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Abstract

Characterization of sediment from Ocean Drilling Program Site 745, representing the East Kerguelen Ridge
sediment drift, addresses important issues surrounding the timing of Miocene to present East Antarctic ice sheet
stability and oceanic environmental change. Our results show three periods of greatly enhanced accumulation of
Antarctic-derived sediment, at 6.4^5.9 Ma, 4.9^4.4 Ma and 1.1^0.8 Ma, potentially indicative of warmer, less stable
ice sheets at these times. Conversely, the accumulation of Antarctic-derived material is comparatively less during the
middle of the Pliocene warm epoch (4.8^3.2 Ma). The deep flow forming the Kerguelen drift was stronger during the
latest Miocene and earliest Pliocene and has decreased in intensity continuously since then. : 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Public concern regarding the e¡ects of global
warming often focuses on the e¡ects of rising
sea level. Indeed, the melting of just the small,
relatively unstable West Antarctic Ice Sheet
(WAIS, 3.3U106 km3) would result in a sea level
rise of approximately 5 m (Fig. 1). Melting of
both the WAIS and the East Antarctic Ice Sheet

(EAIS; 26U106 km3) entirely would result in a
70 m sea level rise [1^4].

There have been many investigations into the
degree of stability of the East Antarctic Ice Sheet
(EAIS) during the Pliocene (e.g. [2,5^13]). Interest
in the stability of the EAIS during this period,
which encompasses the Pliocene warm interval
(4.8^3.2 Ma) [14^16], stems from the need to
understand the relationship of Antarctic climate,
ice volume, eustatic sea level rise, and Southern
Ocean circulation with the global climate system
at a time when Earth’s conditions might be sim-
ilar to those achieved through future global
warming (e.g. [9]).

Some workers believe that the EAIS reached its
present size at approximately 14 Ma and has
changed little since then. This hypothesis is sup-
ported by oceanic oxygen isotope records, cosmo-
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genic exposure ages, and ice sheet modeling (i.e.
[10,13] and refs. therein). Others (i.e. [5,17]) have
presented data that suggest the EAIS may have
been wet-based and mobile during the Pliocene,
when ice volumes may have decreased to as much
as one-third of the present volume. Evidence of
periods of extensive deglaciation is suggested by
the presence of Pliocene diatoms in the Sirius
Group, terrestrial £ora and fauna, Antarctic mar-
gin drill hole data (i.e. Ross Sea), sedimentologic
studies of Pliocene sections, seismic, and dust
studies (i.e. [5,10,17,18]). The e¡ect of climate
warming, such as in the early Pliocene, on the
extent of melting of the EAIS and on other po-
tential climate system feedbacks remains uncer-
tain. Summaries and issues of this debate are pro-
vided by Webb and Harwood [5], Sugden et al.
[13], Kennett and Hodell [2], Wilson [9], Burckle
et al. [8], and Miller and Mabin [10].

Here we report on the sediment record recov-
ered at Ocean Drilling Program (ODP) Site 745,
on the East Kerguelen Plateau sediment drift
(59‡36PS, 85‡06PE, 4082 m water depth; Fig. 2)
[19] in the southern Indian Ocean. We examine
indications of Antarctic ice sheet stability, as
well as £uctuations in the intensity of deep-water
circulation, for the last 6.5 Myr, a timespan that
includes the Pliocene warm interval. Our interpre-
tations are based on the assumption that the na-
ture and amount of sediment deposited at sites
hundreds of kilometers seaward of the Antarctic
margin are related to delivery of sediment to the
ocean, and thus will re£ect changes in physical
erosion processes on Antarctica, as well as circu-
lation in the surrounding ocean [20^22].

1.1. Background information and substantiation of
study assumptions

1.1.1. Surface and deep oceanic circulation:
a global heat conveyor

The Antarctic Circumpolar Current (ACC) is a
strong clockwise ocean current that encircles Ant-
arctica, transporting approximately 115^145U106

m3/s of water [23]. It is important to global ocean
heat transport as it isolates Antarctica from warm
low-latitude surface waters while at the same time
it enables the three major oceans to exchange

water. Unlike most other surface water currents,
the ACC extends to the ocean bottom around
Antarctica, due to the lack of a distinct pycno-
cline. Hydrographic studies ¢nd the near-bottom
path of the clockwise-£owing ACC to be altered
by the presence of Kerguelen Plateau (Fig. 3).
Most of the £ow passes north of the Kerguelen
Island, yet about a third £ows across the plateau
or through the Princess Elizabeth Trough, which
separates Kerguelen Plateau from Antarctica. The
water passing through the Princess Elizabeth
Trough curls north around the southern £ank of
Kerguelen Plateau in response to the Coriolis
force, before turning eastward once again [24^26].

Sediment drifts, such as the East Kerguelen
Ridge sediment deposit, are constructed from
sediment transported (and deposited) by the
£ow of bottom waters, and are characterized by
relatively high sedimentation rates when com-
pared to the normal deep-sea environment. Site
745 lies within the present-day Antarctic Bottom
Water (AABW), which can reach £ow velocities
in excess of 15 cm/s (Figs. 2 and 3) [27].

