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Abstract The flux and provenance of ice-rafted detritus (IRD) deposited in the Southern Ocean can reveal

information about the past instability of Antarctica’s ice sheets during different climatic conditions. Here we

present a Pliocene IRD provenance record based on the 40Ar/39Ar ages of ice-rafted hornblende grains from

Ocean Drilling Program Site 1165, located near Prydz Bay in the Indian Ocean sector of the Southern Ocean,

along with the results of modeled sensitivity tests of iceberg trajectories and their spatial melting patterns

under a range of sea surface temperatures (SSTs). Our provenance results reveal that IRD and hence icebergs in

the Prydz Bay area were mainly sourced from (i) the local Prydz Bay region and (ii) the remote Wilkes Land

margin located at the mouth of the low-lying Aurora Subglacial Basin. A series of IRD pulses, reaching up to

10 times background IRD flux levels, were previously identified at Site 1165 between 3.3 and 3.0Ma. Our new

results reveal that the average proportion of IRD sourced from distal Wilkes Land margin doubles after 3.3Ma.

Our iceberg trajectory-melting models show that slower iceberg melting under cooling SSTs over this middle

Pliocene interval allowed Wilkes Land icebergs to travel farther before melting. Hence, declining SSTs can

account for a large part of the observed IRD provenance record at Site 1165. In early Pliocene IRD layers,

sampled at suborbital resolution around 4.6Ma, we find evidence for significant increases in icebergs derived

from Wilkes Land during very warm interglacials. This is suggestive of large-scale destabilization of the East

Antarctic Ice Sheet in the Aurora Subglacial Basin, as far-traveled icebergs would have to overcome enhanced

melting in warmer SSTs. Our results highlight the importance of considering SSTs when interpreting IRD flux

and provenance records in distal locations.

1. Introduction

The abundance and provenance of ice-rafted detritus (IRD) in marine sediments have been recognized as useful

tools in constraining past ice sheet histories [e.g., Hemming, 2004, and references therein]. This is because the

flux of outlet glaciers, and hence iceberg production rates, will vary significantly during changes in ice sheet

volume and/or ice thickness at grounding lines [Schoof, 2007]. Particularly in the North Atlantic, geochemical IRD

provenance studies have revealed valuable evidence for the spatial and temporal history of rapid and large-scale

destabilization of Northern Hemisphere continental ice sheets over timescales of thousands to millions of years

[e.g., Hemming, 2004; Peck et al., 2007; Downing and Hemming, 2012; Bailey et al., 2012, 2013; Thierens et al., 2012].

The most significant late Pleistocene Northern Hemisphere IRD depositional events occurred during cold intervals

(i.e., Heinrich events) [Hemming, 2004] and are relatively well understood in terms of the locations of ice sheet

instability based on provenance studies. Comparatively, Neogene IRD records from the SouthernOcean are sparse,

despite the need to better understand the sensitivity of Antarctica’s much larger ice sheets to climatic change.

Approximately 58m of sea level equivalent of ice is present today on the Antarctic continent [Fretwell et al., 2013],

in comparison to only ~7m of sea level equivalent on Greenland [Bamber et al., 2001]. Southern Ocean IRD

records and derived interpretations about ice sheet history have therefore been directed at periods characterized

by climatic warmth, such as the Pliocene Epoch [e.g.,Williams et al., 2010; Passchier, 2011; Patterson et al., 2011].
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The early Pliocene (5.33 to 3.60Ma) was a time of regional warmth in Antarctica, with seasonal sea surface

temperatures (SSTs) between 1 and 7°C warmer than modern [Bohaty and Harwood, 1998; Whitehead and

Bohaty, 2003; Escutia et al., 2009; McKay et al., 2012; Clark et al., 2013]. Marine sediments, deposited around

the perimeter of the Antarctic continent, carry a clear record of ice loss from Antarctica’s ice shelves and ice

sheets in response to these warm spring and summer temperatures [e.g.,Whitehead et al., 2006; O’Brien et al.,

2007; Naish et al., 2009; Bart and Iwai, 2012; Cook et al., 2013].

To further investigate ice sheet change during this time, Passchier [2011] carried out a detailed investigation

of the Pliocene (5.33 to 2.58Ma) history of ice-rafted deposition in East Antarctica using IRD mass

accumulation rates (MAR) at Ocean Drilling Program (ODP) Site 1165 (64°22′S, 67°13′E), in Prydz Bay. This

record revealed highly variable IRD supply to the site throughout the Pliocene, interpreted as evidence for

a dynamic grounding line in the Prydz Bay area [Passchier, 2011]. A key feature of the record is a tenfold

increase in IRD MAR after marine isotope stage M2 glacial (~3.3Ma) [Passchier, [2011] (Figure 2). This

increase has been interpreted as evidence for cooling SSTs and increased iceberg production in the Prydz

Bay area associated with regional ice sheet growth after the comparative warmth of the early Pliocene

[Passchier, 2011].

In a pioneering study, Williams et al. [2010] traced the provenance of five Pliocene IRD layers deposited at

~4.65 and ~3.5Ma at the same site using the 40Ar/39Ar ages of ice-rafted hornblende grains. They identified

Pliocene IRD deposited at Site 1165 was not only supplied from the local Prydz Bay area but in fact also

from the distal Wilkes Land margin, over 1500 km to the east, suggesting processes other than local ice

sheet dynamics controlled IRD deposition at Site 1165 through time. Airborne geophysical surveys and

ice sheet modeling suggest that Miocene/Pliocene ice retreat in East Antarctica may have been most

pronounced in low-lying continental depressions such as the Wilkes Subglacial Basin and the larger

neighboring Aurora Subglacial Basin in Wilkes Land [Hill et al., 2007; Dolan et al., 2011; Young et al., 2011]

(see Figure 1 for the location of the latter). Evidence for large-scale ice sheet retreat in the Wilkes Subglacial

Basin during the early Pliocene has recently been provided by Cook et al. [2013] based on the study of fine-

grained sediment provenance at IODP Site U1361 (64°24′S, 143°53′E).

