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Pliocene Paleoclimate and East Antarctic Ice-Sheet 
History from Surficial Ash Deposits 

David R. Marchant, Carl C. Swisher Ill, Dariiel R. Lux, 
David P. West, Jr., George H. Denton 

The preservation, age, and stratigraphic relation of an in situ ashfall layerwith an underlying 
desert pavement in Arenavalley, southern Victoria Land, indicate that acold-desert climate 
has persisted in Arena Valley during the past 4.3 million years. These data indicate that 
the present East Antarctic Ice Sheet has endured for this time and that average temper- 
atures during the Pliocene in Arena Valley were no greater than 3°C above present values. 
One implication is that the collapse of the East Antarctic Ice Sheet due to greenhouse 
warming is unlikely, even if global atmospheric temperatures rise to levels last experienced 
during mid-Pliocene times. 

T w o  divergent hypotheses have been de- 
veloped with regard to Pliocene paleocli- 
mate and East Antarctic Ice Sheet dynam- 
ics. The first hypothesis, based on the 
ecology of warm-water marine diatoms and 
Nothofagus (Southern Beech) wood within 
Sirius Group glacial deposits in the Trans- 
antarctic Mountains, postulates that East 
Antarctic ice-sheet deglaciation occurred 
about 3.0 million years ago (Ma) (1-8). 

D. R. Marchant, Institute for Quaternary Studies, Uni- 
versity of Maine, Orono, ME 04469. 
C. C. Swisher Ill, Institute of Human Origins, Geochro- 
nology Center, Berkeley, CA 94709. 
D. R. Lux and D. P West, Jr., Department of Geolog- 
ical Sciences, University of Maine, Orono, ME 04469. 
G. H. Denton, Department of Geological Sclences and 
Institute for Quaternary Studies, University of Maine, 
Orono, ME 04469. 

This hypothesis relies on two fundamental 
assumptions. The first is that reworked ma- 
rine diatoms within the Sirius Group orig- 
inated in ocean basins in the interior of East 
Antarctica and were subseauentlv trans- 
ported into the forested ?ransantarctic 
Mountains bv an ex~anded East Antarctic 
ice sheet.   he seconh is that the biostratig- 
raphy of sub-Antarctic deep-sea cores ap- 
s lies to far southern regions of interior 
Antarctica and hence can be used to apply 
confining ages to the Sirius Group. The 
latter assumption has apparently been con- 
firmed by independent dating of volcanic 
ash in association with marine diatoms in 
the CIROS-2 core, southern Victoria Land 
(1). In sharp contrast, the second hypoth- 
esis postulates that the East Antarctic Ice 

Sheet has been relatively stable under per- 
sistent cold-desert conditions since around 
14 Ma (9). This hypothesis is based on 
interpretation of the marine-oxygen isotope 
record, which shows little change at about 
3.0 Ma. To evaluate these contradictory 
hypotheses, we examined Pliocene surficial 
sediments in Arena Valley, southern Vic- 
toria Land, for physical evidence of either 
warmer-than-present climates, including 
traces of meltwater (for example, rills, 
stream channels, mudflows, or levees), or 
~ersistent cold-desert conditions similar to 
the present climate (in which desert pave- 
ment, ultraxerous soil, and sand wedges are 
common). 

The Dry Valleys region of southern Vic- 
toria Land features about 4000 km2 of 
predominantly ice-free, mountainous desert 
between the McMurdo Sound sector of the 
Ross Sea and the East Antarctic polar 
plateau (Fig. 1). Arena Valley, which lies 
at an average elevation of 1400 m in the 
Quartermain Mountains along the western 
margin of the Dry Valleys region, extends 
for 70 km2 and is predominantly ice-free. A 
cold-based peripheral lobe of the upper 
Taylor Glacier extends 0.5 km into lower 
Arena Valley (1 0). Mean annual tempera- 
tures in Arena Valley are about -30°C, 
and precipitation is less than 45 mm of 
water equivalent ( 1  I). Under such climatic 
conditions ablation of Tavlor Glacier at the 
valley mouth is entireli by sublimation 
(10). Glacial drifts, hummocky moraines, 

