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ABSTRACT

Based on the integrated analyses of seismic and borehole data from the Antarctic continental 
shelf and rise in the offshore area of Wilkes Subglacial Basin, we recognize two major turning 
points in the evolution of the East Antarctic Ice Sheet: in the early Miocene and early Pliocene, 
defined by the establishment and deactivation of a noticeable channel-levee system on the 
continental rise. Our observation supports the earlier hypothesis that ice volume increased 
nonlinearly with climate during the Miocene Climatic Optimum (17-14.8 Ma), the warmest period 
of the Neogene, as a result of high snowfall under humid climatic conditions with high moisture 
supply onto a more terrestrial landmass prior to extensive erosion and overdeepening of 
Antarctica’s continental shelves. The deactivation of the channel-levee system, evidenced by the 
progressive filling of the channels on the rise and the deposition of steeply dipping foreset beds at 
the shelf margin, occurred at about 3.3 Ma, at the end of the early Pliocene warm period, and 
represents the transition to the present polar regime. The late Miocene and the early Pliocene are 
also characterized by a particular high-amplitude seismic facies that is the signature of alternating 
terrigenous and diatom-rich layers representing glacial and interglacial periods. This facies 
characterizes the upper part of the channel system and may represent a new significant 
environmental and stratigraphic marker, particularly for the early Pliocene warm period elsewhere 
along the Antarctic continental margin.
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1.  Introduction

Coupled atmosphere-ocean general circulation models (GCMs) are often used to predict the 
scenario of future global warming (e.g., Siegert and Golledge, 2022). However, the conclusions of 
the models are highly dependent on the assessment of climate drivers and boundary conditions, one 
of which is the volume and thermal regime of the Antarctic Ice Sheet (AIS) (e.g. Pollard et al., 
2015; Colleoni et al., 2018; Albrecht et al., 2020). Considering the difficulties in parameterizing all 
variables, the robustness of the numerical models largely depends on benchmarks based on past AIS 
configurations.

The Neogene represents the transition of the Earth's climate from the “coolhouse" to the 
current “icehouse" state (Westerhold et al., 2020). This period includes several critical steps in AIS 
history (Levy et al., 2022; Colleoni et al., 2022 for a comprehensive overview), such as the Miocene 
Climatic Optimum (MCO), the Middle Miocene Climatic Transition (MMCT), the Late Miocene 
Cooling (LMC) and the Pliocene Warm Period (PWP). The warmer periods (MCO and PWP) of the 
Neogene, in particular, are attracting great attention as possible analogies for future global warming.
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The MCO (ca. 17-14.8 Ma) was the warmest period of the last 35 Ma, with average Bottom 
Water Temperatures (BWT) of 3°-9°C higher than today (Steinthorsdottir et al., 2021; Modestou et 
al., 2020; Billups and Schrag, 2003; Lear et al., 2015) and atmospheric CO2 concentrations between 
400 and 600 ppm (Cui et al., 2020; Sosdian et al., 2018; Zhang et al., 2013). After the MCO, during 
the MMCT (ca. 14.8-13.8 Ma), there was a rapid deterioration of the global climate (Zachos et al., 
2001; Shevenell et al., 2004), with BWT dropping by up to 4°C (Lear et al., 2015; Shevenell et al., 
2008; Cramer et al., 2011) and CO2 levels falling below 300 ppm (Badger et al., 2013; Holborun et 
al., 2013). For these aspects, the MMCT has been considered an ecological tipping point (Levy et 
al., 2022), with significant growth of the AIS (Flower and Kennett, 1994; Westerhold et al., 2020; 
Pierce et al., 2017), the possible establishment of an ice sheet in the Northern Hemisphere and a 
reorganisation of polar fronts (Kuhnert et al., 2009; Verducci et al., 2009; Holbourn et al., 2013; 
Wen et al., 2023). Another more moderate cooling, the LMC, characterized the late Miocene, with a 
decrease in BWT of about 2°C in the Southern Ocean and an increase in temperature gradients in 
the South Pacific (Herbert et al., 2016; Zhang et al., 2013; Cramer et al., 2011). 

The MCO was followed by a subsequent climatic warming of lower magnitude (the PWP) in 
the early Pliocene. The PWP is the best-studied period of the Neogene, as it was the last time in 
Earth’s history when atmospheric CO2 concentrations (ca. 400 ppm) were similar to today and 
global mean sea surface temperatures were 2°-3°C warmer than today (Haywood and Valdes, 2004; 
Lunt et al, 2010; Martínez-Botí et al, 2015; Raymo et al, 1996). The cooling after the PWP led to 
today's “icehouse” conditions with a polar regime in Antarctica and the onset of intensive 
glaciations in the Northern Hemisphere (De Boer et al., 2010; Mudelsee and Raymo, 2005; Bartoli 
et al., 2011). 