However, the record presented by Cook et al. [2013] as well as the previously published IRD record at Site

1165 [Williams et al., 2010] does not extend into the cooler middle and late Pliocene. Few Southern Ocean

SST records extend from the warm early Pliocene to the cooler late Pliocene [Bohaty and Harwood, 1998;

see Clark et al., 2013], but TEX86
L data from the Ross Sea [McKay et al., 2012] show a decline in summer and

spring temperatures from 2–5°C above modern during the early Pliocene to 0–2°C after ~3.3Ma. This

decline in temperature regionally is coincident with the significant increase in IRD MAR recorded at Site

1165 [Passchier, 2011] and implies that SSTs could have played an important role in Pliocene changes in IRD

deposition at Site 1165.

To quantitatively investigate the relationship between variable SSTs and IRD deposition in the

Southern Ocean during the Pliocene, we here revisit Site 1165 and significantly expand upon the

study of Williams et al. [2010] by combining new insights into the location of iceberg calving sites in

East Antarctica with sensitivity simulations of a thermodynamic iceberg model under different SST

scenarios. Our results suggest that IRD studies under warm climatic conditions may indeed reveal

evidence for ice sheet instabilities in far-field locations but that warmer ocean temperatures can have

a profound effect on iceberg survivability and need to be taken into account when interpreting

IRD records.

2. Using 40Ar/39Ar Ages of Ice-Rafted Hornblende Grains From ODP Site 1165
to Constrain Past Sites of Iceberg Calving

The 40Ar/39Ar dating of ice-rafted (>150μm) hornblende grains can serve as a powerful approach to locate the

continental sources of past iceberg production. The underlying rationale is that ice-rafted detrital mineral

grains, identified in marine sediments, can contain information about the thermochronological history of their

continental source areas. For example, the 40Ar/39Ar age of a detrital hornblende grain reflects the time since it

formed or cooled below ~500°C [McDougall and Harrison, 1999], a temperature that typically marks the last

major tectonometamorphic event to have affected its continental bedrock source. A geologically diverse and

polymetamorphic continent such as Antarctica is characterized by a large range in hornblende 40Ar/39Ar ages
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[e.g., Roy et al., 2007; Pierce et al., 2011]. Figure 1 highlights the two main geographical provenance sectors

between 60° and 120°E in East Antarctica. A more detailed description of the continental geology and

regional thermochonology relevant to Site 1165 is provided inWilliams et al. [2010]. The two sectors are the

following:

1. The Prydz Bay sector (~60°E to ~100°E; hornblende 40Ar/39Ar ages of ~550–450Ma): bedrock exposed

in Mac.Robertson Land, the central and southern Prince Charles Mountains, the Mawson Escarpment,

the Grove Mountains, the eastern flank of the Lambert Graben, and the Princess Elizabeth Land coast.

All areas were significantly overprinted and/or formed during the Paleozoic Pan-African Orogeny [e.g.,

Boger et al., 2011].

2. The Wilkes Land sector (east of ~100°E; hornblende 40Ar/39Ar ages of ~1350–1100Ma): bedrock exposed

along the Wilkes Land margin to the east of the Denman Glacier, which shows a regionally distinct age

range characteristic of the Mesoproterozoic Grenville Orogeny [e.g., Boger et al., 2011]. This source area is

located at a considerable distance from Site 1165 in the Prydz Bay region (>1500 km) and is associated

with the low-lying Aurora Subglacial Basin [Pierce et al., 2011] (Figure 1).

Importantly, IRD provenance in Holocene core-top sediments shows that the Prydz Bay signature dominates

the IRD signal offshore of Prydz Bay, and likewise for other provenance sectors around the Antarctic margin,

indicating that IRD is not usually transported far from its source under today’s climatic conditions [Brachfeld et al.,

2007; Roy et al., 2007;Williams et al., 2010; Pierce et al., 2011; this study] (Figure 1). In contrast, increased relative

levels of far-traveled IRD, from Wilkes Land and sites farther to the east, were observed in Pliocene and late

Miocene IRD layers at Site 1165 [Williams et al., 2010], which imply increased output of IRD-bearing icebergs

from glaciers in these region during their deposition.

Figure 1. Map of study area and regional continental thermochronology. Onshore data are based on
40
Ar/

39
Ar ages of individual hornblende andmica grains and U-Pb

dating of zircons (modified from Williams et al. [2010]); data are from Black and James [1983], Black et al. [1991], Young and Black [1991], Sheraton et al. [1992, 1993],

Takigami et al. [1992], Post et al. [1996],Young et al. [1997], Jacobs et al. [1998, 2003], Carson et al. [2000], Boger et al. [2002], Fitzsimons [2000a, 2000b], Tong et al. [2002],

Halpin et al. [2007], Liu et al. [2006, 2007],Wilson et al. [2007], Phillips et al. [2007], and Corvino et al. [2008, 2011]. Values shown in boxes represent the age ranges for the

most recent major tectonic event in different areas. The stipple line around 100°E marks the geological boundary between older overprint ages to the east (i.e., Wilkes

Land) and younger ages in the Prydz Bay area to the west [Clarke et al., 1995; Clark et al., 2000; Boger, 2011]. Shading on the continent outlines the modern subglacial

topography from BEDMAP 2 [Fretwell et al., 2013] with white areas marking highlands and grey areas marking areas below sea level. Shaded region within the Aurora

Subglacial Basin represents inferred open marine areas during Neogene ice sheet retreat events [Young et al., 2011]. Offshore data are based on
40
Ar/

39
Ar ages of

individual hornblende grains from Holocene marine sediments [Roy et al., 2007; Brachfeld et al., 2007;Williams et al., 2010; Pierce et al., 2011; this study]. Arrows offshore

indicate the approximate transport regions and pathways of icebergs (Antarctic Iceberg Tracking Database [1978–2012]; available at http://www.scp.byu.edu/data/

iceberg/database1.html). Larger arrows represent the highest concentration of icebergs, along trajectorieswhere surface currents are strongest. Thewhite star shows the

location of ODP Site 739. NPCM: Northern Prince Charles Mountains, CPCM: Central Prince Charles Mountains, SPCM: Southern Prince Charles Mountains, ME: Mawson

