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[1] The vigor of the glacial Antarctic Circumpolar Current (ACC) and the locations of frontal boundaries
are important parameters for understanding the role of the Southern Ocean in global climate change.
Toward the goal of understanding the locations of currents we present a survey of Sr isotope ratios in
terrigenous sediments around the perimeter of Antarctica. The pattern of the variations within the modern
ACC is used to suggest that terrigenous sediment from Antarctica is injected into the ACC via the Ross and
Weddell gyres in the south. North of the main ACC the Sr isotopes reflect continental contributions from
Africa, Australia-New Zealand, and South America. Along a transect northward from the Ross Sea, Sr
isotope ratios show a decrease from higher values in the south (Antarctic provenance) to lower values in
the north (provenance from New Zealand). This otherwise monotonic decrease is interrupted within the
ACC by a “zigzag” to lower and then higher values, which accompanies minimum terrigenous flux. This
zigzag requires contributions from two additional sediment sources beyond the main Antarctic and New
Zealand end-members. The lower Sr isotope ratios are attributable to greater contributions from basaltic
sources within the current, a consistent pattern around the ACC. The samples with higher Sr isotope ratios
point to an additional contributor, possibly a wind-transported component from Australia. During the LGM
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there is a systematic geographical variation in the Sr isotope ratios, similar to that of the Holocene. A small
offset of the zigzag to the north (approximately 1°-2°) may indicate a small northward shift of the
southern boundary of the ACC. More highly resolved data are required to test whether this northward shift
is really significant and whether it applies to other ACC fronts during the LGM.

Components: 7748 words, 4 figures, 1 table.
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1. Introduction

[2] The Antarctic Circumpolar Current (ACC) is
associated with the strongest winds on Earth and
carries the greatest volume of water transport in the
world’s ocean [e.g., Orsi et al., 1995; Barker and
Thomas, 2004], and temporal changes in this system
could have global impacts on ocean circulation and
climate. Geochemical and modeling studies have
suggested that glacial stratification and/or variations
in sea ice cover of the Circum-Antarctic could be
important for glacial-interglacial variations in atmo-
spheric pCO; [e.g., Sarmiento and Toggweiler, 1984;
Siegenthaler and Wenk, 1984; Francois et al., 1997,
Boyle, 1988; Toggweiler, 1999; Stephens and
Keeling, 2000; Sigman and Boyle, 2000; Frank et
al.,2000; Keeling and Stephens, 2001; Keeling, 2002;
Archeretal.,2003; Sigman et al., 2004; Toggweiler et
al., 2006]. In spite of the likely importance of the
Southern Ocean’s role in climate change, there is no
consensus about either the location of winds and
fronts, or vigor of the ACC in the past.

[3] Toggweiler et al. [2006] suggest that northward
displacement of the westerlies during glacial times
could have resulted in reduced ventilation of deep
waters around the perimeter of Antarctica, and thus
provide a potentially important feedback loop for
glacial-interglacial pCO, changes. They reviewed
the indications and views about changes in the mean
latitude of the westerlies, including observations of
shifts over the past 40 years in concert with increas-
ing atmospheric CO, [Hurrell and van Loon, 1994,

Kushner et al., 2001; Intergovernmental Panel on
Climate Change, 2001]. The evidence for recent
shifts raises the possibility that the westerlies may
shift in different climate conditions. Lines of evi-
dence associated with sea ice extent and biological
productivity have led some investigators to con-
clude that the major Circum-Antarctic fronts shifted
northward by as much as 5°—10° in latitude during
glacial periods [e.g., Hays et al., 1976; Prell et al.,
1980; Mortlock et al., 1991; Howard and Prell,
1992; Gersonde et al., 2005].

[4] On the other hand, some geochemical studies
have concluded that the frontal boundaries were
similar to today [e.g., Matsumoto et al., 2001;
Anderson et al., 2002]. Moreover, physical ocean-
ographers have maintained that the ACC position
is “grounded” by the bathymetry [e.g., Moore et
al., 1999, 2000; Trathan et al., 2000; Pollard and
Read, 2001; Ansorge and Lutjeharms, 2003]. If the
ACC flow cannot be moved due to bathymetric
control, then the latitudinal changes in biologically
sensitive proxies do not reflect frontal shifts but
rather reflect changes in productivity due to chang-
ing sea ice cover, SST, and nutrient availability
independent of the frontal boundaries.

