
Ground temperature changes on the Kaffiøyra Plain
(Spitsbergen) in the summer seasons, 1975–2014

Andrzej ARAŹNY*, Rajmund PRZYBYLAK and Marek KEJNA

Katedra Meteorologii i Klimatologii, Wydział Nauk o Ziemi, Uniwersytet Mikołaja Kopernika,
ul. Lwowska 1, 87−100 Toruń, Poland

<andy@umk.pl>* <rp11@umk.pl> <makej@umk.pl>

* corresponding author

Abstract: This paper provides an overview of the results of research on changes in
ground temperature down to 50 cm depth, on the Kaffiøyra Plain, Spitsbergen in the
summer seasons. To achieve this, measurement data were analysed from three different
ecotopes (CALM Site P2A, P2B and P2C) – a beach, a moraine and tundra – collected
during 22 polar expeditions between 1975 and 2014. To ensure comparability, data sets
for the common period from 21 July to 31 August (referred to as the “summer season”
further in the text) were analysed. The greatest influence on temperature across the inves−
tigated ground layers comes from air temperature (correlation coefficients ranging from
0.61 to 0.84). For the purpose of the analysis of the changes in ground temperature in the
years 1975–2014, missing data for certain summer seasons were reconstructed on the ba−
sis of similar data from a meteorological station at Ny−Ålesund. The ground temperature
at the Beach site demonstrated a statistically−significant growing trend: at depths from
1 to 10 cm the temperature increased by 0.27–0.28�C per decade, and from 20 to 50 cm
by as much as 0.30�C per decade. On the Kaffiøyra Plain, the North Atlantic Oscillation
(NAO) has a greater influence on the ground and air temperature than the Arctic Oscilla−
tion (AO).

Key words: Arctic, Spitsbergen, Kaffiøyra, ground temperature, multi−annual variability,
atmospheric circulation.

Introduction

The permafrost that occurs on Spitsbergen reaches a depth of 100 m in larger
non−glacierized valleys, and in the high mountains situated in the interior it occa−
sionally exceeds 500 m (Humlum et al. 2003). The top layer of the permafrost un−
dergoes thawing, and the thickness of the active layer changes as the weather con−
ditions change. Studies of the physical properties of permafrost, including its ac−
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Abstract: Eighteen sediment samples from a 36 cm long sediment core retrieved from 
a proglacial lake (namely P 11) situated in the Schirmacher Oasis, East Antarctica, 
were analysed for the study of quartz grain morphology and microtexture, along with 
sand percentage, to reconstruct the paleoenvironmental changes in the lake during the 
Holocene. The age of the core ranges from 3.3 ka BP to 13.9 ka BP. The quartz grain 
morphology and microtexture reveal significant evidences of glacial transport along with 
some eolian and aqueous activities. On the basis of predominance of these signatures 
and the zonation from CONISS Cluster Analysis on the percentages of characteristic 
grain morphology and microtextures, the entire core has been subdivided into three 
major zones. From the paleoenvironmental perspective, it can be concluded that there 
is an onset of interglacial period at the advent of Holocene (12.3 ka BP), which reigned 
until 5.3 ka BP and thereafter, again a glacial environment prevailed until 3.3 ka BP 
with some variations in-between. The results indicate probable alternative colder and 
less colder phases in the study area, which are also well supported by the respective 
sand percentages in the sediments.

Key words: Antarctica, Dronning Maud Land Proglacial lake, Holocene, Quartz grains, 
microtexture, sand percentage, CONISS Cluster Analysis.
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Introduction

The Schirmacher Oasis (70°44’21”–70°46’04”S to 11°26’03”–11°49’54”E), 
a 25 km long and 3 km wide ice-free plateau along the Princess Astrid Coast 
in Dronning Maud Land, East Antarctica, consists of more than 100 freshwater 
lakes, including epishelf, land-locked and proglacial lakes. The oasis is situated 
on an average 100 m above the sea level between the Antarctic Ice Sheet and 
the Novolazarevskaya Ice Shelf. This region has significance for paleoclimatic 
and paleoenvironmental studies, as it is one of larger coastal oases in East 
Antarctica. To decipher the past climatic changes, the lacustrine sediments of 
this region should be addressed as they preserve the geological history. However, 
Schirmacher Oasis has still remained a less worked region in Antarctica with 
reference to paleoclimatic studies of lake sediments (Bera 2004; Sharma et al. 
2007; Phartiyal et al. 2011; Phartiyal 2014; Warrier et al. 2014, 2016; Mahesh 
et al. 2015).

