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ABSTRACT

In the modern Southern Ocean, very little debris is delivered to the sea by icebergs. Whatever debris may be
present beneath the ice sheets is lost near the grounding line. Whatever till is present beneath ice streams is also lost
near the grounding line, but it may significantly contribute to fine-sized suspensoids. The bulk of the ice-rafted debris
encountered at Ocean Drilling Program Leg 114 drill sites was delivered in the geologic past, when antarctic glaciers
had greater erosive power (Warnke, 1970). Whatever ice-rafted detritus is present is essentially only an admixture
to rapidly accumulating siliceous oozes. These oozes present a paradox because, in general, primary production in
the open Southern Ocean is quite low. However, because the preservation of antarctic diatoms is far better than
their preservation in low latitudes, high sedimentation rates result. These relationships are explained either in terms
of high flux rates during the growth season, or as the result of a "stressed ecosystem," given to significant
fluctuations, or as a combination of both mechanisms. These relationships lead to uncertainties in the computation
of apparent mass-accumulation rates (AMARs) of ice-rafted detritus (details presented by Allen and Warnke, this
volume). Nevertheless, a clear picture of the changes in antarctic glaciation emerges, particularly when viewed in
the light of investigative results by Froelich et al. (this volume) and Hodell et al. (this volume).

The most significant results of our investigations of ice-rafted detritus are the recognition of (1) the antiquity
(about 23.5 Ma) of (albeit insignificant) ice rafting to these latitudes and (2) a period of increased ice-rafting activity
and northward expansion of the zone of major iceberg melting, which is perhaps the marine equivalent of the
deposition of Sirius till (Sirius till equivalent, marine = STEM), but only if the suggested Pliocene age of these tills
can be confirmed. The beginning of delivery of debris to the ocean by these large wet-based ice sheets started about
2.46 Ma. The "end of STEM" is within a cluster of AMAR peaks younger than 2 m.y. Based on the strength of the
detailed opal curve presented by Froelich et al. (this volume) as well as the oxygen and carbon isotope curves
presented by Hodell et al. (this volume), we place this significant event in antarctic glacial history at about 1.77 Ma.
This event signals the beginning of more modern antarctic conditions (with polar ice sheets and reduced efficiency
to erode). Hole 704A shows a cluster of peaks at about 0.7 Ma that may signal a last return to wet-based glaciers.
Later peaks are correlative (in part) with the "classical" Northern Hemisphere glaciations. Peaks at 3.11 Ma and
older signify smaller ice-rafting episodes and are discussed by Allen and Warnke (this volume).

INTRODUCTION

Antarctica has experienced a long history of glaciation,
spanning tens of millions of years. This long history, once
advocated mainly by paleoceanographers studying oxygen
isotopes (see Miller et al., 1987; Wise et al., 1985; Matthews
and Poore, 1980) and land-based geologists (e.g., LeMasurier
and Rex, 1982; Birkenmajer, 1986), has now been confirmed
by drilling in Prydz Bay (Kennett et al., 1988), reconfirming
results from earlier drilling efforts in the Ross Sea (Hayes and
Frakes, 1975; Leckie and Webb, 1983). Had continental
Antarctica been of greater extent, and had it drifted across the
South Pole as its Paleozoic ancestor did, a trail of sediment
accumulations and geomorphic features might have been left
for us to study. In Antarctica, however, no such large-scale
shift occurred because the continent has been quasi-stationary
since the Mesozoic.

The isotope record (see Miller et al., 1987) suggests that
glacial pulses have followed each other since the Eocene,
superimposed on a trend of accelerating climatic deteriora-
tion. During this history the centers of ice accumulation must
have shifted from mountain ranges to high plateaus. Finally,
the ice carapace covered East Antarctica and the West
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Antarctic Archipelago and joined these fragments into a
"quasi continent" by means of marine-based ice sheets. Most
of the record of this remarkable history, however, is inacces-
sible, buried beneath the present-day ice cover. Only the
Transantarctic Mountains, the Dry Valleys, and continental-
margin drill sites afford direct evidence. Once the glaciers had
reached sea level, calving ensued and ice rafting began, at first
close to the continent and in then-existing inland seaways.
Once a Polar Front Zone had developed (Ciesielski and
Weaver, 1983), what basal sediment remained in the bergs was
largely dropped in that zone of major melting (Anderson,
1985). Analysis of ice-rafted debris in cores from the Southern
Ocean permits delineation of the history of ice rafting and
allows conclusions concerning the glacial history of the source
areas. However, the interpretation of percentages of ice-
rafted debris or even apparent mass-accumulation rates
(AMARs) is not straightforward.