[s] Pollen studies from South America have been
interpreted to indicate both northward [Heusser,
1989; Moreno et al., 1999] and southward
[Markgraf, 1989] changes in the westerlies track.
Lamy and coworkers [Lamy et al., 1999, 2001,
2002; Stuut et al., 2002; Stuut and Lamy, 2004]
have used studies of terrigenous sediments from
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marine sediment cores off western South Amer-
ica and Africa to conclude that the westerlies
shift northward during cold climate periods.

[¢] Barker and Thomas [2004] note that combined
effects of lower temperatures, grounding of the ice
sheet to the continental shelf edge, and more
extensive sea ice coverage during glacial maxima
might be expected to cause the belt of driving winds
to move northward and reduce ocean-atmosphere
coupling, with the overall effect to reduce the
strength of the ACC. For example, Ninnemann
and Charles [2002] concluded that a less vigorous
glacial ACC is indicated by gradients of benthic
foraminiferal §'°C between the Atlantic and Pacific
sectors, and this may be consistent with observa-
tions of extremely salty water in the South Atlantic
sector of the Southern Ocean [Adkins et al., 2002]
during the last glacial maximum (LGM), the car-
bonate concentration and §'°C of benthic carbon
[Hodell et al., 2003] and the extremely low radio-
carbon content of southwest Pacific waters [Sikes
et al., 2000]. On the other hand, a more vigorous
glacial ACC might be expected because the present-
day ACC core is displaced southward from its
driving winds, and glacial wind strengths were
greater than today. On the observation side, studies
based on grain size variability in the Scotia Sea
[Pudsey and Howe, 1998, 2002] conclude that ACC
flow intensified during the LGM. Barker and
Thomas [2004] note that in addition to grain size
variability it is important to consider the possibility
of significant glacial-interglacial change in terrige-
nous sediment sources. In short, the current state of
observations and theory fall far short of constrain-
ing the situation in the glacial ACC.

[7] Radiogenic isotope tracing of sediment prove-
nance offers a promising solution to this important
question. The geometry of the Circum-Antarctic
system combined with the isotopically distinctive
terrigenous end-members sets up a situation where
the pattern of compositional variation can place
important limits on the position of the currents. The
radiogenic isotope ratios of the terrigenous detritus
reflect only source and dispersal, and are indepen-
dent of parameters that control biological produc-
tivity such as temperature and nutrient availability.
Meridional changes in the major frontal boundaries
will thus be reflected by systematic latitudinal
changes in the isotopic compositions of detritus.

1.1. Terrigenous Sediment Provenance in

the ACC

[8] Terrigenous clastic sediments are brought to
the ocean from continental sources via rivers, ice

and wind, and distributed within the ocean by
surface and deep currents. By investigating long-
lived radioactive decay systems, the sediment
sources can be traced and the geological history
of those sources can be delineated (for a recent
review, see Goldstein and Hemming [2003]). The
perimeter of Antarctica has a large range of base-
ment ages, from Archean terrains to recent volca-
nism, guaranteeing large contrasts in the isotope
ratios of terrigenous sources, which vary system-
atically around the continent. There is significant
outcropping of Archean-Proterozoic basement in
East Antarctica, and Phanerozoic rocks, including
active volcanoes, in West Antarctica and the Ant-
arctic Peninsula. In a survey of core top sediments
around Antarctica, M. Roy et al. (*°Ar/*?Ar ages of
hornblende grains and bulk Sm/Nd isotopes of
circum-Antarctic glacio-marine sediments: Impli-
cations for sediment provenance in the Southern
Ocean, submitted to Chemical Geology, 2007;
hereinafter referred to as Roy et al., submitted
manuscript, 2007) found the following estimates
for the average “mantle extraction” or “crustal
residence” ages (as reflected by Nd depleted
mantle model ages) and the latest metamorphic
overprint (K-Ar ages) from the same Antarctic
proximal sediments studied here (Figure 1):
(1) Between 155°E and 90°E (Wilkes Land sector),
Nd model ages average ~2.0 Ga. This sector
shows the widest range of *°Ar/*° Ar ages, with large
peaks in the age spectrum at 1500—1800 Ma and
1100—1300 Ma, smaller peaks at ~400—600 Ma
and 0-200 Ma. (2) Moving westward, the Prydz
Bay (90°E—55°E), Dronning Maud Land (55°E—
15°W), and Weddell Sea (15°W-55°W) sectors
have Nd model ages that become progressively
younger, averaging ~2.3 Ga, ~1.9 Ga, and ~1.5 Ga,
respectively. In contrast the **Ar/*®Ar age spectrum
is dominated by 400—600 Ma ages, with a small
cluster of ages 1100—1300 Ma. (3) Sediments from
West Antarctica show the youngest Nd model ages,
with the Antarctic Peninsula (55°W-85°W) and
West Antarctica (85°W—140°W) sectors yielding
on average ~1.1 Ga. In the *°Ar/*’Ar age spectra,
0-200 Ma ages predominate. (4) The Ross Sea
sector (140°W — 155°E) includes contributions
from West and East Antarctica, and the average
crustal residence age is ~1.3 Ga. The *’Ar/*°Ar age
spectrum shows large peaks at 0—200 Ma and 400—
600 Ma, and a few grains at 1200 Ma, 2600 Ma, and
2800 Ma. As discussed by Roy et al. (submitted
manuscript, 2007), these sedimentary provenance
results are in good agreement with the known
geological pattern in Antarctica.
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Schematic geological map of Antarctica modified from Kirkham and Chorlton [1995] using the outcrop

