clear oscillations were observed, indicating
a two-dimensional layer-by-layer growth
mode. On the BHF-treated substrate (curve
B), the oscillation was quite regular and the
signal intensity recovered to the value of the
original surface at each peak. The oscillation
persisted more than 300 cycles. This film
exhibited a terraced surface in the AFM
image similar to that of Fig. 1B. The AFM
image in Fig. 5 represents the surface of the
film quenched at the bottom of the RHEED
oscillation. The film surface showed 0.4-nm-
high islands randomly distributed on the
atomically flat terraces. The film surface
quenched at the peak of the RHEED oscil-
lation showed the atomically flat surface
similar to Fig. 1B. These results demonstrate
that the RHEED oscillation during homo-
epitaxy of SrTiO; indeed originates from the
oscillation of the atomic scale surface rough-
ness due to the two-dimensional layer-by-
layer growth. When the film was deposited
at temperatures higher than 780°C, the ho-
moepitaxy proceeds in a step-flow mode, in
which the RHEED signal did not oscillate,
but the film surface was well terraced on an
atomic scale. The film growth on the com-
mercial substrates did not show any step
structures and gave rapidly damping RHEED
oscillations (12).

For further examining the applicability
of the BHF-treated substrates, such perov-
skite-type materials as PrGaO; and BaTiO4
were heteroepitaxially grown by laser MBE
to give a clear RHEED oscillation and
atomically flat and well-terraced surfaces.
When YBa,Cu;0;_5 was grown on this ter-
raced clean substrate, the film surfaces ex-
hibited terraces and steps one unit cell in
height aligned in one direction. Such re-
sults could not be obtained for the films
deposited on the commercial substrates (13,
14). Thus, the BHF-treated substrates en-
able atomically regulated epitaxy of oxides
comparable to that of semiconductors.
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Meltwater Input to the Southern Ocean
During the Last Glacial Maximum

Aldo Shemesh, Lloyd H. Burckle, James D. Hays

Three records of oxygen isotopes in biogenic silica from deep-sea sediment cores from
the Atlantic and Indian sectors of the Southern Ocean reveal the presence of isotopically
depleted diatomaceous opal in sediment from the last glacial maximum. This depletion
is attributed to the presence of lids of meltwater that mixed with surface water along
certain trajectories in the Southern Ocean. An increase in the drainage from Antarctica or
extensive northward transport of icebergs are among the main mechanisms that could
have produced the increase in meltwater input to the glacial Southern Ocean. Similar
isotopic trends were observed in older climatic cycles at the same cores.

During the past three decades, some of the
most fundamental observations regarding
past climate change and the changing
chemical properties of seawater have been
based on oxygen isotope analyses of calcium
carbonate shells of foraminifera (I1-3).
Questions of importance to paleoclimatol-
ogy and paleoceanography— on such topics
as ice volume changes, the temporal and
spatial distribution of meltwater pulses, and
the tempo and mode of glacial-interglacial
climate change— have been successfully ad-
dressed. Disintegration of major continental
ice sheets and the consequent occurrence of
large meltwater plumes during Northern
Hemisphere deglaciation were inferred from
380 records from continental margin sed-
iments (4—7) and sea level changes (8). All
major meltwater discharge pulses into the
Gulf of Mexico and other Northern Hemi-
sphere regions (although not isochronous)
are associated with deglaciation. These
pulses have also imposed global changes in
deep-water formation, in primary produc-
tion, and in gas exchange between the
ocean and the atmosphere. In the Southern
Ocean, the presence of meltwater was in-
ferred by indirect measurements of 2*'Pa/
20Th in sediments and paleonitrate proxies
(9) and also by a combination of foraminif-
eral 880 and diatom transfer functions
(uncorrected for dissolution effects) in the
Indian sector (10).

Although isotopic determination of fo-
raminiferal calcium carbonate is applicable
in marine sediments from low and mid-
latitudes, it frequently has only marginal
application in high-latitude regions such as
the Southern Ocean because foraminiferal
carbonate is frequently absent or present
only in low concentrations in such regions.
Recently, the use of oxygen isotopes of bio-
genic opal (3'80g,) secreted by marine dia-
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toms was shown to provide paleoceano-
graphic information that is complementary
to that derived from foraminiferal 880 (11,
12). Thus, the thermal history of the surface
water of the Southern Ocean and meltwater
input to this region can be identified and
used to reconstruct ice dynamics around
Antarctica. Because global climate change
is the sum of local and regional climate
change, the ability to recover oxygen iso-
tope records from high southern latitudes
provides a better understanding of global
climate change.