Escarpment, GM: Grove Mountains, AIS: Amery Ice Shelf, VH: Vestfold Hills, GA: Gaussberg Volcanic field, DG: Denman Glacier, BH: Bunger Hills, and WI: Windmill Islands.
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Figure 2. Downcore summary of Pliocene sediments from ODP Site 1165. (a) paleomagnetic chron boundaries [Florindo

et al., 2003] with inclination data shown in red and grey shading indicating areas with no data; (b) lithostratigraphy

(modified after Passchier [2011]); (c) green: weight % of fractions >150 μm [Warnke et al., 2004] and black: ice-rafted

mass accumulation rates calculated for detrital fractions (>125 μm) (IRD MAR =weight % >125 μm × terrigenous

fraction × bulk density × linear sedimentation rate; from Passchier [2011], see addendum at http://doi.pangaea.de/

10.1594/PANGAEA.832115), purple data points: weight % of >150 μm fractions of samples analyzed for IRD provenance

in this study; (d) number of hornblende grains per gram of bulk sediment for the two most significant and distinct

hornblende
40
Ar/

39
Ar age populations (grey: 455–575Ma and black: 1035–1315Ma); (e) global benthic oxygen isotope

stack [Lisiecki and Raymo, 2005], M2: glacial marine isotope stage M2; (f ) paleomagnetic chron boundaries from

Gradstein et al. [2012]; (g) intervals of East Antarctic Ice Sheet (EAIS) retreat in the Wilkes Subglacial Basin (WSB) [Cook

et al., 2013; Cook, 2013] and intervals of diatomite deposition in the Ross Sea indicating open ocean conditions and

retreat of the Ross Ice Shelf [Naish et al., 2009].
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3. Study Sites and Sampling

Ocean Drilling Program Site 1165 was drilled

in 3537m water depth and is located in the

Indian sector of the Southern Ocean, ~400 km

northwest of Prydz Bay and ~1500 km to the

west of the western segment of the Wilkes

Land margin, inland of which lies the Aurora

Subglacial Basin [Young et al., 2011]. Today,

katabatic winds blowing off the continental

interior of the East Antarctic Ice Sheet (EAIS)

drive the Antarctic coastal current, which

carries icebergs in a counterclockwise direction

around the continent (Figure 1) [e.g., Stuart

and Long, 2011]. Today, Site 1165 lies in the

pathway of icebergs sourced from the proximal

Prydz Bay region and sites to the east.

The top ~50m of Site 1165 is composed of

diatom-bearing silty clayswith silt laminations,

diatom ooze, and diatom-rich clays, providing

a Pliocene and Pleistocene record of

hemipelagic, turbidity current, and ice-rafted

deposition [Warnke et al., 2004] (Figure 2).

The age model of Site 1165 is based on

magnetostratigraphic data supported by

biostratigraphy [Florindo et al., 2003] and is

identical to the one used and described by

Passchier [2011], with the studied Pliocene

section representing ~2.7 million years of

deposition between 5.2 and 2.5Ma. Linear

sedimentation rates based on the age model

of Florindo et al. [2003] do not capture likely

differences in sedimentation between

deposition of hemipelagic and turbidite-

related sediments. A significant change in

sedimentation at Site 1165 occurred around

3.3Ma [Warnke et al., 2004]. According to the

existing age model [Florindo et al., 2003], this

change is marked by an increase in

sedimentation rates and an increase in clay-sizedmaterial, possibly related to increased turbidite sedimentation

and accompanied by a significant increase in ice-rafted deposition [Passchier, 2011] (Figure 2).

Twenty-one IRD layers were selected fromSite 1165 for hornblende 40Ar/39Ar age analyses, using published grain

size [Grutzner et al., 2003;Warnke et al., 2004] and IRD MAR [Passchier, 2011] records in order to sample intervals

of high and low IRD delivery (Figure 2). Linear sedimentation rates reveal that each 2 cm thick core sample

could represent up to 5500 years of deposition. One core-top sample, two Pleistocene samples (7.00 m below

seafloor (bsf) and 14.75 m bsf), and 18 Pliocene samples were selected in total from Site 1165. Between 46.00

and 45.50 m bsf, four samples were selected for IRD provenance analysis, in order to increase the resolution of

samples over this interval previously studied byWilliams et al. [2010] and to sample potential orbital-scale variability.

To monitor IRD supply from the Wilkes Land margin during the Pliocene, sediments from Deep Sea Drilling

Project (DSDP) Site 268 (63°56′S, 105°09′E) (Figure 1), located offshore of the Bunger Hills (Wilkes Land

margin, Figure 1), were studied for grain size and IRD provenance. The site was spot cored in 3544m water

depth, and only ~66m of Oligocene to Quaternary sediments were recovered from ~474m of penetration

(14% recovery) [Hayes et al., 1975] (Figure 3). Sediments above ~160m (Unit 1 of Hayes et al. [1975]) are

Figure 3. Downcore summary of Pliocene and Quaternary sediments

from DSDP Site 268. From left to right: (i) depth in meters below sea

floor; (ii) coring recovery, with black indicating recovery of sediments

and white indicating intervals of no recovery; (iii) lithostratigraphy

(modified afterHayes et al. [1975]); (iv) weight abundance of>125μm

detrital fractions; (v) IRD grain counts (grains>250μmper gram); and

(vi) estimated ages of recovered sediments based on radiolarian and

diatom biozones (see supporting information).
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composed of diatom oozes, silty clays, and clays with abundant sand and pebbles throughout [Piper and

Brisco, 1975], interpreted to represent hemipelagic and terrigenous turbidity-related deposition with

common iceberg rafting. The age of sediments from the first five cored sections of Unit 1 of DSDP Site 268

is revisited here to provide an updated assessment based on new radiolarian and diatom biostratigraphic

data (see supporting information; based onMcCollum [1975] and Cortese and Gersonde [2008]). Core 5 (117.00

to 113.50 m bsf) was deposited within the time interval ~4.2 to 3.6Ma, Core 4 (94.50 to 85.00 m bsf) within

the interval between ~3.8 and 3.1Ma, Core 3 (66.00 to 56.50 m bsf) within the interval of ~3.0 to 2.3Ma,

and Core 2 (37.50 to 28.00m bsf) was deposited within time interval ~2.4 and 1.7Ma. Core 1 (9.00 to 0.00m bsf)

represents the time interval between ~2.0 and 1.2Ma, based on radiolarian data, and <0.62Ma from diatom

data. Sixty-five samples were selected for grain size analysis from these five core intervals (Figure 3), and IRD

counts were carried out on 17 samples with material >250μm in size. Of the available Pliocene samples with

material >150μm in size, two were selected for hornblende provenance analyses.

