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Pleistocene Collapse of the 
West Antarctic Ice Sheet 
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Some glacial sediment samples recovered from beneath the West Antarctic ice 
sheet at ice stream B contain Quaternary diatoms and up t o  l o8  atoms of 
beryllium-10 per gram. Other samples contain no Quaternary diatoms and only 
background levels of beryllium-10 (less than l o6  atoms per gram). The occur- 
rence of young diatoms and high concentrations of beryllium-10 beneath 
grounded ice indicates that the Ross Embayment was an open marine envi- 
ronment after a late Pleistocene collapse of the marine ice sheet. 

The West Antarctic ice sheet (WAIS) is the 
n-orld's only large ice sheet tliat is grounded 
a-ell below sea level at its margins, making it 
susceptible to collapse (I). Collapse of tlie 
WAIS would result in a rise in eustatic sea 
level of 5 to 6 m. A sea level liiglier than at 
present during the penultiinate interglacial 
[marine oxygen isotope stage 5e (MIS je)]. 
123,000 years ago (ka), has been cited as 
evidence of past IVAIS collapse (2). Howev- 
er, it is difficult to l i~ik glacio-eustatic sea 
level changes of this magnitude directly to a 
specific glacial source. Furtliernlore. coeval 
gron-th or decay of different ice bodies can 
lead to additive or mediating effects 011 sea 
level and oxygen isotope (8l8O) records. 
Only proxiinal geologic data can provide 
clear evidence of past IVAIS collapse. Here 
we report paleo~itologic and geochemical 
data derived fro111 sediments recovered froin 
beneath the WAIS tliat iinply tliat open ma- 
rine conditio~is existed in the soutlieill part of 
the Ross sector of West Antarctica during the 
late Pleistocene, and thus that the WAIS has 
at least partially collapsed at least once since 
the late Miocene (3). 

Collapse of the WAIS would create a 
seaway across parts of the West Antarctic 
archipelago (Fig. 1). Marine waters in the 
interior Ross Sea E~nbayineiit would be host 
to rich seasonal populations of diato~iis (4). 
Cosinogenic ''Be [half-life. 1.5 inillion years 
(My)] is supplied to the ocean surface 
through direct or indirect atmospheric fallout. 
and "Be atoins adhere to susaended aarticles 

inanent ice cover results in little or no diatom 
or "Be flux (6). Subsequent grounding geii- 
erally results in erosion of the basin floor. 

Fast-flowing ice stream B is underlain by 
a layer of deformable clay-rich diarnicton, 
ge~ierally several meters thick. Tliis thin bla~i- 
ket of sediine~it has been interpreted as mo- 
bile drift (till). which is actively defoilni~ig 
with the flow of ice and eroding underlying 
strata (7). Piston cores of u~iconsolidated dia- 
niicton, up to 3 ni long, have been recovered 
through hot water-drilled access lioles on ice 
streain B; at Upstreaiii B (UpB) (Fig. 1) (8) .  
Tlie ice tliiclaiess is about 1030 in. the sedi- 
ment surface is about 600 111 below sea level. 
and ice flows at approxiiiiately 300 iii per 
year. 

We a~ialyzed 19 UpB diainicton samples 
for diatoiils (9) and ''Be (10) (Table 1) [see 
(Il) for site info~~nation] in search of evi- 
dence of post-Miocene marine sediment be- 
~ieath the current ice sheet. We also analyzed 
insoluble niicroparticles (12) fro111 four sam- 
ples of glacial ice recovered from this region, 

Fig. 1. Approximate config- 
luration of West Antarctic 
seaways after the com- 
plete collapse of the WAIS. 
The setting would include 
some combination of open 
water, sea ice, fringing ice 
shelves, coastal tidewater 
glaciation, and ice tongues. 
Transantarctic surface wa- 

in the water coluinn (5). ~ i a t o m s  a h  ''Be- ter be 
bearing paiticles accumulate on the basin limited by crustal geome- 

try and ice distribution. 
floor during periods of open n-ater, but per- The locations of UpB, Cape 

Roberts (CR), and Cape 
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within 10 In of the bed. All particles were 
counted. including mineral grains, volca~iic 
glass, palynoiiioiyhs, other plant and fungal 
cellulose. a n i o ~ ~ h o u s  masses. diatoins and 
other biogeiiic skeletal material, and large 
and small fibers. Most fibers are presumed to 
be laboratory contaminants. The liiglier the 
co~iceiitration of fibers, the liiglier tlie poten- 
tial for conta~iiination by diatoms and other 
particles. 