limits of Dalziel [1992] and locations of marine cores studied. For each location the terrigenous, near-core-top sample
has been analyzed. Cores are grouped under seven sectors (labeled on the map; “S.” stands for sector where there is
not room for the full word) on the basis of ice flow patterns. Each sector is characterized by a range of eng values
[from Roy et al., submitted manuscript, 2007; van de Flierdt et al., 2007].

1.2. Goals of This Paper

[o] In this paper we report the ¥’St/*°Sr of the
<63 micron terrigenous sediment fractions of
Antarctica-proximal core top samples as used by
Roy et al. (submitted manuscript, 2007) for Nd
isotopes and *°Ar/*’Ar ages of hornblende grains
and by van de Flierdt et al. [2007] to study Nd-Hf
isotope systematics of terrigenous sediments. Addi-
tionally, we report data from Holocene and glacial
samples within the ACC and north of it. Our
interpretations also integrate the South Atlantic data
sets reported by Walter et al. [2000] and Franzese
et al. [2006]. The goal of this paper is to explore
the relationships among terrigenous sources of
sediment around the perimeter of Antarctica and
dispersal within the ACC.

2. Samples and Methods

[10] Samples were taken from marine sediment
cores from the Lamont and Florida State reposito-
ries, dispersed in water and sieved at 63 microns.
The <63 micron fraction was leached with buffered
acetic acid, following the procedure of Biscaye
[1965] and with a hydroxylamine hydrochloride
solution following the procedure of Rutberg et al.
[2000], taken from Chester and Hughes [1967].

Samples with high opal contents were further
leached with sodium carbonate solution, following
the procedure of Mortlock and Froelich [1989].

[11] Residues from leaching the <63 micron frac-
tion were dissolved on a hotplate at ~150°C in a
mixture of 4:1 HNO5 and HF for several hours or
until no visible solids remained. Dissolved samples
were dried, taken up in 3 N HNOj; and loaded on
cleaned and equilibrated 0.03 ml columns of
Eichrom’s strontium specific resin. Approximately
750 microliters of 3 N HNO; was passed through
the columns. Strontium was eluted with approxi-
mately 750 microliters of quartz-distilled water,
and dried for analysis.

[12] Sr was loaded onto tungsten filaments with a
TaCls solution [Birck, 1986]. Isotope measure-
ments were made on a VG Sector 54 multiple
collector thermal ionization mass spectrometer,
using a multidynamic collection routine and an
exponential fractionation correction based on
9Sr/*¥Sr of 0.1194. Between 100 and 120 ratios
were averaged for each analysis. Samples from the
Antarctic perimeter were measured in May 2005
and the average of 14 analyses of SRM987 in this
interval was 0.710251 + 0.000033, 20 external
reproducibility. Samples from the ACC and to the
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north of the ACC were measured during June
through August of 2003 and the average of
51 analyses of SRMO987 in this interval was
0.710263 + 0.000022, 20 external. We have cor-
rected the values to the recommended value of
0.710245 using the measurements near the time of
the analyses due to the two-year separation in time.
The range of values for sediment samples reported
here is in the second decimal place, and therefore
uncertainties for the standard data in the fifth
decimal place are trivial.

