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Abstract

The sediment cores collected from lakes L-8, L-10, and L-12 of Larsemann Hills, East Antarctica, were investigated for sediment
components (sand, silt, clay, total organic carbon, total nitrogen, total phosphorus, elemental TOC/TN ratio, and biogenic silica or
biogenic opal), major elements (Al, Fe, Mn, Ti, Mg, Ca), and trace metals (Cr, Co, Zn, Cd, Pb, Ba, Cu, Ni) to understand the
source, processes, and productivity in the lacustrine sediments. In lake L-10, average sand content was higher than in lakes L-8
and L-12 which indicated the high intensity of mechanical weathering, resulted in releasing coarse-grained material from the
rocks in the catchment area. High Ti/Al molar ratios (2.00-3.32) in all the three cores resulted from shorter transportation distance
from different parent sources. Higher clay content near the surface in all the three lakes indicated deposition of fine-grained
particles supplied by ice-melt water owing to ice-free conditions in the area in recent years. Relatively, higher biogenic silica
along with high total organic carbon associated with high clay in the upper section of lakes L-10 and L-12 and middle section of
core L-8 indicated deposition of finer particles from suspension which facilitated high primary productivity due to exposure of the
lakes to the ice-melt water influx. Further, Mg/Ca ratio in all the three lakes was high near the surface indicating enrichment of
biogenic sedimentation. C/N ratio was found to be much less than 10, indicating the major source of organic matter is autoch-
thonous and exclusively derived from algae (C/N < 10) in all the cores. The metal concentration was found to be higher in core L-
8 and was found to be associated with finer sediments, as compared to cores L-10 and L-12 where coarser sediments must have
diluted the metal content. Ba was found to be of biogenic origin in cores L-8 and L-12 while in core L-10 it was of lithogenic
origin. Cd, Zn, and Ni in all the three lakes were found to be mainly of biogenic origin, whereas all other metals studied were of
lithogenic origin. Thus, the concentration of trace metals in Larsemann Hill lake sediments is entirely by natural processes
regulated by lithology, catchment processes, and climatic conditions.
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Introduction Hills, and Schirmacher Oasis, which occupies about 2% of

Antarctic landmass. These lakes have gained importance in

There are numerous lakes in the ice-free regions of Antarctica
such as Vestfold Hills, McMurdo dry valleys, Larsemann
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recent years as they are a source for paleo-archives (Mahesh
et al. 2015), present pristine conditions, and are easily acces-
sible in ice-free areas. In general, lake sediments are ideal
repositories of eolian and fluvial materials. Lakes preserve
catchment area soil which is a product of weathering and are
used to track past climatic and environmental changes (Peck et
al. 2004). The sedimentation in Antarctic lakes is primarily a
product of sediment input through glacial meltwater and bio-
logical productivity. The biological productivity in the
Antarctic lakes is confined primarily to algae and
cyanobacteria (Yoon et al. 2006; Smith et al. 2006; Hodgson
etal. 2009). It has been observed that the lake sedimentation is
predominant during the austral summer (Simmons et al.
1986); hence, meltwater seems to play an important role in
transferring the detrital matter from the Antarctic landmass to
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its lakes. Various proxies of lake sediments have been used to
elucidate the paleo-processes that occurred within a lake sys-
tem including its catchment area like grain size (Kashiwaya et
al. 2001; Fagel et al. 2007; Holz et al. 2007; Govil et al. 2011,
Choudhary et al. 2018), organic matter chemistry (Smith et al.
2006; Hodgson et al. 2009; Verleyen et al. 2011; Mahesh et al.
2015), and environmental magnetism (Shen et al. 2008;
Phartiyal 2014; Warrier et al. 2014). The paleoclimate record
from the lakes around Larsemann Hills was presented by
many researchers based on diatoms, carbonate stable isotopes,
organic carbon, biogenic silica, and grain size (Roberts and
McMinn 1999; Hodgson et al. 2005; Govil et al. 2011). The
research carried out in the polar lakes is largely focused to the
reconstruction of paleoclimate. Studies on provenance and
sedimentary processes, using geochemical proxies, in
Antarctic lakes are few.

In the present study, lake sediment cores around the
Larsemann Hills were investigated with an aim to understand
the source of sediments, processes involved during and after
sediment deposition, and their implications on productivity.
To achieve the objective, the proxies used are sediment com-
ponents, organic elements, and major and trace metals.
Among these proxies, sediment components are useful indi-
cators for identification of the source, processes, and climatic
conditions prevailed at the time of deposition of sediment.
Carbon, nitrogen, and phosphorus are indicators of the status
of past productivity and C/N ratio is a widely used indicator of
the source of the organic matter. Further, elements are useful
in identifying the source of sediment and post-depositional
processes.

Study area

The Larsemann Hills (69° 20" S to 69° 30" S latitude: 75°
55" E to 76° 30’ E longitude), an ice-free area of approxi-
mately 50 km?, located on the Ingrid Christensen Coast of
Princess Elizabeth Land in East Antarctica, have a low,
gentle, and rolling topography merging with the polar ice
cap in the south-southeast and surrounded by sea in other
three directions, punctuated with small islands in north and
northeast. The study focuses on the Grovnes peninsula
(69° 24" 36" S 76° 12’ 16" E) area which is dotted with
small, perennial lakes. A total of 12 lakes were identified,
out of which 7 lakes north of latitude 69° 25’ 00" are inland
lakes having small catchments and are dependent on sea-
sonal snow. Whereas lakes south of latitude 69° 25’ 00" are
pro-glacial lakes. These lakes are formed by the exposure
of basins after the retreat of the continental ice cap or after
isolation due to isostatic uplift following deglaciation
(Priscu and Foreman 2009). The lakes located in rocky
depressions formed as a result of glacial erosion are gen-
erally small (5000-3000 m?) and shallow (maximum depth
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2-5 m (Gasparon and Burgess 1999)). The periglacial pro-
cess is the main factor determining the local modern geo-
morphology (Feng et al. 2008) and hosts a repository of
sedimentary depositional features of agencies like a gla-
cier, seasonally active streams, and wind under a
periglacial environment that have been active in the geo-
logical past (Asthana et al. 2013). A major feature of the
climate of the Larsemann Hills is the existence of persis-
tent, strong katabatic winds that blow from ENE or NE
most summer days and its continental Antarctic climate
which is colder and drier than the maritime Antarctic.

For the present study, sediment cores were collected from
Murk Water Lake, L-8 (69° 24" 58.00" S 76° 12 53.00" E), L-
10 (69° 25’ 17.80" S 76° 11' 34.20" E), and L-12 (69° 25’
24.24" S 76° 11' 47.40" E) lakes (Fig. 1). These are proglacial
lakes fed by the polar ice with thick sediment accumulation.

The lake L-8 is an oval-shaped basin situated at an altitude
of 8 m above MSL. The maximum water depth is about 4 m,
the surface area is 0.00574 km2, and the catchment area is
0.012 km®. The important geomorphic features noted in the
catchment area are glacially carved ridges, glacially abraded
flat-topped hills, and depressions with a negligible amount of
glacial drift. Windblown fine sediment resulting in
supraglacial sediment pockets is a characteristic sediment fea-
ture of the region. Additionally, algal mats were noted on the
surface of the lake. The pH of the lake water ranges from 7.1
to 7.25, at 0 °C temperature suggesting neutral to slightly
alkaline conditions of the lake during the sampling period.