Paleoenvironmental studies can be carried out with a use of variable proxies. 
Terrigenous autochthonous mineral grains reflect the signatures of the interaction 
between different geological processes, e.g. provenance of sediments, nature and 
grade of weathering processes and transportation (Last 2001). Hence, these grains 
can be used to decipher the past changes in basin shape and size (Olsen 1990; 
Henderson and Last 1998), and paleoclimatic oscillations within the catchment 
area (Menking 1997; Schütt 1998). In colder regions, quartz is one of the few 
important detrital minerals, which has been successfully used to reconstruct 
the past climatic changes, because of their response to physical weathering 
processes (Chamley 1989; Pistolato et al. 2006). Quartz grains have higher 
preservation potential due to their resistance to weathering compared to any 
other predominantly available minerals present in the lake sediments (Krinsley 
and Doornkamp 1973; Mahaney 1995, 2002). These grains can be derived from 
various provenances, such as, mechanically or chemically derived quartz grains, 
wind-driven aeolian quartz and biogenic silica consisting mostly of diatoms 
(Stanley and DeDeckker 2002). Quartz grain microtextures and morphology, 
like grain shape, fracture patterns, step patterns etc., depend primarily on the 
conditions of transportation and deposition, and hence provide records of the 
past environment and climate (Whalley and Krinsley 1974; Mahaney et al. 
1996; Helland and Holmes 1997; Hart 2006; Mathur et al. 2009). The studies 
of such quartz grains under Scanning Electron Microscope (SEM) can reveal the 
details of different geological processes that the grains have undergone during 
transportation and deposition (Mahaney 1995; Strand et al. 2003). In the present 
study, a lacustrine sediment core was analysed to identify the paleoenvironmental 
history of a proglacial lake in Schirmacher Oasis during the Holocene with the 
help of quartz grain microtextures and morphology.
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Methods

A 36 cm long sediment core was collected by sediment corer from a proglacial 
lake (namely P 11; Lat. 70°45’58.83”S, Long. 11°42’45.19”E; maximum depth of 
the lake 2 m; ~400 m from the Indian Antarctic Station Maitri) in the Schirmacher 
Oasis (Fig. 1). The core was subsampled at 2 cm intervals to obtain 18 samples for 
further study. Approximately 5 g of sediments from each interval were processed 
for quartz grain analysis following the sample preparation procedure described 
by Krinsley and Doornkamp (1973). Twenty quartz grains (>63 μm) from each 
sample (total 360 grains) were separated manually with the help of binocular 

Fig. 1. Location of the coring site and proglacial lakes in Schirmacher Oasis, East Antarctica (A) 
and actual field photograph of the studied lake (B).
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stereomicroscope to document the grain morphology and surface microtextures 
under SEM (model no. LEO 430). Grain morphology and surface microtextures 
have been studied and interpreted to understand the transport mechanism and 
depositional environment of the sediments following the method adopted from 
Krinsley and Doornkamp (1973), Mahaney (1995), Helland and Holmes (1997), 
Strand et al. (2003) and Vos et al. (2014). The percentage of different features of 
grain morphology and microtextures is also tabulated and used for Constrained 
Incremental Sum of Squares (CONISS) Cluster Analysis with the help of Tilia 
Software Program Version 1.7.16 (Grimm 2011) to understand the different 
environments of sedimentation. On the other hand, 5 g of sediments from each 
interval was processed following the methodology prescribed by Krumbein and 
Pettijohn (1938) to acquire sand sized particles (>63 μm), and the relative 
percentage of sand at each interval was calculated and tabulated to exhibit the 
down-core variation in sand percentage. The lithology of the core was also 
plotted against the sand percentage variation along the core.

