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The repeated proximity of West Antarctic Ice Sheet (WAIS) ice to the eastern Ross Sea continental 23 

shelf break during past ice age cycles has been inferred to directly influence sedimentary processes 24 

occurring on the continental slope, such as turbidity current and debris flow activity; thus, the 25 

records of these processes can be used to study the past history of the WAIS. Ross Sea slope 26 

sediments may additionally provide an archive on the history and interplay of density-driven or 27 

geostrophic oceanic bottom currents with ice-sheet-driven depositional mechanisms. We investigate 28 

the upper 121m of Hole U1525A, collected during International Ocean Discovery Program (IODP) 29 

Expedition 374 in 2018. Hole U1525A is located on the southwestern external levee of the Hillary 30 

Canyon (Ross Sea, Antarctica) and the depositional lobe of the nearby trough-mouth fan. Using core 31 

descriptions, grain size analysis, and physical properties datasets, we develop a lithofacies scheme 32 

that allows construction of a detailed depositional model and environmental history of past ice 33 

sheet-ocean interactions at the eastern Ross Sea continental shelf break/slope since ~2.4 Ma. The 34 

earliest Pleistocene interval (~2.4-~1.4 Ma) represents a hemipelagic environment dominated by ice-35 

rafting and reworking/deposition by relatively persistent bottom current activity. Finely 36 

interlaminated silty muds with ice-rafted debris (IRD) layers are interpreted as contourites. Between 37 

1.4 and 0.8 Ma, geostrophic bottom current activity was weaker and turbiditic processes more 38 

common, likely related to the increased proximity of grounded ice at the shelf edge. Silty, normally-39 

graded laminations with sharp bases may be the result of flow-stripped turbidity currents 40 

overbanking the canyon levee during periods when ice was grounded at or proximal to the shelf 41 

edge. A sand, IRD- and foraminifera-bearing interval dated to ~1.18 Ma potentially reflects warmer 42 

oceanographic conditions and a period of stronger Antarctic Slope Current flow. This may have 43 

enhanced upwelling of warm Circumpolar Deep Water onto the shelf, leading to large-scale glacial 44 

retreat at that time. The thickest interval of turbidite interlamination was deposited after ~1 Ma, 45 

following the onset of the Mid-Pleistocene Transition, interpreted as a time when most ice sheets 46 

grew and glacial periods were longer and more extreme. Sedimentation after 0.8Ma was dominated 47 

by glacigenic debris flow deposition, as the trough mouth fan that dominates the eastern Ross Sea 48 
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continental slope prograded and expanded over the site. These findings will help to improve 49 

estimations of WAIS ice extent in future Ross Sea shelf-based modelling studies, and provide a basis 50 

for more detailed analysis of the inception and growth of the WAIS under distinct oceanographic 51 

conditions.  52 

Keywords: Eastern Ross Sea, Sedimentary process, Trough-mouth fan, Turbidites, Pleistocene 53 

1. Introduction 54 

Recent accelerated rates of ice mass loss from the West Antarctic Ice Sheet (WAIS), driven by 55 

enhanced oceanic-induced melting, have demonstrated the urgent need for a refined understanding 56 

of past ocean-ice sheet interactions on the Antarctic margin (Harig & Simons, 2015; Shepherd et al., 57 

2018; Rignot et al., 2019). The WAIS is generally grounded well below sea level on overdeepened 58 

continental shelves, contributing towards an unstable ice sheet that is highly responsive to oceanic 59 

and atmospheric variability (Hughes, 1973; Schröder et al., 2019). Recent studies show that the 60 

average WAIS thinning rate continues to increase and has provided the largest contribution to 61 

overall mass loss of the Antarctic Ice Sheet (AIS) since 2000 (McMillan et al., 2014; Shepherd et al., 62 

2018). The rapid nature of these losses is reflected in rising sea level and changing global climate 63 

(Dangendorf et al., 2019). Furthermore, modern estimates predict oceanic-induced basal melting 64 

removes approximately half of all gains in AIS surface mass before reaching the calving zone of an ice 65 

shelf (Depoorter et al., 2013). This emphasises the need for improved constraints on past grounded 66 

ice and oceanographic variability during periods of ice sheet growth and retreat.  67 

The Ross Sea has been the subject of extensive studies to explore its glacial history, sedimentary 68 

environments, and oceanographic regimes; particularly through large-scale ventures such as 69 

ANTOSTRAT (Antarctic Offshore Stratigraphy Project) and ANDRILL (Antarctic Drilling Project) 70 

(ANTOSTRAT, 1995; Naish et al., 2009; Mckay et al., 2012). However, until recently, such studies 71 

have primarily focused on collecting data from the mid continental shelf, where sequences provide 72 
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direct records of ice sheet advance but preserve a highly discontinuous record due to glacial 73 

overriding. Consequently, investigating the sedimentary mechanisms operating on the Ross Sea 74 

continental slope over time can help to decode regional oceanographic change, and also provide a 75 

valuable stratigraphic connection to discontinuous shelf records of ice shelf variability that are 76 

subject to the erosive action of grounded ice (Barker et al., 1999; Barker & Camerlenghi, 2002; 77 

Rebesco et al., 2006). Interpretation of sedimentary sequences from this region of the Antarctic 78 

continental margin may also help to understand complex interactions between along- and down-79 

slope processes, which are further complicated by Coriolis-driven offset (Kuvaas et al., 2005; 80 

Rebesco et al. 2007; Salles et al., 2010; Alonso et al., 2016; Miramontes et al., 2020).  81 

We use sediments collected during International Ocean Discovery Program (IODP) Expedition 374 to 82 

provide a detailed description of the depositional environment on the eastern Ross Sea continental 83 

slope during the Pleistocene. This will help to improve interpretations of grounded ice activity on the 84 

continental shelf, and investigate changes in regional-scale oceanographic features (e.g. downslope 85 

flow of dense water from sea ice production on the shelf; along-slope flow of bottom currents) that 86 

may be linked to changing ice cover on the continental shelf. Using these data, we aim to 87 

understand: 1) the processes that operated on the eastern Ross Sea upper slope, Antarctica, during 88 

the Pleistocene; 2) the characteristics, timing and frequency of these processes and 3) how they 89 

relate to glacial/interglacial cycles. The palaeo-sedimentary signature of these processes may reveal 90 

important information regarding regional palaeo-ice sheet dynamics and the wider behaviour of the 91 

WAIS in response to climate forcing.  92 

1.1. Regional Setting 93 

IODP Site U1525 was drilled in 2018 and is located on the upper continental slope in the eastern 94 

Ross Sea, Antarctica, ~60km northeast of the continental shelf break at 1776m water depth 95 

(75°0.06′S, 173°55.20′W; Fig. 1) (McKay et al., 2019b). Site U1525 lies on the gently-sloping flank of 96 
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an asymmetric sediment mound on the continental slope that forms part of the southwestern 97 

external levee of the Hillary Canyon, to the southeast of the Iselin Bank (McKay et al., 2019b).  98 

In the Eastern Ross Sea, ice drains through fast ice streams from the WAIS, calving at the modern-99 

day ice front of the Ross Ice Shelf roughly 350-375km landward from the continental shelf break 100 

(Anderson et al., 1984; Bart, 2004). Along this section of the margin, the Glomar Challenger and 101 

Pennell Troughs bisect the shelf break, which are thought to be the location of palaeo-ice streams 102 

during past glacial periods (Cooper et al., 1991; De Santis et al., 1995; Shipp et al., 1999). Deeply-103 

incised gully and channel systems are potentially related to canyon head processes in the Hillary 104 

Canyon (Gales et al., 2021). A prograding trough-mouth fan (TMF) system lies to the east of the 105 

canyon (Fig. 1a-b and Fig. F24 in McKay et al., 2019b) (Alonso et al., 1992). High input of glacigenic 106 

sediments through these troughs during glacial periods were likely responsible for the formation of 107 

this fan. 108 

A number of seismic and sedimentological studies conducted in the Ross Sea have revealed several 109 

periods of glacial advance and retreat over the Pleistocene, including instances where WAIS ice was 110 

grounded at the continental shelf break during pronounced glacial periods such as the last glacial 111 

maximum (LGM) (Anderson et al., 1984; De Santis et al., 1999; Bart, 2004; Mosola & Anderson, 112 

2006; Bart & Owolana, 2012; Halberstadt et al., 2016; Prothro et al., 2018). Strong seismic reflectors, 113 

known as the Ross Sea seismic unconformities (RSU1-6), record the major ice sheet grounding 114 

events since the Oligocene (RSU6; ~30Ma) (De Santis et al., 1999). An R/V OGS Explora cruise funded 115 

by the Antarctic Italian Program “Programma Nazionale delle Ricerche in Antartide” collected 116 

seismic reflection data in 1994 from across Site U1525 (Fig. 1c), which showed the presence of such 117 

reflectors on the slope that have been interpreted as RSU2-4 (4-2.5 Ma, 10-5.5 Ma and ~15.8-14.6 118 