The lake L-10 lies at an elevation of about 95 m above
MSL. The water depth of the lake is about 1.25 m. This lake
is comparatively small in size with an area of about
0.00173 km?. The catchment area of the lake is
0.00675 km?>. The lake is situated at a higher elevation, and
the morphological features associated are glacially eroded
ridges and valleys giving rise to undulatory topography and
various other landforms such as exposed ridges devoid of
sediment cover (Asthana et al. 2013). During sample collec-
tion in the field, growth of lichens and mosses were observed
adjacent to the lake water body. The pH of the water in the
lake ranges from 7 to 7.2 at 0.6 °C indicating it to be neutral to
slightly alkaline in nature.

The lake L-12 has an oval-shaped basin, covering an area
of 0.00263 km? situated at an elevation of about 95 m above
MSL, and has a water depth of about 3 m. The catchment area
of the lake is almost 0.0330 km* having geomorphic features
such as glacial striations, roche moutonnees, sparse morainic
sediments, and erratics. Algal mats were observed on the sur-
face of the lake. The pH of the lake water ranges from 7.1 to
7.3 at 0.6 °C suggesting neutral to slightly alkaline pH condi-
tions of the lake during the sampling period.

These lakes are fully or partially ice-free in the summer
months when their water temperatures increase rapidly,
reaching + 8 °C. For the rest of the year (8—10 months), they
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Fig. 1 Map of Larsemann Hills, East Antarctica (modified after Beg 2005) showing the sampling locations in the study area

are covered with approximately 2 m of ice (Hodgson et al.
2006). Low salinity measurements were obtained for all the
lakes ranging in salinity from freshwater to slightly saline (0—
0.7%o¢), pH values near neutral (approximately 7 + 2), and ex-
tremely low turbidity (Gasparon et al. 2002). The concentra-
tions of nutrient (N, P, and SiO,) are rather low; inorganic
nitrogen exists mainly in the form of NH4 +-N (NCAOR
2006) in water. Most of the lakes can be classified as ultra-
oligotrophic, characterized by short food chain and relatively
low microbial diversity (Gillieson et al. 1990). Daytime air
temperature from December to February ranges from 4 to
10 °C, with the mean monthly temperature a little above
0 °C (Turner and Pendlebury 2004). Mean monthly winter
temperatures are between — 15and — 18 °C. Precipitation oc-
curs as snow and unlikely exceeds 250 mm water equivalent
annually (Turner and Pendlebury 2004). The average wind
speed of 10.3 msﬁl, maximum wind speed of 40 msﬁl, and
gusts up to 52 ms ' have been recorded. The prevailing wind
directions are northeast and east. The mean relative humidity
was 68% (Bockheim 2015).

Geologically, the area predominantly exposes gneisses such
as garnetiferous granitic gneisses, garnet magnetite-biotite
gneisses, and garnet-bearing quartz-feldspar-biotite gneisses
with the small proportion of granitoids (Beg and Asthana 2013).

Materials and methods

Sediment cores each of length 30 cm were retrieved from
lake L-8 (Murk Water lake), L-10, and L-12 in the austral
summer of 2015 during the 34th Indian scientific expedi-
tion to Antarctica when the lakes were ice-free. A PVC
handheld corer was inserted by hammering manually into
the lake sediment bed and then retrieved. Further, the cores
were labeled, packed, and stored in a deep freeze at <4 °C.
Field photographs showing the location of sediment core
collection are given in Fig. 2. The cores were transported to
the laboratory, sub-sampled at 2 cm, later, dried at 60 °C in
the oven, and used for further analysis. For grain size anal-
ysis, portion of the sediment sample was washed with
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Fig. 2 Field photographs showing the location of cores

distilled water to check and remove the salinity and then
10% sodium hexametaphosphate was added to dissociate
clay particles and hydrogen peroxide to oxidize the organic
matter. The sediment sample was analyzed by the pipette
method (Folk 1968) which is based on Stoke’s settling
velocity principle. Another portion of each subsample
was powdered and homogenized in an Agate mortar and
used for the determination of total organic carbon (TOC)
using the Walkey Black method (Walkey 1947), adopted
and modified by Jackson (1958) which utilized exothermic
heating and oxidation with potassium dichromate
(K,Cr,07) and sulfuric acid (H,SOy). The freeze-dried
sediment sample was also analyzed for total nitrogen
(TN) concentration in the Marine Stable Isotope Lab
(MASTIL) at National Centre for Antarctic & Ocean
Research, Goa, India, using an EA (Isoprime, Vario
Isotope Cube). The precision for N% was £0.63% (lo
standard deviation) obtained by repeatedly running sulfa-
nilamide as the standard. Calcium carbonate was computed
using the values of Ca analyzed through atomic absorption
spectrophotometer. Biogenic silica (BSi) from the freeze-
dried sample was extracted using 25 ml of 1% Na,COj in
an 85 °C water bath for 5 h and measured by the wet
alkaline extraction method, modified by Mortlock and
Froelich (1989) and Muller and Schneider (1993) where
intensity of blue silico-molybdenum complex was mea-
sured at 810 nm using UV-1800 (Shimadzu) visible spec-
trophotometer. Duplicate measurements were conducted
on each sample and relative error was noted to be less than
3%. The sediment sample was digested using
HF:HNO;:HCIO,4 mixture for total phosphorus analysis and
brought to liquid phase as adopted by Yu et al. (2013) and
further determined following the procedure given by Murphy
and Riley (1962) where intensity of phospho-molybdenum
blue complex was measured at 880 nm using UV-1800
(Shimadzu) visible spectrophotometer. The accuracy of phos-
phorus analysis was determined using a digested sample of
JLK-1 and relative error was noted to be less than 4%. Further,
0.2 g ground sediment samples was digested in teflon beakers
using HF, HNO3;, and HCIO, acid mixture (Jarvis and Jarvis
1985) with a ratio of 7:3:1 for total metal analyses. The metals
Fe, Mn, Al, Co, Zn, Ba, and Ti were analyzed using flame
atomic absorption spectrophotometer and Cd, Pb, and Cr
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using graphite furnace atomic absorption spectrophotometer
(Thermo Scientific-SOLAAR M6 AAS model). Together
with the samples, certified reference standards JLK-1 from
the Geological Survey of Japan were digested and run, to test
the analytical accuracy of the method. The average recoveries
were 94% for Ba and Ti, 95% for Mn and Co, 96% for Fe, Cu,
Ni, and Al, and 99% for Zn and Pb. Internal chemical
standards obtained from Merck were used to calibrate the
instrument and recalibration checks were performed at regular
intervals. Paired sample ¢ test (p: two-tailed) was conducted on
the data set to compare means of metal concentrations using
software package SPSS17. Pearson’s correlation test
(p <0.05) was employed to verify the possible correlation
between the different parameters by using the computer soft-
ware STATISTICA-6 (Statsoft 1999).

Results
Distribution of sediment components

The concentrations of sediment components of cores L-8, L-10,
and L-12 are presented in Table 1. The sand was noted to be
higher in core L-10 (avg. 90.41%) and in core L-12 (avg.
72.17%) as compared to core L-8 (avg. 63.77%). Silt was high
in core L-8 (avg. 17.90%) and low in core L-10 (avg. 4.52%) and
clay was high in core L-8 (avg. 18.33%) and in core L-12 (avg.
18.22%) and low in core L-10 (avg. 5.07%). Depthwise distribu-
tion of sediment components is provided in Figs. 4a, Sa, and 6a.

