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ABSTRACT: Modem and Pleistocenepolar carbonates occurin East Antarcticain shelf,coast, lakes and marginal to underneathglaciers,
associatedmainlywithglacigenemuds, bouldertills anddiamictites. Shelfcarbonates (inPrydz Bay) arecalciticandunlithified, and consist
mainly of sponges,bryozoans,echinoderms,bivalvesanddiatoms. Coastalcarbonates (in the VestfoldHills) are calciticandcontain faunal
assemblagessimilarto thoseon the shelf, withcalcareous algae,microbialmats,minorpeloidsand cements. Lakecarbonatesare aragonitic
micritesand peloids. Carbonates close to glaciers(the Leken Moraines)arearagonitic andcontainabundantooidswithintragranularfibrous
cements. Subglacialcarbonates are aragoniticmicritesand peloids. Carbonatemineralogychanges from mainly low-Mgcalcite in marine
shelf to aragonite in brackish to freshwater dominatedinlandregions.

Antarcticcarbonate /)1'0 values (4.5 to -47%0 PDB)vary markedlydue to frigid temperatures (0 to -2°C) andsalinity(0 to 350/00) changes,
as a resultof meltwaterdilutionfrom adjacentglaciers. Their /)UC values(-9 to 80/00 PDB)alsovary markedlydue toexposureto atmospheric
CO2, the circulation of water masses and reaction of carbonatewith CO2 trappedin glacial ice.

The regional distributionof carbonatesedimentsandtheirsedimentology, mineralogy, and /)1'0 and /)13C compositions indicate three types
of glacial environments of formation. The firstcorresponds to a glacialstageand theformationof subglacialand bankcarbonates, whenthe
Antarctic ice sheet expanded onto the inner shelves. The second corresponds to interglacial stages and the formation of ice-marginal
carbonates,duringthe retreatof the ice sheet fromthe innershelfgroundingline andaccompanying the dischargeof appreciablemeltwater.
The third correspondsto an interglacialoasis and the formationof coastal carbonates, proximal to distal lacustrinecarbonates, and distal
subglacial carbonates.

INTRODUCTION

Extensive modern tropical, temperate and polar shallow
marine carbonates are forming in many global regions, and
these differ in field, sedimentological and geochemical
characteristics (Rao 1996). In thepresentstudy, wedocument
the occurrence of shelf, coastal and marginal to subglacial
polar carbonates from East Antarctica and present
preliminary results on·their sedimentology, mineralogy and
0180 and Ol~ isotope compositions. These results
demonstrate: (1) the occurrence of inorganic components
suchas ooids,peloids andcementsalongwithbiota; (2)a shift
from calcite to aragonite mineralogy from marine shelf to
brackish to freshwater dominated marginal to subglacial
regions; and (3) a marked variation inbothoxygen andcarbon
isotopic compositions of marginal and subglacial carbonates.

The occurrence of ooids and peloids in East Antarctic
carbonates is significant, because these characteristics are
mainlyreported fromtropical (Lees 1975) andtemperate (Rao
1983) settings and have not been previously reported from
polar regions. Cementation in polar carbonates provides
evidence for thesaturation of CaC03in coldseas(Rao 1996),
in contrastto the dissolution of CaC03resulting from under
saturation in some cold seas (Alexandersson 1978). The
dominance of calcite mineralogy in marine polar shelf
carbonates may occurdue to the temperature dependence of
carbonate mineralogy in seawater. The occurrence of
aragonitic carbonates inice-freeregions ofAntarctica (Hendy
et al, 1979;Aharon 1988; Bird et al. 1991; Goreet al. 1996;
this study)is unusual, because calciteis thecommon mineral
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precipitate in glaciated areas in NorthAmerica (Hallet1976;
Hanshaw andHallet1978), Scandinavia (Bjaerke andDypvik
1977), the European Alps (Lemmens et al. 1982) and Irian
Jaya(peterson andMoresby1979). Theheaviestand lightest
0180 compositions occur in polar carbonates, due to frigid
temperatures and meltwater dilution (Rao and Green 1982;
Rao 1996). Theoccurrence of heavier andlighter013C values
in polar carbonates compared to tropical and temperate
carbonates (Rao 1996), as observed in this study, is also
significant to understand the origin of polarcarbonates, since
the 013C values in polar carbonates may be related to
temperature, 013C in CO

2
trappedin the Antarctic ice sheet,

exposure to atmospheric CO2, and the circulation of water
masses.

Theglacial history ofa region isnowmainly deducedfrom the
distribution of terrigenous clastic sediments, such as tillites,
diamictites, pebblymudstones andglacio-marine conglomer
ates, sandstones, mudstones and siltstones (Hambrey 1995;
Anderson andAshley 1991). We propose, in this study,that
the regional distribution of carbonate sediments and their
sedimentology, mineralogy and 0180 and o13C composition
can contribute significantly in understanding the glacial
history of Antarctica. Therefore, similar studies of ancient
polarcarbonates can unravel regional glaciation through time
(Rao 1981; Rao and Green1982; Rao 1988).