3. Results and Discussion

[13] Strontium isotope data are reported in Table 1,
and core top and LGM values are shown on the
map in Figure 2. Sr and Nd isotopes are compared
in Figure 3.

3.1. Isotope Systematics

[14] Strontium isotope values around Antarctica
range from 0.705 to 0.739. Together, Nd-Sr isotopes
on these samples show a good correspondence with
global sediment compositions (Figure 3), although
in detail they tend toward higher ®’St/*°Sr relative to
the global sediment array. Because the Sm-Nd
system provides an estimate of the average ‘“mantle
extraction” age [e.g., McCulloch and Wasserburg,
1978; DePaolo, 1981; Goldstein et al., 1984,
1997; Taylor and McLennan, 1985; McLennan
and Hemming, 1992; Roy et al., submitted man-
uscript, 2007], the strong covariation between eng
and 37Sr/%6Sr confirms the first order importance of
geologic age on the strontium isotopes [e.g., Dasch
et al., 1966; Dasch, 1969; Biscaye and Dasch,
1971; Goldstein and Jacobsen, 1988]. Additional
factors that influence the Rb-Sr system more than
the Sm-Nd system are weathering and sedimentary
sorting (reviewed by Goldstein and Hemming
[2003]). It is likely that the tendency to higher
87Sr/86Sr for a given eng in Antarctic samples is
due to the dominance of physical over chemical
weathering in this glacial environment. This is an
interesting observation, but it is of limited rele-
vance to this paper and will be pursued elsewhere.

3.2. Mechanisms for Transporting
Terrigenous Sediment to the Ocean

[15] As the weathering products of rocks exposed
at the surface of the earth, terrigenous sediments
provide important insights into paleo-conditions.
The rock types sampled by weathering, as well
as the type and degree of dominant weathering and

the geological history of the terrains they sample,
particularly the ages of significant events such as
crust formation and metamorphism, lead to distinc-
tive variability in their radiogenic isotope compo-
sitions. Terrigenous sediments are delivered to the
ocean by glaciers and rivers with generally high
flux near point sources, decreasing rapidly away
from them and contributing to hemipelagic sedi-
ments that are moved around the ocean by currents
(both surface and deep currents, depending on the
situation; see discussion by Franzese et al. [2006]).
Terrigenous sediments are also delivered to the
ocean by winds, but in general the vastly greater
hemipelagic rain rate means that wind delivered
sediment is rarely a large fraction of the terrigenous
sediment supply. This means that, apart from areas
where the terrigenous flux is very low (<100 mg/
cm?/kyr), it is unlikely that wind blown sources can
be identified from sediment compositions. Exam-
ples where wind delivered sediments are predom-
inant include regions far removed from continents,
such as the central North Pacific Ocean. Addition-
ally, regions very close to major dust sources, such
as the eastern Atlantic off the Sahara desert, also
have a dominant wind delivered sediment compo-
sition. For a general overview of terrigenous sedi-
ments in marine deposits, the reader is referred to
recent reviews by Kohfeld and Harrison [2001]
and Grousset and Biscaye [2005].

3.3. Geographic Trends Revealed by Core
Top Survey

[16] Different basement provinces yield distinctive
isotopic signatures, where in general older sources
yield higher *’St/*Sr (Figures 1 and 2). Within the
ACC, the terrigenous detritus shows distinctive
meridional zonations in transects from the Antarc-
tic continent (Figure 2). Both south and north from
the main ACC, the ®’Sr/*°Sr of the terrigenous
detritus reflects continental components from Ant-
arctica in the south, and Africa, Australia-New
Zealand, and South America in the north. The
detritus within the main ACC has a large compo-
nent derived from recent volcanism that is espe-
cially strong east of the Antarctic Peninsula and the
South Sandwich island arc (east of Drake Passage,
DP). This signal is carried far eastward by the ACC
and is reinforced by the Crozet Islands (CI) and
presumably also by volcanism of the Kerguelen
Plateau (KP). Thus the geometry of the system
combined with the geological variability facilitates
the use of isotopic tracers to follow dispersal by
currents.
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Table 1. Strontium Isotope Data From Circum-Antarctic and ACC Samples