The present-day glaciation of Antarctica is by no means an
analog of Neogene Northern Hemisphere glaciations, nor is it
an analog of earlier phases of antarctic glaciation. It may
indeed be unique. Whether or not it had a counterpart in the
Paleozoic or Precambrian glacial episodes remains to be
determined. Any interpretation of the ice-rafted debris record
must take into account the boundary condition on the conti-
nents) and the other variables that determine the flux of
debris to the marine environments (see Warnke, 1970). In
addition, the flux rates of bulk sediment to the seafloor must
be carefully evaluated because they determine sedimentation
rates, which in turn critically influence the AMARs used in
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our interpretations. Our understanding of these processes and
variables is far from complete. Nevertheless, progress made
in the last two decades or so permits a far better understanding
of the sedimentary record than was previously possible.

Present Setting
Before analyzing the glacial-marine record of Ocean Drill-

ing Program (ODP) Leg 114 drill sites, a review of present-day
antarctic environmental settings is in order.

Southern Ocean Glacial-Marine Sedimentation

Anderson et al. (1983) distinguished three groups of glacial-
marine sediments of the antarctic continental shelf. The first
group, "transitional glacial-marine sediments," consists
mostly of diamicts that may exhibit subtle stratification.
Anderson et al. (1983) thought that these sediments were
derived from basal debris zones and were deposited only
beneath an ice shelf. These deposits resemble lodgement tills;
deposition in a marine setting is indicated by low-diversity
benthic foraminifer assemblages.

A second group of glacial-marine deposits occurs in shal-
low parts of the continental shelf and on the shelf break-upper
slope. Termed "residual glacial-marine sediments," they con-
sist largely of gravel and sand and minor silt and clay, all of
which were produced from melting icebergs. Most of the
original content of fines was removed by currents. These
sediments typically contain a significant carbonate fraction,
mainly derived from benthic organisms.

A third group consists of muds and diatomaceous muds
with generally <10% ice-rafted debris. These "compound
glacial-marine sediments" consist of mixtures of terrigenous
and marine components and are the most widespread glacial-
marine sediments on the antarctic seafloor today. They con-
tain a large biosiliceous component and, in some areas, only
minor terrigenous admixtures, even close to the ice edge. This
fact indicates that the supply of terrigenous sediment is
presently restricted.

Anderson et al. (1983) allocated these sediment types to
different polar glacial-marine facies: namely, the compound
glacial-marine sediments to the "iceberg glacial-marine
facies" deposited in front of the calving wall of ice shelves and
in front of ice walls, and the transitional glacial-marine sedi-
ments next to the grounding line beneath ice shelves to the
"ice shelf glacial-marine facies." Lodgement till occurs be-
neath the grounded ice sheet, and sand and gravel constitute
the "ice wall facies." Mass-flow processes and turbidity
currents are important on the deeply, glacially eroded shelf
floor. The importance of mass-flow processes on the antarctic-
shelf seafloor has recently been questioned by Barnes and
Lien (1988), who noted ice-bed turbates in water depths up to
500 m, albeit in a limited area. They proposed that these
turbates formed unstructured marine diamictites "difficult to
distinguish from glacial-marine deposits such as those re-
ported by Anderson et al. (1983)." The reader is referred to
the original publications for further reference. An extensive
review of terminology was provided by Kellogg and Kellogg
(1988), who unfortunately further burdened the nomenclature
by introducing the term "cryogenic sediments."

The present-day antarctic glacial setting is dominated by
calving as the main process of ablation. It lacks meltwater and
meltwater plumes (Anderson et al., 1983) and produces ice-
bergs that are virtually free of conspicuous debris of any kind
(Warnke, 1970; Odell, 1952), exceptions notwithstanding
(Warnke and Richter, 1970; Anderson et al., 1980). Indeed,
"we have steamed along and flown over hundreds of miles of
the ice margin looking for sediment-laden glaciers, ice walls,
and icebergs," but "those observed sediment-laden glaciers

and icebergs averaged <1% of all those observed" (Anderson
et al., 1983). It is implied in the model of Anderson et al. (1983;
see their fig. 14) that basal debris is carried in marine ice
sheets and is deposited as lodgement till or transitional glacial-
marine sediments. Whether or not such deposition is going on
at the present time still has to be determined. However,
antarctic ice streams may well represent "conveyor belts"
that even at the present time deliver erosional debris to the
ocean. Ice streams have recently received increased attention
(reviewed by Bentley, 1987) because of uncertainties sur-
rounding the stability of marine-based ice sheets and ice
shelves.

