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Abstract—Cryosols from Maritime Antarctica have been less studied than soils from continental areas of
Antarctica. In this work X-ray diffraction, difference X-ray diffraction, differential thermal analysis,
thermogravimetry, transmission electron microscopy/energy dispersive spectroscopy and selective
chemical dissolution were used to characterize the clay fraction of basaltic, acid sulfate and ornithogenic
Cryosols from ice-free areas of Admiralty Bay, King George Island. Non-crystalline phases are important
soil components and reach >75% of the clay fraction for some ornithogenic soils. Randomly interstratified
smectite-hydroxy-Al-interlayered smectite is the main clay mineral of basaltic soils. Kaolinite, chlorite and
regularly interstratified illite-smectite predominate in acid sulfate soils. Jarosite is also an important
component of the clay fraction in these soils. Crystalline Al and Fe phosphates occur in the clay at sites
directly affected by penguin activity and the chemical characteristics of these ornithogenic sites are
controlled by highly reactive, non-crystalline Al, Si, Fe and P phases. Chemical weathering is an active
process in Cryosols in Maritime Antarctica and is enhanced by the presence of sulfides for some parent
materials, and faunal activity.
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INTRODUCTION

Most pedological studies in Antarctica have dealt
with soils from extremely cold and dry continental areas
where physical weathering accounts for the rather
incipient soil development (Kelly and Zumberge, 1961;
Campbell and Claridge, 1987, 2004a, 2004b; Bockheim
and Tarnocai, 1998). Soils from Maritime Antarctica
have received much less attention. In this part of
Antarctica, warmer temperatures, the greater availability
of liquid water, the widespread presence of bird
colonies, pronounced vegetation development and
greater soil microbial activity result in more developed
soils.

Some authors have stated that under these conditions
chemical weathering is an important soil-forming
process leading to considerable amounts of pedogenic
Fe oxides, phosphates and clay minerals (Tatur and
Barczvk, 1985; Tatur, 1989; Blume et al., 2002, 2004;
Simas et al., 2005 under review). Other authors
concluded that even under maritime conditions chemical
weathering is insignificant and have attributed the
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formation of clay minerals to hydrothermal alteration
of parent materials and eolian inputs from nearby active
volcanoes (Jeong and Yoon, 2001; Yong et al., 2004).
Clearly our understanding of soil formation in Maritime
Antarctica is still limited.

Due to their large specific area, clay-sized minerals
greatly influence soil physical and chemical properties,
even when they are present in small amounts. Various
environmental issues, such as the influence of acid
deposition on soils, retention and cycling of organic and
inorganic contaminants, nutrient availability and organic
C dynamics, are strongly related to clay formation. This
is of particular importance in Antarctica where there is
increasing impact of local and global human activities
on these fragile ecosystems. In this paper, we have
studied in detail the clay fraction from the main soil
types at Admiralty Bay, King George Island.

MATERIAL AND METHODS

Study area

Admiralty Bay (62°03'40''-62°5'40"" S and
58°23'30"-58°24'30” W) is located in King George
Island and is part of the South Shetlands Archipelago,
Maritime Antartica (Figure 1). Data sets from
1982—-2002, acquired at the Brazilian Comandante
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62°30°

Figure 1. King George Island and the locations of the sites studied at Admiralty Bay (S1—S9) (modified from Birkenmayer, 2001).

Ferraz Station, report mean air temperatures varying
from —6.4°C in July to +2.3°C in February. Mean annual
precipitation is 366.7 mm. Positive air temperatures
occur from November until March when effective
precipitation as liquid water is increased due to melting
of accumulated winter snow. Soils have formed pre-
dominantly from tholeite basalts and, to a lesser extent,
from sulfide-bearing andesites and related moraine,
solifluction and fluvioglacial deposits. Intense paleohy-
drothermal activity (Yong et al., 2004) and recent eolian
deposition of volcanic ash in this part of Antarctica have
been reported (Blume et al., 2004; Yong et al., 2004).

Site characteristics and soil sample treatments

We selected two altitudinal sequences ranging from
upland, ahumic soils to lower, acid, ornithogenic soils
with greater organic C contents, as well as acid soils
formed from sulfide-bearing rocks and related deposits.
Soil pH, nutrient availability, exchangeable Al and
particle size distribution were determined for <2 mm
samples (EMBRAPA, 1997). Total organic C was
determined on <0.5 mm samples by wet combustion
(Yeomans and Bremner, 1988). General site descriptions
and their approximate location are presented in Table 1
and Figure 1, respectively. Some important chemical
and physical characteristics of the soils are presented in
Table 2. The clay fraction was separated by dispersion in
water at pH 10.0 (1 g Na,COs3: 10 L of deionized water),
sieving of the sand fraction and sedimentation of silt +
clay followed by siphoning of the <2 pm fraction (Gee
and Bauder, 1986).

Based on their general chemical properties, which are
greatly influenced by parent materials and bird detritus,
the soils are grouped as follows:

Group 1: basaltic soils — sites 1 and 2
Group 2: ornithogenic soils — sites 3, 4, 5, 6 and 7
Group 3: acid sulfate soils — sites 8 and 9

Chemical dissolution

The use of selective dissolution for mineralogical
studies has been much reported in the literature
(Campbell and Schwertmann, 1985; Smith, 1994; Melo
et al., 2002a). In this study, natural (untreated) clay
samples were submitted to the following sequential
extraction:

(1) pH 10.0 Na pyrophosphate (pyr) — extraction of Al
and Fe bound to organic matter (Dahlgren, 1994);

(2) pH 3.0 0.2 mol/L ammonium oxalate in the dark
(ox) — extraction of poorly ordered Fe, Al and Si
compounds (Schwertmann, 1973);

(3) 0.5 mol/L NaOH (OH) — extraction of poorly
ordered aluminosilicates not removed by the previous
extractions (Jackson et al., 1986, modified by Melo et
al., 2002a, 2002b).