With an ice volume of 3-4 m sea level equivalent, the Wilkes Subglacial Basin (WSB) is the 
largest low-lying East Antarctic basin and a critical area for the stability of the East Antarctic Ice 
Sheet (EAIS). Due to the landward deepening of the basement beneath the ice sheet, the WSB is 
sensitive to marine ice sheet instability triggered by warm water intrusion from the Southern Ocean 
(Aitken et al., 2014; Fogwill et al., 2014; Pritchard et al., 2012; Greenbaum et al., 2015; Morlighem 
et al., 2020). The area off George V Land (Fig. 1) preserves an expanded record of eroded sediment 
derived from the WSB, which is thought to be regulated largely by shifting ice sheet dynamics 
through time (Cook et al., 2013; Patterson et al., 2014; Golledge et al., 2021). However, prior to the 
implementation of Integrated Ocean Drilling Program (IODP) Expedition 318, almost all 
interpretation were based on seismic data with limited stratigraphic control. 

Seismic sequences from the continental margin have been related to the long-term evolution 
of the ice sheet in the WSB, from the “coolhouse” to the “icehouse” states, according to the 
Westerhold et al., (2020) definition (Escutia et al., 2005). Uniform, subparallel, low-amplitude, and 
continuous reflectors represent the preglacial or glacial distal deposits, while the giant channel-
levee systems, that have formed perpendicular to the continental shelf since the early Miocene, 
characterized by discontinuous, mound-shaped and distorted reflectors, have been related to a 
substantial growth of the ice sheet in a subpolar regime (De Santis et al, 2003; Donda et al, 2003; 
Close et al, 2007). The sediment waves (Fig. 2a) that formed on the channel levees, were interpreted 
as episodic turbiditic overflow deposits (Donda et al., 2007). The most recent “icehouse” state 
(Pliocene? to Recent) is interpreted from semi-transparent, and less continuous reflectors, shaped by 
a persistent downward bottom water flow on the continental rise and by the development of steep 
and projecting wedges at the shelf margin (Donda et al., 2007; Escutia et al., 2005). Due to the lack 
of drilling data, the age of these sequences could only be determined tentatively, with large 
uncertainties. Here we present a new stratigraphic assessment of the seismic sequences off the 
WSB, based on a robust time-depth conversion of the seismic data and correlation with the data 
from IODP Expedition 318.

The IODP Expedition 318 wells penetrated one of the few near continuous Cenozoic sections 
for the entire Antarctic and represent the long-term record of the sedimentary archives of the WSB 
glaciations and its intimate relationships with global climatic and oceanographic changes (Escutia et 
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al., 2011a). Sediments from the early Eocene to the late Miocene were found in borehole U1356, 
but recovery rates were low in many intervals necessitating the integration with seismic data to 
provide a more complete interpretation of ice dynamics through this period. During the middle to 
late Miocene, the predominant lithofacies consists of clay-rich diatom oozes and diatom-rich silty 
clays with scattered gravels, indicating hemipelagic sedimentation with iceberg rafting, although 
distal turbidite facies (laminated silty clays) increase in the Middle Miocene (Sangiorgi et al., 
2018). Palynological and paleontological data from Site U1356 demonstrate that, during the MCO, 
temperatures in the Wilkes Land area were still high enough (minimum MATs > 5°C) to sustain 
woody subantarctic vegetation under partially ice-free conditions (Salzmann et al., 2011; Sangiorgi 
et al., 2018; Crampton et al., 2016; Duncan et al., 2022). After the MCO, during the MMCT, 
temperatures cooled and the continental cryosphere underwent a large expansion, as evidenced by 
the large amounts of ice-rafted debris (IRD) deposited in various pulses at Site U1356 between 14.1 
and 13.8 Ma (Pierce et al., 2017).

Sediments from the late Miocene to the present were recovered in Holes U1359 and U1361 
and can be categorized into two main groups associated with the retreat and growth of the EAIS 
(Khim et al., 2017; Escutia et al., 2011b): i) laminated mud with low biogenic opal content (less 
than 10%), representing overbank turbiditic deposits during the glacial period, ii) massive mud with 
high biogenic opal content (30-50%), representing hemipelagic and contouritic deposits during the 
interglacials (Cook et al., 2013; Patterson et al., 2014). Detailed studies on the two sites have 
focused pretty much exclusively on the PWP (Bertram et al., 2018; Armbrecht et al., 2018; 
Patterson et al., 2014). In particular, Taylor-Sylva et al. (2018) used the diatom record from U1361 
to demonstrate that the increasingly sea-ice-influenced environment in the late Pliocene was 
punctuated by at least a single interglacial in which the Antarctic polar front moved strongly 
southward, while the increased dynamic discharge of the ice sheet occurred during the PWP, with 
its retreat of several hundred kilometres within the WSB, were supported by the origin and 
accumulation rates of glacimarine muds and IRD (Cook et al., 2013; Patterson et al., 2014).