It has been suggested that ice stream B, one of the major
suppliers of ice to the Ross Ice Shelf, is underlain by a
saturated porous layer (Blankenship et al., 1986) and that this
layer is glacial till (Alley et al., 1986). The thickness of this
basal till is 5 or 6 m. It is not lodged, and indeed, deformation
within the till is the primary mechanism by which the ice
stream moves (Alley et al., 1986). The till is produced by
steady-state erosion of —0.5 mm/yr of rock in the catchment
area and the upstream part of the ice stream. However, the
material is deposited in morainal banks or "till deltas" at the
grounding line (Alley et al., 1986). Therefore, this material
generally is not available for incorporation into icebergs and
for long-distance transport. One may surmise, however, that
the morainal banks and/or till deltas are points of origin for the
mass-wasting processes proposed by Anderson et al. (1983),
and that they are sources for fine-grained suspensoids deliv-
ered to the Southern Ocean.

In any event, antarctic glaciers, even in the comparatively
mild climate of the Antarctic Peninsula (wet-based glaciers),
do not contain much, if any, basal debris (Warnke, 1968,
1970). This statement is based on several months of field
observations. The interested reader is referred to the original
publications. We hasten to add that terms like "wet-based"
and "dry-based" are used for convenience only, until a better
consensus develops among glacial geologists. At the present
time, and for whatever reason, the vast majority of either
small bergs calving from individual glaciers or large tabular
icebergs calving from ice shelves is free of observable debris.
There are, of course, exceptions (see Warnke and Richter,
1970). For a review of observations of icebergs carrying
debris, refer to Anderson et al. (1980). The paucity of antarctic
debris-carrying icebergs is in contrast to certain Northern
Hemisphere glaciers (e.g., the subarctic glaciers draining into
Glacier Bay), which may be laden with debris (Ovenshine,
1970).

All Leg 114 drill sites analyzed by us (Hole 699A, Site 701,
and Hole 704A; see Fig. 1) contained varying amounts of
ice-rafted debris; however, because of the preceding observa-
tions, ice-rafted debris as indicator of paleoclimates has to be
used with caution (Warnke, 1970; Anderson et al., 1980), at
least in the Southern Ocean. Of the different sediment types
described by Anderson et al. (1983), only compound glacial-
marine sediments are similar to those encountered at our drill
sites. Whether these sediments are also part of the iceberg
glacial-marine facies proposed by Anderson et al. (1983) is
debatable. Because the classification established by Anderson
et al. (1983) is intended for the antarctic continental margin,
the extension of this classification to our drill sites is perhaps
not warranted.

On the other hand, Molnia (1983) used the term "ice-
rafted," or "distal facies," for the glacial-marine facies he
investigated in the North Atlantic. The sediments consist of
ice-rafted and biogenic (mainly calcareous) components in
various proportions. The fundamental difference between the
sediments investigated by Molnia (1983) and the sediments
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Figure 1. Leg 114 drill sites.

under study here is the far greater percentage of terrigenous
components in North Atlantic sediments deposited during
glaciations. At the studied Leg 114 drill sites, such types of
sediments are invariably lag deposits and are therefore ex-
cluded from further study.

Southern Ocean Biosiliceous Productivity and Sedimentation

The sediments from Sites 699 and 701 investigated by us
are essentially siliceous muds and oozes with admixtures of
ice-rafted debris and calcareous biogenic components. They
resulted from high rates of biosiliceous accumulation, which,
however, present a paradox, as outlined in the following.

At the present time, the seafloor of the northern part of the
Southern Ocean, including the Polar Front Zone, consists of
biosiliceous (essentially diatomaceous) oozes. This has been
interpreted by numerous writers to reflect high productivity
rates in the Southern Ocean (and not just the lack of dilution
by terrigenous fines). Indeed, the assumption of high rates of
primary productivity leading to the "proverbial" richness of
the Southern Ocean is perhaps the most enduring myth of
Oceanographic folklore. Geologists and biologists alike have
contributed to the genesis of this myth; geologists by assuming
a priori a linear relationship between "primary productivity"
and "biosiliceous sedimentation," and biologists perhaps by
using observations from bloom conditions to extrapolate
generalizations for the entire Southern Ocean. Once this
erroneous assumption had appeared in the literature, it was
slow to be corrected in the biologic literature (for a review, see
El-Sayed, 1987), but it remained firmly entrenched in the
geologic literature. Only one of the various models proposed
for Southern Ocean sedimentation (Tucholke et al., 1976)
even considers the possibility of low rates of primary produc-
tion in the Southern Ocean.

