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Salt-affected soils in the Lopez de Bertodano
Formation, polar semi-desert of Seymour Island,
Antarctica: topographic or lithological controls?
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Abstract: Salinization is one of the main pedogenetic processes occurring on the
semiarid zone of the Weddel sea, like in Seymour Island, where salt-affected soils
are widespread. This study aimed to investigate whether topography controls the
distribution of salt-affected soils on Seymour Island, particularly with reference to the
Lopez de Bertodano Formation. Chemical and physical results from 45 soil profiles were
used, where morphometric variables were extracted. Descriptive statistical analysis,
extraction of morphometric variables, cluster analysis and principal component analysis
were carried out in this database. The separation of soils associated with the Lopez de
Bertodano Formation into two groups is explained by topographic atributes, and not by
soil properties. Hence, the salts in soils have a geogenic origin, and despite differences
in geological units, the uniform mineralogical composition of all Lopez de Bertodano
Formation results in the widespread accumulation of salts in soils, influenced by the
saline parent material and the semi-desert climate. Despite the lack of topographic
control in the distribution of saline soils as a whole, geomorphology play a distinct
role in the formation of secondary saline features, such as crusts, efflorescences, and
columnar structures, or in salt composition of salts present in the soils.
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Hill, and Seymour Islands. In this region, the
mean annual air temperature varies between

The Antarctic Peninsula (AP) is a climatic
transition region located in the northwest of the
Antarctic continent. The west coast, bordered
by the Bransfield Strait, has a milder and more
humid climate. In contrast, the east coast, facing
the Weddell Sea, is characterized by negative
temperatures throughout the year and low
precipitation (Campbell & Claridge 1987).

The AP and its islands comprise an ice-free
area of 14 %, totaling approximately 8,000 km?
(Bockheim & Hall 2002). In the southeastern
part of the AP lies the James Ross Archipelago,
consisting of James Ross, Vega, Cockburn, Snow

-5.5 and -9.4 °C, with no monthly temperatures
above zero and an average annual precipitation
of 250 mm (Gutierréz-Elorza et al. 2011).
Pedological studies on Seymour Island
have been conducted in central and northern
portions (Souza et al. 2014, Schaefer et al. 2015,
Gjorup et al. 2020). According to these studies,
Seymour’s soils are mostly relatively deep (+50
cm) and have a shallower active layer compared
to soils in the Maritime Antarctic. These authors
observed several predominant pedogenetic
processes on the island, such as salinization,
sulfuration, and phosphatization. The presence
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of salt was widely reported on the surface and to
a lesser extent in the subsurface, as well as the
occurrence of horizons undergoing sulfuration
and profiles with pH variation between acidic to
basic. Phosphatization was observed in only one
location, an extensive penguin colony located in
the southeastern portion, which includes active
and abandoned areas.

Salinization, according to Bockheim
& Gennadiyev (2000), is the process of
accumulation of soluble salts of Na, Ca, Mg, and
K in the form of chlorides, sulfates, carbonates,
and bicarbonates in soils. These accumulations
occur through the input of marine aerosols,
salt-rich glaciers melting, as well as the action
of chemical weathering on marine-origin
sediments (Keys & Williams 1981).

In the southwest portion of Seymour
Island lies the Lopez de Bertodano Formation,
an area with salt-affected soils that remains
poorly understood. Studying this formation
and the distribution of salts in its soils is
crucial, as it may contain the most saline soils
on the entire island, or even throughout the
Antarctic Peninsula, based on the characteristics
described in the literature.

One of the primary areas of interest is
understanding the distribution of these salt-
affected soils and determining if topography
plays a role in controlling the salinization
processes. The relief influences water circulation,
which, in the Antarctic setting, directly impacts
the geochemical soluble salts movement. On
Seymour Island, features of salt precipitation,
such as crusts and efflorescences, are frequently
observed in specific landscape positions,
including water channels and snowbanks.
However, it remains uncertain whether this
phenomenon reflects topographic control of
salinization or if saline soils are influenced by
other soil-forming factors.

