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Abstract Fisher Island and Broknes Peninsula in the Larsemann Hills constitute part of a polar lowland periglacial environment
between marine and glacial ecosystems. The landscape is characterized by gently rolling hills and broad valleys interspersed with
lakes formed in glacially scoured basins. We analyzed the physicochemical parameters and the ionic constituents of water samples
from 10 lakes in each of these two locations. Our results showed considerable differences between the two regions and demon-
strated the influence of lithology and processes including weathering, evaporation, and atmospheric precipitation. All major cations
and anions in the lake waters showed positive correlations indicating balanced ionic concentrations. Unconsolidated sediments
were sparsely distributed and scattered over glacial deposits, valley fills, and occasional moraine ridges. The type and rate of sedi-
mentation was mainly controlled by surface run-oft and aeolian influx. The sediment samples from lake beds and the catchment
area on Fisher Island were immature and poorly to very poorly sorted, consisting of gravelly sand with negligible silt and finer
fractions. Sediments had a polymodal grain size distribution with the two major populations lying between —2 and —1 phi and be-
tween 0 and 1.5 phi. The sediments were lithic arenite to arkosic in composition and the microtextures imprinted over quartz grains
were dominated by mechanical textures resulting from several stages of glacial crushing and grinding. The presence of deep disso-
lution cavities, cryptocrystalline precipitation, and euhedral crystal growth signified the effect of chemical activity after the deposi-
tion of grains in the lacustrine environment.
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1 Introduction

The Larsemann Hills area (69°20'S—-69°28'S, 76°00'S—
76°30'E) is an ice-free oasis on the Ingrid Christensen
Coast of Princess Elizabeth Land, East Antarctica, which
includes Fisher Island, Broknes Peninsula, Stornes Penin-
sula, and several other islands, promontories, and nunataks
(Figure 1). Open sea lies to the east of Broknes Peninsula
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and Clemence Fjord separates it from Stinear Peninsula and
Fisher Island. The deglaciated terrain constitutes a transi-
tional zone between marine and glacial ecosystems and
includes gently rolling hills, glacially polished and striated
bedrock hummocks (roches moutonnees), scoured surfaces,
and broad valleys interspersed with lakes of varying dimen-
sions (Figure 2). Indian scientific studies in the Larsemann
Hills started in 2003 and the present work was carried out
from 2009 to 2010 during the construction of the third In-
dian research station, Bharati. To investigate lake water
chemistry and sediment characteristics in the area we col-
lected water samples from 20 lakes (10 each on Fisher Is-
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land and on Broknes Peninsula) and sediment samples from
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lake beds and catchment areas on Fisher Island.
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Figure 1 Location map of the area and sample sites.

Fast lce

Figure 2 Physiographic elements of the study site in the Larsemann Hills.

There are more than 150 freshwater lakes in the
Larsemann Hills!"! ranging from small ephemeral ponds to
large water bodies. It has been suggested that many Antarc-
tic lakes follow an evolutionary sequence as deglaciation
occurs®. Lake systems are generally closed and contained
in glacially scoured valleys thought to have been formed
after the retreat of the continental ice cap or as a result of
isostatic uplift following deglaciation™™”!. Fisher Island is
one of the large islands in the area with a maximum eleva-
tion of about 180 m above sea level. In places, valleys
separate the hills and the geomorphology is controlled by
lithology, geological structures, and the erosional action of
ice, water, and wind. Meltwater from ice and snow controls
the type and the rate of depositional processes.

Fisher Island and Broknes Peninsula in the Larsemann

Hills have a polar lowland periglacial climate with rela-
tively low precipitation, restricted periods of snow melt,
and low rates of ice melt. Persistent, strong katabatic winds
blow from the northeast on most days during the summer
and daytime air temperatures from December to February
range from 0 to 4°C. Pack ice is present adjacent to the
shore throughout summer and the fjords and embayment
are rarely ice-free. Weather data recorded by India Institute
of Geomagnetism at an unmanned automatic weather sta-
tion on Bharati Promontory (Indian Institute of Geomagne-
tism) between November 2009 and October 2010 showed a
maximum temperature of 6.35°C on 27 January 2010, a
minimum temperature of —38.1°C on 16 August 2010, and
a maximum wind speed of 37.63 m's™ on 27 June 2010.
The paleoenvironment of the Larsemann Hills has
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been reconstructed in a number of previous studies and the
results have revealed a heterogencous and complex his-
tory"**). Some of the lakes have preserved the evolutionary
sequence of deglaciation®?). A considerable amount of
work has been carried out on the glacial sediments of the
Vestfold Hills and other East Antarctic coastal ice-free areas
to investigate paraglacial sedimentary processes and to de-
velop models for moraine formation'®”. Research on envi-
ronmental parameters and freshwater lake sediments has
shown that the lakes of the Larsemann Hills became sea-
sonally ice-free after 10 500 a BP!"®). Previous studies have
used biological and physical markers drawn from lake
sediments in this region as paleoenvironmental indicators'”,
and the ionic profile of lake water on the Bharati promon-
tory and sedimentary processes in the Larsemann Hills area
have also been investigated!' """,

The Antarctic ice sheet retreated during the late Pleis-
tocene and remained relatively stable during the Holocene
epoch"?. As a result of this temporal evolution, lakes were
formed on maritime islands and peninsulas along the mar-
gins of the continent. These lakes offer a unique opportu-
nity to study the chemical characteristics of the lacustrine
ecosystem in a deglaciated terrain and to investigate the
influence of the proximal ice sheet and marine ecosystems
on lake hydrochemistry. During winter, the lakes become

anoxic and acquire oxygen only after the frozen surface
melts in summer. The mixing of fresh ice meltwater, sedi-
ment influx, and aeration take place during the summer
season. The continuous cycle of freezing and melting brings
about changes in the physicochemical and sedimentological
properties of the water and lake bottom sediments. Summer
melting of glaciers and snow banks replenishes the water
lost as a result of evaporation from these lakes. Measure-
ments of the ionic concentrations in lake waters have been
widely used to investigate the influence of the lithology of
the catchment, material influx into the lake systems, and
other processes that influence water chemistry including
weathering, evaporation, and atmospheric precipitation.
Lakes on Fisher Island and Broknes Peninsula vary in depth
from very shallow (a few tens of cm) to >30 m and sizes
range from small ponds to a large lake with an area of
0.13 km®. Most of the lakes on Fisher Island and Broknes
Peninsula are landlocked but a few proglacial lakes on
Broknes Peninsula are connected to the polar ice in the
south. For the present study, sampling on Fisher Island was
carried out in well-distributed representative locations but
water sampling on Broknes Peninsula could be possible at a
number of accessible locations only (Tables 1 and 2).