REGIONAL SETTING

TheEast Antarctic carbonate sediments studiedare fromthe
PrydzBayshelfandcoastalareaswithin theVestfold Hills,the
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Figure 1. (A) Occurrence of carbonates in Antarctica with three sample localities, namely LfjJkenMoraines (B), PrydzBay
(C),Vest/oldHills (C)andRadokLake(D). (B)Location ofL¢kenMorainesalong theBuddCoast at themargin oftheLawDome
ice sheetand inlandofthe Windmill Islands, EastAntarctica. (C)Location ofPrydzBay andVest/old Hills,EastAntarctica.
Carbonate samplesfrom PrydzBayshelfstudiedrangeup toadepth of200 m,whereas those atVest/old Hillsarenowexposed.
(D)Location ofRadokLake in theAmeryOasis, in the northern Princes Mountains, EastAntarctica

Loken Moraines, and the Law Dome ice margin, along the
Budd Coast and Radok Lake, the Amery Oasis, Northern
PrinceCharlesMountains (Fig. 1A).

TheLekenMoraines are locatedalongtheBuddCoastmargin
of the Law Dome ice sheet, inland of the Windmill Islands
duringthe Holocene (Fig. lB). The 20 km long supraglacial
morainecomplexof ice-eoredridgesandflatsalso outcrops as
continuous debrisbandsin coastalicecliffsto thenorthof the
Windmill Islands (Goodwin 1993). These comprise
proglacial and coastal marine sediments that have been
incorporated ontothebaseof theLawDomeicemarginbyan
overriding Late Holocene readvance of glaciers onto the
Windmill Islands (Goodwin 1996). Thereadvance occurred
subsequent to the bulk of post-glacial isostatic rebound,
following an early to mid-Holocene marinetransgression of Figure 2. Carbonate boulder forming a conglomerate with
the region. Carbonate cobble and boulder-sized slabs and carbonate cement anddetrital quartz andfeldsparfragments.
carbonate-eoated boulders were observed in the Leken These conglomerates were observed together with diamict
Moraines (Fig. 2), seaward of an early to mid Holocene and carbonate cobbles, and laminated slabs in the
embayment These containabundant aragonitic non-skeletal supraglaciai Leken Moraines of Late Holocene age, along
grainsas documented by entirelyaragonite mineralogy from theBudd Coast margin of theLaw Dome ice sheet.
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X-my analysisof bulk carbonates that containabundant non
skeletal grains.

Carbonates in Prydz Bay (Fig. 1C) are associated with
glacigene mud in the inner shelf to a depth of 1000 m; they
grade to purecarbonates ontheoffshorebanksat presentwater
depths of about 200 m, to turbidites, carbonate-terrigenous
sand and mud in the outer shelf, slope and deepbasin,and to
muds and carbonates in the outer shelf. Carbonate samples
studiedherearefromcoastalinner shelfandbanksiteswithin
the depth range of <200 m. The 1"C dates of fauna, corrected
for reservoireffects,range from 140to 8030yearBP (Harris
et alI996).

The Vestfold Hills region of East Antarctica (Fig. lC) is a
coastalarea of ice-freeterrain, approximately 400km2 in area.
The region was glaciatedduring the Last Glacial Maximum,
and the area has subsequently become exposedas a resultof
both glacial retreat and isostatic uplift during the Holocene.
The VestfoldHillscan be dividedintotwodistinctareas (Fig.
3): land that was below 10 m elevationand wasinundated by
a marine incursion during the early to mid-Holocene, and
higherelevationareas whichhavenotbeeninundated (Goreet
al. 1996). The indundated areas are characterized by the
presence of many marine biota, includingbivalves, sponge
spicules, foraminifera, worm tubes and unconsolidated
microbial stromatolites (up to 0.5 m across; Pickard 1984),
which have been dated to 6000 - 8000 yearsBP (uncorrected
for reservoir effect). Further evidence for a marine
transgression comes from the presence of raised shorelines
around many of the numerous saline lakes of marine origin
that are scattered throughout the VestfoldHills (peterson et
al.1988). These shorelines are characterized by marine
terraces,whichwereformedby theactionof tidesandsea ice,
at about 6 m abovepresentsea level. Isostatic upliftresulted
in relativesea-level lowering and the isolation of a numberof
fjord systemsfrom the sea, forming salt lakes.

Figure 4. Exposure of lacustrine sediments deposited on the
northern shoreline of Radok Lake (Fig. 1). The lacustrine
sediments are laminated with silty clay andfine sand with
dropstone couplets. grading to massive silty clays with
interbedded layers aragonitic sediments, up to 15 mm thick.
The lacustrine sediments were erodedfromthebaseofRadok
Lake.

Radok Lake is the deepest known proglacial water body in
EastAntarctica (Fig. ID) and is locatedin theAmeryOasisin
the northern Prince CharlesMountains (Fig.4). It has been
glacially carvedto a depth of more than 350 m (Bardinet al.
1990). The lake is freshwater and isothermal, and is supplied
by meltwater from the Battye AlpineGlacier. During some
Quaternary glacials, RadokLakewasoverridden by anoutlet
glaciericestream of theLambertGlaciersystem. The dates of
theseeventsare unknown. RadokLakedrainsviaanoutlet,at
13 m above present sea level, into the fluvial Pagodroma
Gorge and then into the epishelf Beaver Lake. Carbonate
layers were observedabove siliciclastic laminites in glacio
lacustrine sediments 10 m above the present northern
shoreline of the lake.

METHODS OF STUDY

Figure 3. Boulder tills that contains marine carbonate, and
fossiliferous marine terraces (high areas in background),
Vestfold Hills. EastAntarctica. Scale not recorded.