Hole U1358 was drilled on the continental shelf and, despite its shallow penetration depth (ca. 
35 m) and poor recovery (ca. 20%), contains a useful early Pliocene record whereby periods of 
open-marine conditions with glaciomarine sedimentation punctuated by at least four extensive 
glacial advances (Reinardy et al., 2015; Orejola et al., 2014).

In this paper, we integrate seismic and IODP data from the continental shelf and the rise off 
George V Land (Fig. 1) and propose a model for the Neogene long-term glacial history of the WSB. 
We have also identified a particular high-amplitude seismic package (HASP) that represents the 
alternation of diatom-rich and terrigenous-rich strata that marks the transition to a less erosive and 
dynamic EAIS during the late Pliocene. The possibility of using this seismic facies as a 
paleoecological or stratigraphic marker elsewhere is interesting, but requires further analysis of 
similar areas in Antarctica.

2.  Methods

Our study is based on the integrated analyses of multichannel reflection seismic and borehole 
data, stratigraphy and logs, from IODP Expedition 318, sites U1359, U1361, and U1358 (Escutia et 
al., 2011b). The method we used consists of three steps: seismic data reprocessing, seismic borehole 
coupling and petrophysical characterization.

2.1.  Reprocessing of seismic data

The first step was the reprocessing of part of the multi-channel seismic profiles recorded in 
February/March 2000 by the R.V. Tangaroa (Brancolini and Harris, 2000) as part of the Australian-
Italian WEGA project (Table 1).
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Source Streamer 
length

Min. 
offset

Num. of 
traces

Group 
interval

Shot 
interval

Fold Sampling 
interval

2GI-Gun 6.8 l 500 m 170 m 40 12.5 m 25 m 10 1 ms

Table 1: Acquisition parameters of the WEGA seismic lines.

The aim of the reprocessing was the production of real amplitude seismic images that can be 
properly correlated to the well log data at Sites U1359 and U1361. The main steps in the 
reprocessing were: bandpass filtering (3/7-140/150 Hz), time resampling from 1 to 2 ms, data 
editing, amplitude decay recovery, CMP (common mid-point) sorting, velocity analysis, normal 
move out correction, CMP stacking, and frequency-wavenumber time migration.

The challenge was to restore the amplitude decay. Amplitude decay of seismic data is mainly 
due to spherical divergence, frequency absorption, and transmission losses. These parameters 
cannot be determined analytically (Ylmaz, 2001). To overcome this problem, seismic data are 
usually processed by applying automatic gain control or window balancing. Both methods are 
useful to emphasize weak signals, but change the signal character so that strong reflections can no 
longer be distinguished from weak reflections and some of the geophysical information are lost. To 
avoid this, we applied only an empirically defined exponential function to the data, which, despite 
the poor visibility of the weaker reflections in the deeper part of the sections (Fig. 2b, 2c, and 2d), 
reproduces the seismic data with their actual amplitude. The most prominent feature in all 
reprocessed sections (Fig. 2b ,2c, and 2d) is the presence of an high amplitude seismic package 
(HASP) defined by the unconformities WL-U8a and WL-U7, which has a variable thickness 
between 100 and 300 ms, corresponding to about 80-250 m. For comparison, we show a window-
equalized version of the seismic line (Fig. 2a and 2b). In Fig. 2a, the geometry of the channel 
system reflectors can be seen more clearly, but the differences in seismic amplitude anomalies are 
not readily apparent.

2.2. Seismic borehole coupling

The link between seismic and borehole data was established by calculating a synthetic trace 
from the density and sonic logs. Where available, we used the wireline data rather than the multi-
sensor logger (WRMSL) data. This is because the wireline data are continuous and represents in 
situ measurement, whereas WRMSL data are core laboratory measurements that generally differ 
from in situ values due to sediment decompaction and discontinuity of recovery. We used WRMSL 
data only to integrate the uppermost part (above 100 m) of the sediment section for which no 
wireline logs are available (see Gei et al., 2024 for further explanation and references).

Four holes were drilled at Site U1359, with downhole logging conducted only in Hole 
U1359D in the approximate depth range of 104–602 mbsf. Two holes were drilled at Site U1361 
and downhole logging was conducted in Hole U1361A from 103-388 mbsf-meter below sea floor. 
Based on the continuous velocity and density profiles from the seafloor to the bottom of the 
borehole, obtained by integrating the wireline and WRMSL data, we calculated the acoustic 
impedance and reflection coefficient for the entire borehole sections (Fig. 3). The synthetic trace in 
the time domain was obtained by convolving the reflection coefficient with the wavelet extracted 
from the seafloor reflection near the borehole (Gei et al., 2024). In Fig. 3, the synthetic trace (green) 
is compared with the real trace (red) and shows a fairly good correlation, particularly for the HASP, 
where the correlation coefficient is about 0.80. That indicates that the HASP is not a seismic artifact 
but a petrophysical property of the sediment.