Fisher Island is typical of a polar lowland periglacial
environment and is characterized by low precipitation levels

Table 1 The water sample locations from the lakes of Fisher Island

S1. No. Sample no. Latitude Longitude Elevation from sea level/m
1 LHE/29/FI/1A & B 69°23'33.60"S 76°13'18.90"E 6.08
2 LHE/29/F1/2A & B 69°23'33.84"S 76°13'38.22"E 38.40
3 LHE/29/FI/3A & B 69°23'36.30"S 76°14'31.00"E 38.40
4 LHE/29/FI/4A & B 69°23'36.00"S 76°14'26.90"E 37.00
5 LHE/29/FI/5A & B 69°23'33.91"S 76°15'01.00"E 23.70
6 LHE/29/FI/6A & B 69°23'36.77"S 76°15'03.60"E 22.30
7 LHE/29/FI/7TA & B 69°23'27.02"S 76°15'22.35"E 5.08
8 LHE/29/FI/8A & B 69°23'23.87"S 76°15'37.70"E 37.70
9 LHE/29/FI/9A & B 69°23'32.15"S 76°16"04.67"E 62.60
10 LHE/29/FI/10A & B 69°23'33.76"S 76°16".06.56"E 58.00

Table 2 The water sample locations from the lakes of Broknes Peninsula

S1. No. Sample no. Latitude Longitude Elevation from sea level/m

1 LHE/29/BP/1A & B 69°23'40.40"S 76°19'08.07"E 22.5
2 LHE/29/BP/2A & B 69°23'34.00"S 76°19'20.80"E 23.5
3 LHE/29/BP/3A & B 69°23'16.00"S 76°19'15.00"E 83
4 LHE/29/BP/4A & B 69°23'14.00"S 76°19'16.20"E 64
5 LHE/29/BP/5A & B 69°23'11.60"S 76°19'04.60"E 61
6 LHE/29/BP/6A & B 69°23'14.00"S 76°18'55.40"E 64
7 LHE/29/BP/7TA & B 69°23'09.20"S 76°17'55.40"E 61
8 LHE/29/BP/8A & B 69°22'44.00"S 76°18'18.50"E 54
9 LHE/29/BP/9A & B 69°2224.80"S 76°18'32.30"E 23
10 LHE/29/BP/10A & B 69°22'28.80"S 76°19'19.60"E 25
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and limited snow and ice melt with only small amounts of
sediment available for transportation and deposition. Debris
mantles, consisting of thin deposits on hill slopes and val-
leys, form the only signature of glacially deposited sedi-
ments. Meltwater impounded by glacial deposits or accu-
mulated in depressions created by glacial erosion creates
snow-fed lakes of a variety of sizes, longevity, and lim-
nological characteristics. The lakes act as sediment sinks
and provide favorable locations for meltwater streams to
redistribute and deposit sediments. Meltwater from ice and
snow flows over the unconsolidated sediments or surficial
deposits that occur as thin mantles, isolated moraine
patches, or valley fills, and influences the type and rate of
depositional processes. Wind also plays a significant role in
reworking and depositing sediments into the low-lying lake
basins.

The sediments deposited in lakes are either autoch-
thonous or allochthonous!"*! and the spatial distribution of
sediments in a lake represents a complex interaction be-
tween sources in the catchment area, limnological processes
occurring in the lake, and the morphology of the lake ba-
sin'"*. Sediment geochemistry and granulometric studies
including grain size analysis and the examination of surface
textures help in the understanding of the provenance and
sedimentation process. The geochemistry of sediments from
Fisher Island has shown that they are a mixture of clastic
silicates and oxides (sand, silt, and clay fractions), organic
material, carbonates, and water. Sediments occurring on
Fisher Island are highly immature, consisting of gravelly
sand with negligible silt and clay and varying proportions
of pebble- to boulder-sized rock fragments. Major oxides,
trace elements, and rare earth elements (REE) in the sedi-
ments have been determined.

2 Materials and methods

Helicopter-supported field work was carried out in January
2010. Water samples were collected from 10 lakes on
Fisher Island and 10 lakes on Broknes Peninsula, following
the standard procedure for water sample collection. Neu-
tralized plastic bottles were rinsed twice with the lake water
and duplicate samples of 1.5 L each were collected from the
lakes. We assumed that chemical equilibrium had been at-
tained and that the lake water was homogeneous during the
summer period!"”. Samples were collected from easily ac-
cessible inner areas of each lake and physical parameters
including conductivity, pH, and water temperature were
recorded on site. One set of samples (A) was acidified using
10% (by volume) HNO; solution to preserve the sample
and another set of samples (B) was kept for chemical
analysis at the Chemical Laboratory of the Geological Sur-
vey of India (GSI). Sodium (Na), potassium (K), calcium
(Ca) and magnesium (Mg) were analyzed using an atomic
absorption spectrometer (Analyst-100; Perkin Elmer, Mas-
sachusetts,USA) in absorption mode using strontium salts
as a buffer. Chloride (CI) was analyzed using the titrimet-
ric method with potassium chromate (K,CrO,) as the indi-

December(2013) Vol. 24 No. 4

cator and silver nitrate (AgNO;) as the standard. A lower
detection limit of 0.1 ppm for silica was achieved using a
50-mm cell in an Aquamate ThermoSpectronic Spectro-
photometer. Fluoride (F') was measured using the zirco-
nium-eriochrome cyanine-R method adjusted to enable ac-
curate determination of F~ to 0.01 ppm. Carbonate (CO%™)
and bicarbonate (HCO3) were determined titrimetrically
using 0.01 N HCI, phenolphthalein, and methyl orange in-
dicators. Sulphate (SO~ ) was measured to a lower limit of
detection of 1 ppm using a turbidimeter according to the
American Public Health Association (APHA) method. Bo-
ron (B) was analyzed using a boron test kit (Merck, Darm-
stadt, Germany) and nitrate (NO3 ) was analyzed by de-
veloping color using phenol-disulfonic acid with a 50-mm
cell.