The general procedure for all extractions was:
(a) drying of the samples at 105°C for 12 h before and
after each extraction to obtain initial and final weights to
0.0001 g; (b) removal of excess salt by washing with
0.5 M (NH4),CO;3 and deionized water after each
extraction; (c) Al, Fe, Si, Mg and Ca in the extracts
were determined by inductively coupled plasma-mass
spectrometry (ICP-MS) with the results converted to
percentage oxides. The P concentration was determined
in the oxalate and NaOH extracts by photocolorimetry
and is expressed as P,Os. The total mass removed by
cach treatment for an initial mass of 1000 g is as
follows:

T, =Y, + X; + Z; where:

T; = total mass removal for sample i (g/kg);

Y; = removal by pyrophosphate extraction (g/kg);

X; = (0.001*removal by oxalate extraction (g/kg))*
(1000—-Yy);

Z; = (0.001*removal by NaOH extraction (g/kg))*
(1000—(X;+Y7)).
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Table 1. General characteristics of the sites studied.

Site Altitude Vegetation Site description
(m a.s.l.*)

Group 1 — Basaltic soils
Site 1 147 Absent Subpolar desert with no ornithogenic influence and no vegetation.
Site 2 90 U Well drained, no ornithogenic influence, sparse vegetation.

Group 2 — Ornithogenic soils

Site 3 72 D>C Abandoned penguin rookery on the highest level of ornithogenic
influence; probably the most ancient level of ornithogenic soils; well
developed, continuous vegetation. Permafrost at 50 cm.

Site 4 69 D>M>C Abandoned, well drained penguin rookery; phosphatization evidenced by
discontinuous whitish horizons throughout the profile; well developed,
continuous vegetation. Permafrost at 50 cm.

Site 5 32 M> D Poorly drained. This site receives a large amount of leachate from the
upslope ancient rookeries; well developed continuous vegetation.
Site 6 63 M>D>U>C Well drained. Indirect ornithogenic influence through lateral leacheate.

Exuberant vegetation cover. Abundant roots down to 25 cm. Fibric O
horizon from 0—10 cm.

Site 7 61 M>D>U>C Well drained, similar to site 6. Buried O horizon at 30—40 cm.

Group 3 — Acid sulfate soils

Site 8 69 Rare crustose lichens Shallow profile, lithic contact at 35 cm. Basaltic colluvium overlying
yellowish, acidic material.

Site 9 47 U>M>D Stable terminal moraine. Whole profile affected by sulfates. Representa-

tive of soils formed from sulfide-affected rocks of Keller Peninsula.
Permafrost at 40 cm.

D — Deschampsia Antarctica (Gramineae); C — Colobanthus quitensis (Cariofilaceae); M — mosses; U — Usnea sp. (lichen)
* metres above sea level

Table 2. Some chemical and physical characteristics of the soils studied.

Depth pH! p? AP TOC? csand fsand silt clay
(cm) (mg/kg) (cmolc/dm3) (g/kg) — (dg/kg) ——
Site 1
0-20 6.8 (0.3) 56.6 (11.9) 0.3 (0.2) 1.0 49.5 21.0 25.0 15.0
Site 2
0-50 7.1 (0.7) 516.5 (58.5) 0.2 (0.2) 3.2 (4.3) 33.0 8.6 35.6 22.8
Site 3
10—-50 4.2 (0.1) 1015.3 (267.4) 10.5 (2.5) 6.0 (2.7) 59.2 13.4 19 8.5
Site 4
0-70 4.1 (0.3) 1421.8 (310.3) 6.2 (1.5) 13.0 (2.3) 80.5 5.0 7.5 7.0
Site 5
0—-40 5.1 (0.5) 391.0 (102.0) 6.2 (3.3) 20.5 (18.6) 73.6 53 8.1 243
40-50 4.9 826.2 33 8.0 74.0 6.4 11.8 10.2
Site 6
10—40 4.0 (0.1) 1049.9 (55.7) 6.5 (0.7) 32.7 (6.1) 50.0 16.3 25.7 8.0
Site 7
0-20 4.5 (0.1) 726.9 (14.0) 3.9 (0.5) 66.0 (16.9) 72.0 3.0 14.0 11.0
20—40 4.3 (0.1) 1140.1 (238.0) 5.0 (0.7) 100.0 (9.9) 68.0 8.0 14.0 10.0
Site 8
0—10 7.6 173.5 0.0 4.0 29.0 8.0 34.0 29.0
20-30 4.7 (0.2) 36.7 (13.8) 17.1 (1.2) 1.0 20.0 6.0 72.0 2.0
Site 9
0—-10 5.1 44.6 7.6 5.0 52.0 6.0 26.0 16.0
20—-70 4.5 (0.3) 21.3 (4.0) 27.7 (7.3) 1.2 (0.4) 29.2 7.2 64.0 1.0

' 1:2.5 water; > Melich-1 extractable-P; > exchangeable AF*: 4 Total organic C
() standard error
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X-ray diffraction and difference XRD

Approximately 0.5 g of finely ground dry clay
samples were mounted on aluminum holders and
submitted to X-ray diffraction (XRD) analysis. The
XRD patterns were obtained before and after each
extraction, following the procedure proposed by Schulze
(1994). Difference XRD (DXRD) patterns were obtained
by subtracting the pattern for a treated sample from the
XRD pattern obtained prior to the treatment (untreated
sample — pyr, pyr-ox and ox-OH) (Campbell and
Schwertman, 1985; Schulze, 1994).

Oriented clays on ceramic plates were analyzed by
XRD after Mg saturation, liquid glycerol solvation and
K saturation (room temperature, heating at 400°C and
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550°C for 1 h). In order to resolve kaolinite and chlorite
peaks for group 3 clays, oxalate-extracted, dry clay
samples were ground with 20% of urea (in weight) as
described by Gardolinski et al. (2001).