AMS dates of the bulk sediment from three lithological intervals were 
obtained from the Radiocarbon Laboratory, Silesian University of Technology, 
Poland (funded by Birbal Sahni Institute of Palaeosciences, Lucknow, India); 
sample record index No. 2708; Job No. NB-29/RIF/2014.

Results

The quartz grains studied under SEM exhibit textures that originated from 
mechanical actions (Figs. 2 and 3). The majority of quartz grains show high 
to moderate angularity (Figs. 2.1–6, 9, 10, 12; Figs. 3.14, 15, 17, 21–24) with 
sub-rounded to rounded grains (Figs. 2.7, 11 and Figs. 3.18–20) and exhibit 
microtextures with moderate to high relief. Each grain shows characteristic 
microtextures of mechanical origin, such as edge rounding, large and small 
conchoidal fractures, arcuate steps, straight steps, large breakage blocks, freshly 
broken smooth surfaces, parallel to subparallel linear striations, oriented as well 
as random scratches and grooves, pitted surface or collision pits and featureless 
smooth surfaces (Figs. 2.1–6, 9–10, 12 and Figs. 3.14, 16, 17, 21–24). Some 
textures of chemical origin, viz. adhering particles, silica precipitation, etched 
surfaces and solution channels are also present (Figs. 2.8 and Fig. 3.13, 16, 
19, 20, 22). 

On the basis of these characters (Tables 1 and 2), the entire core can be 
subdivided into three major parts. The upper part until 10 cm shows high 
angularity (65–75%), high relief (55–65%), large conchoidal fractures (60–70%), 
arcuate steps (30–50%), large breakage blocks (35–65%), and freshly broken 
smooth surfaces (10–25%). The middle part (10–30 cm) shows high roundness 
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(40–65%), low relief (50–70%), edge rounding (55–75%), small conchoidal 
fractures (20–40%), random grooves and scratches (30–50%), pitted surfaces and 
collision pits (20–40%), featureless smooth surfaces (5–40%), silica precipitation 
(5–25%), adhering particles (10–50%), etched surfaces (0–10%) and solution 
channels (0–10%). The lowest part (30–36 cm) shows high angularity (65–85%), 
high relief (60–75%), large conchoidal fractures (45–70%), arcuate steps 

Fig. 2. Scanning Electron Micro-photographs of quartz grains for studying their morphology and 
microtextures (the sample intervals are given within parentheses, explanations of each microtextures 
are tabulated in Table 1): 1. Angular grain with arcuate fracture pattern (0–2 cm); 2. Angular 
grain with breakage block (0–2 cm); 3. Sub-angular grain with oriented scratches and grooves 
(2–4 cm); 4. Sub-angular grain with breakage blocks (4–6 cm); 5. Angular grain with large 
conchoidal fractures (6–8 cm); 6. Sub-angular grain with breakage block, arcuate fractural pattern 
and large conchoidal fractures (8–10 cm); 7. Sub-rounded grain, with rounder edge (10–12 cm); 
8. Grain with silica precipitation and adhering particles (12–14 cm); 9. Sub-angular grain with 
large conchoidal fractures (12–14 cm); 10. Sub-angular grain with sub-parallel to parallel steps 
(14–16 cm); 11. Sub-rounded grain (14–16 cm); 12. Sub-angular grain with large conchoidal 

fractures (16–18 cm). All scale bars 100 mm.
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(15–45%), large breakage blocks (30–40%), freshly broken surfaces (5–45%), 
subparallel linear striations (25–50%) and oriented grooves and scratches 
(30–45%); refer to Table 2.