Using a sediment sampler, 18 sediment samples were
collected from lake beds on Fisher Island and other promi-
nent catchment areas feeding the lake system. Sediment
samples were washed with distilled water, macerated, and
dried at room temperature. Mechanical sieve analysis was
carried out at half phi intervals using a Retsch AS 200
sieve-shaker and ASTM sieves of #10, 14, 18, 25, 35, 45,
60, 80, 120, and 230 mesh sizes. Bigger clasts (+10 mesh)
were physically measured for granulometric studies. For the
study of surface textures, the standard procedure described
by Krinsley and Doornkamp!'* was used for the preparation
of the samples. Representative quartz grains from suitable
fractions (coarse, medium, and fine) in each of the 18 sam-
ples were selected using a binocular microscope and grain
morphology and surface microtextures were studied under a
scanning electron microscope (SEM; Leica-S440, Ger-
many).

3 Results

The aim of the present study of water samples from 10
lakes on Fisher Island was to determine physicochemical
properties including pH, electrical conductivity (EC), total
dissolved solids (TDS), and ionic concentrations (Tables 3
and 4). The pH values in the lake water ranged from 6.75 to
8.2 indicating slightly acidic to weakly alkaline conditions
during the period of observation. There was a large varia-
tion in EC (26-1 179 mmho-cm™) in the water samples. The
TDS ranged from 15 to 684 ppm and the ionic concentra-
tions of the cations Na*, K*, Ca?*, and Mg2+ ranged from
5.2 to 195 ppm, 0.5 to 9.6 ppm, 1.6 to 28 ppm, and 0.3 to
18 ppm, respectively. Various physicochemical parameters,
ionic concentrations, and plots of the major ions within the
Gibb’s boomerang envelope for lake water samples from
Fisher Island are shown in Figures 3 and 47,

The water quality parameters of the lakes on Broknes
Peninsula including pH, EC, TDS, and ionic concentrations
are listed in Tables 5 and 6 and presented graphically in
Figure 5. The pH values ranged from 4.63 to 7.15 indicat-
ing acidic to near neutral conditions with only one lake (No.
10) showing weakly alkaline conditions. The EC (246.3—
1 040 mmho-cm™) and the TDS (143-603 ppm) were also
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highly variable, and the ionic concentrations of the major
cations Na', K*, Ca®", and Mg”" ranged from 35 to 177 ppm,
1.8 to 3.8 ppm, 2.4 to 14.4 ppm, and 1.5 to 22.4 ppm, re-
spectively. The plots of major ions within the Gibb’s boo-
merang envelope are shown in Figure 6. In general, the

lakes on Fisher Island had lower EC and TDS than the lakes
on Broknes Peninsula. This difference might reflect the
greater freshwater input to the Fisher Island lakes or the
longer time elapsed since deglaciation on Broknes Penin-
sula.

Table 3 Physicochemical characteristics and ionic concentration of lake waters from Fisher Island, Larsemann Hills

EC/ _ _ _ _ .
SI.No.  Sample no. pH . TDS Na" K' Ca®* Mg® CI°” NO; SO HCO; CO; F Si0O, B POy
(mmho-cm™)
1 LHE/29/FI/1B  7.21 194.1 113 312 1.8 56 24 578 0.15 9.5 153 0 0.07 <0.1 <0.01 0.03
2 LHE/29/F1/2B  6.75 26 15 52 05 1.6 03 7 009 37 6.1 0 0.07 <0.1 <0.01 0.02
3 LHE/29/F1/3B  7.49 127.4 74 156 1.1 48 6.8 352 0.12 89 214 0 0.10 <0.1 <0.01 0.02
4 LHE/29/F1/4B  8.20 1179 684 195 9.6 28 18 334.1 0.16 122 131 0 0.01 1.86 <0.01 0.04
5 LHE/29/F1/5B  7.38 121.5 70 21.7 1.1 4 44 352 012 113 214 0 0.09 <0.1 <0.01 0.03
6 LHE/29/F1/6B  8.00 275.5 160 433 2 7.8 754 0.17 12,6 214 0 0.08 <0.1 <0.01 0.02
7 LHE/29/FI/7B  7.16 84 49 16 08 32 39 251 0.1 88 122 0 0.07 <0.1 <0.01 0.02
8 LHE/29/FI/8B  7.69 607.6 352 93 5 8 146 1784 0.14 37 214 0 006 0.22 <0.01 0.02
9 LHE/29/FI/9B  7.81 465.6 270 815 1.4 64 58 128.1 0.08 264 244 0 0.06 1.64 <0.01 0.04
10  LHE/29/FI/10B 8.20 1032 599 170 8 22 175 316 0.15 152 67.1 0 0.14 136 <0.01 0.05
Table 4 Correlation matrix of ionic concentration of lake waters from Fisher Island, Larsemann Hills
Na' K Cca* Mg** cr NO; S0?” HCO; F Si0, PO}
Na* 1
K 0.96 1
Ca* 096 096 1
Mg 092 094  0.88 1
Clr 0.99 0.97 0.95 0.93 1
NO; 0.47 0.59 0.58 0.58 0.49 1
SO?” 0.36 0.27 0.11 0.46 0.37 0.03 1
HCO; 0.89 0.89 0.96 0.78 0.87 0.48 0.01 1
F~ -0.18 -0.16 -0.17 -0.051 -0.12 -1.4X107° -0.14 -0.36 1
SiO, 0.85 0.69 0.78 0.62 0.81 0.06 0.27 0.78 -0.26 1
PO3}- 0.76 0.64 0.72 0.53 0.75 0.16 0.13 0.64 0.14 0.84 1
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Figure 3 Physicochemical parameters and ionic concentrations of lake water samples from Fisher Island.
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Figure 4 Plots of the major ions within the Gibb’s boomerang envelope for lake water samples from Fisher Island.

Table 5 Physicochemical Characteristics and ionic concentration of lake waters from Broknes Peninsula, Larsemann Hills

EC/

pH (mmho-cm’) TDS Na' K' Ca?* Mg?* CI" NO; SOF HCO; CO; F Si0, B PO~
m o-cm

S1. No. Sample no.

