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Schirmacher Oasis, East Antarctica hosts loose unconsolidated sediments that consist dominantly of
sand-silt admixtures with minor clay. These sediments were collected from different glacial environ-
ments such as polar ice sheets, inland lakes, exposed bedrock, and coastal shelf areas. Two sediment
fractions (coarse 0.25—0.125 mm and fine 0.125—0.063 mm) were separated and chemically analyzed.
Mineralogically, the mixture is composed dominantly of quartz and feldspar, and a large variety of heavy
minerals: zircon, tourmaline, rutile, garnet, hornblende, hypersthene, enstatite, kyanite, sillimanite,
andalusite, zoisite, lawsonite, chlorite, spinel, topaz, and opaques. The clay minerals i.e., chlorite, illite,
smectite, kaolinite, and vermiculite constitute a small fraction. There is a mineralogical control over the
observed geochemical patterns and anomalies of these sediments. The rare earth element and incom-
patible trace element spidergrams show relative enrichment in the coarse fraction as against fine frac-
tion, indicating enrichment of the carrier minerals of these elements (mostly heavy minerals) in the
coarse fraction. The overall geochemistry of the sediments classifies them as greywacke as per Lindsey,
Fe-sand to arenite as per Herron, and sodic sandstones as per Blatt et al. These sediments show quartzose
sedimentary provenance, but influence of other unknown sources is also discernible. Transporting
agencies for the sediments are commonly meltwater channels and wind. However, transport under
influence of gravity, glacier action and sea waves are also envisaged. The sediments have undergone low
degrees of chemical weathering ranging between incipient and moderate types.

© 2012 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Sedimentary rocks contain wealth of information about the
composition, tectonic setting, and evolutionary growth of the early
continental crusts (Taylor and McLennan, 1985; McLennan et al.,
1993). The original composition of weathered source rocks is
a dominant control on the makeup of terrigenous sediments, and
therefore geographic and stratigraphic variations in provenance
can provide important constraints on the tectonic evolution of the
region (e.g. Clift et al., 2000; McLennan et al., 2003; Rahman and
Suzuki, 2007; Lamaskin et al., 2008). The geochemistry of sedi-
mentary rocks has been used to classify rocks, identify provenance
characteristics and investigate palaeoclimatic conditions of depo-
sitional basins (e.g. Nesbitt and Young, 1982; Bhatia, 1983; Bhatia
and Crook, 1986; Herron, 1988; Armstrong-Altrin and Verma,
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2005; Ryan and Williams, 2007). However, little data are avail-
able on the geochemistry of the glacial sediments of the study area.
This paper characterizes the glacial sediments of the Schirmacher
Oasis, East Antarctica on the basis of their mineralogy and
geochemistry.

The Schirmacher Oasis comprises high-grade metamorphic
terrain (Sengupta, 1986; Singh, 1986) forming the basement, which,
at places, hosts loose unconsolidated glacial sediments (Lal, 1986;
Asthana and Chaturvedi, 1998). These sediments mainly consist of
sand-silt-clay, and have not been studied for their geochemistry.
The basement rocks, however, show little attention for their basic
geochemical aspects i.e., charnokite and granites (Keshava Prasad
and Gaur, 2007) and lamprophyres (Hoch and Tobschall, 1998;
Hoch, 1999; Hoch et al., 2001).

The Oasis, in general, is little explored for its geological aspects
because of difficult access and limited time for field work. The
recent study of grain-size data by Srivastava and Khare (2009)
reveals that the sediments of various glacial and geological units
exhibit almost similar textural and statistical characteristics as
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there is an intermixing of the sediments of various units due to ice
and wind activities. Therefore, it is necessary to identify the sources
of these sediments. The rocky landmass of the Oasis is considered
to be the major contributor of sediments. Although very feeble
chemical weathering of these rocks is expected in the cold-based
environment, some of the rocks show effects of chemical alter-
ation. Considering these aspects, the aims of the present study are
to i) interpret the geochemical data (major, minor and trace
elements including rare earths), ii) classify the sediments fractions
analyzed and to comment on provenance characteristics of the
area, and, iii) interpret the degree and pattern of weathering.

2. Geological and glacial features of the area

The Schirmacher Oasis (70° 44’ 30” S to 70° 46’ 30” S; 11° 22/
40" E to 11° 54’ 00” E) is an east-west trending narrow strip, ice-
free region covering an area of about 35 km? (Fig. 1). The
maximum width of the Oasis is about 2.7 km in the central part. It
has undulating topography consisting of low elevation hills up to
200 m high and depressions formed by glacial valleys and lakes.

Exposed geology is mostly represented by high-grade meta-
morphic rocks, which form the Precambrian crystalline basement.
The major geologic units exposed are i) banded-gneiss, ii) alaskite,
iii) garnet-biotite gneiss, iv) calc-gneiss, khondalites and associated
migmatites, v) augen-gneiss and vi) streaky-gneiss, which are at
places intersected by the dykes of basalt, lamprophyres, pegmatite,
dolerite and apatite (Sengupta, 1986) (Fig. 1).

The Oasis region is clearly distinguishable into three units: i)
polar ice sheet, ii) Schirmacher mainland including lakes, and iii)
coastal-shelf area. All three units extend in east-west directions
paralleling the coastline (Fig. 1). The polar ice sheet covers a large
area in the south and contains abundant sand and silt-size sedi-
ments. The second unit is the exposed rock area. It shows an
undulating topography with low altitude hills of 50—200 m and
inland lakes formed due to glacier erosion. The northern periphery
shows a general steepness towards the coast. Various sub-glacial
tills, glacial valleys, and polished bedrock are easily recognizable
in this unit. The third unit represented by the coastal region is
marked by the presence of coastal sand, which is largely mixed
with sediments from inland and the polar ice sheet, transported
through meltwater channels.