Reliable velocity functions, required to link seismic and borehole data, in our case cannot be 
derived from seismic velocity analysis because the length of the streamer (500 m) was short 
compared to the depth of the targets (about 3000 mbsl – meters below sea level). Consequently, the 
conversion from depth to time was made using the velocity function obtained by integrating the 
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sonic logs from boreholes and cores. We are quite confident about the results of our method 
because the link between seismic and borehole was refined by correlating the synthetic traces with 
the seismic data near the boreholes and stretching and compressing the synthetic data with a Time 
Variant Cross-correlation method (Gei et al., 2024; Cui and Margrave, 2015). We check the 
reliability of the applied time shifts by calculating the updated local velocities, obtaining a 
maximum velocity perturbation of 5%.

2.3. Petrophysical characterization

The sedimentary sequences at Sites U1359 and U1361 are predominately characterized by 
two end members: diatom-rich (biogenic opal ˃30%) silty clay with abundant bioturbation and 
planar laminated silty clay (biogenic opal ˂10 %). These two types of deposits are associated with 
reduced sea-ice coverage and ice-sheet retreat during interglacial periods and sea-ice extent and ice-
sheet growth during glacial periods, respectively (Escutia et al., 2011b; Khim et al., 2017).

Fig. 4a shows a biogenic opal log combining the results of Khim al. (2017) for the Pliocene 
section with new analyses of the entire cored section. Core recovery at the two sites was quite good 
(60% at Site U1359D and 87% at Site U1361), nevertheless, there are significant gaps in the 
lithologic logs that affect the continuity of the logs and depth determination. We addressed the 
problem by merging the biogenic opal logs (Fig. 4a) with the natural gamma ray (NGR, Fig. 4b) 
and density (D, Fig. 4c) logs from wireline and core measurements (Escutia et al., 2011b). Diatoms, 
which are the main component of the biogenic opal content in the sediments here, are not 
radioactive and dilute the NGR signal of the terrigenous minerals, while the density variability is 
due to the lower grain density of the diatoms (2.20 g/cm3) compared to the higher (2.80 g/cm3) of 
the silty clay layers (Awadalkarim et al., 2014; Khim al., 2017; Escutia et al., 2011b). Fig. 4 shows 
that high NGR and density values correspond to silty-clay units, while low NGR and density values 
correspond to diatom-rich massive mud. For the uppermost 100 m of the two boreholes for which 
no wireline logs are available, we used the WRMSL data. The NGR units differ between the 
WRMSL and wireline logs, and to create a continuous log, we arbitrarily shifted the WRMSL data 
to match the gAPI scale of the wireline log. In addition, the core and WRMSL data were shifted by 
approximately 5 m to compensate for a discrepancy between the depths of the wireline and cores

3. Results

Based on the seismic and borehole coupling, we defined the depth of the main seismic 
unconformities in the study area. The results are summarized in Table 1, where the age estimates 
are based on the magnetic reversals and biostratigraphy of Tauxe et al. 2012 and illustrated in Fig. 
5. The velocity functions we adopted at the well sites are about 20% lower than the functions 
adopted by Escutia et al. (2011b), consequently, our depth estimates are shallower than previously 
evaluated by Escutia et al. (2011b). In addition to previous unconformities (De Santis et al., 2003), 
we introduced the new WL-U8a (3.3 Ma) and WL-U7a (6.2 Ma). WL-U8a define the upper 
boundary of the HASP while the base is diachronous and its first appearance correspond to WL-U7 
in the upper rise, at Site U1359, and to WL-U7a at site U-1361 (Fig. 2a). The correspondence 
between the age of the unconformities at the two sites, resulting from the age-depth plot, confirms 
the validity of the seismic correlation between the two sites.
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Site U1359 Site U1361

Unconformities Time
(ms)

Depth
(mbsf)

Time
(ms)

Depth
(mbsf)

Age
(Ma)

WL-U8a 4170 70 4770 75 3.3
WL-U8 4230 115 4820 111 4.6
WL-U7a 4320 192 4870 150 6.2
W-U7 4400 253 4980 238 9.0
WL-U6 4780 580 5200 -- 13.0

Table 2 Time, depth and ages for the main unconformities based on well and geophysical data. Age 
attribution from the paleomagnetic tie points from Tauxe et al. 2012

The oldest seismic sequence sampled in Holes U1359 and U1361 is WL-S7 (Fig. 2), between 
unconformities WL-U6 and WL-U7. WL-U6 was reached near the bottom of Hole U1359 at about 
580 mbsf and has an estimate age of 13.0 Ma, whereas borehole U1361 ends about 50 m above 
WL-U6. At Site U1359, this depth in WL-U6 corresponds to a limestone that was captured at the 
bottom and top of successive core runs, and although poorly recovered it is potentially ~6m thick. 
This limestone bed separated laminated silty clay packages, and the large positive velocity and 
density peak at this depth supports our interpretation that this bed is more substantial than the few 
centimetres of recovered core suggests (Fig. 3).