<0.01 0.78 <0.01 0.02
0.05 2.02 <0.01 0.03

LHE/29/BP/1B 4.63 246.3 143 51 23 48 15 653 023 25 12.2 0
LHE/29/BP/2B 6.94 1 040 603 177 6 144 224 309.1 0.15 453 488 0
LHE/29/BP/3B 5.74 499.4 290 88 3.1 72 92 141 0.18 36.7 183 0 0.04 025 <0.01 0.02
LHE/29/BP/4B 6.3 4379 254 79.7 3.8 24 83 123.1 0.18 286 183 0 0.03 037 <0.01 0.02
LHE/29/BP/5B 5.95 272.2 158 451 2 4 73 779 0.18 194 153 0 0.06 0.11 <0.01 0.02
LHE/29/BP/6B 6.23 249.1 144 35 18 24 78 729 024 148 122 0 0.09 <0.1 <0.01 0.02
LHE/29/BP/7B 6.44 348.4 202 50 24 4 88 1005 0.1 20 15.3 0 0.05 <0.1 <0.01 0.01
LHE/29/BP/8B 5.91 274.5 159 43518 4 49 779 013 157 153 0 0.05 <0.1 <0.01 0.03
4 0
8 0

O 0 3 &N W A~ W N =

9.7 108 0.14 267 122 0.06 <0.1 <0.01 0.02
10.7 183.4 0.15 456 153

LHE/29/BP/9B 6.56 381.2 221 56.3 2.6

LHE/29/BP/10B 7.15 655.5 380 109.2 5 0.08 0.1 <0.01 0.03
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Table 6 Correlation matrix of ionic concentration of lake waters from Broknes Peninsula, Larsemann Hills
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Na* K* Ca* Mg cr NO; SO%” HCO; F SiO, PO3"
Na* 1
K* 0.96 1
Ca** 0.93 0.82 1
Mgt 0.87 0.80 0.82 1
Cl 0.98 0.94 0.93 0.93 1
NO; -0.21 -0.22 -0.22 -0.33 -0.28 1
SO?{ 0.89 0.92 0.81 0.67 0.85 -0.15 1
HCO; 0.88 0.76 0.87 0.89 0.90 -0.20 0.59 1
F -0.03 0.02 -0.01 0.27 0.08 -0.07 0.03 -0.08 1
SiO, 0.79 0.67 0.80 0.69 0.77 0.05 0.53 0.91 -0.32 1
POi' 0.54 0.51 0.55 0.36 0.51 -0.02 0.48 0.44 0.20 0.38 1
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Figure 5 Physicochemical parameters and ionic concentrations of lake water samples from Broknes Peninsula.
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Figure 6 Plots of the major ions within the Gibb’s boomerang envelope for lake water samples from Broknes Peninsula.

Major oxides, trace elements, and REE identified in
the sediments of Fisher Island are listed in Tables 7 and 8.
Major element plots suggest a lithic arenite to arkosic
composition of the sediments (Figure 7). REE patterns of
sediment samples from Fisher Island shows negative euro-
pium (Eu) anomaly (Figure 8). Results of the mechanical
sieve analysis and measurements of clasts bigger than
coarse sand are presented in Table 9 and frequency distribu-
tion and cumulative frequency distribution curves are
shown in Figures 9 and 10, respectively. Cumulative curves
are an important tool for interpreting transport mecha-
nisms!'*?!! where the three fundamental modes of sediment
transport (rolling, saltation, and suspension), are identified
by prominent breaks or truncations in the curves. The
curves in the present study had a moderate to steep slope of

45°-70° starting from gravel to very fine silt. The statistical
size parameters!'® are given in Table 10. The mean size of
the sediments ranged from 0.66 to 1.81 phi, that is from
coarse sand to gravel, but the standard deviation ranged
from 0.81 to 2.29 indicating poor to very poor sorting of the
sediments. The majority of the sediments were positively
skewed but some were nearly symmetrical or negatively
skewed. Negative skewness reflects the production of finer
sediments by abrasion of particles from larger clasts™®.
Kurtosis, a measure of peakedness which is a function of
internal sorting or distribution*’), ranged from 0.64 to 1.90
signifying a very platykurtic to a very leptokurtic structure.
The spatial distribution of these parameters did not show
any specific pattern in the present study area.

Table 7 Major oxides (wt.%) in sediments from Fisher Island, Larsemann Hills

S1.No. Sample no. SiO, Al,O; Fe,O3 CaO MgO Na,O K,0 MnO TiO, P,05 LOI
1 29/FI/ 1S 71.64 1257 434  1.68 0.73 2.32 4.03 0.05 0.55 0.23 1.16
2 29/FI/ 1AS  72.84 11.74  2.61 1.38 0.53 2.51 4.24 0.02 0.38 0.14 1.88
3 29/F1/ 28 71.12 1368 2.82 1.75 0.55 3.03 4.09 0.01 0.38 0.12 0.78
4 29/FI/ 2AS  70.12 1451 2.83 181 0.48 3.21 4.28 0.01 0.34 0.10 1.56
5 29/F1/ 3S 72.92 1225 354  1.20 0.61 2.19 4.09 0.04 0.37 0.10 1.06
6 29/F1/ 4S 69.32 1201 4.17 2.64 0.93 2.15 3.51 0.04 0.56 0.12 3.16
7 29/F1/ 58 71.54 1193 4.73 1.46 1.82 2.14 3.37 0.03 0.65 0.11 1.03
8 29/FI/ 5AS 7198 13.14  3.51 1.77 1.41 2.74 3.19 0.02 0.46 0.09 1.04
9 29/F1/ 6S 71.31 1335 2.84 1.65 0.69 2.30 4.47 0.01 0.40 0.14 2.58
10  29/FI/6AS  70.22 1286 427 1.77 1.05 2.49 3.92 0.03 0.47 0.10 1.07
11 29/F1/ 7S 72.66 1259 2.69 146 0.73 2.74 3.94 0.03 0.38 0.11 1.58
12 29/FI/7AS  70.58 1258 329 141 0.81 2.57 3.95 0.04 0.46 0.11 4.35
13 29/F1/ 8S 68.60 1386 554 1.19 0.38 2.21 3.90 0.09 0.77 0.08 1.18
14 29/FI/8AS  70.87 13.62 3.81 1.05 0.68 2.32 4.60 0.05 0.54 0.09 1.08
15 29/F1/ 9S 72.02 1411 229 1.73 0.52 3.28 4.20 0.02 0.31 0.09 1.05
16  29/FI/9AS  71.90 1402 234 172 0.52 3.24 4.15 0.02 0.31 0.09 0.94
17 29/FI/ 108 69.18 1390 546 1.20 0.89 2.16 3.94 0.09 0.76 0.08 1.09
18 29/F1/ 10AS  70.37 1333 4.12  1.68 0.99 2.74 3.83 0.04 0.48 0.10 0.80
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Table 8 Trace Element and Rare Earth Element concentrations (ppm) in lake sediments from Fisher Island, Larsemann Hills