Random powder samples of the finely ground sand
fraction from some sites were also analyzed by XRD. All
XRD patterns were obtained using monochromated
CuKa radiation and were interpreted according to
Brindley and Brown (1980) and Nriagu and Moore
(1984).

Differential thermal and thermogravimetric analyses

Simultaneous differential thermal and thermogravi-
metric (DTA and TG) analyses of the oxalate-treated

Si 1- pyroxene

Mg

Fe
Cu

B4 s
, A
d Fe Cu

2- smectite-HIS

3- magnetite °

4- plagioclase

Al

Ca

A
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Figure 2. TEM images and qualitative EDS analyses of the clay fraction from site 1. (a) | — pyroxene; 2 — interstratified smectite-
HIS; 3 — magnetite; and (b) 4 — plagioclase. Cu peaks in the EDS spectra are due to interference from the Cu grid.
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samples were carried out using a Shimadzu DTG-60
instrument by heating 20 mg of sample from ambient
temperature to 1000°C at 10°C min~', under N, atmo-
sphere. In this paper, only data from group 3 sites are
presented. Using the TG results, the amount of kaolinite
in clay samples from sites 8 and 9 was estimated
according to Jackson (1979) and Tan et al. (1986).

Transmission electron microscopy and energy
dispersive spectrometry

Dilute clay suspensions were mounted on carbon-
coated copper grids and analyzed using a JEOL 3000F
field emission gun transmission electron microscope
(FEG-TEM) equipped with an Oxford Instruments INCA
200 EDS system. All images, EDS analyses and electron
diffraction patterns were acquired at 300 kV accelerat-
ing voltage.

RESULTS AND DISCUSSION

Group 1 — Basaltic ahumic soils (sites 1 and 2)

The XRD results indicate that the sand fraction (data
not shown) of these soils consists mainly of plagioclase

Ch/Ka I-S/Ja

Ch/Ka
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(major reflections at 3.21, 3.19 and 2.16 A), with minor
amounts of pyroxene (3.12 and 2.88 A), magnetite (2.53,
2.44,2.10 and 1.61 A) and traces of quartz (3.33 A) A
weak peak at 15.0 A indicates the presence of smectite
in the sand fraction. Plagioclase, quartz, pyroxene and
magnetite are also common in the clay fraction as
confirmed by TEM/EDS analyses (Figure 2).

Smectites are indicated in the XRD patterns for both
sites by the sharp peak at 14.3—14.5 A for the Mg-
saturated sample (Figure 3), expanding to 16.5—16.6 A
after glycerol solvation (Figure 4a,c). The 060 reflection
at 1.50 A (not shown) indicates the dioctahedral nature
of this clay mineral (Borchardt, 1989; Egli er al., 2001).

For site 1, the K-saturated sample had a peak at
12.7 A, shifting after heating at 550°C to a broad peak
with two maxima at 12.3 A and 10.5 A (Figure 4a). For
site 2 a broad asymmetrical peak with maxima at 13.9 A
and 12.4 A was formed after K saturation, shifting after
heating to an asymmetrical peak at 10.3 A with a
broadening towards greater d values.

The resistance of the K-saturated mineral to collapse
to 10.0 A even after heating at 550°C suggests the
presence of hydroxy-Al interlayers (Barnhisel and

Group 3

Pl

sHis |

Q/Mi

S-HIS -
: Mi
Le|l | M e Me

Group 2

Group 1

3 5 7 911131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

1920

Figure 3. Representative XRD patterns of basally oriented Mg-saturated clays from each soil group. (I-S — interstratified illite-
smectite; Ch — chlorite; Ka — kaolinite; Ja — jarosite; S-HIS — interstratified smectite-hydroxy-Al smectite; Le — leucophosphite;
Mi — minyulite; Me — metavariscite; Pl — plagioclase; Q — quartz; Px — pyroxene).
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a SITE 1 — before the sequential extractions
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b SITE | — after the sequential extractions

3 4 5 5 7 8 9 °20

d SITE 2 — after the sequential extractions

14.3
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Figure 4. XRD patterns of oriented clay before (a, ¢) and after (b, d,) the sequential pyrophosphate-oxalate-NaOH extractions
showing shifts of the 001 reflection (A) of the S-HIS mineral for Sites 1 and 2 after the following treatments: G — glycerol solvation;
Mg — saturation with MgCl,; K — saturation with KCI at room temperature; 550 — heating at 550 °C of K-saturated clay.

Bertsch, 1989), characterizing a randomly interstratified
smectite-hydroxy-Al smectite (S-HIS). The peak posi-
tions after K saturation or glycerol solvation depend on
the proportion of each phase in the interstratified mineral
(Sawhney, 1989). Greater proportions of HIS layers
result in peaks closer to 14.4 A. Therefore, the results
suggest relatively larger proportions of HIS layers for
site 2 as the mineral retained a 13.9 A d value after K
saturation.

It is also known that more stable interlayer constitu-
ents require greater temperatures to produce shifts to
lower d values for K-saturated clays (Barnhisel and
Bertsch, 1989). In the present study, the interlayer
component in clays from site 2 was more easily removed
by heating and by chemical extractions than for site 1
(Figure 4c,d). The lower stability of the hydroxy-Al
component and/or lower degree of interlayer filling for
site 2 is suggested by the smaller d value obtained after
heating at 550°C in relation to site 1 (Figure 4a,c). For
the extracted sample (Figure 4d), a broad peak with a
clear maximum at 10.8 A was formed after K saturation,
shifting to 10.2 A after heating. This indicates that most
of the hydroxy-Al interlayers were effectively removed

by the sequential extraction. On the other hand, the
chemical extractions had little effect on the site 1
sample, indicating the greater stability of the interlayer
components.