Ma respectively) (Brancolini et al., 1995; McKay et al., 2019b; Conte et al., 2021). These data also 119 

show a ~1km-thick sequence of mostly high to medium amplitude, parallel and internally stratified 120 

reflectors indicative of sediment drifts, and the overspill and flow-stripping deposits of turbidity 121 
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currents on the slope. The uppermost seismic unit of the TMF shows acoustically-transparent or 122 

chaotic deposits consistent with glacigenic debris flows above RSU2, burying sediment drifts and 123 

channel-levees in the continental slope (Fig. 1c), and suggesting major progradation of the fan 124 

during the late Pliocene/early Pleistocene (4.0-2.5 Ma) in response to changing glacial dynamics 125 

(Lindeque et al., 2016; Kim et al., 2018; Conte et al., 2021). Volumetric-based assessments of 126 

grounding-zone wedges in the Glomar Challenger Trough suggest grounding line advance over the 127 

last glacial cycle may have been as rapid as 13m/yr; although this value is not a precise measure, it 128 

illustrates the potential for dynamic WAIS behaviour in the Ross Sea (Bart & Owolana, 2012).  129 

Oceanographically, the Hillary Canyon is a significant location in the Ross Sea for dense shelf water 130 

overflow into the deep ocean, which mixes with Modified Circumpolar Deep Water to form Antarctic 131 

Bottom Water (Bergamasco et al., 2002; Budillon et al., 2002; Whitworth & Orsi, 2006; Budillon et 132 

al., 2011). Down-slope flows of dense shelf water are deflected westward due to the Coriolis force 133 

(Morrison et al., 2020). A westward-flowing component of the Antarctic Slope Current (ASC) has also 134 

been identified in the eastern Ross Sea, which is a possible contributor to the external canyon 135 

levee’s asymmetrical structure (Orsi & Wiederwohl, 2009; Miramontes et al., 2020).  136 

2. Methods 137 

2.1.  Data collection and shipboard physical properties measurements 138 

IODP Hole U1525A was cored to a depth of 208.28 metres below seafloor (mbsf) through Plio-139 

Pleistocene sediments. Here we focus on the interval between 0-121.04 mbsf, which was selected to 140 

provide a representative view of changing palaeoenvironmental conditions at Site U1525 across the 141 

Pleistocene. Coring primarily used the advanced piston corer and half-length advanced piston corer, 142 

although the extended core barrel was also used to drill through over-compacted sediments 143 

between 43-55.7 mbsf (McKay et al., 2019a). Cores were scanned on-board for magnetic 144 

susceptibility (pass-through and point-source), gamma-ray attenuation (GRA) bulk density and 145 

natural gamma radiation (NGR). High-resolution core images were taken using a line-scan camera 146 
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(20 pixels/mm). Discrete ~10cm3 sediment samples were extracted at approximately 75cm intervals 147 

for the purposes of calculating grain density and porosity. Unless otherwise specified, the core depth 148 

below sea floor method A(CSF-A) depth scale is reported here as mbsf. Detailed information on the 149 

methods used during Expedition 374 can be found in McKay et al. (2019a).  150 

2.2. Grain size analysis  151 

Grain size analyses for 0-121.05 mbsf were conducted using a Malvern Mastersizer 2000 laser 152 

particle size-analyser with an autosampler. Four subsamples of approximately 8mm3 (approx. 0.1g) 153 

of sediment were dry sieved through a 1mm mesh, treated with a 10% H2O2 solution to remove 154 

organic material and placed in a water bath at 60°C overnight to assist the reaction process. A 10% 155 

solution of sodium hexametaphosphate was added to the Mastersizer wet sample dispersion unit 156 

and 40 seconds of ultrasound was applied to disperse material before measurement. Samples were 157 

analysed using an absorption coefficient of 0.005 and refractive index of 1.53. Coarse material was 158 

then manually dry-sieved in a nested stack at half-phi intervals (between 1.4-63mm). Ice-rafted 159 

debris (IRD) was characterised as material larger than 1mm in diameter, unless the unit was 160 

subsequently identified as a mass flow. The grain size boundaries used for clay, silt and sand in the 161 

laser particle size analysis are <4µm (clay), 63µm (silt) and 63-1000µm (very fine-coarse sand), 162 

respectively. The classification scheme used for sediment nomenclature and colour can be found in 163 

McKay et al. (2019a). The term ‘mud’ is used as a descriptor for sediments with a mixture of silt and 164 

clay where neither size class dominates (i.e. <80% silt, or <80% clay) as per the sediment 165 

nomenclature scheme. 166 

2.3. Laminae analysis 167 

Laminae were classified into two categories on the basis of visual observations (e.g. thickness, colour 168 

and boundary characteristics), which are referred to as ‘Type A’ and ‘Type B’ (see Table 1 and section 169 

3.3 for descriptions of laminae types). Grain size was not used as an identification factor as analyses 170 
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showed both types of laminae are predominantly coarse silts. Measurements were taken from the 171 

core midpoint at the base of the lamina to the nearest millimetre. Type B laminae ‘packages’ were 172 

counted as single laminae due to the fine-scale nature and discontinuity of laminae enclosed within 173 

(section 3.3). 174 

2.4.  Age Model 175 

We use the shipboard age model for Site U1525 that uses magnetic reversal stratigraphy, supported 176 

by biostratigraphic datums from published Southern Ocean zonations (Fig. 2) (McKay et al., 2019a). 177 

These utilised the first appearance and last appearance datum of marine diatom and radiolarian 178 

species. Palaeomagnetic reversals were correlated to the Gradstein et al. (2012) geomagnetic 179 

polarity timescale, which are calibrated using marine magnetic anomaly profiles (Hilgen et al., 2012; 180 

Lourens et al., 2004). The interval of Unit III discussed in this paper (118.58-121.05 mbsf; ~2.4Ma) 181 

and Subunits IIA/B are early-mid Pleistocene (~2.4 Ma to ~0.8 Ma). Unit I is of mid-Late Pleistocene 182 

age (<~0.8Ma). The shipboard age model includes two interpreted unconformities. Unconformity 1 183 

(U1) is present within the interval of no recovery between 38.83 and 55.7 mbsf. Drilling parameters 184 

were used to determine when the bit penetrated the base of the over-compacted sediments and 185 

suggest that the unconformity is likely present near the base of this interval (McKay et al., 2019b). 186 

Unconformity 2 (U2) is present near the base of the studied interval at ~112 mbsf. The thickness of 187 

Unit I is fully constrained, however the base of the unit was not piston-cored due to the presence of 188 

consolidated or coarse material in the sequence. Drilling parameters (e.g. rate of penetration, 189 

weight on bit) infer that Unit I exists down to ~55.7 mbsf, as piston coring was able to resume only 190 

after these parameters indicate sediments were soft enough to penetrate with a piston core. This is 191 

unlike U2, which is not well constrained in the depth domain but is thought to cover a longer time 192 

interval than U1 (~1.95-2.4 Ma; McKay et al., 2019b). 193 

3. Results 194 

3.1. Core Overview 195 
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We refine the preliminary lithofacies classification scheme from McKay et al., 2019b into seven 196 

lithofacies, which are summarised in Table 1 and Figures 2-3, and described in more detail in the 197 

Supplementary Information. We describe these seven lithofacies in the context of the three primary 198 

lithostratigraphic units that were identified during initial shipboard core analysis (McKay et al., 199 

2019b). Unit I (0-51.11 mbsf), Unit II (51.11-118.58 mbsf), which is further divided into Subunits IIA 200 

and IIB, and Unit III (118.58-208.27 mbsf/base of hole). The boundary between Subunit IIA and IIB is 201 

located at 98.2 mbsf (Figs. 2, 3). The principal lithologies identified in this core are diamict and mud. 202 

3.2. Unit I Facies 203 

Unit I contains muddy diamict and is mostly grey, diatom-bearing, unconsolidated and massive, here 204 

referred to as facies MDm, with a ~2m-thick interval of stiff and weakly stratified muddy diamict 205 

facies MDs between 15.28-17.64 mbsf (Fig. 2, Table 1). Grain size analyses of the two facies in Unit I 206 

reveal similar matrix particle size distributions, both of which are also distinctly richer in gravel and 207 

sand than the underlying units (Figs. 4, 5a/b/c). Both facies in Unit I show percentages of average 208 

mud (silt and clay; 55%wt) sand (32%wt) and gravel (13%wt) content comparable to diamicts 209 

recovered from other Antarctic TMFs, such as on the Belgica and Weddell Sea slopes (Melles, 1991; 210 

Hillenbrand et al., 2009a; Gales et al., 2018). The percentage of clay is mostly uniform in Unit I 211 

(average 18% of <1mm fraction), as most of the variation in grain size is seen in the percentage of silt 212 

and sand (Fig. 2). Facies MDs is very stiff and is similar to stratified diamicts recovered from the 213 

Prydz Bay TMF (Passchier et al., 2003). The matrix is also slightly sandier than in facies MDm, and it 214 

also contains a number of larger sub-angular to sub-rounded clasts (Figs. 2, 4, 5c). 215 