Sample 29/F1/ 29/F1/ 29/F1/ 29/F1/ 29/F1/ 29/Fl/ 29/F1/ 29/FV/ 29/FV/ 29/F1/ 29/F1/ 29/F1/ 29/F1/ 29/F1/ 29/FI/ 29/F1/ 29/F1/ 29/Fl/

no. 1S IAS 2S 2AS 3S 4S 58 S5AS 6S 6AS 7S 7AS 8S 8ASS 9SS 9AS 10S 10AS
Ba 548 486 460 486 507 531 451 418 454 474 492 539 592 649 489 491 582 435
Cr 38 26 32 26 22 42 90 61 46 67 33 36 63 42 28 28 68 69
Sr 75 80 109 113 84 147 82 106 115 114 104 100 93 104 118 119 94 104
Zr 169 124 126 136 174 265 150 114 163 158 109 123 246 197 114 111 237 129
Be 1.09 096 1.15 148 1.06 096 122 1.37 129 1.15 1.00 1.03 0.79 084 1.06 092 0.88 1.05
Ge 156 1.06 1.02 144 1.63 172 180 1.38 1.27 140 1.19 1.19 1.70 1.68 132 123 2.08 1.60
Mo 1.39 122 125 1.61 135 136 142 1.82 094 0.79 086 127 143 150 092 1.08 1.58 0.88
In 0.05 0.02 003 005 005 0.07 0.09 006 005 0.07 0.04 0.05 007 0.04 0.03 0.03 0.07 0.07
Sn 270 336 6.09 6.11 344 3.61 10.53 698 688 6.69 3.15 3.18 1.66 2.58 390 344 202 4.64
La 7239 43.07 60.77 70.04 63.88 95.25 107.3580.06 44.14 74.24 58.25 67.55 84.77 59.06 43.02 42.43 9032 74.56
Ce 102.2276.52 85.05 109.67 104.00 144.56 157.88 114.52 82.11 98.23 87.16 91.84 115.54 118.05 94.19 86.39 157.64 127.28
Pr 1277 9.56 10.80 11.53 11.08 15.84 17.19 12.63 9.25 11.45 10.15 10.97 14.16 10.36 843 8.28 14.73 11.99
Nd 4690 33.51 36.51 43.19 41.65 59.59 63.68 44.78 33.12 39.69 34.07 36.47 47.64 39.70 31.37 30.27 54.92 43.35
Sm 1099 7.89 8.71 8.78 8.54 1193 1322 9.37 7.43 8.75 7.692 8.18 10.84 748 6.14 595 1094 8.99
Eu 142 1.16 124 1.16 1.13 142 159 130 1.03 1.19 1.11 1.14 1.31 1.11 099 096 1.37 1.20
Gd 10.01 6.77 7.46 7.73 724 942 1097 730 644 6.83 585 625 845 6.13 507 4.87 9.15 17.82
Tb 184 1.17 130 134 128 156 193 124 1.17 1.18 1.00 1.08 1.51 1.06 0.88 085 1.65 1.44
Dy 945 514 574 625 627 7.03 9.62 567 581 567 470 538 827 555 434 424 9.16 7.89
Ho 1.55 076 0.78 095 099 1.14 154 086 092 091 0.77 092 155 099 0.72 0.71 1.67 1.34
Er 452 212 202 260 278 334 446 240 260 260 223 271 479 3.09 213 212 528 4.03
Tm 0.69 031 027 035 040 050 0.64 034 036 038 034 042 079 050 032 032 0.85 0.62
Yb 4.04 1.66 134 186 234 290 3.65 185 195 2.18 201 2.52 509 3.08 1.88 1.89 545 3.57
Lu 058 027 022 028 036 046 049 026 030 032 029 035 0.73 046 028 0.28 0.77 0.49
Hf 5.14 398 437 475 599 822 481 336 477 433 3.02 337 680 558 343 333 7.52 430
Ta 74.73 108.9471.21 74.57 113.62 83.11 77.22 109.77 97 81.04 89.34 121.2 153.46 100.44 104.67 100.76 145.81 70.82
W 1171 1657 1057 1261 1904 1363 1269 1791 1554 1268 1387 1869 2329 1625 1678 1605 2323 1107
TI 020 023 022 0.15 0.17 0.14 0.11 0.10 0.16 0.15 0.16 0.17 0.15 0.12 0.14 0.14 0.12 0.24
Th 36.52 27.29 32.94 40.99 33.06 42.78 35.05 21.77 27.95 24.28 19.07 20.06 33.13 24.65 17.86 18.02 34.92 28.70
U 244 1.58 1.83 258 195 253 3.63 245 1.86 1.77 1.68 1.79 220 167 1.17 1.15 226 1.88
1.2 3.0
ol 25
S o4t 8 2
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Figure 7 a, Composition of sediment samples from Fisher Island showing a lithic arenite composition®®”. b, Composition of sediment

samples from Fisher Island showing an arkosic to lithic arenite composition

[21]
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Figure 8 Frequency distribution curves of sediment samples from Fisher Island.