SALT-AFFECTED SOILS IN SEYMOUR ISLAND

This study aimed to investigate whether
topography controls the distribution of salt-
affected soils on Seymour Island, particularly
in relation to the Lopez de Bertodano
Formation. Statistical analyses were conducted,
incorporating chemical and physical data
from soil profiles along with topographic
variables. Our findings have the potential to
enhance our understanding of the mechanisms
underlying salinization in Antarctic soils and,
consequently, contribute to the characterization
of environments with unique attributes.

MATERIALS AND METHODS
Study area

Seymour Island covers an area of 77 km? and
is located off the west coast of the James Ross
Archipelago and north/northeast of the Weddell
Sea, at latitude 64° 14'S and longitude 56° 43'W
(Campbell & Claridge 1987, Nozal et al. 2007)
(Figure 1a-c). The island is approximately 20.5
km long in the NE-SW direction and about 9.6 km
wide at its widest point (Elliot et al. 1975).
According to Tatur et al. (1993), Seymour
Island has unique characteristics compared to
neighboringislands, including low temperatures,
minimal precipitation, high surface salt content,
and sparse vegetation. Reynolds (1981) noted
that minimum temperatures occur in June
and July, while maximum temperatures are in
December and January, with an average annual
temperature of -8.3 °C. Annual precipitation
typically does not exceed 250 mm, with a
maximum of 20 % in liquid form, classifying
Seymour Island as having a semi-arid subpolar
climate (Gutierréz-Elorza et al. 2011, Reynolds
1981). Similar to continental Antarctica, islands
in the Antarctic Peninsula exhibit surface salts,
visible as efflorescence on rocks or within the
soil profiles (Campbell & Claridge 1987, Claridge
& Campbell 1968, 1982). The vegetation is
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Datum: WGS 1984 Soil profiles
Source: ESRI Satellite
El Study area

Figure 1. Study area location. a) Location of the James Ross Archipelago on the east coast of the Antarctic
Peninsula; b) Location of the James Ross Archipelago and Seymour Island to the east; c) Location of Seymour/
Marambio Island, the studied soil profiles, and the study area boundary.

practically absent, limited to small areas within
moist fissures in larger rocks (Fretwell et al. 2011,
Silva Busso et al. 2000).

The island is predominantly formed by
sedimentary rocks developed between the
Cretaceous and Neogene periods (Sadler 1988),
with the Lopez de Bertodano Formation (FLB)
(Cretaceous-Paleocene) being the oldest and
occupying the largest area (45 km?) (Macellari
1988). Specifically, its formation is of marine
origin, exhibiting abundant fossil fauna and a
low degree of diagenesis. It is largely composed
of looser arenosiltaceous sediments, becoming
more massive only at the base (Macellari 1988).
Overall, these sediments are more homogeneous
and denser when weathered, as they have a
lower content of bitumen and sulfides (Tatur et
al. 1993).

The topography of the area where the
Lopez de Bertodano Formation is located
is characterized by a succession of cuestas,

with structural control of the low-angle dip of
the sedimentary layers (Montes et al. 2019).
According to Gutiérrez-Elorza et al. (2011), the
current morphology of the island is the result
of Quaternary erosive processes, such as fluvial
and marine morphogenesis, in a periglacial
context. Fluvial morphogenesis would be the
main shaping agent, along with the snow-
periglacial system, being the primary generator
of rock frost weathering.

Soil physical and chemical analysis

A total of 45 soil profiles were analyzed, with 31
described and collected in January/December
2019/2020, and 14 in January/December
2022/2023, totaling 171 sampled horizons. The
samples were disaggregated and sieved through
a 2 mm, composing the Air-Dried Fine Earth
(ADFE). Subsequently, physical and chemical
analyses were carried out according to Teixeira
et al. (2017).
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The particle size distribution was
determined by the pipette method, using sodium
hexametaphosphate as the main reagent (0.058
mol L). Electrical conductivity was measured in
a 1:5 saturated extract (Richards 1954). EC was
corrected based on the equation proposed by
Richards (1954), which takes into account soil
texture, thus generating the variable ECe.