The CONISS cluster analysis (Fig. 4) shows three prominent zones at 2.0 level 
of total sum of squares based on the percentages of different characteristics of 
grain morphology and microtextures. Zone I consists of five samples falling 

Fig. 3. Scanning Electron Micro-photographs of quartz grains for studying their morphology 
and microtextures (the sample intervals are given within parentheses, explanations of each 
microtextures are tabulated in Table 1): 13. Grain with solution channels (16–18 cm); 14. Angular 
grain with breakage blocks (18–20 cm); 15. Angular grain (20–22 cm); 16. Grain with parallel 
to sub-parallel steps and adhering particles (20–22 cm); 17. Angular grain with parallel steps 
(22–24 cm); 18. Sub-rounded grain (24–26 cm); 19. Sub-rounded grain with silica precipitation 
and adhering particles (24–26 cm); 20. Sub-rounded grain with adhering particles (26–28 cm); 
21. Sub-angular grain with random scratches and grooves (28–30 cm); 22. Sub-angular grain with 
sub-parallel to parallel striations with adhering particles (30–32 cm); 23. Sub-angular grain with 
oriented scratches and grooves (32–34 cm); 24. Sub-angular grain with arcuate fracture pattern 

and parallel striations (34–36 cm). All scale bars 100 mm.
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Table 1
List of important quartz grain microtextures found in the core samples 

and their implications.

Core Interval 
(cm) Main Microtextures of Quartz Grain Environmental

Significance
Overall 

Environment

0–10

0–2 Angular grains with arcuate fracture 
pattern and breakage blocks Glacial

GLACIAL

2–4 Sub-angular grains with oriented 
scratches and grooves Glacial

4–6 Sub-angular grains with breakage 
blocks Glacial

6–8 Angular grains with large conchoidal 
fractures Glacial

8–10
Sub-angular grains with breakage 
blocks, arcuate and large conchoidal 
fractures

Glacial

10–30

10–12 Sub-rounded grains with rounded edge Eolian

GLACIAL 
WITH 
AQUEOUS 
AND EOLIAN
INFLUENCE

12–14
Silica precipitation, adhering particles, 
sub-angularand large conchoidal 
fracture

Glacial, Aqueous

14–16 Sub-rounded to sub-angular grains 
with sub-parallel to parallel steps Glacial, Eolian

16–18
Sub-angular grains with large 
conchoidal fractures and solution 
channels

Glacial, Aqueous

18–20 Angular grains with breakage blocks Glacial

20–22 Angular grains with parallel to sub-
parallel steps and adhering particles Glacial, Aqueous

22–24 Angular grains with parallel steps Glacial

24–26 Sub-rounded grains with silica 
precipitation, and adhering particles

Glacial, Aqueous, 
Eolian

26–28 Sub-rounded grains with adhering 
particle

Glacial, Aqueous, 
Eolian

28–30 Sub-angular grains with random 
scratches and grooves Glacial, Eolian

30–36

30–32 Sub-angular grains with sub-parallel 
to parallel striations Glacial

GLACIAL32–34 Sub-angular grains with oriented 
scratches and grooves Glacial

34–36 Sub-angular grains with arcuate 
fracture pattern and parallel striations Glacial
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within the top 10 cm of the core. Zone II constitutes the next 10 samples within 
10–30 cm of the core length. The last zone, Zone III, consists of only 3 samples 
of the bottommost part (30–36 cm) of the core. On the other hand, the core 
stratigraphy and sand percentage (Fig. 5) curve also shows some interesting 
results. Sand percentage of the core varies from 59.77% (32–34 cm) to 82.21% 
(6–8 cm). The 0–6 cm interval mostly shows sand with some granules and 
pebbles, which changes to an increase in granules downward up to 18 cm. 
The next 2 cm shows only sand, devoid of any granules and pebbles. The 
20–32 cm interval exhibits silty sand which changes to sand with granules in 
the last 4 cm interval. Lithologically, the core exhibits fining downward up to 
32 cm, followed by a coarsening downward trend. The top part (0–14 cm) shows 
sand percentage of more than 70%, while between 14–34 cm, sand percentage 
decreases below 70%. The last interval (34–36 cm) shows an increasing trend 
of sand percentage (Fig. 5).