Table 9 Grain size analysis results of sediment samples from Fisher Island

Physical measurement of coarse fractions Mechanical sieve analysis
Sample no. +10 10-14 14-18 1825 25-35 3545 45-60 60-80 80-120 120-170  170-230 —230
0. 64mm 32mm 16 mm 8mm 4 mm
Mesh Mesh Mesh Mesh Mesh Mesh  Mesh Mesh Mesh Mesh Mesh Mesh
@ value -6 -5 -4 3 2 -15 -1 05 0 05 1 1.5 2 2.5 3 3.5 4
1 29/FI/1S 0.00 0.00 6.69 10.79 8.06 2552 7.00 835 3.37 11.29 8.02 4.18 4.94 1.32 0.32 0.15 0.01
2 29/FI/1AS 0.00 0.00 236 9.05 13.452492 9.58 11.19 3.09 10.00 7.81  3.19 3.39 1.26 0.42 0.23 0.07
3 29/FI/)2S 0.00 0.00 084 943 8.66 2595 7.84 9.46 3.41 11951091 4.74 4.80 1.27 0.49 0.17 0.09
4 29/F1/2AS 0.00 0.00 403 9.15 6.51 19.75 8.14 9.93 3.48 1384 11.41 5.11 5.69 1.81 0.74 0.23 0.18
5 29/FI/3S 0.00 0.00 1.08 3.66 11.21 159116.88 17.53 394 9.81 520 2.18 3.19 2.02 1.30 2.70 3.38
6 29/FI/4S 0.00 0.00 000 449 742 11.83 7.76 7.88 2.33 943 581 4.10 7.06 4.84 3.90 11.79 11.36
7 29/FI/58 0.00 1.57 848 13.94 10.64 3448 990 853 1.81 6.15 292 0.82 0.43 0.11 0.09 0.13 0.01
8 29/FI/5AS 0.00 4.35 257 4.64 1298 243717.16 1244 2.72 7.80 4.56 2.04 2.59 1.06 0.44 0.22 0.05
9 29/FI/6S 0.00 0.00 350 16.77 14.11 34.40 8.54 6.87 2.01 5.81 330 1.33 1.47 0.67 0.51 0.54 0.17
10 29/FI/6AS 0.00 0.00 594 1433 11.11 3134 11.31 7.82 1.73 456 3.07 148 2.27 1.41 1.06 1.20 1.37
11 29/FI/7S 0.00 0.00 0.00 198 327 510 7.40 1545 4.72 2458 17.37 17.71 8.41 2.65 0.93 0.26 0.16
12 29/FI/7AS 0.00 0.00 0.00 052 0.12 047 138 5.68 2.39 31432755 11.66 12.87 3.75 1.25 0.55 0.38
13 29/FI/8S 0.00 0.00 096 825 891 18.13 8.53 826 226 8.06 878 5.61 9.95 5.96 3.36 2.23 0.76
14 29/FI/8AS 0.00 0.00 251 815 11.33 22.04 7.83 6.04 143 555 6.12 4.52 9.03 6.51 4.70 2.93 1.32
15 29/F1/9S 4.15 6.72 396 9.58 526 40.06 440 5.10 127 595 489 249 3.58 1.50 0.66 0.31 0.13
16 29/FI/9AS 0.00 0.00 086 222 1520 18.3219.33 14.80 328 944 6.17 2.89 3.60 1.74 1.02 0.72 0.41
17 29/FI/10S 0.00 0.00 425 873 9.99 2327 826 11.65 3.89 13.76 9.12  2.77 2.75 0.77 0.35 0.24 0.19
18 29/FI/10AS 0.00 0.00 578 9.13 9.00 23.90 8.57 9.76 3.75 10.53 826  3.67 4.43 1.61 0.82 0.46 0.33
45 Jgg’
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Figure 9 REE patterns of sediment samples from Fisher Island Figure 10 Cumulative frequency curves of grain size distribu-
showing a negative europium (Eu) anomaly. tion in highly immature sediments from Fisher Island.
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Table 10  Statistical parameters of grain size analysis of sediments from Fisher Island*®!
S1. No. Sample No. Mean size Standard deviation Skeweness Kurtosis

M2) (SD) (k) (KG)
1 29/FI/1S -1.35 1.85 0.12 0.98
2 29/FI/1AS -1.18 1.59 0.23 1.03
3 29/F1/2S -0.92 1.51 0.27 0.91
4 29/F1/2AS -0.86 1.73 -0.01 1.00
5 29/F1/3S -0.78 1.72 0.26 1.28
6 29/F1/4S 0.66 2.29 0.06 0.64
7 29/F1/5S -1.55 1.84 0.01 1.29
8 29/FI/5AS -1.30 1.65 0.06 1.90
9 29/F1/6S -1.81 1.46 0.02 1.43
10 29/FI/6AS -1.63 1.77 0.13 1.61
11 29/F1/7S 0.11 1.20 -0.17 1.01
12 29/FI/7AS 0.76 0.81 0.12 1.22
13 29/F1/8S -0.34 1.95 0.17 0.84
14 29/F1/8AS -0.57 2.11 0.33 0.80
15 29/F1/9S -1.75 2.23 -0.07 1.55
16 29/F1/9AS -0.92 1.40 0.28 1.05
17 29/F1/10S -1.19 1.60 0.08 1.01
18 29/F1/10AS -1.21 1.81 0.12 1.09

The examination of detrital quartz grains under the
SEM revealed surface textures carved by the processes that
operated on them during transportation and deposition. A
number of researchers!'®**** have used SEMs to study
grain morphology and surface microtextures as indicators
of the sedimentary environment, transport mechanisms, and

the degree of glacial crushing. Grain morphology and sur-
face textures were examined under different magnifications
and the features were grouped on the basis of individual
surface textures and combinations of microtextures diag-
nostic of specific sediment transport mechanisms and envi-
ronments. The observations are summarized in Table 11.

Table 11  Surface microtextures of quartz grains from sediment samples of Fisher Island

S1. No. Quartz grain surface texture Samples from lake beds Samples from catchment area Remarks
1 High relief Common Abundand Glacial
2 Angular to subangular outline Common Common Glacial
3 Subrounded to rounded outline Common Present Coml?osne (Aeolian, Glacial
abrasion & aqueous transport)
4 Large conchoidal fractures Common Abundant Glacial
5 Small conchoidal fractures Present Present Aeolian
6  Arcuate fracture patterns/steps Sparse Sparse Glacial
7  Subparallel and parallel steps Sparse Sparse Glacial
8  Parallel striations Rare Sparse Glacial
9  Large breakage blocks Sparse Sparse Glacial grinding/crushing
10 Freshly broken smooth surfaces Present Common Glacial grinding/crushing
11  Oriented scratches and grooves Rare Sparse Glacial
12 Random scratches and grooves Absent Rare Aecolian
13 Upturned plates Sparse Absent Acolian
14 Meandering ridges Rare Rare Aecolian
15 Dish shaped concavities Sparse Sparse Acolian
16  Collision pits Sparse Sparse Acolian
17  Edge rounding/abrasion Present Sparse Aeolian/Glacial

(To be continued on the next page)
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(Continued)
18  Adhering particles Sparse Present Glacial+Aqueous
. o Aqueous/Chemical
19  Silica precipitation Present Rare .
environment
. . . Aqueous/Chemical
20 Dissolution pits and hollows Sparse Rare .
environment
A /Chemical
21 Secondary overgrowth Sparse Rare ql?eous emica
environment
A /Chemical
22 Etched surfaces Rare Absent qlTeous emiea
environment

Note: Quantitative nature of occurrence classified as Abundant—> 75% observed grains exhibiting the described microtextures; Common—between 75% and 50%;
Present—between 50% and 25% ; Sparse—between 25% and 10 %; Rare—<10%; Absent—0%.