Distribution of organic components (TOC, TN, TP, BSi,
and CaCO0;)

The TOC was higher in core L-8 (avg. 0.76%) and lowest in
L-12 (avg. 0.10%); TN was high in both the cores L-8 and L-
10 (avg. 0.16 and 0.10%) and low in core L-12 (0.08%) and
total phosphorus (TP) was high in cores L-8 (0.06%) and L-10
(0.05%) and low in core L-12 (0.02%). BSi was higher in core
L-8 (5.64%) and low in core L-12 (0.94%). Calcium carbonate
was higher in core L-12 (6.36%) than in cores L-8 (4.55%)
and L-10 (4.72%). Vertical distribution of organic elements is
presented in Figs. 4b, 5b, and 6b.
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Table1  Sediment components, organic components, and molar ratios of carbon/nitrogen, nitrogen/phosphorus, nitrogen/silica, and silica/phosphorus
contents of cores (a) L-8, (b) L-10, (¢) L-12

Depth Sand Silt Clay TOC TN C/N TP BSi CaCOs5 C/N N/P C/P N/Si Si/P

(cm) (%) (%) (%) (%) (%) (%) (%) (%) () M) M) ™M) ()
(@

0 63.00 3.67 33.33 0.88 0.20 439 0.02 3.84 5.04 3.76 4.06 1530  0.03 156.62
2 75.67 433 20.00 0.94 0.21 446 0.07  3.97 545 3.82 1.44 5.50 0.03 54.52
4 54.67 2533 20.00 1.58 0.19 832 0.07 334 2.68 7.13 1.27 9.06 0.03 44.73
6 61.33 18.67  20.00 1.14 0.22 519 0.10 428 3.32 4.45 1.02 4.54 0.03 39.81
8 67.67 25.67  6.67 0.94 0.16 585 0.03  3.57 5.19 5.02 2.76 1383  0.02 123.25
10 55.33 1133 3333 0.61 0.16 3.84 0.10 4.90 4.78 3.29 0.72 236 0.02 44.06
12 48.67 31.33  20.00 1.29 0.18 7.15 0.11 9.24 2.50 6.13 0.73 4.49 0.01 75.36
14 41.67 3833 20.00 1.26 0.22 572 0.04 10.86 4.99 491 2.58 12.66  0.01 255.40
16 37.67 29.00 33.33 1.79 0.22 812 0.02 1651 4.13 6.96 5.66 3941  0.01 852.48
18 48.00 32.00  20.00 1.08 0.18 6.02 0.04 733 6.06 5.16 1.93 9.95 0.01 157.53
20 61.33 32.00 6.67 0.20 0.09 228 0.10 530 434 1.95 0.41 0.81 0.01 48.80
22 68.67 11.33  20.00 0.09 0.11 0.80 0.05  3.68 5.70 0.68 1.00 0.68 0.01 67.05
24 79.00 1.00 20.00 0.12 0.10 1.17 0.08  3.93 5.46 1.00 0.55 0.56 0.01 43.68
26 86.33 7.00 6.67 0.03 0.08 037 0.05 3.14 5.56 0.31 0.80 0.25 0.01 63.08
28 85.67 7.67 6.67 0.03 0.12 024 0.10 3.72 435 0.21 0.53 0.11 0.02 32.73
30 85.67 7.67 6.67 0.12 0.09 1.30 0.01  2.57 3.30 1.12 294 3.27 0.02 167.90
Avg. 63.77 1790 1833 0.76 0.16 408 0.06 5.64 4.55 3.50 1.78 7.68 0.02 139.19
()

0 85.20 2.80 12.00 0.63 0.10 633 0.04  1.60 4.92 5.43 1.08 5.88 0.03 34.76
2 84.40 11.60  4.00 0.69 0.14 495 0.01 1.78 5.09 425 11.74 4987  0.04 299.05
4 90.80 5.20 4.00 0.30 0.12 2.51 0.05 1.70 547 2.15 1.13 2.44 0.04 32.09
6 90.60 5.40 4.00 0.18 0.11 1.64 0.03 1.28 3.52 1.41 1.74 245 0.04 40.41
8 91.80 4.20 4.00 0.18 0.11 1.64 0.08 1.81 5.26 1.41 0.62 0.87 0.03 20.33
10 92.80 3.20 4.00 0.12 0.08 1.51 0.09 1.59 3.53 1.29 0.38 0.49 0.03 15.21
12 82.60 5.40 12.00 0.12 0.08 1.51 0.02 1.89 3.99 1.29 1.52 1.96 0.02 71.70
14 91.60 4.40 4.00 0.24 0.10 241 0.03  2.05 3.83 2.07 1.38 2.86 0.02 56.80
16 93.00 3.00 4.00 0.09 0.10 0.90 0.01 1.51 3.75 0.78 6.90 5.35 0.03 208.44
18 93.40 2.60 4.00 0.09 0.12 0.75 0.01 095 5.61 0.65 4.52 292 0.06 71.73
20 94.40 1.60 4.00 0.06 0.12 0.50 0.10 1.62 4.85 0.43 0.55 0.24 0.04 14.87
22 92.80 3.20 4.00 0.03 0.09 0.34 0.06 1.55 4.89 0.29 0.66 0.19 0.03 22.63
24 91.80 4.20 4.00 0.21 0.12 1.76 0.06 1.68 6.02 1.51 0.84 1.27 0.04 23.61
26 92.00 4.00 4.00 0.18 0.08 226 0.06 1.64 5.31 1.94 0.59 1.13 0.02 24.09
28 89.00 7.00 4.00 0.09 0.06 1.51 0.04  1.68 4.70 1.29 0.73 0.94 0.02 40.98
Avg. 90.41 4.52 5.07 0.22 0.10 2.04 0.05 1.62 4.72 1.75 2.29 5.26 0.03 65.11
©

0 70.00 10.00  20.00 0.62 0.12 5.15 001 330 5.00 441 4.18 18.43  0.02 230.13
2 61.00 9.00 30.00 0.15 0.07 2.10 0.04 191 443 1.80 0.87 1.57 0.02 47.92
4 86.50 3.50 10.00 0.21 0.10 2.06 0.04  3.56 4.88 1.77 1.28 225 0.01 91.07
6 60.00 20.00  20.00 0.06 0.08 0.74 0.03 1.05 4.73 0.63 1.17 0.74 0.04 30.59
8 68.67 11.33  20.00 0.06 0.07 0.84 004 0.79 5.92 0.72 0.81 0.58 0.04 18.21
10 74.33 5.67 20.00 0.03 0.08 037 002 0.8 6.68 0.32 1.53 0.48 0.23 6.76
12 9233 1.00 6.67 0.06 0.12 049 003 0.83 591 0.42 1.78 0.75 0.07 24.68
14 69.33 10.67  20.00 0.09 0.09 098 0.03 0.79 6.69 0.84 1.40 1.17 0.06 24.47
16 74.67 18.67  6.67 0.06 0.12 0.49 0.01  0.04 6.94 0.42 7.43 3.12 1.47 5.06
18 91.00 233 6.67 0.03 0.07 042 002 0.56 7.55 0.36 1.78 0.64 0.06 28.44
20 77.00 3.00 20.00 0.03 0.08 037 0.02 039 7.58 0.32 1.70 0.54 0.10 16.81
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Table 1 (continued)

Depth Sand Silt Clay TOC N C/N TP BSi CaCOs; C/N N/P C/P N/Si Si/P
(cm) (%) (%) (%) (%) (%) (%) (%) (%) M) ™M) M) M) M)
22 76.00 1733 6.67 0.06 0.05 1.18 0.03  0.08 5.35 1.01 0.68 0.69 0.31 223
24 61.00 5.67 33.33 0.06 0.04 1.47 0.01 0.05 7.63 1.26 1.59 2.01 0.37 433
26 60.00 20.00  20.00 0.03 0.04 0.74 0.01 0.12 7.63 0.63 295 1.86 0.16 18.05
28 60.67 6.00 33.33 0.03 0.03 098 0.04 0.2 8.41 0.84 0.36 0.31 0.03 12.56
Avg. 72.17 9.61 18.22 0.10 0.08 122 002 094 6.36 1.05 1.97 234 0.20 37.42

Distribution of major and trace metals

The concentration of major and trace elements is provided in
Table 2. Among the metals, Al was considerably higher in
core L-10 than in other two cores. Fe, Mn, Ti, Mg, Cu, Co,
Cd, Zn, and Cr were higher in core L-8 while Ca, Ni, Ba, and
Pb were noted to be higher in core L-12. Ti concentrations
were found to be similar in cores L-10 and L-12. Vertical
distribution of metals is given in Figs. 4c, 5c, and 6¢.

