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ABSTRACT

Oscillations in ice sheet extent during early 
and middle Miocene are intermittently pre-
served in the sedimentary record from the 
Antarctic continental shelf, with widespread 
erosion occurring during major ice sheet 
advances, and open marine deposition during 

times of ice sheet retreat. Data from seismic 
reflection surveys and drill sites from Deep 
Sea Drilling Project Leg 28 and International 
Ocean Discovery Program Expedition 374, 
located across the present-day middle con-
tinental shelf of the central Ross Sea (Ant-
arctica), indicate the presence of expanded 
early to middle Miocene sedimentary sec-
tions. These include the Miocene climate opti-
mum (MCO ca. 17–14.6 Ma) and the middle 
Miocene climate transition (MMCT ca. 
14.6–13.9 Ma). Here, we correlate drill core 
records, wireline logs and reflection seismic 
data to elucidate the depositional architec-
ture of the continental shelf and reconstruct 
the evolution and variability of dynamic ice 
sheets in the Ross Sea during the Miocene. 
Drill-site data are used to constrain seismic 
isopach maps that document the evolution of 
different ice sheets and ice caps which influ-
enced sedimentary processes in the Ross Sea 
through the early to middle Miocene. In the 
early Miocene, periods of localized advance of 
the ice margin are revealed by the formation 
of thick sediment wedges prograding into the 

basins. At this time, morainal bank complexes 
are distinguished along the basin margins sug-
gesting sediment supply derived from marine-
terminating glaciers. During the MCO, 
biosiliceous-bearing sediments are regionally 
mapped within the depocenters of the major 
sedimentary basin across the Ross Sea, indica-
tive of widespread open marine deposition 
with reduced glacimarine influence. At the 
MMCT, a distinct erosive surface is inter-
preted as representing large-scale marine-
based ice sheet advance over most of the Ross 
Sea paleo-continental shelf. The regional map-
ping of the seismic stratigraphic architecture 
and its correlation to drilling data indicate a 
regional transition through the Miocene from 
growth of ice caps and inland ice sheets with 
marine-terminating margins, to widespread 
marine-based ice sheets extending across the 
outer continental shelf in the Ross Sea.

INTRODUCTION

The early to middle Miocene (23 Ma to 
11.6 Ma) was a time of highly-variable global 
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climate, punctuated by large oscillations in eu-
static sea level (∼30–60 m) associated with ma-
jor changes in polar ice volume (Haq et al., 1987; 
Flower and Kennett, 1994; Zachos et al., 2001; 
Kominz et  al., 2008, 2016; John et  al., 2011; 
Miller et al., 2020). Deep-sea benthic foramini-
fer δ18O isotopes exhibit ∼1‰ increase at ca. 
14 Ma, termed the middle Miocene climate tran-
sition (MMCT), one of the three major climate 
transitions of the Cenozoic, which was accompa-
nied by significant Southern Ocean cooling and 
inferred expansion of ice sheets in Antarctica 
(Shackleton and Kennett, 1975; Flower and Ken-
nett, 1994; Zachos et al., 2001; Shevenell et al., 
2004, 2008; Miller et al., 2020). Geological stud-
ies support intensification of high latitude cooling 
and ice sheet expansion during the MMCT, with 
geomorphic, geological, and paleo-ecological 
evidence for the transition to a cold, hyper-arid 
polar landscape in the Transantarctic Mountains 
(Brook et al., 1995; Summerfield et al., 1999; 
Sugden and Denton, 2004; Lewis et al., 2006, 
2008; Warny et al., 2009; Gulick et al., 2017; 
Balter-Kennedy et al., 2020). The ∼1‰ far-field 
deep-sea δ18O isotopic increase was originally 
associated with the development of a perma-
nent East Antarctic Ice Sheet (EAIS) and the 
first major marine-based expansion of the West 
Antarctic Ice Sheet (WAIS), also supported by 
terrestrial evidence from Antarctica (Shackleton 
and Kennett, 1975; Kennett, 1977; Sugden et al., 
1993; Sugden and Denton, 2004; Lewis et al., 
2006). However, drilling results from the Antarc-
tic Drilling Project (ANDRILL), the Antarctic 
Cenozoic history CIROS drilling project, Cape 
Roberts Drilling Project (CRP), and the pre-
decessor drilling programs to the International 
Ocean Discovery Program (IODP) indicate that 
the history of marine-based sectors of both the 
WAIS and EAIS is likely more complicated 
(Barrett, 1989; Bart, 2003; Barrett, 2007; McK-
ay et al., 2009; Naish et al., 2009; Escutia et al., 
2011; Cook et al., 2013; Holbourn et al., 2013; 
Patterson et al., 2014; Levy et al., 2016; Gulick 
et al., 2017; Sangiorgi et al., 2018; Wilson et al., 
2018). Paired with high-resolution seismic strati-
graphic frameworks, these drill records provide 
direct evidence of both widespread advance and 
large-scale retreat of marine-based ice sheets 
across the Antarctic continental shelf following 
the MMCT (De Santis et al., 1995; Bart, 2003; 
Gulick et al., 2017; Levy et al., 2019).

The MMCT is also notable as it represents 
the termination of a prolonged period of relative 
warmth (e.g., Flower and Kennett, 1994; Hol-
bourn et al., 2014; Kender et al., 2014), known 
as the Miocene climate optimum (MCO; ca. 
17–14.6 Ma). Data-model comparisons suggest 
that global temperatures during the MCO were 
at least 3–4 °C higher than present, with greater 

warming in Antarctica due to polar amplification 
(e.g., Shevenell et  al., 2004; You et  al., 2009; 
Goldner et al., 2014; Levy et al., 2016; Sangiorgi 
et al., 2018). Paleoenvironmental data from the 
Transantarctic Mountains and offshore Ross Sea 
drill cores indicate a vegetated landscape influ-
enced by significant volumes of glacial meltwa-
ter (Lewis et al., 2006, 2008; Warny et al., 2009; 
Feakins et al., 2012; Levy et al., 2016, 2019). 
Consequently, climates were periodically warm 
enough to allow for widespread surface melt 
of the terrestrial margins of the Antarctic ice 
sheets. Models constrained by geological data 
indicate that ice sheets across Antarctica may 
have retreated to the hinterland of its terrestrial 
margins during peak interglacial periods of the 
MCO (Gasson et al., 2016; Levy et al., 2016). 
However, the nature and timing of maximum 
glacial extent during and prior to the MCO re-
mains ambiguous.

Importantly, the paleotopography of West 
Antarctica may have changed significantly 
through the Cenozoic, due to active rifting, 
thermal subsidence, and glacial erosion (Leckie 
and Webb, 1983; Savage and Ciesielski, 1983; 
Cande et al., 2000; Bart, 2003; Wilson et al., 
2012; Gasson et al., 2016; Granot and Dyment, 
2018; Paxman et al., 2019), leading to a much 
larger terrestrial extent of the Antarctic continent 
during the Miocene, including existence of iso-
lated islands on the Ross Sea continental shelf 
as late as 14 Ma (Paxman et al., 2019). Models 
using idealized reconstructions of the paleoto-
pography indicate that sea level variations of 
up to ∼40 m are feasible if the ice sheets ex-
panded to the outer paleo-continental shelf edge 
around most of the Antarctic continent, but also 
retreated far-inland during peak warm intergla-
cials (Gasson et al., 2016). These model-based 
assessments are smaller than the deep-sea geo-
chemical estimates of ice volume variance and 
far-field sea level estimates of ∼60 m (Zachos 
et al., 2001; Kominz et al., 2008; Cramer et al., 
2011; John et al., 2011; Holbourn et al., 2014; 
Miller et al., 2020).

The vast continental shelf of the Ross Sea 
has evolved under the influence of the ice sheets 
and the sediment supply sourced from both East 
and West Antarctica. It is thus ideally suited for 
ground-truthing when maximum ice sheet ad-
vance occurred prior to, during, and after the 
MCO. According to ice sheet models, the Ant-
arctic ice sheets are nearing their maximum vol-
ume when ice is grounded in the Ross Sea outer 
continental shelf (Gasson et al., 2016; Colleoni 
et al., 2018). Therefore, improved stratigraphic 
constraints in the Ross Sea will better allow for 
the histories of the WAIS and EAIS to be decon-
volved (e.g., Anderson and Bartek, 1992; Bran-
colini et  al., 1995; Bart and Anderson, 2000; 

Licht et al., 2005; Golledge et al., 2013; Tinto 
et al., 2019).

A dense network of seismic reflection data 
constrained by drill core observations provides 
the opportunity to discriminate between distinct 
erosion/deposition patterns caused by locally 
grounded ice caps on regional bathymetric highs, 
versus large-scale ice sheet advances across the 
continental shelf. Here, we aim to constrain the 
regional spatial extent of ice sheet and ice cap 
advances and retreats that influenced sedimen-
tation in the middle to outer continental shelf of 
the central Ross Sea during the early and middle 
Miocene. We correlate seismic records with 
drill-site physical properties and lithostratig-
raphy from Deep Sea Drilling Project (DSDP) 
sites 272 and 273 (Hayes et al., 1975), and IODP 
Site U1521 (McKay et al., 2019) (Fig. 1). The 
correlation of wireline and core logs with reflec-
tion seismic data reveals marked temporal and 
spatial variability in the erosional surfaces and 
sedimentary depocenters on the Ross Sea conti-
nental shelf, which we interpret as evidence of a 
highly variable ice sheet volume throughout the 
early and middle Miocene.

REGIONAL BACKGROUND

The present-day bathymetry of the Ross Sea 
continental shelf is a result of the combined tec-
tonic, climatic, and glacial evolution that has 
led to the development of several sedimentary 
basins, which are elongated perpendicular to 
the margin (Fig. 1A). The late rifting phase of 
the West Antarctic rift system evolved since ca. 
45 Ma associated with basaltic volcanism and 
resulting in block faulting and further uplift of 
the Transantarctic Mountains (e.g., Cooper and 
Davey, 1987, 1991; Fitzgerald, 1992; Davey and 
Brancolini, 1995; Cande et  al., 2000; Granot 
and Dyment, 2018). Continental stretching led 
to variable crustal thickness across the Ross Sea 
and differential subsidence/uplift rates (Sav-
age and Ciesielski, 1983; Karner et al., 2005), 
which together with sediment and ice loading 
have changed the bathymetry of the Ross Sea 
continental shelf by several hundred meters 
since the Oligocene–Miocene boundary (Pax-
man et al., 2019).