Soil pH was measured using water and a 1
mol L' KCl solution in a soil ratio of 1:2.5. The
Mehlich-1 method (using 0.05 mol L' HCl and
0.0125 mol L' H,SO,) was used to extract available
cations K and Na. Determination was done by
flame photometry (Na and K). Ca* and Mg™
were extracted using 1 mol L' and determined
by atomic absorption spectroscopy. After that,
the sum of cations (K, Na’, Ca®, and Mg”) was
calculated to generate the variable sum of bases
(SB). The analyzed variables studied are: CS, FS,
Silt, Clay, pH H20, pH KCl, SB, Na, and ECe.

Descriptive statistics

Descriptive statistical analyses (mean, median,
maximum, minimum, and standard deviation)
were conducted on all samples (n = 171). The
data were subjected to the Kolmogorov-Smirnov
test to check for normal distribution. The
Student’s “t” test (p < 0.05) was performed on
soil attributes with normal distribution, while
the Mann-Whitney U test was applied to those
without normal distribution.

Environmental predictors

A set of 42 topographic attributes was generated,
involving primary and secondary terrain
attributes (Sena et al. 2020), along with terrain-
based attribute classifications derived from the
Reference Elevation Model of Antarctica (REMA)
with a spatial resolution of 10 meters (Table I).
The R software (R Core Team 2021) was used
for this, employing the “rsaga” (Brenning 2008),

SALT-AFFECTED SOILS IN SEYMOUR ISLAND

“raster” (Robert 2019), and “rgrass7” (Bivand et
al. 2018) packages.

The REMA mosaic was built from individual
Digital Elevation Models (DEMs) extracted
from stereoscopic images of the WorldView-1,
WorldView-2, WorldView-3, and GeoEye-1
satellites, mainly collected during the austral
summer seasons of 2015 and 2016. The individual
DEM was vertically registered to satellite
altimetry measurements from Cryosat-2 and
ICESat, resulting in absolute uncertainties of
less than 1 m over most of the area (Howat et
al. 2019).

Cluster analysis

Cluster analysis is a method used to group
observations into homogeneous clusters based
on their degree of similarity (Hair Junior et al.
1998). For this purpose, the K-means method
was employed to group soil profiles with
higher similarity based on soil properties and
topographic variables. The cluster analysis
begins with determining the optimal number of
clusters, which was assessed using the PseudoT?2
(Duda et al. 2006) and CH (Calinski & Harabasz
1974) methods from the NBClust package in the
R software.

Principal component analysis

Principal Component Analysis (PCA) allows
similar variables to be grouped into principal
dimensions or components, without
distinguishing between independent and
dependent variables (Borlvka et al. 2005). We
used the “FactoMiner” package (Husson et al.
2018) to perform PCA on soil attributes and
morphometric parameters (Table 1) for each of
the soil profiles. This analysis was conducted
to understand the relationships between soil
attributes and topographic parameters (Abdi &
Williams 2010). Essentially, this analysis involves
an orthogonal linear transformation of the data,
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Table I. Topographic variables derived from the Reference Elevation Model of Antarctica (REMA) of the Lopez de

Bertodano Formation.

Terrain atributes
Aspect
Convergence index
Cross sectional curvature
Diurnal anisotropic heating
Effective air flow heights
Flow line curvature
General curvature
Hillshade
Longitudinal curvature
Mass balance index
Maximal curvature
Digital elevation model
Mid-slope position

Minimal curvature

Multiresolution index of ridge
top flatness

Multiresolution index of
valley bottom flatness

Normalized height
Plan curvature
Profile curvature
Real surface area
Ridge level

Saga wetness index

Solar diffuse

Solar direct

Abreviations
ASP
Cl
CSC
DAH
EAFH
FLC

GC

LC
MBI
MAXC
DEM
MSP
MINC

MRRTF

MRVBF

NH

PLANC

PROC

RSA

RL

SWI

SDIF

SDIR
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Brief description
Slope orientation
Convergence/divergence index in relation to runoff
Measures the curvature perpendicular to the down slope direction

Continuous measurement of exposure dependent energy

Refers to the effective height above the Earth’s surface where the
main air transport processes occur.

Represents the projection of a gradient line to a horizontal plane
The combination of both plan and profile curvatures
Represents the topography of the land.