We found no evidence of neoformation of smectites
in soils from Admiralty Bay. The presence of clay-sized
pyroxene and plagioclase indicates a very small degree
of chemical alteration of the parent material. Jeong and
Yoon (2001) and Yong er al. (2004) suggested that
smectites in King George Island soils are likely to have
been inherited from hydrothermal alteration of bedrock.
The presence of smectite in the sand fraction of group 1
soils also indicates that the clay fraction may be at least
partially inherited through cryoclastic weathering of
coarser soil particles.

In the soil environment, the polymerization of
hydroxy-Al in the interlayer spaces of smectites is
expected even under weak weathering conditions
(Borchardt, 1989). The acid attack of both tetrahedral
and octahedral sheets of the expansible mineral and the
weathering of aluminous minerals such as plagioclases
are possible sources of hydroxy-Al polymers (Wilson,
1999).
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Approximately 25 (+0.4)% of the clay fraction was As the Na pyrophosphate and ammonium oxalate
removed by chemical extractions for site 1 and 14 extractions are assumed to have had no effect on
(£1.4)% for site 2 (i.e. total mass removal — Table 3). crystalline minerals, the total mass removal (TMR) by

Table 3. Sequential extraction data for the clay samples.

Depth Pyrophosphate —— NH, oxalate — NaOH' —— — Mass removal> ———
A1203 F6203 SIOZ A1203 F6203 SIOZ P205 A1203 8102 P205 TMR Pyr Ox NaOH Pyr+OX

cm (g/kg) (%)

Site 1

0-10 5.2 1.0 0.0 31.8 7.7 30.2 72 11.6 6.2 0.8 249 3.6 121 9.2 15.7
10-20 5.5 0.7 02 270 7.1 342 6.8 6.3 52 0.5 243 3.7 131 7.5 16.8

Site 2

0-10 3.5 2.2 3.7 9.4 69 112 6.8 3.9 3.5 04 20.6 2.6 5.7 7.9 8.3
10—-20 2.1 1.9 1.7 10.5 6.7 14.0 5.9 33 3.1 04 18.7 2.7 5.4 5.9 8.1
20—-30 1.5 0.7 1.0 10.1 6.0 15.6 5.9 34 32 0.5 235 0.4 54 7.1 5.8
30-40 1.8 1.4 1.2 9.9 6.6 11.5 5.7 2.6 2.7 0.5 23.7 1.1 7.5 7.1 8.7
40-50 2.0 1.3 2.2 8.7 56 114 4.9 2.9 2.6 0.6 26.3 1.6 4.6 7.0 6.2
50—60 1.7 0.9 1.7 102 62 133 5.6 33 2.7 04 20.6 0.6 59 7.2 6.5
Site 3

10-20 403 247 35 252 187 13.0 434 3.8 5.5 04 481 27.7 10.7 9.7 384
20-30 38.6 226 53 290 384 93 693 29 4.8 03 527 272 172 8.3 44.4
30-40 242 172 32 351 417 84 747 5.4 5.6 1.1 533 179 236 118 41.5
40-50 245 218 39 31.7 244 6.7 532 197 137 289 600 16.1 192 247 353

Site 4

0—10 30.7  20.7 1.5 1e6.1 11.3 7.6 9.6 84 133 54 442 21.0 7.4 15.8 28.4
10—-20 522 413 2.5 268 149 94 20.5 12.1 19.7 47 67.1 39.5 10.1 17.5 49.6
20-30 784  28.8 50 331 15.6 57 31.7 71.0 8.6 102.0 82.8 462 11.7 24.8 57.9
30—40 65.7 18.2 1.7 303 14.1 43 332 945 7.9 1351 81.6 322 129 36.6 45.1
40—-50 58.0 219 23 292 154 7.7 283 620 173 87.5 703 29.0 13.6 27.6 42.6
50—60 58.1 209 2.1  30.7 16.5 46 324 816 13.1 1123 780 27.7 13.7 36.6 41.4
60—-70  66.1 26.8 58 364 17.1 56 366 8.1 144 1119 816 378 139 30.0 51.7

Site 5

0—10 209 152 2.1 16.6 11.0 11.7 5.7 5.2 9.7 0.7 38.0 20.6 7.9 9.5 28.5
10-20 25.1 22.0 14 164 13.6 9.2 7.3 6.0 9.8 1.1 38.6 18.7 8.7 11.2 27.4
20-30 26.1  29.1 6.2 132 16.6 5.9 8.8 6.5 8.8 1.6 383 235 7.0 7.8 30.5
30—40 320 352 109 132 157 5.7 8.2 7.1 8.3 1.0 36.5 237 7.0 5.8 30.7
40-50 385 33.0 113 13.6 155 5.7 9.1 6.1 8.1 1.0 429 263 8.8 7.7 352

Site 6

10—-20 18.5 208 40 129 9.6 7.6 151 3.7 8.8 1.4 628 262 212 15.3 47.4
20-30 23.6 265 25 193 153 9.0 18.6 4.0 102 0.8 469 246 9.5 12.8 34.1
30—40 364 398 39 163 125 85 139 40 10.3 09 527 317 8.0 13.0 39.7

Site 7

10—-20 264 28.7 1.8 122 10.0 8.1 10.5 43 9.0 1.4 515 302 7.1 14.3 37.3
20-30 16.8 229 1.4 108 9.1 57 10.5 3.8 8.6 1.2 51.0 315 64 13.0 38.0
30—-40 88.3 61.5 2.0 10.5 6.8 6.2 6.6 3.5 8.6 1.2 67.7 528 4.0 11.0 56.7
40-50 385 289 20 139 14.0 7.1 157 39 5.9 32 595 417 6.5 11.3 48.2

Site 8

0—10 1.9 0.6 0.0 2.8 6.0 0.5 1.0 3.0 8.2 04 14.7 8.7 3.7 2.3 12.4
10—-20 5.3 1.4 1.9 3.1 15.8 0.6 4.3 2.1 6.7 1.1 213 14.1 5.0 2.2 19.1
20-30 7.0 1.6 3.9 29 141 0.6 3.7 1.6 5.8 0.7 228 13.7 6.0 32 19.6