3. Criteria for sampling and site of collection

The study area is elongated E—W, including the polar ice sheet,
exposed rock, lake and adjacent coastal areas. The southern
margin of the Oasis is overlain by the polar ice sheet, with the
scarp face well exposed south of Maitri base camp (Fig. 2A). This

face shows horizontal layering of the ice with distinguishable
changes in thickness, shades of brown colors, transparency and
degree of melting. The ice-sheet also contains silt and sand which
show comparatively higher concentrations in meltwater channels,
depressions formed on the surface as well as on the ground where
meltwater along with sediments drips down, leaving small debris
cones. Southeast wind to 92 knots is also a significant agent (Bera,
2004; Lal and Manchurkar, 2007) which releases the sediments
through weathering and erosion followed by their selective
deposition in depressions, shadow zones and valleys. The sedi-
ments in this area are mainly released by the polar ice due to its
melting and dropping of sediments. The exposed rock area
(Fig. 2B) includes inland lakes (Fig. 2C, D). On the exposed rock
area, both release of sediments and their deposition are consid-
ered as result of erosion of basement rocks due to erosional and
depositional activities of ice and wind. The lakes are medium to
small, freshwater bodies and receive sediments from meltwater
discharge (Fig. 2E, F). The third unit in the north grades to the
coastal area of the Antarctic Ocean (Fig. 2G). This region is
dominantly rocky but sand patches are frequently exposed.
Locally, patches of horizontally bedded glacial sediments inter-
locked in shelf ice are present (Fig. 2H). These three units clearly
show variations in their sediment sources, mechanism of trans-
port and deposition. The dominant physical factors controlling the
transportation and deposition of these sediments are meltwater
channels, wind and ice, also responsible for inter-mixing of the
sediments from different units. A total of nineteen sediment
samples (A-1 to A-19) were collected from the entire area to
represent the geological and glacial units (Fig. 1).

3.1. Polar ice sheet

The polar ice sheet was sampled at surface, margins, and near
the base. Four samples were collected around the scarp face,
exposed about 500 m south of Maitri:

A-1: Base of polar ice sheet scarp face south of Maitri.

A-2: From the base of polar ice sheet, SW of Maitri.

A-3 and A-4: From the ice sheets lying at the base near the scarp
margin at two different locations roughly 500 m apart, south of
Maitri.

3.2. Inland lakes and exposed area
Five and four samples were collected from lakes and the

exposed Schirmacher mainland area, respectively. In this unit,
sampling has been made with two criteria in consideration, i.e., i)
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Fig. 1. Map of Schirmacher Oasis showing significant glacial units, elevations, paths of fossil glaciers (after Ravindra, 2001; Gajananda et al., 2007) and locations of sampling sites.
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Fig. 2. Photographs showing (A) Scarp face of polar ice sheet exposed in south of Maitri (B) Mainland area showing surface exposure of angular, poorly sorted sediments (C) Aerial
view of the lakes near glacier snout. Shivaling Nunatak is seen in the northwest corner, photograph taken from helicopter (D) An inland lake adjacent to the coastline, shelf ice is
seen in the background (E) Low lying hills of mainland area including an inland lake (F) Priyadarshini Lake and surrounding mainland area (G) Shelf exposed in the north of Maitri

(H) A patch of horizontally bedded glacial sediments interlocked in the shelf ice.

lakes and adjoining area, where meltwater is the main source
supplying the sediments, and ii) exposed rocky ground, where
wind is a significant factor in sediment accumulation.

A-5: From the lake margin located about 2 km east of Maitri, on
the route to Russian station Novalazarevskay.

A-6: Adjacent to A-5.

A-7 and A-8: From the margin of Priyadarshini Lake near Maitri.
A-9: From the margin of epishelf lake located in the extreme
north.

A-10: About 2 km NE of Maitri.

A-11: About 2 km NW of Maitri.

A-12 and A-13: From the sand pocket accumulation sites near
Maitri at elevations of 2 m and 4 m above the lake, respectively.

3.3. Coastal-shelf area

The northern margin was sampled at four different places, along
the roughly E-W trending coastline. A total of six samples have
been collected from the coastal-shelf area:

A-14: Shelf 3.5 km east of Maitri.
A-15: From the rocky shelf area, about 3 km west of A-14; north
of Maitri.
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A-16 and A-17: Two adjacent locations 4 km east of Maitri.
A-18 and A-19: Two locations about 5 km NW of Maitri.

4. Analytical techniques

Two fractions of sediments ranging in size from 0.25 to
0.125 mm and 0.125 to 0.063 mm were separated from the sedi-
ments and subjected for chemical analysis. All the major and trace
element analyses were carried out at the Wadia Institute of
Himalayan Geology, Dehradun, India. The major elements were
analyzed using a Siemens SRS 3000 Sequential X-ray Spectrometer
with END WINDOW Rh X-Ray Tube following the procedure of Saini
et al. (2007). Trace elements were analyzed using a Perkin Elmer
SCIEX quadrupole type ICP-Mass Spectrometer ELAN DIRAC-e,
adopting the procedure of Khanna et al. (2009). Table 1 shows
the analytical data. The samples subjected to chemical analysis
have been sieved for grain-size analysis (Srivastava and Khare,
2009), and, heavy minerals separated by gravitational settling
method using bromoform (Srivastava et al., 2010). Clay mineral
data of the same samples are also available, generated by XRD
analysis of Ca and K saturated samples at different temperatures,
using a Phillips Analytical X'Pert, Ni-filtered, CuKa radiation with
a scanning speed of 2°20 min~! (Srivastava et al., 2011).

5. Results and discussion
5.1. Mineralogy

Texturally, the sediments are dominantly medium sand, poorly
sorted, near symmetrical to fine-skewed, coarse or fine skewed
(Table 2). Each of the sediment samples is enriched in quartz and
feldspar. The heavy mineral analysis show that the minerals
present in these sediments include zircon, tourmaline, rutile,
garnet, hornblende, hypersthenes, enstatite, kyanite, sillimanite,
andalusite, zoisite, lawsonite, chlorite, spinel, topaz, and opaques
(Srivastava et al., 2010). The X-ray analysis of clay minerals indicates
the presence of chlorite, illite, smectite, kaolinite, and vermiculite,
apart from quartz and feldspar (Srivastava et al., 2011). The absence
of carbonates from the clay mineralogy is significant, as the
carbonates often influence source characterization of the sedi-
ments. The grain size analysis has shown that there are no signif-
icant clay fractions in these sediments (Giordano et al., 1999;
Srivastava and Khare, 2009). Table 3 shows total mineralogical
estimates of the sediments.