3.3. Unit II Facies 216 

Unit II is located below U1 and contains a strikingly different lithology to Unit I. Sediments are 217 

composed of mostly greenish-grey, massive to laminated diatom-bearing/rich muds. Unit II also 218 

contains a higher and more variable amount of clay (average 25% of <1mm fraction) than Unit I, and 219 
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is rich in post-depositional soft sediment deformation features such as cm-scale micro-faulting, as 220 

well as cm-scale diamicts and matrix-supported gravel layers (Table 1; Figs. 6, 7, 8). Magnetic 221 

susceptibility, bulk density and NGR show lower average values than in Unit I (Fig. 2). Five facies in 222 

Unit II have been identified in this study: mud with ‘Type A’ silt laminae and dispersed clasts, Ms(A) 223 

(Figs. 6a/b, 7b, 8); massive mud, Mm (Figs. 6c, 7a); interbedded diatom-bearing muddy 224 

diamict/sandy mud and foraminifera-bearing clast-rich sandy diamict, SDi (Fig. 6d); and mud with 225 

‘Type B’ silt laminae, gravel layers and dispersed clasts, Ms(B) (Figs. 7c/d, 8). Gravel in these layers is 226 

mostly angular to sub-rounded and between 1mm - 4mm in diameter, with occasional larger clasts 227 

up to 11mm in size.‘ 228 

3.3.1. Type A’ Lamina- facies Ms(A) 229 

Type A laminae are planar, normally graded and have sharp lower contacts that show truncation of 230 

underlying sediments (Fig. 9). In facies Ms(A), there are two main modes of Type A lamination: a) 231 

Mode 1: strongly interlaminated mud with silt laminae, and b) Mode 2: faintly-laminated mud 232 

interbedded with cm-scale sandy muds or muddy diamicts (Table 1; Figs. 6a/b, 7b, 8). Laminae in 233 

interlaminated intervals are rarely thicker than 1-2 mm, evenly spaced (1-5 mm) and usually 234 

decrease in frequency toward the upper and lower limits of the interlaminated intervals. The 235 

majority of sampled Type A laminae are coarse silts, but are occasionally very fine-grained sand in 236 

the rarer, thicker lamina (>1cm; Figs. 4, 8). Clasts are rarely found within strongly laminated intervals 237 

(Mode 1) but are more common in the muddier sections of Mode 2. 238 

3.3.2. ‘Type B’ Laminae- facies Ms(B) 239 

Silty Type B laminae in this interval are characteristically distinct from those in facies Ms(A) and 240 

exhibit sharp upper and lower contacts with no grading (Fig. 9). Furthermore, gravel layers and 241 

dispersed clasts are common between instances of Type B laminae. Many laminae are exceptionally 242 

thin (1-2mm), although very fine, stacked, mm-scale discontinuous laminae form packages up to 1 243 
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cm thick (Fig. 8). Similarly to facies Ms(A), facies Ms(B) is composed of a) Mode 1: more strongly-244 

laminated intervals and b) Mode 2: areas of less frequent lamination that commonly shows slight to 245 

heavy bioturbation (Table 1, Fig. 2). Matrix-supported, gravel-rich layers are common in both modes 246 

of this facies, ranging in thicknesses from 1mm-1cm and with mostly gradational, occasionally sharp 247 

lower contacts.  248 

3.4. Unit III Facies  249 

The 2.47 m of Unit III between 118.58-121.05 mbsf included in this study is assigned to facies MDi, 250 

which is diatom-rich, cm- to dm-scale diamict interbedded with muds containing dispersed clasts 251 

and silt/gravel laminae (Figs. 10a/b, 11). It contains average clay values (23% of <1mm fraction) 252 

similar to Unit II (Fig. 2). The boundary between Unit II and III does not appear to be accompanied by 253 

a stratigraphic unconformity, with U2 occurring slightly above this lithostratigraphic boundary at 254 

~112 mbsf (McKay et al., 2019b). Gravel in layers is mostly angular to sub-rounded and between 255 

1mm - 4mm in diameter, with occasional larger clasts up to 11mm in size. 256 

3.5. Frequency Analysis 257 

Three main diamict units are observed in Unit I, corresponding to changes in physical properties and 258 

visual characteristics, which are illustrated in Figure 12 along with the frequency occurrence of Type 259 

A and B laminations. These diamicts are variable in thickness and in clast content. The thickest 260 

deposit, interval D1, is homogenous and displays little evidence of containing separate deposits. 261 

Interval D2 corresponds to the stiff diamict facies MDs, and interval D3 sits directly above U1. 262 

Diamicts in Unit II and III are thinner and separated from one another by several metres of other 263 

sediment types. The most distinct Unit II diamict is interval D6 (facies SDi), interbedded between 264 

muddy diatom-bearing diamict/sandy muds and foraminifer-bearing sandy diamicts. Most diamicts 265 

in units II and III are found in the diatom-rich Subunits IIB and Unit III (intervals D8-12), whereas the 266 
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two main deposits in Subunit IIA (intervals D4-5) directly succeed thin, diatom-rich mud intervals 267 

(Figs. 2, 12).  268 

Laminated sediments show distinct, high-frequency intervals of both Type A and Type B laminae 269 

occurring in a waxing-waning pattern (Fig. 12). Type A laminae (normally-graded silt or very fine sand 270 

laminae with erosive bases) are present throughout all of Unit II, whereas Type B (silt laminae with 271 

sharp upper and lower contacts, no grading) are found in Subunit IIB and III. Type A laminae are 272 

found primarily in Subunit IIA but are also weakly present in Subunit IIB after intervals of Type B 273 

lamination (Figs. 2, 12). Type B laminae are concentrated within five main intervals and display some 274 

of the highest frequencies of laminae in the core (33 laminae/10 cm). Some higher frequency 275 

intervals appear to succeed thin diamict intervals D8-10. Type B high frequency intervals between 276 

~105-118 mbsf are also followed by short, low frequency intervals of Type A laminae.  277 

Type A laminae are concentrated into 4 main intervals above ~95 mbsf, and mostly show greater 278 

spacing between high-frequency intervals than peaks in Type B laminae frequency. Type A 279 

interlaminated intervals are therefore thicker than interlaminated intervals of Type B. The thickest 280 

interlaminated interval in U1525A is found between ~57-64 mbsf, which lies between interval D4 281 

and U1.  282 

4. Facies Interpretation 283 

4.1.  Facies MDm 284 

Facies MDm (D1, D3) are interpreted here as glacigenic debris flows due to their size, lithological 285 

structure, high clast content and matrix grain size distribution. The occurrence of these deposits in 286 

Hole U1525A are indicative of upper slope failure driven by ice grounded at the continental shelf 287 

break as inferred for other high-latitude margins (e.g. Laberg & Vorren, 1996; Vorren & Laberg, 288 

1997; Tripsanas & Piper, 2008). Periods of intense ice-rafting and the subsequent rainout of 289 

entrained IRD may also deposit diamict on polar continental slopes; however, these deposits are 290 
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often thin, stratified, texturally heterogeneous, and possess gradational contacts (Kurtz & Anderson, 291 

1979). Furthermore, the lack of microfossils in MDm could suggest that source sediments were likely 292 

deposited close to or further inland of the grounding line, away from open marine conditions 293 

favourable to biological activity (Anderson et al., 1984; Licht et al., 1999; Prothro et al., 2018). This 294 

would discount ice-rafting as the sole process responsible for coarse material in Unit I. Facies MDm 295 

displays characteristics (soft, massive, muddy diamict) similar to glacigenic debris flow deposits 296 

identified on other Antarctic continental margins, such as in the Bellingshausen and Weddell Seas 297 

(Kurtz & Anderson, 1979; King et al., 1998; Passchier et al., 2003; Hillenbrand et al., 2009a; Gales et 298 

al., 2018). Soft diamicts may develop primarily on the outer shelf in a number of depositional 299 

settings, such as deformed subglacial diamicts, grounding line-proximal diamicts, and iceberg-300 

turbated diamicts (Domack et al., 1990; Licht et al., 1999). Sediment cores from Deep Sea Drilling 301 

Project (DSDP) Sites 270, 271 and 272 extracted from the Glomar Challenger Trough reveal a ~19 m-302 

long microfossil-barren Pleistocene sub-unit of ‘sand-silt-clay with pebbles’, Unit 1B, which includes 303 

a significant fraction (<20%wt) of sand (Fig.1; Barrett, 1975). The textural characteristics of DSDP-304 

270-272 Unit IB are reflected in the bimodal muddy-sand matrix of diamicts in Hole U1525A Unit I, 305 

indicating that facies MDm sediments likely originated on the shelf and were reworked through 306 

mass-wasting downslope (Fig.4).  307 

4.2.  Facies MDs 308 

Similarly to MDm, facies MDs (D2) is interpreted to be the result of a debris flow event following the 309 

delivery of large volumes of sediment to the continental shelf edge. However, the unique 310 

characteristics of facies MDs (extremely stiff, low porosity, browner colour, slightly sandier matrix, 311 

increased clast size range and content) indicate that the associated mass flow possessed different 312 

rheological properties to those in facies MDm, and/or was subject to transformative processes after 313 

deposition on the slope. The browner colour of facies MDs could indicate a change in clay 314 

mineralogy or iron oxide minerals (e.g. hematite) as it does not coincide with changes in biogenic 315 
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content, has a high magnetic susceptibility and higher values of NGR (Wei et al., 2014). Clay minerals 316 

possess diverse properties affecting sediment dilatancy, cohesion, compaction and sediment yield 317 

stress, which is the minimum shear stress required to initiate flow (Hampton, 1975; Mulder et al., 318 

