. Despite their abundance, most of
the glass shards are no longer fresh, and therefore considered as alteromorphs. The
orange and yellow glasses are often anisotropic (fibro palagonite-like, after Stroncik
and Schmincke, 2002) (Fig. 4). Most of the plagioclases are fresh but some reveal a
dotted and complex weathering pattern with isotropic brown, black and red clay fillings
(Fig. 3). Pyroxenes show generally a dotted weathering pattern with a congruent
dissolution. The planar voids, channels (Fig. 5a, b) and vughs are the predominant
void types (Table 2). Accommodated to partially accommodated planar voids are most
common but unaccommodated planar voids were also observed (Fig. 6). Passage
features are present in all horizons, except in P2 (the ABb horizon) and P3 (the Bwb
horizon). The occurrences of channels combined with passage features and
unaccommodated planar voids is noteworthy, because it points to bioturbation.
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Table 2. Selected main micromorphological characteristics.
Profile Horizon Depth Pedality Voids Accomodatio Microstructure Micromass Plant Pedofeatures  Zeolit
n residu e
e
[em] sp mp wp spv.cmv cxp ch cm ve a pa un Colour b-fabric cc pf FeM
n nod
ppl oil u ssp gs
P1 Bwbl 0-23 X X X X X X X sb, (gr-cr) br,rd, b, bl  rd X X X X
Bwb2 23-34 X X X (sb) br,rd, b, bl  rd X X
Bwb3  34-45 X X X X X sb, (gr) br,rd, 1b, bl  rd X X
2ABb  45-60 X X X (sb) 1b, br, rd 1b, br x (x) % X X X
2BAb  60-73 X X (gr) 1b, br, rd 1b, br x (x) % X X X
3ABb 73+ gr, Ib, br ol, Ib x (x) % X
P2 ABD 0-20 X X X X X X X X sb, gr br,lb,rd, bl rd X X X X
Bwbl  20-30 X X X X X sb, (gr-cr) br,lb,rd, bl  rd X X X
Bwb2  30-53 X X X X (sb) br,1b,rd, bl  rd X X X
Bwb3 53+ X X X X (sb) br,lb,rd, bl  rd X X X
P3 ABb 0-10 X X X X X sb br,Ib,rd, bl rd X (x) X X (x) X
Bwb 10- 57 X X X X sb, (gr-cr) br,lb,rd, bl  rd X

The micromorphological property is shown by the presence (cross) or absence (no cross).

The brackets are used when the property is weakly expressed

Pedality: sp=strongly developed pedality., mp=moderately developed., wp=weakly developed

Voids: spv= simple packing voids., cmv= compound packing voids., cxp= complex packing voids., ch= channels., cm= chamber., ve= vesicles., vu= vughs

Accomodation of planar voids: a= accommodated., pa= partially accommodated., un= unaccommodated

Microstructure: sb= subangular., gr= granular., cr= crumb

Colour: PPL (Plane Polarized Light); OIL (Oblique Incident Light): rd= red., br= brown., bl= black., Ib= light brown., ol= olive, gr= grey

b-fabric: u= undifferentiated., ssp= stipple speckled., gs= granostriated

Pedofeatures: cc = clay coatings, pf= passage features, Fe/Mn nod = iron/manganese nodules
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Figure 5. Bioturbation voids: a) P1-ABb, 60cm: a channel; b) P1-2BAb, 73cm: a channel (white arrow) filled by
Fe/Mn oxide.

Figure 6. Bioturbation voids. P2-Bwb1, 30cm: unnacommodated void (blue arrow) and several channels around
(red arrows). Note the void is crossing a moderately impregnated area by Fe/Mn oxides.

Angular, subangular blocky, platy and, less common granular and crumb
microstructures are most prominent in all profiles. However, they are not well
developed because pedality or planes of weakness are poorly or moderately
expressed.

Undifferentiated b-fabric predominantly occurs in all horizons and weakly expressed
granostriated and stipple-speckled b-fabrics were detected in the 2ABb, 2BAb and
3ABb horizons of P1 and in the ABb horizon of P3 (Fig. 7a, b).

The colours are heterogeneous in all samples, having a speckled and dotted limpidity
under PPL. Under OIL, the reddish colour is predominant in all horizons. Only the
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