South Pacific Ocean 
I 

Flg. 1. Location map of Arena Valley, southern 
Victoria Land, Antarctica. Hatch marks repre- 
sent the areal extent of surface-melting ablation 
zones In East Antarctica that we calculate 
would occur with a 22°C rise In atmospheric 
temperature over Antarctica. We suggest that 
Pliocene deglaciation of the East Antarctic Ice 
Sheet from elevated atmospheric temperatures 
would require a rlse of the 0" isotherm to at least 
an elevation of 1600 m, or about 200 m eleva- 
tion above the Arena Valley Ash deposit. Out- 
side Antarctica, sediments that lie at or near the 
0°C isotherm show a dynamic surficial stratig- 
raphy. 
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talus cones, and colluvial deposits cover 
part of the floor and walls of Arena Valley. 
Conspicuously absent are geomorphic fea- 
tures indicative of liquid water, such as 
mudflows, levees, rills, lacustrine deposits, 
and stream channels. althoueh thev are 

u 

common at elevations below about 800 m 
in the western Dry Valleys. 

The Arena Valley Ash crops out on an 
extensive colluvial deposit with an average 
slope of 20". The colluvium exhibits a 
well-developed ultraxerous soil profile and 
indurated salt pan, features suggestive of 
persistent desert conditions (1 2). The Are- 
na Valley Ash deposit is about 25 cm thick 
and covers an area with a radius of about 10 
m. It rests on a well-developed in situ desert 
pavement formed of an interlocking mosaic 
of gravel-sized ventifacts of Ferrar Dolerite, 
Beacon Supergroup sandstone, and ortho- 
quartzite (Fig. 2). The ventifacts are com- 
monly pitted and bear siliceous crusts and 
quartz rinds 5 to 10 mm thick; these fea- 
tures suggest that the pavement surface was 
subaerially exposed for a long time in a 
desert environment (1 3). A similar desert 
Davement now overlies the Arena Vallev 
Ash and prevents erosion by wind defla- 
tion. 

The Arena Valley Ash includes a lower 
basal unit and an upper ash-rich diamicton. 
The lower unit is structureless and consists 
of a thin layer (0.5 to 1.0 cm) of coarse- 
grained (0.5 to 1.0 mm) angular glass 
shards and volcanic crystals. The upper 
unit, approximately 20 to 25 cm thick, is 
composed of about 95% vesicular glass 
shards and volcanic crystals, 1 to 2% 

Fig. 2. Photograph of the surficial volcanic ash 
deposit in west central Arena Valley. The verti- 
cal face has been cut back to expose the 
underlying buried desert pavement. A weath- 
ered, relict colluvial deposit (devoid of volcanic 
material) underlies the ash. This colluvial de- 
posit overlies surficial sediments that crop out 
elsewhere over most of central Arena Valley. 
Hence, it represents one of the youngest surfi- 
cia1 deposits in central and upper Arena Valley. 

weathered auartz and dolerite sand-sized 
grains, and about 3% gravel-sized ventifacts 
of Beacon Supergroup sandstones and Fer- 
rar Dolerite. Both units of the Arena Valley 
Ash contain less than 2.5% clay-sized 
grains. Glass shards are angular and un- 
weathered, and volcanic crystals lack evi- 
dence of chemical etching (Fig. 3). X-ray 
microprobe analyses indicate that the glass 
shards (about 95% of the tephra by volume) 
are phonolitic. The crystals include an- 
orthoclase, aegerine, subcalcic augite, and 
magnetite. Lavas on Mount Discovery, 1 10 
km to the southeast of the Valley (Fig. I), 
are largely phonolitic in composition (14), 
and this volcano is the most likely source 
for the Arena Valley Ash. 

The composition of the lower unit and 
the preservation of the underlying in situ 
desert pavement indicate that the ash is a 
primary airfall deposit. The admixture of 
sand grains, ventifacts, and ash in the upper 
unit suggests that adjacent oversteepened 
colluvial deposits penecontemporaneously 
slumped on top of the airfall ash. The desert 
pavement overlying the Arena Valley Ash 
most probably formed by deflation of the 
upper ash-rich diamicton and concentra- 
tion of enclosed ventifacts onto the ash 
surface. 