AMS dates from the three lithological intervals are obtained as 3320 ± 35 yrs 
BP at 0 cm, 6145 ± 55 yrs BP at 14 cm and 12320 ± 50 yrs BP at 30 cm. 
These dates have been interpolated to get the age at each interval of the core, 
assuming a constant rate of sedimentation (Fig. 5). The extrapolated age at the 
bottommost sample of the core is 13.9 ka BP. 

Fig. 4. CONISS Cluster Analysis on the percentage of the characteristics of grain morphology 
and microtextures (data in Table 2).
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Discussion

Quartz microtextures as paleoenvironmental proxies. — The microtextures 
on the surface of detrital quartz grains are generally produced during transport and 
deposition of the sediments. SEM studies of the grain morphology and surface 
microtextures reflect the depositional environment and transport mechanism 
of the sediments (Krinsley and Donahue 1968; Margolis and Kennett 1971; 
Krinsley and Doornkamp 1973; Margolis and Krinsley 1974; Bull and Goudie 
1987; Krinsley and Marshall 1987; Mazzullo 1987; Thomas 1987; Zhou et al. 
1994; Mahaney 1995; Mahaney et al. 1996, 2001; Vos et al. 2014). In the polar 
environment, grain morphology and surface microtextures are commonly used to 
reconstruct the paleodepositional and paleoenvironmetal history. Quartz grains 
mostly exhibit microtextures formed by high energy mechanical abrasion, which 
are characteristic features of glacial and eolian environments. The chemical 

Fig. 5. Graph representing the core lithology, variation in sand percentage and the age along 
the core.
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textures indicate the presence of the glacial melt water within the channels 
(Asthana and Chaturvedi 1998). The nature of the chemical textures varies due 
to the change in pH of the melt water while interacting with the sediments 
(Asthana and Chaturvedi 1998). 

The quartz grains studied here mainly exhibit the textures of mechanical 
origin along with few occurrences of chemical origin. The grains show 
characteristic mechanical textures, such as angular grains, sub-angular grains, 
sub-rounded grains, rounded grains, arcuate fracture patterns, breakage blocks, 
oriented scratches and grooves, random scratches and grooves, large conchoidal 
fractures, small conchoidal fractures, parallel to sub-parallel steps, parallel to 
sub-parallel striations, collision pits, featureless smooth surfaces, and freshly 
broken smooth surfaces. Their environmental significance is summarised in 
Table 3. The textures of chemical origin, viz. adhering particles, secondary 
precipitation, solution channels and etched surfaces are also occasionally present. 
Depending on the morphology and texture characters, the mode of transportation 
and deposition can be classified mainly as glacial action with some aeolian 
and/or aqueous signatures at places (Krinsley and Doornkamp 1973; Asthana 
and Chaturvedi 1998) (Table 1). Angular to sub-angular grains along with 
arcuate fracture patterns, breakage blocks, oriented scratches and grooves, large 
conchoidal fractures, sub-parallel to parallel striations, sub-parallel to parallel 
steps and freshly broken smooth surfaces are indicative of glacial environment. 
On the other hand, rounded to sub-rounded grains along with rounded edges, 
collision pits, featureless smooth surfaces, small conchoidal fractures and random 
scratches and grooves reflect eolian environment. Aqueous environments are 
represented by the presence of adhering particles (along with glacial effect), 
silica precipitation, solution channels and etched surfaces.