The Ross and Iselin banks are inferred to 
form the tectonic boundary between East and 
West Antarctic lithosphere according to mag-
netic and gravity models (Tinto et  al., 2019) 
and separate eastern and western Ross Sea do-
mains (Fig. 1A). In the eastern Ross Sea, the 
Little America, Whales, and Glomar Challenger 
basins are separated by the Houtz and Hayes 
banks. In the western Ross Sea, Pennell, Joides, 
and Drygalski basins are separated by Pennell 
and Crary-Mawson banks, which are composed 
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of sedimentary strata. Landwards, the Pennell 
and Joides basins merge into the Central Basin, 
which is separated from McMurdo Sound and 
Victoria Land Basin by a chain of volcanic edi-
fices in the surroundings of Franklin, Beaufort, 
and Ross islands (Fig. 1A).

The broad seismic-stratigraphy of the Ross 
Sea was first established by Cooper and Davey 
(1987) and subsequently refined in the 1990s 
by the Scientific Committee on Antarctic Re-
search (SCAR) Antarctic Offshore Stratigraphy 
Project (ANTOSTRAT), which correlated the 
available seismic lines with the DSDP Leg 28 
drill sites (Fig.  1A). ANTOSTRAT provided 
comprehensive regional maps of the wide-range 
stratigraphic architecture (Brancolini et  al., 
1995). The sedimentary record was subdivided 
into two sequences. The underlying sequence 
comprised syn-rift sediments of inferred Me-
sozoic to early Eocene age (Cooper and Davey, 
1987). The upper sequence contains six major 
unconformities named Ross Sea unconformities 
(RSU) from RSU1 (youngest) to RSU6 (oldest) 
that have been attributed to several origins, in-
cluding tectonic events, glacial erosion, and sea 
level oscillations (Hinz and Block, 1984; Bartek 
et al., 1991; Alonso et al., 1992; Anderson and 
Bartek, 1992; Busetti et  al., 1993; Brancolini 
et al., 1995; Cooper et al., 1995; De Santis et al., 

1995). The eight intervening seismic sequences 
were termed Ross Sea seismic sequences (RSS), 
from top to bottom, RSS8 to RSS1, respectively 
(Fig. 2) (Cooper et al., 1995).

The glacial histories of the eastern and west-
ern Ross Sea have been dominantly influenced 
by the WAIS and EAIS, respectively. Ice streams 
that periodically extend into the Ross Sea drain 
large portions of the EAIS and the WAIS (e.g., 
Shipp et al., 1999; Denton and Hughes, 2002; Li-
cht et al., 2005; Golledge et al., 2013; Anderson 
et al., 2014; Perotti et al., 2017). Seismic pro-
files reveal ice streams carved troughs across the 
paleo-continental shelf during ice sheet advances 
(Alonso et al., 1992; Anderson and Bartek, 1992, 
Anderson et al., 2019), and the large discharge 
of sediments built trough-mouth-fans on the 
paleo-continental slope (e.g., De Santis et  al., 
1999; Bart et al., 2000; Kim et al., 2018). Mod-
els constrained by provenance data indicate that 
ice flow has undergone multiple configuration 
changes during the most recent glacial cycles 
(e.g., Golledge et al., 2013).

Sediments recovered in the western Ross 
Sea CRP sites CRP-2/2A, and CRP-1, and AN-
DRILL AND-2A indicate at least 32 cycles of 
ice growth and decay adjacent to the Transant-
arctic Mountains through the beginning of early 
Miocene (20.2–17.4 Ma). During this time, 

termini of EAIS outlet glaciers periodically ad-
vanced close to, or across, the southern Victo-
ria Land Basin (see Fielding, 2018 for a recent 
synthesis) and surface temperatures varied from 
significantly colder to a few degrees warmer 
than today (Levy et al., 2016). During the latest 
early Miocene (ca. 17–15.9 Ma) fewer episodes 
of grounded ice advance are recorded (Fielding 
et al., 2011; Passchier et al., 2011). The drill Site 
AND-2A also indicates ice volume fluctuated 
through the MCO, and a series of warm intervals 
with durations of 0.1–0.2 m.y. were separated by 
generally cold intervals of longer, but variable, 
duration (Fielding, 2018).

Sedimentary facies in the AND-1B Site in-
dicate that marine and terrestrial ice sheet mar-
gins were characterized by significant turbid 
meltwater input during the late Miocene (ca. 
11.6–5.3 Ma) (McKay et al., 2009). Sediment 
starvation during glacial periods and deposition 
of diatom ooze during interglacial periods indi-
cate a shift toward a polar setting with oscillating 
ice sheets during Plio-Pleistocene time (McKay 
et al., 2012). Seismic sequences indicate a mini-
mum of seven large-scale ice sheet advances 
toward the continental shelf edge during Plio-
Pleistocene (e.g., Anderson and Bartek, 1992; 
Bart and Anderson, 2000; Kim et  al., 2018), 
while a minimum of 38 cycles of marine-based 

A B

Figure 1. (A) Overview of the Ross Sea bathymetry, Antarctica (Arndt et al., 2013). BI—Beaufort Island; FI—Franklin Island; RI—Ross 
Island; Cl—Coulman Island. Colored dots represent legacy drill sites, with the exception of the green dot, which is heat flow Site HF305 
(Sato et al., 1984). (B) Simplified map of the Ross Sea continental shelf. Depth contours define the modern continental shelf edge and the 
limits of banks and basins as named in Figure 1A. Grey lines are the navigation tracks of seismic reflection profiles used in this work. The 
locations of the seismic profiles shown in the figures are highlighted. Note that the westernmost Ross Sea (Drygalski and Victoria Land 
basins) is out of the scope of the present work. AND—ANDRILL Antarctic Drilling Project; CIROS—Antarctic Cenozoic history CIROS 
drilling; CRP—Cape Roberts Drilling Project; DSDP—Deep Sea Drilling Project; IODP—International Ocean Discovery Program.
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ice sheet advance and retreat are preserved in 
the AND-1B Site (Fig. 1A) in the inner conti-
nental shelf region over the past 5 m.y. (Naish 
et al., 2009).

DATA AND METHODS

The results presented in this work combine 
several geophysical techniques, summarized 
below. The bathymetric data for the base map 
(Fig. 1) have been extracted from the Interna-
tional Bathymetric Chart of the Southern Ocean 
(Arndt et al., 2013).

Regional Seismic Database and 
Interpretation

An extensive seismic dataset is available for 
the continental shelf of the Ross Sea (Fig. 1B). 
The database contains multichannel (MCS) 
and single channel (SCS) reflection seismic 
profiles acquired by international partners dur-
ing several decades of research (Table 1). Data 
quality and resolution are therefore variable. 
Most of the MCS lines are available in stack 
version at the SCAR Seismic Data Library Sys-
tem for Cooperative Research (https://sdls.ogs.

trieste.it). Details on the processing sequence 
of MCS and SCS profiles implemented for the 
manuscript are included in the Supplemental 
Material1.

The MCS and SCS profiles have been im-
ported into an IHS-Kingdom project to facilitate 
seismic-stratigraphic analyses. The seismic in-
terpretation criteria adopted the basic analytical 
methods of seismic stratigraphy (e.g., Payton, 
1977). Therefore, major stratigraphic disconti-
nuities were identified from reflection configu-
rations indicative of unconformities and their 
correlative conformities, which in many cases 
are expressed as high amplitude reflections that 
present a regional signature. Two of the main 
stratigraphic discontinuities identified in AN-
TOSTRAT interpretations and maps (Brancolini 
et al., 1995; Cooper et al., 1995), referred to as 
RSU4 and RSU5, have been examined and rein-
terpreted. Reinterpretation of the ANTOSTRAT 
stratigraphic boundaries of the same name (Sup-
plemental Fig. S4; see footnote 1) was based on 
taking into consideration new available seismic 
data, wireline, and core logs from DSDP and 

Figure 2. Seismic facies 
distinguished on the seis-
mic packages, units, and 
subunits of the Ross Sea 
as defined in this work 
and correlated to AN-
TOSTRAT seismic se-
quences as in Brancolini 
et al. (1995).