Discussion
Grain size and the factors influencing sedimentation

The sediments of core L-10 and core L-12 showed the pres-
ence of pebbles and granules along with sand indicating a
difference in mode and distance of transportation as compared
to lake L-8. The coarse-grained sands with angular to sub-
angular shape must have been released after mechanical
weathering. Further, the sediments of all the three cores ex-
hibited more than 60% sand with less percentage of silt and
clay which suggested that the physical and mechanical
weathering played an important role in releasing coarse-
grained particles from the rocks in the catchment area. The
sediments of lake L-10 are composed of only sand, whereas in
lake L-8, sediments are composed of sand along with clayey
sand and silty sand while sediments of lake L-12 are com-
posed of sand and clayey sand as seen from the ternary dia-
gram (Shepard 1954) (Fig. 3). When the distribution of sedi-
ment components is considered with the depth, the lower sec-
tion from 30 to 22 cm and the upper section around 4 cm in
core L-8 (Fig. 4a) consist of sand higher than the average
value which was compensated by silt. In core L-10 (Fig. 5a),
a major section of the core from 26 to 4 cm depth consists of
sand higher than the average value (90.41%) due to its smaller
catchment area providing a shorter distance of transportation
to the sediments resulting in deposition of higher concentra-
tion of sand particles in to the lake basin. In the upper section
from 4 cm depth to the surface, sand content decreased. Silt
compensated sand from the bottom to the surface in this core,
while lower sand peak at 12 cm was compensated by positive
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clay peak. In core L-12, the middle section from 22 to 10 cm
and at 4 cm sand content was noted to be higher than average
(Fig. 6a). Sand was compensated by clay and to some extent
silt from bottom to the surface of the core.

In general, in Antarctic lakes, sediment deposition is most-
ly by glacio-fluvial meltwater delivery of sediments during
austral summer (Spaulding et al. 1997) and movement of gla-
ciers which transports rock fragments and soils that are lying
underneath them. The lower and upper sections of core L-8, a
major section of core L-10, and middle section of core L-12
consist of sand higher than the average value with a low per-
centage of silt and clay. Higher sand corresponds to glacio-
fluvial deposition due to the retreat of glaciers in the study
area, suggesting warmer conditions in the region. The
coarse-grained particles were transported from the catchment
area into the lake basin by glacial meltwater during warmer
conditions. Relatively, higher clay from 18 to 10 cm and upper
6 cm in core L-8, around 12 cm and upper 2 ¢cm in core L-10,
and 28 to 24 cm and from 10 cm to the surface in core L-12
indicated deposition of fine-grained sediments in the lake due
to the supply of ice meltwater. In addition, sediments in these
lakes are redistributed over the coring site within the lake due
to the processes of freezing and thawing. Hodgson et al.
(2001), Verleyen et al. (2004), and Cremer et al. (2007) have
reported significant differences in sedimentation rates in sev-
eral lakes in this region. Available sedimentation rate cannot
be adopted for the studied lakes as in general, the rate of
sedimentation varies considerably from one lake to the other.

Organic elements and their source implications

In cores L-10 and L-12, TOC consistently showed lower con-
centration from bottom to 6 cm and further increased towards
the surface while in core L-8, it showed lower values in the
lower section of the core up to 20 cm and further it showed
higher values in the upper section. TOC distribution was similar
to that of silt and clay indicating the association of organic
matter with the finer sediments as they provide a large surface
area for the adsorption of organic matter. High TOC along with
high clay in the upper section of all the three cores indicated
deposition of finer particles from the suspension facilitating
high primary productivity due to exposure of the lakes to the
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Table 2 Major and trace elements of cores (a) L-8, (b) L-10, and (c) L-12

Depth Al Fe Mg Ti Ca Mn Cd Pb Cr Co Cu Ni Ba Zn Mg/ T/
(cm) %o (%) () (%) (%) (epm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) Ca Al
(€))

0 465 339 0.77 022 2.02 35665 2.88 3.11 87.75 1571 22733 1357 89235 1213 038 271
2 421 389 0.82 0.12 2.18 466.52 254 0.91 7525 1315 69495 1.01 31823 11925 038 1.62
4 1.84 249 0.59 006 1.07 228.15 2.73 0.19 85.50 10.50 13853 1420 130.05 6640 0.55 1.78
6 254 284 067 006 133 25470 4.04 0.25 90.75  7.53 99.90  30.85 162.13 66.575 0.50 1.31
8 3.62 328 074 011 2.08 30438 3.99 0.22 99.75  5.62 15820 17.71  380.38 97.50 0.36 1.69
10 3.04 349 09 025 191 29142 382 1.65 76.00 16.50 152.88 8.94 667.98 86.35 0.50 4.72
12 1.74 241 0.73 0.15 1.00 189.00 1.39 1.19 119.00 8.97 47.23 30.38  372.23 47.625 0.73 4.88
14 3.16 346 1.05 027 200 24095 2.89 1.60 69.50 12.13 184.78 58.63 576.38 97.80 0.53 4.88
16 332 329 1.10 020 1.66 240.52 3.23 1.59 113.25 16.64 204.08 3030 440.78 136.58 0.66 3.38
18 326 3.60 1.14 035 243 203.65 4.88 1.68 92.00 1547 25398 21.12 73853 12925 047 6.08
20 2.63 285 0.70 0.17 1.74 208.18 3.28 1.26 63.00 744 153.88 22.50  709.85 64.50 040 3.74
22 6.25 284 056 022 228 21855 3.69 1.62 42.00 521 153.18 11.33 1069.58 75.85 025 199
24 5.15 238 059 0.16 219 158.00 4.36 1.26 9325 130 28233 3285 957.00 108.075 0.27 1.71
26 546 277 054 0.16 223 213.68 333 1.31 99.00 051 24283 3.63 1089.03 90.85 0.24 1.68
28 464 272 044 022 1.74 21858 2.01 1.19 95.00 2.11 64.63 7.29 1275.78 25.70 025 2.67
30 347 176 031 011 132 14632 230 1.18 5450 135 11495 8.90 800.30 33.50 024 1.84
Avg. 3.69 297 073 018 1.82 24620 3.21 1.26 8472  8.76 19835 19.57 66128 8544 042 292
(®)