Core zonation and paleoenvironments. — Depending on the percentages 
of the different sets of microtextures, CONISS Cluster Analysis was performed 
(Table 2 and Fig. 4). On the basis of zonation in Cluster Analysis, the entire 
core can be divided into three parts. Zone I, the upper part (0–10 cm), exhibits 
quartz grains with predominating characters of glacial activities, while Zone II, 
the middle part (10–30 cm), shows quartz grains with the characters of mostly 
glacial activities along with some prominent eolian and aqueous evidences, such 
as the presence of rounded to sub-rounded grains, random scratches and grooves 
(eolian environment) along with adhering particles, silica precipitation and 
solution channels (aqueous environment). Zone III, the lowest part (30–36 cm), 
predominantly shows a repeat of glacial activities. The top 0 to 14 cm shows 
higher (>70%) sand percentage (Fig. 5), which can be deciphered as an influence 
of glacial environment (Spaulding et al. 1997). The lithology of the core also 
shows sand along with pebbles and granules from 0 to 6 cm, followed by sand 
with granules up to 18 cm (Fig. 5). This also suggests that glacial activities 
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increased upwards as supported by the coarsening of the grains towards the top. 
The next part (14 to 34 cm) exhibits lesser influence of glacial activities with 
an increase of eolian and aqueous depositional characters based on the lesser 
percentage (<70%) of sand which indicates an interglacial phase, where eolian 
and aqueous activities are more dominant, resulting in deposition of the finer 
particles. The lithology also exhibits sand from 18 to 20 cm, followed by silty 
sand up to 32 cm (Fig. 5). The presence of relatively finer particles indicates 
that the deposition was driven by comparatively lesser glacial influence. The 
lead-lag relation of ~800 yrs in mid to late Holocene and ~1500 yrs in early 
Holocene between quartz grain morphology and microtextures (represented by 
cluster zones) and the sand percentage is probably because of the gap between 
the processes of transportation and deposition. Quartz grain morphology and 
microtextures depend on the transportation, by transporting agents, while grain 
size variation in a basin occurs during the deposition. Hence, it is not always 
that the depositional characteristics chronologically match with the transportation 

Table 3
Significance of the quartz grain microtextures along the core length 

for environmental assessm ent.

Quartz grain surface textures Environmental significance

Angular to sub-angular grains Glacial

Arcuate fracture patterns Glacial

Breakage blocks Glacial

Oriented scratches and grooves Glacial

Large conchoidal fractures Glacial

Sub-parallel to parallel striations Glacial

Sub-parallel to parallel steps Glacial

Freshly broken smooth surfaces Glacial

Adhering particles Glacial + Aqueous

Silica precipitation Aqueous

Solution channels Aqueous

Etched surfaces Aqueous

Rounded to sub-rounded grains Eolian

Rounded edges Eolian

Collision pits Eolian

Featureless smooth surfaces Eolian

Small conchoidal fractures Eolian

Random scratches and grooves Eolian



Abhijit Mazumder et al.14

features due to the change over gap between these two processes; and the same 
has been observed in our present study area. The lowest part of the succession 
shows an increase in sand (>70%) along with the presence of granules (Fig. 5), 
which indicates the recurrence of glacial dominated environment in the study area.

Age model. — Chronology of the core represents sediment deposition 
between 13.9 ka and 3.3 ka. The interpolated ages at 10 cm and 30 cm exhibit 
5.3 ka BP and 12.3 ka BP, respectively. On correlating the three cluster zones 
with the dates of the core, it is observed that from 5.3 ka BP to 3.3 ka BP 
(Cluster Zone I) glacial events predominated in the study area, which is repetitive 
of the previous glacial event prior to 12.3 ka BP (Cluster Zone III). Both these 
events are represented by extensive glacial microtextural and morphological 
signatures. On the other hand, 5.3 ka BP to 12.3 ka BP (Cluster Zone II) 
can be distinguished as a comparatively warmer period in this region, during 
which quartz grains with aqueous and eolian microtextural and morphological 
characteristics, are also present along with glacial derived sediments.