1.1.2. Physical erosion of Antarctica:
glacial sediment generation, discharge,
and transport

Modes of sediment transport from the Antarc-
tic continent and surrounding ocean to Kerguelen
might include ice rafting, settling of biogenic
grains, hemipelagic processes, turbidites, and bot-
tom water current transport. However, Antarctic
sediment must ¢rst be eroded and delivered to the
continental margin before being transported out
to the sea £oor (Fig. 4A).

A review of ¢eld data by Hallet et al. [28], pri-
marily re£ecting the activity of mountain glaciers
and glaciated basins (as opposed to ice sheets),
provides insight into the relative timing and con-
ditions of sediment erosion, transportation, and
deposition in glaciated areas. Various factors
cause sediment yields to vary substantially be-
tween similar basins. These factors include: (a)
whether the glacier is cold-based and frozen to
the bed with minimal basal sliding (basal sliding
increases erosion); (b) sliding speed (faster speed
increases erosion); (c) the size of the glacier
(greater ice coverage, more erosion); (d) the ice
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£ux; and (e) meltwater production and routing to
the glacial terminus (which may include subaerial
as well as subglacial processes). Greater amounts
of both suspended sediment and bedload trans-
port occur during times characterized by high
water discharge that occurs over much of the
melt season. Elevated erosion rates and major
pulses of sediment delivery would be expected
during signi¢cant glacial advances based on two
assumptions: (a) that debris had collected in ba-
sins due to subaerial erosion during ice recessions
and (b) that the debris is evacuated shortly after
ice advance and deposited at or across the glacial
margin [21]. Thus sediment yields from ice re-ad-
vance should be relatively high, yet should de-
crease once the ice sheet stabilizes.

Based on the work of Hallet et al. [28] and
other studies [11,29^33], we suggest that if the
EAIS extends over the continent, is stable and
cold-based (i.e. frozen to the ground), little eroded
material will be transported to and across the
continental margin. However, if the EAIS is ac-

tive and wet-based, the movement of the ice in
addition to the out£ow of meltwater will signi¢-
cantly increase the amount of material trans-
ported to the Southern Ocean. Hence, increased
deep-sea terrigenous accumulation rates of sedi-
ment derived from Antarctica will re£ect periods
of instability of the EAIS.

1.2. Ice rafting

Ice rafting occurs when glaciers reach sea level
and calve o¡ from the main ice sheet to form
icebergs. Debris is transported with the iceberg
and as it melts, particles of all sizes fall into the
sea. Production of ice-rafted debris (IRD) is a
function of many factors, including the size of
the ice sheet, erodability of the basal rock, ther-
mal ice regime, ice £ux to the grounding line,
location of the grounding ice, and ice shelves.
The distribution of IRD is in£uenced by circula-
tion patterns and temperatures. Thus the detec-
tion of IRD indicates the presence of glacial ice

Fig. 1. Map of Antarctica. Adapted from Denton et al. [54].
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at sea level [29]. The most favorable conditions
for producing IRD are with melting/freezing
base glaciers from valley or outlet settings. Any
process (such as sea level rise) that lifts the ice
margin from its bed, will result in catastrophic
iceberg calving [27].

Kerguelen Plateau is located seaward and north
of Prydz Bay and the Amery Ice Shelf. The north-
ern Prince Charles Mountains overlook the west-
ern side of the Lambert Glacier that merges with
the Amery Ice Shelf (Fig. 4). The Lambert Glacier
Trough, formed as the Amery Ice Stream cut into
underlying sediment at a time when the ice sheet
extended beyond its present limits, extends out
onto the continental shelf as the Prydz Bay
Trough [11,32,34]. Eight major ice streams feed
into the Amery Ice Shelf and it has been estimated
that 32% of the ice volume reaching the shelf
originated in the northern Prince Charles Moun-
tains [32,35]. Most of the ice draining from Ant-
arctica £ows onto ice shelves, which are then the
source of calved icebergs. The Amery Ice Shelf is
one of the three largest ice shelves on Antarctica
and serves to collect sediment from vast drainage
basins and thus acts as a focused sediment outlet
to the sea [31,32,34,35]. In addition, variations in
the Lambert glacier system may be representative
of £uctuations in the EAIS as a whole [11]. Fig.
4A provides current ice £ow directions and basi-
nal divides for Antarctica. Thus, the proximity of
Kerguelen Plateau to Prydz Bay and the Amery
Ice Shelf increases the likelihood of ODP Site 745
receiving a sedimentary signature of Antarctic cli-
mate variations.

Ehrmann et al. [27] studied ice rafting on the

Fig. 2. Location map of key ODP Leg 119 Sites. Adapted
from Ehrmann et al. [27].

Fig. 3. ACC and AABW £ow around Kerguelen Plateau. Adapted from Dezileau et al. [26].
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Kerguelen Plateau by examining the grain size
and lithology of sediment from both ODP Sites
745 and 746 (about 5 km away from Site 745).
These data provide the timing and relative mag-

nitude of ice-rafting events detected at Kerguelen
Plateau over the last 10 Ma. The presence of IRD
is indicated by an increase in the amount of ter-
rigenous sand (between 2 mm and 63 Wm) and
gravel (s 2 mm). The lithologies of the IRD
(granitic and gneissic), as well as the clay miner-
alogy, indicate an East Antarctic origin [27]. The

Fig. 4. (A) Map of glacial drainage from Antarctica. The
star represents the estimated location of Site 745. Adapted
from Anderson [55]. (B) Amery ice shelf area. Adapted from
Hambrey [35].