The Prydz Bay samples studied are grab samples at water
depths rangingfrom 0 to about 200 m in the inner shelf and.
banks. Samples are alsoobtainedfroma 0.6m longcore (with
samples at about 25 mm intervals) in 134 m water depth.
Carbonate gravel, sand and mud and fauna were collected
during reconnaissance studies around coastal areas at the
Vestfold Hills(Fig. I), in theLeken Moraines, theBuddCoast
and in Radok Lake, Northern Prince Charles Mountains.
Petrogmphic studiesweremadefromthinsectionsofgraband
core material from Prydz Bay, the Vestfold Hills, the Leken
Moraines and Radok Lake. X-mydiffraction analyses were
made on biotaand bulk carbonates for Prydz Bay (Rao et al.
1996)andfor thebulkcarbonates fromthe VestfoldHills,the
Leken Moraines and Radok Lake. Skeletal fragments and
bulkcarbonates werereactedwith 100%anhydrousHfO4 at
25°C.TheevolvedCO2gaswasanalyzedbyaVGSlRAseries
IT mass-spectrometer at the University of Tasmania for alSO
and a13c, the valuesbeing expressed in conventional per mil

176



RAO, GOODWIN, ANDGmSON

Figure 5. +Calcite and aragonite percems ofEas; Amarctic
carbonates determined from peak. area ratios from X-ray
diffractograms. Note shelfcarbonates from Prydz Bay and
coastal carbonates from Vest/old Hills are mainly calcitic.
whereas ice marginal carbonates from Leken Moraines and
proglcial carbonates from Lake Radok are aragonitic.

CARBONATE MINERALOGY
AND SEDIMENTOLOGY

X-ray diffractometric analyses of Prydz Bay bryozoans
indicate that these are calcites with apredominanceof'low-Mg
calcite, whereas bivalve molluscs are aragonite with variable
amounts of calcite up to 90% (Fig. 5). Coastal skeletal
carbonates from the Vestfold Hills are entirely low-Mgcalcite

notation relative to the PDB standard. Theprecision of data.
established from duplicate analysis, is ±i).1%0 for both 0 and
C.
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Table 1. Major characteristics of polar carbonates from Prydz Bay. Vestfold Hills, Leken Moraines and Radok Lake, East
Antarctica.

Parameter Prydz Bay Vestfold Hills Loken Radok Lake.
Moraines, Budd Prince Charles
Coast Mountains

Depositional Shelf (0 to Coastal marine lee r:narginal Deep lake. non-
environments SOOm)to marine marine

bank (-200m)
Associated Mainly muds Boulder till, Diamictite Muds and fine
sediments and minor skeletons and sands

sands calcareous soils
Salinity%c 33.9 to 35.4 29 to 33.5* 9 to 25* 0
(*from /)"'01cc up to 250

composition of
carbonate)
Water -1.9 0 0 0
temperatures °C
Carbonate Mainly low- Mainly low-Mg Mainly aragonite Aragonite
mineralogy Mgcalcite calcite
Non-skeletal Rare Intraclasts & Ooids, Intraclasts
grains oncolites grapestones.

intraclasts
Cements None Common Abundant Abundant
Flora Diatoms and Cal careous algae Rare Microbial mats

minor algae and microbial
mats and
stromatolites and
oncolites

Fauna Siliceous Bivalves, Rare None
sponges, siliceous
bryozoans, sponges, and
barnacles, foraminifera
bivalves and
echinoderms

Dolomites None None None None
Evaporites None Common: halite, None Rare

sylvite,
thenardi te and
gypsum

/)1"O%c PDB of 2 t05 1.5 to 3 -9to-l.:1- -33 to -34

carbonates

Ol3C7cc PDB of -2 t02 0.5 to 2 -8to-9 I to 2

carbonates
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(Fig. 5). Non-skeletal carbonates in the Leken Moraines are
mainly aragonites with minor calcite (Fig. 5), whereas those
from Radok Lake are entirely aragonite. Since bulk
carbonatesfromLeken Moraines and RadokLakeare mainly
aragonitic, the abundant non-skeletal grains in them are
inferred to be mainly madeof aragonite.

Majorcharacteristics of polarcarbonatesfromPrydzBay,the
Vestfold Hills, the Leken Moraines and Radok Lake are
summarized in Table 1. These polar carbonates formed in
shelf, bank. coastal and ice marginal and deep lake
depositional environments. They are associated with
glacigenemuds.finesands,bouldertills anddiamictites. The
measuredseawatertemperatures are _1.9° C, whereas coastal
to lake-water temperatures are around 0° C in summerand
muchcoolerthanshelfwatertemperatures in winter. Thereis
a distinct change in carbonate mineralogy from calcite to
aragonitefrom marineto brackishand freshwater carbonates
(fable I). Shelf sediments are uncemented, whereas sparry

calcite intragranular cementation is common in coastal
sediments, and isopachous aragonite cementation is abundant
in inland brackish to freshwater carbonates. Dolomites are
not detected in X-ray diffractograms of the polar carbonates
studied. Evaporites are absentin shelf to bankenvironments,
but in the form of halite (NaCl), sylvite (KCI), thenardite
(Na"SOJandgypsum(caSoJ,theyarewidespreadin coastal
sediments fromthe VestfoldHills (Goreet al. 1996).