What are the rates of present-day phytoplankton produc-
tivity in the Southern Ocean, and what are the factors gov-

erning primary production? It should be emphasized that our
data base for quantitative information is still sparse, despite
decades of research, and that all conclusions are tentative (but
no longer speculative). El-Sayed (1987) stated that in the
Southern Ocean, "the open-ocean system has rates of pro-
duction typical of oligotrophic regions (i.e., 0.1 gC m~2 day"1)
and the inshore waters register rates >5 gC m~2 day"1, which
are comparable to upwelling systems." The results of inves-
tigations carried out in the 1960s and 1970s further revealed
that productivity in Southern Ocean open water varies by at
least 1 or 2 orders of magnitude and that, in general, antarctic
waters are productive mainly in coastal regions* (El-Sayed and
Turner, 1977). Even the last statement (concerning coastal
water productivity) should only be used with extreme caution.
Warnke et al. (1973) investigated Oceanographic parameters in
the Arthur Harbor area (Antarctic Peninsula) and concluded
that primary productivity at the time and place of investigation
was low, corroborating earlier results from Bransfield Strait.

What emerges is the great spatial and temporal variability
in phytoplankton biomass and primary productivity (El-Sayed
and Weber, 1982). Overall, however, a comparison of the Gulf
of Mexico/Caribbean Sea with the antarctic/subantarctic
showed that the average value for the Gulf/Caribbean was
about double the average value for the southern waters (i.e.,
0.289 vs. 0.134 gC/m2/day; see El-Sayed and Turner, 1977),
which is not really surprising in view of earlier observations
by Walsh (1969).

El-Sayed (1987) discussed the parameters that govern
phytoplankton productivity in antarctic waters. Light is the
factor governing the changes in phytoplankton biomass and
primary production. During the austral summer, a tremendous
amount of radiant energy is received at the surface. However,
Sakshaug and Holm-Hansen (1986) pointed out that the pho-
tochemical apparatus of antarctic phytoplankton is saturated
between 100 and 180 µE/m2/s (Fig. 2) depending on water
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Figure 2. Photosynthesis of antarctic phytoplankton plotted vs. light
intensity. Antarctic phytoplankton is "saturated" between 100 and
180 µE/m2/s, depending on the depth from which the sample was
obtained (after Sakshaug and Holm-Hansen, 1986).

depth. The incident light flux on clear days is about 1500
µ£/m2/s. Therefore, phytoplankton in surface waters will
either be saturated by light flux or photoinhibited. These
figures point to low photosynthetic efficiency of antarctic
phytoplankton.

Temperature as a factor in determining primary productiv-
ity has been the subject of debate for years. El-Sayed (1987)
maintains that temperature can be a rate-controlling factor in
the upper 10-20 m of the water column. Specific growth rates
(µ) for antarctic phytoplankton are, for instance, 0.1 to 0.3
doublings per day in the Ross Sea (Holm-Hansen et al., 1977)
and as high as 0.7 doublings in the Weddell Sea (as recorded
by El-Sayed and Taguchi, 1981). As pointed out by El-Sayed
(1987), even this high value is still far less than that predicted
by Arrhenius's law applied to phytoplankton growth. It
seems, therefore, that the very low temperatures in the
antarctic do indeed limit algal growth rates, a conclusion
supported by the experimental work of Tilzer et al. (1986).

It is now accepted that nutrient levels are not limiting
factors in antarctic phytoplankton productivity, not in near-
shore waters (e.g., Warnke et al., 1973) nor in the open ocean,
not at the peak of the growth season nor even during plankton
blooms (El-Sayed, 1971). Perhaps silica may be the most

limiting nutrient factor, as indicated by silica-distribution
patterns (Allanson et al., 1981).

Water-column stability must surely be a factor in produc-
tivity, as reviewed by El-Sayed (1987). Near-ice edge blooms
can perhaps be explained in terms of a shallow pycnocline
produced by meltwater (see Sakshaug and Holm-Hansen,
1986). On the other hand, the Antarctic Polar Front has been
described by some workers as containing low phytoplankton
crops (caused by low water-column stability), whereas others
found higher than average chlorophyll a and primary-produc-
tion values (El-Sayed and Weber, 1982). Yamaguchi and
Shibata (1982) recorded high chlorophyll a values on the
southbound leg of their voyage, and low values on the
northbound leg. The matter remains unresolved, but higher
standing-crop values (and eventual incorporation into the
sediment?) compared with the remainder of the Southern
Ocean seem possible.