Scherer 13) described a distinctive mixture 
of u~iusual diatoins in the first till sample 
recovered from beneath ice stream B (88-2- 
1-W) (13). The diatoms are derived from 
strata of differing ages and eiivirorunents. 
The mixture of assemblages includes rela- 
tively abundant, undescribed nonmarine dia- 
toms, n-hich are believed to be entirely ex- 
tinct and are presumed to be of upper Paleo- 
gene age (3). KO extant no~in~arine diatoms 
were observed. Of tlie marine diatoins 
present. inore tliaii 95% are derived froin 
upper Miocene antarctic ~iiarine strata. Addi- 
tionally. about 2% (14) are Quaternary ina- 
rine diatoms. Tlie iieritic (ineroplankto~iic) 
diatom Thn1nssiosil.n ai~fni.cticn do~niiiates 
the Quateinai-y assemblage. This diatorn has 
an age of less than 0.75 My (15). The dom- 
inance of upper Miocene diatoins suppo~fs 
the view that West Antarctica entered a dorn- 
iiiantly glacial phase near the end of the 
Miocene (16). 

Ti11 recovered by piston coriiig and other 
methods, fro111 about 1 l a  gild west of sam- 
ple 88-2-1-W toaard the center of the ice 
stream (bo~eholes 89-2 and 91-2), contain 
rare upper Miocene diatoms but no Quater- 
nary marine. Quate11ia1-y normarine, or ex- 
tinct  ionm marine diatoms. Samples that repre- 
sent the uppeilnost sediiiieiits (Table I), 
which are in closest proximity with the ice. 
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contain a relatively higher abundance of dia- 
tom fragments but no evidence that the till 
includes a Quaternary illarine component. 
Sirnilar results n-ere obtained fro111 core 95- 
1-1, recovered approxin~ately 8 lun (1 7) di- 
rectly upstream of boreholes 89-2 and 91-2. 

Boreholes 95-3,955, 95-6; and 95-8 were 
drilled along a transect 1 lun grid east of 
borehole 95-1 (11) in a region approximately 
7 knl (1 7) directly upstream of sample 88-2- 
1-W. Seismic properties in this region sug- 
gest that the defoilnable till layer is unusually 
thin or is entirely absent (18). Four diamicton 
samples from this region contain a high con- 
centration of diatorn fragments (Table 1 and 
Fig. 2) and a mixture of diatoms that is 
strikingly similar to that in sample 88-2-1-W: 
Diverse and well-preserved Quatenlary ma- 
rine taxa are present among a suite of dorni- 
nant upper Miocene diatoms. The Quaternaiy 
diatoms include many snlall varieties not en- 
countered in a-innowed sample 88-2- 1-W (3). 
The assemblage contains T. ~iztni.cticn (15) 
along with diatoms Fi.ngilni.iopsis curto, F. 
/ieigiiele?zsis, F. ~izgzilnm, F. sepni.aiziin, F. 
i.itschei.ii, T. lei~tigiizosir; T. tiriiliiln. T. griici- 
lis, T. gi.ncilis var. e.xpectn, A c t i ~ z o ~ j ~ c l ~ i ~  nc- 
tiizochiliis. and other diatorns characteristic of 
Quaternary antarctic continental shelf sedi- 
ments. Lower Pleistocene diatoms character- 
istic of the antarctic continental shelf, such as 
A. irlgeiis and T. elliptopoi~n, are not present 
nor are mid-Pliocene continental shelf dia- 
toms. The above assemblage implies that the 
till is derived in pait from sediment deposited 
n-ithin the past 0.75 My (15) and probably 
n-ithin the past 600 ka (3). These samples also 
contain rare examples of the unusual, extinct 
nonmarine diatorns present in sarllple 88-2-1- 
W. As with all other tills from ice stream B 
studied, no extant antarctic lacustrine diatoms 
were found. 