South of the Polar Front zone (PFZ),
diatoms are the dominant photosynthetic
algae. They are light-limited, live within
the uppermost layer of surface water, and
secrete an opaline skeleton with known
isotopic fractionation. Therefore, biogenic
opal accumulating on the sea floor should
reflect the temperature and isotopic compo-
sition of seawater at or near the sea surface
at the time of deposition and can be used to
reconstruct past variations in surface water
propetties. Earlier studies in sediments of
the Weddell Sea and South Atlantic (12,
13) have shown that diatom 8'8O records
exhibit the predicted variation between gla-
cials and interglacials. During glacial max-
ima, sea surface temperature is lower, and
there is an increase in continental ice vol-
ume that preferentially removes °O from
the ocean. Therefore, the content of 20 in
the solid phase in both foraminiferal car-
bonate and diatom opal is higher (I, 11).
Global warming and the melting of conti-
nental ice during interglacials produces 80
minima in opal and carbonate during inter-
glacials.

In this report, we describe and evaluate
380y, determinations from three deep-sea
cores recovered from south of the PFZ in the
Atlantic and Indian sectors of the Southern
Ocean (Table 1). In these cores, diatom
samples from the last glacial maximum
(LGM) (about 18,000 years ago) exhibit
light 3'®Qg, values; because temperatures
should have been lower during the LGM,
this result is contrary to the expectation that




the most enriched isotopic values should
occur in samples from this interval. We
examined the possible cause of this deple-
tion and demonstrate that localized meltwa-
ter lids over the surface of the Southern
Ocean were present during the LGM.

Diatoms were separated from bulk sedi-
ment and prepared for analysis (13). An age
model for each core is based on the relative
abundance stratigraphy of Cycladophora
davisiana (radiolarian) and Eucampia antarc-
tica (diatom); these are the main strati-
graphic markers in sediments of late Qua-
ternary age from this region (14-16). Iso-
topic stage 2 (the level of the LGM) is well
constrained by both markers in all cores.
However, because there is no absolute age
determination for these regions, there is
always the possibility that age assignments
based on biostratigraphy are in error.

The down-core diatom 8'®Qg, records
indicate that stage 2 was characterized by
light 8'8Qg, values, in contrast to the ex-
pected isotopic signal for the LGM period.
The RC11-94 record (Fig. 1) reveals that
the light 8'80g, values were confined to the
earlier part of stage 2. The sedimentation
rates in two of the cores, RC11-97 (Fig. 2)
and RC13-259 (Fig. 3), were low during
stage 2, and therefore, it is difficult to de-
termine if the light 880, occurred at the
bottom or top of the glacial section. How-
ever, the general trend of light 8'%0g, val-
ues associated with high percentages of C.
davisiana and E. antarctica is seen not only
in stage 2 but in older glacial stages as well.

We attribute variations in 8!8, to con-
ditions that prevailed in surface waters dur-
ing stage 2. On the basis of other §!80g,
records from the Southern Ocean (12, 13),
the possibility that light 8'®Og, values are an
artifact of post-depositional alteration, pref-
erential dissolution, or species composition
is discounted because isotopic alteration was
not observed in such sediments. Two vari-
ables, temperature and 8'80 of seawater, can
produce the observed isotopic shifts. A
warming of surface water by 4° to 7°C be-
tween stage 3 and stage 2 would have been
required if the record reflects temperature
changes. However, such warming contra-
dicts results from all temperature proxies in
these regions (14, 17) and is unlikely to
have occurred at the time of global cooling
and both ice sheet and sea ice expansion
toward the north. A change in the 320
value of surface seawater could only have

Table 1. Core locations and water depths.

. . Water

Core Latitude Longitude depth (m)
RC13-2569  53.88°S 4.93°W 2677
RC11-94 54.48°S  53.05°E 4303
RC11-97 50.32°S  61.20°E 4638