TABLE 1. MAIN ACQUISITION PARAMETERS OF THE SEISMIC DATASET IN THE ROSS SEA, USED FOR THE MAPPING IN THIS WORK

Line group Number of 
lines

Recording 
length

Source Receiver Sampling 
interval

Samples 
per trace

Institution and year

ATC82B 7 9 Bolt Air Guns 35.54 l Prakla-seismos 48 ch 4 3000 IFP / France / 1982
BGR80 26 6 ‘U’ 24 Air Guns 23.45 l Prakla-seismos 48 ch 4 2000 BGR / Germany / 1980
I06290 22 3 2 Air Guns 11.64 l 48 ch 2 OGS / Italy / 2005
IT17RS 40 6 2 GI Guns 6.88 l Single-channel 1 OGS / Italy
IT88AR 6 5 14 Air Guns 45.16 l Prakla-seismos 96 ch 2 8000 OGS / Italy /1988
IT89AR 24 6 2 Air Guns 45.16 l Prakla-seismos 120 ch 4 12,000 OGS / Italy /1989
IT91AR 2 8 2 × 20 Air Guns 74.8 l Prakla-seismos 120 ch 2 8000 OGS / Italy /1991
IT94AR 6 8 2 × 20 Air Guns 74.8 l Prakla-seismos 120 ch 2 8000 OGS / Italy /1994
KSL12/14 7 8 GI Air Gun 3.44 l Geometrics 96 ch 2 2500 KORDI / Korea
L284AN 18 10 5 Air Guns 21.5 l GUS HDDR 4200 24 ch 2 10,000 USGS / USA / 1984
NBP0306 44 4 GI Air Gun 3.44 l Geometrics 96 ch 2 2500 University of Santa Barbara / USA / 2004
NBP0401 60 4 GI Air Gun 3.44 l Geometrics 96 ch 2 2500 University of Santa Barbara / USA / 2004
NBP0701 30 12 6 GI Air Guns 20.6 l 2 4000 University of Santa Barbara / USA / 2007
NBP0802 18 2 GI Air Gun 3.44 l Single-channel 2 2000 Louisiana State University / USA / 2008
NBP0803 20 2 GI Air Gun 3.44 l Single-channel 2 2000 Louisiana State University / USA / 2008
NBP1502 25 2 GI Air Gun 3.44 l Geometrics 96 ch 2 2000 Louisiana State University / USA / 2015
NBP31 42 3 4 GI Air Guns 1.7 l 45 ch University of Santa Barbara / USA
NBP9601 36 4 GI Air Gun 3.44 l Geometrics 96 ch 2 2500 University of Santa Barbara / USA / 1996
NBP9602 10 10 GI Air Gun 3.44 l Geometrics 96 ch 2 2500 University of Santa Barbara / USA / 1996
NBP9702 29 6 GI Air Gun 3.44 l Geometrics 96 ch 2 2500 University of Santa Barbara / USA / 1997
PD90 51 4 GI Air Gun 2.46 l Single-channel 2 4000 Rice University / USA / 1990
SEV87 17 7 Bolt Air Gun 10.0 l Progress-2 24 ch 4 6000 Sevmorgeologia / Russia / 1987
SEV89 17 6 Bolt Air Gun 10.0 l Progress-2 24 ch 4 6000 Sevmorgeologia / Russia / 1989
TH82 9 9 Bolt Air Gun 9.2 l Ministreamer 24 ch 4 10,000 JNOC /Japan / 1982
TH91 10 7 2 Water Guns 13.11 l DFS-V 24 ch 4 9000 JNOC /Japan / 1991
TH92 8 5 3/4 GI Guns 7.4 l DFS-V 48 ch 4 11,000 JNOC /Japan / 1991
TH95 8 9.5 4 GI Guns 9.8 -13.7 l AESOP 168 ch 4 14,000 JNOC /Japan / 1995

Notes: Recording length is given in seconds two-way travel-time, whereas sampling interval is given in milliseconds. ch—channels; BGR—German Federal Institute for 
Geosciences and Natural Resources; IFP—French Institute of Petroleum; JNOC—Japan National Oil Corporation; KORDI—Korea Ocean Research and Development 
Institute; OGS—National Institute of Oceanography and Applied Geophysics; USGS—U.S. Geological Survey.

1Supplemental Material. Additional information 
regarding methods (Reflection seismic processing, 
Drill-site measurements, Core-log-seismic 
correlations, Spatial Velocity calculations, and 
Reflection Tomography model) and regional 
stratigraphy descriptions, as well as detailed 
considerations regarding the opal distribution 
and depth. Please visit https://doi.org/10.1130/
GSAB.S.14356205 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.
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IODP drill sites, and updated age models. Major 
differences between the mapped RSUs and those 
published in ANTOSTRAT are described in the 
Supplemental Material. The remapping of sur-
faces associated with the ANTOSTRAT RSUs 

is used to define three seismic packages in this 
work, Package A, Package B, and Package C 
from top to bottom (Figs. 2 and 3).

Equally, the discontinuity interpreted here 
as RSU4a correlates with the same named dis-

continuity identified by De Santis et al. (1995) 
with major re-adjustments related to the lat-
est available data. Within Package B, surface 
RSU4a separates ANTOSTRAT sequences 
RSS4 (above) and RSS3 (below). Additional 

A

B

C

SSE NNW

Figure 3. (A) Seismic profile across the middle continental shelf of the Ross Sea, Antarctica, composed of the single channel profiles PD90_34, 
PD90_35, PD90_36, and PD90_37. Deep Sea Drilling Project (DSDP) sites 272 and 273, and International Ocean Discovery Program Site 
U1521 locations are marked. The crossing line points are marked. (B) Interpreted seismic packages, units, and subunits and stratigraphic 
discontinuities over the composite profile shown in (A). See profile location in Figure 1B (blue line). TWTT—two-way travel-time. The loca-
tion of the profile segments shown in Figure 4 are marked with black boxes. (C) Spatial velocity distribution along the composite profile (A) 
based on the multi-attribute analysis of Hampson Russell software (Supplemental Material; see footnote 1).
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stratigraphic discontinuities D-a (in RSS4) and 
D-b (in RSS3) not defined by ANTOSTRAT 
have now been mapped in this work through in-
tegration of wireline and core logging data with 
the SCS profiles (Fig. 2). These discontinuities 
allow division of Package B into four seismic 
units defined as RSS4-I and RSS4-II from top 
to bottom in sequence RSS4, and RSS3-I and 
RSS3-II from top to bottom in sequence RSS3 
(Figs. 2 and 3). Additionally, within these seis-
mic units several seismic subunits are distin-
guished based on their seismic facies. These are 
referred to as RSS4-IIa and RSS4-IIb, from top 
to bottom in the stratigraphic column; and RSS3-
Ia and RSS3-Ib, following the same criteria 
(Figs. 2 and 3). The seismic units and subunits 
of Package B identify shifts in glacial erosion 
and sedimentary depocenters through the depo-
sition of the package, and form the main focus 
of this work.

The regional seismic facies have been inter-
preted after Anderson and Bartek (1992) and De 
Santis et al. (1995) and the prograding/aggrading 
sequences have been interpreted following Coo-
per et al. (1995). At the bottom of the sedimen-
tary record, the top of the acoustic basement has 
been mapped through interpretations of several 
MCS profiles on which processing has been im-
proved with respect to the ANTOSTRAT version. 
However, further work considering magnetic and 
gravimetry data, as well as major reprocessing of 
seafloor multiple reflections would be needed to 
develop an accurate map of the igneous and met-
amorphic basement. Therefore, only the general 
morphology of the basement top is considered 
here for mapping purposes.

Contour maps of surfaces and thicknesses of 
seismic sequences and units are presented in two-
way travel-time (TWTT). They have been created 
by flex gridding interpolation with 100 × 100 m 
cell size. According to the data distribution and 
the area of interest of this study, the mapping 
limits were set at Cape Colbeck to the east and 
Crary-Mawson Bank and the southern volcanic 
edifices to the west. The edge of the Ross Ice 
Shelf marks the natural landward limit and the 
oceanward boundary is formed by the edge of the 
present-day continental shelf roughly following 
the 1000 m bathymetric contour line (Fig. 1). No 
deep drilling sites exist within the eastern Ross 
Sea domain, i.e., to the east of Glomar Challeng-
er Basin, and therefore the resolution and con-
straints are reduced in this area and dependent 
on the accuracy of seismic surface correlations.

Drill-Site Measurements and Corrections

IODP Site U1521, drilled during Expedition 
374 in 2018, and DSDP sites 272 and 273, drilled 
during Leg 28 in 1973, are used in this study to 

correlate the seismic stratigraphy. The sites are 
located along the present-day middle continental 
shelf of the Ross Sea (Fig. 1), and the age mod-
els developed from biostratigraphic and paleo-
magnetic techniques show relatively expanded 
sequences of Miocene sediments (Hayes et al., 
1975; Bart, 2003; McKay et al., 2019). How-
ever, it should be noted that all age models are 
subject to future refinement through improved 
resolution of biostratigraphic observations and 
development of a consistent biostratigraphic 
framework between recent and legacy cores that 
is beyond the scope of this study. Indeed, the 
seismic stratigraphic mapping presented in this 
work is intended to help inform the development 
of new chronostratigraphies in these sites as it 
allows for the identification of erosional surfaces 
as well as regional ties of sediment packages, 
and this helps to constrain whether sedimentary 
successions that have significant thickness in a 
drill core in one part of the region may be miss-
ing in the drill cores from another area.

IODP Site U1521 is located at 75°41.0351′S, 
179°40.3108′W in Pennell Basin at 562 m water 
depth (wd) (Fig. 1). Core and wireline (down-
hole) logging measurements were completed in 
the site to 650.1 m below seafloor (mbsf), above 
which depth average core recovery was 63%. De-
tails on the coring techniques and logging tools 
are provided in McKay et al. (2019). DSDP Site 
272 is located at 77°07.62′S, 176°45.61′W in 
Glomar Challenger Basin at 629 m wd (Fig. 1). 
37% core recovery was obtained from the total 
443 mbsf penetrated (Hayes et al., 1975). DSDP 
Site 273 is located at 74°32.29′S, 174°37.57′E 
in Joides Basin at 495 m wd (Fig. 1). The site 
penetrated to 346.5 mbsf with 25% sediment re-
covery (Hayes et al., 1975). Nearly all the cores 
in DSDP sites 272 and 273 were core logged 
for P-wave velocity (Vp). In addition, logged wet 
bulk density values were determined along the 
cores from the analog gamma ray attenuation 
porosity evaluation (GRAPE) records by linear 
interpolation (Hayes and Frakes, 2004a, 2004b).

The variability of the physical properties 
between the three sites was analyzed in Hamp-
son Russell-EMERGETM commercial software 
package (Calgary, Alberta, Canada). Differences 
in data quality and resolution between the wire-
line and core logging outputs, and different lith-
ological classification schemes between DSDP 
and IODP expeditions have been taken into con-
sideration in the present study while compar-
ing the data of the three sites (Fig. 4). Wireline 
and core logs have been resampled to 5 m by 
applying a running average, to obtain records 
with vertical resolution approaching that of the 
seismic data while minimizing loss of variability 
(Fig. 5). Physical properties measured through 
core and downhole logging techniques at Site 

U1521 present similar trends with local differ-
ences in absolute values (Fig. 5C). Compression-
al velocity measured from discrete core samples 
correlates well with the multi-sensor core logger 
and wireline downhole logging P-wave measure-
ments (McKay et al., 2019). Core and downhole 
magnetic susceptibility trends differ at certain 
depths due to the absence of full temperature cor-
rection in the downhole logging (McKay et al., 
2019). Core logging measurements of density 
values (wet bulk density) are lower than wire-
line logging values (mean difference ∼0.21 g/
cm3). The correlation between wireline down-
hole logged density and core logged wet bulk 
density has been calculated and used to correct 
the anomalously low wet bulk density values of 
DSDP sites 272 and 273 cores as detailed in the 
Supplemental Material. The corrected densities 
are used in this work for the DSDP sites. Density 
values have been used to calculate porosities (φ) 
and acoustic impedance (Ip), as detailed in the 
Supplemental Material.