The question of grazing pressure exerted by euphausiids is
currently being investigated. In general, numbers of krill seem
to be inversely correlated with phytoplankton biomass. It is
interesting to speculate about the "sedimentary" conse-
quences of a phytoplankton bloom (perhaps late in the grow-
ing season?) with insufficient time for herbivore-population
growth. Even low rates of "diatom productivity," if not
accompanied by excessive grazing pressure, would lead to
accumulation of siliceous oozes if dissolution is low compared
with that of low latitudes.

Given the overall low average annual primary productivity
of the present-day Southern Ocean, the complexity of the
patchiness and variability of biologic processes and popula-
tions, it is clear that interpretations of the sedimentary record
in terms of "paleoproductivity" are not straightforward, at
least not in the Southern Ocean.

Direct measurements of paleoproductivity are, of course,
not possible. Proxy indicators have to be used and, as can be
expected, are fraught with uncertainties. Indeed, quantitative
determination of rates of paleoproductivity is one of the most
difficult tasks of paleoceanography (Hay, 1988). Nevertheless,
such determinations have been carried out, based on sets of
empirical correlations of particulate organic-carbon flux data
with data sets of modern, average annual productivity and the
organic carbon content of surface sediments. The appropriate
equations are developed by Stein (1986) and Stein et al. (1986),
in part based on determinations by Bralower and Thierstein
(1984). The reader is referred to Stein (1986). Of course, such
quantitative paleoproductivity indexes have large uncertain-
ties, as reviewed by Emerson and Hedges (1988), but these
indexes are all we have. A few preliminary determinations for
our drill sites, using Stein's (1986) equations, show that
productivity in the last few million years was quite low, even
at Site 704 (despite high sedimentation rates), on the order of
a few tens of gC/m2/yr at best (and even making the generous
assumption that all organic carbon is marine derived). There
are, however, fluctuations. Correlation of these fluctuations
with floral/faunal composition and with flux rates of opal and
ice-rafted debris has yet to be accomplished.

ORIGIN OF SOUTHERN OCEAN SILICEOUS
OOZES

In view of the preceding considerations the origin of
siliceous oozes in the Southern Ocean is not simply explained
in terms of productivity. The question of origin of these oozes
has been addressed by a number of workers, starting with
Philippi (1912) and Schott (1939), and continuing with Goodell
and Watkins (1968), Brewster (1980), and Cooke and Hays
(1982), among others. These workers defined the limits and
the nature of the siliceous oozes and related their occurrence
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to various environmental parameters. Burckle and Chilli
(1987) specifically related the occurrence of Southern Ocean
diatomaceous oozes to surface-water "biosiliceous" produc-
tivity, and Shemesh et al. (in press) addressed the problem of
antarctic diatom dissolution and its effect on the final floral
assemblage (thanatocoenosis) in antarctic sediments.

At the present time, the Southern Ocean is the primary
silica sink in the world's oceans. This is underscored by the
budget calculations of DeMaster (1981). It appears that, based
on the removal rubric within his marine-silica budget, about
78% of all silica removed in the world's ocean is removed in
the antarctic deep sea. Additional removal is accomplished in
depressions on the antarctic continental shelf (Ledford-Hoff-
man et al., 1986). The change with geologic time to increasing
biogenic opal-accumulation rates in the Southern Ocean has
been documented, among others, by Brewster (1980). Ander-
son (1985) showed peaks of opal-accumulation rates in the
Gilbert Chron, based on limited piston core coverage.

The factors that govern the extent of diatom productivity in
the Southern Ocean are temperature (northern boundary) and
sea-ice cover (southern boundary). The northern boundary of
high rates of productivity is about 8°C. This figure is based on
observations by Burckle et al. (1987) and Fenner et al. (1976),
among others, and on experimental work by a number of
investigators, reviewed by Burckle and Chilli (1987). In the
Pacific sector of the Southern Ocean, this boundary seems to
coincide with the Subantarctic Front. Other investigators
determined slightly higher temperatures for the sharp drop in
photosynthetic rates. El-Sayed (1987), for instance, quoted a
temperature of 10°C. In any event, the northern boundary
therefore must be in the range of 8° to 10°C. These algae grow
well at low temperatures, optimally at less than 5°C, and will
not grow well at higher temperatures. The relationships be-
tween temperature, diatom productivity, and the northern
boundary of the diatom ooze belt seem to be reasonably well
established. The southern boundary, however, is less well
defined.