Site 9

0-10 6.8 2.0 6.8 73 157 4.5 5.6 39 1.5 0.9 20.1 3.5 8.2 8.5 11.7
10-20 5.0 1.5 4.7 6.9 205 39 6.0 33 1.3 1.0 21.1 1.9 8.5 10.7 10.4
20-30  22.8 63 269 42 213 2.0 8.2 3.0 1.5 1.1 26.0 72 9.3 9.5 16.5
30-40 265 72 328 39 220 1.8 8.4 2.5 1.3 1.1 274 8.5 9.3 9.6 17.8
40-50 11.0 42 108 47 234 1.3 5.8 3.2 1.4 1.0 21.8 6.1 6.5 9.2 12.6
50-60  14.9 44 151 3.8 212 1.9 5.4 3.6 1.5 1.1 246 10.1 5.8 8.7 15.9

! The Fe,0; levels in the NaOH extracts are < detection limit and therefore are not presented
% 9% of mass removal from the clay fraction by each extractant: TMR — total mass removed
Pyr = Na pyrophosphate extraction; Ox = NH, oxalate extraction
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Table 4. Mean values and standard errors ( ) of Al/Si and
P,05/(Al,05 + Fe,05) ratios for oxalate extracts of the clay
fractions.

Depth Alo/Sio P,05/(Al,05 + Fe,05)
(cm)

Site 1

0-20 0.9 (0.1) 0.2 (0.0)
Site 2

0—-60 2.0 (0.4) 0.4 (0.0)
Site 3

10—20 1.9 1.0
20—-50 4.0 (0.8) 1.0 (0.1)
Site 4

0-20 2.5 (0.4) 0.4 (0.1)
20—-70 6.0 (1.3) 0.7 (0.0)
Site 5

0-50 2.0 (0.4) 0.3 (0.0)
Site 6

10—40 1.9 (0.2) 0.6 (0.1)
Site 7

10—-50 1.8 (0.2) 0.5 (0.1)
Site 8

0—-10 5.1 0.1
10—-30 5.3 (0.3) 0.2 (0.0)
Site 9

0—-60 2.2 (0.7) 0.3 (0.1)

these extractions provides an estimate of the non-
crystalline components in the clay fraction. For sites 1
and 2, the non-crystalline phases account for 16 (+0.8)%
and 8 (£1.2)% of the clay fraction, respectively
(Table 3). The oxalate extraction accounted for 80% of
these amounts, indicating that X-ray amorphous allo-
phane-like minerals were the main extracted phases.
The DXRD patterns obtained after the oxalate
extraction (pyr-ox) resemble those described for allo-
phane, with broad maxima at 3.3 and 2.2 A (Campbell
and Schwertmann, 1985; Wada, 1989; Parfitt, 1990).
The Al/Si ratio in the oxalate extracts for both sites is
close to 1.0 (Table 4), which is similar to Si-rich
allophanic materials described by Parfitt (1990).
Pumice allophane (Farmer et al., 1979), defect kaolin
allophane (Parfitt and Wilson, 1985) and halloysite-like
allophane (Yoshinaga, 1986) are names which have been
proposed for Si-rich allophanes (Parfitt, 1990). The
amount of amorphous allophane-like phases is obtained
by multiplying the % Si in the oxalate extract by 5
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(Parfitt, 1990; Smith, 1994). Approximately 14% and
6% of the clay from sites 1 and 2, respectively, is
composed of a Si-rich allophane-like phase(s).

Group 2 — ornithogenic soils (sites 3—7)

Similarly to group 1 soils, the interstratified S-HIS is
the dominant crystalline clay mineral in the clay fraction
of group 2 soils (Figure 3). Similar peaks before and
after the chemical extractions for all clay treatments
suggest that little of the interlayer component was
removed. All group 2 soils also contain small amounts
of quartz, plagioclase and Fe-Ti oxides in the clay
fraction as confirmed by TEM/EDS analysis (Figure 5).
Apart from this similarity in clay mineralogy, the XRD
patterns indicate that there are pronounced mineralogical
differences from group 1 soils for those sites directly
(3 and 4) or indirectly (5, 6 and 7) influenced by penguin
activity. For the former sites, sharp, intense peaks of
several crystalline phosphates occur which are listed in
Table 5 and illustrated in Figure 3. These minerals were
present only in layers deeper than 20 cm at both sites
(3 and 4).

The sequential extractions removed, on average, 53.5
(£4.9)% and 72.3 (£13.8)% of the clay fraction for sites
3 and 4, respectively (Table 3 — TMR). Similarly to
group 1, the amount of non-crystalline phases (bound
organic matter and X-ray amorphous Al, Fe, Si-P
minerals) was estimated from the mass removed by the
pyr and ox extractions (Table 3).

The DXRD (pyr-ox) patterns of group 2 clays present
broad lines with maxima at 3.3 and 2.2 A indicating the
removal of X-ray amorphous minerals. The NaOH
extraction resulted in the complete dissolution of
crystalline phosphates for all samples from site 4
(Figure 6) and for the deepest layer of site 3 (not
shown). For the upper layers of site 3, a crystalline
phosphate with similar 4 values to leucophosphite
persisted after the NaOH extraction (Figure 7). For
samples from which all crystalline phosphates were
dissolved, the mass removal by the NaOH extraction
gives an estimate of the amount of these minerals
(Table 3 — site 3 and deepest layer of site 4).

For site 3, 41.4 (£3.9)% of the clay fraction was
removed by the pyr + ox extractions (non-crystalline
phases). For site 4, these phases account for 45.2
(£9.4)% of the clay fraction. Approximately 73.2%
(site 3) and 55.6% (site 4) of the non-crystalline
components were removed by the pyrophosphate

Table 5. Crystalline phosphates identified in the clay fraction for sites 2 and 3.