Magnetic susceptibility, natural gamma ra-
diation, and resistivity have been measured at 
Site U1521 by both wireline downhole logging 
(used hereafter but otherwise noticed) and multi-
sensor core logging (Fig. 5C). Water saturation 
(Sw) along the stratigraphic column is calculated 
at Site U1521 on the basis of porosity (φ) and 
resistivity (Rt) measurements (Supplemental 
Material).

The formation microscanner (FMS)-sonic 
tool string was run at Site U1521 (McKay et al., 
2019). FMS images provide a high-resolution 
image of the resistivity-conductivity condition 
of the sediment surrounding the borehole. Site 
U1521 FMS images have been considered in 
the present work to provide an indication of the 
heterogeneity at restricted intervals of the sedi-
mentary record.

Core-Log-Seismic Ties

Core-log-seismic ties allow the relevant vari-
ability of the wireline and core logs to be ex-
tended to a broader area. Logging values from 
relevant physical properties have been tied with 
RV Polar Duke cruise PD90 SCS profiles (Fig. 4). 
Site U1521 ties with profile PD90_36 (Fig. 4B). 
Borehole seismic check-shot measurements were 
obtained at Site U1521 allowing the direct time-
depth correlation for the core-log-seismic tie as 
described in the Supplemental Material.

The absence of wireline downhole logs and 
check-shot data from DSDP sites 272 and 273 
limits the core-seismic correlation. DSDP Site 
272 ties with SCS profile PD90_34, whereas 
DSDP Site 273 is on PD90_37 (Figs. 3A and 
3C). Time-depth correlation for these sites has 
been calculated using the stacking velocities 
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of the crossing MCS profiles (BGR80-002 
and BGR80-001, respectively to DSDP sites 
272 and 273) following Brancolini et  al. 
(1995) and detailed in the Supplemental Ma-
terial. The adjusted time-depth correlations 
were imported in the IHS-Kingdom project 
to proceed with the core-log-seismic ties 
(Figs. 3B and 4).

Velocity Analyses

Anomalously high compressional velocity 
values have been measured at restricted inter-
vals of the drilled sites (Figs. 4 and 5). Spatial 
velocity distribution and reflection tomography 
analyses have been created along seismic pro-
files proximal to the sites in order to explore the 
implications of the velocity variability (Supple-
mental Material). However, the velocity analy-
sis results have not been further used for seismic 
depth conversions due to the large uncertainties 
in the regional velocity models.

The compressional velocities from the wire-
line and core logging of the three sites have 
been extrapolated along a composite SCS profile 
formed by lines PD90_34, PD90_35, PD90_36, 
and PD90_37. The resulting 2-D profile shows 
the spatial distribution of velocities along the 
present-day middle continental shelf of the cen-
tral Ross Sea (Fig. 3C). This 2-D velocity dis-
tribution has been obtained from multi-attribute 

analysis in Hampson Russell software as de-
tailed in the Supplemental Material.

Travel-time inversion tomography has been 
performed along the MCS profile IT94AR126 
in the surroundings of IODP Site U1521. The 
methodology and model analyses are detailed 
in the Supplemental Material. The tomogra-
phy model provides a large-scale velocity field 
in depth (Supplemental Fig. S3; see footnote 
1). Variability in velocity values highlights lat-
eral changes within the seismic packages and 
sequences.

CORE-LOG-SEISMIC CORRELATION: 
THE STRATIGRAPHIC RECORD

The regional sedimentary record of the conti-
nental shelf of the Ross Sea east of Crary-Maw-
son Bank forms two major depocenters in the 
eastern (>3 s TWTT) and western (>2 s TWTT) 
sectors (Fig. 3B). Between them, a SE-NW area 
of thinner cover runs from the southwest Glomar 
Challenger Basin to the northern Pennell Bank. 
In this work, three major seismic packages are 
identified in the sedimentary record, Package 
A, Package B, and Package C, from the seafloor 
downwards in the stratigraphic column (Figs. 2 
and 3B). They are distinguished on the basis of 
the correlation between the available MCS and 
SCS profiles and the wireline and core logging 
data of DSDP Site 272, IODP Site U1521, and 

DSDP Site 273 (Fig. 4). Package A is character-
ized with thick depocenters (>2.5 s TWTT) on 
the outer continental shelf of the eastern Ross Sea 
formed by prograding wedges (Figs. 2, 3A, 3B, 
6, and 7). In addition, grounding zone wedges 
have been previously described embedded on the 
sedimentary sequences contained in this pack-
age (Bart and De Santis, 2012). Package C is 
regionally formed by widespread aggradational 
medium amplitude, high lateral continuity, and 
stratified reflections in the upper part (Figs. 2, 
3A, and 3B). However, sparse mounded-elongat-
ed bodies can be identified in the upper part of 
the package along the northern Pennell Bank and 
the southern Glomar Challenger Basin. They are 
formed by continuous reflections tilted toward 
the central part of Pennell and Glomar Challeng-
er basins, respectively (Fig. 8D). These mounded 
bodies are ∼0.35 s TWTT high and ∼5 km long. 
A general description of Package A and Pack-
age C distribution, seismic facies and physical 
properties is included in the Supplemental Ma-
terial of this manuscript, while Package B and 
its stratigraphic boundaries are the core focus of 
this work.

Package B: RSU4 to RSU5

At the top of Package B, discontinuity RSU4 
is represented by a high amplitude reflection 
that truncates the underlying sedimentary record 

A B C

Figure 4. Core-log-seismic correlation of (A) reclassified lithology, P-wave velocity (km/s), and wet bulk density (Bulk D) (g/cm3) data of 
core logging in Deep Sea Drilling Project (DSDP) Site 272 with profile PD90_34; (B) lithology and lithostratigraphic units from McKay 
et al. (2019), velocity (VCO, km/s), density (RHOM, g/cm3), gamma ray (EHGR, American Petroleum Institute), magnetic susceptibility 
(LSUS), and resistivity (RT, Ohm·m) data of downhole logging in International Ocean Discovery Program (IODP) Site U1521 with profile 
PD90_36; and (C) reclassified lithology, P-wave velocity (km/s) and wet bulk density (Bulk D) (g/cm3) data of core logging in DSDP Site 273 
with profile PD90_37. The interpreted seismic packages and stratigraphic discontinuities are shown. The black vertical lines show the actual 
locations of the sites, while the logs are laterally projected. See locations in Figure 3B. TWTT—two-way travel-time.
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Figure 5. Logged physical properties of the three sites along the middle continental shelf of the Ross Sea, Antarctica, with strati-
graphic discontinuity locations as colored arrows. The thin black arrow points to the location of the base of RSS3-Ia at Interna-
tional Ocean Discovery Program (IODP) Site U1521. (A) Core logging from Deep Sea Drilling Project (DSDP) Site 272. P-wave: 
velocity data (green) resampled to 5 m (blue) and with running average filter (red); Density: resampled to 5 m (black), cor-
rected with IODP Site U1521 densities cross-plot relation (red) and calculated from velocities following Gardner’s law (blue); 
Porosity resampled to 5 m: calculated from density values (blue) and from corrected density values (red); Acoustic impedance 
resampled to 5 m: calculated from core logged velocity and density (blue), and from core logged velocity and corrected density 
(red). (B) Core logging from DSDP Site 273, using same processing and color scheme as DSDP Site 272 (A). (C) Downhole wire-
line logged (gray) and core logged (green) data from IODP Site U1521. Solid black lines show the downhole data resampled to 
5 m. Check shot trend (black) and downhole P-wave corrected with check shots (red); P-wave velocity: downhole logged (gray) 
and core logged (green); downhole logged P-wave (gray), resampled to 5 m (black), with high-pass frequency filter at 50 Hz 
and a low-pass frequency filter at 60 Hz in time domain (blue), and resampled with a running average (red); Density: down-
hole logged (gray), core logged (green), downhole logged resample to 5 m (black); Porosity: downhole logged (gray) resampled 
to 5 m (black) and calculated from downhole logged densities resampled to 5 m (blue); Resistivity: downhole logged (gray) 
resampled to 5 m (black); Acoustic impedance calculated from downhole logged velocity and density (red) resampled to 5 m 
(black); Magnetic susceptibility: downhole logged (gray) resampled to 5 m (black); Water saturation calculated from downhole 
logged porosity and resistivity (gray) resampled to 5 m (black); Gamma radiation: downhole logged (gray) resampled to 5 m 
(black). (D) Average range of the main physical properties in the interpreted seismic packages and units from wireline logging 
at IODP Site U1521 and core logging at DSDP sites 272 and 273. TWTT—two-way travel-time; mbsf—meters below seafloor.
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through a broad area. It is laterally continuous 
and can be traced regionally, although it is af-
fected locally by channel-like morphologies 
(Figs. 3B and 6). The U-shape channels formed 
in association with RSU4 are over 0.05 s TWTT 
deep and 12 km wide, whereas the V-shape 
channels carve ∼0.08 s TWTT (Fig. 4B). RSU4 
marks a regional change in the seismic facies 
from higher reflectivity above to lower reflec-
tivity below. However, lateral changes in the 

seismic facies lead to a local reversal of this 
pattern. RSU4 is identified at 126, 110, and 
60 mbsf at DSDP Site 272, IODP Site U1521, 
and DSDP Site 273, respectively, representing a 
sharp change in P-wave, density, and magnetic 
susceptibility trends (Fig. 5). Regionally, RSU4 
is deeper in the eastern Ross Sea (2 s TWTT), 
forming a broad depression in the central part 
of the continental shelf that deepens rapidly 
toward the modern shelf edge (Fig. 7). In con-

trast, to the west of Ross Bank, RSU4 is rela-
tively shallow (0.8 s TWTT), particularly on the 
southeastern Ross Bank and northeastern Pen-
nell Bank (<0.6 s TWTT). In this region, RSU4 
forms focused troughs oriented in a NE-SW di-
rection, which deepen toward the Central Basin 
(>1 s TWTT).