1997; Yu et al., 2013). This change in sediment colour may be an indicator of variable sediment 319 

source input (Andrews & Jennings, 1987). Sediment entrainment within the basal shear zone may be 320 

the cause of reduced clast size and content towards the lowermost ~15 cm of the facies (Lowe, 321 

1982; Laberg & Vorren, 2000). Thus, weak stratification probably occurred during the debris flow 322 

event as a result of surface substrate deformation and not from depositional and/or erosional 323 

processes on the continental shelf. 324 

4.3.  Facies Ms(A) 325 

We interpret Type A laminae in facies Ms(A) as low-density turbidity current deposits mobilised on 326 

the upper slope of the Hillary Canyon, following facies models of fine-grained turbidites (Lowe, 1982; 327 

Stow & Piper, 1984; Shanmugam, 1997). Turbidites with similar characteristics (barren, IRD-sparse, 328 

interlaminated mud containing normally-graded silt or very fine sand laminae with erosive bases; 329 

Fig. 9) have been documented at several locations around the Antarctic continental margin, 330 

indicating rapid deposition of sediments under energetic seabed conditions (Pudsey, 2000, 2002; 331 

Lucchi et al., 2002; Lucchi & Rebesco, 2007; Cowan et al., 2008; Caburlotto et al., 2010). Grain size 332 

spectra of Type A laminae (Fig. 8) show low concentrations of sand and characteristic modes in the 333 

medium-coarse silt fraction that are similar to deposits created by overbank spilling of turbidity 334 

currents identified on the Labrador Sea slope (Chough & Hesse, 1980; Wang & Hesse, 1996) and the 335 

Pacific margin of the Antarctic Peninsula (Lucchi et al., 2002). High frequency intervals of Type A 336 

laminae may therefore represent overbank deposits from turbidity currents that have spilt over the 337 

crest of the external Hillary Canyon levee during glacial periods (Fig. 13). Overbanking is a process 338 

that is likely restricted to the inner flank and crest of the external levee (Piper & Normark, 1983; 339 

Peakall et al., 2000). Therefore, given Site U1525’s location on the outer flank of the external canyon 340 
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levee, Type A laminae may be the settled remains of fine-grained sediment that have been flow-341 

stripped from turbidity currents mobilised on the inner levee flank (Peakall et al., 2000; Sinclair & 342 

Tomasso, 2002). 343 

Low-density turbidity currents may have deposited sediment rapidly enough to account for the lack 344 

of distinct IRD packages and bioturbation in Type A interlaminated intervals (Wang & Hesse, 1996; 345 

Lucchi et al., 2002; Lucchi et al., 2013). This may explain why gravel in Mode 1 of facies Ms(A) is rare 346 

and dispersed (Table 1). Furthermore, grounded ice terminating at the shelf break, as well as other 347 

small fringing ice shelves, are likely to have released comparatively ‘cleaner’ icebergs containing less 348 

entrained debris in comparison with inland outlet glaciers only exposed to ocean calving during 349 

interglacial periods (Smith et al., 2019). The four main episodes of high turbidity current activity 350 

recorded in Subunit IIA may therefore reflect the incidence of subglacial sediment release at the 351 

shelf break in this section of the eastern Ross Sea. Peaks in turbidite (Type A) frequency found prior 352 

to ~1.1 Ma are closer together and shorter in sequence, whereas the large peak after ~1.1 Ma 353 

suggests a much more prolonged period of turbidity current deposition (Figs. 2, 12). 354 

In facies Ms(A) Mode 2, the grey muddy diamicts (intervals D4-5, 9)/sandy muds with sharp upper 355 

contacts were likely deposited as glacimarine diamict resulting from increased glacial calving and 356 

retreat and subjected to winnowing. This is in line with interpretations of IRD-rich hemipelagic 357 

sediments from other Antarctic continental margins (Pudsey, 2000, 2002; Passchier et al., 2003; 358 

Lucchi & Rebesco, 2007; Caburlotto et al., 2010; Patterson et al., 2014).  359 

4.4.  Facies Mm 360 

Facies Mm is interpreted as interglacial sediment deposited through hemipelagic processes, 361 

including rainout of fine-grained terrigenous material suspended in the water column. The 362 

characteristics of facies Mm (greenish grey, lacking bioturbation and rare IRD) are not typical of 363 

interglacial sediments, which are usually identified as bioturbated, sandy muds that are browner in 364 
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colour and contain IRD (Wang & Hesse, 1996; Pudsey, 2002; Hillenbrand et al., 2009b; Passchier et 365 

al., 2011; Patterson et al., 2014;). Evidence of warmer oceanographic conditions or increased 366 

productivity in these interglacial sediments is not clearly reflected in microfossil content (i.e., no 367 

obvious change in % diatoms, foraminifera or calcareous nannofossils; Fig. 2). This suggests that, 368 

during interglacial periods, biological material was not preserved in the fossil record due to their 369 

composition; for example, algae such as Phaeocystis do not produce fossil remains (Goffart et al., 370 

2000), or it was removed prior to or following deposition through physical and/or chemical 371 

processes, e.g. test dissolution due to a shallow carbonate compensation depth (Fillon, 1975).  372 

Plumite mud beds with characteristics similar to facies Mm (structureless or some faint colour 373 

contrasts with no textural variation, sparse IRD and lacking bioturbation) are observed on the 374 

eastern Prydz Bay margin, East Antarctica, and the Antarctic Peninsula (Pudsey & Camerlenghi, 1998; 375 

Passchier et al., 2003; Lucchi & Rebesco, 2007). However, pure plumite facies may have a seaward 376 

limit of no more than tens of kilometres from the ice margin on the shelf and are attributed to 377 

meltwater plume release from glacial advance or retreat (Hesse et al., 1997; Lucchi et al., 2002).  378 

4.5.  Facies SDi 379 

Facies SDi (interval D6; Fig. 12) is unique in Hole U1525A and is here interpreted as possible evidence 380 

of glacial collapse, based on the presence of planktonic foraminifera and high amounts of sand and 381 

gravel (Figs. 2, 4). A diverse benthic assemblage was also found in this facies (McKay et al., 2019b). 382 

Foraminifera in Ross Sea sedimentary sequences are usually indicative of sea-ice free, open marine 383 

interglacial conditions, as planktonic species are relatively sparse in the continental shelf waters and 384 

increase in abundance seawards on the slope and rise (Majewski et al., 2018). The coarse grain size 385 

of facies SDi may be a joint result of rapid emplacement of IRD and increased bottom current 386 

velocity. Strongly interlaminated turbidite intervals (Mode 1 of Facies Ms(A), described in section 387 

3.3.1) are also missing in facies SDi, providing further evidence of the absence of proximal grounded 388 

ice (Fig. 2). The diatom-bearing muddy diamict/sandy mud intervals interbedded between each 389 
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foraminifera-bearing sandy deposit could suggest that glacial collapse occurred in a series of large-390 

scale calving events that were punctuated by brief periods of glacial re-advance.  391 

4.6.  Facies Ms(B) 392 

Silty Type B laminae found in Unit III and Subunit IIB are interpreted as deposits influenced by 393 

geostrophic current activity. The characteristics of Type B laminae (<2mm thickness, sharp upper and 394 

lower contacts, no grading; Fig. 9), along with the presence of dispersed clasts and gravelly IRD 395 

layers in the diatom-rich facies Ms(B), reflect previous descriptions of muddy glacial contourites 396 

(Piper & Brisco, 1975; Pudsey, 2000; Lucchi & Rebesco, 2007; Passchier et al., 2011). Grain size 397 

distributions for muds in facies Ms(B) display a dominant mode at ~7.8 µm (Figs. 4, 8), whereas Type 398 

B laminae are slightly coarser at ~10-11 µm. Together with the laminae characteristics (horizontal, 399 

wispy and fine-grained) and other sedimentary structures (i.e. thicker laminae ‘packages’), these 400 

lithological features suggest an alternating but relatively low to moderate current strength where 401 

deposition dominates over winnowing (Pudsey, 2000; Rebesco et al., 2014). Evidence of deposition 402 

under a lower-energy environment in facies Ms(B) is further supported by the presence of laminae 403 

draping over clasts and minor bioturbation (Fig. 8; Sup. Info), although sediments mostly lack 404 

bioturbation. Minimal bioturbation may explain why Type B laminated intervals in facies Ms(B) 405 