Several workers have stressed the importance of sea-ice
cover on diatom productivity (reviewed by Burckle and
Chilli, 1987). Cooke and Hays (1982) proposed that the
diatom preservation boundary is the northern limit of sum-
mer sea ice. This interpretation was challenged by Burckle
et al. (1982), who showed that this boundary is well north of
present-day summer sea ice. Instead, Burckle and Chilli
(1987) favored the view that this boundary is the northern
limit of spring sea ice (averaged). The area south of this
boundary will be ice free only during about two summer
months, with low diatom productivity averaged annually.
Another factor that governs the position of the southern limit
of the diatom ooze belt is dilution by lithogenous compo-
nents. Certainly, this explanation is valid for the geologic
past (see Warnke, 1970) and has validity in the present
because of the ongoing delivery of at least fine-grained
material from parts of the antarctic margin (see the preced-
ing). North of the dilution/sea-ice-cover limit, and south of
the 8°-10°C isotherm, the accumulation of diatomaceous
oozes must be related to the far better preservation of
antarctic diatom tests, compared with lower latitude orga-
nisms. In the central equatorial belt, Hurd (1973) estimated
that 90%-99% of surface-water biogenic opal is dissolved
before it reaches the seafloor. Additional dissolution occurs
within the sediment, leaving a paltry 0.05%-0.15% of the
original amount of biogenic opal produced in the euphotic
zone. In the Southern Ocean, however, an estimated 50% is
preserved (L. Burckle, pers. comm., 1988). DeMaster et al.
(1987) estimated that in Bransfield Strait approximately
one-half of the surface-produced silica accumulates in bot-

tom sediments (in contrast to carbon accumulation, which is
only 10% of production).

If roughly one-half of surface-water biogenic opal is pre-
served in Southern Ocean sediment, then primary "siliceous"
productivity need not be high to produce high accumulation
rates of diatomaceous oozes. Southern Ocean oozes are
dominated by Nitzschia kerguelensis, Thalassiosira lentigi-
nosa, and Eucampia antarctica, in that order. Dissolution
may change these ratios (Shemesh et al., in press). Burckle
and Chilli (1987), following other authors, attributed the
existence of the ooze belt to high "diatom productivity," that
is, a large flux of diatom valves to the seafloor during the
growth season (the "to-him-who-has-shall-be-given" model):
the more diatoms, the better the preservation. Warnke (1970)
proposed the "stressed ecosystem" model, in which a
stressed ecosystem (because of low temperatures) is given to
large fluctuations (refer to reported blooms). If, even occa-
sionally, the secondary producers lag too far behind, a higher
flux of noncrushed diatoms, less susceptible to dissolution,
would result over time spans of tens or hundreds of years. The
sediment trap results of Gersonde and Wefer (1987) lend a
measure of support to this contention. The two models are not
mutually exclusive. Both models require that diatom species
exist that are reasonably resistant to dissolution, and this
condition seems to be fulfilled. Just when these resistant
species evolved is still uncertain (L. Burckle, pers. comm.,
1988). The opal-accumulation rates determined by Brewster
(1980) show that this increase in the rate of accumulation
started just below the Miocene/Pliocene boundary. This result
is in accordance with our findings, for example, at Site 704
(Ciesielski, Kristoffersen, et al., 1988). The complex relation-
ships between "paleo"-floral compositions in the euphotic
zone, paleoproductivity, environmental parameters, and dis-
solution effects have yet to be established.

INTERPRETATION OF RESULTS FROM LEG 114
DRILL SITES: SIRIUS TILL EQUIVALENT,

MARINE?
It is clear from the foregoing discussion that ice-rafted

debris data (including AMARs) cannot be explained solely in
terms of temperature, but must take into account Oceano-
graphic parameters as well as boundary conditions in the
source area. In the following discussion, age control is based
on information available at the time of writing, but revised in
January 1990, when new age models became available. These
age models are based largely on paleomagnetic and diatom-
stratigraphic data (P. F. Ciesielski, pers. comm., 1990). De-
tails of methodology, tables of raw data, and age models are
presented in Allen and Warnke (this volume).