In general, Package B is thickest to the north-
east where maximum thickness of 0.8 s TWTT 
is recorded in the present-day outer shelf of 

A

B

Figure 6. Single channel seismic profiles (A) PD90_24 across the inner continental shelf of the eastern Ross Sea, Antarctica from Whales 
Basin to Glomar Challenger Basin; and (B) PD90_49 across the inner continental shelf of the western Ross Sea from Hayes Bank to Crary 
Bank. The interpreted sedimentary packages and discontinuities are shown. See location in Figure 1B (blue lines). TWTT—two-way travel-
time. The crossing line points are marked.
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Glomar Challenger Basin and middle shelf of 
Whales Basin (Fig. 7). The average thickness 
of Package B in the sedimentary basins is 0.4 s 
TWTT, but in the Joides Basin the record only 
exceeds 0.2 s TWTT in the inner part. Converse-
ly, in Glomar Challenger Basin, the depocenters 
are recorded toward the present-day outer conti-
nental shelf. Pennell Basin has the largest thick-
ness of the package in a ∼200-km-wide NE-SW 
zone aligned with the trough in RSU4 surface, 
where the U1521 drill site is located (Fig. 7).

Major stratigraphic changes in the sedimen-
tary record of Package B define two seismic 
sequences that present an irregular distribu-
tion over the continental shelf of the Ross Sea 
(Fig. 3B). Further stratigraphic discontinuities 
can be distinguished in each of the seismic se-
quences (Fig. 2). A total of four regionally map-
pable seismic units can be distinguished between 
RSU4 and RSU5 in Pennell Basin (Fig.  3B). 
These seismic units distinguish several seis-
mic subunits bounded by minor stratigraphic 
discontinuities. A detailed description of the 
seismic units and stratigraphic discontinuities is 
provided below.

Seismic Unit RSS4-I
RSS4-I has restricted distribution from the 

westernmost Glomar Challenger Basin, across 

the Ross Bank, Pennell Basin, and Pennell 
Bank, to the easternmost Joides Basin (Fig. 9). 
Its lenticular geometry is the result of its lower 
boundary being truncated by its upper bound-
ary, the RSU4 surface (Fig.  3). Maximum 
thickness of RSS4-I (>0.2 s TWTT) occurs 
to the southwest of IODP Site U1521. Seis-
mic profile PD90_36 shows ∼0.10 s TWTT 
of sediment associated with RSS4-I overlying 
the recovered interval 9 km to the southeast 
of Site U1521 (Fig.  3B). Thus, the seismic-
stratigraphy indicates that Site U1521 has only 
captured the lower half of this unit. The am-
plitude and lateral continuity of the reflections 
forming RSS4-I decrease downwards in the 
record (Figs. 2, 3B, and 4). Laterally continu-
ous reflections dip toward the Ross Bank in the 
eastern margin of Pennell Basin and toward the 
Pennell Bank in the eastern Joides Basin. They 
bound low lateral continuity and chaotic reflec-
tions (Figs. 2 and 3B).

A relatively gradual increase with depth in 
the P-wave velocity is registered in RSS4-I 
at Site U1521 (Fig. 5), while a steeper down-
wards increase in P-wave velocity is recorded 
in DSDP Site 273. A sharp decrease in P-wave 
(1580 to ∼1510 m/s) at 130 mbsf in IODP Site 
U1521 correlates with the change from higher 
to lower amplitude reflections in the seismic 

record. Major changes in P-wave values match 
with the laterally continuous dipping reflections 
distinguished within this unit (Fig. 4B). The spa-
tial velocity distribution shows local layers with 
high to very high P-wave values (>2350 m/s) 
interbedded in the average record of low P-wave 
values (<2100 m/s) (Fig. 3C).

Low and homogeneous density values charac-
terize RSS4-I in the Pennell and Joides basins, 
but slightly higher density values are observed at 
the bottom of the unit in DSDP Site 273 (Fig. 5). 
At Site U1521, resistivity values and magnetic 
susceptibility decrease downwards, whereas the 
natural gamma radiation and the water saturation 
increase downwards with highly variable values 
(Fig. 5). FMS images also reveal low resistivity 
sediments forming this unit.

The bottom of RSS4-I is formed by the strati-
graphic discontinuity D-a. Discontinuity D-a 
constitutes a high lateral continuity reflection 
that varies from medium to high amplitude. It 
is largely conformable with the underlying re-
cord. D-a represents a local boundary between 
overlying low reflectivity and underlying high 
reflectivity seismic facies (Fig. 3B). It is found 
at 210 mbsf at Site U1521 and at 166 mbsf at 
DSDP Site 273, corresponding to a sharp in-
crease in P-wave, density, and magnetic suscep-
tibility values (Fig. 5).

Figure 7. Maps of the Ross Sea continental shelf, Antarctica, and its major interpreted surfaces in depth and seismic packages in thickness 
both in seconds two-way travel-time (TWTT). Isolines at 0.5 s intervals. Modern continental shelf edge is marked by the thick black line and 
the thin black lines outline banks and basins as in Figure 1B. The locations of the three considered sites are marked with red dots.
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Seismic Unit RSS4-II
RSS4-II is locally identified in the basins and 

banks from Houtz Bank to Joides Basin, but 
is absent over Iselin Bank (Figs. 3B and 9). It 
presents a patchy distribution with large areal ex-
tension along a NE-SW corridor which extends 
from the northwest of the Glomar Challenger 
Basin to the southeast of the Central Basin. The 

overall thickness of RSS4-II averages ∼0.1 s 
TWTT with local depocenters of >0.2 s TWTT 
(Fig. 9).

The internal structure of RSS4-II shows 
variability in both seismic facies and in logged 
physical properties (Figs. 2 and 4). A minor dis-
continuity formed by a high amplitude and lat-
erally continuous reflection bounds two seismic 

subunits, RSS4-IIa and RSS4-IIb (Fig. 2). Seis-
mic Subunit RSS4-IIa, is formed by very high 
amplitude and laterally continuous reflections. 
Very low amplitude reflections with little to no 
lateral continuity form the semi-transparent low-
er subunit, RSS4-IIb (Fig. 3B). Across the Joides 
Basin to Ross Bank region, the two subunits ap-
pear to represent lateral variations of interrelated 

A

B

C

D

Figure 8. Ross Sea examples of the mounded-elongated bodies interpreted as morainal bank complexes. (A) Little America Basin below RSU4 
(in RSS4) in the single channel profile PD90_51. (B) Glomar Challenger Basin below RSU4a (in RSS3-II) in multichannel seismic (MCS) 
profile TH82_16. (C) Glomar Challenger Basin below D-b (in RSS3-II) in MCS profile TH92_21. (D) Pennell Basin below RSU5 (in Package 
C) in MCS profile BGR80-008. See locations in Figure 1B (pink lines). TWTT—two-way travel-time. The crossing line points are marked.
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seismic facies. However, in the Whales and Joi-
des basins the seismic facies are more uniform in 
nature within RSS4-II, and form inclined moder-
ate amplitude reflections that appear to terminate 
at the underlying RSU4a discontinuity (Figs. 3B 
and 6). Mounded-elongated bodies with offshore 
dipping internal reflections are locally identi-
fied in Houtz Bank and eastern Glomar Chal-
lenger Basin. They are ∼0.2 s TWTT thick and 
10–20 km long (Fig. 8A).

RSS4-II presents relatively high P-wave val-
ues (Fig. 5), particularly in RSS4-IIa (maximum 
2500 m/s), with a general downwards decreasing 
trend. The spatial velocity distribution shows a 
thick layer of high P-wave values (>2400 m/s) 
in RSS4-II in the western part of Pennell Basin 
(Fig. 3C). The density of RSS4-II is relatively 

high where RSS4-IIa presents higher density val-
ues (∼1.9 g/cm3) than RSS4-IIb (∼1.7 g/cm3). 
The porosity of the unit is generally higher in 
the Glomar Challenger and Joides basins with 
respect to Pennell Basin. Resistivity, magnetic 
susceptibility, and natural gamma radiation in-
crease downwards reaching their maximum 
around 240 mbsf at Site U1521 with a down-
wards decreasing trend below. Water saturation 
shows a downward decreasing trend (Fig. 4).

At the bottom of RSS4-II, the stratigraphic dis-
continuity RSU4a constitutes a medium to high 
amplitude reflection. It presents as a laterally 
continuous reflection forming a sharp truncation 
surface along the eastern margin of Pennell Basin 
and in the eastern Joides Basin (Fig. 3B). It lo-
cally separates high amplitude reflections above 

and below, while laterally the underlying record 
tends to be less reflective than the overlying one 
(Fig.  3B). RSU4a is located at 200, 288, and 
228 mbsf at DSDP Site 272, IODP Site U1521, 
and DSDP Site 273, respectively (Fig. 5). At the 
DSDP sites, it represents a change from heteroge-
neous P-wave and density values above to homo-
geneous values of both properties below it, but at 
Site U1521 the change is reversed (Fig. 4).

Seismic Unit RSS3-I
Below RSU4a, RSS3-I is identified in the 

westernmost Glomar Challenger Basin. It is 
broadly distributed across the Pennell and Joi-
des basins (Fig. 9). The thickest sections are re-
corded in the western part of Glomar Challenger 
Basin and the southeastern part of Pennell Basin, 

Figure 9. Maps of the Ross Sea continental shelf, Antarctica, showing thickness of individual seismic units in seconds two-way travel-time 
(TWTT). Isolines at 0.1 s intervals, except in RSS3-II where they are at 0.2 s. Modern continental shelf edge is marked by the thick black 
line and the thin black lines outline banks and basins as in Figure 1B. The locations of the three considered sites are marked with red dots.
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as well as the central area of the Pennell Bank, 
where depocenters over 0.25 s TWTT are lo-
cally identified (Fig. 3B). However, the Joides 
Basin displays comparatively thinner intervals 
with values only locally reaching 0.1 s TWTT 
(Fig. 9).