Mode 1 are relatively well-preserved, particularly in laminae ‘packages’. This is in agreement with 406 

laminated contourites found in sediment drifts off the Pacific margin of the Antarctic Peninsula, 407 

where Lucchi & Rebesco (2007) suggested that climatically influenced reductions in deep water 408 

oxygenation, and a longer seasonal duration of sea-ice cover into the summer months act to 409 

suppress primary productivity, explaining the lack of bioturbation. Type B laminations in Subunit IIB 410 

show larger peaks in frequency towards the base of the unit, reflecting a more prolonged period of 411 

bottom current activity before ~1.7Ma (Fig. 12). The on/off style of Type B lamination frequency 412 

potentially relates to changing bottom current intensity over time, with peaks in frequency 413 

representing periods of time where current speed increased (Stow et al., 2002; Lucchi & Rebesco, 414 
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2007). Gravel/IRD layers show an episodic input of IRD in Subunit IIB, suggesting pulse-like delivery 415 

of IRD to the site (Fig. 8). Bioturbated diamicts in Ms(B) Mode 2 (D7-8) are also consistent with IRD-416 

rainout and resemble intervals D4-5 (section 4.3). As the large quantity of IRD layers deviate from 417 

the ‘end-member’ description of glacial contourites, facies Ms(B) is probably a hybrid deposit 418 

resulting from sustained bottom current activity coupled with hemipelagic settlement of IRD and 419 

fine-grained sediments suspended in the water column. 420 

4.7.  Facies MDi 421 

Coarse sand and gravel in Facies MDi are interpreted as IRD deposited by a mixture of slow, 422 

sustained rainout from calved icebergs (sparse IRD) and large pulses of IRD delivery (IRD-rich layers) 423 

from increased melting and grounded ice retreat. This interpretation is in alignment with IRD 424 

deposits identified from Scoresby Sund, East Greenland, and the Antarctic Peninsula (Dowdeswell et 425 

al., 1994; Lucchi et al., 2002). Muddy intervals and weak laminae are also present in this facies, 426 

although in much thinner stratigraphic intervals, suggesting that similar along-slope processes 427 

responsible for facies Ms(B) also operated to deposit facies MDi. Bioturbated, inversely-graded 428 

diamicts interbedded with weakly-laminated mud in this facies (D10-12) suggests deposition in a 429 

hemipelagic environment with strong influence from IRD rainout. D10-D12 are therefore interpreted 430 

as possible gravel-lag deposits winnowed by periodic strengthening of bottom currents as described 431 

in Stow et al. (2002) and Rebesco et al. (2014).  432 

5. Discussion 433 

5.1. Along-slope influenced processes (Units II and III) 434 

Regional interpretations of seismic and seabed bathymetry data have shown large sediment drifts 435 

building on the Hillary Canyon external levees (Fig. 1c), with seabed morphology indicating that 436 

strong northwest-flowing bottom currents exist (De Santis et al., 1999; De Santis et al., 2015; Kim et 437 

al., 2018; McKay et al., 2019b; Conte et al., 2021). The presence of contourites is supported by 438 
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modern in-situ oceanographic observations from the western flank of the Hillary Canyon that shows 439 

down- and along-slope bottom currents with velocities of up to 15 cms-1 (Jacobs et al., 1970; 440 

Bergamasco et al., 2002; Orsi & Wiederwohl, 2009; Budillon et al., 2011). Given that bottom current-441 

influenced facies Ms(B) was likely deposited under low current speeds, Site U1525 may have been 442 

exposed to weak along-slope bottom current flow during the early Pleistocene, rather than to higher 443 

current velocities. This is consistent with modern oceanographic measurements suggesting that the 444 

greatest current velocities in the Hillary Canyon are currently focussed higher on the upper slope 445 

(Budillon et al., 2011). Variations in the along-slope current speed that are potentially responsible 446 

for the on/off style of Type B lamination could relate to changes in the strength and/or location of 447 

the along-slope current core (Rebesco et al., 2014), which is supported by evidence of variable 448 

along-slope current speeds and contourite deposition on the Iselin Bank since the late Miocene 449 

(Conte et al., 2021). Instability of along-slope currents likely resulted from movement of the ice front 450 

through glacial-interglacial cycles and/or shifting patterns of Westerly winds. Within muddy intervals 451 

such as facies Mm (Subunit IIA/B), which can extend up to 3.0 m thick in sequence, the absence of 452 

strong interlamination could imply prolonged periods of reduced geostrophic and gravity-driven 453 

bottom current activity during interglacial periods.  454 

At Site U1525, benthic activity may have been inhibited due to reduced ventilation of shelf waters, 455 

as sea ice reduced vertical mixing of deep ocean water masses such as Circumpolar Deep Water 456 

(CDW) (Patterson et al., 2014; Stein et al., 2020). Low concentrations of benthic foraminifera and 457 

other microfossils associated with strengthened ventilation and upwelling, or open-marine 458 

conditions, in facies Mm and Ms(B) supports this; however, it should be noted that the modern 459 

calcite compensation depth in the Ross Sea is shallow (≤430m), which inhibits the preservation of 460 

calcareous foraminifera (Kennett, 1968). The presence of microfossil-barren glacial contourite facies 461 

Ms(B) therefore may imply the influence of longer duration seasonal sea-ice into the summer 462 

months, and subsequent restricted ventilation of shelf water masses that feed oxygenated bottom 463 

water to Site U1525.  464 
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Suspended fine-grained material originating from other canyon systems to the southeast (e.g. 465 

Whales Deep & Little America Basins, Fig. 1a-b) may have been laterally advected to the site via 466 

weak along-slope currents and Coriolis forcing, potentially delivering sediment from several sources 467 

on the shelf. For example, meltwater plumes entrained in currents may travel up to ~130km away 468 

from their source (Hesse et al., 1997). Furthermore, nepheloid layers are common on the Ross Sea 469 

margin and have been observed at water depths exceeding 1500 m below sea level around the 470 

Hillary Canyon (Jacobs et al., 1970; Budillon et al., 2006; Capello et al., 2009). Settlement from re-471 

suspended fine-grained glacimarine sediment discharge at the grounding line therefore likely 472 

supplied much of the fine-grained sediment at Site U1525 in Units II-III. These processes may have 473 

also remained relevant into the late Pleistocene, however sediments in Unit I are anticipated to have 474 

undergone significant reworking. The early Pleistocene (~2.4 Ma to ~1.4 Ma; Subunit IIB/ Unit III) 475 

depositional environment at Site U1525 is therefore envisaged to be a greater function of reworking 476 

by the along-slope bottom current component, rather than gravity-driven bottom currents or mass 477 

wasting. However, the original sediment supply to these water depths prior to bottom current 478 

reworking may have been driven by downslope processes. 479 

5.2.  Down-slope influenced processes (Unit II) 480 

Turbidity currents deposits found in Mode 1 of facies Ms(A) were probably initiated by sediment 481 

loading on the upper slope from the release of subglacial debris, as well as sediment-laden subglacial 482 

meltwater, from the base of margin-proximal and retreating grounded ice on the shelf (e.g. Ó 483 

Cofaigh et al., 2003; Noormets et al., 2009). Evidence for extensive turbidity current activity exists in 484 

deeply-incised gully systems along the shelf edge at the Hillary Canyon head, which were likely 485 

formed over multiple glacial cycles by erosive turbidity currents (Gales et al., 2021). Considering the 486 

location of Site U1525 on the canyon flank (Fig. 1), the absence of high-energy sedimentary features 487 

e.g. cross-stratification or rip-up clasts in facies Ms(A), could suggest that the main body of turbidity 488 

currents were centred in the Hillary Canyon. This hypothesis is supported by seismic interpretations 489 
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of contourite drifts from the western flank of the Hillary Canyon suggesting that the formation of the 490 

canyon levees occurred prior to the Pleistocene (McKay et al., 2019b; Conte et al., 2021).  491 

After ~1.4Ma (Subunit IIA and above) where facies Ms(A) is most common, the preservation of 492 

turbidites suggest that bottom current reworking ceased or significantly decreased. Flow-stripping 493 

could also explain why Type A laminae are less abundant in Subunit IIB, as fine-grained sediment 494 

suspended via flow-stripping could have been winnowed away from the site as a combined result of 495 

stronger geostrophic current activity enhanced by Coriolis forcing (Wang & Hesse, 1996). This may 496 

exclude a secondary hypothesis for Type B interlamination as a product of gravity-driven and along-497 

slope processes acting contemporaneously, as is observed on many polar continental margins 498 

(Kuvaas & Leitchenkov 1992; Michels et al., 2001; Rebesco et al., 2007; Mulder et al., 2008). The 499 

waxing-waning style of Type B laminae peaks are similar to Type A, which could suggest they are the 500 

remains of turbidity currents winnowed by stronger along-slope bottom currents (Andersen et al., 501 

1996; Escutia et al., 2000, 2003). Whilst we anticipate that a complex interplay of processes 502 

contributed towards sedimentation in most, if not all facies in Hole U1525A, our interpretation of 503 

Type A laminae as deposits from turbidity currents initiated when ice was more proximal to the shelf 504 

break contradicts this hypothesis.  505 

Turbidity currents initiated as a result of margin-proximal ice depositing sediment at the shelf break 506 

do not explain the presence of weak, less frequent (<10 laminae/10cm) and discontinuous Type A 507 

laminae in the 2.4 to 1.4 Ma (Subunit IIB) interval of Hole U1525A, which occur after peaks in Type B 508 

laminations (Fig. 12). Site U1525 was likely located north of the Ross Sea TMF during the early 509 

Pleistocene, until the TMF prograded over the core site (see section 5.4). Hence, some turbidites 510 

may also represent the distal portion of debris flows operating on the TMF as flow transformation 511 

occurs via the progressive entrainment of water into the debris flow body over distance (Fisher, 512 