been achieved by an influx of meltwater
originating from continental ice or snow,
which have low 80/'°O ratios. The forma-
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tion and melting of sea ice are associated
with small isotopic fractionation (18) and
therefore cannot account for an isotopic
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Fig. 1. Down-core variation of diatom 3'8Qg, (solid line) and percent C. davisiana (dashed line, left figure)
and percent E. antarctica (dashed line, right figure) in the Indian Ocean core RC11-94. The arrow
indicates the position of the LGM level in the core according to these two biostratigraphic markers;
radiolarian zones a, b, and ¢ correspond to isotopic stages 1, 2, and 3, respectively. The depleted
isotopic values are associated with the cold isotopic stage 2. The Holocene (interval between 180 and O
cm) gradual depletion in 3'80g, was previously observed in other Atlantic deep-sea cores (13).
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Fig. 2. Down-core variation of diatom 8'8Qg, (solid line) and percent C. davisiana (dashed line, left figure)
and percent E. antarctica (dashed line, right figure) in the Indian Ocean core RC11-97. The arrow and
radiolarian zones are as in Fig. 1. The depleted isotopic values are associated with the cold isotopic stage
2 and with stage 6 at a depth of 700 cm. The Holocene depletion (60 to O cm) is present but with a
reduced amplitude because of the low sedimentation rate.
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change of 2 per mil in surface waters. Possi-
ble sources of 1¥0-depleted meltwater to the
Southern Ocean are the bottom melting of
ice shelves or the melting of icebergs and
snow that accumulated on sea ice.

We cannot estimate the relative impor-
tance of these possible sources in the pro-
duction of the observed signal. However,
the observation that the anomalous records
are confined to certain localities in the
southern Atlantic and Indian oceans sug-
ests that the input of meltwater must reflect
a local phenomenon such as iceberg melt-
ing along certain trajectories or increased
input from several Antarctic outlets. Ice
sheet studies (19-22) in East and West
Antarctica and on coastal terraces around
Antarctica reveal fluctuations in the flow of
ice and meltwater that would be capable of
causing the observed isotopic records. The
amount of mixing between seawater and
meltwater to produce an opal depletion of 2
per mil during stage 2 can be calculated by
isotopic mass balance. Taking —35 per mil
as an average 8'80 value for continental ice
(23), we obtain a mix of 94% seawater and
6% meltwater, which corresponds to a re-
duction of 2 per mil in surface water salin-
ity. The total amount of meltwater addition
to the Southern Ocean cannot be calculat-
ed at this point because the depth of the
mixed layer and its spatial distribution are
still unknown.

Our conclusion that a meltwater lid oc-
curred during the LGM in parts of the
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Southern Ocean is supported by biotic ev-
idence. Percent abundance of the diatom E.
antarctica is largely driven by changes in
absolute abundance of open ocean diatoms.
However, there is little change in abun-
dance of E. antarctica in the cores between
the interglacial and glacial sediments. We
conclude that the productivity of open
ocean diatoms is suppressed by the presence
of sea ice and meltwater lids during glacial
maxima.

Mid-Holocene glacial expansion of the
major outlet systems in East Antarctica
was reported to be associated with periods
of warming (24). Large changes in the
Lambert glacier system occurred during
the mid-Holocene (25). The exact expan-
sion of the LGM East Antarctic ice sheet
and shelves is uncertain. The Holocene
data indicate a dynamic system affecting
sea level and drainage rates on short and
long time scales. We suggest that fluctua-
tions in ice expansion can be one of the
main factors controlling meltwater lids
during the LGM. Although the increase in
meltwater output occurred during the
coldest period when the precipitation of
the ice sheet was reduced, the cause for
the change in drainage output through
time remains unknown and is not neces-
sarily associated with air temperature.
Other factors that involve isostatic re-
sponse and ice stability might be of major
importance. Alternatively, meltwater lids
during the LGM could have been pro-
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Fig. 3. Down-core variation of diatom §'80g, (solid line) and percent C. davisiana (dashed line, left figure)
and percent E. antarctica (dashed line, right figure) in the Atlantic Ocean core RC13-259. The arrow and
radiolarian zones are as in Fig. 1. Depleted values of §'80g, covary with high counts of C. davisiana and
E. antarctica in the core. Samples from 400 to 500 cm were not available for 8180, determinations. The
bottom of the core corresponds to isotopic stage 12.
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duced solely by iceberg melting. Sea ice
protects icebergs from erosion by waves,
and so, increased sea ice cover. during the
LGM would have allowed the northward
penetration of icebergs that could have
melted during the probably short summer.
This would have concentrated meltwater
in both time and space during glacial max-
ima. Information concerning the ice-vol-
ume state of Antarctic glacial systems dur-
ing the late Pleistocene through the Ho-
locene and an independent evaluation of
Antarctic coasts to correlate between the
continental record and the marine record
in the Southern Hemisphere are needed to
unravel the exact mechanism that pro-
duced meltwater lids during the LGM.
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