Fig. 5. Results of sediment characterization for Site 745. Ter-
rigenous MAR, grain size, weight percent, bulk magnetic sus-
ceptibility and magnetic fabric intensity. Ice-rafting intervals
as noted by Ehrmann et al. [27]; the larger boxes indicate
more intense intervals.
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timing and relative magnitude of these episodes
are indicated in Fig. 5.

Here we investigate the variability of ice cover-
age on Antarctica during the latest Miocene
through Pleistocene time. Variability would be in-
dicated primarily in large shifts in the mass accu-
mulation rates (MARs) of Antarctic sediment de-
posited at Kerguelen Plateau. Through the use of
grain alignment and terrigenous grain size, we
also investigate the relative strength and variabil-
ity in the currents that in£uence this sediment
drift site.

2. Methods

2.1. Terrigenous sediment characterization

Sixty-eight separate samples of the Kerguelen
drift (adjacent scoop samples and 2.2U2.1U1.4
cm paleomagnetic cubes) were obtained from
ODP Site 745. Sampling density, intended to de-
tect long-term changes, is approximately one sam-
ple every 100 ky and is thus too low a resolution

to decipher glacial^interglacial variability or de-
tect short-term climatic extremes. Scoop samples
were subject to a chemical extraction process
based on procedures described by Rea and Jane-
cek [36], with modi¢cations by Clemens and Prell
[37] and Hovan [38]. This process removes calci-
um carbonate, oxides and hydroxides, zeolites,
and biogenic silica in order to isolate the terrige-
nous mineral component of marine sediment. The
terrigenous weight percent is calculated by com-
paring the weight of each sample before and after
chemical extraction. The age model is based on
paleomagnetic data [39] with the ages of the
chrons taken from the timescale of Cande and
Kent [40] (Table 1).

MARs of the terrigenous sediment component
(in g/cm2/kyr) were calculated using the equation:

Terrigenous MAR ¼ LSRUDBDU

terrigenous weight percent=100

where LSR is the linear sedimentation rate (in cm/
kyr) determined from the reversal timescale on
this core, DBD is the dry bulk density (in
g/cm3) obtained from shipboard bulk density val-
ues, and the terrigenous weight percent is deter-
mined using the chemical extraction method pro-
vided above. As a result, the interpretation of
terrigenous input is independent of dilution/con-
centration e¡ects incurred by variations in input
rates of other sediment components. For time pe-
riods with a constant LSR, the terrigenous MAR
is primarily driven by terrigenous weight percent.

Grain size analysis was performed on the ex-
tracted terrigenous component using a Multisizer
IIE Coulter Counter with a chosen analysis range
from 2 to 50 Wm, according to the methodology
presented by Rea and Hovan [41]. Terrigenous
median grain size is represented here in both mi-
crons and x50 (x=3log2(grain diametermm)).

2.2. Isotopic analyses

Isotopic analyses of Pb, Sr and Nd were ob-
tained for 10 samples of the extracted terrigenous
fraction from Site 745. Samples were digested in
savillex beakers on hotplates using a combination

Table 1
ODP Leg 119, Site 745 age datums used for linear extrapola-
tion of sample ages (depths of chrons from Barron et al. [39]
and ages from Cande and Kent [40])

Depth Age
(mbsf) (Ma)

42.48 0.78
91.55 1.77
93.55 1.95

112.6 2.581
123.6 3.04
125.6 3.11
126.6 3.22
128.6 3.33
133.1 3.58
142.7 4.18
146.3 4.29
149.4 4.48
156.1 4.62
160.8 4.8
167.9 4.89
177.9 4.98
180.7 5.23
186.4 5.89
196.7 6.14
205.7 6.27
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Table 2
Sediment analysis results of samples from ODP Site 745

Core Samp top Samp bot Samp depth Extrap age Terrig wt% Terrig MAR Ave. terrig. grain size data 50th% Bulk mag suscep PP

(cm) (cm) (mbsf) (Ma) (%) (g/cm2/kyr) 50th% S.D. 50th% S.D. (U1036 SI)
(Wm) (Wm) (x) (x)