Measures the curvature in the down slope direction
Balance index between erosion and deposition
Maximum curvature in local normal section

Represents the elevation in each model cell

Represents the distance from the top to the valley, ranging from 0
to1

Minimum curvature for local normal section

Indicates flat positions in high altitude areas

Indicates flat surfaces at bottom of valley

Vertical distance between base and ridge of normalized slope

Described as the curvature of the hypothetical contour line
passing through a specific cell

Describes surface curvature in the direction of the steepest incline
Actual calculation of cell area
Measure of altitude or elevation along a topographic ridge.
Evaluates the relative humidity of the soil in a given area.
Refers to diffuse solar radiation, which is a component of solar
radiation that reaches the Earth’s surface after being dispersed

and scattered by the atmosphere.

Amount of direct solar radiation that reaches a given area or point
on the earth surface.

€20240584 5|13
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Table I. Continuation.

Solar ratio SR
Solar total ST
Sky view factor SVF
Slope degress SD
Slope height SH
Standardized height STANH
Surface specific points SSP
Tangencial curvature TANC
Terrain ruggedness index TRI
Terrain surface convexity TSC
Terrain suir\zaacheaglﬁissiﬁcation 501
Terrain surface texture TST
Total curvature TC
Topografic openness T0
Topographic position index TPI
Valley depth VD
Vector ruggedness measure VRM
Wind exposition WE

SALT-AFFECTED SOILS IN SEYMOUR ISLAND

Relationship between the amount of direct solar radiation received
by a given area and the total solar radiation available in that area.

Total amount of solar radiation that falls on a given area or point
on the earth surface during a given period of time.

Proportion of ground visibility unobstructed by obstacles from the
sky.

Angle of incident sunlight in relation to the plane of the earth
equator.

Vertical distance between base and ridge of slope
Vertical distance between base and standardized slope index
Indicates differences between specific surface shift points

Measured in the normal plane in a direction perpendicular to the
gradiente

Quantitative index of topography heterogeneity

Ratio of the number of cells that have positive curvature to the
number of all valid cells within a specified search radius

Relies on morphometric analyzes to identify patterns in the
landscape and assign each region a specific type of terrain.

Refers to the roughness or variation in elevation of the terrain in a
given geographic area.

General measure of surface curvature

Quantifies the exposure or visibility of a given location in relation
to its topographic neighborhood.

Difference between the an point elevation with surrounding
elevation

Calculation of vertical distance at drainage base level

Measures the variation in terrain roughness

Measure that assesses the degree of exposure of an object to the
wind

resulting in a new set of orthogonal data known
as Principal Components (PCs), which explain
the variation in the data (Jambu 1991).

The 51 parameters (9 soil properties and
42 topographic variables) were employed in
reducing the dimensionality of the principal
components (PCA). The ideal values of the PCs
were determined by examining the contribution

values of each variable, which were considered
ideal when exceeding 0.7 for Dimension 1, 0.4
for Dimension 2, and 0.2 for Dimension 3. The
data used in PCA were normalized using the
preProcess function, employing the “center” and
“scale” methods available in the caret package
of the R software.
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RESULTS
Soil groups and their physical and chemical
properties
Cluster analysis was performed on the entire
data set, allowing to separate two groups.
Statistical analysis of soil properties was carried
out considering both groups with the aim of
understanding whether only soil properties
are able of differing from each other. Table Il
displays the statistical results of the physical
and chemical soil properties of the two soil
groups. For the variables FS, Silt, Clay, ECe, pH
H,0, pH KCl, and Na, the non-parametric Mann-
Whitney test was utilized, as these variables did
not exhibit normal distribution according to the
Kolmogorov-Smirnov test.

CS and SB exhibited a normal distribution,
and thus the parametric t-Student test was
conducted. For all soil properties, the only one

SALT-AFFECTED SOILS IN SEYMOUR ISLAND

that showed statistical difference between the
groups was CS, which Group 2 presented 0.06 g/
kg and Group 10.02 g/kg. However, CS values are
extremely low and poorly representative of the
total constitution of soil granulometric fractions.
FS levels were similar for both groups. Clay
values showed the same behavior, which Group
1 presented 0.34 g/kg and Group 2 0.35 g/kg. pH
values (KCl and H20), indicate acidity in both
groups. Elevated levels of Na were observed in
both groups, which Group 1 presented 2414.70
mg/dm3 and Group 2 2377.00 mg/dm3. SB is high
in both groups, with values of 28.58 cmolc/dm?
and 31.95 cmolc/dm?3 for Group 1 and Group 2,
respectively.