5.2. Geochemistry

Sediments in the size range of 0.25-0.125 mm and
0.125—0.063 mm, separated from the samples collected from the
different regions were analyzed (Table 1). The results suggest that
the overall SiO, content of these sediments ranges between 54.40
and 71.16%. Lower values of SiO, were observed for the lake sedi-
ments, whereas higher values for the polar ice sheets. Al,03 content
varies from 12.72 to 16.11%, with consistently lower values for the
polar ice sediments. Total iron content Fezog shows a wider range
from 3.84 to 12.72%. However, these values are irregularly distrib-
uted between the sediments collected from different regions, but
are much lower for the polar ice sediments, which indicate lower
degrees of chemical weathering of these sediments. Similarly, MgO
content also shows large variation from 1.16 to 7.25%, with relative
enrichment in the mainland and lake sediments and depletion in
the polar ice sediments. This may indicate that that the ferro-
magnesian minerals were derived from the exposed rocks that
largely contribute sediments to the inland lakes. CaO has a narrow
range from 3.22 to 6.22%, with the values almost uniformly

distributed within different type of sediments. NayO contents are
slightly higher for the polar ice sediments with an overall range of
1.71—4.07%. K;0 content ranges from 1.47 to 3.56%, without any
preferred enrichment or depletion. TiO, content ranges between
0.78 and 2.75%, although these values do not significantly differ in
the different sediment types. The overall geochemical characteris-
tics of the sediments from four different glacial environments do
not differ significantly, but show some mineralogical control.
Chemical analyses of both the size fractions of sediments from four
depositional settings were combined in order to study the
geochemistry of the glacial sediments of the Schirmacher Oasis.

5.3. Influence of mineralogy on the geochemistry of the sediments

The analyzed fractions (0.25—0.125 mm and 0.125—0.063 mm)
do not include the clay mineralogy. Therefore, minerals such as
illite, smectite, kaolinite and vermiculite will not represent their
influence as the carriers of several major and trace elements by the
way of substitution, adsorption or complex formation. However,
this should not be a major problem as these sediments are
considerably impoverished in clay size sediments (Giordano et al.,
1999; Srivastava et al., 2011). Among the other minerals, quartz
occurs in overwhelming abundance but it does not influence
overall geochemistry, especially trace elements. Similarly, the role
of alumino-silicates, namely, andalusite, sillimanite and kyanite as
carriers of trace elements is limited, due to the presence of other
minerals which are more likely carriers of many major and trace
elements. Feldspars are important in this regard since potash
feldspars influence Rb, Ba; sodic feldspars Na; and calcic feldspars
Sr and Eu. The mafic igneous minerals including hypersthene,
enstatite, hornblende and chlorite readily influence the presence of
many divalent (Mg*?, Fe*?, Mn*?, Co™?, Cr*?, Ni*?) and some
trivalent (Fet3, Cr3, Rare Earth Elements (REE*3)) elements. Zircon
is particularly important as a carrier of majority of the tetravalent
elements such as Zr+4, Hf ™, Pb™4, Th*4, Ge** and U**. The presence
of elements such as B3, Li*, as well as Na* is influenced by the
presence of tourmaline. However, most important mineral is
garnet, which is a unique carrier of Heavy Rare Earth Elements
(HREE). Similarly, epidote (zoisite) and lawsonite are likely to
influence the presence of Middle Rare Earth Elements (MREE), Sr
and Eu. In the absence of carbonates; calcic plagioclase and epidote
are the leading carriers of Ca (Mason and Moore, 1991; Rollinson,
1993; Ottonello, 1997; Randive, 2012).

The Upper Continental Crust (UCC) normalized REE Patterns
(Taylor and McLennan, 1985) of the average coarse (0.25—0.125 mm)
and average fine (0.125—0.063 mm) fractions of the sediments of the
Schirmacher Oasis are plotted in Fig. 3. The pattern is smooth,
showing both curves are mirror images, in which the finer fraction is
more depleted compared to the coarse fraction. This may indicate
relative impoverishment of the REE carrier minerals such as garnet,
epidote and other mafic minerals in the finer fraction. The same
trend is observed for other trace elements (Fig. 4). Poor sorting of the
glacial sediments may also be one of the reasons. The curves are
Light Rare Earth Elements (LREE) depleted shows a negative Eu
anomaly and flat HREE; the reason being the absence of LREE carrier
mineral phases such as carbonates and apatite in these sediments.
Relative impoverishment of plagioclase feldspar as compared to the
UCC may account for the negative Eu anomaly, and presence of
garnet steadies the HREE contents of these sediments.

The UCC normalized trace element spidergram of the Taylor and
McLennan (1985) also shows two curves that are mirror images.
However, the overall pattern is Large ion Lithophile Element (LILE)
depleted — High Filed Strength Elements (HFSE) enriched with the
positive spikes of Th, La, Ce, Hf, Zr and Ti, and negative spikes of Rb, K,
Sr and Hf. The heavy minerals, which account for majority of the



Table 1

Chemical analyses of 0.25—0.125 mm and 0.125—0.0625 mm size fractions of the sediments of the Schirmacher Oasis, East Antarctica.

Sample/Major, minor & Polar ice-sheet Lake Exposed area Coastal-shelf

trace elements AL()  A2() A3() A4() AS5() A6() A7() A8() A9() Al0() All() AI2() AI3() Al4() AI5() AI6() Al7() AI8() A19(i)

0.125 mm

Major oxides S0, 6055 7031 7116 6688 5797 5788 6162 6188 6979 6071 5968 6393 5960 6125 5960 6459 6033 6697 5440

in percentage TiO, 275 093 08 106 190 134 133 149 101 122 206 101 188 167 170 113 173 131 1.89
ALO; 1379 1333 1272 1317 1371 1422 1550 1548 1356 1497 1539 1500 1549 1587 1464 1445 1611 1331 14.69
Fe»03 901 462 416 542 1027 884 614 658 521 733 753 473 767 676 1029 497 732 592  11.05
MgO 359 119 116 135 403 494 397 390 167 495 354 146 363 394 278 163 396 176 6.72
MnO 013 008 008 008 013 009 008 009 009 010 011 007 011 011 009 008 011 009 0.11
cao 572 368 343 369 512 388 456 466 386 433 622 434 620 488 454 409 536 393 404
K,0 183 211 220 222 224 330 237 238 147 273 197 202 190 194 173 188 191 1.58 3.00
Na,0 315 407 400 379 277 248 324 330 405 263 336 397 326 327 353 383 334 382 2.07
P,0s 060 046 039 046 094 038 037 044 028 035 078 050 065 036 031 045 048 042 033
Lol 040 080 051 048 224 420 113 096 061 175 063 084 057 072 260 086 089 058 2.82