Petrographic countsof relativepercentages of biota from the
PrydzBayshelfcarbonates indicate that the biota is mainlyin
gravel(mean51%)butsomeis incoarsesand(mean25%)and
sand fractions (Raoet al. 1995). The type of biota generally
depends on the grainsize of the sediment(Rao 1996). The
gravel fraction mainly contains sponges and bivalves with
minor echinoderms and worm tubes. The coarse sand
comprises sponges, diatoms, foraminifera, bryozoans and
minorbivalves. Thesandfraction comprises a varietyofbiota,
dominated by sponges,foraminifera, diatomsand bryozoans,

Figure 6. Photomicrographs oflithified carbonatesfromEastAntarctica in plain polarised light. Scale in microns. (A) Ooids
andfibrousaragonite cements in carbonatesfromLekenMoraines. East Antarctica. Ooidnuclei compose angular quartz and
micritic intraclasts. (B)Micrite withpeloids (dark circular areas)fromproglacial RadokLake. EastAntarctica. (C) Coralline
algae withinterparticle calcite cement. Vestfold Hills. EastAntarctica. Note thesample is heavily bored. and someboresare
empty while others arefilledby calcite cement. (D) Serpulid worm tubes inmicrite. Notemostworm tubes occurasmoldsdue
to dissolution offormerlyaragonitic shells.

250 ~m
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withminoramounts ofechinoderms, bivalves andostracodes.
Thevariation of thesebiota,indifferent grain-size fractions, is
unrelated to water depth, because these fauna are aphotic
organisms andare livingor livedin depths of a fewmeters to
about 1000m. The I"C dates of bivalves and foraminifera,
corrected forreservoireffects, rangefrom 140to2470yearBP
forgrabcarbonate samples and between 4314and 8030year
BP for twocorebulk carbonate samples (Harris et al. 1996).
These dates confirm that the fauna lived during the Late
Holocene.

Non-skeletal grains andcements areabundant in icemarginal
polar East Antarctic carbonates from the Loken Moraines
(Fig. 6A). Non-skeletal grains are mainly aragonitic ooids
(Fig. 6A) along with peloids; aragonite (Figs. 6) isopachous
cements (Fig. 6A). Abundant aragonite micrite with some
peloids (Fig. 6B)occursin proglacial carbonates from Radok
Lake. Thechemistry of theRadok Lakewateris alkaline with
a pH of ~8 and (Ca+Mg)(HCO)2 of about64 mg/l.

most positive (513C values (up to 80/00 PDB) are from
Pleistocene proglacial aragonitic bulk carbonates from the
TaylorValley (Fig. 7)andthemostnegative (5IJC values (-8.7
to -80/00PDB)arefrom icemarginal aragonitic bulkcarbonates
in theLoken Moraines (Fig. 7). The(5IJC values ofdeepinner
shelf benthic foraminifera (0.2 to -6.10/00 PDB) and shelf
carbonates (-2 to 20/00 PDB) are more variable than thosein
coastal calcitic bulkcarbonates (0.4 to 1.80/00 PDB)from the
Vestfold Hills (Figs. 7 and8). The(5IJC values inPleistocene
subglacial aragonitic bulk carbonates are low (-3 to -4.20/00
PDB; Aharon 1988).

DISCUSSION

Thecharacteristics ofpolarcarbonates (Table 2)arerelated to:
(1) water temperatures, (2) carbonate mineralogy, (3)
biochemical fractionation, (4)salinity, (5)meltwater dilution,
(6)180 in water, (7)OIJC in water, in atmospheric CO2and in
CO2 trapped in Antarctic glaciers and (8) environments of
carbonate formation.

Extensive deposits of marinecarbonates occurin theVestfold
Hills. This material, which wasnotreported by Pickardetal.
(1986) inprevious studies of thefossils of theregion, is found
associated with many of the marine terraces (Fig. 2). The
carbonate material isgenerally presentasrelatively thin(upto
circa 10mm)shards lyingonthesurface oftheterraces andon
the downslope from the terraces to the relict marine lakes.
Coralline algaeoccurin coastal carbonates from theVestfold
Hills (Fig.6C). Theserocksare extensively boredand these
borings areeitheremptyor filled by sparry calcite. Formerly
aragonitic serpulid tubes are present in coastal carbonates
(Fig.6D), which are partially or completely dissolved. The
moulds of these are empty(Fig. 6D). These carbonates from
Vestfold Hillformed between 6.000 to 8000BP,based on I"C
values.

Water Temperatures

Seawater temperatures onthePrydzBayshelfareuniform and
closeto -1.9°C. Seawater freezes at temperatures below -2°C
at normal salinities of about 340/00 and forms sea ice. The
freezing of seawater is prevented at temperatures below -2°C
by increasing salinity. Hypersaline lakewaters in Antarctica
havetemperatures down to -20°Cbecausetheirsalinities are
high and commonly range up to about 25W'00 (Ferris and
Burton 1988). Temperatures of freshwater, released from the
melting of glaciers and snow, are around O°C. Therefore,
polarcarbonates form from meltwaters at watertemperatures
of aroundO°C.

The fauna in Antarctic shelf environments differs from
tropical equivalents by the absence of corals, which are
abundant in seawater temperatures -25°C. The polar
occurrence of bryozoans andforaminifera is similar to thatin
temperate carbonates of southern Australia, which are
forming at surface seawater temperatures from 12 to 24°C.
ThePrydzBayshelffauna isdominated by siliceous sponges,
which occur in minor amounts in temperate and tropical
carbonates (Rao 1996). The alga Halimeda, abundant in
tropical GreatBarrierReef and elsewhere, is absentin East
Antarctic carbonates. However, calcareousalgae, abundant in
the tropical carbonates, do occur in East Antarctic coastal
carbonates. In northern polar regions with appreciable
meltwater dilution, calcareous algaeare abundant in shallow
depths of about 7 m (Freiwald 1993; Freiwald and Henrich
1994).