RSS3-I is divided into two subunits, with 
Seismic Subunit RSS3-Ia containing high am-
plitude reflections that are laterally continuous 
in the upper part of the unit, and a lower Seismic 
Subunit RSS3-Ib that contains discontinuous to 
chaotic reflections (Figs. 2 and 3B). In the Pen-
nell Basin, the base of RSS3-Ia goes down to 
1.15 s TWTT, which corresponds to 339 mbsf, 
at Site U1521, but the unit pinches out laterally 
toward RSU4a (Fig. 3B). In the MCS profiles, 
RSS3-Ia is mainly composed of two reflec-
tions of very high amplitude, the upper one of 
which exhibits the same polarity as the seafloor 
reflection (Supplemental Fig. S3). RSS3-Ia oc-
curs widely along the southeastern part of Pen-
nell Basin and toward Ross Bank over an area 
of more than 5000 km2. At IODP Site U1521, 
it has a thickness of 65 m (0.055 s TWTT), but 
reaches maximum thicknesses >0.07 s TWTT 
within the Pennell Basin, i.e., up to 83 m thick 
considering the time-depth relation of Site 
U1521. Along the margin of Pennell Basin with 
Pennell Bank, RSS3-Ib is formed by layers of 
chaotic to low lateral continuity reflections that 
locally form mound morphologies. They are 
bounded by high amplitude reflections which 
exhibit rough morphology (Fig. 3B). Mounded-
elongated bodies have been identified along the 
northern Whales Basin, the eastern margin of the 
Glomar Challenger Basin, and between the Ross 
and Pennell banks. They are formed by relatively 
continuous reflections tilted offshore which form 
∼0.24 s TWTT thick mounds thinning laterally 
over ∼5 km (Fig. 8C).

P-wave values are relatively constant along 
RSS3-I in the Glomar Challenger and Joides 
basins. Only the highly variable ranges of P-
wave velocity (2100–2700 m/s) in Pennell Ba-
sin show a general downward decreasing trend 
(Fig. 5). At Site U1521 downhole logs of P-wave 
velocity associated with RSS3-Ia display wide 
variations up to a maximum value of 4300 m/s. 
The average is 2500 m/s, with 2300 m/s median 
and 2100 m/s mode. Overall, the baseline of 
the velocity increases downwards. In the 2-D 
velocity distribution, RSS3-Ia shows as a layer 
of high P-wave values (∼2400 m/s) in Pennell 
Basin (Fig. 3C). Several layers of high P-wave 
(<2500 m/s) are distinguished in RSS3-I along 
the Pennell Basin and Pennell Bank (Fig. 3C).

The density of RSS3-I averages ∼1.6 g/cm3. 
However, it shows a general downwards increas-
ing trend within a wide range of values (Fig. 5). 
The density of RSS3-Ia is relatively high with an 

average of ∼1.7 g/cm3 with downwards increas-
ing trend. The major change in density occurs 
at the bottom of RSS3-Ia (Fig. 4). RSS3-I pres-
ents low porosity at Site U1521, which increases 
from ∼30% in RSS3-Ia to ∼40% in RSS3-Ib. 
On the contrary, high porosity values are calcu-
lated at DSDP sites 272 and 273 (Fig. 5). The 
acoustic impedance of RSS3-Ia shows a sharp 
change from the overlying sediments. Its values 
range from 2.7×106 to 3.8×106 kg/m2 s with 
two distinct maximum values at the top and 
medium parts of the subunit. Resistivity values 
oscillate in a wide range in RSS3-I. Maximum 
values (8.7 Ohm·m) are recorded in the upper 
part of the unit matching with RSS3-Ia, as the 
highest resistivity of the stratigraphic column 
(Fig. 5). The FMS images show an alternating 
pattern of conductive and resistive layers in 
RSS3-Ia, whereas homogeneously conductive 
sediments are identified in RSS3-Ib. Natural 
gamma radiation and water saturation values 
increase downwards, in contrast to the trend in 
magnetic susceptibility, which has higher values 
at the top of RSS3-Ia and in RSS3-Ib (Fig. 5).

At the bottom of RSS3-I, the stratigraphic dis-
continuity D-b shows as a medium to high am-
plitude, laterally continuous reflection that can 
be correlated regionally (Fig. 3B). It is gener-
ally overlying low reflectivity seismic facies. At 
DSDP Site 272, IODP Site U1521, and DSDP 
Site 273, it is placed at 278, 385, and 235 mbsf 
respectively (Fig. 5). D-b overlies a relatively 
homogeneous P-wave values record, compared 
with the wide range values in RSS3-I (Fig. 4).

Seismic Unit RSS3-II
Below D-b, RSS3-II occurs over a wide area 

and is thickest in the eastern Ross Sea. Dep-
ocenters exceeding 0.6 s TWTT are elongated 
along the outer Hayes Bank and Glomar Chal-
lenger Basin (Fig.  9). RSS3-II is formed by 
reflections with low amplitude and little to no 
lateral continuity, bounded by low amplitude 
and laterally continuous reflections that form 
minor stratigraphic discontinuities (Fig. 2). The 
patterns formed by these seismic facies form up 
to 0.24 s TWTT thick prograding wedges which 
generally dip toward the central part of the ba-
sins (Figs. 3, 6, and 10). In addition, mounded-
elongated bodies have been identified in the 
southwest margin of Glomar Challenger Basin 
(Fig. 8B). These mounded bodies are ∼0.15 s 
TWTT thick and ∼22 km long. They are formed 
by relatively continuous reflections tilted toward 
the central part of the basin. Similar mounded-
elongated bodies are locally identified in Pennell 
Basin and Ross Bank.

P-wave values in RSS3-II oscillate within a 
limited range showing a downward increasing 
trend in Joides Basin (Figs. 4 and 5). The minor 

discontinuities match with marked changes in 
the P-wave velocity. The spatial velocity dis-
tribution shows a few layers of high P-wave 
(<2500 m/s) dipping toward the central edge in 
the eastern side of Pennell Basin (Fig. 3C).

The overall density of RSS3-II is relatively 
low with a general trend of slightly downwards 
decrease (Fig. 5). RSS3-II presents low poros-
ity in Pennell Basin (38%) and high porosity in 
the Glomar Challenger and Joides basins (up to 
85%). Resistivity, natural gamma radiation, and 
magnetic susceptibility are constant in the up-
per part of the unit, whereas they increase from 
511 mbsf downwards at Site U1521. The water 
saturation in RSS3-II increases downwards to 
∼530 mbsf, decreasing to the bottom of the unit 
in Pennell Basin (Fig. 5).

Discontinuity RSU5 forms the bottom bound-
ary of RSS3-II and the Seismic Package B, and 
is identified as a high amplitude and laterally 
continuous reflection that is generally conform-
able with the underlying record (Figs. 3A and 6). 
Local truncation of the underlying record is vis-
ible on the seismic sections of the eastern margin 
of Little America Basin and the northern margin 
of Glomar Challenger Basin. RSU5 is region-
ally identified at the top of high reflectivity and 
stratified deposits. Sparse mounded-elongated 
bodies locally underly RSU5 (Fig. 8D). RSU5 
is identified at 341, 566, and 282 mbsf at DSDP 
Site 272, IODP Site U1521, and DSDP Site 273, 
respectively, and represents a sharp increase in 
P-wave, density, and acoustic impedance toward 
the underlying record (Figs. 4 and 5). Regional-
ly, RSU5 is located around 2 s TWTT deep in the 
eastern Ross Sea, whereas the average depth is 
1.2 s TWTT in the western Ross Sea. Maximum 
depths (>3 s TWTT) are reached along the shelf 
edge of the Houtz and Hayes banks and Whales 
Basin. Minimum depths (<0.8 s TWTT) are in 
the inner part of Glomar Challenger Basin, land-
wards of Iselin Bank in Pennell Bank and the 
middle shelf of Joides Basin and Crary-Mawson 
Bank (Fig. 7).

UNIFYING DRILL CORE 
LITHOSTRATIGRAPHIES FOR 
SEISMIC STRATIGRAPHIC 
CORRELATION

The core-log-seismic tie allows correlation of 
the main lithological components of the distin-
guished seismic sequences, units, and subunits 
(Fig. 4). However, due to the use of different 
descriptive techniques and lithological classifi-
cation schemes, the existing lithological descrip-
tions from DSDP Leg 28 cores are inconsistent 
with the IODP Expedition 374 core descriptions. 
Here, we apply the lithological classification 
scheme from IODP Expedition 374 (McKay 
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et al., 2019) to the DSDP sites 272 and 273. In 
this study, we use the quantitative grain size anal-
ysis conducted by Balshaw (1981) to reclassify 
the major lithostratigraphic units for DSDP sites 
272 and 273 presented in Hayes et al. (1975).

For DSDP Site 272, the upper 121 mbsf were 
previously described as diatom-bearing silty clay 
containing common clasts. However, <10% dia-
toms and >25% sand content (reaching 50% in 
places) conforms to the diamictite classifica-
tion of IODP Expedition 374 (Fig. 4A). Below 
121 mbsf, sand content drops below 25%, and 
gradually decreases downcore to values gener-
ally <10% by ∼148 mbsf (Balshaw, 1981). 
Coincident with this decrease in sand is an in-
crease in diatom content. The lithology can be 
classified as diatom-rich mudstone between 137 
and 175 mbsf, and as mud-bearing diatom oozes 

below 175 mbsf. Clasts become rare to absent in 
the diatom ooze layers, and bivalves are noted 
(Hayes et  al., 1975; Balshaw, 1981; Dell and 
Fleming., 1975). Between 365 and 441 mbsf 
(base of site), the core consists of lithified mud-
stone, some of which is either silica or carbonate 
cemented (Hayes et al., 1975).