Minor and trace  Ba 719.82 48584 55978 44851 64640 76459 66279 597.02 26456 62455 611.89 32169 59035 611.05 541.13 350.18 63043 26000  605.88

elements in ppm.  Cr 89.84 16330 14593 7514 46732 52742 22156 15937 240.17 26586 13666 179.00 29065 11573 35121 26423 14460 10991 1089.60
Cu 022 1254 360 1345 1760 4503 2109 2153 2395 3722 906 2247 1534 1924 3270 1660 2721 1573  53.00
Zn 7870 7040 6047 8012 16211 12638 7277 6800 5686 7965 7606 6946 7419 6798 8114 6368 7712 6495 12121
Ga 1356 1341 1245 1391 1632 1832 1488 1498 1282 1578 1431 1414 1461 1442 1618 1417 1497 1349 1853
Pb 1563 1558 1752 1832 1629 1499 1566 1484 1110 1379 1525 1879 1311 1500 1103 1351 1489 1465 1537
Rb 3671 4932 5368 5236 5331 10643 5774 5608 3176 7429 4129 4642 3896  43.14 4954 4245 4208 3610  90.07
Sr 27025 29072 30850 26381 21038 22274 24025 22791 22413 21250 26392 26120 26370 24234 19532 24736 24462 22515 18246
Zr 112022 633.83 96515 58656 81973 281.10 36203 36735 23532 34925 787.44 385.18 57295 43097 30222 48995 55099 503.37  329.89
Nb 2649 1763 1983 1848 2093 1526 1298 1407 1277 1429 1915 1338 1790 1723 1510 1655 1725 17.06  15.65
la 7283 4953 8736 3992 4799 5430 3601 5004 2578 8108 5006 3282 3976 6287 5342 11145 10630 3462  27.89
Ce 16797 12346 19103 9093 11562 11515 8111 11432 5756 16633 11869 7407 9299 14142 122.16 25421 23980 7668 6038
Pr 1950 1403 2197 1086 1507 1302 960 1341 700 1818 1418 875 1120 1673 1428 29.88 2796  9.19 7.8
Nd 8601 61.60 9402 4899 7348 5581 4318 5942 3147 7611 6522 4008 5141 7540 6469 13174 12314 4122 3350
Sm 1756 1317 1773 1156 1713 1182 1005 1227 785 1463 1431 921 1137 1517 1283 2459 2425 10.11 8.58
Eu 228 216 195 219 267 210 220 201 170 211 228 193 207 211 203 266 229 209 2.02
cd 1379 1024 1321 842 1211 863 755 945 623 1149 1120 733 862 1169 961 1786 1760 837 6.19
b 236 178 203 159 191 147 140 161 132 181 193 137 154 193 159 273 261 1.58 122
Dy 1323 971 1000 865 869 752 794 861 810 927 1082 824 880 987 805 1299 1225 933 7.03
Ho 268 199 192 182 160 146 160 174 179 180 219 159 174 194 154 245 223 200 1.46
Er 751 576 58 535 462 416 464 509 550 507 638 466 498 548 464 723 625 577 427
Tm 106 083 078 068 052 053 064 076 076 072 094 064 070 075 060 089 088 089 056
Yb 626 482 506 445 341 338 418 450 503 425 563 419 455 464 383 580 532 550 3.69
Lu 098 073 078 068 053 051 063 068 076 059 08 062 066 068 058 088 08 076 056
Sc 2068 1674 1389 1763 2231 1906 1707 1738 2040 1805 1923 1621 1843 1859 2092 1765 1966 1956  21.22
Y 7081 5530 5369 4990 4330 4120 4507 4915 5020 4733 6109 4581 4924 5135 4336 6757 6027 5375  40.62
Th 2207 839 3602 1077 584 957 609 1178 626 2404 1099 628 682 1857 1528 4532 4160  7.71 5.12
v 11213 8789 5749 7501 9567 10951 9627 8950 9589 8433 8988 7875 9640 8922 108.13 9065 9601 9585  129.09
u 325 186 523 236 160 331 130 126 105 204 139 101 173 172 123 696 254 147 1.53
Hf 1239 421 1098 368 322 220 429 195 344 201 349 121 456 18 157 1720 526 269 1.94
Co 1388 1003 764 1058 1979 1987 1360 1207 1131 1659 1241 1059 1253 1118 1732 1170 1410 11.86 2554

(continued on next page)
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Table 1 (continued)

Sample/Major, minor & Polar ice-sheet Lake Exposed area Coastal-shelf

trace elements Al(ii)  A2(i) A3(i) A4(i) AS(ii) A6(i) A7(ii) AS(i) A9(i) AI0(i) Al1(i) A12(ii) A13(i) Al4(ii) A15(i) A16 (i) A17(ii) A18()i A19 (i)

0.0625 mm

Major oxides Si0, 6256 6748 7008  67.08 5545 5562 5930 5806 6095 5848 5902 6018 5994 6184 5673 5896 5985 6301 5184

in percentage TiO, 189 095 078 095 160 136 152 149 190 126 209 144 145 149 149 156 179 161 1.83
ALO; 1416 1293 1302 1309 1387 1445 1504 1496 1381 14838 1546 1505 1560 1431 1421 1583 1549  13.15 1406
Fe;03 6.88 483 384 503 1186 1020 798 964 843 871 773 697 735 723 1024 820  7.90 684 1217
MgO 3.68 129 117 138 391 531 465 495 479 558 372 419 399 438 576 484 432 317 725
MnoO 0.10 008 007 008 017 009 009 010 012 010 010 009 009 010 008  0.11 0.11 010 011
cao 5.03 373 354 371 457 322 428 402 494 417 579 495 511 495 395 482 524 412 363
K,0 217 220 234 234 265 356 263 296 179 3.6 219 234 251 213 215 230 204 169 346
Na0 311 392 401 380 247 218 276 262 282 239 320 315 300 299 260 289 3.2 356 171
P20s 0.61 055 044 055 101 034 038 040 043 037 074 054 047 047 032 045 054 046 027
Lol 0.65 079  0.80 082 441 531 162 256 101 226 092 104 114 154 329 168 127 082  3.62