1983; Stow, 1985; Stow & Smillie, 2020). The lack of turbidite interlamination (facies Ms(A) Mode 1; 513 

Table 1), and lack of debris flow deposits in Subunit IIB suggest that episodes of grounded ice 514 



22 
 

advance to the shelf break, if they occurred, were either significantly reduced in a) frequency and/or 515 

b) duration of fully-extended conditions (Fig. 12). Periodic WAIS advances are documented in AND-516 

1B across all of the Plio-Pleistocene (Naish et al., 2009), although these data from Hole U1525A 517 

suggest that very few of these advances likely reached the shelf break. When the WAIS was not 518 

under full glacial conditions, turbidity currents may also have been triggered by other mechanisms, 519 

such as cascading dense shelf water or slope failure relating to isostatic rebound processes; 520 

however, the relationship between sediment gravity flows and cascades is not well defined (Figs. 2, 521 

11) (Bart et al., 1999; Canals et al., 2006). Gravity-driven overflows of dense shelf water cascade over 522 

the shelf break in highly localised regions such as the Hillary Canyon, as well as passively in smaller 523 

submarine canyons along the eastern Ross Sea margin (Amblas & Dowdeswell, 2018; Bergamasco et 524 

al., 2002; Jacobs, 1991; Jacobs & Haines, 1982). High amounts of cascading dense shelf water, 525 

turbidity currents, and hyperpycnal flows at the mouths of other canyon systems along the margin 526 

(including the Hillary Canyon) could contribute towards the resuspension of fine sediments and 527 

maintenance of a nepheloid layer (Escutia et al., 2000, 2005; De Santis et al., 2003; Donda et al., 528 

2003). Persistent, intense periods of dense shelf water cascading could mobilise low-density 529 

sediment gravity flows on the Hillary Canyon slope, if sediment were able to accumulate on the 530 

slope over extended periods of time (Gales et al., 2021). However, the modern oceanographic 531 

setting shows that the Coriolis force drives dense shelf water to cascade further towards the 532 

western area of the Hillary Canyon (Budillon et al., 2011; Morrison et al., 2020; Gales et al., 2021). 533 

Assuming this was also the case during the early-mid Pleistocene, and that slope/shelf break 534 

palaeobathymetry did not impede along-slope current activity in the Hillary Canyon, turbidity 535 

currents resulting from cascading may therefore not have occurred close enough to the core site to 536 

influence sedimentation to a significant degree at Site U1525. Consequently, a sedimentary 537 

sequence covering the same time interval drilled on the opposite canyon flank is anticipated to differ 538 

from the sequence recorded at Site U1525, possibly to a great extent.  539 
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The increased frequency of Type A interlamination after ~1 Ma is likely due to a prolonged grounded 540 

ice presence at the margin during the Mid-Pleistocene Transition (MPT; ~1 Ma), interpreted as a 541 

time when most ice sheets, including the WAIS, increased in size, covering longer, asymmetrical 100 542 

kyr glacial/interglacial cycles rather than the obliquity-forced, symmetrical 41 kyr cycles seen 543 

previously (Tziperman & Gildor, 2003; Lisiecki & Raymo, 2005; Naish et al., 2009; Pollard & DeConto, 544 

2009). 545 

5.3.  Ice Rafted Debris (Units II and III) 546 

Icebergs calving into the eastern Ross Sea are typically deflected westwards with wind and surface 547 

water current direction (Keys & Fowler, 1989), supplying IRD from multiple locations along the ice 548 

front in the Ross Sea and also potentially from further to the east. The gravel-rich intervals D4-12 549 

found in Mode 2 of facies Ms(A)/Ms(B) and facies MDi that are interpreted as periods of sustained 550 

IRD deposition during deglacial periods therefore likely contain IRD from several bedrock source 551 

regions. IRD-sparse interglacial facies Mm may highlight changing iceberg pathways, possibly relating 552 

to reduced transport from further east by the ASC or polynyas near the shelf break acting to divert 553 

icebergs away from the core site during interglacials. However, current and iceberg drift patterns 554 

would mostly be regulated by palaeobathymetry and the ASC. Alternatively, it could indicate relative 555 

stability of the ice sheet margin during these periods if the transference of heat and fresh water 556 

through water mass exchange across the shelf break was also stable (Lucchi et al., 2002; Budillon et 557 

al., 2011). 558 

5.4.  Glacially-induced debris flows (Unit I) 559 

The three main diamict intervals identified in Unit I (D1-3; facies MDm and MDs) may reflect the 560 

frequency occurrence of debris flows at the site, however more work is needed to constrain this 561 

further (Fig. 12). Due to the location of Site U1525 on the upper slope, debris flows of sufficient size 562 

and erosional capacity likely entrained the uppermost layer of sediment, bypassing and 563 

redistributing deglacial and interglacial sediments towards the outer margins of the fan and the 564 
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continental rise (Laberg & Vorren, 2000). This accounts for the lack of contouritic deposits, 565 

turbidites, or hemipelagic deposits usually associated with sedimentation on TMFs between full 566 

glacial periods (Vorren & Laberg, 1997). The shift to glacigenic debris flow-dominated sedimentation 567 

is a probable result of continued TMF progradation across the gently-sloping flank of the Hillary 568 

Canyon external levee, in response to the increased delivery of subglacial material to the shelf break 569 

and aided by gravitational settling from subglacial meltwater plumes (Fig. 13). Delivery and melt-out 570 

of subglacial debris by ice sheet advance to the shelf edge, alongside sediment-laden subglacial 571 

meltwater release likely contributed towards the continued progradation of the TMF (Tripsanas & 572 

Piper, 2008; Lucchi et al., 2013). 573 

Diamicts across the Ross Sea continental shelf show consistency in matrix grain size despite variable 574 

bedrock sources (Perotti et al., 2017; Halberstadt et al., 2018), therefore increased influence of ice-575 

rafting could explain why more sand is present in the sediment matrix of facies MDs without an 576 

associated reduction in clay. Before remobilisation, diamict temporarily stored on the upper slope as 577 

a glacial wedge by grounded ice at the margin may have had a longer residence time prior to slope 578 

failure (Laberg & Vorren, 1995), and was subsequently subjected to a greater influence of 579 

glacimarine or ice-rafted deposition. It is therefore also conceivable that facies MDs is the result of 580 

changing grounded ice-stream dynamics delivering sediments from differing upstream bedrock 581 

sources. Ice flow switching occurred in the Ross Sea in response to variations in East and West 582 

Antarctic Ice Sheet dynamics, and drainage changes on other WAIS-controlled continental shelves 583 

have occurred during the late Quaternary (Mosola & Anderson, 2006; Hillenbrand et al., 2009b; 584 

Greenwood et al., 2012). Terminal moraines on the Eastern Ross Sea shelf have also shown a pre-585 

LGM grounding event that displays a major shift in WAIS ice stream direction from west to north 586 

(Bart, 2004; Böhm et al., 2009). Further investigation of clast and clay mineral provenance could 587 

provide useful insight into the origin of facies MDs.  588 

5.5.  Further considerations: results from other Antarctic marine drill cores  589 

5.5.1. Early Pleistocene (Marine Isotope Stage 31, ~1.1 Ma) 590 
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The variety of species within the benthic assemblage in facies SDi points towards changing bottom 591 

water conditions, with winnowing of smaller planktonic tests (<250µm) implying strengthened 592 

bottom current speeds possibly related to intensified wind-driven along-slope flow of the ASC 593 

(McKay et al., 2019b). This enhanced ASC flow may have allowed more intrusions of relatively warm, 594 

nutrient-rich CDW further onto the Ross Sea continental shelf through Ekman pumping, reducing sea 595 

ice production due to heat supply, enhancing basal melt in the ice shelf cavity and providing more 596 

favourable biological conditions (Anderson et al., 1984; Morrison et al., 2020). Diatomite in AND-1B 597 

and a carbonate-rich unit from Cape Roberts Project drill core CRP-1, both dated to Marine Isotope 598 

Stage 31 (MIS 31) age (1.1 Ma), reflect warmer-than present, sea-ice free oceanographic conditions 599 

and increased carbonate preservation in the western Ross Sea (Scherer et al., 2008; Naish et al., 600 

2009; McKay et al., 2012; Villa et al., 2012; Teitler et al., 2015). Similar carbonate-rich beds have 601 

been identified at IODP Sites U1359 and U1361 from the Wilkes Land margin (Escutia at al., 2011; 602 

McKay et al., 2011; Beltran et al., 2020), and from ODP Sites 1165-1167 in Prydz Bay (Villa et al., 603 

2008). This suggests that the drivers for the depositional anomaly of facies SDi in Hole U1525A occur 604 

in adjacent sectors of the Antarctic margin and are not a result of a localised process. Modelling 605 

studies informed by Ross Sea shelf drill core interpretations have shown an almost complete 606 

collapse of the WAIS occurred during MIS 31 and earlier Pleistocene interglacials, which would have 607 

translated into high calving rates and the subsequent release of large amounts of IRD into the Ross 608 