1H2 78 80 2.28 0.00 40.25 0.87 10.14 9.21 6.62 1.07 321 1.01
1H4 25 27 4.75 0.05 47.71 1.09 10.10 9.43 6.63 0.94 366 1.01
2H2 126 128 7.76 0.11 27.26 0.55 6.73 7.93 7.21 1.02 305 1.01
2H4 125 127 10.75 0.16 21.14 0.40 10.09 9.16 6.63 1.01 63 1.02
2H6 90 92 13.40 0.22 17.21 0.38 10.02 9.23 6.64 1.12 75 1.01
3H2 76 78 16.76 0.28 25.71 0.47 10.26 10.13 6.61 1.14 107 1.02
3H4 75 77 19.75 0.34 21.87 0.41 9.41 10.15 6.73 1.29 183 1.01
3H6 66 68 22.66 0.40 30.43 0.70 7.07 8.73 7.14 0.97 102 1.02
4H2 42 44 25.92 0.46 34.44 0.95 11.09 9.69 6.50 1.08 134 1.01
4H4 90 92 29.40 0.53 28.38 0.60 8.49 9.25 6.88 1.08 208 1.01
4H6 80 82 32.30 0.58 36.31 1.05 8.12 8.38 6.94 0.93 140 1.02
5H2 67 69 35.67 0.65 25.07 0.57 10.30 10.24 6.60 1.18 90 1.01
5H4 90 92 38.90 0.71 37.02 1.16 7.22 8.31 7.11 1.11 203 1.00
5H6 67 69 41.67 0.76 26.91 0.71 9.75 10.32 6.69 1.18 110 1.17
6H2 76 78 45.26 0.84 51.12 1.77 10.32 9.51 6.60 1.09 474 1.03
6H4 76 78 48.26 0.90 54.71 2.13 7.74 8.04 7.01 0.99 271 1.01
6H6 82 84 51.32 0.96 50.31 1.87 7.29 8.40 7.10 1.04 208 1.03
7H2 123 125 55.23 1.04 34.91 1.12 9.33 9.61 6.74 1.10 317 1.01
7H4 85 87 57.85 1.09 38.13 1.15 11.58 9.97 6.43 1.07 189 1.02
7H6 77 79 60.77 1.15 32.39 0.83 13.40 11.14 6.22 1.19 192 1.02
8H2 65 67 64.15 1.22 24.60 0.60 9.27 9.71 6.76 1.15 144 1.02
8H4 74 76 67.24 1.28 26.77 0.68 12.25 10.82 6.35 1.24 133 1.03
8H6 78 80 70.28 1.34 21.78 0.55 7.27 8.82 7.10 1.16 130 1.02
9H2 94 96 73.94 1.41 30.52 0.97 6.85 8.62 7.19 1.09 303 1.01
9H4 41 43 76.41 1.46 54.63 1.57 7.54 7.61 7.05 0.98 323 1.03
9H6 85 87 79.85 1.53 17.69 0.33 7.08 9.59 7.14 1.22 103 1.02
10H2 93 95 83.43 1.61 27.03 0.76 8.29 9.17 6.92 1.07 133 1.03
10H4 66 68 86.16 1.66 38.92 1.22 7.40 8.26 7.08 1.05 464 1.01
10H6 42 44 88.92 1.72 46.96 0.75 10.63 10.07 6.56 1.05 331 1.01
11H2 66 68 92.66 1.87 27.84 0.31 6.92 8.15 7.18 1.08 210 1.02
11H4 69 71 95.69 2.02 14.24 0.20 10.83 10.03 6.53 1.05 28 1.09
11H6 42 44 98.42 2.11 45.55 0.95 9.28 9.85 6.75 1.19 458 1.02
12H2 64 66 102.14 2.24 34.32 0.72 9.71 10.51 6.69 1.26 162
1.02
12H4 94 96 105.44 2.34 39.85 0.91 10.26 10.09 6.61 1.21 469 1.01
12H6 68 70 108.18 2.44 50.85 1.22 10.29 9.74 6.60 1.05 405 1.02
13H2 93 95 111.93 2.56 56.75 1.16 6.80 8.10 7.20 1.07 204 1.06
13H4 58 60 114.58 2.67 53.43 0.96 8.03 8.96 6.96 1.06 262 1.03
13H6 65 67 117.65 2.79 40.78 0.74 5.89 7.13 7.41 1.00 557 1.03
14H2 92 94 121.42 2.95 52.42 1.05 8.37 8.49 6.90 1.02 317 1.01
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Table 2 (Continued)

Core Samp top Samp bot Samp depth Extrap age Terrig wt% Terrig MAR Ave. terrig. grain size data 50th% Bulk mag suscep PP

(cm) (cm) (mbsf) (Ma) (%) (g/cm2/kyr) 50th% S.D. 50th% S.D. (U1036 SI)
(Wm) (Wm) (x) (x)