Minor and trace ~ Ba 809.46 56458 647.12 57406 77060 80147 72574 67748 56605 68931 71775 580.63 72960 72973 59623 68937 67480 27919 65871

elements in ppm.  Cr 27238 14099 34758 282.88 62849 12468 15944 14677 20614 58522 13617 15233 10569 15651 244.64 58343 20041 16102 253.10
Cu 24.00 129 9.90 959 3567 6274 2486 3638 47.86 4530 968 2980 6979 1990 3828 3339 2878 804 7167
Zn 10844 7884 6429 8244 21373 16158 9872 12177 111.88 10176 9929 9806 13759 91.02 9696 107.81 9487  83.60 15430
Ga 1285 1306 1244 1311 1927 1920 1618 1866 1356 1581 1395 1421 1527 1443 1902 1636 1561 1400  20.16
Pb 1772 2016 1974 1813 1979 17.29 1525 1586 1446 1639 1655 2296 1702 1552 1605 1390 1805 1538 1443
Rb 4764 5385 5695 5776 7292 12745 7189 9291 4145 8896  47.87 5737 6195 5562 6644 5950 4850 3972 11136
St 29356 303.09 337.88 289.17 19090 202.82 22210 201.57 19891 199.02 25048 23503 24045 23605 177.70 22897 23290 21277 167.69
7 144407 110465 979.80 1024.81 98525 31193 53846 47265 78573 40236 138153 70948 73823 744.88 41579 60578 85494 1147.99 399.89
Nb 2239 2033 1929 1862 17.84 1541 1390 1474 1699 1363 2066 1396 1506 1731 1379 1686 1778 1996 1541
la 3893 9691 7164 7581 9105 7259 6776 6638 7900 7245 10197 5330 4810 8276 6839 9057 8473 9726 6201
Ce 87.75 22301 167.82 17676 22136 15621 149.15 147.71 18241 16091 22908 11479 10300 189.19 151.56 19973 19127 22546 13807
Pr 1038 2688 1928 2070 2773 1771 1747 1708 2216 1871 2764 1341 1153 2185 1770 2335 2282 2664 1656
Nd 4696 11986 8250 8930 13050 7542 7814 7456 10075 8130 12326 6083 5479 9573 7600 103.05 10044 11591 7161
Sm 1021 2471 1654 1824 2793 1506 1532 1610 2013 1672 2404 1266 896 1812 1617 2031 1959 2264 1373
Eu 2.08 288 218 247 327 229 238 275 270 277 267 210 183 237 257 267 263 242 200
Gd 8.11 17.91 12.34 13.82 19.18 11.40 10.86 11.78 14.16 12.12 16.96 9.76 7.61 13.44 11.34 14.24 14.38 16.71 10.02
Tb 1.57 285  2.02 230 251 182 173 198 224 184 263 174 128 199 184 226 218 248 156
Dy 872 1481 1044 1240 1079 949 921 1057 1141 915 1258 953 642 992 870 1094 1074 1229 821
Ho 1.84 2.79 2.07 2.48 1.84 1.84 1.76 2.04 2.27 1.86 240 1.92 1.21 1.95 1.70 2.09 2.14 244 1.66
Er 528 808  6.04 694 521 543 506 589 651 544 721 563 262 557 495 622 635 716 487
Tm 0.76 118 085 097 066 074 072 084 093 074 084 081 053 079 062 084 087 102 068
Yb 450 721 518 577 400 440 433 493 570 447 545 472 312 459 388 533 544 629 430
Lu 0.73 106 078 088 058 066 064 075 087 065 081 070 050 070 058 080 076 097 060
Sc 1803 2012 1287 1772 2459 2152 1962 2297 2201 2022 1852 1849  11.64 2088 2295 1999 1983 2148 23.52
Y 4977 7576 5616 6675 4789 4857 4840 57.62 5965 4736 6582 5223 3339 5143 4639 5785 5691 6437  43.18
Th 846 2011 2970 2375 1116 1520 1666 1364 2977 1772 2792 918 1200 2756 1599 2772 2245 3686 22.06
v 88.08 8761 6046 8596 12071 11484 10753 12500 12803 10589 8823 8595 10700 9974 11910 9372 9948 11288 16267
u 125 507 4388 363 242 465 203 253 338 197 354 184 200 255 175 278 267 347 265
Hf 2.68 515  6.40 222 542 419 295 580 858 382 805 471 1351 576 294 560 807 9.02 319
Co 1137 1176 745 1115 2857 2323 1779 2119 1568 21.19 1290 1383 404 1516 2042 1499 1546 1376 31.07

(1] 44
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Table 2

Textural parameters of the samples, trends of average percentages of heavy minerals and clay minerals belonging to different glacial units of the Oasis; (abbreviations used for
heavy minerals: Zr — Zircon, Tr — Tourmaline, Rt — Rutile, Gr — Garnet, Hr — Hornblende, Hp — Hypersthene, En — Enstatite, Ky — Kyanite, Si — Sillimanite, An — Andalusite, Zo —
Zoisite, La — Lawsonite, Ch — Chlorite, Sp — Spinel, To — Topaz, Op — Opaque; for clay minerals: Ch — Chlorite, Il — Illite, Ka — Kaoline, Sm — Smectite, Ve — Vermiculite).