Name Chemical formula Main XRD peaks (10%)
Leucophosphite Ky(Fe*",Al)4(PO4)4(OH),.2H,0 7.63, 6.79, 5.99, 3.061
Minyulite KAI,(PO,),(OH,F).4H,0 6.8, 5.6, 3.38, 3.07, 2.61, 2.38, 2.14

Metavariscite Al(POy4).2H,0

2.77, 433, 4.67
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Figure 5. TEM images, qualitative EDS analysis and electron diffraction of the clay fraction from site 3. (a) 1: plagioclase fragment;
2: Ti-rich magnetite; 3—5: Al-Fe phosphates; 6: pyroxene. (b) Fe phosphate in clay from site 3 after the sequential extractions (Fe-P).
(¢) 7—9: X-ray amorphous Al and Fe phosphates; 10—11: X-ray amorphous Al, Si and P phase. All features from ¢ yielded electron
diffraction patterns typical of X-ray amorphous materials (broad rings) as illustrated for C-8. Cu peaks in the EDS spectra are due to
the Cu grid.
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Figure 6. Random powder XRD patterns of the clay fraction from a phosphatic layer of site 4 after each chemical extraction. Le —
leucophosphite; Me — metavariscite; Mi — minyulite; S-HIS — interstratified smectite-hydroxy-Al smectite; Pl — plagioclase; Q —
quartz; Px — pyroxene; unt — untreated sample; pyr — after pyrophosphate extraction; ox — after pyr + oxalate extraction; NaOH —

after pyr + ox + NaOH extractions.

extraction, demonstrating the significant participation
of phases bound to organic matter (Table 3). This was
expected due to the large organic C content in these
sites compared to groups 1 and 3. At the deepest layer
of site 3, 24.7% of the clay fraction was removed by the
NaOH extraction (crystalline phosphates) and for site
4, an average of 31.1 (£5.3)% of the clay below 20 cm
deep is composed of these minerals (Table 3).

For sites 3 and 4 (Table 3), the oxalate extracts had the
highest P levels of all sites (site 2 — 72.0+3.8 g/kg and
site 3 — 32.4+3.0 g/kg) with the P,Os/(Al,03 + Fe,03)
ratio ranging from 0.7 to 1.0 and with extremely high
values for the Al/Si ratio (Table 4). This suggests that
X-ray amorphous Al and Fe phosphates were the main
extracted phases. The TEM/EDS analysis confirmed the
abundance of spherical phosphate aggregates containing
various amounts of Al, Fe and K (Figure 7). For the
20—40 cm layer of site 3, P and Fe levels in the oxalate
extracts were greater than for any of the other studied
sites, with Fe exceeding Al (Table 3). On the other hand,
for all layers of site 4, Al levels are nearly twice as great
as those of Fe in the oxalate extract (Table 3).

As described in detail by Polish researchers, various
processes are responsible for the paragenesis of phos-
phates in ornithogenic soils of Maritime Antarctica
(Tatur and Myrcha, 1993; Myrcha et al., 1985; Tatur and
Barckzuc, 1985). Continuous manuring and the avail-
ability of large amounts of liquid water promote
percolation of alkaline solutions which lead to the
formation and persistence of phosphates. After site
abandonment by penguins, soil acidification and perco-
lation of alkali-poor rain or melt water cause the

alteration and dissolution of these minerals, leading to
the formation of X-ray amorphous Fe, Al-P phases.

Sites 3 and 4 are abandoned rookeries where
exuberant vegetation has developed (Tatur ef al., 1997,
Simas et al., 2005). Struvite and hydroxylapatite, typical
of surface guano layers in active rookeries (Tatur and
Myrcha, 1993), are no longer present due to their lack of
stability in the current pedoenvironmental conditions.
Nevertheless, even after a long period of abandonment,
Al and Fe phosphates constitute the main crystalline
components of the clay fraction for these sites, thus
constituting a long-term reserve of P for plant nutrition.
Previous work suggests that some of these rookeries are
>500 y old (Tatur et al., 1997).

The higher Fe levels in the oxalate extracts (Table 3)
and the XRD patterns (Figure 6) suggest that the
crystalline P mineral in the clay from the 20—40 cm
layers of site 4 is Fe-rich leucophosphite. The TEM/EDS
analyses revealed the presence of Fe-rich phosphates in a
sample from site 4 previously extracted with NaOH,
supporting this interpretation (Figure 7). This might
explain the ineffectiveness of the NaOH extractant in
removing the crystalline phosphates from these layers.
Due to the insolubility of Fe at high pH (Smith, 1994),
the NaOH extraction is not efficient in removing
crystalline Fe-P minerals (Table 3, Figure 7).

Samples from sites 5, 6 and 7 do not contain
crystalline phosphates. The TMR by the sequential
extraction for each site was 38.9 (£2.4)%, 57.4
(£7.9)% and 54.1 (£8.0)%, respectively (Table 3). For
these sites, because little hydroxy-Al interlayer compon-
ent and no crystalline minerals were removed, the TMR
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Figure 7. Random powder XRD patterns of the clay fraction from site 3 after oxalate (ox) and oxalate + NaOH (NaOH) extractions.
An unidentified crystalline phosphate (P) yielding peaks similar to those of leucophosphite persisted after the NaOH extraction for
the 30—40 cm layer while for the deepest layer (40—50 cm) there was complete removal of crystalline phosphates (not shown).
S-HIS — hydroxy-interlayered smectite; Pl — plagioclase; Q — quartz; Px — pyroxene.

values give an idea of the amount of non-crystalline
phases in the clay fraction from these sites. Similarly to
sites 3 and 4, pyrophosphate-extractable phases account
for ~60% of the TMR, with increasing levels of Al, Si
and Fe with depth (Table 3). For site 6, a buried O
horizon (30—40 cm layer) favors the accumulation of Al
and Fe bound to organic matter. The oxalate extract had
a mean Al/Si ratio of 2.0 and relatively low P levels
(7.8—15 g/kg), with the P,0s/(Al,03 + Fe,03) ratio
ranging from 0.3—0.6 (Table 4). NaOH extracted very
little P and the Al/Si ratio <0.9 for this extractant
indicates the removal of an X-ray amorphous Si-rich
phase(s) (Table 3).