The record from Site 699 is rather spotty because of the (as
far as time is concerned) large sampling interval (Figs. 3 and 4)
and the uncertainties caused by biostratigraphic ambiguities.
Ice rafting first occurred about 23.5 Ma. We assume that this
was accomplished by sporadic bergs that drifted this far north.
A modern-type Polar Front probably had not developed yet.
Some ice rafting around 8.8 Ma is significant because it
corroborates earlier findings from Deep Sea Drilling Project
(DSDP) Leg 71 (see Allen and Warnke, this volume, for
detailed descriptions of ice-rafting chronology). Additional ice
rafting occurred at about 5.9 Ma. Development of hiatuses at
this site is delineated (Nobes et al., this volume) and discussed
elsewhere in this volume. Unfortunately, the entire sedimen-
tary column at Site 699 is probably riddled with hiatuses that
cannot be discerned by conventional methods (see Warnke
and Pavletich, 1988). Therefore, the high AMARs may reflect
"laggy" ice-rafted debris sedimentation rather than Antarctic
Polar Front positions. However, we consider the large peaks

593



D. A. WARNKE, C. P. ALLEN

Ice —rafted debris ( m g / g )
0 20 40 60 80 100

o

(0.77-1.14)

Mπ nodules
1st IRD 23.5 Ma

(4.19-4.69)

(6.0-10.0)
(14.3-23.5)

Position of hiatuses
(est. limits in m.y.)

Figure 3. Coarse-grained (250 µm to 2 mm) ice-rafted debris, Site 699.
Numbers in parentheses = estimated limits of hiatuses.

in AMARs around 2.58-3.23 Ma and peaks younger than
about 2.38 Ma to be significant. The peak at about 2.38 Ma can
be traced from drill site to drill site (Allen and Warnke, this
volume).

In contrast to Site 699, Sites 701 and 704 have a high-
resolution record that allows first attempts to interpret
AMARs of ice-rafted debris in terms of boundary conditions
on Antarctica and allows interpretation of temperature
changes when combined with other results from the cruise.
The most outstanding feature of the record at both sites is the
cluster of peaks from 2.46 to 1.79 Ma (Figs. 5 and 6). We
propose that this may be the marine equivalent of at least a
part of the groups of tills collectively called the Sirius till
(including the Sirius Formation—Prentice et al., 1986; see also
Denton et al., 1986), but only if the Sirius till is confirmed as
Pliocene in age. This postulated "Sirius till equivalent, ma-
rine" (STEM) can be identified at all our investigated drill
sites. (The age of the equivalent group of terrestrial antarctic
tills is given as <3 Ma; Webb et al., 1986. Unfortunately, it
must be stressed that there is still a considerable divergence of
opinion among researchers concerning the exact age of the
Sirius till and that these differences at present seen irrecon-
cilable.) The boundary conditions described by Denton et al.
(1986) and Prentice et al. (1986) and the range of estimated
sizes of these ice sheets ideally fit the modeling demands
imposed by the high ice-rafted-debris flux rates in this time
span. Opal percentages (Froelich et al., this volume) fit our
assumption of temperatures higher than during much of Brun-
hes time but lower than in Gauss time. The postulated
occurrence of woody plants on Antarctica in this interval
(Prentice et al., 1986; Mercer, 1986)—if it can be confirmed—
also fits this assumption. The higher temperatures (and higher
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Figure 4. Apparent mass-accumulation rate (AMAR) of coarse-
grained ice-rafted debris, Site 699.
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Figure 5. Apparent mass-accumulation rate (AMAR) of ice-rafted
debris, Site 701. Explanation in text.
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Figure 6. Apparent mass-accumulation rate (AMAR) of ice-rafted
debris, Hole 704A. Note significant increase at about 2.5 Ma.

evaporation rates) explain, at least in part, the existence of
large, wet-based continental glaciers, which were able to
erode vigorously. It is interesting to compare this postulate
with the results of modeling experiments by Oerlemans (1982),
which suggest that at a sea-level temperature of — 5°C the ice
thickness increases considerably in parts of East Antarctica.
However, these findings must be considered with caution.
Whatever the outcome of the "Sirius debate," the observed
changes at —2.5 Ma indicate a northward shift of the Polar
Front Zone and significant glacial erosion on Antarctica.

We see a profound change in ice-rafted debris flux rates, at
least at Site 704, at a depth of 100 m below seafloor (mbsf)
(Fig. 7), at about 1.77 Ma (Fig. 6). This change corresponds to
a conspicuous change in planktonic δ 1 8θ values shown by
Hodell and Ciesielski (this volume) and occurs precisely at a
level of dramatic increase in the content of biogenic opal
(Froelich et al., this volume). We think that all of these
changes signify a drop in water temperatures of several
degrees and a change to dry-based continental glaciers on
much of Antarctica, as proposed by the authors quoted
previously. Such a change in boundary conditions was pro-
posed by Mercer (1968) and tentatively identified in the marine
record by Warnke (1968). Determination of the exact timing of
these changes, when applied to the marine record, was
heretofore not possible because of the lack of drill holes with
very high sedimentation rates at locations in the vicinity of the
Antarctic Polar Front. As described previously, the assump-
tion of a change to low temperatures at this time is corrobo-
rated by high opal percentages (see Froelich, this volume).
These high percentages do not necessarily indicate high
average annual primary production and, indeed, probably
indicate the onset of more "modern" conditions, with low
average annual production (see the preceding) and high opal-
accumulation rates. The exact relationships between temper-