Using Table 2 we calculated the average deposition rates, uncorrected for compaction, for 
each seismic sequence (Fig. 5). The deposition rate for the WL-S7a sequence at Site U1359 was 
corrected because the seismic data indicate that the lower part of WL-S7a is missing at the site due 
to overburden on the underlying sediment wave (Fig. 2d). Outside the borehole, the thickness of the 
sequence is about twice as large, giving a more realistic sedimentation rate of 34 m/Ma (Fig. 5).

In both sites, the average deposition rates for the seismic sequences decrease from the oldest 
(about 40-50 m/Ma), to the most recent (about 20m/Ma), likely due to the progressive decreasing of 
the turbiditic supply from the continent, consequence of the transition froma dynamic to a more 
persistent ice sheet and finally to a polar regime, when most sediment delivered to the margin was 
trapped in the outer shelf and slope,-forming steep prograding wedges. (Escutia et al., 2000, Escutia 
et al., 2002).

In the biogenic opal logs of Fig. 4a, the vertical dashed lines mark the diatom-rich (more than 
30% biogenic opal content) and silty-clay (less than 10% biogenic opal content) fields. By 
integrating these data with the NGR and density logs (Fig. 4b and 4c), we obtained a comprehensive 
log of diatom content in the two boreholes (Fig. 4d). The integration was based on the following 
criteria: Above 300 m, the diatom content is derived from the agreement of the three logs according 
to the above criteria. Below 300 m, where recovery is particularly poor for Site U1359 and 
diagenetic processes reduce the variability of density, the biogenic opal content was determined 
mainly from the NGR data.

Fig. 4 shows the remarkable correspondence between the HASP and the diatom content 
evaluated from the logs integration at Sites U1359 and U1361 (Fig. 5d). This is not surprising as the 
density variability, as a result of the diatom concentration, strongly influences the acoustic 
impedance (see Fig. 3) and causes the observed seismic amplitude anomalies. 

4. Discussion

The formation of the channel-levee system on the continental rise, postdated the WL-U5 
seismic unconformity (Figs. 2a and 2d). WL-U5 was not reached by IODP sites drilled directly to 
George V Land (e.g. Sites U1359 and U1361) and therefore has not been dated but, based on the 
extrapolation of sedimentation rates at Sites U1359 and U1361 to the sediment above WLU5, its 
age can be estimated between ~17 and ~22 Ma. This is consistent with the age of WL-U5 at IODP 
Site U1356, located a few hundred kilometres west of Sites U1361 and U1359, where WL-U5 
corresponds to a hiatus between 17.5 and 24.3 Ma (Escutia et al., 2011b).
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According to previous studies (Escutia et al., 2000; Escutia et al., 2002; De Santis et al., 2003, 
Escutia et al., 2005), we consider the growth of the channels-levees system above the tabular 
sedimentary deposits, as evidence of the expansion and dynamic of the ice sheet over the WSB, 
which eroded sediments from the interior and transported them to the continental margin. 

Based on the age estimates for WL-U5, the ice sheet expansion occurred in the early Miocene, 
before the MCO, and may correspond to the Mi-1 event (Escutia et al., 2014; Salabamada et al., 
2018; Hartman et al., 2018). As the ice sheet expanded and calved into the sea during glacial 
periods, the channel-levees grew, as also evidenced by the presence and distribution of IRD from 
Holes U1359, U1361, and U1356 (Escutia et al., 2011b; Patterson et al., 2014; Pierce et al., 2017) 
and by the sedimentation on the continental rise, which mainly consists  of turbiditic, diatom-poor, 
laminated deposits (lithologic facies 3-5 from Escutia et al., 2011b). During the warm periods, the 
ice sheet retreated inland and hemipelagic, massive, bioturbated, diatom-rich sedimentation 
occurred on the continental rise (lithological facies 1 and 2 from Escutia et al., 2011b).

The early Miocene settlement of the channel-levee system and its growth throughout the 
MCO, the warmest period of the Neogene (WL-S6 in Fig 2 and 6), seems contradict the widespread 
attribution of a relevant growth of the EAIS to the MMCT (Levy et al., 2022; Flower and Kennett, 
1994; Westerhold et al., 2020; Pierce et al., 2017). A possible explanation is that our age 
assignment is not correct, resulting that WL-U5 is 3-4 Ma younger and coincides with the MMCT. 
This is possible because of the correlation with the seismic profiles from Site U1356 to U1361 over 
a long distance. However, the seismic unconformity of 17-23 Ma at Site U1356 is the base of the 
channel levee systems (Donda et al., 2007). Furthermore, a younger age for WL-U5 implies a 
sedimentation rate below U1359 of about 150 m/Ma and of 90 m/Ma below U1361. This is unlikely 
as it would double the sedimentation rate of the overlying, mainly turbiditic sequence.