OXYGENAND CARBONISOTOPES

The (5180 andOIJC data on skeletons from PrydzBay (Rao et
al. 1996), from theVestfold Hills,theLekenMoraines, Radok
Lake and other shelf localities (donated by Domack) in
Antarctica are listed in Table 2. The East Antarctic polar
carbonates showa widerangeof (5180 (-47to4.50/00PDB) and
(513C (-9to 80/00 PDB)values (Fig. 7). Themostpositive (5ISO
values (2.4to4.50/00PDB) are from shelfcalcitic fauna (Figs.
7 and 8). The (5180 values progressively decrease from shelf
carbonates to the coastal bulk calcitic carbonates of the
Vestfold Hills (1.6 to 30/00 PDB), deep inner shelf calcitic
benthic foraminifera (4 to -160/00), ice marginal bulk
aragonitic carbonates in Loken Moraines (-11.3 to -1W'00
PDB) and Radok Lake (-33.5 to -330/00 PDB) and interior
Pleistocene subglacial aragonitic bulk carbonates from the
Vestfold Hills (-47to -430/00 PDB; Aharon 1988). The (5ISO Non-skeletal grains, such as ooids and peloids, found in
values(-39to-230/00PDB)ofaragoniticPleistoeeneproglacial Antarctic polarcarbonates are unusual, because these grains
bulkcarbonates fromTaylorValley, EastAntarctica (Hendy are mainly observed in the tropical marine environments,
et al. 1979) overlap those of proglacial aragonite bulk where the seawater temperatures are greater than 25°Cand
carbonates from RadokLake(Fig. 7;Hendy etal. 1979). The the water is more saline(salinity >380/00). Freshwater ooids
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The occurrence of carbonate cementation in Antarctic polar
carbonates confirms that it occurs in tropical, temperate and
polarenvironments (Rao 1996). The dominance of low-Mg
calcite in Prydz Bay shelf carbonates is in conformity with
experimental data (Kinsman and Holland 1969; Mucci1987;
Burton and Walter 1991) and mineralogy of biota
(Lowenstam 1954; Chave 1954; Morse andMacKenzie 1990)
that show the decrease of aragonite content and increase of
low-Mg calcite with decreasing seawater temperatures.
However, aragonite dominates in carbonates from Radok
Lake, the Leken Moraines and Pleistocene subglacial
carbonates (Aharon 1988; Goreet al. 1996) and in proglacial
lacustrine carbonates (Hendy et al. 1979). As explained
below, these aragonitic carbonates have formed and are
forming in brackish to freshwaters.

Carbonate mineralogy

occurin the temperate settings of Tasmania (Roo 1983), and
these are composed oflow-Mg calcite. As discussed below,
these polar non-skeletal grains occur in brackish to fresh
waters and are absent in marine shelfwaters.

Salinity

B180 and B1:lC values in carbonate vary depending on the
carbonate minerals present TheAntarctic carbonates studied
aremainly low-Mg calcite andaragonite. Theenrichment of
BIlIO in aragonite relative to low-Mg calciteis 0.60/00 (Tarutani
et al, 1969); whereas B1:lC enrichment in aragonite relative to
low-Mg calcite is 1.70/00 (Rubinston andClayton 1969). Since
theEastAntarctic polarcarbonates showa widerangeofB180

(-47to 4.50/00 PDB)andB1:lC (-9 to 80/00 PDB)values (Fig. 8),
theeffectofcarbonate mineralogy on BI8Q andBI3C values of
these carbonates is small.

Biochemical fractionation

The biochemical fraction of B180 and BI3(; depends on
metabolic effects (photosynthesis and respiration) and kinetic
fractionation, whichiscommon in tropical biotaandminorin
temperate and polar biota (Rao 1996). The biochemical
fractionation is characterized by strongdepletion in B1:lC than
B180 values relative to equilibrium values (McConnaughey
1989), unlike strong depletion inB180 values thanBI3C values.
Instead B180 andB1:lC values of Antarctic carbonates studied,
as explained below, are in equilibrium with BI8Q and BI3(;
values in seawater and theirexposure to atmospheric CO2,

Unlike thesmalltemperature rangeof2°C in Antarctic water,
the salinity in Antarctic waters varies markedly between
2500/00 and 00/00 (Ferris and Burton 1988). The salinities
higher than seawater occurin lakesbecause Antarctica is the
driestcontinent, where evaporation far exceeds precipitation.
Antarctic shelfwaters havea salinity of about340/00, which is
about10/00 lowerthantemperate andtropical shelfwaters. The
lowest salinities are due to the influx of meltwater from
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Pleistocene proqlaeial
aragonitic bulk carbonates,
Taylor Valley, E8s1Anlarctica,

(Hendy et et., 1979)
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Figure 7. 0180 andSl3C compositions of EastAntarctic carbonates.
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~
~

Ice marginal -6
aragonitic

bulk carbonates,
Leken Moraines

• "'. I
00 r

/

Shelf calcitic
benthic forarns (.).