+ 0.0000xx
Core Latitude Longitude Depth, cm Age 878r/86Sr (in Run)
South Pacific Holocene
NBP9802 1MC2 —76.49 —181.9 3 Holocene 0.721677 10
NBP9802 2MC1 —73.54 —183.04 Holocene 0.715299 09
NBP9802 3MC2 —66.14 —169.49 7 Holocene 0.713991 13
NBP9802 4MC1 —64.2 —170.08 5 Holocene 0.710908 14
NBP9802 5MC2 —63.17 —169.85 2.5 Holocene 0.711794 23
NBP9802 6MC1 —61.87 —169.97 7 Holocene 0.712176 14
NBP9802 7MCl1 —60.24 —170.19 3.5 Holocene 0.711144 16
NBP9802 8MC1 —58.69 —169.98 7 Holocene 0.709287 13
NBP9802 9MCl1 —56.94 —170.23 5.5 Holocene 0.709241 09
NBP9802 10MC1 —53.04 —174.69 3.5 Holocene 0.708226 08
E11-2 —56.07 —115.09 29.5 Holocene 0.710296 16
E17-9 —63.08 —135.08 21 Holocene 0.709953 09
E20-10 —60.22 —127.05 51 Holocene 0.711246 17
E33-22 —54.93 —120 11.5 Holocene 0.709998 21
South Pacific LGM
NBP9802 3GC1 —66.13 —169.5 11 LGM 0.714092 07
NBP9802 4GCl1 —64.2 —170.08 30 LGM 0.711952 09
NBP9802 5GC1 —63.11 —169.74 47 LGM 0.710735 09
rep 0.710725 10
NBP9802 6PC1 —61.88 —169.98 185.5 LGM 0.715128 09
NBP9802 9PCl1 —56.9 —170.2 60.5 LGM 0.712128 10
E11-2 —56.07 —115.09 166.5 LGM 0.710651 07
E17-9 —63.08 —135.08 181 LGM 0.710855 10
E20-10 —60.22 —127.05 251 LGM 0.710608 10
E20-10 —54.93 —120 64.5 LGM 0.708966 09
South Atlantic and Indian Holocene
V1791 —61.18 —75.93 7-8 Holocene 0.706946 04
RCI11-46 —43.37 —36.1 10 Holocene 0.709916 04
RCI11-76 —54.38 —22.13 9-10 Holocene 0.713399 11
RCI11-77 —53.05 —16.45 38-40 Holocene 0.710432 04
RCI11-78 —50.87 —9.87 9-10 Holocene 0.709935 04
RCI11-80 —46.75 —0.05 10 Holocene 0.710681 07
RC13-255 —50.58 2.9 10 Holocene 0.712999 07
RC13-254 —48.57 5.13 9-10 Holocene 0.711339 11
RC13-251 —42.52 11.67 2-3 Holocene 0.714206 04
V29-84 —43.85 27.6 34-5.6 Holocene 0.709249 04
V29-86 —49.57 30.02 7-8 Holocene 0.713882 06
RC17-60 —44.5 31.18 10 Holocene 0.709874 04
RC17-53 —57.48 36.17 4-5 Holocene 0.707678 06
RC17-58 —53.52 36.63 10 Holocene 0.710589 06
RC17-63 —45.65 48.28 3-4 Holocene 0.703868 06
RCI14-11 —38.00 51.18 5.6 Holocene 0.714613 04
RC17-61 —52.2 54.47 10 Holocene 0.708249 05
RCI11-96 —50.47 59.58 3.4-9.10 Holocene 0.709322 11
V24-203 —36.98 59.98 2.3-3.4 Holocene 0.705947 04
RCI1-119 —40.3 74.57 10-15 Holocene 0.710725 05
RC11-80 —46.75 —0.05 10 Holocene 0.710703 09
South Atlantic and Indian LGM
RCI11-46 —43.37 —36.1 300 LGM 0.709081 04
RC12-289 —47.95 —23.7 60 LGM 0.709265 06
RCI11-76 —54.38 —22.13 438-439 LGM 0.710805 30
RC11-77 —53.05 —16.45 200 LGM 0.709372 04
RC13-256 —53.18 —0.35 390 LGM 0.708990 04
RC11-80 —46.75 —0.05 95 LGM 0.710119 03
RC13-255 —50.58 2.9 320 LGM 0.708034 04
RC13-254 —48.57 5.13 270-271 LGM 0.712455 04
RC13-251 —42.52 11.67 18-19 LGM 0.710954 04
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Table 1. (continued)