The age of the Arena Valley Ash was 
determined both by 40Ar/39Ar dating of 
bulk anorthoclase separates (at the Univer- 
sity of Maine) and by laser-fusion 40Ar/39Ar 
dating of single anorthoclase crystals (at the 

Fig. 3. Scanning electron 
microscope images of 
glass shards and an- 
orthoclase crystals from 
the Arena Valley Ash. (A) 
shows an unweathered 
anorthoclase crystal (field 
of view is about 0.23 mm) 
(B) shows part of the vit- 
ric component of the ash 
(field of view is 0.30 mm). 

Geochronolow Center). Analvses of bulk u, 

anorthoclase separates yielded a slightly 
U-shaped spectrum with a plateau age of 
4.69 + 0.10 Ma (Fig. 4). Similarly, 18 
separate 40Ar/39Ar dates on single crystals 
of anorthoclase yielded an average age of 
4.34 + 0.025 Ma (SEM) (Table 1). We 
attribute the sliehtlv older aee of the bulk 

u ,  " 
separate date to differences in calibration 
between the two laboratories. rare contam- 
ination from older detrital feldspar, or ex- 
cess argon as suggested by the U-shaped 
40Ar/39Ar spectrum (1 5, 16). 

The age and stratigraphic relation of the 
Arena Vallev Ash with the underlvine ven- , " 
tifact pavement indicate that a desert cli- 
mate existed in Arena Valley at 4.3 Ma. 
We suggest that a cold desert (as opposed to 
a hot desert) prevailed in Arena Valley at 
4.3 Ma and has persisted to the present 
time for two reasons. First, landscape anal- 
vsis indicates that surficial sediments that 
ire coeval and older than the Arena Valley 
ash (which now are exposed over most of 
the Arena Valley) lack geomorphic evi- 
dence of liquid water. For example, there 
are no mudflow deposits, levees, rills, lacus- 
trine deposits, or stream channels, although 
such features today are common elsewhere 
below an elevation of about 800 m in 
western Dry Valleys region. The mean an- 
nual air temperature at 800 m elevation is 
about -27OC [based on a recorded mean 
annual temperature of -19.8"C at about 
100 m elevation at nearby Lake Vanda 

Glass shards removed from the upper unit of the Arena Valley ash show evidence of slight wind 
abrasion. Note the absence of etched crystals and authigenic minerals in the Pliocene-age, surficial 
Arena Valley Ash deposit. 

Fig. 4. Conventional 40ArP9Ar release spectrum 16 
diagram from a bulk sample of anorthoclase I 
separated from the Arena Valley Ash. The mini- Total gas = 6.33 Ma 
mum age represents the mean of the five lowest Minimum = f 0.1 0 Ma 
age increments (which make up 25% of the total - 
39Ar released). The total gas age is a weighted 3 - 
average of all the increments based on the ' 1 ~ ~ -  
amount of 39Ar in each increment. The saddle- 
shaped release spectrum suggests that excess 
argon or xenocrystic contamination was present 
(15, 16). The incremental-heating experiment 0 1 1 ~ ~ 1 1 1 1 1  

was carried out at the University of Maine on a 0 100 
% =Ar 

Nuclide 6-60-SGA 1.25 mass spectrometer. The 
anorthoclase was irradiated at the Phoenix Reactor, University of Michigan, using FCT-3 biotite with 
an age of 27.68 as a monitor mineral. Anorthoclase crystals were removed from the Arena Valley 
Ash using standard magnetic density mineral separation techniques. Approximately 100 g of the 
ash yielded about 0.1 g of feldspar. 
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(1 7), and an average lapse rate of 1°C per gous to the melting margins of terrestrial 
100 m elevation rise (18, 19)]. In addition, Northern Hemisphere ice sheets during the 
there is no evidence of basal or surface last termination (25). Formation of such 
melting of Taylor Glacier when it advanced 
several times into lower Arena Valley dur- 
ing at least the last 2.1 million years (20, 
21). The preservation of the Arena Valley 
Ash and underlying in situ ventifact pave- 
ment, together with the lack of geomorphic 
evidence for liquid water anywhere on the 
surface of unconsolidated sediments in Are- 
na Valley, implies that cold-desert condi- 
tions persisted since the ash was deposited 
and indicates that mean annual temoera- 