These four diatom-rich. Quateinary di- 
atom-bearing till sarnples also contail1 a sig- 
nificant concentration of "Be (lO%toms:g), 
whereas the remainder of the till sarnules. 
which contain no Quatei11a1-y diatoms. have 
only background levels of "Be (<lO%toins: 
g) (Table 1 and Fig. 2). A "Be concentration 
of 10%toms!'g in a typical marine sediment 
suggests a inaxiinuill age of 3 My (5. 6). 
However, sediment mixing and dilution with 
older sediments would imply that some com- 
ponents of the till are younger. Dilution is 
demonstrated by the obseivation that illost of 
the diatoms in these diamictons are Miocene 
in age. The absence of ''Be in the remaining 
11 diarn~cton samples analyzed suggests that 
the till is derived from Miocene or older 
roclts, with little or no inco~yoration of Plio- 
cene or Quaternai-y marine sediment. This 
result is in agreement with the diatom data. 
The lack of ''Be in these 11 samples. includ- 
ing samples near the ice contact zone (Table 
2), ~ndicates that melting basal ice is an in- 

Samples devoid 
of Quaternary 
diatoms 
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Fig. 2. ''Be o f  Up9  dia- 
mictons p lo t ted against 
t he  t o ta l  content o f  di-  
a t o m  fragments. Theo- 
retical decay curves o f  
''Be (half-life = 1.5 My,  
p lo t ted for  five half- 
iives) start ing a t  lo9 
and lo4  a toms lg  [aver- 
age max imum and 
m i n i m u m  values o f  
modern marine sedi- 
ments  (5, 6) )  The four 
samples showing ele- 
vated ''Be have com- 
ponents representing 
an age range o f  0 t o  3 
Mv, depending o n  their  
inrtial iO~e d u e .  Sam- 

Diatom Fragments (2-5ym)/g ples containing high ''Be 
also contain high d ia tom abundance. 

Table 1. UpB diatom fragment abundance and ''Be concentration. Samples are f r om piston cores unless 
otherwise indicated. Samples containing high "Be also contain Quaternary diatoms and extinct nonma- 
rine diatoms. 

D ia tom 
Sample fragments per "Be atoms per g 

g 

88-2-1 -W* * 3.03 X lo6 - 

95-3-1, 3-8 c m  3.27 X lo8 (5.35 i 0.25) X 10' 
95-5-1, 3-8 c m  2.93 X 10' (5.64 = 0.32) X lo7 
95-6-4, 3-8 c m  4.63 X 10' (2.59 0.61) X 10' 
95-8-1, 3-8 cm 1.76 X 10' (9.38 = 0.30) x lo7 
95-5-3, 15-22 c m i  8.72 X lo5 <lo6  
89-2, 3-8 cm 5.44 x lo5 <lo6  
89-2, 22-28 c m  4.26 X lo5 <lo6  
91 -2-3-BT: 8.66 X lo6 <lo6 
91-2-5-BT% 6.55 X lo6 <lo6  
95-1-1-CWS 5.10 X lo6 -D 
95-1-1, 5-8 cm 8.05 X lo5 <lo6  
95-1-1, 32-38 cm 3.58 X lo5 - 
95-1-1, 72-78 cm 2.10 x lo5 <lo6  

"Sample winnowed in recovery, biasing diatom abundance. Not appropriate for Be analysis. -+Third core from 
borehole 95-5. Sediment recovered represents till stratigraphically below core 95-5-1. Exact depth not known (-1 to 
4 m). JBT: Borehole toll inserted into till, recovered from near the sediment surface. gCW: Core water (sediment 
suspended above recovered core). Insufficient sediment was available in the CW sample for ' O B e  analysis. 

Table 2. Particles in UpB ice, less than 10 m above sediment surface. 

Ice sample 95-8-1-2 95-8-1-5 95-2-6-1 95-2-3-2 

Sample volume (ml) 
Whole marine diatoms* (n) 
Marine diatom fragmentst (n) 
Whole nonmarine diatoms (n) 
Nonmarine diatom fragments? (n) 
Unidentifiable diatom fragments: (n) 
Chrysophyte cysts (n) 
Pollen/spores/fungal spores (n) 
Mineral and volcanic grains (>5 p m )  (n) 
Fibers5 (n) 

"Largest diatom is 12 p m  'Possible identification 
p m  $Presumed laboratory contaminants. 

to genus level. See text  all diatom fragments are 1 5  
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significant source of 10Be to the subglacial 
sedimentary environment. To attain 10Be 
concentrations as high as 10s atoms/g strictly 
through basal melting would require contin
uous accumulation of 10Be in the bed for tens 
of thousands of years, which is unlikely be
neath a flowing ice stream because of glacial 
erosion and an active and variable basal hy-
drologic system. 