At DSDP Site 273, the upper 26 mbsf was 
described as a pebbly silty clay by Hayes et al. 
(1975) but contains >25% sand, so is reclassi-
fied here as diamictite (Fig. 4C). Below 26 mbsf 
most of the core was described as silty clay 
with pebbles, some of which is diatom-bearing. 
However, only a short interval between ∼139 
and 150 mbsf contains 10–40% diatoms and is 
classified as diatom-rich mudstone with clasts. 
Sand content between 26 and 272 mbsf gener-
ally varies between 15% and 20%, and is classi-

fied as mudstone (Fig. 4C). Grainsize indicates 
the presence of diamictites in two short intervals 
at 136 and 215 mbsf. The 215 mbsf interval was 
described as “gritty-looking,” silty clays with 
pebbles by Hayes et al. (1975). Below 272 mbsf, 
the sand content increases from 21% to 30%, in-
dicating a downcore coarsening reflecting a shift 
toward sediments that are either diamictites or 
close to the classification threshold of 25% sand. 
Carbonate cement is also noted in intervals be-
low 272 mbsf (Hayes et al., 1975).

Consequently, Package A corresponds to 
diamictites at DSDP Site 272 (Glomar Chal-
lenger Basin) and DSDP Site 273 (Joides Basin). 
The Package A lithostratigraphy in Pennell Ba-
sin is dominated by diamictites interbedded with 
thin, highly-deformed diatom oozes (Fig. 4), that 
characterize lithostratigraphic units I and II at 
Site U1521 (McKay et al., 2019).

Package B at DSDP Site 272 (Glomar Chal-
lenger Basin) is characterized by 16 m of dia-
tom-bearing mudstone, overlying diatom ooze 
with low clast abundance (30–70%), and some 
shell fragments (Fig. 4A) (Hayes et al., 1975; 
Balshaw, 1981). In Pennell Basin (IODP Site 
U1521), Package B consists of bioturbated di-
atom-bearing/rich mudstone with bivalves and 
rare clasts in Lithostratigraphic Unit III (McKay 
et al., 2019), forming the upper part of the se-
quence that constitutes the interpreted Seismic 
Unit RSS4-I. Below this, interbedded mudstone 
and diatom-bearing, clast-poor, sandy diamic-
tites form Lithostratigraphic Unit IV (McKay 
et al., 2019), correlating to Seismic Unit RSS4-
II (Fig. 4B). Seismic Subunit RSS3-Ia correlates 
with Lithostratigraphic Unit V (McKay et al., 
2019), which consists of chert nodules and 
silica cemented mudstone with rare clasts. Seis-
mic Subunit RSS3-Ib is formed by the massive 
diamictite with silica-cemented mudstones of 
Lithostratigraphic Unit VIA (Fig. 4B). Seismic 
Unit RSS3-II correlates with Lithostratigraphic 
Unit VIB, consisting of a 60.5-m-thick interval 
of cemented diamictite, and Lithostratigraphic 
Unit VIC, consisting of a 127-m-thick interval 
dominated by cemented diamictite but with 
thin cm- to m-scale bioturbated mudstone beds 
(McKay et al., 2019). At DSDP Site 273 in Joi-
des Basin, Package B corresponds to mudstones 
with variable clast contents ranging from abun-
dant to sparse, and comparatively thin (∼11 m) 
intervals of diatom-rich mudstones (Fig.  4C) 
(Hayes et al., 1975).

The recovered Package C consists of silica 
cemented mudstones with rare clasts at DSDP 
Site 272 in the Glomar Challenger Basin (Hayes 
et al., 1975), while in the Pennell Basin the re-
cord is dominated by diamictite with carbon-
ate concretions and occasional thin intervals of 
fine wavy mudstone laminations (Fig. 4), i.e., 

A

B

C

Figure 10. Seismic profile fragments in the Ross Sea showing prograding wedges in RSS3-II 
(Package B). (A) Inner continental shelf of Glomar Challenger Basin, single channel seismic 
(SCS) profile PD90_21. (B) Middle continental shelf of Pennell Basin, multi-channel profile 
BGR80-008. (C) Outer continental shelf of Joides Basin, SCS profile PD90_39. See location in 
Figure 1B (green lines). TWTT—two-way travel-time. The crossing line points are marked.
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Lithostratigraphic Unit VII at IODP Site U1521 
(McKay et al., 2019). At DSDP Site 273 in the 
Joides Basin, the mudstones with clasts forming 
the lower package have a higher sand content 
than the unit above (20–25%), and are classified 
as diamictites (>25%) in some intervals (Fig. 4). 
This section also shows an increase in lithifica-
tion and contains carbonate cemented intervals 
(Hayes et al., 1975; Balshaw, 1981).

AGE CORRELATION

The ages of the main stratigraphic disconti-
nuities, seismic sequences, and units are esti-
mated in this work on the basis of the prelimi-
nary shipboard age model of IODP Expedition 
374 (McKay et al., 2019), and a revision of the 
DSDP sites biostratigraphy conducted by Tuzzi 
(2009) (Table 2). The upgraded age estimates on 
the DSDP sites are in general older than previ-
ously published (Table 2), i.e., sediments older 
than ca. 15.8 Ma occupy DSDP Site 272 below 
∼150 mbsf; and DSDP Site 273 recovered sedi-
ments between >16.2 Ma and ca. 18 Ma below 
∼34 mbsf. The most recent chronostratigraphies 
obtained during IODP Expedition 374 are still a 
work in progress (McKay et al., 2019), but the 
seismic-stratigraphic ties provided here will give 
insights into the final age models through iden-
tification of missing stratigraphic sections and 
distinct chronostratigraphic horizons at each site.

Broadly, the ages of Package A, Package B, 
and Package C that were sampled by cores pre-
sented in this work correspond to mid-Miocene 
to Pleistocene (ca. 14.6 Ma to present), early to 
middle Miocene (ca. 18–14.6 Ma), and early 
Miocene and older (>18 Ma), respectively. 
During the early to middle Miocene period, the 
detailed seismic-stratigraphy in Package B con-
strained by DSDP sites 272 and 273 and IODP 
Site U1521 allows us to distinguish seismic units 
and subunits which are related to ice sheet varia-
tion prior to, during, and after the MCO.

DIAGENETIC OPAL FRONT

Within the regional seismic facies of RSS3-
I, RSS3-Ia forms a clearly mappable subunit 
across the Pennell Basin and Pennell Bank 

(Fig. 3B). It is formed by very high amplitude 
reflections that result in a distinct high-velocity 
layer in the 2-D velocity distribution (Fig. 3C). 
At a broader scale, the reflection tomography on 
line IT94AR126 shows a sharp downwards in-
crease in P-wave velocity within Package B cor-
relating with the stratigraphic level of RSS3-Ia 
(from <1700 m/s to >2500 m/s; Supplemental 
Fig. S3). The outstanding character of RSS3-Ia 
is related to the silica cemented mudstones and 
chert revealed in the lithology, and the above 
average Si/Ti ratios in cores recovered at Site 
U1521 (McKay et al., 2019). The opal content 
of RSS3-Ia is inferred to be related to the diage-
netic alteration of diatom-bearing mudstone and 
diatom oozes, which were deposited sometime 
between ca. 17.4 and 16.9 Ma (Table 2), prior to 
the event that resulted in RSU4a.

The shipboard work during IODP Expedi-
tion 374 has revealed that the diatom content of 
RSS3-Ia (Lithological Unit III) has undergone 
opal-A (amorphous) to opal-CT (cristobalite-
tridymite) diagenesis (McKay et al., 2019). As 
a result of the opal A/CT front, RSS3-Ia shows 
extreme values for most of the physical prop-
erties and the formation of high-velocity layers 
(Figs. 3C, 4B, and 5C). Anomalous values of key 
physical properties are commonly identified in 
opal A/CT diagenetic fronts forming chert levels 
(e.g., Nobes et al., 1992; Neagu, 2011). A sharp 
decrease in porosity matches with an increase in 
density in RSS3-Ia with respect to the overly-
ing sediment (Fig. 5C). The transformation of 
opal-A to opal-CT in silica-rich sediment may 
reduce porosity by over 30% (e.g., Isaacs, 1981; 
Tada, 1991). In addition, extremely high resis-
tivity values are recorded at the top of RSS3-Ia 
along with variation between high and very high 
values, which probably reflects the regional het-
erogeneity of the diagenetic front (Fig. 5C). This 
heterogeneity is revealed by FMS images that 
show thin layers of extremely high resistivity, 
interbedded with thin layers of very high con-
ductivity, and suggests that RSS3-Ia is character-
ized by distinct layers of chert interbedded with 
opal-A that has not undergone diagenetic con-
version and/or terrigenous sediments. Following 
the resistivity trend, the natural gamma radiation 
values in RSS3-Ia are equally high (Fig. 5C), 

reflecting increases in Th and K (McKay et al., 
2019). Sharp increase of resistivity and Th and K 
concentration estimates from the downhole natu-
ral gamma radiation measurements are a com-
mon signature of silica diagenetic fronts (Nobes 
et al., 1992).

The sharp change in velocity and density re-
sults in a very high acoustic impedance contrast, 
causing the high amplitude reflections forming 
RSU4a and the underlying RSS3-Ia in the seis-
mic record (Figs. 3, 4B, and 5C). The seismic 
data reflect therefore the occurrence of an opal 
front and allow us to infer the basin-wide scale 
of this transition. The contrast in acoustic im-
pedance would usually result in a bottom simu-
lating reflector (BSR) crosscutting stratigraphic 
reflections, as widely reported from other areas 
in which biosiliceous sediments occur (e.g., 
Hein et  al., 1978; Lonsdale, 1990; Bohrmann 
et  al., 1992; Tribble et  al., 1992; Davies and 
Cartwright, 2002). The BSR would mimic the 
seafloor morphology at the time of the diage-
netic front formation (e.g., Bohrmann et  al., 
1992; Davies and Cartwright, 2002). This front 
migrates upwards in the stratigraphic column as 
sediments accumulate. The implications of the 
depth occurrence of RSS3-Ia is extensively dis-
cussed in the Supplemental Material.