> ,  

ablation zones would demand a dramatic 
rise in the elevation of the 0°C isotherm, 
which now lies at an equivalent of 600 m 
below sea level for Arena Valley (1 9). A 
2200 m rise in the elevation of the 0°C 
isotherm necessary to initiate a narrow 
band of surface melting up to 1600 m 
elevation near Arena Valley (Fig. 1) would 
require an atmospheric temperature rise of 
1 lo to 31°C over Antarctica, for lapse rates 
of 0.5"C and 1.4"C per 100 m elevation 

tures in Arena Valley failed to rise above rise, respectively (26). These estimates 
about -27OC. Second. the absence of clav- aeree with those of ice-sheet models. which 

u 

sized grains in the Arena Valley Ash is show that deglaciation of Antarctica re- 
consistent with persistent cold-desert con- auires an increase of mean annual surface 
ditions since ash deposition. This is because temperatures by 17" to 19°C above present 
the rate at which surficial ash deposits alter values (18. 27). Our estimate for maximum 
to clay minerals depends on atmospheric 
temperature and the abundance of pore 
water [rates are increased at high atmo- 
spheric temperatures and high pore-water 
pressures (22-24)]. For example, under hu- 
mid temperate conditions in New Zealand, 
which are compatible with growth of 
Nothofagus, tephras older than about 
50,000 years old are >60% clay (22-24). 

Pliocene deglaciation would almost cer- 
tainly have required the formation of exten- 
sive surface-melting ablation zones, analo- 

~, , 

potential Pliocene warmth in Arena Valley 
since 4.3 Ma is about 3°C above present 
values and is well below the minimum 
temperature rise necessary for either East 
Antarctic surface-melting ablation zones or 
ice-sheet collapse predicted by numerical 
models. 

Postulated Nothofagus growth in the 
Transantarctic Mountains bears on the 
question of ice-sheet collapse. If verified, 
the growth of Nothofagus in the Transant- 
arctic Mountains during Pliocene time 

Table 1. Laser total fusion 40Ar/39Ar analyses of individual anorthoclase crystals from the Arena 
Valley Ash, carried out by the Institute of Human Origins Geochronology Center. Pristine euhedral 
crystals of anorthoclase were hand-picked from the Arena Valley Ash using a binocular microscope, 
treated with 7% hydrofluoric acid in an ultrasonic cleaner for 5 min to remove any altered clays or 
attached glass, followed by 10 min in distilled water, and then irradiated in the hydraulic rabbit core 
of the Omega West research reactor at Los Alamos National Laboratory for 4 hours. The calculated 
mean age of 4.343 + 0.108 Ma (? I  standard deviation), + 0.025 Ma (standard error of the mean) 
is based on 18 separate single-crystal analyses measured on a Mass Analyzer Product 215 
noble-gas mass spectrometer, calibrated with monitor minerals Fish Canyon Sanidine and MMhb-I, 
with published ages of 27.84 Ma [modified from Cebula etal. (30)] and 520.4 Ma (31), respectively. 
Decay constants (A) are those recommended by Steiger and Jager (32) and Dalrymple (33); Ca 
and K corrections used in this study as determined from laboratory salts are: WaP7Ca = 2.557 x 