+ 0.0000xx
Core Latitude Longitude Depth, cm Age 878r/58r (in Run)
V29-84 —43.85 27.6 120 LGM 0.712521 05
V29-86 —49.57 30.02 181-182 LGM 0.708507 05
RC17-53 —57.48 36.17 39-40 LGM 0.711768 04
RC14-11 —38.00 51.18 79-80 LGM 0.710242 04
RC11-94 —54.48 53.05 480 LGM 0.710579 05
RC11-95 —-52.8 54.08 99-100 LGM 0.709885 05
RC17-61 —-52.2 54.47 260 LGM 0.710931 05
RC11-96 —50.47 59.58 100-101 LGM 0.709582 04
V24-203 —36.98 59.98 179-180 LGM 0.706217 04
RCI11-119 —40.3 74.57 43-44 LGM 0.713113 09
Circum-Antarctica Holocene
101277-25 —68.61 10.97 0.715989 05
RC17-56 —65.40 36.72 0.730219 09
RC17-51 —65.65 60.68 0.741609 13
ELT47-14 —61.12 71.27 0.728087 08
ELT47-07 —66.66 77.90 0.737219 09
ELT50-13 —60.00 105.00 0.730345 05
ELT11-17 —61.04 114.81 0.710616 08
ELT50-18 —64.43 119.98 0.734381 08
ELT37-13 —64.67 132.98 0.727889 09
ELT37-10 —65.22 137.88 0.738862 07
ELT37-09 —65.55 141.10 0.737042 05
ELT37-06 —66.08 145.02 0.724900 06
ELT37-04 —64.83 150.49 0.725643 06
ELT27-20 —71.96 178.60 0.714642 06
ELT33-11 —70.10 —122.26 0.709086 06
ELT33-12 —70.00 —120.17 0.712846 06
ELT50-16 —70.17 —106.64 0.731820 07
ELT11-18 —70.14 —102.82 0.709790 05
ELT11-19 —70.42 —99.26 0.707928 06
ELT05-20 —67.18 —74.78 0.708198 07
ELT05-22 —65.95 —70.25 0.705281 05
ELT07-11 —66.50 —45.62 0.725357 06
101578-48 —62.00 —20.01 0.729523 06
101277-41 —70.00 —5.08 0.721725 07

[17] In the Atlantic sector, southern South Amer-
ica, as well as the Antarctic Peninsula and the
Scotia Arc, contribute low 87Sr/%¢Sr terrigenous
sediments. In contrast East Antarctica on the south
and South Africa on the north contribute very high
87Sr/%Sr terrigenous sediments. The pattern of Sr
isotope variation in the Atlantic sector of the
Southern Ocean is consistent with a substantial
contribution from high ®’Sr/**Sr sediments derived
from the old terrains on the east side of the Weddell
Sea being diluted by low *’Sr/*°Sr sediments
derived from the young terrains that surround the
Drake Passage (Figure 2).

[18] The pattern of Sr isotope variation in the Ross
Sea Sector (Figure 2) reveals decreasing values to
the north and east. The highest values originate
from the East Antarctic side of the Ross Sea.
Values near the Ross Sea are consistent with

average °'Sr/*°Sr of 0.721 + 0.004 (1 standard
deviation of 20 samples from the Ross Shelf and
eastern, central and western Ross Sea) from gla-

ciogenic sediments in the outer part of the Ross Sea
[Farmer et al., 2006].

[19] Chase et al. [2003] and Sayles et al. [2001]
used 2*°Th,, to document the vertical flux of
sediment components in the Ross Sea sector of
the ACC (Figure 4, top panel). Lithogenic
(=terrigenous) fluxes are higher at the northern
and southern transect limits in Holocene samples,
and are generally higher with a less pronounced
gradient in LGM samples. The flux pattern in the
Holocene implies contributions from Antarctica in
the south and from New Zealand (Campbell Plateau)
in the north. Franzese et al. [2006] demonstrated
the power of combining terrigenous flux and prov-
enance observations to quantify mixing contribu-
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Figure 3. Covariation of exq and *’Sr/**Sr of circum-
Antarctic terrigenous sediments. Data for modern river
suspended sediments [Goldstein and Jacobsen, 1988]
and modern deep sea turbidites [McLennan et al., 1990]
are shown as black diamonds for reference.

tions to terrigenous sediments in the ocean. The
samples taken from the Ross Sea — New Zealand
transect (Figure 4, bottom panel) are from the same
cores studied by Chase et al. [2003] and thus the
provenance data are complemented by flux esti-
mates. The 87Sr/%°Sr along this section is higher
near Antarctica and follows a generally decreasing
trend away. This trend is entirely consistent with
the interpretation made on the basis of the pattern
of terrigenous flux [Chase et al., 2003].