14H4 35 37 123.85 3.05 55.71 0.77 5.81 7.40 7.43 0.99 390 1.03
14H6 57 59 127.07 3.25 47.63 0.66 7.92 8.80 6.98 0.97 323 1.02
15H2 63 65 130.63 3.45 49.30 0.56 5.98 8.73 7.39 1.20 442 1.04
15H4 102 104 134.02 3.64 45.61 0.50 6.20 7.70 7.33 1.00 353 1.02
15H6 66 68 136.66 3.80 32.34 0.29 7.33 8.60 7.09 1.09 166 1.02
17H2 78 80 141.28 4.09 23.51 0.26 7.06 8.27 7.15 1.09 9 1.08
17H4 35 37 143.85 4.21 45.86 0.87 10.37 9.45 6.59 0.96 59 1.02
17H6 85 87 147.35 4.35 28.90 0.44 7.01 8.58 7.16 1.14 139 1.01
18H2 14 16 150.14 4.49 48.44 1.76 9.60 9.13 6.70 0.98 306 1.02
18H4 81 83 153.81 4.57 22.81 0.73 9.33 9.59 6.74 1.20 18 1.07
18H6 30 32 156.30 4.63 34.83 0.62 6.22 7.14 7.33 0.89 118 1.05
19H2 83 85 160.33 4.78 44.68 1.86 7.01 8.20 7.16 0.94 89 1.04
19H4 65 67 163.15 4.83 51.94 3.12 9.16 9.05 6.77 1.02 227 1.02
19H6 128 130 166.78 4.88 48.47 3.89 12.15 10.49 6.36 1.08 96 1.04
20H2 90 92 169.90 4.91 50.90 4.60 5.84 8.18 7.43 1.03 315 1.08
20H4 118 120 173.18 4.94 51.89 4.64 6.20 7.87 7.33 1.02 64 1.02
20H6 82 84 175.82 4.96 51.52 0.87 8.43 8.69 6.89 1.03 175 1.05
21H2 135 137 179.85 5.15 53.11 0.36 8.92 9.54 6.81 1.10 232 1.05
21H4 75 77 182.25 5.41 45.06 0.28 7.79 9.00 7.01 1.20 171 1.04
21H6 84 86 185.34 5.77 49.92 0.71 6.43 8.29 7.28 1.06 177 1.09
22H2 82 84 188.82 5.95 48.02 1.59 5.76 7.22 7.44 0.95 64 1.03
22H4 65 67 191.65 6.02 43.14 1.24 9.59 9.52 6.70 1.06 198 1.06
22H6 29 31 194.29 6.08 45.60 1.64 7.04 8.10 7.15 0.94 47 1.04
23H2 79 81 198.29 6.16 44.77 1.98 8.34 8.59 6.91 0.98 136 1.07
23H4 71 73 201.21 6.20 43.62 1.99 7.65 7.76 7.03 0.97 174 1.02
23H6 42 44 203.92 6.24 29.06 1.35 9.77 9.70 6.68 1.13 85 1.02
24H2 64 66 207.64 6.30 40.88 1.89 8.63 8.97 6.86 1.05 67 1.05
24H4 93 95 210.93 6.35 36.12 1.48 13.35 11.71 6.23 1.22 168 1.12
24H6 144 146 214.44 6.40 40.00 0.90 8.11 9.35 6.95 1.20 129 1.03
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of HF, HNO3 and HClO4 acids. Nd separation
was performed by conventional cation exchange
(REE), followed by reverse phase (HDEHP) chro-
matography for separation of Nd and Sm. Sr was
separated on miniaturized Sr-Spec columns. Iso-
topic compositions of Sr and Nd were measured
in static mode on a Finnigan 262 thermal ioniza-
tion mass spectrometer. Pb isotopic compositions
were obtained without chemical separation using
a sample-standard bracketing technique (B.
Klaue, pers. commun.) on a Finnigan Element
magnetic sector single collector ICP-MS.

2.3. Magnetic fabric analysis

Anisotropy of magnetic susceptibility (AMS)

was measured on the paleomagnetic cubes using
a KLY-2 KappaBridge. Results of AMS analyses
show the bulk orientation of all grains in a sam-
ple, called the magnetic fabric, and are repre-
sented in three-dimensional space by an ellipsoid;
in most cases the greatest induced magnetization
parallels the long axis [42,43]. The parameter PP
mathematically represents the degree of anisotro-
py of the resulting magnetization ellipsoid (greater
PP values represent a more developed anisotropy
of the magnetization ellipsoid) and parameter T
represents the shape factor of the ellipsoid. When
06T9 1, then the ellipsoid is oblate while if
319T6 0, the ellipsoid is prolate.

Previous studies have provided robust methods
by which the mode of terrigenous sediment trans-
port and depositional processes can be determined
by appropriate analyses of a single sample using a
combination of AMS and terrigenous grain size
analyses. Hemipelagic and eolian grains display
random orientation and di¡erent size distribu-
tions; drifts and distal turbidites have a pro-
nounced fabric and di¡erent size distribution pat-
terns [22,41,44].

3. Results

Terrigenous MAR values for Site 745 generally
range from V0.5 to 2 g/cm2/kyr with the greatest
values extending to nearly 5 g/cm2/kyr at approx-
imately 4.9 Ma (Table 2, Fig. 5A). Ice-rafting in-
tervals (from [27]) younger than V4 Ma generally
correspond to times of relatively low terrigenous
MAR. Prior to V4 Ma, the intervals of high
MAR correspond to intervals of ice rafting. Me-
dian terrigenous grain size values range from 7.5
to 6.2x (5.52^13.6 Wm). Finer grains occur in the
interval between approximately 2.6 and 4 Ma and
most coarse size peaks are contained within epi-
sodes of ice rafting (Fig. 5B). The youngest inter-
val (present to 2.6 Ma) is overall slightly coarser
than the oldest interval (4^6.5 Ma). The terrige-
nous weight percent (Fig. 5C), derived from the
chemical extraction process, shows moderate var-
iation throughout (V25^60%) and no distinctive
change at 4 or 2.6 Ma.