Sea (DeConto et al., 2012). 609 

5.5.2. The Mid-Pleistocene Transition and the following period (<1Ma) 610 

Our interpretation of increased turbidity current deposition at Site U1525 relating to enhanced ice 611 

cover on the continental shelf after ~1 Ma is supported by AND-1B facies that suggest MIS 31 was 612 

the last clear evidence of WAIS retreat and open water conditions at AND-1B.  After ~1 Ma, the AND-613 

1B core is dominated by subglacial diamictites during glacial maxima, and thin mudstone units 614 

during interglacials (McKay et al., 2009; 2012). This was interpreted as a baseline shift in climate 615 
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state across the MPT whereby ocean temperatures cooled enough to allow large ice shelves to 616 

persist through interglacial periods (McKay et al., 2012), which in turn promoted ice sheet stability 617 

through the buttressing effect provided by ice shelves (Weertman, 1974). Subglacial deformation 618 

features in the diamictites from AND-1B indicate grounded ice sheets expanded into the Ross Sea 619 

during the glacial maxima of the past 0.8 Ma. It should also be noted that no turbidite beds are 620 

found in the C1n.1n subchron (Jaramillo) in Hole U1525A (Fig. 2), which coincides with the last well-621 

constrained evidence of WAIS collapse at AND-1B (Naish et al., 2009). 622 

6. Conclusions 623 

We identified seven facies using grain size and facies analysis of sediment cores collected from Hole 624 

U1525A in the eastern Ross Sea. These facies correspond to differing depositional mechanisms 625 

affected by oceanographic conditions and grounded WAIS dynamics on the continental shelf (Table 626 

1) (McKay et al., 2019b). They also provide insight into the relative contributions of processes 627 

occurring in the Hillary Canyon and the Ross Sea TMF to the depositional environment on this sector 628 

of the slope. The Pleistocene (<~2.4Ma) sedimentary sequence at Site U1525 can therefore be 629 

divided into three key intervals: 630 

• Early Pleistocene (~2.4 Ma to ~1.4Ma) Units III and Subunit IIB: IRD-and diatom-rich, slightly 631 

bioturbated facies with fine-scale ‘Type B’ interlamination, which are interpreted as 632 

contourites formed by along-slope bottom current winnowing, suggesting a higher influence 633 

of bottom currents at Site U1525 during the early Pleistocene relative to later time intervals. 634 

Lateral advection of fine-grained sediments by along-slope bottom currents and Coriolis 635 

forcing likely delivered sediments from other canyon systems further to the East of the site. 636 

Interglacial sediments are characteristically lacking in bioturbation and microfossils. 637 

• Early-mid Pleistocene (~1.4 Ma to ~0.8 Ma) Subunit IIA: ‘Type A’ laminations are interpreted 638 

as flow-stripped turbidity current deposits focussed in the Hillary Canyon. Strongly 639 

interlaminated turbidite intervals are suggested to form as high amounts of subglacial debris 640 

and sediment-laden subglacial meltwater released from a proximal grounding line are 641 



27 
 

deposited and contribute towards slope instability. Other processes, such as cascading 642 

dense shelf water or isostatic rebound, may have initiated turbidity currents outside of 643 

glacial periods. A distinct sandy interval containing large amounts of ice-rafted material and 644 

foraminifera-rich layers indicates open marine conditions around ~1.18Ma, a depositional 645 

anomaly that is also noted in mid-Pleistocene interglacials of Wilkes Land and Prydz Bay 646 

regions (Villa et al., 2008; Escutia et al., 2011; Beltran et al., 2020). This could reflect a period 647 

of enhanced ASC flow towards the continental shelf, which led to strengthened inflow of 648 

CDW and periodic glacial collapse during the mid-Pleistocene (1.18-1.0 Ma). The largest 649 

interval of turbidite lamination occurs after ~1Ma, consistent with more prolonged/frequent 650 

grounded ice presence at the shelf break leading into the MPT.  651 

• Mid-late Pleistocene (<0.8Ma) Unit I: Onset of glacigenic debris flow sedimentation on this 652 

sector of the upper slope, developing from large volumes of subglacial diamict and IRD 653 

delivered to the margin. A slightly sandier and more clast-rich stiff diamict facies potentially 654 

reflects variable clay mineralogy and a longer residence time on the upper slope before 655 

remobilisation. Debris flows possessed sufficient erosional capacity to remove the previous 656 

interglacial sequence.  Colder conditions and frequent fully-extended glacial conditions 657 

allowed the continued progradation of the TMF across the core site.  658 

Our conceptual model derived from a semi-continuous continental slope record in the eastern Ross 659 

Sea identifies increasing frequency of glacial advances to the shelf edge as a result of increased 660 

Antarctic cooling over the Pleistocene, particularly after the MPT. We also identify that during 661 

periods of reduced ice sheet extent of the early- to mid-Pleistocene, the depositional setting is 662 

characterised by contouritic currents that we hypothesise represent a stronger ASC and enhanced 663 

upwelling of warm sub-surface CDW onto the continental shelf. This led to increased frequency and 664 

extent of ice sheet retreat at that time.  The results presented here form a strong basis for future 665 

work, where testing of these hypotheses based on the physical properties of the sediment can be 666 

conducted by geochemical and palaeontological proxies at Site U1525 and other IODP Expedition 667 
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374 sites (U1523 and U1524). Such an approach will allow us to identify how shifts in current speed 668 

and sediment delivery to the continental shelf break more directly relates to shifting surface and 669 

deep water mass properties through the Plio-Pleistocene. These data will help provide fundamental 670 

new insights into how oceanic processes near Antarctica’s continental shelf edge have contributed 671 

to the triggering of past marine-based ice sheet retreat. This work also provides valuable context for 672 

regional seismic interpretations and in-depth studies of the Ross Sea TMF formation. 673 
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Figures  1104 

Figure 1: Bathymetric maps of the Ross Sea, Antarctica. Map A shows the locations of Expedition 374 drill 1105 

sites (red circles), current ice front location (black dashed line), palaeo-grounding line during the last 1106 

glacial maximum (LGM; red dashed line) and palaeo-ice flow direction (black arrows) (adapted from 1107 
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Halberstadt et al., 2016 and Lee et al., 2017). GCT = Glomar Challenger Trough; HC = Hillary Canyon; IB = 1108 

Iselin Bank; PB = Pennell Bank; PT = Pennell Trough; RB = Ross Bank; RSF = Ross Sea Fan. White circles 1109 

270-272 represent sediment cores DSDP-270-272 from Deep Sea Drilling Program Leg 28 (Hayes et al., 1110 

1973). Yellow star is Antarctic Drilling Project (ANDRILL) sediment core AND-1B (Naish et al., 2009). Inset 1111 

map shows location of Site U1525 in relation to Antarctica: EAIS = East Antarctic Ice Sheet and WAIS = 1112 

West Antarctic Ice Sheet. The location of Map B is shown in the black box. Map B shows a more detailed 1113 

view of Site U1525 as outlined in the dashed box in Map A where ASC = Antarctic Slope Current; DSW = 1114 

Dense Shelf Water and MCDW = Modified Circumpolar Deep Water (Budillon et al., 2011; Orsi & 1115 

Wiederwohl, 2009). Bathymetric data is sourced from the International Bathymetric Chart of the 1116 

Southern Ocean spaced at A) 500m and B) 100m intervals (IBCSO; Arndt et al., 2013). Multichannel 1117 

seismic line IT94AR-127 is shown in C (Finetti et al., unpubl. Data; available from the Antarctic Seismic 1118 

Data Library System). Collected using 2x20 air gun (71.96 L) and 1500m streamer at a 50m shot interval. 1119 

Adapted from McKay et al., 2019b. Highlighted green unit shows TMF facies above RSU2. Yellow unit 1120 

shows location of acoustic basement. SP = Shot Point; CDP = Common Depth Point; TWT = Two-way 1121 

travel time. Box Ci shows a zoomed-in, depth converted profile of line IT94AR-127 from where Hole 1122 

U1525A was extracted. Box Cii shows the same profile with black lines and arrows showing our 1123 

interpretation. The location of Hole U1525A and its principal lithostratigraphic units are also shown. Unit I 1124 

is highlighted in red to show the boundary between the Ross Sea Fan deposits and the external levee 1125 

mound deposits below (Units II and III). The section filled with a cross below Unit I represents an interval 1126 

of no core recovery. 1127 
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Figure 2. Detailed lithostratigraphic interpretation of Hole U1525A (0-121.05 mbsf CSF-A), modified 1129 

from McKay et al., 2019b. Purple line is gravel %wt of whole sediment sample. Sand/silt/clay is %wt 1130 

<1mm fraction. Frequency of Type A and Type B laminae are shown in black and red respectively. 1131 

Physical properties data includes: section half multi-sensor core logger (SHMSL; red circles) and 1132 

whole round multi-sensor core logger (WRMSL) magnetic susceptibility (grey circles), black trend line 1133 

= WRMSL 50-point running mean; GRA (light blue circles) and discrete wet bulk density (grey-filled 1134 

diamonds), blue trend line = GRA 50-point running mean; green trend line = NGR 10-point running 1135 

mean from McKay et al., 2019b. Core recovery, polarity, age tie-points, sedimentary features, 1136 

diatom abundance and bioturbation intensity also from McKay et al., 2019b. See McKay et al., 2019b 1137 

for full magnetostratigraphy. Light grey bars highlight intervals of lamination to aid comparison. 1138 