Assemblages of microtextures reflecting multiple epi-
sodes of glacial crushing, aeolian transport, and varying
degrees of dissolution were readily discernible. Twenty-two
grain shapes and surface features were identified under the
SEM (Figure 11). The oldest discernible mechanical fea-
tures seen on most of the quartz grains were of glacial ori-
gin. Freshly broken and glacially abraded first generation
grains that have undergone negligible acolian or chemical
actions exhibit high angularity and sharp edges. The sur-
faces of these grains are generally covered with mechani-
cally produced topographical irregularities. Adhered parti-
cles or small broken parts from the body of the grain may
also be identified. These surface textures were consistently
observed in all samples in the present study.

4 Discussion

Four water samples from Fisher Island (S1. No. 4, 6, 9, and
10; Table 3) were more alkaline than the other water sam-
ples. These four samples also had higher EC and TDS,
mainly as a result of high levels of Na' (43.30-195 ppm)
and CI (75.40-334 ppm). However, in water sample No. 8
high levels of Na" (93 ppm) and Cl™ (178.40 ppm) did not
correspond to a higher alkalinity. The increased alkalinity in
four water samples could be a consequence of the addi-
tion of sea salt to the lake, either directly or through pre-
cipitating snow. The location of the lake could also play an
important role in determining water chemistry. Smaller
landlocked lakes that receive less snow melt and are poorly
drained tended to have higher TDS and alkalinity.

The contribution of sea salt was supported by in-
tra-elemental correlations (Table 4). All the major cations
(Na', K', Ca®", Mg”") present in sea salt were strongly cor-
related with each other: »=0.99, 0.95, and 0.91 for Na" and
K, Na" and Ca*', and Na' and Mg”', respectively. Strong
correlations between Cl” and Na' (» = 0.99), K* (» = 0.97),
Ca®" (r=0.95), and Mg** (r = 0.94) also supported the con-
tribution of sea salt, as did the relationship between HCOj3
and Ca*" (r = 0.96).

In contrast to the samples from Fisher Island, the water
samples from lakes on Broknes Peninsula were predomi-
nantly acidic (Table 5). The samples also differed in having
less variable TDS (144-380 ppm with one peak at 603

ppm). The intra-elemental correlations were strong between
Na' and K* (» = 0.96) and Na" and Ca*" (+ = 0.92), but less
strong between Na+ and Mg”* (» = 0.87). The correlations
between the anion ClI' and major cations were strong in
these samples (» > 0.9; Table 6), however the relationship
between HCO; and Ca®" (» = 0.87) was not as strong as
in the samples from lakes on Fisher Island. Although the
analytical data supported the contribution of sea salt to the
water chemistry of lakes on Broknes Peninsula through the
addition of chlorides, bicarbonates, and sulfates of cations,
it also highlighted the fact that the chemistry of the water is
influenced by the location of the water body. Surprisingly,
samples from Lake 1 were acidic (pH 4.63) with lower TDS
despite relatively high levels of recharge resulting from
heavy snow accumulation in the catchment area and melt-
ing in the summer months. Further work on other lakes
showing similar characteristics is needed to better explain
such anomalies.

Plots of the predominant elements in sediment samples
from Fisher Island suggest a lithic arenite to arkosic com-
position. High barium (Ba; 418-649 ppm) and strontium
(Sr; 75-119 ppm) can be attributed to feldspar in the source.
High tungsten (W) and tantalum (Ta) levels were most
likely a result of contamination from the ball mill. High
levels of zirconium (Zr; 111-265 ppm) may indicate the
presence of zircon in the provenance, along with monazite
as indicated by high levels of thorium (Th; 18.02-36.52
ppm) and uranium (U; 1.15-3.63 ppm). The REE enrich-
ment (Figure 8) and well fractionated heavy rare earth ele-
ments (HREE), combined with the trace element data may
indicate a granite source for these sediments. The chemical
alteration index (CIA) varied between 59.08 and 65.5 indi-
cating slight- to moderately-weathered source rock. The
triangular plot between aluminum oxide (Al,O;), calcium
oxide (CaO)+sodium oxide (Na,O), and potassium oxide
(K,0) supported this finding!*>". There were no clear cor-
relations among major oxides. However silicon dioxide
(Si0O,) showed a degree of negative correlation with ferric
oxide (Fe,0;), manganese(Il) oxide (MnO), and titanium
dioxide (TiO,). Moderate negative correlations were ob-
served between Fe,O; and Na,O, magnesium oxide (MgO)
and K,0, Na,O and MnO, and Na,O and TiO,, and a degree
of positive correlation was observed between Al,O; and
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200 um Electron image 1 100 um Electron image 1

100 um Electron image 1

100 um ctron image 1

Figure 11 SEM micrographs showing composite surface features of glacial, acolian and chemical origin. a, Subrounded grain showing
pronounced edge rounding, remnant features of mechanical origin and minor chemical precipitation. b, Subrounded grain showing large,
deep groove, collision pits and negligible chemical precipitation. ¢, Subangular to subrounded grain exhibiting abrasion and rounding of
the edges, polished surfaces, scratches, indentations and small dish-shaped concavities, grain largely free from chemical precipitation. d,
Magnified view of the glacial groove showing precipitation. e, An equant grain showing sharp edges and breakage blocks. f, Mechanically
produced deep, circular as well as elongated grooves showing some degree of edge rounding and chemical precipitation. g, Irregularly
broken surface produced due to intense glacial grinding, very small collision pits and chemical precipitation. h, Sub-surface exposures
due to intense glacial grinding, sharp edges. i, Initially an angular, glacial grain exhibiting considerable degree of rounding, few collision
pits and oriented, parallel scratches. j, Grain showing sub-rounded outline but conchoidal fracture patterns is still preserved. k, Enlarged
part of a sub-rounded grain with numerous, irregularly oriented scratches, grain largely free from chemical precipitation. 1, Part of a
sub-rounded grain showing sub-parallel steps. m, Severely obliterated grain and the surface completely covered with chemical precipita-
tion. Mechanically broken part of the grain bearing precipitation (n) and growth of euhedral crystals indicating strong chemical precipita-
tion and immobility of the grains (o). p, Subrounded grain showing intense leaching accelerated along the fractures and irregularities of
the grain.

Na,O and Fe,0; and MgO. Moderate positive correlations
between Fe,O; and MnO, MnO and TiO,, and Fe,O; and

for these types of sediment is the lack of suspension with
rolling and saltation because the modes of sediment trans-

TiO, showed a strong positive correlation. Plots of the ma-
jor oxides indicated a lithic arenite composition of the
sediments"' >,

There was no clear difference in the size frequency
distribution among the samples because there was a wide

range of scales (=5 to 3.5 phi) with a polymodal distribution.