The diatom concentration in ice samples 
from near the bed of boreholes 95-2 and 95-8 
ranges from 6 to 34 diatoms/liter (Table 2). 
Most identifiable diatoms are extant nonma-
rine forms, all of which are common to ant
arctic coastal lakes and lake deposits. Only 
two identifiable marine diatoms were found 
on the filters: one small (13 fxm) specimen of 
a recrystallized Par alia sulcata (sample 95-
8-1-5), which is almost certainly derived 
from Miocene or older deposits, and one 
small (6 fxm) Chaetoceros resting spore 
valve (sample 95-8-1-2) (19). The only oth
er evidence of marine diatom debris in
cludes rare fragments (<4 fxm) of Thalas-
siothrix or Thalassionema and unidentifi
able marine centric diatom "meshwork." Of 
the identifiable nonmarine diatoms, 60% 
are Luticola spp., a cosmopolitan nonma
rine diatom occurring in virtually all ant
arctic coastal lakes and moist soils. This 
diatom is a common, often dominant, com
ponent of dry lake sediments in Antarctica. 

Variability in diatom assemblages and 
10Be levels demonstrates that the basal sedi
mentary facies beneath ice stream B are com
plex. Till samples that contain these tracers 
provide evidence that marine conditions pre
vailed deep within the West Antarctic interior 
at some times during the Quaternary. Sam
ples lacking such evidence imply that differ
ent source beds lie beneath the till layer or 
upstream. There is no evidence to suggest 
that the Quaternary tracers, which include 
diatoms as large as 65 fxm, were introduced 
to the subglacial environment by atmospheric 
fallout onto the ice sheet surface and subse
quent subglacial melting. Extant nonmarine 
diatoms are by far the most abundant diatoms 
in filtered glacial ice from Antarctica (20), 
including ice directly overlying sediments 
containing Quaternary marine diatoms (Table 
2). If the age-diagnostic Quaternary marine 
diatoms beneath the WAIS were emplaced by 
release of englacial debris by basal melting, 
then they would be outnumbered by extant 
nonmarine diatoms such as Luticola spp. No 
extant nonmarine diatoms have been ob
served in UpB subglacial sediments. 

Glaciological models suggest that it is 
unlikely that grounded ice could be sustained 
over the deep interior basins, which reach 
depths of more than 2000 m, given open 
water as far south as UpB (1). Therefore, we 
interpret the occurrences of Quatemary-age 
diatoms and significant concentrations of 

10Be in sediments beneath the WAIS as direct 
evidence of marine deposition in the West 
Antarctic interior after one or more partial 
(Ross Sector) or complete marine ice sheet 
collapse events during the past 0.75 My. 
These data provide no information regarding 
Pliocene or early Pleistocene deglacials. Ev
idence of such events has probably been re
moved from the inner Ross Embayment by 
glacial advances (21). 

The Southern Ocean was wanner than at 
present during certain late Quaternary inter
vals. Most notable of these warm periods, and 
the most likely candidate for the time of 
WAIS collapse, is MIS 11, 400 ka (3). This 
interglacial was of unusually long duration 
and was characterized by biogenic carbonate 
deposition in the high-latitude Southern 
Ocean and unusually deep southerly penetra
tion of North Atlantic deep water (22). WAIS 
retreat during one or more earlier or subse
quent interglacials, including MIS 5e, or col
lapse out of phase with the climate cycle (23) 
cannot be ruled out. Given the remaining 
uncertainties regarding ice sheet mechanics 
and climatic forcing, it is not yet possible to 
predict the probability of WAIS collapse 
within the coming centuries, but geologic 
evidence of past collapse and observations of 
rapid ongoing changes in the WAIS (1, 24) 
underscore the need for continued study. 
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Effects of Water on the a-P 
Transformation Kinetics in San 

Carlos Olivine 
Tomoaki Kubo,* Eiji Ohtani, Takumi Kato, Toru Shinmei, 

Kiyoshi Fujino 

In experiments at  13.5 gigapascals and 1030°C, the growth rate of wadsleyite, 
which forms from transformation of olivine, was substantially enhanced by the 
presence of water. Wadsleyite had a low dislocation density and subgrain 
boundaries in  wet runs. Water enhanced the dislocation recovery in wadsleyite 
and therefore caused inelastic relaxation of the localized pressure drop asso- 
ciated wi th  the transformation, resulting in  an increase of the growth rate in  
wet runs. These results imply that even a small amount of water of 0.05 weight 
percent can weaken wadsleyite in  the mantle. 