Bulk magnetic susceptibility values range from

Fig. 6. Environmental energy classi¢cation. (A) Terrigenous
median grain size versus standard deviation and (B) magnetic
fabric (PP) versus ellipsoid shape (T). The black dots give the
results from ODP Site 745B samples, while the larger shaded
areas behind them indicate previously de¢ned energy ¢elds
[22]. The pelagic/hemipelagic ¢eld indicates a low energy de-
positional environment, the sediment drift ¢eld indicates a
moderate energy, and the turbidite ¢eld indicates a high en-
ergy environment. The combination of magnetic fabric and
grain size information indicates a moderate (sediment drift)
depositional environment for ODP Site 745B.
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20 to 600U1036 SI. There is an important tran-
sition in the character of the curve at approxi-
mately 4 Ma (Fig. 5D). Susceptibility values
slowly increase and become more irregular from
0 to 3.4 Ma until a rapid decrease in strength
occurs between V3.4 and 4 Ma. Susceptibility
values are relatively low for the remainder of
the record. PP, the strength of the magnetic fabric
(Fig. 5E), ranges from 1.01 to 1.1, with a one-
point high at 1.17, and exhibits a general increas-
ing trend downcore, with an increased frequency
of major PP peaks older than approximately 3.9
Ma.

Site 745 sediment characteristics are compared
to those of previously de¢ned environmental en-
ergy ¢elds in Fig. 6 [22]. The pelagic/hemipelagic
¢eld on this diagram indicates a low energy depo-
sitional environment, the sediment drift ¢eld indi-
cates a moderate energy environment, and the
turbidite ¢eld indicates a high energy environ-
ment. The 745 samples fall within the sediment
drift/middle and pelagic^hemipelagic/lower depo-
sitional energy ¢elds for grain size (Fig. 6A) and
the sediment drift/middle depositional energy ¢eld
magnetic fabric (Fig. 6B).

Results of the isotopic analyses show a crude
co-variation with each other, and the ONd plot
appears to follow the MAR curve (Table 3; Fig.
7). ONd values range from approximately 36 to
319 while 87Sr/86Sr ratios fall between 0.726 and
0.740. In Fig. 8, ONd and 87Sr/86Sr values for East
Antarctica, Kerguelen Plateau, Patagonia and

ODP Site 745 are shown to illustrate provenance
of the Site 745 samples [45].

4. Discussion

4.1. Terrigenous MARs, IRD, and provenance:
stability of the ice sheet

The rate of accumulation of terrigenous sedi-
ment in the East Kerguelen Ridge sediment drift
is relatively large (Fig. 9A), often more than 1 g/
cm2/kyr and ranging up to V4.6 g/cm2/kyr. Typ-
ical non-drift deep-sea terrigenous MARs average
about 0.5 to 2^3 g/cm2/kyr for hemipelagic muds
and ten to hundreds of mg/cm2/kyr for eolian dust
[20]. The higher MAR values, which occur at 6.4^
5.9, 4.9^4.6, and 1.0^0.8 Ma, denote a greater
sediment £ux and display isotopic values of the
terrigenous material consistent with an Antarctic
source region. These data therefore imply an Ant-
arctic ice sheet with greater meltwater production/
glacial sediment erosion on Antarctica than would
occur with a stable, cold-based ice sheet [28,29].

An active ice sheet (waxing and waning) that
extends to the continental margin results in the
most favorable conditions for producing IRD
[27]. Thus, the more intense periods of ice rafting
that occur prior to 4 Ma and are coincident with
the MAR peaks, also imply extensive, but less
stable, ice coverage on Antarctica (Fig. 9A). Ehr-
mann et al. [27] also suggest that variations in ice

Table 3
Isotopic results from Site 745

Samp. depth Extrap. age 204Pb/206Pb 207Pb/206Pb 208Pb/206Pb 87Sr/86Sr ONd

(mbsf) (Ma)

22.66 0.40 0.0556 0.8692 2.1627 0.73606 317.2
48.26 0.90 0.0558 0.8727 2.1704 0.73727 318.8
92.66 1.87 0.0549 0.8599 2.1418 0.72668 39.2

108.18 2.44 0.0549 0.8612 2.1401 0.72757 315.9
123.85 3.05 0.0555 0.8679 2.1649 0.73205 315.7
134.02 3.64 0.0554 0.8678 2.1698 0.73361 316.8
147.35 4.35 0.0558 0.8699 2.1542 0.73136 313.1
173.18 4.94 0.0554 0.8689 2.1663 0.73761 318.5
182.25 5.41 0.0555 0.8677 2.1488 0.73734 314.4
201.21 6.20 0.0554 0.8702 2.1707 0.73899 319.4
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sheet grounding location and sediment storage, in
addition to lower sea level low-stands, likely re-
sulted in the smaller amounts of IRD detected in
the younger part of the record. These variations
(or possibly changes in circulation patterns) may
also account for the lack of correspondence of the
periods of ice rafting and high MARs during this
time period.