[20] Superimgosed on this decreasing trend is a
minimum in *’Sr/**Sr at approximately the position
of the southern boundary of the ACC, followed by
a maximum just to the north of the minimum. This
is within the zone of minimum terrigenous flux as
documented by Chase et al. [2003] with total
terrigenous flux less than 50 mg/cm*/kyr (Figure 4).
Although these differences in ¥’ Sr/*°Sr may appear

small compared to the very large difference in Ross
Sea versus other Antarctic end-members, the com-
positional variations along the Holocene Ross Sea
transect are far greater than the external reproduc-
ibility of the Sr isotope ratio. These reversals in
trend require additional end-member contributors
to the terrigenous sediment load at these sites
beyond those identified as the Antarctic continent
to the south and New Zealand/Campbell Plateau to
the north. The most likely explanation for the local
87Sr/%°Sr minimum is a greater relative contribution
from the Pacific-Antarctic ridge to the west with
typical MORB values of ~0.703 [e.g., Klein et al.,
1988]. The pattern of minima in 87Sr/%¢Sr in the
center of the ACC, and especially downstream of
major volcanic bathymetric highs, is repeated
around the ACC (Figure 2). The local ¥’Sr/*Sr
maximum just to the north of the minimum is also
within the low flux zone of Chase et al. [2003], and
may very well signal the presence of a small
windblown dust input from much higher ®’Sr/*®Sr
Australian sources with an average value of about
0.737 [Basile et al., 1999; Delmonte et al., 2004;
Revel-Rolland et al., 2006].

3.4. Holocene-LGM Comparisons

[21] Compared with the Holocene section from the
Ross Sea, sediments from the LGM follow a
similar geographic trend in *’Sr/*°Sr. However,
the position of the minimum *’Sr/*’Sr is located
to the north of the Holocene minimum (Figure 4,
bottom panel), implying a shift from ~64—65°S in
the Holocene to ~63°S in the LGM (i.e., 1-2°
north). Additionally, the sample to the north of
the minimum has a much higher *’Sr/*®Sr in the
LGM, consistent with a stronger dust source from
Australia in glacial times. Once again, the composi-
tional shifts are significant and require end-members

Figure 2. Strontium isotope composition of terrigenous sediments presented on a polar projection, including a
schematic ACC (gray), plus ocean currents near the Antarctic margin and a geologic map of Antarctica modified from
Kirkham and Chorlton [1995]. The abbreviations for the geology legend are Rec (Recent), Cen (Cenozoic), Mes
(Mesozoic), Pal (Paleozoic), Pro L (Late Proterozoic), Pro M (Middle Proterozoic), Pro E (Early Proterozoic), Pro U
(Proterozoic, undivided), Arc (Archean), and Pre U (Precambrian, undivided). The Ross and Weddell Seas are
indicated by RS and WS, respectively. Continental sources north of the ACC are indicated by labels (NZ stands for
New Zealand). The location of the Ross Sea transect (Figure 4) is indicated. The color variations of the Ross and
Weddell Sea gyres are schematic and based on the Holocene data in Figure 2a and our interpretation that these gyres
are important point sources for injecting terrigenous sediments into the ACC. Locations from this study are shown as
circles, and those from published work (cited in text) are shown as triangles. Color coding of isotopic values is
indicated in the legend. (a) The silicate fraction (<63 pm) *’Sr/*®Sr of near-core-top sediments, including the survey
samples of Figure 1 and cores from the Antarctic Circumpolar Current (ACC). Locations of Drake Passage (DP),
Crozet Islands (CI), and Kerguelen Plateau (KP) are indicated in Figure 2b. (b) The ¥’Sr/*®Sr for the fine silicate
fraction (<63 pm) of LGM sediments from the Antarctic Circumpolar Current (ACC).
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Figure 4. (top) Flux of terrigenous detritus (litho-

genic) in the Holocene (blue) and LGM (red) from
Chase et al. [2003]. Approximate positions of modern
sub-Antarctic Front (SAF), Antarctic Polar Front (APF),
and southern boundary of the ACC (SB-ACC) are
indicated by vertical lines. (bottom) ®’Sr/*®Sr of
terrigenous detritus from Holocene (blue) and LGM
(red) samples from the same cores. The Ross Sea end-
member identified by this survey and highlighted with
blue shading has relatively high *’Sr/*°Sr (~0.721)
based on the marine sediment data and supported by
data from Ross Sea tills [Farmer et al., 2006]. The local,
high flux “New Zealand” end-member, also highlighted
with blue shading, has lower ®’St/*Sr (~0.708) based
on the marine sediment data and supported by data from
New Zealand igneous rocks (GEOROC database as well
as sediment data from Basile et al. [1999], Delmonte et
al. [2004], and Revel-Rolland et al. [2006]).