4. Methodology

Bulk sediment samples from Site 1165 were wet sieved, whereas sediments from Site 268 were leached of

organicmaterial using 10% hydrogen peroxide, sodium polyphosphate and 1MHCl, and subsequently analysed

using a Laser Diffraction Particle Size Analyzer (Coulter LS230) at the University of Barcelona, Spain. Ice-rafted

mineral grains of the amphibole hornblende were handpicked from the >150μm fractions and analyzed for

Table 1. Hornblende
40
Ar/

39
Ar Age Ranges From ODP Site 1165 and DSDP Site 268 (>150μm)

Depth

(m bsf)

Age

(Ma)

0–410

Ma

455–575

Ma

580–1030

Ma

1035–1315

Ma

>1315

Ma Total

ODP Site 1165:

1H 1W 1–3 cm 0.01 0.00 2 12 5 5 4 28

2H 2W 20–22 cm 7.00 1.00 0 20 4 10 0 34

2H 6W 45–47 cm 14.75 1.60 0 12 2 10 3 27

3H 2W 15–17 cm 17.95 2.7 0 18 3 7 4 32

3H 2W 45–47 cm 18.25 2.80 1 9 5 11 1 27

3H 3W 109–112 cm 20.39 3.09 1 4 6 12 1 24

3H 3W 130–132 cm 20.60 3.11 0 8 9 8 1 26

3H 6W 70–73 cm 24.50 3.19 0 7 3 12 6 28

4H 1W 6–9 cm 25.86 3.205 0 8 3 3 2 16

4H 1W 15–17 cm 25.95 3.207 0 21 6 11 4 42

4H 2W 109–112 cm 28.39 3.27 0 26 11 3 2 42

4H 3W 70–72 cm 29.50 3.30 0 24 5 8 4 41

4H 6W 80–82 cm
a

34.10 3.48 0 14 12 10 3 39

4H 7W 20–22 cm 35.00 3.53 0 18 8 9 0 35

5H 4W 20–22 cm 40.00 3.96 0 17 6 6 3 32

5H 4W 60–62 cm 40.40 4.01 1 7 8 7 1 24

6H 1W 15–17 cm 44.95 4.55 0 16 7 0 1 24

6H 1W 70–72 cm
a

45.50 4.60 3 19 8 5 4 39

6H 1W 84–86 cm 45.64 4.62 0 5 1 5 1 12

6H 1W 90–92
a

45.70 4.63 0 31 21 5 9 66

6H 1W 94–96 cm 45.74 4.64 1 6 4 5 3 19

6H 1W 100–102 cm
a

45.80 4.65 0 14 8 4 15 41

6H 1W 104–106 cm 45.84 4.655 0 9 7 3 1 20

6H 1W 110–112 cm 45.90 4.665 0 2 4 4 2 12

6H 1W 121–123 cm
a

46.00 4.75 1 16 6 2 2 27

6H 3W 135–137 cm 49.15 4.99 0 4 0 0 0 4

Total 9 347 162 165 77 761

DSDP Site 268: 0–660

Ma

660–675

Ma

675–1100

Ma

1100–1280

Ma

1280–1840

Ma

Total

1R 1W 72–74 cm
a

0.72 3 1 4 21 3 32

3R 2W 81–82 cm 57.81 2.3 1 8 3 45 6 63

5R 1W 88–89 cm 114.38 4.2 1 0 2 35 6 44

Total 5 9 9 101 15 139

a
From Williams et al. [2010].
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their 40Ar/39Ar ages. Individual hornblende grains andmonitor standards (MclureMountain hornblende (MMhb))

were irradiated at the Training, Research, Isotopes, General Atomic reactor at the U.S. Geological Survey in Denver

with cadmium shielding. 40Ar/39Ar ages were obtained using single-step CO2 laser fusion at the Lamont-Doherty

Earth Observatory argon geochronology lab (Argon Geochronology for the Earth Sciences). J values used to

correct for neutron flux were calculated using the coirradiated MMhb standard with an age of 525Ma [Samson

and Alexander, 1987]. Measured values were corrected for blanks and mass discrimination using measurements

of atmospheric argon from an air pipette. Isotopes were also corrected for nuclear interferences based on

reported production rates [Dalrymple et al., 1981]. Analytical uncertainties are based on the internal precision

of measurements and variation of Mmhb values and are less than 2%. Our new data set is supplemented by

five samples previously reported by Williams et al. [2010] and which are also included in Table 1.