2 4.6 x 39Ca/37Ca = 6.608 x + 2.53 x and 40K/39K = 2.4 x ? 7.0 x 
1 o - ~  

L no. 37Ar/39Art 36Ar/39Ar 40Ar*/39Ar % 4 0 ~ r *  Age (Ma) ? 1 u 

0.03024 0.000228 0.81 768 92.4 4.191 2 0.203 
0.0381 4 0.000202 0.82572 93.3 4.232 ? 0.237 
0.04851 0.00001 4 0.86715 99.7 4.444 ? 0.250 
0.01 887 0.000325 0.82006 89.4 4.203 + 0.239 
0.02662 0.000519 0.82769 84.3 4.242 ? 0.278 
0.03051 0,000187 0.88239 94.1 4.522 ? 0.554 
0.02588 0.000054 0.86973 98.2 4.457 2 0.422 
0.02000 0.0001 51 0.85239 94.9 4.368 + 0.283 
0.03349 0.000274 0.82778 91.1 4.242 2 0.418 
0.03700 0.000314 0.83205 90.0 4.264 k 0.528 
0.03884 0.0001 26 0.86479 96.0 4.432 2 0.271 
0.03493 0.000233 0.84062 92.5 4.308 2 0.293 
0.04068 0.0001 83 0.85403 94.1 4.377 ? 0.334 
0.02144 0.000206 0.8271 7 93.1 4.239 ? 0.495 
0.04436 0.000025 0.88435 99.3 4.532 ? 0.366 
0.031 35 0.000090 0.85779 97.0 4.396 ? 0.169 
0.03072 0.000082 0.85375 97.2 4.375 ? 0.359 
0.01 180 0.000247 0.84824 91.9 4.347 ? 0.409 

Mean of 18 analyses = 4.343 2 0.108 

?A, + he' = 0.581 x 10-lo y r r l ;  A@ = 4.962 x yr - l ;  and 40W40K ,,,,, = 1.167 x 
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would contribute strong evidence for East 
Antarctic deglaciation because today, 
north of the Antarctic Convergence, such 
trees occur in association with active gla- 
ciers possessing extensive surface-melting 
ablation zones. But Nothofagus, which to- 
day does not inhabit Antarctica, has strict 
ecological requirements. Nothofagus can- 
not survive mean annual temperatures be- 
low 5°C or minimum temperatures below 
- 19°C for even a few hours (28). In view of 
the paleoclimatic inferences associated with 
the Arena Valley Ash, we argue that 
Nothofagus was eliminated from the Trans- 
antarctic Mountains before 4.3 Ma. Notho- 
fagus cannot migrate long distances across 
salt water, and its seeds are not aerodynam- 
ic 128). As such. Nothofaeus could not . , - 
recolonize Antarctica after 4.3 Ma, even if 
atmospheric temperatures in the Transant- 
arctic Mountains had warmed since 4.3 
Ma. We conclude that postulated Nothof- 
agus growth subsequent to 4.3 Ma in the 
Transantarctic Mountains is incorrect and 
cannot be used to support the warming 
necessary for surface-melting ablation zones 
reauired for ice-sheet collapse. 

The geomorphological evidence argues 
strongly for continuous cold and dry climat- 
ic conditions in Arena Valley for at least 
the last 4.3 Ma. Such a view agrees with 
interpretations of the oceanic record (9) 
and points to the stability of the East 
Antarctic ice sheet under climatic warming 
of a few degrees. It is difficult at present to 
reconcile this conclusion with the hvooth- 

r .  

esis of Pliocene ice-sheet deglaciation (1- 
8). Perhaps it is possible that the Sirius 
Group antedates 3.0 Ma and that its en- 
closed diatoms have been emolaced bv 
some mechanism other than glacier ice 
(29) . 
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Social Structure of Pilot Whales 
Revealed by Analytical DNA Profiling 

Bill Amos,* Christian Schlotterer, Diethard Tautz 
Long-finned pilot whales swim in large, extremely cohesive social groups known as pods. 
Molecular typing revealed that pod members form a single extended family. Mature males 
neither disperse from nor mate within their natal pods, a situation unusual for mammals. 
Such behavior could be explained in terms of inclusive fitness benefits gained by adult 
males helping the large number of female relatives with which they swim. 

T h e  inaccessibility of whales makes their 
social organization difficult to elucidate, yet 
such knowledge has important consequenc- 
es for conservation and management. Ce- 
tacean mating systems have been inferred 
from comparisons with other mammals [see 
( I ) ,  for example]. However, given the 
unique marine ecology of whales, such ex- 
trapolations need to be substantiated by 
rigorous paternity testing. 