0 497 186 0.62 0.15 197 231.08 5.15 2.60 3125 1352 18753 57.51 73500 5320 031 1.74
2 4.60 252 0.71 0.17 2.04 21323 234 2.02 85.00 9.76 186.80 47.65 727.53 57.80 0.35 2.05
4 505 1.76  0.51 0.12 2.19 22440 225 2.38 67.75  6.69 23423 3338 65098 65.45 023 135
6 508 185 047 012 141 26265 1.13 1.38 4250  6.60 51.30 3045 53780 3268 0.33 1.29
8 594 288 0.67 0.17 2.11 34825 1.80 1.90 51.50  8.88 14450 43.81 695.05 7430 032 1.63
10 3.55 155 051 0.10 142 186.83 1.04 1.13 4750 2.82 116.75 19.64 516.75 18.53 036 1.60
12 331 2.04 048 0.12 1.60 22213 131 1.08 84.50 10.27 73.93 23.88  441.70 53.28 0.30 2.07
14 3.79 225 055 0.5 1.53 20473 442 2.15 4450 6.46 35.15 32.48  573.78 4640 036 225
16 331 2.08 048 0.10 1.50 170.53 1.46 2.66 62.75 1.49 32.15 2442 560.23 97.68 032 1.70
18 462 239 023 0.14 224 15730 2.08 1.56 49.50 4.00 15730 36.37 773.35 6543 0.10 1.75
20 6.62 2.16 046 0.14 194 15540 1.14 1.82 100.50 2.93 73.83 3220  731.40 49.25 023 1.17
22 333 204 044 0.12 196 12638 1.30 1.22 124.00 5.67 12270 2649 57533 52.13 022 2.0l
24 372 257 056 024 241 18120 1.78 2.58 114.25 10.46 16735 17023 460.40 79.83 023 3.68
26 390 296 050 0.8 2.13 208.10 1.50 1.22 6425 1078  84.15 69.08 713.53 59.15 023 2.55
28 2.80 2,57 046 0.16 1.88 16245 1.30 1.26 83.25 325 132.83 61.35 62633 6558 025 3.17
Avg. 431 223 051 0.14 1.89 203.64 2.00 1.80 70.20  6.90 120.03 4726 621.28 58.04 0.28 2.00
(©

0 3.13 352 060 024 200 151.88 2.19 2.83 120.50 19.14 17253 133.17 686.53 67.28 0.30 4.29
2 2.56 2776 038 0.15 1.77 243.15 123 1.78 107.00 5.76 17190 152.53 525.10 50.88 022 341
4 2.53 244 041 0.19 196 20693 543 1.37 114.00 6.74 16438 115.22 743.00 57.20 021 429
6 220 333 048 0.18 1.89 29020 1.48 1.14 39.50 11.00 68.23 20.37  521.70 44.83 026 4.73
8 1.94 355 046 0.19 237 21255 1.04 1.73 85.50 13.66 100.08 88.55 553.50 44.98 0.19 5.47
10 1.74 3.05 039 0.19 267 17545 190 2.09 8525 998 148.50 69.86  652.70 48.35 0.14 6.14
12 121 277 036 0.15 237 160.50 1.05 1.75 111.25 5.53 135.05 55.42  480.95 52.73 0.15 6.79
14 1.51 289 037 0.17 268 181.03 1.30 1.79 89.75 6.74 92.85 119.07 605.30 51.80 0.14 6.26
16 5.09 1.64 022 011 278 73.25 2.12 2.36 67.25 0.88 151.50 80.34  806.10 48.58 0.08 1.18
18 433 138 0.21 0.09 3.03 81.80 5.28 1.57 4575 081 371.15 21.07 71695 92.10 0.07 1.22
20 542 197 028 0.10 3.04 122.60 0.97 2.59 99.25 0.14 106.80 37.85 65945 4645 0.09 1.07
22 374 1.19 0.16 0.08 2.14 15455 141 1.62 40.25 530 4143 189.69 623.28 12.18 0.07 1.17
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Table 2 (continued)

Depth Al  Fe Mg Ti Ca Mn Cd Pb Cr Co Cu Ni Ba Zn Mg/ T/
(cm) % (%) () (B) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) Ca Al
24 468 126 0.18 0.09 3.06 11090 235 1.97 68.00 5.72 128.10 57.80 874.53 31.68 0.06 1.12
26 409 1.16 0.18 0.09 3.06 85.65 3.08 221 69.25 3.8l 164.85 54.07 816.73 3890 0.06 1.27
28 453 130 0.12 0.11 337 85.65 3.48 2.69 48.00 2.70 271.68 1.33 1025.5 5330 0.04 143
Avg. 325 228 032 014 254 15574 229 1.97 7937 653 152.60 79.76  686.07 4941  0.14 3.32

ice-meltwater influx. In core L-8, TOC and TN showed a sig-
nificant correlation (Table S4a) suggesting that most of the TN
were associated with TOC and it is considered as a measure of
organic nitrogen (Kurian et al. 2013) while in cores L-10 and L-
12, they showed poor correlation indicating their different
sources. TP fluctuated around the average line in all the three
cores. Pearson’s correlation of TOC and TN with TP in all the
three cores (Table S4) revealed a poor association with each
other indicating a differential pathway for phosphorus. In core
L-10, TN showed significant correlation with Al (=0.64,
n=15). Also, a good correlation of TN with sand (»r=0.53,
n=15) and Ti (r=0.64, n=15) in core L-12 suggested the
source of total nitrogen to be terrestrial in both the cores.
Biogenic silica or biogenic opal is attributed to siliceous dia-
tom productivity (Chase et al. 2003; Bradtmiller et al. 2006).
Average BSi concentration varies from 0.94 to 5.64% in all the
three cores indicating a low concentration of siliceous microfos-
sils in these lakes. From the vertical distribution, biogenic silica
concentration was found to be relatively higher in the middle
section of core L-8, from 18 to 12 cm along with organic carbon,

100 0

Sandy clay

Clayey silt

Sandy silt

100

100 75 50 25 0

L8 ®
L-10 A
L-12 m

Fig. 3 Temary diagram (Shepard 1954) of sand-silt-clay percentages of
sediment for cores L-8, L-10, and L-12
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silt, and clay (Fig. 4b) indicating relatively higher primary pro-
ductivity due to exposure of the lakes to ice-meltwater influx
during the warm period. In core L-10, it showed fluctuation
around the average line while in core L-12, BSi showed similar
variation as that of TOC (Figs. 5b and 6b) from bottom to top of
the core indicating that the content of BSi in this lake was mainly
controlled by the amount of lake algae.

Carbonate content in the lake is controlled by surface water
productivity, the rate of carbonate dissolution, and/or dilution
by a non-carbonate fraction (Curry and Cullen 1997). The av-
erage concentration of CaCOj; concentration varied from 4.55
to 6.36% in all the three cores (Table 1). Overall, low concen-
tration of CaCOj indicated the presence of low calcareous ma-
terials. CaCOjs is precipitated from suspension as a result of
algal CO, fixation as observed by Lawrence and Hendy
(1985), in Lake Fryxell, Taylor Valley, Antarctica. It showed
decreasing concentration with increasing TOC in all the three
cores (Figs. 4b, 5b, and 6b). Increase in TOC accompanied by a
decrease of CaCOj indicated that the CO, produced by the
decomposition of organic carbon along with the production of
organic acid reduces the pH of anoxic pore waters which is
enough to dissolve CaCOs;.