5. Results

Sediments from Site 1165 yielded between four and 36 hornblende grains per sample (0.6 to 5.1 grains per

gram of sediment), with no obvious trend in hornblende abundance upcore. Hornblende grains analyzed

were characterized by two distinct 40Ar/39Ar age populations (Tables 1 and S2 and Figures 2 and 4). The first

Figure 4. Comparison of modern and Pliocene IRD provenance fingerprints offshore Prydz Bay and Wilkes Land. (top) The

modern day as derived from 12 core locations and their ice-rafted hornblende
40
Ar/

39
Ar age populations [Brachfeld et al.,

2007; Roy et al., 2007; Pierce et al., 2011; this study]. (bottom) Pliocene results for three different sites: ODP Site 1165

(this study and Williams et al. [2010]) (top) and DSDP Site 268 (this study) and ODP Site 739 [Tochilin et al., 2012] (bottom)

graph. All relative probability and weighted means of the
40
Ar/

39
Ar age distributions of individual >150μm hornblende

grains were calculated using ISOPLOT [Ludwig, 2003].
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ranges from 455 to 575Ma and is composed of 253 grains (out of a total of 549; ~46%), with 207 of these

grains (~90%) dated between 480 and 550Ma and a weighted mean age of 517Ma. The second age

population ranges between 1035 and 1315Ma and is composed of 165 grains (~25%), with 77 grains (~60%)

between 1120 and 1175Ma and a weighted mean age of 1151Ma. This latter population occurs in highest

abundances during intervals of higher sedimentation rates after ~3.27Ma and around 4.6Ma, although these

intervals (and another interval around 5Ma) also contain several samples with none or little grains with ages

between 1035 and 1315Ma. Outside of these two main age populations, remaining hornblende grains

yielded 40Ar/39Ar ages from 10 to 410Ma (6 grains, ~1%) and dispersed ages ranging from 580 to 1035Ma

(162 grains in total, ~21.2%) to >1325Ma (44 grains in total, ~8%).

Results of grain size analyses from DSDP Site 268 (Figure 3) reveal that sediments are dominated by <63μm

fractions (average 87.7 wt %), with smaller amounts of material between 63 and 125μm (average 5.7 wt %),

125 to 250μm (average 4.9 wt %), and >250μm (average 2.1 wt %). Counts of IRD grains >250μm in size from

17 samples range from 1 to 49 (0.4 to 148.1 grains per gram of sediment), revealing significantly higher

concentrations of IRD grains than at Site 1165. There is no obvious change in the relative abundance of grain

size fractions upcore.

Hornblende grains extracted from Pliocene DSDP Site 268 sediments are dominated by 40Ar/39Ar ages between

1100 and 1280Ma (Figure 4), with 79 grains of 107 in total (~73%) falling within this age range (Tables 1 S3),

producing a weighted mean age of 1139Ma. Remaining hornblende grains show 40Ar/39Ar ages between 660

and 675Ma (8 grains of 107, 7.4%), 675 and 1100Ma (7 grains, 6.5%), 1280–1840Ma (11 grains of 107, 10.2%),

and 313±4 and 468±2Ma (two grains).

6. Provenance of Ice-Rafted Hornblendes

Comparison of our new 40Ar/39Ar hornblende age results with existing provenance constraints (see section 2)

reveals that ice-rafted hornblende grains deposited at Site 1165 were sourced from both the Prydz Bay

sector (40Ar/39Ar age range of 455–575Ma; 46% of all Pliocene grains analyzed) and the Wilkes Land sector

(1035–1315Ma; 25% of all Pliocene grains), in good agreement with the findings described byWilliams et al.

[2010]. Ages that fall within the third largest age range (580–1035Ma; 21% of all grain analyzed) are also

present in regional Prydz Bay core-top sediments (Figure 4). Poor onland exposure of these ages limits robust

provenance tracing. We therefore refrain from interpreting such ages and instead focus on the two main age

populations delineated above.

Supporting evidence for identification of the Prydz Bay area and the Wilkes Land margin as the two main

sources for ice-rafted hornblende grains can be taken from the 40Ar/39Ar ages of ice-rafted hornblende grains

in Pliocene sediments deposited at other sites directly offshore of these regions (Figure 4). Paleozoic
40Ar/39Ar hornblende grain ages (450–550Ma) dominate the provenance of Pliocene sediments at ODP Site

739 (67°16′87′S, 75°04′91′E), located offshore of the Lambert Glacier, closer to the continent than Site 1165

[Tochilin et al., 2012]. Notably, Pliocene sediments from Site 739 show no evidence for Mesoproterozoic
40Ar/39Ar hornblende ages (Figure 4), suggesting the Prydz Bay area was an unlikely source for ice-rafted

hornblende grains with these ages. Furthermore, hornblende grains in Pliocene sediments deposited

offshore the Wilkes Land continental margin, at DSDP Site 268, are dominated by Mesoproterozoic 40Ar/39Ar

ages (1100–1300Ma) (Figure 4). Therefore, we conclude that the Wilkes Land margin was the most likely

source of hornblende grains in Site 1165 sediments with 40Ar/39Ar ages between ~1100 and ~1300Ma.

7. Sea Surface Temperature Control on the Melting Patterns of Far-Traveled Icebergs

If we assume that theWilkes Land and Prydz Bay-derived IRD provenance populations account for 100% of all IRD

(i.e., excluding all hornblende grains with 40Ar/39Ar ages outside of the 455–575Ma and 1035–1315Ma ranges),

we can calculate the relative abundances of both of these populations (Figures 2 and 4) [see alsoWilliams et al.,

2010], which vary through time. The Prydz Bay sector accounts for 49% of grains deposited between 5 and

~3.27Ma and 38% of grains between ~3.2 and ~2.65Ma. This population is variable in abundance throughout

our studied Pliocene section (total range between ~17 and 100%). Conversely, while the relative abundance of

Wilkes Land-derived hornblende grains is overall lower than the Prydz Bay abundance (0 to 50%), a distinct

increase in Wilkes Land-supplied hornblendes is evident in sediments deposited between ~3.2 and 2.65Ma. The

average contribution of these grains accounts for 18% out of all grains deposited between ~5 and 3.27Ma and
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~33% between ~3.2 and 2.65Ma. An increase in Wilkes Land IRD is also evident in several IRD layers sampled at

high resolution around ~4.6Ma, contemporaneous with increased sedimentation rates (Figure 5).

Locally derived Prydz Bay IRD would be expected to dominate sediments at Site 1165, relative to IRD supplied

from remote locations, due to the closer proximity of the Prydz Bay source area, and this is what we observe in

our provenance data. Increased linear sedimentation rates, the increased delivery of clays [Warnke, 2004], and

increased depositional rates of IRD at Site 1165 after ~3.3Ma [Passchier, 2011] appear to be more or less

contemporaneous with an observed relative increase in Wilkes Land-derived hornblende grains after ~3.27Ma.