Prydz Bay
Other sheet & others
calcites (0),

Antarctica

-2"C
I Shelf calcitic

Coastal calcitic bryozoans (x).
bulk carbonates (').1 Prya, Bav

Vestlotd I-hils ! /

-2

o ~

-4

-2

m4o
"-

I .$
:.rI ~2

Surface sea walar _____

-10 -6

~160%. PDB

-12
!

-44-46

rs<;
~

-6

Figure 8. al 80 and aI3c values of calcitic bryozoans andforaminiferafromsha/lowPrydz Bayandothershelfareas (<200m) ,
coastal calcitic bulk carbonates, Vesifold Hills, ice marginal aragonitic bulk carbonates, Lt/JkenMoraines, proglacial
aragonite bulkcarbonates from RadokLake andPleistocene subglacial aragonitic bulkcarbonates, Yesfold Hillsand SUC
values in surface seawater nearYestfold Hills.

glaciers and some snow during summer, and the melting of
Pleistocene coastal to submarine grounded glaciers during
their retreat to the interior land. The Radok Lake water
salinity is00/00as itssource meltwater is suppliedbytheBattye
Glacier.

Meltwater Dilution

salinities ofmixing waters. Thesalinity difference of 1.5%0in
surface seawater atPrydz Bay(Table I) is dueto theaddition
of about 4%meltwater intothe shallow sea. Waterwith00/00
salinity, suchasintheRadokLak, isduetothe salemeltwater
insource. The amount of meltwater dilution can also be
estimated from 180 values in waters and carbonates, as
explained below.

Theamount of meltwater dilution can bedetermined by the
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RAO, GOODWIN, ANDGmSON

&80 in Waters temperature relationship of Anderson and Arthur (1983):

The Antarctic seawater ISO values range from 0 to -10/00
SMOW (Jacobs et al. 1985), whereas East Antarctic
meltwaters rangefrom -10 to -550/00 SMOW(Fig.9; Hendyet
al. 1979; Morgan 1982). A similar range of 180 values in
meltwaters is observed from other parts of Antarctica
(Matsubaya et al. 1979). The amountof meltwaterdilution
canbedeterminedby thevariationof 180 valuesof watersfrom
the mixinglinesdrawn from 180 valuesof mean ocean water
«(1/00 SMOW)and meltwaters from different glaciersand ice
masses, such as those from the Law Dome ice cap (-22 to 
270/00 SMOW;Morgan 1982), the AmeryIce Shelf (- -400/00
SMOW; Morgan 1982)and the ice sheet interior (- -5(1/00
SMOW; Morgan 1982; Fig. 9). In order to calculate the
amountof meltwaterduringthe formation of carbonates, East
Antarcticcarbonate ~ISO valueswereconverted toSwSMOW
values,usingtheequationof Craig (1965)and the carbonate
water 180 fractionation factorof 34.8at O°C (Rao and Green
1982). Thesecalculations indicate: thePrydzBayshelfwaters
were diluted by 0 to 7% meltwater, which is similar to the
estimate of 4% average meltwater dilution from measured
salinity difference in these waters; Vestfold Hills coastal
waters were diluted by 2 to 14% meltwater; the Loken
Moraine waters were diluted by 26 to 72% meltwater; and
Radoklakewaterswereproducedfrom100% meltwater(Fig.
9). Therefore, calcitic carbonates from Prydz Bay shelf and
Vestfold coastalareashave formedin nearnormalseawaters,
whereasaragonitic carbonates from the Loken Moraines and
Radok Lake have formed in brackish and freshwater,
respectively.

Water temperatures can be calculated from the calcite-water

'fOC =16.0- 4.14 (~ - ~ ) + 0.13 (~ - ~ \2ewe w J

where ~o is the isotopic composition of the calcite sample
(relative toPDB)and ~w is theoxygenisotopiccomposition of
thewater(relative to SMOW) in whichthe carbonate formed.
The ~180 values (4.5 to -470/00 POB) of East Antarctic
carbonates substituted intheabove180 thermometryequation,
usingthe seawater 180 value of (1/00 SMOW, give abnormal
temperatures ranging from _2°C to 498°C due to mixing of
watermasses. Only somecarbonate51SO values,particularly
thoseof bryozoans fromPrydzBay and other shelfareas,are
closeto -2°Cshelf watertemperatures (Fig.8). The majority
of carbonate ~ISO values give warmer temperatures, up to
498°C,becausemostEastAntarctic carbonates areaffectedby
meltwater dilution (Fig. 9). Ancient polar carbonates also
gave warmer temperatures, up to 131°C,because they were
affected by meltwaters (Rao and Green 1982; Rao 1988).
Theseanomalous temperatures are due to meltwaterdilution
that reduces the 180 valuesin the water.