An alternative hypothesis to explain the large sediment input to the continental slope at the 
beginning of the MCO warm period is that the growth of the ice sheet at this time was a 
consequence of the high moisture input to Antarctica and ice accumulation during the glacial 
periods (Prentice and Mattius, 1991). This model was also proposed by Shevenell et al. (2008) to 
reconcile the Southern Ocean temperatures from Mg/Ca records and δ18O ice volume, and is 
supported by the relative seal level variations from the New Jersey continental shelf (Kominz et al., 
2016) and the Marion Plateau (Fig. 6), which show that AIS volume during the glacial of MCO was 
at least 90% of present-day volume, with variations of up to 60% (John et al., 2011).

Geochemical, petrographic, and geophysical data from the Antarctic continental margins also 
show large fluctuations in AIS volume prior to, and during the MCO (McKay et al., 2022 and 
references therein). In the Ross Sea, ANDRILL (Site AND-2A) cores and inland records from the 
Transantarctic Mountains show that the ice sheet margins retreated inland towards the 
Transantarctic Mountains during the warmest MCO intervals, when tundra vegetation dominated 
the ice-free areas (Lewis et al., 2007; Levy et al., 2016; Perez et al, 2022; Chorley et al., 2023), 
while glacial sediments recovered from IODP Site U1521 suggest that marine terminating ice sheets 
were absent during peak warmth of the MCO, but during colder glacial intervals prior to, and within 
the MCO extended into the Ross Sea basins, depositing massive and layered diamicton over a 
shallow continental shelf (Marschalek et al., 2021; McKay et al., 2025; Bombard et al., 2024).

We hypothesize that a similar environment characterized the WSB during the MCO warm 
periods,  the retreat of EAIS ice margin, allowed seawater to penetrate far inland and vegetation to 
grow in the ice-free zone (Sangiorgi et al., 2018). On the continental rise, terrigenous supply was 
scarce and hemipelagic deposits dominated. During the colder orbital and climate states within the 
MCO interval, glacial periods were still comparatively warmer compared to post MMCT states, 
resulting in high rates of snow precipitation, and reduced surface melt rates (Hartman et al., 2018). 
This led to ice sheet accumulation on terrestrial hinterland of East Antarctica and advance of this ice  
into shallow water areas of the continental shelf adjacent to the WSB. Similar to what has been 
recently observed in the Ross Sea (McKay et al., 2025), this led to an expansion of the ice sheet, 
eroding the interior and transporting sediments to the continental margin. The sedimentary response 
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to this large variability of ice volume in the MCO is displayed by enhanced turbiditic flow on the 
continental rise, creating the channel and surface system depicted on the seismic data (Fig. 2). This 
model is also supported by numerical simulations (Paxman et al., 2020).

The seismic and geologic data show that the channel-levee system continued to grow up to the 
end of MMCT climate cooling, corresponding to the WL-U6 seismic unconformity (Fig. 2). After 
WL-U6 the channel-levee system remained stable, during a relatively stable period of bottom water 
temperature and δ18O values (Fig. 6), with glacial sediment supply from the continent on the 
continental rise. 

The upper part of the channel-levee system is characterized by the high amplitude acoustic 
facies, we termed HASP, between WL-U7 (9 Ma) and WL-U8a (3.3 Ma). During this period, the 
relative sea-level fluctuations, deep-sea benthic δ18O and δ13C curves and seafloor temperatures 
(Fig. 6) indicate periodic growth and decay of the Antarctic ice sheet, as the Northern Hemisphere 
ice sheets were not yet fully developed (Westerhold et al., 2020). The HASP time interval spans 
two important climatic periods: Late Miocene Cooling (LMC) and Pliocene Warm Period (PWP, 
Fig. 6) but does not appear to be the expression of a specific climatic interval. The sediments 
corresponding to the HASP at Sites U1359 and U1361 are similar to the underlying sequences with 
meter-scale variability between alternating intervals of bioturbated silty clays and massive or 
laminated diatom-rich silty clays (Escutia et al., 2011b). However, in the HASP, the diatom content 
during interglacial periods is persistently higher and shows greater variability (Fig. 4), which, 
together with the variability of the IRD, indicates large environmental fluctuations probably related 
to the advance of the ice sheet and subsequent massive calving of the ice during deglacials and long 
sea-ice-free periods during interglacials (Cook et al., 2013; Patterson et al., 2014; Bertram et al., 
2018). In this case, the seismic facies appear to be an indirect indication of the glacial dynamics of 
the marine-based ice sheet in the WSB.