Expansion of the Lambert Glacier and accompanying tributary glaciers during the late Pliocene has been

documented in the Prydz Bay area from seismic surveys and sedimentological changes of continental shelf

and slope sediments [Rebesco et al., 2006; O’Brien et al., 2007; Volpi et al., 2009], and expansion of the west

Antarctic ice sheet is evident in increased deposition of glacimarine sediments in the Ross Sea [Naish et al.,

2009; McKay et al., 2012]. Advance of the ice sheet margin in Prydz Bay at this time could explain the

increased supply of turbidite sediments to Site 1165 [Passchier, 2011] (Figure 2) as well as the significant

increase in IRD MAR observed during the late Pliocene. Ice sheet calving margins would be located closer to

our study site as they advanced onto the continental shelf [O’Brien et al., 2007], and more debris-rich icebergs

could be produced during periodic deglaciations following large glacial expansion events such as marine

isotope stage M2 (Figure 2). However, our observation of an overall average increase in the abundance of

Figure 5. Summary of studied Pliocene section from Site 1165 and comparison to regional and global records. From

bottom to top: (i) linear sedimentation rate: small increases in sedimentation rates around ~4.6Ma and ~5Ma have been

attributed to cyclical variations in grain size associated with contourite deposits [Passchier, 2011]; (ii) IRD MAR [Passchier,

2011]; (iii) abundance of Wilkes Land hornblende grains relative to all other grains; (iv) numerous regional seasonal SST

estimates from Site 1165 (diatom and silicoflagellate assemblages; [Whitehead and Bohaty, 2003] light grey boxes and

[Escutia et al., 2009] dark grey boxes) and the Kerguelen Plateau (diatom assemblages, [Bohaty and Harwood, 1998] hatched

boxes); (v) Ross Sea (black line and grey uncertainty range) spring and summer upper water column temperatures; TEX
86
L

[McKay et al., 2012]; and (vi) global benthic oxygen isotope stack [Lisiecki and Raymo, 2005].
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far-traveled Wilkes Land IRD in late Pliocene sediments suggests a similar increase in iceberg production in

Wilkes Land and hints that other processes, such as SST, may have also played a role.

The observed increase in the relative abundance of Wilkes Land IRD in three of the eight IRD layers around

~4.6Ma is accompanied by an overall increase in linear sedimentation rates, but IRD MAR show no significant

increase over this interval. In addition, increased sedimentation rates and increased delivery of Wilkes Land IRD

around ~4.6Ma at Site 1165 correspond with increased biogenic opal content [Passchier, 2011] and warm

SSTs as inferred from silicoflagellate assemblages [Whitehead and Bohaty, 2003; Escutia et al., 2009]. These

warm conditions were contemporaneous with evidence for ice sheet retreat both in the Prydz Bay area (see

Whitehead et al. [2006] for a review), the Ross Sea [Naish et al., 2009], and the Wilkes Subglacial Basin [Cook

et al., 2013]; hence, a scenario of ice sheet expansion onto the continental shelf is incompatible with the

observed increased supply of Wilkes Land IRD during this interval (see section 8 for further discussion).

Iceberg detritus loading and iceberg production rates play an important role on IRD deposition on glacial-

interglacial timescales [Passchier, 2011; Patterson et al., 2011], with ice retreat during warmer climate conditions

probably producing more detritus-laden icebergs than cooler, more stable, and “colder-based” advanced ice

sheet margins [Williams et al., 2010]. Retreat of the EAIS along the low-lying Wilkes Land margin in the vicinity

of the Aurora Subglacial Basin seems feasible during warmer-than-present early Pliocene temperatures

[Young et al., 2011], contemporaneous with numerous interglacial retreat events in the neighboring Wilkes

Subglacial Basin [Cook et al., 2013]. While increased supply of Wilkes Land IRD at ~4.6Ma is compatible with

such a scenario (see section 8), lower abundances of Wilkes Land-derived IRD deposited at Site 1165 during

the rest of the early Pliocene are unexpected.

7.1. Modeling of Iceberg Trajectories and Melting Patterns

In order to investigate the higher average relative abundance of far-traveled Wilkes Land IRD between

3.27 and 2.65Ma during the relatively cooler middle to late Pliocene, in comparison to the relatively warmer

early Pliocene, we consider the effect of changing SSTs on iceberg melting patterns using a coupled ocean-

atmosphere general circulation model, HadCM3 [Gordon et al., 2000], within a thermodynamic iceberg model

[Bigg et al., 1997; Gladstone et al., 2001]. Seven distinct drainage basins were simulated, three located in the

Prydz Bay area with icebergs seeded at the calving fronts of the Lambert, Philippi and Denman Glaciers, and

Figure 6. Iceberg meltwater input into the Southern Ocean in different SST scenarios from melting icebergs sourced

from the Totten Glacier. The iceberg melt fraction in each grid cell was multiplied by the modern calving flux of the

Totten (28 Gt yr
�1

) [from Rignot et al., 2013]. (a) Meltwater input in preindustrial control. (b) Meltwater input at 8°C above

preindustrial. Maps also show location and catchment of the seven glacier systems used in our model, colored according

to their location in the Prydz Bay sector (orange) or theWilkes Land sector (blue). L: Lambert, P: Philippi, D: Denman, A: Adams,

To: Totten, T: Thompson, and F: Frost Glaciers.
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four in Wilkes Land from the Adams, Totten, Thompson and Frost Glaciers (Figure 6). For each EAIS outlet

glacier of interest the model was seeded with 1200 icebergs of different sizes (ranging from 40 × 40 × 60m

to 250 × 1467 × 2200m), in agreement with observed iceberg dimensions [Tchernia and Jeannin, 1980;

Gladstone et al., 2001; Jacka and Giles, 2007; Stuart and Long, 2011]. One hundred icebergs were released in

eachmonth of a 12month period from each drainage basin, with seasonally changing wind fields and surface

currents taken from a preindustrial global climate model scenario (HadCM3). This modeling strategy is similar

to previous simulations that reproduced observational data [Gladstone et al., 2001] (Antarctic Iceberg

Tracking Database [1978–2012]; available at http://www.scp.byu.edu/data/iceberg/database1.html), with

most icebergs traveling in an anticlockwise direction upon entrainment into the westward flowing coastal

current (Figure 6a). A small number of Wilkes Land icebergs are diverted northward in the vicinity of the

Kerguelen Plateau, likely due to its topographic influence on ocean currents, in agreement with modern

observations [Tchernia and Jeannin, 1980] and previous modeling studies [Gladstone et al., 2001].