The composition of the oxalate extracts suggests that
much P is adsorbed onto allophane-like phases for sites
5, 6 and 7. Due to the high organic C content (Table 2),
some of the P is also likely to be adsorbed by humus-Al
complexes. Allophane-like minerals, ferrihydrite and Al-
humus complexes are the most likely to react with P in
acid soils (Parfitt and Kimble, 1989). P-allophane
reactions start with rapid strong adsorption followed by
a slower, weaker adsorption. As the P concentration
increases the disruption of the allophane structure,
precipitation of crystalline or/and non-crystalline Al
phosphates occurs. Even in soils where allophane is not
present, Al phosphates can precipitate from reactions
with Al-humus species if high levels of phosphate are
present (Parfitt and Kimble, 1989). Similarly, reactions
with X-ray amorphous Fe oxides can lead to the
formation of Fe phosphates in acid (pH 2.3—4.9)
pedoenvironments.

Amorphous Si-rich particles resembling grass opal
phytoliths (Drees et al., 1989) are also common in the
clay fraction for all ornithogenic sites but were not
present in groups 1 and 3 soils (Figure 8). This is
consistent with the development of exuberant
Deschampsia Antarctica (gramineae) communities at
ornithogenic sites.

Group 3 — acid sulfate soils (sites 8 and 9)

Quartz and plagioclase are the main minerals in the
sand fraction of these soils. Chlorite is also present with
an intense peak at 7.06 A and a much weaker peak at
14.2 A, corresponding to the 002 and 001 reflections.
For the clay fraction, peaks at 24.4 z&, 12.07 A and 8.1 A
after Mg saturation correspond to the 001, 002 and 003
reflections, respectively, of a regularly interstratified
clay mineral composed of 10 A and 14 A layers
(Figure 3). After glycerol solvation the 001 peak
expanded to 27.6, with higher-order reflections at 13.8
(002) and 9.4 A (003), suggesting the presence of
smectite layers (not shown). After K saturation, a peak
at 21.5 A was formed and heating to 550°C yielded a
21.0 A peak. These results suggest that the mineral is a
regularly interstratified illite-smectite (I-S). Chlorite is
also present in the clay fraction as shown by the 14.8 A
(001), 7.12 A (002), 4.99 A (003) and 3.54 A (004)
peaks, all unaffected by glycerol or K saturation. A peak
at 1.50 A (060 reflection) and no peak at 1.54 A suggest
a dioctahedral structure for the illite-smectite and
possibly the chlorite (not shown) (Egli et al., 2001).

The XRD patterns of oxalate-extracted samples have
peaks at 3.57 A (kaolinite 002 peak) and 3.54 A
(chlorite 004 peak) (Figure 9a). After the urea treatment,
part of the 7.12 A peak shifted to 7.6—7.8 A, indicating
the increase of kaolinite dyg; values due to the
penetration of urea into interlamellar spaces of kaolinite
(Gardolinski et al., 2001) (Figure 9b). The remaining
7.12 A peak indicates the presence of chlorite, which
was unaffected by the urea treatment. Results from DTA
analysis (not shown) also support the presence of
kaolinite with the main endothermic peak occurring
between 460 and 490°C while an incipient exothermic
peak occurred between 950 and 1000°C. Chlorite
endothermic (600°C) and exothermic (850—900°C)
peaks are also present. Based on TG data, the estimated
total amounts of kaolinite in the clay fraction were 22.2
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Figure 8. X-ray amorphous Si bodies (a—c) in the clay fraction of ornithogenic soils, resembling grass root opal (Drees et al., 1989).
All particles showed similar Si, O chemical composition (e) and electron diffraction patterns of X-ray amorphous silica (d).

(£0.3)% and 40.1 (+2.8)% for sites § and 9, respectively.
The TEM/EDS analyses confirmed the presence of
kaolinite and indicate that it occurs mainly as rather
asymmetrical plates and very rarely as typical hexagonal
crystals (Figure 10a,c). The electron diffraction patterns
of the kaolinite crystals consist of a hexagonal /k
network based on b = 9.0 A.

The plagioclase content in the clay fraction is
negligible with no characteristic sharp peaks at 3.19
and 3.20 A. Jarosite was identified by the 5.09 (012),
3.08 (113) and 3.11 A (021) reflections for site 9
(Figure 11), although they were absent for site 8. The
TEM/EDS analyses confirm the abundance of jarosite

crystals in the clay fraction of site 9 (Figure 10b).
Various amounts of K and Na in the different jarosite
crystals indicate that jarosite is commonly intermediate
to natrojarosite.

Interstratified I-S, chlorite and kaolinite have been
described previously for soils on King George Island and
were attributed to paleohydrothemal alteration of mica-
bearing granodiorites (Yong et al., 2004). Wilson (1999)
considers it unlikely that I-S forms as a stable phase in
soils due to the elevated temperature and pressures
needed for its formation in diagenetic sequences.
However, Bergkraut et al. (1994) have described
regularly interstratified I-S formed under Earth-surface
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Figure 9. XRD patterns of the clay fraction from site 9 after pyrophosphate and oxalate extractions indicating the presence of both
chlorite and kaolinite; 9a shows distinguishable peaks at 3.57 A for kaolinite and 3.54 A for chlorite. 9b shows the expansion of the
kaolinite 001 peak to 7.6—7.8 A after urea treatment, with no effect on the chlorite 002 peak.

conditions due to weathering of basic pyroclastics. illitization under pedogenic temperatures due to wetting
Srodon and Eberl (1984) also present evidence of and drying of smectites in the presence of K.