A review of mammalian mating systems 
suggests that female reproductive behavior 
is highly constrained by the demands of 
gestation and lactation (2). Males can max- 
imize their fitness in two ways: by mating 
with many females and by improving off- 
spring number or quality through paternal 
care. In cases where females live in groups, 
com~etition between males tends to lead to 

inclusive fitness in its evolution. 
The long-finned pilot whale swims in 

large groups, or pods, often containing over 
100 individuals. All age classes and both 
sexes are found in a pod, although there is 
a female sex bias among adults (4). Mating 
is broadly seasonal, with a diffuse peak in 
early summer (4). Pods are very cdhesive, 
which can result in natural mass strandings 
and which allows them to be herded with 
boats. For centuries. this behavior has been 
exploited by coastal peoples to catch pilot 
whales for food. Today, only in the Faeroe 
Islands does this tradition continue, with a 
mean of some 1700 whales caught annuallv. - , , 

mostly as entire pods ( 5 ) .  Molecular analy- 
sis of samples from this fishery suggests that 
pod members are related and that males 

drive fishery. Two pods were selected for 
detailed analysis on the basis of size and 
completeness of sampling (MiitGggur 
240787, n = 103, and Leynar 220787, n = 
90). Each sample was typed for one mini- 
satellite locus [the HMW locus (6)] and six 
microsatellite loci. Of the microsatellite 
loci, five have between three and ten alleles 
per locus (Table 1). The sixth, however, is 
extremely polymorphic, with 54 alleles 
scored in the two study pods, 46% of which 
are unique to one or the other pod (Fig. 1). 

The great variability of locus 4681469 
allowed us to reassess male mating behav- 
ior. For 33 of 34 fetuses we could exclude all 
accompanying adult males as fathers, 
strengthening previous assertions that adult 
males rarely, if ever, mate within their 
home pods.'~urther, we compared paternal 
alleles among seven fetal cohorts (that is, 
fetuses conceived in the same pod in the 
same year; n = 6, 6, 12, 3, 10, 3, and 6 
fetuses) sampled from four different pods. 
We found that 89% of uaternal alleles were 
unique within a cohort, an observation 
incompatible with the idea that one or two 
males dominate mating (8). Given that a 
cohort's ~a ternal  alleles at the less variable 
minisatellite locus are nonrandom (6), our 
findings imply that groups of related males 
are the fathers. 

To estimate the number of mother-off- 
spring relationships in a pod, we designed a 
special analytical approach (9). The oh- 

polygyny (2). In virtually all cases, inbreed- 
Table 1. P~lot whale microsatellite loci analyzed in th~s study. All primers flank a simple sequence 

ing is avoided the dispersal of One Or stretch consisting either of GT or GA dinucleotide repeats 
both sexes. usuallv the males (3 ) .  Our studv 
shows thar the &lot wha le (~bb ice~haL  Locus Pr~mer (5' to 3') Number of alleles Size range (base pairs) 
melas, Delphinidae) is unusual in its social 
oreanization: neither sex disnerses from its 199/200 TGAAATTCTTCATCAGT 5 110to134 
natal group, and males show no evidence of GTTAATGTAGGCAGACT 

reproductive dominance. Such a system 409'470 GTTTTGGTTGCTTGA 
raises interesting possibilities for the role of 15,4 16 

TAAAAGACAGTGGCA 
GTTCCTTTCCTTACA 
ATCAATGTTTGTCAA 

B Amos, Department of Genetics, Cambridge Unlver- 41 7/418 GTGATATCATACAGTA 
sity, Downlng Street, Cambridge, United Kingdom ATCTGTTTGTCACATA 
CB2 3EH 
C Schlotterer and D Tautz Zoologlsches Instltut der 

464/465 GGGGTTTCTCCTCTA 8 138 to 154 

Unlversltat Munchen, Lulsenstrasse 14, 8000 Mun- 
TGATCTGCCAATAAGA 

chen 2 Germany 468/469 ACCCCAGAGAAAACA 54 87 to 185 
CAAGGTATTTCAGAA 
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