The 180 values in Antarctic waters vary with the salinity of
water (Fig. 8). The 180 values at similar salinities differ
because of variation in the 180 values of meltwaters.
Therefore, the~180 valuesof carbonates fromAntarctica vary
withsalinity,180 of meltwaters and water temperatures (Fig.
10). Sincetemperature variation is small in Antarctic waters,
the ~180 values of carbonates mainly depend on salinity of
waters. The same ~180 valuesof carbonates indicatehigher
salinities with increasing 180 values of meltwaters (Fig. 8).
The ~ISO values of carbonates also depend on carbonate
mineralogy, with aragonite ~180 values being 0.60/00 higher

25

75

lee marginal
araqorunc

bulk carbonates.
L~kon Moraines

-10-30 -20

SwO%.SMOW

-40

a~__-'--.J..-":..a... -L_..L-L..L~.L..- ---l. -L-.-J 100

-50

10

Pleistocene proglacial
aragonitic bulk carbonates,
Tayler Valley, East Antarctica

30

Figure 9. Meltwater dilution inpolar environments. deducedfrom 180 valuesofmean ocean water (0%0 SMOW) and 180 values
of meltwaters from coast to interior areas (-22 to -50%0 SMOW). The 180 values of water in equilibrium with carbonates,
calculated from carbonate-water 180 fractionation at O°C. indicate meltwater dilution ranging from 0 to 100% during the
formation ofEast Antarctic carbonates. Note that most East Antdrctic carbonates were affected by meltwater dilution.
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Figure 10. Variation of lj180 values in carbonates related to water temperature, salinity and carbonate mineralogy
corresponding to180 values ofmeltwater of -24%0 SMOW (A). -30%0 SMOW (B) and-40%0 SMOW (C). This diagram isdrawn
considering lj180 values of carbonates, lBO thermometry. 180 values of seawater diluted by meltwaters ranging in lBO from 
240/00. -30%0 and -40%0. and enrichment factor uf 0.6 in lj180 between calcite and aragonite Note variations in water
temperatures are small, whereas variations in salinities are large in polar carbonates.

(pleistocene), and the 813C values in the atmosphere, which
aresimilar to thosestoredin presentandPleistocene glaciers.

thancalcitevalues (Tarutani et al. 1969). Theserelationships
can be extended to ancient polar carbonates by determining
the 180 of meltwater from freshwater cements, deducing
carbonate mineralogy from carbonate crystal morphology
(Rao 1981) and determining the8180 of marine components,
suchas fossils andmarine cements (Rao andGreen 1982; Rao
1988).

The ljl3C values in biotic and abiotic carbonates dependon
813C in seawater, meltwater, atmosphere, temperature,
biochemical fractionation, and carbonate mineralogy (Rao
1996). The marine biotic calcite in equilibrium with
atmospheric COzin surface shelfwaters at O°C willbe around
5.1%0 PDB (Rao 1993). The maximum ljl 3C value in
Antarctic shelfcarbonates is 2.1%oPDB, which is lowerthan

The lj13C values in Antarctic waters vary considerably (Fig. equilibrium valueof 5.10/00 POB,due to the strong mixing of
11). Theljl3C values measured in 19shelfseawaters(1.l,0.9, surface waters with deep water. In Prydz Bay, physical
1.0, -0.3,0.6, 0.9, 0.9, 0.8, 1.2, 1,0.6,1.1, 1.7,2.1,2.0,2.2, oceanographic evidence suggests the operation of a large
1.8,2.2,1.9;all ino/ooPOB) neartheVestfold Hillsrangefrom cyclonic effect, calledthePrydzBayGyre(Smith et al. 1984),
-0.3to 2.30/00 POB,withanaverage valueof 1.30/00 POB(Fig. which affects the distribution of fauna and sediment types
8). The deep Antarctic seawater lj l 3C values are around 0 to (Franklin 1993). Marine calcitic carbonates around
0.5%0 POB(Kroopnick 1985). Thewiderangeof813C values Antarctica are observed to be preserved in areas of strong
in the shelfwaters around Antarctica areduetoadvection and upwelling (Domack 1988; Taviani et al. 1993). In contrast to
mixing of deep water with shelf waters and photosynthetic marine carbonates, the 813C values in brackish to freshwater
activity. The813C values of meltwaters depend onthe813C in aragonitic carbonates are highly variable, rangingfrom -9 to
COztrappedin glaciers (Leuenberger et al. 1992; Marinoet al. 80/00 POB (Fig. 11). The maximum 813C value of 8%0,
1992), that range from -6.50/00 POB (present) to -7.50/00 POB observed _in proglacial amgonite from the Taylor Valley,
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Figure 11. Thevariation of lj l3C values in marine calcite andbrackish tofreshwater aragonite in EastAntarctic carbonates.
Note&3C values range from those expected at O°C equilibrium with-7.2%0 813C in atmospheric CO2 to lower values due to
circulation of watermasses and reaction with8l3C in CO2 trapped in glaciers. See textfor details.

-5

Antarctica (Hendyet al. 1979),is similarto that expectedin
aragonite in equilibriwn with the ljl3(: in atmosphere, where
CO2 valueis -7.20/00 PDB at O°C (Rao1993). Thelj13C values
in aragonite from proglacial lacustrine deposits in Radok
Lake,subglacial depositsexposedintheVestfold Hillsandice
marginal deposits in the Loken Moraines are due to the
formation of aragonite primarily in localmeltwaters thathave
lj13C valuesdownto ~7.5%oPDB. Theminimwn ljl3(: values
observedin theLeken Moraines aredueto thestrongreaction
with meltwaters that were locally cut off from atmosphere,
such as those occurring close to the grounding zone in ice
marginal environments.