Overall, the isotopic analyses of the terrigenous
grains indicate a minor background component of
Kerguelen Plateau basalt composition with a

superimposed continental East Antarctic compo-
sition signal (Figs. 7 and 8) [45]. Terrigenous
MARs and negative ONd values (Fig. 9A) follow
a similar pattern. Thus, MAR peaks correspond
to times in which a greater amount of Antarctic-
derived sedimentation occurs, providing strong
support for our assumption that times of the rap-
idly accumulating sediment indeed represent peri-
ods of enhanced Antarctic continental erosion
and delivery of sediment to the deep sea.

Together, the MARs, IRD £ux, and geochem-

Fig. 7. Results of isotopic analysis of Pb, Sr, and Nd for Site 745.
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istry are consistent with an ^ at least intermit-
tently ^ wet-based and active ice sheet present
prior to V4 Ma. Although the extent of this var-
iability has not been determined by this study, this
interpretation of latest Miocene and early Plio-
cene ice sheet activity is supported elsewhere, in
many di¡erent manners. A study on southern
Kerguelen Plateau ODP Site 751 by Breza [46]
mentions a possible deglaciation of the EAIS be-
tween 4.5 Ma and 4.1 Ma that would have re-
sulted in the release of large amounts of IRD
into the Southern Ocean. Bohaty and Harwood
[47] determine a peak warming event of the south-
ern Kerguelen Plateau surface water, likely related
to shifting of the polar front, at V4.3 Ma, with
smaller warm events occurring at V4.5 and V3.6
Ma. A study of the Pagodroma Group of the
Lambert Glacier during Miocene and Pliocene
times by Hambrey and McKelvey [11,32] presents
evidence of a dynamic Neogene Antarctic Ice
Sheet, varying considerably in volume, with the
sliding glaciers carrying large amounts of basal
and supraglacial debris. In their studies of Vest-
fold Hills (SSrsdal Formation; Fig. 1), Whitehead
et al. [48] indicate that the period between 4.5 and
4.1 Ma is warmer than the present. Bart [12] pro-
vides evidence that during the early Pliocene, de-
spite times of overall, global ice-volume reduc-
tion, Antarctic ice volumes may have increased
to larger than present levels. Ice volume curves
constrained by Mg/Ca paleotemperature informa-

tion in benthic foraminiferal calcite compiled by
Lear et al. [49] exhibit at least two large reduc-
tions in ice volume between the major ice sheet
expansion at 14 Ma and northern hemisphere gla-

Fig. 8. Nd^Sr isotope correlation diagram showing various
isotopic provenance ¢elds for Kerguelen Plateau basalts and
Indian Ocean basalts [56], Patagonian loess and East Antarc-
tic basement data [57].

Fig. 9. Paleoenvironmental proxy indicators from ODP Hole
745B. (A) Terrigenous mass accumulation rates and ONd ver-
sus age. Ice-rafting intervals as noted by Ehrmann et al.
[27]; the larger boxes indicate more intense intervals. Note
the three major episodes of sediment accumulation correlate
to more negative values of ONd. Prior to 4 Ma, ice-rafting in-
tervals also correlate to times of high MAR, which is not
true in younger periods. (B) Magnetic fabric (PP) and terrige-
nous median grain size (x50) versus age. PP shows a decreas-
ing trend throughout the entire time period, while the x50

values exhibit a ¢ner interval between around 4 and 2.6 Ma.
(C) Bulk magnetic susceptibility and terrigenous weight per-
cent versus age. These two factors vary together at times old-
er than 4.3 and younger than 2.3 Ma. Note the relatively
small variation in terrigenous weight percent (times two)
while the bulk magnetic susceptibility values (often used as
an indicator of terrigenous input) show large variability
(times 30). This is particularly noticeable at V4 Ma, where
the bulk magnetic susceptibility exhibits its largest change
which is not coincident in the terrigenous weight percent.
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ciation at approximately 2.6 Ma (V11^9 and 5^3
Ma). Based on our data, another episode of wet-
based ice on Antarctica also occurred between 1.1
and 0.8 Ma and is possibly related to the period
of warmth and variable ice conditions noted in
studies from the Cape Roberts Project (CRP-1;
e.g. [50,51]). In general, this study supports the
conclusions of Barker [6], a study which notes
signi¢cant variations in early Pliocene Antarctic
climate, but does not ¢nd evidence for extensive
deglaciations during the early Pliocene, an alter-
native explanation to the extremes of the early
Pliocene EAIS stability debate.

Interestingly, these results indicate that a more
stable and cold-based ice sheet established itself
during the middle of the Pliocene warm interval,
although discrete, short-term events may not be
detected due to the sampling resolution of this
study. Bart [12] mentions periods of ice growth
during warmer time periods and associates the
ice growth with an increased amount of precipi-
tation due to the higher evaporation associated
with increased temperatures, an explanation ad-
vanced by Ruddiman and McIntyre [52] for the
growth of northern hemisphere sheets.