It is also interesting that the age of the HASP coincides with the Late Miocene Biogenic 
Bloom (Dickens and Owen 1999, Pillot 2023). There is no evidence in the literature of a biogenic 
bloom around Antarctica during this same time interval, although Antarctic sites are 
underrepresented as only two sites were analyzed by Pillot et al. (2023) and IODP 318 Sites were 
not included. Detailed analyses of diatom accumulation rates at Sites U1359 and U1361 would 
therefore be necessary to confirm the presence of late Miocene biogenic blooms off Wilkes Basin in 
this time interval. The HASP is a particular acoustic facies identified throughout the seismic grid 
that preserves the geologic record deposited during the transition to the present-day polar regime 
that emerged at the end of the warm PWP. This is the first time that this seismic facies has been 
identified, and we suggest that further analysis of drilling and seismic data would be important to 
verify the potential of the HASP as a paleoenvironmental and stratigraphic proxy elsewhere.

After WL-U8a (3.3 Ma), seismic facies show the filling and dropping of the previous channel-
plane morphology (Fig. 2). This change indicates a gradual decrease in sediment supply from the 
continent to deep water, which is consistent with the decrease in sedimentation rates observed at 
Sites U1359 and U1361 (Fig. 5). A notable change in seismic sequence geometry above and below 
WL-U8a can also be observed on the continental shelf (Fig. 7a), from what was previously 
described as Type IIA to Type IA (Cooper et al., 1991). Type IIA sequence consists of alternating 
aggradational and progradational seismic reflectors and is interpreted as reflecting changes in 
sediment accommodation space caused by the interaction of sea level, tectonic, and glacial 
processes. Type IA sequence consists mainly of prograding reflectors with steep continental dip (up 
to 12°), which are eroded at the top and are interpreted as a sign of the prevailing processes of a 
thick ice sheet at the continental margin. During the deposition of Type IA seismic sequence above 
WL-U8a, the continental margin shifted seaward by about 30 km, filling in the former slope 
canyons (Fig. 7b).

The strong seafloor prevents the direct correlation of seismic reflectors from the continental 
margin to the shelf, but a reliable reconstruction of the shelf margin correlation based on Site 
U1358 is proposed for the youngest sequences. This site penetrates only 35.6 mbsf deep and has a 
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22% recovery consisting mainly of glacial diamicton. Diatom stratigraphy provides a tentative 
Pliocene age for most of the section, with most ages older than 2.54 Ma (Escutia et al., 2011b), but 
the lower section of the core dates to 4.2–5.12 Ma (Reinardy et al., 2015). In agreement with 
previous studies (Escutia et al., 2011b), we consider WL-U8 (4.6 Ma) to be the unconformity 
located at approximately 80 m below the seafloor at Site U1358 (Fig. 7a), whereas the younger WL-
U8a (3.3 Ma) correlates with the unconformity at 9 mbsf described by Orejola et al. (2014) as 
marking a change in sediment provenance and ice sheet regime. We hypothesize that WL-U8a 
marks the boundary between the mostly aggradational Type IIA sequences and the mostly 
progradational Type IA sequences. The glaciomarine sediments below this hiatus at Site U1358 
have been interpreted to be deposited in the Lower Pliocene (Escutia et al., 2011b), under 
environmental conditions consistent with the alternation of retreating ice margin and high sea 
surface temperatures in the Southern Ocean (Whitehead and Bohaty, 2003, Escutia et al., 2009) and 
an extensive grounded marine-based ice sheet. The diamicton above the hiatus at 9 mbsf at Site 
U1358 suggests an increase in subglacial transport or ice rafting in a glacimarine environment 
(Orejola et al., 2014). WL-U8a (Fig. 6) also coincides with a strong change in δ13C and δ18O values 
of benthic foraminifera and a drastic decrease in bottom water temperature and global sea level, 
marking the transition to the current icehouse climate state with the deposition of Northern 
Hemisphere ice sheets (Westerhold et al., 2020).

Based on these considerations, we hypothesize that the transition to drier and colder climate 
resulted in a less dynamic margin of the EAIS in the WSB occurred after WL-U8a. This reduced 
dynamism, This in turn meant less meltwater at the ice base and thus less sediment erosion in the 
interior and less transport to the continental margin. The sediments deposited at the bedrock zone 
were more cohesive and compact, leading to the formation of shelf-edge fans consisting of steep (up 
to 12°), foreset beds and pinching out at the continental slope (Fig. 7a) and gradually filled the 
canyon heads that characterize the rise (Fig. 7b). The continental rise was gradually starved, and the 
reduction of sediment supply from the shelf to the continental rise led to a narrowing of the channel 
and filling of the former relief, as previously observed (De Santis et al., 2003).