Figure 7. Apparent mass-accumulation rate (AMAR) of ice-rafted
debris, Hole 704A, plotted vs. depth. Compare with opal percentage
curve given in Froelich et al. (this volume). Note decrease in
ice-rafted debris AMAR at exactly the same level where opal percent-
ages increase substantially.

ature, productivity, opal content, opal-accumulation rates,
and ice-rafted debris accumulation are focal points for future
studies.

We have interpreted the ice-rafting episodes from —2.5 to
1.77 Ma as equivalent to a group of major continental glacia-
tion episodes, following Denton et al. (1986), Webb et al.
(1986), Prentice et al. (1986), and others in our interpretation.
If this is so, then the interpretation of the oxygen isotope
record given by Shackleton et al. (1984) must be revised in
terms of major antarctic ice expansion as well as an attendant
phase of Northern Hemisphere ice expansion (one of many)
that happened to let ice rafting extend to DSDP Site 552 and to
the drill sites in the Pacific studied by Rea and Schrader
(1985). In any event, Northern Hemisphere glaciation started
long before 2.37 Ma (Warnke, 1982). The major "classical"
glaciations, however, are confined to Brunhes time (see Jan-
sen et al., 1988; Warnke and Hansen, 1977).

The peaks at about 3.8 and 4.4 Ma (Site 701, see Fig. 5) may,
at least in part, reflect large, wet-based glaciers and "overriding"
episodes (Anderson, 1985). The same interpretation may apply
to the peaks at about 1 and 0.7 Ma (Site 704). In contrast, the
younger peaks coincide with the classical Northern Hemisphere
glaciations. During this time, the Hollin model of antarctic
glaciation was operative, and lower sea levels, expansion of the
antarctic ice sheets (Alley et al., 1986), and delivery of debris to
the Southern Ocean were (nearly) in phase (Burckle and Cooke,
1983). These glaciations are also identified on the V0ring Plateau
(Jansen et al., 1989) and off Spitsbergen (Warnke and Hansen,
1977; see also Warnke, 1982).
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SUMMARY OF ICE-RAFTED DEBRIS
INTERPRETATION

One of the most encouraging results of ODP Leg 114 is the
possible identification in the marine record of "Sirius condi-
tions" on Antarctica, prevailing from about 2.46 to 1.79 Ma, if
the age of at least some of the Sirius tills can be substantiated
as Pliocene. Modern conditions, characterized by large polar
ice sheets with little erosive power, are perhaps quite young
(0.6 Ma). The evidence from Leg 114 indicates that Antarctica
underwent a long history—at least 23.5 m.y.—of intermittent
glaciation, to be replaced in the last 0.6 Ma or so by large,
polar, "inefficient" ice sheets. In the Northern Hemisphere,
glaciation started at least by 6 Ma, as evidenced by the
Yakataga Formation in Alaska (Armentrout, 1983), and per-
haps by the earliest glaciations on Iceland (Vilmundadottir,
1972) and off Spitsbergen (the glaciations "in the vicinity of
the Miocene/Pliocene boundary" proposed by Warnke, 1982).
These are perhaps all time equivalents.

"Modern" antarctic ice sheets have been used by some
writers as analogs of Wisconsinan Northern Hemisphere ice
sheets. However, there is no evidence in the North Atlantic
marine record of late Pleistocene permanent ice shelves over the
Norwegian-Greenland seas, that is, extensions of the large
Eurasian ice sheet proposed by some writers (e.g., Grosswald,
1980) or a large arctic ice sheet (a term that includes ice shelves;
see Hughes et al., 1977). The reader is referred to Talwani,
Udintsev, et al. (1976) and Warnke (1982) for sediment descrip-
tions and comparison with antarctic conditions. In the Southern
Hemisphere, Sirius conditions (large, wet-based, vigorously
eroding ice sheets) on Antarctica preceded the classical glacia-
tions in the Northern Hemisphere. These classical glaciations in
the Northern Hemisphere, on the other hand, resemble the
large, efficient ice sheets of at least some of the pre-Pleistocene
glaciations on Antarctica. "Modern" antarctic glaciations never
developed in the Northern Hemisphere—yet.
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