Regional context of paleoclimatic variability. — The onset of the Holocene 
(~11.5 ka BP) in Schirmacher Oasis was marked by a warming event, when the 
glaciers retreated from the low lying valleys leaving five major lakes in this region 
(Phartiyal et al. 2011). A previous study has also revealed that the Schirmacher 
Oasis was probably deglaciated at the Pleistocene–Holocene boundary (Gingele 
et al. 1997). This phenomenon is almost similar to that in the Larsemann Hills 
where the lakes were ice-free during 11.5 and 9.5 ka BP (Verleyen et al. 2003, 
2004a, 2004b; Hodgson et al. 2004). This rise in temperature can be correlated 
with the commencement of the Holocene warming in other East Antarctic oases 
(Ingόlfsson et al. 1998; Gore et al. 2001; Hodgson et al. 2001; Kirkup et al. 
2002). In and around our study area, we also demarcated the glacial-interglacial 
boundary at 12.3 ka BP. Depending upon the data of magnetic susceptibility and 
loss-on-ignition from seven vertical sediment profiles, Phartiyal et al. (2011) 
hypothesized that the five major lakes in the Schirmacher Oasis existed until 
~3 ka BP with intermittent climatic oscillations, which indicates the existence 
of a comparatively warmer climate until 3 ka BP. The major ice sheet recession 
in the East Antarctic region happened between ~12 and ~6 ka BP (Mackintosh 
et al. 2014). Our study also indicates a warmer climate in the area from 12.3 
ka BP to 5.3 ka BP. 

After this warm event, from 5.3 ka BP till 3.3 ka BP, our results show a colder 
period of glaciation. However, other studies have reported that the Schirmacher Oasis 
experienced warmer climatic conditions from 4.2 to ~2 ka BP as evident from the 
magnetic mineral concentrations and magnetic grain size parameters (Warrier et al. 
2014). Phartiyal (2014) marked Phase 5 as a comparatively overall arid and cold 
period from 8.7 to 4.4 ka. However, Wagner et al. (2004) reported a short cooling 
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event from 6.7 to 3.7 ka BP in Amery Oasis just after the major early Holocene warm 
period. In Vestfold Hills region, a periodic warming and cooling alternation has been 
observed during 8.5–5.5 ka BP and 5.5–5.0 ka BP, respectively (Gibson unpublished 
results in Verleyen et al. 2011). The cluster analysis result (Fig. 5) shows two sub-
zones under Zone I at 2.0 level of total sum of squares based on the percentage 
of different characteristics of grain morphology and microtextures. These two sub-
zones indicate some differences of environment within Zone I. Chronologically, the 
lower subzone ranges from 5.3 ka BP to 4.1 ka BP, while the upper subzone ranges 
from 4.1 ka BP to 3.3 ka BP. The lower subzone definitely shows the signatures of 
intense glaciations by its grain morphology and microtextures, and this result is quite 
compatible with the short time glaciation periods in different parts of Antarctica, 
viz. Amery Oasis and Vestfold Hills. On the other hand, the upper subzones show 
less intensity of glacial evidences, which may indicate that the environment was 
again changing towards a warmer period after 4.1 ka BP. Thus, this time period 
can be assigned as a transitional period, when climate was changing from a colder 
to warmer period. The presence of late Holocene transitional period can be further 
looked into by more studies from the other lakes in the area.

Conclusion

In the present study, the higher sand percentage (>70%), along with the 
signatures of glacial nature depicted on quartz grains of the lake sediments, from 
a proglacial lake in the Schirmacher Oasis, records the predominantly colder 
conditions at the advent of Holocene. With the commencement of Holocene, 
glaciers started melting in this region, which is well manifested in the quartz 
grain microtextures. Mid-Holocene in this study is represented by the quartz 
grains having a characteristic mixture of glacial along with eolian and aqueous 
signatures, which is associated with lesser sand percentage value (<70%). This 
suggests the presence of relatively warmer climatic conditions in this region 
during that time. Late Holocene is represented by higher sand percentage (>70%) 
along with predominantly glacial marks in grain morphology and microtextures, 
which suggests the return of a glacial environment in this region. Thus, our 
study demarcates an early- to mid-Holocene warm period, sandwiched between 
two colder episodes during pre- and late-Holocene. Our data is well compatible 
with other studies on climatic history of Holocene in Antarctica, especially those 
from Amery Oasis and Vestfold Hills.
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