Glacial units Sample Textural parameters Average percentage (X-axix) Average percentage
number Mean (Mz) Standard Skewness (Ski) Kurtosis (K¢) of heavy minerals (X'—ax1x1) o.f cl?y
deviation (o) minera’s in clay
fractions
Polar A-1 Medium Poorly Fine- Mesokurtic; 1.10 60 4 -
ice-sheet sand; 1.24 sorted; 1.88 skewed; +0.21 s0 %5 =
A-2 Medium Poorly Fine- Mesokurtic; 0.98 0 g N u
sand; 1.29 sorted; 1.81 skewed; +0.14 :: [EEE" - | . 3 I
A-3 Coarse Very poorly  Very fine- Very o I I SO @ g
sand; 0.98 sorted; 2.08 skewed; +0.40 platykurtic; 0.62 o4 I ll I l.: nBEN
A4 Coarse Poorly Nearly- Platykurtic; 0.71 Zr Tr R Gr Mr HpEn Ky SUAn Zo La ChoSp To op ch I Ka Sm Ve
sand; 0.93 sorted; 1.98 symmetrical; 0.05
Lake A-5 Medium Poorly Fine- Platykurtic; 0.73 Eﬁ | ™ 3 =
sand; 1.18 sorted; 1.81 skewed; +0.13 a0 a0 38.16
A-6 Coarse Poorly Nearly- Platykurtic; 0.77 o I T 3 o 30
sand; 0.47 sorted; 1.75  symmetrical; +0.09 o I B & I PR 20 831 277 5,16
A-7 Medium Very poorly Very fine- Platykurtic; 0.71 o I | an I AZa l | | I ‘3 :
sand; 1.23 sorted; 2.19  skewed; +0.26 r TR GrHr MpEn Ky slAn Zo La ch sp To O ch Il Ka Sm Ve
A-8 Medium Very poorly  Very fine- Platykurtic; 0.70
sand; 1.11 sorted; 2.04 skewed; +0.33
Exposed A-9 Medium Poorly Fine- Mesokurtic; 0.94 -
area sand; 1.28 sorted; 1.50  skewed; +0.25 - > b
A-10 Coarse Very poorly Nearly- Platykurtic; 0.83 ao | S
sand; 0.89 sorted; 2.25 symmetrical; +0.10 SaE I = 2
A-11 Fine Poorly Fine- Very Nl e =8 I B ~5 .2
sand; 2.07 sorted; 1.52  skewed; +0.25 leptokurtic; 1.70 i II I [ AN AN Ii aliall
A-12 Medium Moderately Nearly- Leptokurtic; 1.12 T RE QT HT NP ER Ky SEAR Zo e ch so Te 9 ch Il Ka sm Ve
sand; 1.59 sorted; 0.89 symmetrical; —0.01
A-13 Fine Poorly Very fine- Mesokurtic; 0.96
sand; 2.18 sorted; 1.59  skewed; +0.37
Coastal-shelf A-14 Medium Poorly Nearly- Leptokurtic; 1.13
sand; 1.61 sorted; 1.53 symmetrical; +0.07
A-15 Medium Very poorly Nearly- Platykurtic; 0.83
sand; 1.31 sorted; 2.08  symmetrical; —0.06 & =
A-16 Medium Poorly Fine- Mesokurtic; 1.05 % B
sand; 1.78 sorted; 1.75 skewed; +0.22 a0 M
A-17 Medium Poorly Very fine- Very leptokurtic; 2.02  *° = I . 2
sand; 1.11 sorted; 1.91 skewed; +0.37 : g == =S a2
A-18 Medium Poorly Fine- Platykurtic; 0.88 . I I IRRAEN I I A |
sand; 1.27 sorted; 1.92 skewed; +0.30 T REGrHE Hp En Ky SEAn Zo La ch e Te Op ¢th I Ka Sm Ve
A-19 Coarse Poorly Nearly- Platykurtic; 0.86
sand; 0.91 sorted; 1.66 symmetrical; +0.03

compatible trace elements (HFSE), are responsible for the pattern of
the spidergram. Positive spikes of Th, Zr and Ti can be ascribed to the
presence of minerals such as zircon and anatase/rutile. Similarly,
negative spikes of Rb, K and Sr might be ascribed to the relative
depletion of feldspars in these sediments as compared to the UCC.

5.4. Classification

Unlike many igneous rocks, it is difficult to find a simple rela-
tionship between the mineralogy of sandstones and their chemical
composition. For this reason, the geochemical classification of
sandstones does not mimic the conventional mineralogical classi-
fication of sandstones based upon quartz-feldspar-lithic fragments.
Rather, it differentiates between mature and immature sediments
(Rollinson, 1993). The glacial sediments of the Schirmacher Oasis
yield interesting results of their geochemical analysis. The log (K,O/
Na,0) vs log (SiO2/Al,03) diagram after Lindsey (1999) plots the

majority of the data in the greywacke field (Fig. 5). The Log (SiO5/
Al,03) vs log (Fe20§/1<20) diagram of Herron (1988) distributes the
data points between Fe-sand, wacke and litharenite (Fig. 6). Simi-
larly, the triangular NaZO—(FeZOE + Mg0)—K,0 diagram of Blatt
et al. (1972) indicates that the majority of the data points repre-
sents sodic sandstones and the remaining ferromagnesian potassic
sandstones (Fig. 7).

5.5. Provenance characteristics

Characterizing the glacial sediments could be difficult due to
non-uniformity of the sediments as well as possibility of the wind-
borne sediments being mixed with them. Earlier studies (Srivastava
and Khare, 2009) suggested that the glacial sediments of the
Schirmacher Oasis collected from different sites (polar ice sheets,
mainland, lakes and shelf area) are fairly uniform, dominated by the
medium size sand fraction with an average value of 1.47¢.
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Table 3

Total mineralogical estimate of the sediments from different glacial environments of the Schirmacher Oasis, East Antarctica. Minerals are listed in the order of their decreasing
abundance (Refer Srivastava and Khare, 2009; Srivastava et al., 2010, 2011, for actual estimates).