a period of several hours. 
In the recovered samples, we observed a 

sharply defined rim of the product phase in 
both dry and wet [NaCI:Mg(OH), = 500: I] 
runs (Fig. 1). X-ray diffraction analysis indi- 
cated that this phase was wadsleyite. Trans- 
mission electron microscope (TEM) observa- 
tions (7) showed that the newly grown wad- 
sleyite rim had no topotactic relations with 
the host olivine. This observation suggests 
that the wadsleyite nucleated randomly on the 
olivine surface. The only apparent composi- 
tional differences, on the basis of electron 
microprobe analysis, between relict olivine 
and the reaction rim was that the rims had a 
few tiny iron-rich grains (8). Thus, we con- 
clude that the olivine transformed to wads- 
leyite by incoherent surface nucleation and 
interface-controlled growth. This result is 

Water enhances the creep of many minerals, heater in the dry runs. In the wet runs, the consistent with previous studies with mantle 
a process termed hydrolytic weakening or olivine was enclosed by a 10: 1 or 500 : 1 mix- olivine (9). 
water weakening (I). To understand the dy- ture of NaCl and Mg(OH), brucite by weight. In the dry runs, wadsleyite growth was 
namics of the mantle transition zone, it is We used a sealed platinum capsule in one of the retarded with time and eventually ceased af- 
important to know the effect of water on the wet runs. Temperature was measured between ter 200 min (Fig. 2). In contrast, in the wet 
plastic deformation of wadsleyite, a high- upper and center parts of heater with a Pt- [NaCI:Mg(OH), = 500: 11 runs, the wadsley- 
pressure polymorph of olivine and a major Ptl3%Rh thermocouple (6 ) .  Samples were first ite grew more rapidly than in the dry run, 
constituent in the mantle transition zone. compressed at room temperature and then heat- resulting in the large difference in the growth 
Wadsleyite can contain a substantial amount ed to the desired value. The heating rate, which distance between the dry and wet conditions. 
of H,O, up to about 3 weight % (2). Chen et was controlled to be same in all of experiments, When the ratio of NaCl and Mg(OH), was 
al. (3) analyzed broadening of powder x-ray was about 100°C per min. The sample was 10: 1, the transformation was completed 
diffraction lines and suggested that water had quenched to room temperature at high pressure, within 180 min. These observations imply 
little effect on deformation of wadsleyite up and then the pressure was released slowly over that the growth rate of the wadsleyite rim was 
to 10 GPa at low temperature of -600°C. enhanced by the presence of water in the 
Here we present evidenEe that water weakens 
wadsleyite, by examining transformation ki- 
netics of olivine in wet and dry conditions. 

We carried out high-pressure experiments 
using a 3000-ton multianvil (MA) press (4). 
The experiments were performed at 13.5 
GPa and 1030°C, which is within the sta- 
bility field of wadsleyite (5). Runs lasted 
from 0 to 1200 min. The starting material 
was single crystals of San Carlos olivine 
(Mgo ,,Fee , ,),SiO, that we cut into 1-rnrn3 
cubes. We used a stepped graphite heater, in 
which the central part is thicker than upper 
and lower parts. A sample was encased in a 
fine powder of NaCl in the central part of the 
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Fig. 1. Optical photomicrograph under crossed 
nichols of a thin section of an olivine single 
crystal partially transformed to wadsleyite at 
13.5 GPa and 1030°C for 1200 min. The sample 
was enclosed by a mixture of NaCl and 
Mg(OH), with a ratio of 500:l by weight. The 
relict olivine is surrounded by the reaction rim 
consisted of elongated 6-phase grains. Bar, 0.5 
mm. 

Time (min) 

Fig. 2. Time dependence of the width and 
volume fraction of the wadsleyite rim in dry 
and wet runs at 13.5 GPa and 1030°C. The 
confining medium of the sample is also shown. 
The volume fraction of wadsleyite was estimat- 
ed from widths of the wadsleyite rim. Time 
indicates the heating duration at the desired 
temperature. 
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