Environments of Carbonate Formation

Duringglacialstages, suchas the LastGlacial Maximum, the
Antarctic ice sheetmarginsexpanded onto the innershelves,
togetherwith expanded ice shelves(Fig. 12A). The extentof
ice expansion is inferredfrom relict diamictites in the inner
shelf and meltwater dilution of bank carbonates (Rao 1996;
this study). At this time carbonate banksoccurredin Prydz
Bay and otherpartsof Antarctica (Domack 1988; Taviani et
al. 1993). Someof thesecarbonates weretransported on to the
outer shelf slopes by turbidity currents (Domack .1988; Rao
1996). During interglacial stages, the ice- sheet margins
retreated and released large volumes of meltwater at water
depths>200m(Rao 1996). This shifted the lj180 valuesfrom
4.50/00 PDB to -14%0 PDB and the 813(: valuesto -6%0 PDBin
the deep inner shelf (200 to 1000 m water depth; Fig. 7)
benthic foraminifera, relative to shallow marine benthic
foraminifera, due to strongmeltwater dilution. These values
may also be due to differences in the palaeoecology and
environmental conditions underwhich thefaunawere living

in the deep inner shelf troughs .

During the retreat, ice-sheet margins exposed some large
coastalice-freeareas knownas 'oases' (Fig. 12C),suchas at
the Vestfold Hills. These arid sites experienced high
evaporation relative to precipitation, which led to the
formation ofevaporites andcarbonates inlakesin theVestfold
Hills(Goreet al. 1996). At this time,carbonates also formed
in coastal and proglaciallakes (Radok Lake), proximal to
distalproglaciallakes in theTaylorValleyand McMudo 'Dry
Valley' region subglacial environments. At the Vestfold
Hills, coastal algal and skeletal carbonates formed when a
marine transgression occurred during the mid-Holocene.
These calcitic carbonates are now exposed, as a result of
isostatic uplift and relativesea-level lowering. Radok Lake
aragonitic carbonates formed fromalkalinemeltwaters, fedby
analpineglacier. The TaylorValleyalgalcarbonates formed
from meltwaters derived from the East Antarctic ice sheet,
about30kmbeyondthepresentterminus oftheTaylorGlacier
(Hendy et al, 1979). Cemented carbonates fromthe Vestfold
Hills formed subglacially in distal inland areas (Aharan
1988).

Along the Budd Coast; the expandedLaw Dome ice sheet,
retreated from the inner shelf grounding line (Fig. 12B)
during the early to mid Holocene. At this time, aragonite
ooids, non-skeletal grains and cements formed in brackish
waters, as a resultof themixing of up to72%meltwaters with
seawater. Thesecalcareous sediments werelaterreworked by
an ice sheet expansion with the deposition in the Leken
Moraines.

185



SHELF, COASTAL AND SUBGLACIAL POLARCARBONATES, EAST ANTARCTICA

A Glacial, East Antarctica

ICE SHEET

icebergs

ICE SHELF

Bank
carbonate calcite

mud

B Interglacial, East Antarctica

DIAMICTITE:

I
Bank

carbonate calcite

Inner shelf
mud + carbonate

C Interglacial oasis, East Antarctlca

ICE SHEET

Inner shelf
mud + carbonate

DIAMICTITE: \

Distal
subglacial calcite,

Vestfold Hills

Distal
prcqtaciat aragonite,

Taylor Valley

Figure 12. Three scenarios during theformation ofEastAntarctic carbonates. (A) Glacial stages, corresponding to extension
of icesheetwithiceshelves intoinner shelves andformation of bankandturbidite carbonates. (B)Interglacial stages withice
marginal, bank carbonates and carbonates associated with inner shelfmuds. (C) Interglacial oasis with distal subglacial
carbonates. proximal and distal proglacial carbonates, coastal and bankcarbonates and carbonates associated with inner
shelfmuds.

CONCLUSIONS

Modem and Pleistocene shelf, coastal, lacustrine and inland
polar modem and Pleistocene carbonates occur in East
Antarctica and are associated mainly with glacigene muds,
boulder tills and diamictites. These carbonates differ in the
type of biota, non-skeletal grains, cements, carbonate
mineralogy, and &180 and &I3C values.

microbial mats and minor stromatolites. Subglacial and ice
marginal carbonates contain mainly inorganic components,
such as ooids, peloids and cements. Shelf and coastal
carbonates are mainlycalcitic,whereas subglacial lacustrine
and ice marginal carbonates are aragonitic. This carbonate
mineralogy coincides with the change from marine through
brackishto freshwater. ~

Shelf carbonates are mainlyunlithified bioclastic accumula
tions comprising sponges, bryozoans, foraminifera, bivalves
and echinoderms. Coastalcarbonate skeletons are similarto
those in shelf carbonates, but contain calcareous algae,

OISO and ol3C values vary markedly. The mostpositive0180
valuesaredueto thefrigidtemperatures (-1.9°C), whereasall
otherlowervalues aredueto thedecrease in salinity as a result
of meltwaterdilution. Theol3C valuesarerelatedtocarbonate
mineralogy, exposure to atmospheric CO

2
, the circulation of
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water masses and the reaction with ()IJC in COl. trapped in
glaciers.

Duringglacial stages, the Antarctic ice sheetand ice shelves
expanded onto the inner shelves. At this time, carbonate
banks formed. During interglacial stages, such as the
Holocene, twoscenariosoccurred. Onewithcoastalice sheet
withappreciable meltwater,due to theretreatof icesheetfrom
the inner shelf groundingline. At this time,aragoniteooids
and non-skeletal grains formedin icemarginal environments.
The secondscenariois an oasis, formed by the retreatof the
inlandice sheetfor a considerable distance, wherecarbonates
formed in coastal areas, proximal and distal lake, and distal
subglacial areas.
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