Evaluation of the suitability of our modeling framework was achieved by comparison of predicted iceberg

melting patterns under preindustrial climate conditions with IRD provenance patterns of Holocene core-top

sediments in the Prydz Bay area [Brachfeld et al., 2007; Roy et al., 2007; this study] (Figure 7). Importantly,

as our model produces melting rates of icebergs and not IRD deposition patterns, any comparison to IRD

depositional records assumes that melting rates of icebergs are proportional to melt out of IRD from icebergs

produced from the same region. To permit for comparison of modeled iceberg melting patterns and IRD

records, we assumed that the Lambert, Philippi, and Denman drainage basins represent 100% of the Prydz Bay-

derived IRD signal, and the Adams, Totten, Thompson, and Frost basins represent 100% of Wilkes Land IRD

signal. Despite these assumptions, this comparison exercise reveals excellent agreement between the observed

relative abundance of Wilkes Land-derived hornblende grains in core-top sediments and the predicted iceberg

melt rates over the sites that were sourced from Wilkes Land in preindustrial conditions (Figure 7).

Sensitivity tests were run for a range of SST scenarios between 1° and 8°C warmer than preindustrial levels

(Figures 6 and 8). Results suggest that temperatures above 2°C drive a decrease in the amount of Wilkes

Land icebergsmelting at Site 1165 relative to Prydz Bay-supplied icebergs and reveal increasingly shorter iceberg

tracks in increasingly warmer waters (Figures 6b and 8). These general trends are in agreement with observed

late Pliocene IRD provenance patterns. For example, the doubling of Wilkes Land IRD after ~3.27Ma (Figures 2

and 5) appears to closely follow declining regional SST records [Bohaty and Harwood, 1998; McKay et al., 2012]

(Figure 5), suggesting decreased iceberg melt in the vicinity of Site 1165 from the nearby Prydz Bay glaciers and

increasing iceberg melt sourced from the glaciers of Wilkes Land. We note that increased production of detritus-

laden icebergs supplied from both the Prydz Bay and Wilkes Land sectors would be required to produce the

tenfold increase in IRD MAR during this time. However, modeling results show that warm SSTs, such as those

characteristic of the early Pliocene [Whitehead and Bohaty, 2003; Escutia et al., 2009; McKay et al., 2012], reduce

Figure 7. Histogram illustrating the data-model comparison for the relative abundance of Wilkes Land hornblende grains

(light grey boxes; based on geochemical provenance data) andWilkes Land iceberg melt (dark grey boxes; based onmodel

outputs) at four sites located in the Prydz Bay region during the Holocene. Observed IRD provenance is inferred from
40
Ar/

39
Ar age distributions of hornblende grains [Brachfeld et al., 2007; Roy et al., 2007; this study], withWilkes Land sourced

grains aged between 1000 and 1350Ma. This comparison illustrates the excellent agreement between the observed

amount of Wilkes Land IRD relative to Prydz Bay IRD during the Holocene and the modeled preindustrial amount of Wilkes

Land-derived iceberg melt relative to Prydz Bay-derived iceberg melt.
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the amount of Wilkes Land icebergs

reaching Site 1165 by around 30%

relative to the present day (assuming

early Pliocene SSTs of 4°C warmer than

preindustrial levels) (Figures 5 and 9).

Thus, the increased relative abundances

of Wilkes Land IRD at around 4.6Ma

require increased output of debris-rich

icebergs from Wilkes Land, both to

overcome the effect of faster melting

and to increase levels of IRD at Site 1165

relative to locally derived IRD from Prydz

Bay. We relate this increase in Wilkes

Land IRD to instability in the Aurora

Subglacial Basin (see section 8).

In addition to changing SSTs and iceberg

production rates (see section 8 for further

discussion), changes in iceberg transport

in the coastal current could also have

played a role on Southern Ocean IRD

distribution during the Pliocene. For

example, it is not known to what extent

the strength of katabatic wind fields

could be maintained during significant

EAIS volume loss, even though model

simulations suggest continued existence

of katabatic winds even under reduced

ice extent scenarios [DeConto et al.,

2007]. If the coastal current was halted or

reversed during the Pliocene, icebergs

sourced from regions to the west of

Prydz Bay could feasibly have reached

our study site. However, bedrock terranes

in western Enderby Land to the west

of Prydz Bay and Mac.Robertson Land

(Figure 1) are characterized by Archean

(>2450Ma; U-Pb zircon [Black and James,

1983; Harley and Black, 1997; Kelly and

Harley, 2005] and Proterozoic (990–900,

1030–1100Ma; U-Pb zircon) [Jacobs et al.,

1998, 2003; Fitzsimons, 2000a, 2000b])

thermochronological ages that show

only a small overlap with the Proterozoic
40Ar/39Ar hornblende ages observed

in Site 1165 sediments (i.e., 1050 to

1315Ma but centered around 1120 to

1175Ma). Hence, we exclude a Pliocene

supply of Proterozoic hornblende grains

from sources to the west to Site 1165,

and our data show that surface

currentsand iceberg transport pathways

followed similar routes during the

Pliocene and today.

Figure 8. (top) Iceberg meltwater produced from Prydz Bay glaciers

(in orange) and (middle) Wilkes Land glaciers (in blue), shown as a (bottom)

ratio of Wilkes Land iceberg melt relative to Prydz Bay iceberg melt that

melt over Site 1165 in different SST scenarios. Dashed lines represent the

abundance of icebergs to melt from each modeled glacier, and solid lines

represent the combined abundance of icebergs from each sector. The

model results show an overall decline in Wilkes Land-sourced iceberg

meltwater with increasing temperature.