Source of sedimentary organic matter in lacustrine
sediments

C/N ratios have been extensively used to identify the source of
organic matter in lake sediments (Talbot and Johannessen 1992,
Meyers 1997). Algae and cyanobacteria typically have atomic
C/N ratio between 4 and 10 while the terrestrial organic matter
is above 20 (Meyers 1994, 2003; Meyers and Teranes 2001).
Marine and freshwater phytoplanktons have a C/N ratio of 5-6
(Prahl et al. 1994; Meyers 1997) whereas the terrestrial higher
vascular plants which are poor in nitrogen have a C/N ratio of
12—14 (Hedges et al. 1986; Prahl et al. 1994; Lamb et al. 2006).
The C/N ratio of cores L-8, L-10, and L-12 varied from 1.22 to
4.08 (Table 1) indicating the source of organic matter as in situ.
The C/N ratio obtained for the three cores namely L-8, L-10,
and L-12 must have been derived exclusively from algae (C/N

< 10) as per the classification of Meyers (1994). C/N ratio was
found to be relatively higher in the upper section of cores L-10
and L-12 (Figs. 5b and 6b) due to the presence of algae and
cyanobacteria as lakes are exposed to the atmosphere because
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Fig. 4 Distribution of a sediment components (%), b total organic carbon
(TOC %), total nitrogen (TN %), C/N, total phosphorus (TP %), biogenic
silica (BSi %), and calcium carbonate (CaCO3 %), and ¢ metals Al, Ti Fe,

of the ice-free conditions of the lake. In core L-8, C/N ratio was
found to be low in the lower section of the core up to 20 cm
(Fig. 4b). Low C/N ratio may be because N is diagenetically
affected and bacterial action might have caused dissolution of
organic matter. Further, in the upper section of the core from
18 cm to the surface, C/N ratio found to be higher may be due to
the loss of N from the sediments during remobilization. Further,
a wide range of C/N ratio in this lake may be due to nitrogen
limitation in the water column as reported by Hawes (1983) in
lakes on Signy Island, Antarctica.

Mn, Mg, Ca, Mg/Ca, Cu, Ba, Ni, Zn, Cd, Pb, Cr, and Co in sediment with
depth of core L-8

The molar concentrations of carbon, nitrogen, and phos-
phorus (Table 1) have been used to estimate nutrient limitation
in lakes where nutrients rather than physical conditions tend to
limit algal growth leading to changes in productivity. Under
ordinary conditions, when neither of the nutrients is limiting,
C:N:P ratio is 106:16:1 (Redfield 1934, 1958; Falkowski
2000; Sterner and Elser 2002). A departure from this ratio
has been assumed to imply deficiency of C, N, or P. For
diatoms that need silicate for their frustules, an optimal
C:Si:N:P ratio of 106:15:16:1 has been suggested (Harrison

@ Springer
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et al. 1997). On comparison of C/N molar ratios with the
Redfield ratio, it was found to be lower in all the three lakes.
Talbot and Johannessen (1992) suggested that C/N ratios typ-
ically <10 indicate algal growth suggesting autochthonous
lacustrine organic matter whereas ratios above 20 and may
be >200 suggested allochthonous organic matter. C/N ratio
for all the three cores in the study area is lower than 10 indi-
cating algal growth and autochthonous nature of organic

@ Springer

Mn, Mg, Ca, Mg/Ca, Cu, Ba, Ni, Zn, Cd, Pb, Cr, and Co in sediment with
depth of core L-10

matter. The source of nitrogen in the lacustrine sediments is
generally organic matter formed by the decomposition of algal
mats (Reddy et al. 1999). Further, levels of TN and TP in lakes
may vary as they can be influenced by a complex set of a
biogeochemical process like sedimentation, nitrification, and
denitrification (Seitzinger 1988). Ulen (1978), Forsberg
(1980), and Hellstrom (1996) suggested that N/P ratio above
17 indicates P limitation; a ratio below 10 suggests N
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limitation and values between 10 and 17 indicate that either of
the nutrients may be limiting. In the present study, N/P ratio is
<2.29 in all the three lakes, namely cores L-8, L-10, and L-12,
which is much lower than 16 indicating a potential limitation
of N in all the lakes. This N limitation may be either due to the
removal of nitrogen by denitrification in water column or sed-
iments (Tyrrell and Law 1997) or by incorporation of phos-
phorus into the sediments, thereby reducing the N/P ratio
(Downing and McCauley 1992). Low concentration of phos-
phorus in all the three lakes indicated low primary productiv-
ity in these lakes. Further, C/P molar ratio varied from 2.34 to

Mn, Mg, Ca, Mg/Ca, Cu, Ba, Ni, Zn, Cd, Pb, Cr, and Co in sediment with
d depth of core L-12

7.68 in the studied lakes which are much lower than the
Redfield ratio which may be due to the degradation of organic
matter before it gets buried with the sediments. However, high
C/P ratio in the region of organic carbon preservation was
observed by Dore and Priscu (2001) in McMurdo dry valley
lakes, Antarctica. According to Harrison et al. (1977), N/Si>
1 and Si/P < 3 are indicative of Si limitation. In cores L-8, L-
10, and L-12, N/Si ratio is found to be lower than 1, indicating
N limitation while Si/P ratio much greater than 3 indicated P
limitation. Deviation of C, N, P, and Si from Redfield ratio
indicated that the lakes are suitable for the growth of smaller
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phytoplankton (nano and pico) indicating low primary pro-
ductivity in the lakes. Depending on the low concentration
of carbon, nitrogen, phosphorus, and silica, these lakes are
classified as oligotrophic lakes, despite the relatively high
temperature, ice-free conditions of the lake, and high influx
of sediment. The nutrients are low due to less concentration of
organic matter possibly because of its dilution by coarse-
grained material and might also be related to glacial meltwater
being low in nutrient concentrations and snowfall being the
only water sources in combination with poorly developed
soils (Gasparon and Matschullat 2006) barren in vegetation.

Source and processes governing the distribution
of metals

In lacustrine environments, Ti and Al have been considered as
good proxy elements to measure the intensity of detrital input
(Whitlock et al. 2008; Armstrong-Altrin et al. 2015, 2017,
2018). As the intensity of weathering increases, sediment be-
comes enriched in Al, Fe, Ti, and Mn indicating increased
supply of siliciclastic material to lacustrine sediments (Chen
etal. 2010, 2011; Hernandez-Hinojosa et al. 2018). Ti/Al mo-
lar ratio (avg. 2.00-3.32) was found to be higher in all the
three cores which must have resulted from a shorter distance
of transportation or different parent rocks (Chen et al. 2013).

In core L-8 (Fig. 4c), metals like Fe and Mg showed
increasing trend in the lower section of the core from 30
to 20 cm similar to that of silt. Mn and Ti showed an almost
constant trend. Al showed increase up to 22 cm and then
decreased in this section agreeing with a pattern of sand
between 22 and 20 cm indicating their association with
coarser sediments. Ba showed a decreasing trend as that
of sand. Metals like Cu, Ni, Zn, Ca, and Cd showed higher
value at 24 cm depth in the lower section of the core from
30 to 20 cm similar to that of clay, TP, and CaCOs; indicat-
ing their association with finer sediments and organic ele-
ments. Cr, however, increased up to 26 cm and then de-
creased up to 22 cm followed by an increasing trend. Co
showed an increase and Pb remains constant in the lower
section. In the middle section from 20 to 8 cm, Al, Fe, Ni,
and Pb showed an almost constant trend. Mn and Cr
showed increasing trend which agreed to that of sand while
Ti, Ca, and Mg decreased similarly to that of silt indicating
the role of sediment components in regulating the distribu-
tion of these metals. Cu, Ba, Zn, Ca, and Cd showed a
slightly decreasing trend similar to that of Ti while Co
and Mg/Ca showed higher values in the middle section.
Al, Fe, Mn, Mg, Ti, Cu, Ba, Zn, Ca, Cd, Pb, and Co
showed a negative peak at 12 cm coinciding with lower
values of sand indicating their association with coarser
sediments. In the upper section from 8 cm to the surface,
metals like Al, Ti, Ca, N1, Ba, Zn, Cd, Pb, and Co showed
higher value at the surface similar to that of clay indicating
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their association with finer particles due to increase in
freshwater influx in recent years. Fe, Mn, Mg, and Cu
maintained the highest concentration at 2 cm depth and
Cr largely decreased indicating their different sources
and/or depositional processes. High Mg/Ca, TOC, and
lower concentration of sand in the middle and upper sec-
tions indicated enrichment of biogenic sediment input.
Overall in this core, Fe, Mg, and Co showed a distribution
similar to that of TOC and TN indicating their association
with organic elements. Al and Ca distributions largely
agreed with that of sand indicating their source to be
lithogenic. Ba showed opposite trend to that of TOC as it
might have been dissolved when exposed to anoxic pore
waters from which the sulfate has been removed by micro-
bial activity (Van Os et al. 1991; Von Breymann et al.
1992; Paytan and Kastner 1996; Torres et al. 1996;
Schenau and De Lange 2001). High Ba concentration in
the sediments indicates the source of sediments from felsic
rocks since Ba is usually hosted in rocks rich in K-
feldspars and micas as Ba substitutes K, Pb, Sr, and even
Ca in the lattice structure due to its similar ionic radius. Cr
did not show a similar distribution with any of the element
indicating its source to be different from other metals. Mg/
Ca ratio showed overall similar variation as that of TOC,
TN, and BSi along with the silt and clay suggesting depo-
sition of finer particles from suspension which facilitated
high primary productivity as the lake was ice-free.