Principal component analysis

The PCA analysis corroborates the distinction
between the two soil groups identified in the

Table Il. Descriptive statistical analysis of the physical and chemical soil properties related to soil salinity of the

Lopez de Bertodano Formation.

cs FS silt Clay

CEc pH H20 pH KCL Na SB

Group 1(n =104)
Mean 0,02 0,37 0,27 0,34 10,70 5,55 4,63 2414,70 28,58
Median 0,00 0,36 0,26 0,33 8,56 4,96 3,88 2003,50 25,02
Min 0,00 0,08 0,12 0,15 1,20 3,24 2,71 303,00 15,57
Max 0,40 0,65 0,49 0,53 71,72 8,63 724 10621,00 85,41
SD 0,05 015 0,09 0,77 9,28 1,78 1,64 2102,86 12,70
Mean 0,06 0,36 0,27 0,35
Median 0,00 0,33 0,26 0,34
Min 0,00 0,03 0,14 0,20
Max 0,46 0,58 0,45 0,57
SD 0,11 013 0,07 0,07
p-value 0,00’ 0,35° 0,82? 0,407

Group 2 (n = 67)

10,65 5,46 4,59 2377,00 31,95
10,39 4,50 3,65 2231,00 28,67
0,48 317 2,81 181,00 10,52
27,47 8,67 7,38 7490,00 68,08
6,62 1,87 1,67 157218 14,11
0,52° 0,33 0,54° 0,41 017

CS: Coarse sand. FS: Fine Sand. CEc: Corrected electrical conductivity. SB: Sum of bases. SD: Standard deviation. 'Test t-Student.

*Test Mann-Whitney.
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cluster analysis (Figure 2 and 3). The first three
PCs of the PCA were used as they explain the
majority of the data variability (57 %). The first
PC (PC1) explained 35.7 % of the data, the second
(PC2) 13.2 %, and the third (PC3) 81 %.

Figure 2 shows that topographic variables
are responsible for group separation, while
soil physical and chemical properties are less
importante forit. FS had the highest contribution
(014) in Dim2, while Clay (013), SB (011), and CS
(0.09) were the highest values in Dim1. Na (0.05)
had a lower contribution in Dim1, along with
CEc (0.02). pH H20 (0.01) and pH KCL (0.00) were
insignificant in the PCA, as well as Silt (0.00).

Dim3 (Figure 3) follows the same trend as
Dim1and Dim2. However, soil properties pH H20
(0.02) and pH KCl (0.02), which previously had
almost no contribution, now begin to have some
importance. FS(0.98) remainsthe mostimportant

SVF

Dim2 (13.2%)

5

SALT-AFFECTED SOILS IN SEYMOUR ISLAND

in Dim3, while CS (0.03) was important in Dim1.
The variables CEc, Na, SB, Silt, and Clay showed
no relationship with any of the dimensions.

DISCUSSION

The results showed that all soils are very
similar to each other. Although topographic
attributes separate two distinct groups, there
is no significant difference in salt accumulation
between them. This indicates that there is no
topographic control of salinization, but rather a
phenomenon that occurs in the broad spectrum
generalized manner.

The high sodium content identified in the
soils of Seymour Island is supported by Souza et
al. (2014), Gjorup et al. (2020), and Siqueira et al.
(2022)in othergeologicalformationsoftheisland.
Thisisinitially attributed to the predominant dry
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Figure 2. Principal Component Analysis of dimensions 1 and 2 of the Lopez de Bertodano Formation.
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climate, favoring salt accumulation irrespective
of lithology. Salinization thus emerges as a
significant pedogenetic process in local soil
formation (Souza et al. 2014). However, these
authors indicated that this accumulation is not
uniform across the landscape, as relief only
promotes salt accumulation in certain areas
(Souza at al. 2014, Schaefer at al. 2015, Gjorup et
al. 2020).