beyond the two obvious sources from New Zealand
and Antarctica. Thus changes in terrigenous flux
from the Antarctic and New Zealand end-members
are not sufficient to explain either the existence or
the shift in the zigzag pattern with latitude.

[22] Although more data would be necessary to
firmly conclude that a small northward shift in the
southern boundary of the ACC occurred between
the Holocene and the LGM, the results from the
Ross Sea transect nevertheless are consistent with
observations in the Cape Basin of the South
Atlantic. Holocene and LGM maps of Sr isotope
variations for the South Atlantic have been con-
structed by Franzese et al. [2006], who found
significantly decreased contribution of Agulhas
Current derived sediment into the South Atlantic
in glacial times. Although the LGM data are sparse
within the ACC, cores from near the southern tip of
Africa show much less influence from the Agulhas
Current compared to the Holocene. Work is ongo-
ing to constrain the position of the Agulhas Retro-

flection in the LGM, but it appears likely that it
shifted north and/or east in the LGM relative to the
Holocene, consistent with a northward shift of the
westerlies [Franzese et al., 2006].

3.5. LGM Shifts and Possible Implications

[23] Did the major oceanic frontal systems of the
Circum-Antarctic shift significantly during the
LGM? As reviewed in the introduction, changes
in these fronts could be tied to changes in the
position of the southern midlatitude westerlies,
and this could be an important factor governing
Holocene-LGM variations in atmospheric pCO,. In
today’s ACC, the fronts are the location of the fast
currents or jets [Colling, 2001]. From the pattern of
provenance variability indicated by the 8’St/**Sr of
the terrigenous fraction of marine sediment cores, it
appears that sediments from various sources are
injected into the ACC and then carried in streaks
by the currents until they settle through the water
column. If this can be demonstrated to be a robust
conclusion, then changes in the positions of com-
positional gradients in terrigenous sediments would
be a sensitive tool for mapping the paleo-locations
of fast currents. Although we consider the data
presented here to demonstrate the potential power
of this approach, more data are needed in order to
make a firm conclusion about the relationships
between changing sediment composition and front-
al boundaries. Nevertheless we are intrigued by
what appears to us to be a significant relationship.
In this context, we will improve the data coverage,
spatially, temporally and compositionally with a
combination of radiogenic isotopes, flux and other
compositional measures including chemistry and
grain size.

4. Conclusions

[24] The strontium isotope composition of terrige-
nous detritus is a powerful tracer of continental
inputs into the ACC. The sediments deposited
along the Antarctic coast represent a mixture of
lithologies that were incorporated progressively
during glacial transport, and their compositions
reflect the variety of bedrock lithologies underlying
different sectors of the ice sheet. The different
basement provinces yield distinctive isotopic sig-
natures, and the sediments contain information
about Antarctic basement ages and Antarctica’s
geological evolution. The geographic pattern of
variability of ®’Sr/*°Sr found in this study is
created by continental inputs north and south of
the ACC and by contributions from oceanic vol-
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canic sources within the ACC. The core top distri-
bution, especially considering the Ross Sea — New
Zealand transect, is consistent with our interpreta-
tion that provenance change across the ACC is
partly controlled by the position of fast currents in
the ACC, and thus may be used to estimate
changes in them in the past.

[25] A comparison of Holocene and LGM compo-
sitions from the Pacific and Atlantic sectors reveals
a small northward shift in the zone of minimum
87Sr/%°Sr, which may be interpreted as a small
northward shift of the southern boundary of the
ACC. Further work will be necessary to confirm
this conclusion, but the data strongly suggest that
the radiogenic isotope ratios in terrigenous sedi-
ments are important tools for constraining paleo-
ocean circulation. Because they are controlled by
fundamentally different factors than biologically
based proxies, they present a complementary and
independent view of the system.
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