The two predominant grain size scales were —2 to —1 phi
(gravel to very coarse sand) and 0 to 1.5 phi (coarse to me-
dium sand). A characteristic feature of cumulative curves

port are exposed to very high energy conditions. As sup-
ported by our findings, up to 30% of gravel and coarse sand
is transported by rolling and remaining fractions are trans-
ported by saltation. Based on the distribution pattern and
standard deviation of the grain size, we determined that the
sediments were subjected to fluctuating energy conditions
in transporting media, and reworking before final deposi-
tion. Variations in skewness and kurtosis values also sug-
gested fluctuating energy regimes for these sediments under
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different environmental conditions>***=4.

The microtextures and microtopographical information
(Figure 11) observed on the quartz grain surfaces were
predominantly intense mechanical textures characteristic of
glacial transport. In most cases, several stages of crushing,
grinding, and mechanical weathering were evident. The
grains are mostly angular to subangular with high relief,
large conchoidal fractures, deep troughs, arcuate fracture
patterns, subparallel and parallel steps, striations, breakage
blocks, adhering particles, oriented scratches, and grooves
relating to a glacial origin. Sharp angular features and sub-
parallel or linearly abraded grain surfaces are the hallmark
of transport by ice and characterize sediment transportation
by continental glaciers or ice with a thickness of >500 m**),
Strong glacial action is also indicated by deep striations and
polished surfaces®**"\. Different types of mechanical mi-
crotextures including conchoidal fractures, straight and
curved grooves, and troughs are formed by transport in the
basal zone of continental glaciers”***). Quartz grains with
aeolian microtextures obliterate the first order mechanical
textures produced by glacial grinding and crushing. The
most common aeolian feature is pronounced edge rounding
that imparts a high degree of roundness and sphericity.
Pronounced edge rounding, pitted surfaces, dish shaped
concavities, and other aeolian features indicate strong ana-
batic and katabatic polar wind action.

Features of a chemical origin, including mild dissolu-
tion etching and silica precipitation in the form of amor-
phous and cryptocrystalline overgrowth, suggest precipita-
tion on immobile grains in the lacustrine environment.
Features of a chemical origin are the youngest observed on
quartz grains and occur in the form of minor to deep disso-
lution pits and etching, and chemical precipitations within
the topographical irregularities. Minor dissolution effects
indicate fewer interactions with aqueous media and a rela-
tively fresher contribution of sediments to the lacustrine
system. Deep dissolution cavities, cryptocrystalline pre-
cipitations, and euhedral crystal growth signify strong
chemical activity after deposition and subsequent
diagenetic changes and immobility of grains in the lacus-
trine environment.

5 Conclusions

The Larsemann Hills are part of an ice-free coastal oasis in
Prydz Bay, an embayment on the East Antarctic margin.
Among the islands and peninsulas in the deglaciated terrain
of the Larsemann Hills, Fisher Island and Broknes Penin-
sula constitute two important landmasses falling within the
polar lowland periglacial climatic regime characterized by
low precipitation, and low rates of ice melt and sediment
influx into the lacustrine system. The landlocked lakes oc-
cur in the typical physiographic setting of the proximal
ice-sheet and marine ecosystems. The following conclu-
sions are drawn from the findings of the present investiga-
tion including field observations, chemical analysis of lake
water, and sedimentological studies based on grain size
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analysis and SEM examination of surface textures.

The pH values in lake water from Fisher Island ranged
from 6.75 to 8.2, indicating slightly acidic to weakly alka-
line conditions. Wide variations in EC (26—-1 179 mmbho-
cm™) and TDS (15-684 ppm) were recorded in the water
samples. Lake waters from Broknes Peninsula had pH val-
ues ranging from 4.63 to 7.15 indicating acidic to near neu-
tral conditions with only one lake (No. 10) showing weakly
alkaline conditions. The EC ranged from 246.3 to 1 040
mmho-cm™ and TDS ranged from 143 to 603 ppm.

In general, the lakes on Fisher Island had lower EC
and TDS than the lakes on Broknes Peninsula. This differ-
ence can be attributed to the greater freshwater input to the
Fisher Island lakes, or to the longer time elapsed since de-
glaciation on Broknes Peninsula, which is thought to have
remained exposed during the Last Glacial Maximum.

Unconsolidated deposits were sparsely distributed in
the area which is dominated by bare rock slopes with a
patchy and scattered covering of glacial sediments, valley
fills, and occasional moraine ridges. The glacial debris are
redistributed in small basins and depressions in surface
run-off due to glacial melt and by strong polar winds. The
paucity of sediments in the catchment areas and within the
lake systems can be attributed to the combined effects of
the relatively low volume and availability of sediments,
transportation and deposition by ice, and paraglacial proc-
esses that redistribute and concentrate deposits during and
after deglaciation.

Based on the plots of major oxides, the chemistry of
sediments from Fisher Island showed a lithic arenite to ar-
kosic composition?!1. The CIA for these sediments varied
between 59.08 and 65.5, indicating slightly- to moder-
ately-weathered source rocks!*'”. The depositional process
takes place during the short summer period with limited
surface run-off from glacial melt that erodes and transports
surface debris through small seasonal streams. Sediments
on Fisher Island were immature and poorly to very poorly
sorted, consisting of gravelly sand with negligible silt and
finer fractions. Grain size distribution showed a polymodal
character with two major populations between —2 to —1 phi
(gravel to very coarse sand) and 0—1.5 phi (coarse to me-
dium sand). Up to 30% of gravel and coarse sand are
transported by rolling, and remaining fractions are trans-
ported by saltation.

Microtextures observed on the quartz grain surfaces
under SEM are dominated by intense mechanical textures
characteristic of glacial transport. Several stages of crush-
ing, grinding, and mechanical weathering were noted. The
quartz grains also exhibited aecolian microtextures, repre-
sented by edge rounding, which overprinted the first order
mechanical textures produced by glacial grinding. Chemical
features on the grains are the last to form and were repre-
sented by mild to deep dissolution etching and precipitation
within the surficial irregularities. Mild dissolution may in-
dicate a lesser interaction with aqueous media and a rela-
tively new contribution of sediments to the lacustrine sys-
tem. The presence of deep dissolution cavities, cryptocrys-
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talline precipitation, and euhedral crystal growth may sig-
nify strong chemical activity after deposition and immobil-
ity of the grains in the lacustrine environment.
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