4.2. Anisotropy and median grain size: bottom
water velocity variation

The degree of anisotropy of magnetic suscepti-
bility, represented here by PP, is a measure of the
non-uniformity of the magnetic susceptibility with
direction. The non-spherical shape of the resultant
magnetic ¢eld is a function of many things, pri-
marily mineralogy combined with grain align-
ment. An increase in both PP, representing the
degree of magnetic anisotropy, or strength of fab-
ric, and median terrigenous grain size correlates
with an increase in interpreted depositional en-
ergy; as current velocity increases, more grains
will align with each other and stronger currents
can support larger grains (Fig. 6). These com-
bined results indicate the in£uence of bottom
water £ow upon deposition. The combination of
magnetic fabric and grain size information for
ODP Site 745 indicates a predominantly middle-
range (sediment drift) depositional energy envi-
ronment (Fig. 6).

The greater values of PP and coarser median
grain sizes at times older than 4 Ma indicate
that a stronger, more variable, deep-water current
was present (Fig. 9B). The relatively ¢ne-grained
interval between 4 and 2.6 Ma with decreasing
and less variable PP values indicates a decrease
in current velocities/in£uence at this time. Within
the youngest interval, low PP values indicate a
diminished current in£uence, even though grain
size is somewhat larger, probably an e¡ect of
changing sediment source or transport distance.

As mentioned above, magnetic fabric can be a
function of a number of things unrelated to cur-
rent velocity. However, the lack of a linear rela-
tionship of PP with shipboard bulk density mea-
surements (r2 = 0.4) indicates that the increase of
PP with depth is not simply a result of compac-
tion. In addition, PP is highest when the bulk
magnetic susceptibility is low (at times older
than 4 Ma), indicating that the relatively high
PP values do not result from a change in the mag-
netic mineralogy. Also, high PP values do not al-
ways occur during ice-rafting intervals, belying
the concern that PP value peaks were caused by
one large ice-rafted grain.

4.3. Magnetic susceptibility and terrigenous weight
percent: changes in oceanic circulation
patterns

Fig. 9C shows the variation of bulk magnetic
susceptibility and terrigenous weight percent. As
bulk magnetic susceptibility is often an indicator
of terrigenous input, the curves should, in general,
co-vary in magnitude and timing. However, the
terrigenous weight percent shows relatively little
variation throughout (V25^60%) when compared
with the larger range in susceptibility values
(change over an order of magnitude). This is es-
pecially noticeable at the largest change in bulk
susceptibility at approximately 4 Ma, where there
is no equivalent variation in terrigenous weight
percent. These curves co-vary during intervals
younger than V2.3 Ma and older than V4.2 Ma.

The lack of co-variance of the bulk magnetic
susceptibility and terrigenous weight percent
curves in the period between 4.3 and 2.3 Ma, as
well as the di¡erences in the range of values for
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the two curves (20^600U1036 SI and 25^60%,
relatively), especially at the sharp change of bulk
susceptibility at V4 Ma, indicate that some factor
other than terrigenous weight percent is in£uenc-
ing the bulk magnetic susceptibility signal be-
tween 4.3 and 2.3 Ma. This might indicate a
change in magnetic mineralogy at this time, rather
than in amount of terrigenous input. This hypoth-
esis is supported by low-temperature experiments
[53] on selected samples. This test indicates that
the paramagnetic versus ferrimagnetic contents
are clearly di¡erent before and after 4 Ma, with
the paramagnetic minerals more dominant prior
to 4 Ma (i.e. more clay-rich). Additionally, the
greater input of Kerguelen Plateau basaltic mate-
rial, as indicated by the less radiogenic isotopic
composition of Sr and Pb (Fig. 7) [45] occurs
between 4.4 and 1.9 Ma and supports the concept
of a change in the relative supply of Kerguelen
versus Antarctic materials to Site 745 as suggested
by the bulk magnetic susceptibility and terrige-
nous weight percent data.

5. Summary and conclusions

In summary, the major ¢ndings of this study
are:
1. The EAIS stabilized (V4 Ma) during the mid-

dle of the Pliocene warm interval (V4.8^3.2
Ma). However, discrete, short-term events are
not likely to be noted this study.

2. EAIS activity is indicated by three episodes of
high MAR of Antarctic derived material in the
latest Miocene, earliest Pliocene, and middle
Pleistocene.

3. A distinct change in all physical discriminators
occurred at approximately 4 Ma.

4. The magnetic fabric indicates that variable ve-
locity bottom currents occurred at times older
than 4 Ma; however, overall, the strength of
bottom water/drift currents declined through
the entire interval (6.5 Ma^present).

5. A somewhat di¡erent sediment transport pat-
tern may have occurred between 4 and 2.3 Ma,
resulting in a di¡erent relative supply of sedi-
ment, as indicated by the grain size, terrige-

nous weight percent/bulk magnetic susceptibil-
ity, and geochemistry.
Overall, these results imply variable ice condi-

tions on Antarctica in the latest Miocene and ear-
liest Pliocene, which then progressed, in more re-
cent times, to more stable ice conditions
(excluding discrete, short-term £uctuations).
Moderate deep-water current intensities have de-
clined since 6.5 Ma and a change in the sediment
supply pattern may have occurred between ap-
proximately 4.3 and 2.3 Ma. The EAIS became
stable during a recognized Pliocene period of
global warmth.
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