In core L-10 (Fig. 5¢), metals like Al, Fe, and Mn showed
a decreasing trend after an initial increase in the lower sec-
tion of the core from 28 to 22 cm. Ti, Mg, Ca, Cu, Ni, Zn,
Cd, Pb, and Co showed a positive peak at 24 cm depth in the
lower section from 28 to 22 cm similar to that of silt indi-
cating the role of finer sediments in regulating the distribu-
tion of these metals. Metals Al, Ti, Fe, Ca, and Cr showed a
slightly decreasing trend in the middle section of the core
from 22 to 8 cm. In this zone, Mn, Cu, Ni, Pb, and Co
showed slight increasing trend and Mg, Ba, Zn, and Cd
exhibited an almost constant trend. All the metals showed
a positive peak at 8 cm coinciding with upper higher values
of sand suggesting their association with coarser sediments.
In the upper section towards surface, metals Al, Fe, and Mn
decreased while Ti, Mg, Cu, Ba, Ni, Cd, Pb, and Co showed
an increase. Ca, Zn, and Cr exhibited almost constant trend
indicating their association with finer sediments. Most of
the metals associated with silt and clay suggested high run-
off of the weathered material and finer sediment deposition,
leading to overall increased productivity (Govil etal. 2016).
Overall, Fe and Ti showed similar distribution suggesting
their source to be lithogenic in nature and Mg and Cd ex-
hibited similar distribution as that of TOC indicating their
association with organic matter. Mg/Ca ratio showed over-
all similar variation to that of BSi in this core. Metals like
Fe, Cd, Cr, Cu, and Ba were found to be low in this lake
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possibly because the lake sediments are relatively coarse
grained and therefore unable to adsorb the metals effective-
ly and they remained in the water column.

In core L-12 (Fig. 6¢), metals Al, Ti, Fe, Cu, Ba, Zn, Ca,
Cd, Pb, and to some extent Cr exhibited a decreasing trend
in the lower section of the core from 28 to 22 cm similar to
that of clay while Ni and Co showed an increase similar to
sand distribution. In the middle section from 22 to 6 cm,
metals Ti, Fe, Mn, Mg, and Ni showed similar increasing
trend indicating their common source while Ca, Cu, Ba,
Cd, and Pb showed decreasing trend similar to that of Al
indicating that these metals are associated with aluminosil-
icate phases while Zn exhibited constant trend and Co and
Cr showed increasing trend agreeing with that of TN and
BSi indicating their association with organic elements. In
the upper section from 6 cm to the surface, almost all the
metals except Mn showed an increasing trend towards the
surface similar to that of TOC, TN, and BSi along with
sand and silt indicating the role of these sediment compo-
nents in regulating the distribution of metals. Mg/Ca ratio
showed higher values similar to that of TOC, TN, and BSi
on the surface indicating high primary productivity.
Overall, Fe, Mn, Mg, Ti, Cr, and Co showed a similar
distribution to that of organic carbon indicating their asso-
ciation with organic matter.

In all the three cores, most of the metals showed an in-
crease in top 4 cm indicating their mobilization and associ-
ation with finer sediments. When geology of the area is
taken into account, the adjacent rocks should be rich in
garnet; however, it is not revealed in sediment composition.
This may be because transportation of garnet requires high
energy as garnet is relatively stable during weathering and
has high specific gravity. Garnet must have been transported
to the shorter distance and must have deposited near the
periphery of the lake and might not have reached the core
location. This resulted in a low concentration of Fe, Mn,
Mg, and Ca in the sediment. The trace elements, after enter-
ing into the aquatic environment, follow two different paths,
some get involves in biological processes and are deposited
as fecal matter representing a source of biogenic input and
remaining participates through physicochemical processes
and gets deposited in sediments, constituting a lithogenic
source. Dissolved concentration profiles of many trace ele-
ments such as Ba, Cd, Pb, Ni, and Cu co-vary with those of
nutrients such as nitrate, silicate, and phosphate indicating
that these trace elements are cycled with major biogenic
phases; however, their association with the biogenic phases
may be different (Boyle et al. 1977; Chan et al. 1977,
Bruland and Franks 1983). The enrichment of elements
such as Cu, Ni, Ba, Zn, Cd, Co, and Pb along with carbon-
ate, TOC, and opal in marine sediments have been used as
paleo-productivity indicators earlier (Collier and Edmond
1984; Shimmield and Pedersen 1990).

Lithogenic vs biogenic components

Based on the crustal composition ([M/Al]¢ns), the proportion
of the lithogenic input of trace metal (M;;,) can be estimated
(Tribovillard et al. 2011) as follows:

Mlith = Alsa.mple X (M/Al)

crust

where Algmpie and Al were the concentration of the
element Al in the sample and in the continental crust respec-
tively. Al was used as a normalizer, since it is a conservative
element and has no significant anthropogenic source.

The biogenic trace metal (My;,) can be obtained by
subtracting the metal concentration of the sample from the
lithogenic input.

Mpio = M—Mijimn

Metals like Cu, Zn, Ni, and Cd showed a high concentration
of biogenic input when computed as compared to lithogenic
source in all the three cores. Ba showed high biogenic concen-
tration in cores L-8 and L-12 while its lithogenic concentration
was found higher in core L-10. The lithogenic input of Ca was
found higher in cores L-8 and L-10 and biogenic inputs were
found higher in core L-12. Pb and Co were found to be of
lithogenic origin as biogenic input is negligible in all the three
cores, due to their similar distribution with that of lithogenic
elements indicating that it has been derived from weathering of
the rocks present in the catchment area. Zn showed higher
biogenic input in all the three cores as it might have been
absorbed and assimilated by the organisms and released back
into the water column as biological material, ultimately depos-
ited into the lake, forming biogenically sourced trace element in
the sediment (Sun et al. 2013); however, in core L-10,
lithogenic (28.92 ppm) and biogenic (29.13 ppm) input of Zn
was almost similar suggesting that it was equally determined
from biogenic and lithogenic input. Metals like Ca, Co, and Pb
exhibited high contribution from the lithogenic input which is
also reflected by the depthwise distribution of the metals. All
the three lakes are dominated by the sand fraction; therefore,
dilution effect by coarse-grained particles leads to the low pro-
portion of organic matter in the sediments. Overall, trace metals
in the sediments are mainly controlled by lithogenic compo-
nents (sand, silt, and clay); however, some elements showed
considerable biogenic inputs.