In the Lopez de Bertodano Formation,
topographic variables were found to be the
main factors explaining the separation of
groups (Figure 4). Regarding Dim1, 14 variables
contributed more than 0.7 (GC, LC, MAXC, PROC,
TC, MBI, DEM, NH, SWI, STANH, TST, TPI, VRM, and
WE): in Dim2, 6 variables contributed more than
0.4 (TO, SD, H, TSA, SVF, and MRRTF); and in Dim3,
5 variables had a contribution greater than 0.2
(RI, SB, MINC, Cec, and Na).

Dim3 (8.1%)

e R

5

SALT-AFFECTED SOILS IN SEYMOUR ISLAND

The soils in Group 2 have higher sand
content, while those in Group 1 have more
clay, sodium, and silt. The other soil properties
did not show a strong relationship with either
group, meaning they do not follow a pattern
and vary randomly in their concentrations. Thus,
the position of soil in the landscape and the
shape of the terrain where they are located
do not determine the increase or decrease in
soil properties, including those indicating the
salinization process, such as sodium content,
pH, and electrical conductivity.

But, why were the soils separated into two
groups based on topographic variables? This
occurred because, even though topography
was not a direct control of salinization, the
soils were classified based on two distinct
geomorphological characteristics. Group
1 comprises soil profiles found on slopes,

Groups
[e] -
(] 2

Dim1 (35.7%)

Figure 3. Principal Component Analysis of dimensions 1 and 3 of the Lopez de Bertodano Formation.
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characterizing the reverse side of a ridge, with
different curvatures and altitudes ranging from
the top of the landscape to the bottom of the
valleys. On the other hand, Group 2 does not
exhibit a defined pattern but tends to have
characteristics of soil profiles located in higher
and flatter areas.

Soil texture remains relevant in
differentiating the groups, even though other
properties have higher values as indicated in
Figure 4. However, these properties show an
opposite trend to that of the groups, meaning
they do not significantly contribute to explaining
the distinction between them.

And if topography doesn’'t seem to control
salt distribution, what would be the controlling
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factor? Qur results suggest that the widespread
occurrence of salt-affected soils in the Lopez
de Bertodano Formation, regardless of their
position in the landscape, implies that the salt
source is related to the parent material, namely,
the disseminated presence of salts in the rocks
composing this formation.

The Lopez de Bertodano Formation
originated from deposition in a transgressive
estuarine platform environment, where
sedimentation occurred under calm conditions,
contributing to a homogeneous lithology
(Macellari 1988). Its division into nine units
was based on the occurrence of different fossil
species (Mollusks from 1to 6 and Rotularia from
7 to 9), given that the lithological composition

Dimensions

. Dimension 1 (35,7%)
. Dimension 2 (13,2%)
. Dimension 3 (8,1%)

SIS REPIES SRF QPSR
J <

1y,

Figure 4. Importance values of the variables in each of the three dimensions of the Principal Component Analysis

of the Lopez de Bertodano Formation.
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of the material is similar across all units.
According to Macellari (1988), the differentiation
of species was influenced by factors related
to seawater, including salinity. For this reason,
the salts in these sediments have a geogenic
origin, meaning they were incorporated into the
sediments during the platform’s formation. The
semi-arid conditions of Seymour Island favor
the accumulation and concentration of these
salts, mainly at the surface. As observed in the
results, this is not controlled by topography but
by the parent material of the soils.

CONCLUSIONS

- The clustering of soils associated with the
Lopez de Bertodano Formation into two groups
is explained by topographic attributes, without
explaining physical or chemical properties, such
as salinization. This shows that topography is
not the factor controlling the occurrence of
salinization process in the studied area.

- The origin of the salt accumulating in
the profiles is geogenic and related to the
sedimentary nature of the uplifted Cretaceous
marine platform. Although separated into
geological units, this formation has a
homogeneous composition in mineralogical
terms, which makes salt accumulation in soils
a widespread process related to the parent
material and associated with the preset-day
semi-desert climatic conditions.

- However, the absence of topographic
control in the distribution of saline soils does
not imply na absence of geomorphological
importance in the formation of typical secondary
saline features, such as crusts, efflorescences,
and columnar structures, or even in the
composition of salts present in the soils. This
needs to be further studied through specific
sampling at different landscape positions,

SALT-AFFECTED SOILS IN SEYMOUR ISLAND

including detailed morphological studies and
chemical speciation.
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