5. Conclusion

In this paper we have presented an integrated study using multichannel seismic drilling, 
wireline logs and stratigraphic data from IODP Sites U1356, U1358, U1359, and U1361 to 
reconstruct the evolution of the pre-George V Land area. This area is of particular interest as the 
glacial history of the WSB has been recorded here, where the EAIS is particularly vulnerable. The 
studied interval covers a large part of the Neogene and includes two warm periods (the MCO and 
the PWP), which have been widely studied because they are considered analogues for future global 
warming scenarios. Our main conclusions are:
1. Deposition of glacial sediments that were redeposited in turbiditic channel-levees in the 
Antarctic continental rise began about 17-22 Ma, showing a growth of the EAIS over the WSB 
prior to and potentially during the MCO (i.e., the warmest period of the Neogene). This can be 
explained by the growth of the ice sheet driven by increasing moisture and ice accumulation in the 
terrestrial or shallow water areas of Antarctica during the relatively colder glacial periods of the 
MCO – supporting similar observations in the adjacent Ross Sea. This confirms the earlier 
hypothesis of a complex non-linear relationship between global temperature and ice sheet volume;
2. The channel-levee complex in the offshore of the WSB grew up to the seismic unconformity 
WL-U6 (13.0 Ma), roughly corresponding to the end of the MMCT, and remained relatively stable 
until the seismic unconformity WL-U8a (3.3 Ma), roughly corresponding to the end of the PWP.
3. A large portion of the channel-levee complex, between seismic unconformities WL-U7 (9.9 
Ma) and WL-U8a (3.3 Ma) is characterised by the HASP, a distinct high-amplitude seismic facies 
created by the alternation of terrigenous-rich and diatom-rich strata. The HASP documents a period 
of remarkable instability of marine based ice sheet in the WSB until 3.3 million years ago. The 
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disappearance of the HASP marks the transition of the WSB ice sheet from a highly dynamic to a 
more stable system whereby interglacial-glacial variance was reduced in extent. This is the first 
time that this seismic facies has been recognized, and it could provide a valuable environmental and 
stratigraphic marker for other areas of Antarctica if recognized on continental rise seismic 
sequences.
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Figure Caption

Fig. 1 The study area and the location of the IODP 318 sites with the seismic profiles mentioned in 
the text. The position of Site U1356 is located outside the map (about 400 km to the west). 
Bathymetric data were taken from IBCSOv2 (Dorschel et al., 2022), and the WSB topography in 
the inset map is isostatically corrected (Paxmann et al., 2020). The thin red arrow represents the 
course of the channels on the continental rise, while the thick red arrow shows the most recent flow 
of the ice stream on the continental shelf (McMullen et al., 2005).

Fig. 2 Seismic profile through IODP sites U1359 and U1361. The seismic sections in Fig. 2a are 
from a standard processing with window balancing to better represent the base of the channel 
shallow water system and the sediment wave field. Fig. 2b is the same line as 2a, 2c and 2d, but has 
been processed and shown in true amplitude to show the HASP. The base of the channel-levee 
system is younger northward, from WL-U5 to WL-U6. Note that the HASP began with WL-U7, but 
developed more broadly after WL-U7a

Fig. 3 Velocity and density logs for Sites U1359 and U1361, derived from the integration of wire 
and core log data. The high variability of the acoustic impedance and reflection coefficients, 
consistent with the HASP, depends mainly on the high variability of the density log. The synthetic 
trace (green seismogram) was obtained by convolving the reflection coefficient with the wavelet 
extracted from the seafloor and shows a remarkable similarity with the real trace (red seismogram). 

Fig. 4 (a) Biogenic opal, (b) NGR, (c) density, (d) diatom content based on the logs integration at 
Sites U1359 and U1361. In red the data from WRMSL, blue from wireline logs.

Fig. 5 Depositional rates and temporal assessment of seismic unconformities at Sites U1359 and 
U1361, based on the paleomagnetic tie points of Tauxe et al. (2012). Deviating from Tauxe et al. 
(2012), we introduce a non-depositional hiatus at WL-U7 for Site U1359.

Fig. 6 Seismic sequences and main climatic events of the Neogene. Benthic δ18O (blue) and δ13C 
(green) from Westerhold et al. (2020); global mean bottom temperature from Westerhold et al. 
(2020), (black) and Cramer et al. (2011) Eq. 7a (green) and Eq. 7b (magenta), sea level curves from 
Miller et al., 2020 (green), Kominz et al., 2016 (magenta); John et al., 2011 (black).

Fig. 7 The shelf margin: a) Seismic line WEGA-21, which is perpendicular to the margin, shows 
the alternation between type IIA and IA seismic sequences in the early Pliocene. b) Seismic line 
ATC82-118, which is parallel to the shelf margin, shows that the canyons that fed the channel dam 
during the Neogene were buried by the advancing shelf margin fan with seismic sequence IA.
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