Statistical approach
Paired sample 7 test
Paired sample # test was conducted on sediment components

of cores L-8 and L-10, L-10 and L-12, and L-12 and L-8
where p values indicated statistically significant differences
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(p <0.05) between variables of the two cores. The result of
paired sample ¢ test (p: two-tailed) indicated means of sed-
iment components like sand, silt, clay, TOC, TN, and BSi
which showed statistically significant differences between
cores L-8 and L-10 (Table S3a, a). The negative ¢ value
indicated the higher mean value of sand in core L-10.
Comparison between these two cores, therefore, showed
the significant addition of sand to core L-10 as compared
to core L-8. Finer sediments and all the organic elements
showed higher values for core L8. Further, in cores L-10 and
L-12 (Table S3a, b), sand, silt, clay, TOC, TN, TP, and BSi
exhibited statistically significant difference. Silt and clay
showed negative ¢ value suggesting the higher mean value
of'silt and clay in core L-12 indicating significant deposition
of finer sediments in core L-12. On comparison of cores L-
10 and L-12, TOC, TN, TP, and BSi were found higher in
core L-10. Furthermore, sediment components like silt,
TOC, TN, TP, and BSi exhibited statistically significant
differences between L-12 and L-8 corse (Table S3a, c).
The negative ¢ values obtained for silt, TN, TP, and BSi
indicated higher mean values of these components in core
L-8. When comparison was made between cores L-12 and
L-8, sand was found slightly higher in core L-12. Therefore,
sediment components varied from one lake to the other
indicating different depositional conditions.

Further, the result of paired sample 7 test (p: two-tailed)
indicated means of metals like Fe, Mn, Mg, Cd, Pb, Zn, Cu,
and Ni showed statistically significant differences between
cores L-8 and L-10 (Table S3b, a). The negative ¢ values
indicated higher mean values of Pb and Ni in core L-10.
Comparison between these two cores, therefore, showed
the significant greater addition of metals Fe, Mn, Mg, Cd,
Zn, and Cu in core L-8 as compared to core L-10. Further, in
cores L-10 and L-12 (Table S3b, b), Al, Mn, Ca, and Mg
exhibited statistically significant difference. Ca showed
negative ¢ value suggesting higher mean value of Ca in core
L-12. On comparison of cores L-10 and L-12, Al, Mn, and
Mg were found higher in core L-10. Furthermore, metals
like Fe, Mn, Ca, Mg, Cd, Pb, Zn, and Ni showed statistically
significant differences between L-12 and L-8 cores
(Table S3b, c). The negative ¢ values obtained for Fe, Mn,
Mg, Cd, and Zn indicated higher mean values of these
metals in core L-8. When comparison was made between
cores L-12 and L-8, metals like Ca, Pb, and Ni were found
higher in core L-12. Therefore, the sediments exhibited dif-
ferential accumulation of metals in three different lacustrine
environments with depth due to varying catchment area
processes and supply of sediment material.

Pearson’s correlation

Pearson’s correlation coefficient was computed using
whole data set to check overall interrelationship between

@ Springer

various parameters studied to understand the source to sink
processes. In core L-8, Pearson’s correlation coefficient
(Table S4) for metals like Ba and Ca showed strong associ-
ation with Al indicating that these metals were associated
with alumino-silicate minerals (Rubio et al. 2000;
Armstrong-Altrin 2009). Mn, Ca, Mg, Co, Zn, and Cu
showed significant correlation with Fe indicating the role
of Fe-oxyhydroxides in regulating the distribution of these
metals. Co and Cu exhibited positive correlation with Mn
indicating the role of Mn-oxide in the distribution and con-
centration of Co and Cu. Ba, Pb, Ca, and Mg displayed a
strong correlation with Ti indicating sediment input from
rocks, namely granitoids and gneisses present in the catch-
ment area. Zn with Cu, Cd, and Co; Mg with Zn and Co;
and Ca with Cd, Zn, and Cu showed strong correlation
values which may indicate similar depositional behavior.
Ni showed good correlation with silt fraction whereas Al
showed a strong correlation with the coarser fraction of the
sediment. Mg exhibited a strong correlation with silt, TOC,
TN, and BSi while Co showed a positive correlation with
clay, TOC, TN, and BSi implying that organic matter aids
in the trapping of Mg and Co in the finer sediments. The
fine sediment fraction contains a huge amount of
autochthonic organic matter derived from biological pro-
duction and plays an important role in the enrichment of
trace metals. In core L-10, Al was significantly correlated
with Ba indicating their natural lithogenic source. Ca, Co,
and Fe showed significant positive correlation with Ti in-
dicating their lithogenic source. Cu and Ni showed a pos-
itive correlation with Ca indicating their Co-precipitation
with Ca. Pb exhibited significant correlation with Cd and
Zn exhibited positive correlation with Pb. TOC and silt
showed good association in this core (Table S4). Further,
in core L-12, Ti, Mg, Cr, and Co displayed a good corre-
lation with TOC, TN, and BSi indicating the role of organ-
ic matter in governing the distribution of these elements in
sediments. Increase in freshwater influx must have resulted
in the accumulation of these metals with organic matter
and biogenic silica. Fe and Mn showed significant correla-
tion with each other indicating that they are derived from
the same source or with similar post-depositional behavior.
Mn showed significant positive association with TP, Co,
and Mg. Ba and Ca showed significant positive correlation
with Al suggesting that they are derived from the same
lithogenous source. Cr and Co showed significant correla-
tions with Mg, Zn, Cu, and Ni are significantly correlated
with Cd implying their common source or a common
mechanism regulated their concentration (Table S4). From
the above discussion, it is clear that the finer sediments,
organic carbon, and Fe-Mn oxides regulated the abundance
and distribution of metals. Therefore, it is apparent that
various sedimentary and biogeochemical processes affected
elemental distribution.
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Conclusion

The sediment cores from three Antarctic lakes investigated
for sediment components, organic elements, and selected
metals revealed the presence of dominant of sand. The me-
chanical weathering seems to have played an important role
in releasing coarse-grained particles from the rocks present
in the catchment area. However, higher finer sediments and
organic matter were recorded in the near-surface samples.
The source of organic matter was mainly autochthonous
largely derived from algae indicating that the lakes were
exposed to the atmosphere and ice-free conditions in the
area. High organic carbon along with high clay associated
with high biogenic silica indicated deposition of finer par-
ticles from the suspension facilitating high primary produc-
tivity due to exposure of the lakes to the ice-meltwater in-
flux in the recent past. However, despite the relatively high
temperature, ice-free conditions of the lake, and high influx
of sediment, nutrient contents were low leading to lower
productivity possibly because of the dilution caused by
coarse-grained sediment material and availability of fresh
water in lakes. Major elements, viz. Al, Fe, Ti, Mn, Mg, and
Cr, showed similar distribution pattern indicating their
common source and post-depositional behavior. The con-
centrations of studied trace metals were found to be higher
in core L-8 and are associated with finer sediment. The
distribution of elements indicated the role of post-
depositional processes in remobilization of metals. The pro-
portion of lithogenic and biogenic inputs of the trace metals
like Cu, Ni, Ba, Zn, Cd, Co, Pb, and Ca calculated revealed
biogenic origin for Ba in cores L-8 and L-12 while in core
L-10, it was of lithogenic origin. Cd, Zn, and Ni in all the
three lakes were found to be mainly of biogenic origin,
whereas Pb and Co were of lithogenic origin.
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