Figure 3: Expanded view of facies in Subunit IIB/ Unit III.  1139 
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Figure 4: Matrix grain size distributions for facies identified in U1525A: Massive Muddy Diamict, 1141 

MDm; Stratified Muddy Diamict, MDs; Mud with Type A Silt Laminae and Dispersed Clasts, Ms(A); 1142 

Massive Mud, Mm; Interbedded Diatom-bearing Muddy Diamict/Sandy Mud and Foraminifera-rich, 1143 

Clast-rich Sandy Diamict, SDi; Mud with Type B Silt and Gravel Laminae and Dispersed Clasts, Ms(B); 1144 

and Interbedded Mud and Muddy Diamict, MDi. Distributions for laminated facies Ms(A) and Ms(B) 1145 

do not include samples taken from laminae, only the matrix distribution. See supplementary 1146 

information for more description on Modes 1&2 for facies Ms(A) and Ms(B).   1147 

Figure 5: Core images displaying facies in Unit I from: A) 3.01-3.22 mbsf; B) 22.19-22.4 mbsf and; C) 1148 

17.26-17.47 mbsf. Massive Muddy Diamict, MDm (A,B), displays varying amounts of clast content as 1149 

demonstrated in A and B. C displays facies MDs. 1150 
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Figure 6: Core images displaying facies in Subunit IIA from: A) 83.81-84.19 mbsf; B) 85.5-85.88 mbsf; 1151 

C) 76.11-76.49 mbsf; D) 92.12-92.5 mbsf. Mode 1 and 2 of facies Ms(A) are shown in A) strongly 1152 

Type A-interlaminated mud with silt laminae, and B) weakly Type A-laminated mud interbedded with 1153 

cm-scale sandy muds or diamicts (see Table 1 for in-depth facies description). Images C and D show 1154 

facies Mm and SDi, respectively.  1155 
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Figure 7: Core images displaying facies in Subunit IIB from: A) 108.6-108.84 mbsf; B) 105.4-105.64 1156 

mbsf; C) 102.32-102.55 mbsf; and D) 101.19-101.44 mbsf. Images A and B show facies Mm and 1157 

Ms(A), respectively. Mode 1 and 2 of facies Ms(B) are shown in C) strongly Type B-interlaminated 1158 

mud with silt laminae, and D) weakly Type B-laminated diatom-rich mud with dispersed clasts, gravel 1159 

layers and cm-scale diamicts (see Table 1 for in-depth facies description).  1160 
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Figure 8: Characteristics of laminated intervals in Unit II including interpreted illustration of 1162 

sedimentary features and texture from Mud with Type A Silt Laminae and Dispersed Clasts facies, 1163 

Ms(A) (83.96-84.29 mbsf) and Laminated Mud with Type B Silt Laminae and Gravel Layers facies, 1164 

Ms(B) (102.02m-102.26 mbsf). Grain size spectra for laminae (grey) and mud (orange) include all 1165 

samples taken from facies Ms(A) and facies Ms(B).  1166 

Figure 9: Closeup images of the two styles of lamination found in U1525A where A = ‘Type A’ 1167 

laminations (61.56-61.585 mbsf) and B = ‘Type B’ laminations (102.415-102.45 mbsf). 1168 
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Figure 10: Core images displaying facies MDi in Unit III from A) 118.54-118.64 mbsf and B) 119.96-1170 

120.28 mbsf. 1171 
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Figure 11: Characteristics of sediments in Unit III including interpreted illustration of sedimentary 1172 

features and texture from Interbedded Mud and Muddy Diamict, facies MDi (118.51-118.80 mbsf) 1173 

and grain size distribution spectra for diamicts (green) and mud (orange) from all samples in facies 1174 

MDi. 1175 
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Figure 12: Graph showing expanded view of laminae frequency against occurrence of diamict 1176 

intervals in Hole U1525A (D1-12). Type A laminae are represented by black bars. Type B laminae are 1177 

red. NR = intervals of missing sediment recovery. Thin black dashed line in main diamict interval 1178 

column reflects uncertainty over size of diamict interval due to non-recovery of sediment. Red 1179 

dashed lines show locations of chronostratigraphic unconformities interpreted in McKay et al., 1180 

2019b (U1 and U2). Age tie-points as in figure 2. 1181 
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Figure 13: Conceptual diagrams showing differences between glacial period scenarios for: A) early 1183 

Pleistocene; B) early-mid Pleistocene; and C) mid-late Pleistocene. Red circle represents IODP Site 1184 

U1525. Red arrows show relative strength of bottom currents. Light blue arrows show release of 1185 

sediment-laden subglacial meltwater. ASC = Antarctic Slope Current; GCT = Glomar Challenger 1186 

Trough; HC = Hillary Canyon; TMF = Trough-mouth Fan; WD & LA = Whales Deep and Little America 1187 

Basins.  1188 

Tables  1189 

Table 1: Sedimentary facies observed in the top 121.05 m of Hole U1525A, based on grain size 1190 

characteristics, visual core description and physical properties. Lithostratigraphic units used follow 1191 

McKay et al., 2019. For full lithological descriptions, see Supplementary Information.  1192 

 

Lithostratigraphic 

Unit (McKay et 

al., 2019b) 

 

 

Facies 

Abbreviation 

 
 
Facies Name 
 

 
 
Lithological Description 

 
 
Facies Interpretation 

I MDm Massive muddy 
diamict 

Grey, massive, diatom-bearing 
diamict with occasional large 
dropstones and some slight 
bioturbation in the uppermost 10m. 
Matrix very poorly sorted fine sandy 
muds. 

Debris flow deposition of 
subglacial or grounding-line 
proximal diamict from shelf. 
Deposited during margin-
proximal glacials. 

I MDs Stratified muddy 
diamict 

Very stiff, dark brown to light 
yellowish brown, diatom-bearing, 
weakly-stratified diamict with very 
large cm-scale clasts and sharp 
upper (+lower?) contacts. Matrix 
very poorly sorted fine sandy muds. 

Debris flow deposition of 
subglacial or grounding-line 
proximal diamict from shelf. 
Deposited during margin-
proximal glacial. IRD influence? 

IIA Ms(A) 

 

Mud with Type A 
silt laminae and 
dispersed clasts 

Mode 1: Greenish-grey, strongly 
Type A-laminated diatom-bearing 
mud.  

Frequent low-density turbidity 
current deposition. 
Deposited during margin-
proximal glacials/deglaciations 

Mode 2: Greenish-grey, weak to 
rare Type A laminated mud with 
rare dispersed clasts and grey cm-
scale muddy diamicts with sharp 
upper contacts. Fine to medium silt 
matrix interbedded on cm to dm-
scale with intervals of coarser 
silt/very fine sandy mud. Rare 
bioturbation. 

Infrequent low-density turbidity 
current deposition. 
Hemipelagic suspension 
settling: fine-grained material + 
IRD rainout. 
Deglacial/Interglacial. 
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IIA/IIB Mm Massive mud Greenish-grey, massive fine to 
medium silty muds with rare 
dispersed mm-scale clasts and rare 
bioturbation. 

Hemipelagic suspension 
settling: fine-grained material + 
occasional IRD rainout. Sea ice? 
Interglacial. 

IIA SDi Interbedded 
diatom-bearing 
muddy 
diamict/sandy 
mud and 
foraminifera-rich 
clast-rich sandy 
diamict 

Light yellowish-brown foraminifera-
rich muddy fine to medium sands to 
sandy mud with gradational 
contacts, interbedded on the dm-
scale with faintly Type A laminated 
sandy-mud or muddy diamict. 

Intense IRD + pelagic rainout of 
foraminifera (+bottom current 
winnowing of fine-grained 
material). 
Infrequent low-density turbidity 
current deposition. 
Interglacial (/full glacial 
collapse). 

IIB Ms(B) Mud with Type B 
silt and gravel 
laminae and 
dispersed clasts 

Mode 1: Greenish-grey, strongly 
Type B-laminated diatom-rich mud 
with dispersed clasts, and gravel 
layers. Infrequent slight to heavy 
bioturbation. 

Bottom current winnowing 
Hemipelagic suspension 
settling: fine-grained material + 
IRD rainout 
Sea ice? 
Deglacial/Interglacial 

Mode 2: Greenish-grey, 
faintly/weakly Type B-laminated 
diatom-rich mud with dispersed 
clasts, gravel layers and cm-scale 
diamicts. Common slight to heavy 
bioturbation. 

Weak bottom current 
winnowing 
Hemipelagic suspension 
settling: fine-grained material +  
Sea ice? 
IRD rainout 
Distal Glaciation/Deglacial 

III MDi Interbedded mud 
and muddy 
diamict 

Greenish-grey cm-scale, diatom-rich 
diamict interbedded on cm to dm-
scale with faintly Type B-laminated 
diatom-rich mud. Heavily 
bioturbated in places, and contains 
dispersed clasts/gravel layers. 

Hemipelagic suspension 
settling: fine-grained material + 
intense IRD rainout 
Weak bottom current 
winnowing 
Distal Glaciation/Deglacial 
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