Figure 9. High-resolution section of Site 1165 between 46.00 and 45.50m

bsf. From left to right: (i) relative abundance of grain fractions >150μm

(this study); (ii) relative abundance of Wilkes Land hornblendes (this study);

and (iii) global benthic oxygen isotope stack [Lisiecki and Raymo, 2005].

The boundary of the Nunivak subchron reversal at 4.631Ma is based on

the paleomagnetic and benthic δ
18
O records of ODP Site 846 [Lisiecki and

Raymo, 2005; from Shackleton et al., 1995].
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While the direction of the coastal current was unchanged during the Pliocene, it is possible that strengthening

wind fields would increase the speed of the coastal current and hence result in increased delivery of icebergs

sourced from the east during times of ice sheet expansion, such as during the late Pliocene. While our data-

model comparison reveals that SST-driven icebergmelting could have played a significant role in the delivery of

far-traveled IRD to Site 1165 during the Pliocene, potentially reduced wind strengths and slower ocean current

speeds combined with warmer SST’s during intervals of enhanced regional warming such as within the early

Pliocene would be expected to result in decreased supply of Wilkes Land IRD to Site 1165.

8. Evidence for Early Pliocene Destabilization in the Aurora Subglacial Basin

Sea surface temperature estimates from early Pliocene silicoflagellate assemblages at Site 1165 [Whitehead

and Bohaty, 2003; Escutia et al., 2009] suggest that some interglacials were more than 6°C warmer than

present (Figure 5). Our iceberg modeling implies that such temperatures are sufficient to reduce the Wilkes

Land iceberg supply at Site 1165 by 50% relative to cooler temperatures of ~3°C, with a maximum of 10%

relative abundance of Wilkes Land icebergs at 6°C (Figure 8). However, significantly higher relative abundances

of Wilkes Land IRD are actually observed around 4.6Ma (up to 42%) (Figure 5). Importantly, available high-

resolution IRD MAR records [Passchier, 2011; Patterson et al., 2011] show that orbital-scale fluctuations in ice

volume also exert a major control on Pliocene IRD flux to the Southern Ocean during the Pliocene. Samples

analyzed around 4.6Ma reveal a high degree of variability in the relative abundance of Wilkes Land IRD

over three to four glacial-interglacial cycles (Figure 9). Although the resolution of the age model is not

sufficient to assign precise ages to most of the IRD layers, one sample is located 1 cm upcore from the middle

of the Nunivak subchron reversal (C3n.2r), which most likely occurred during the marine isotope stage N9

interglacial ~4.631Ma [Lisiecki and Raymo, 2005; Gradstein et al., 2012]. Importantly, this sample (45.74 m bsf)

is characterized by higher amounts of Wilkes Land IRD.

Results of our iceberg modeling combined with regional SST estimates for the early Pliocene indicate that a

scenario of increased Wilkes Land IRD during an early Pliocene interglacial would require significantly greater

production of icebergs from the Wilkes Land margin in order to survive melting while traveling over 1500 km

to reach Site 1165. Based on the modeled increased melt with increased SSTs and the measured increases

in IRD delivery, such events would require a fivefold to ninefold increase in iceberg production rates from

the Wilkes Land margin relative to baseline values during an interglacial. These higher values are comparable

to estimates of increased iceberg production rates associated with the deposition of Heinrich layers in

the Hudson Straight region in the North Atlantic (ninefold to eighteenfold increase from baseline levels)

[McManus et al., 1998; Roberts et al., 2014], which were associated with large-scale surging and collapse of ice

streams within the Laurentide Ice Sheet. The large increase in IRD MAR at Site 1165 between 3.3 and 3.0Ma

does also require a dramatic increase in the production of debris-rich icebergs from both the Wilkes Land

and Prydz Bay sectors. However, the overall doubling of the proportion of Wilkes Land IRD relative to Prydz

Bay IRD during this interval can be best explained by declining SSTs allowing more of the Wilkes Land

icebergs to reach Site 1165.

A scenario of large-scale EAIS destabilization could explain increases in Wilkes Land IRD deposition during

early Pliocene interglacials at Site 1165; whereby, retreat of the ice sheet in the Aurora Subglacial Basin took

place during warmer-than-present conditions, as originally suggested by Williams et al. [2010]. This scenario

is compatible with contemporaneous retreat of the EAIS in the Wilkes Subglacial Basin [Cook et al., 2013],

implying that an even higher resolved IRD provenance study at Site 1165 could provide further evidence

of enhanced iceberg production supplied from a retreating ice sheet margin in the Aurora Subglacial Basin

during Pliocene interglacials. In addition to contributing to eustatic sea level rise, such large iceberg production

events could have had significant implications for meltwater input [Lichey and Hellmer, 2001; Death et al., 2006],

latent heat transfer [e.g., Jongma et al., 2009], and biological productivity [Raiswell et al., 2006; Smith et al.,

2007; Lin et al., 2011] in the Southern Ocean during the Pliocene.

9. Conclusions

Here we present a Pliocene IRD provenance record based on the 40Ar/39Ar ages of ice-rafted hornblende

grains from ODP Site 1165, near Prydz Bay, along with the results of modeled sensitivity tests of iceberg

trajectories and their spatial melting patterns under different SSTs. Our IRD provenance record and iceberg
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modeling reveal that declining regional SSTs during the late Pliocene permitted for an increase in the

deposition of remotely sourced IRD at Site 1165. Superimposed upon low average amounts of Wilkes Land

IRD during the early Pliocene, related to warm SSTs, is a variable IRD provenance signal that hints at massive

iceberg production events, possibly associated with large-scale destabilization in the Aurora Subglacial

Basin during interglacial periods. These new findings suggest that SST reconstructions are crucial for the

interpretation of past IRD distribution and provenance records when inferring past ice sheet variability from

IRD deposited in distal locations.
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