Sr. No. Type of analysis Particle size Polar ice-sheet Inland lakes Exposed area Coastal-shelf
1. Visual estimate Granule — Quartz and Feldspar —_—)
and microscopy Very coarse sand
Coarse sand
2. Heavy mineral analysis Medium sand Hypersthene Hornblende Hornblende Hornblende
Fine sand Hornblende Garnet Garnet Garnet

Garnet Hypersthene Hypersthene Hypersthene
Zircon Sillimanite Sillimanite Sillimanite
Tourmaline Zircon Zircon Zircon
Sillimanite Tourmaline Kyanite Tourmaline
Rutile Kyanite Andalusite Kyanite
Chlorite Chlorite Tourmaline Rutile
Kyanite Topaz Topaz Andalusite
Andalusite Rutile Chlorite Chlorite
Enstatite Andalusite Rutile Topaz
Spinel Spinel Enstatite Enstatite
Topaz Enstatite Lawsonite Lawsonite
Lawsonite Lawsonite Spinel Spinel
Zoisite Zoisite Zoisite Zoisite

3. XRD/DT/TG analyses Fine silt and clay Illite Illite Illite Illite
Amphibole Amphibole K-Feldspar Smectite
Ca-Feldspar K-Feldspar Smectite Amphibole
Smectite Smectite Amphibole K-Feldspar
K-Feldspar Vermiculite Quartz Vermiculite
Vermiculite Kaolinite Vermiculite Kaolinite
Quartz Quartz Kaolinite Quartz
Kaolinite Ca-Feldspar Ca-Feldspar Chlorite

Chlorite Chlorite

Therefore, the geochemical characters of these sediments are
uniform and can be used for provenance studies. The wind-borne
sediments occupy all the studied regions, and show little compo-
sitional deviation from the normal range, and may also be used for
the provenance studies.

The diagrams based on the discriminant functions used by Roser
and Korsch (1988) are useful. The discriminant functions (DF-1 and
DF-2) in first diagram (Fig. 8) are calculated using the following
formulae:

D.F.1 = —1.773 TiO, +0.607 Al,05 +0.76 Fe,0%°%! — 1.5 MgO
+0.616 CaO+0.509 Na,0 — 1.224 K,0 —9.09

Rock/UCC Upper Cont. Crust REE Taylor-McLennan 1985

10 77171 71T T T T T T T T T T T 3
C e . ]
L = O e %o _
R e e e
1T = =
A = —
01 O T B I Y N Y B B B

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 3. The Upper Continental Crust normalized REE pattern of the sediments of the
Schirmacher Oasis. Filled circles — coarse sediment (0.125 mm), empty circles — fine
sediment (0.063 mm) fractions.

D.F.2 = 0.445 TiO, +0.07 Al,05 — 0.25 Fe,01°®! _ 1,142 MgO
10.438 Ca0 +1.475 Na,0 — 1.426 K,0 — 6.861

In this diagram, the majority of the data points are plotted in the
field of quartzose sedimentary provenance.

The sediments collected from Schirmacher Oasis mostly come
from three different sources: i) the glacial sediments derived
from the exposed rock area which are composed of metamorphic
basement and igneous intrusions and have very short transport
distances; ii) wind-borne sediments which could have mixed
source regions and very long transport; and iii) beach sediments

Rock/UCC  Upper Cont. Crust SPI. Taylor-McLennan 1985
L e e e e N L N N o

T TTTTIT
L

T HHH‘
[ HHH‘

T HHH’
| HHM

1 L 1 L 1 1 L 1 L 1 1 L 1 L 1 1 L 1 L
CsRbBaTh U K TaNbLaCe SrNdHf ZrSmTi Y YbLu

Fig. 4. The Upper Continental Crust normalized trace element spidergrams of the

sediments of the Schirmacher Oasis. Filled circles — coarse sediment (0.125 mm),
empty circles — fine sediment (0.063 mm) fractions.
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Fig. 5. Log(K,0/Na,0) vs log(Si0,/Al,03) diagram after Lindsey (1999) showing fields
for the sandstones.

which could involve long transport and varied sources. Sample
locations (glacial environments), their possible sources and
possible contaminations from other sources are given in Table 4.
This data indicates that the collected sediments belong to
different environments, but are mostly derived from the meta-
morphic basement and intrusive igneous rocks. The influence of
other sources is also a governing factor. Although it is very
difficult to estimate the provenance of wind-borne and wave-
borne sediments, geochemical data provides fairly good
estimates.

The sediments belonging to different glaciological environ-
ments show reasonably good segregation of data points. Fig. 9
plots variation of CaO against SiO,, wherein the mainland sedi-
ments show relatively higher CaO whereas inland lakes follow the
trend of low CaO — low SiO,. This indicates that the lacustrine
sediments are high-density, sufficiently enriched in heavy
minerals and transported by surface meltwater channels. On the
other hand there are low density, low CaO — high SiO, dominantly
quartzo-feldspathic sediments, which are in all probability wind-
borne. The sediments from the coastal shelf show a scatter of
data points, indicating mixed sources of meltwater channels, wind
and waves.

2 T T
o) 1 I Fe-shale Fe-sand l
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0.0 0.5 1.0 1.5 2.0 2.5
log(SiO,/Al,05)

Fig. 6. Log(SiO/Al,03) vs log(FeZOE/KZO) (diagram after Herron (1988) showing plot
for the sediments of Schirmacher Oasis.

Fe,05,+MgO

Ferromagnesian
Potassic sandstones

Sodic sandstones Potassic sandstones

Na,O K,O

Fig. 7. Triangular scattergram of NaZO—KZO—(Fezog + MgO) from Blatt et al. (1972)
showing the data points of Schirmacher Oasis.

Fig. 10 shows variation of SiO, vs MgO + FeO, where all the
data points fall along a straight line having negative slope and
high correlation coefficient (r = 0.95 and 1’ = 0.94). The majority of
the mainland sediments occupy a small circular area indicating
that these were derived from the country rocks and lack
substantial transport. The sediments collected from inland lakes
surround mainland sediments and indicate shorter transport by
ice and gravity. The mainland and lake sediments are surrounded
by an elongated elliptical area comprising shelf sediments, indi-
cating mixed sources for these sediments. The polar ice sediments
form a separate domain. These low density quartzo-feldspathic
sediments are considered to be wind-borne. Some of the data
from each environment fall towards the polar ice domain. The
wind-borne sediments may occupy mainland, lake, and coastal
shelf areas.

The separate influence of meltwater and wind transport on the
geochemistry of sediments of Schirmacher Oasis is shown in the
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)
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N 0 r provenance
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-4 - Intermediate - b
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8 F |
| | | | | | |

DF-1

Fig. 8. The provenance discrimination diagrams after Roser and Korsch (1988)
showing the data points in the field of the quartzose sedimentary provenance. See
text for the formulae for discriminant functions DF-1 and DF-2 for each diagram.
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Table 4

Possible sources and agencies of transport for the sediments of Schirmacher Oasis, East Antarctica.