\.°

Figure 10. TEM images and EDS of clay from site 9. (a) 1 — subheudral kaolinite plates; 2 — jarosite crystals; 3 — interstratified
illite-smectite; (b) 4 — ferrihydrite; (c) electron diffraction pattern (EDP) of a hexagonal kaolinite crystal; and (d) EDP of a single
jarosite crystal.
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Wetting and drying cycles take place in Cryosols
from Maritime Antarctica due to their frequent daily
freeze-thaw cycles. Ultra-desiccation of soil constituents
due to freezing is an important, well-known process in
Cryosols (Ostroumov, 2004; Van Vliet-Lanoé et al.,
2004). Under such conditions, illitization of smectites
may take place. Sea-spray, bird droppings, weathering of
plagioclases and transformation of jarosite to X-ray
amorphous Fe oxides are possible sources of K.

Oxidation of pyrite has resulted in acid sulfate
weathering, with precipitation of jarosite and/or natro-
jarosite. As outlined by Doner and Lynn (1989), the
acidity produced by this transformation has a strong
impact on layer silicate stability, particularly for the
interlayers of 2:1 silicates, leading to the degradation of
chlorites and smectites. The absence of plagioclases in
the clay fraction of sites 8 and 9 suggests that chemical
weathering is an important process at these sites.
Although kaolinite may be inherited from the hydro-
thermal alteration of parent materials, chemical weath-
ering of plagioclases to clay minerals is also a possible
explanation for its presence in acid sulfate soils of
Admiralty Bay.

The TMR by the sequential extractions were 22.0
(+1.0)% and 23.5 (+2.9)% for sites 8 and 9, respectively.
Based on the mass removal by the pyrophosphate and
oxalate extractions, non-crystalline phases account for
19.3 (+0.4)% and 14 (£ 3.0)% of the clay fraction for sites
8 and 9, respectively (Table 3). Pyrophosphate accounted
for >60% of the total mass removal for site 8, while for
site 9 a gradual increase from 10 to 40% occurred with
depth (Table 3). For both sites, pyrophosphate-extractable
Al, Fe and Si increased with depth with an abrupt increase
in the 20—40 cm layers of site 9 (Table 3). Since these
soils have negligible organic C contents, X-ray amor-
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phous Al, Fe and Si compounds were probably the main
phases extracted with pyrophosphate.

The oxalate extraction accounted for >20% of the
TMR in site 8. For site 9, a gradual reduction from 40 to
20% with depth was observed (Table 3). The Fe levels
for the oxalate extracts were very high (2—5 times
higher than Al), suggesting that X-ray amorphous Fe
(ferrihydrite) was the main phase extracted (Table 3).
Relatively high P levels (comparable to some ornitho-
genic sites) suggest that is P adsorbed onto X-ray
amorphous Fe minerals (Table 3). Weathering of mafic
minerals such as pyroxenes and amphiboles, Fe-chlorite
and hydrolization of jarosites are possible sources of
X-ray amorphous Fe phases. A close association
between X-ray amorphous Fe-rich phases and jarosite
crystals was indicated by TEM/EDS analyses
(Figure 10).

Boiling NaOH removed <20% of the TMR for site 8
and nearly 50% for the first 20 cm of site 9, with the
amount gradually decreasing with depth to 35%
(Table 3). Jarosite was the main mineral removed by
NaOH for site 9 (Figure 11), with no effect of extraction
on crystalline clay minerals. Therefore we can estimate
that jarosite accounts for ~8—10% of the clay fraction
for this site.

These data suggest that intense acid weathering is
occurring with accumulation of X-ray amorphous phases
at depth. This is more noticeable for site 9, where larger
amounts of pyrophosphate-extractable Al, Si and Fe in
the 20—40 cm layers (Table 3) coincide with the mean
permafrost depth at this site. Accumulation of X-ray
amorphous Fe, Al and Si gels in the permafrost layer is
common in Cryosols, being facilitated by the thermally
induced water potential starting from the onset of thaw
(Van Vliet-Lanoé€ et al., 2004).
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Figure 11. Random powder XRD patterns of the clay fraction from site 9, after each chemical extraction. (Cl —reflections common to
all clay minerals, in this case chlorite, I-S and kaolinite; Ja — jarosite; Q — quartz; Ch — chlorite).
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CONCLUSIONS

Clay-sized minerals on ahumic basaltic sites of
Admiralty Bay are mainly inherited from hydrothermally
altered parent materials through physical particle-size
reduction promoted by soil freeze-and-thaw cycles. In
the soil environment, these materials undergo chemical
weathering with formation of interestratified S-HIS and
allophane-like phases.

The interaction between penguin guano and inherited
clay-sized minerals leads to the formation of crystalline
Al and Fe phosphates which constitute long-term P
reserves on abandoned rookery sites on basaltic sub-
strates. Leaching of P-rich solutions affects areas adjacent
to penguin rookeries reacting with soil organic matter and
allophane-like phases. The extremely large proportions of
non-crystalline phases indicate that the chemical char-
acteristics of ornithogenic sites are determined by these
highly reactive phases. Future monitoring of the chemistry
of such phases may be useful in assessing anthropogenic
impacts and environmental health.

Soils formed from sulfide-bearing andesites undergo
intense acid sulfate weathering with the formation of
jarosite and X-ray amorphous Al-Si and Fe minerals.
The clay fraction is made up mainly of inherited
interstratified I-S and chlorite as well as kaolinite.
Intense weathering of primary plagioclases in these soils
may lead to the formation of kaolinite.

Contrary to continental Antarctic Cryosols, where
physical weathering dominates, chemical weathering is
an active process in Cryosols from Admiralty Bay with
dissolution of primary alumino-silicates and limited
leaching of dissolved Al, Fe and Si. Chemical weath-
ering is enhanced at some sites by the oxidation of
sulfides present in the parent material and by faunal
activity.
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