Sr. No. Sediment

environment

Expected agencies of transport and deposition

Expected source of sediments Expected length and

duration of transport

1. Polar ice-sheet Wind

2. Inland lakes
of the sediments from surrounding highland
Meltwater channels + wind (mainland rocks
obstructing wind)

Sea waves + meltwater channels + wind

3. Exposed area

4. Coastal shelf area

Meltwater channels + down slope movement

Mainland Antarctic region and surrounding
continental areas (depending upon direction
and velocity of wind)

Mainland of Schirmacher Oasis

Long distance, possibly
longer duration

Short distance, mixed
duration

Mixed (long and short)
distance and duration
Mixed (expected to be
highly variable)

Mainland rocks and unknown sources

Coastal Antarctic region + mainland
+ unknown sources of wind

50 60 70 80
Sio,

Fig. 9. SiO, vs CaO diagram showing trends and possible sources of sediments of
Schirmacher Oasis. The symbols used in the diagram indicate sediments collected from
different glaciological environments: Diamonds — Mainland, Squares — Lakes, Circles —
Coastal Shelf, and Triangles — Polar Ice. See text for discussion.
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Fig. 10. SiO; vs MgO + FeO diagram showing trends and possible sources of sediments
of Schirmacher Oasis. Sediments collected all environments fall on a straight line
indicating good correlation among the parameters used. The mainland sediments
occupy a smaller area, which is completely overlapped by the sediments from inland
lakes and both areas by the sediments from coastal shelf. The polar ice sediments fall
on the same line but out of these influences. Symbols as per Fig. 9.

NayO + K,0—Ca0—MgO + FeO diagram (Fig. 11). In this diagram,
a small circular area is occupied by mainland sediments, whereas
Trend 1 shows influence of wind and Trend 2 shows influence of
meltwater transport. Thus, the sediments collected from four
different glaciological environments have different sources as
depicted in Table 3.

5.6. Evaluation of chemical weathering

Chemical weathering can influence the major element
geochemistry of the sedimentary rocks, most significantly by the
alteration of feldspars and volcanic glass (Nesbitt and Young, 1982;
Taylor and McLennan, 1985). The degree of chemical weathering
can be evaluated using the Chemical Index of Alteration (CIA)
proposed by Nesbitt and Young (1982) as stated below:

CIA = Al,O, /<A1203 +K;0 + Nay0 + Cao*) x 100,

where, CaO* represents CaO in silicates (Nesbitt and Young, 1989;
Nesbitt et al., 1996). A CIA value of 100 indicates intense chemical
weathering along with complete removal of all alkali and alkaline
earth elements, whereas CIA values of 45—55 indicate virtually no
weathering. Almost all the sediments of Schirmacher Oasis show

CaO

Mainland Rocks

4y influenc®
Wind ' dtes %//
Trend g L %

Na,O+K,0O MgO+FeO
Fig. 11. Na,0 + K,0—Ca0—MgO + FeO diagram showing weathering trends, possible
source rocks vis-a-vis sediments from Schirmacher Oasis. The circle in the middle
shows sediments from mainland. Trend 1 shows data points for the wind-borne
sediments; whereas Trend 2 shows sediments transported by melt-water channel.
Symbols as per Fig. 9.
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Fig. 12. A—CN—K diagram showing weathering trends, possible source rocks vis-avis
sediments from Schirmacher Oasis. Weathering are 1. Gabbro, 2. Tonalite, 3. Diorite,
4. Granodiorite, 5. Granite. The diagram and trends after Nesbitt and Young (1982),
Rashid (2002) and Lamaskin et al. (2008).

values ranging between 56 and 66, which means that these sedi-
ments are juvenile and relatively immature. There is an Index of
Compositional Variability (ICV), which can also be used to
discriminate source rock types based on major element geochem-
istry (Cox et al.,, 1995; Potter et al., 2005), where,

ICV = (Ca0 + K;0 + NayO + Fe;05 + MgO + TiOy ) /AL,05

A high ICV value indicates compositionally immature source
rocks rich in non-clay silicate minerals, whereas low values
represent compositionally mature source rocks. Therefore, as
weathering progresses, ICV values decreases due to conversion of
feldspars to Al-bearing clays. The ICV values for the sediments of
Schirmacher Oasis range between 2.1 and 1.2 and indicate an
immature source rock undergoing progressive weathering.

The ternary plot of the Chemical Index of Alteration (CIA) and
Al;03—(Ca0* + Nay0)—K;,0 (ACNK) after Nesbitt and Young (1982)
shows a degree of source rock weathering (Fig. 12). This weath-
ering trend on this diagram suggests that the glacial sediments
have experienced incipient to moderate chemical weathering.

It is not surprising that the data shows low degrees of weath-
ering, especially in a cold-based glacial environment. Nevertheless,
in a few horizons, the country rocks show imprints of weathering
which may be a representative of pre-glacial tropical-subtropical
climatic conditions. Although the clay fraction is not represented in
the chemical analysis, its overall content is very low (Srivastava
et al,, 2011). Therefore, the degree of weathering can at the most
range between incipient to low to moderate. This clearly means
that the sediments collected from Schirmacher Oasis are relatively
young.

6. Conclusions

The mineralogical and geochemical study of the glacial sedi-
ments of the Schirmacher Oasis has indicated that, although there
are smaller differences amongst the sediments collected from
different regions such as polar ice, inland lakes, mainland and shelf
areas, they altogether represent similar geochemical characteris-
tics. Mineralogy, especially heavy minerals, has a considerable
influence on the geochemical patterns and anomalies observed in
these sediments. The important conclusions from this study are as
follows:

(a) The analyzed sediment fractions can be variously classified as
greywacke, Fe-sand and sodic sandstones using separate
schemes of classification.

(b) The sediments are most probably derived from the quartzose
sedimentary provenance.

(c) The sediments were transported by meltwater channels, wind
and other sources such as transport by gravity, waves and
glaciers.

(d) These sediments have experienced low degrees, incipient to
moderate, of chemical weathering.
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