The diagenetic transition could have resulted 
from a thicker-than-present sedimentary cover 
over RSU4a. The extensive erosion that occurred 
during the formation of discontinuity RSU4 in 
the Pennell Basin and Ross Bank (Figs. 3B and 
11) could be linked to the loss of significant 
amount of sediments previously placed over the 
diagenetic front. In this case, the high diatom 
content of RSS3-Ia went through the opal A/CT 
diagenetic front due to an overlying thick sedi-
ment cover. We infer that the formerly overlying 
sediments were subsequently removed during 
RSU4 formation and repetitive late Miocene 
to Pleistocene ice advance over Pennell Basin 
(see Package A discussion below). The original 
morphology of RSS3-Ia could be related to the 
shape of the overlying sediment cover during the 
active transformation of opal-A to opal-CT. In 
chert layers forming BSRs, the degree of con-
formity between the chert reflection and the host 
stratigraphy has been used to estimate the timing 

TABLE 2. ESTIMATED AGES OF THE MAIN STRATIGRAPHIC DISCONTINUITIES IN THE ROSS SEA BASED ON THE AGE OF THE 
SEDIMENTS ABOVE AND BELOW THE DISCONTINUITIES ACCORDING TO PREVIOUSLY PUBLISHED AGE MODELS

Site reference: 
Discontinuity

U1521  
McKay et al. (2019)

DSDP272  
updated

DSDP272  
Tuzzi (2009)

DSDP273  
updated

DSDP273 
Bart (2003)

DSDP273 
Tuzzi (2009)

DSDP273 + DSDP272 
DeSantis et al. (1995)

RSU4 14.6–15.8 >14.3 <15.3–15.8 >16.2 14.4–15.7 <15.5 14.2–16.2
  D-a ∼16.7 _ >14.4 15.5–16.2 >14.2
RSU4a ∼17/16.9 >15.8 >14.4 16.2–17 17.5
  D-b ∼17.4 15.8–18.1 >14.4 16.77–17 >14.7
RSU5 ∼18 18.1–18.7 <18.1–18.7 ∼18 >15.7 >17 21

Notes: Ages considered more accurate for the purpose of this work according to latest age models are highlighted in bold. IODP—International Ocean Discovery 
Program.
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Figure 11. (A) Regional map 
of the continental shelf of the 
Ross Sea, Antarctica, show-
ing the extent of erosion on 
RSU4 and RSU5 and the lo-
cation of the morainal bank 
complexes (MBC) identified in 
the interpreted seismic units. 
The locations of the three con-
sidered sites are marked with 
red dots. (B) Reconstructions 
of the tentative most ocean-
wards extent of the grounded 
ice edge and marine terminat-
ing glaciers during periods of 
the ice advance from early to 
middle Miocene based on the 
depth and sediment distribu-
tion maps in Figures  7 and 9, 
and the features represented in 
A. The westernmost part of the 
Ross Sea is out of the scope of 
this study.

A

B
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of fossilization of the diagenetic front (Neagu, 
2011). However, RSS3-Ia only mimics the mor-
phology of strata directly overlying it (Figs. 3A 
and 3B). This may be due to the combination of 
diatom-poor sediments accumulated just above 
RSU4a, and oscillating ice sheets, particularly 
above RSU4, that would have altered the paleo-
seafloor morphology since the time of the diage-
netic front formation.

ICE SHEET EXPANSION VS. OPEN 
MARINE CONDITIONS ON THE ROSS 
SEA CONTINENTAL SHELF

The continental shelf edge in the Ross Sea has 
prograded 200–240 km northward in the Glomar 
Challenger Basin from the Eocene/Oligocene 
boundary (34 Ma) to present-day (Wilson et al., 
2012; Colleoni et al., 2018; Hochmuth and Gohl, 
2019). Sediments recovered at Site U1522 dur-
ing IODP Expedition 374 (McKay et al., 2019) 
indicate that the post-RSU4 (mid-Miocene to 
present) continental shelf progradation in the 
Glomar Challenger Basin has occurred largely 
due to siliciclastic sediment supply. This is in 
agreement with the relationship of density and 
compressional velocity logs of the three sites 
studied in this work, and the increased natural 
gamma radiation values within Package A at 
IODP Site U1521 (Figs. 4 and 5).

Discrete intervals of predominately biogenic 
sedimentation during the early and middle Mio-
cene are revealed from Site U1521 lithological 
descriptions (McKay et al., 2019). Diatom-rich 
muds of Lithostratigraphic Unit III correspond 
to low density and velocity intervals (Fig. 4B). 
When such facies are diagenetically altered to 
silica cemented muds and cherts they present 
highly variable velocity and density profiles in 
site logs, including the highest velocity values 
in the cored section in Lithostratigraphic Unit V 
(Figs. 4B and 5C). The high-velocity intervals 
of the chert can be correlated for several tens of 
kilometers across the seismic grid.

The variety of seismic features identified in 
this work points to heterogeneous sediment sup-
ply during the early to middle Miocene. In addi-
tion, migration of depocenters indicates changes 
of the sedimentary source. Widespread prograd-
ing wedges across the sedimentary basins of the 
Ross Sea continental shelf are interpreted to re-
sult from the input of sediments from an ice sheet 
or ice cap (Fig. 10) (e.g., De Santis et al., 1995; 
Shipp et al., 1999; Bart and De Santis, 2012). 
The identified mounded-elongated bodies pres-
ent a geometry and internal structure commonly 
related to submarine morainal bank complexes 
formed by marine-terminating glaciers (Fig. 8) 
(Powell and Cooper, 2002; Lønne and Nemec, 
2011; Dowdeswell et al., 2015). Marine-termi-

nating glaciers rapidly discharge sediment at 
the grounding line to form morainal bank com-
plexes and fan systems. Considering the spatial 
and temporal variations in the glacial history of 
the Ross Sea continental shelf, we discuss three 
major stages during its Miocene evolution.

Early Miocene (>18 Ma): Open Marine to 
Ice-Proximal Conditions

Underlying RSU5 (ca. 18 Ma), the uppermost 
part of Package C has been revised in this study 
based on the drilling data from DSDP Site 272, 
IODP Site U1521, and DSDP Site 273 (Supple-
mental Material). This record contains a stratified 
aggradational pattern of sedimentation (Figs. 3A, 
3B, and 6), and was deposited during a period 
when the combination of existing morphology, 
subsidence, and sea level rise created enough 
accommodation space for the sediments to be 
deposited and preserved during the early Mio-
cene (Leckie and Webb, 1983). The generally 
low porosity values of the Package C in Glomar 
Challenger, Pennell, and Joides basins likely re-
flect lithification triggered by the overlying sedi-
mentary load (Fig. 5). Lithological descriptions 
of massive to stratified diamictites (DSDP Site 
273 and IODP Site U1521) and lithified mud-
stones with intervals of cemented silica (DSDP 
Site 272) are consistent with deposition of the up-
per part of Package C during general glacimarine 
environmental conditions, with no clear evidence 
of grounded ice in the Glomar Challenger Basin 
from seismic data. The inclined bedding and off-
shore thickening of strata observed in the seismic 
lines crossing DSDP Site 272 indicates that this 
region formed the paleo-continental slope dur-
ing the early-middle Miocene, prior to RSU4. 
The deposition of silica cemented mudstone at 
DSDP Site 272 below RSU5, and diatom-bear-
ing muds and diatom oozes between RSU5 and 
RSU4 indicates high productivity along the pa-
leo-continental slope existed through most of the 
early Miocene (Fig. 4A). The sparse submarine 
morainal bank complexes locally buried below 
RSU5 along the margins of Pennell and Joides 
basins are associated with sediment delivery near 
the ice grounding zone which would have origi-
nated from ice caps flowing on local bathymetric 
highs, some of which may have been subaerial 
in the late Oligocene to early Miocene (e.g., De 
Santis et al., 1995, 1999). In the eastern Ross Sea, 
Package C is thicker along the inner continen-
tal shelf, and less sediments accumulated on the 
outer shelf during this period (Fig. 7). This sedi-
mentary distribution points to a sediment input 
coming from the south. Thus, the glacial input 
was absent or constrained to inshore areas in the 
eastern Ross Sea, generating the proximal dep-
ocenters (Fig. 7).

Early to Middle Miocene (18–14.6 Ma): 
Alternating Glacial to Open Marine 
Conditions

The eastern Ross Sea depocenters migrated 
oceanward during the deposition of Package 
B (Fig. 7). Consequently, Glomar Challenger 
Basin holds the thickest sedimentary record 
(<1.2 s TWTT) along its northeastern margin 
(Fig. 7). Absence of sediment to the south is 
consistent with missing strata and condensed 
sequences near the present-day Ross Ice Shelf 
front (Figs. 6 and 11). RSU4 constitutes a ma-
jor erosional surface along the southwestern 
Ross Sea (Figs.  3C, 6B, 10A, 10B, and 11). 
The increasing velocity toward the outer shelf 
in Package B revealed by the broad seismic to-
mography model (Supplemental Fig. S3) may 
reflect major sediment compaction due to the 
sediment load, as the sedimentary depocenter 
shifted further offshore due to continental shelf 
progradation driven by inland erosion during 
periods of glacial expansion in West Antarctica. 
Assuming the timing of bounding unconfor-
mities RSU5 and RSU4 is similar across the 
basins, the similar thicknesses of Package B 
within the depocenters of the Pennell and the 
Glomar Challenger basins suggests similar rates 
of sedimentary input to both basins during the 
latest early and middle Miocene. The source 
region of these depocenters potentially varies 
for each basin according to the location and 
morphology of the found prograding wedges 
(Figs. 3, 6, and 10). One caveat here is that the 
RSU4 erosional events may have removed the 
upper part of the Package B interval in distinct 
parts of these basins, particularly inland from 
the main depocenters (Figs. 7 and 11).

Sharp changes in the physical property base-
lines above RSU5 at Site U1521 with respect 
to the values below, particularly magnetic sus-
ceptibility values (Fig.  5C), may reveal input 
of terrigenous material from different sources. 
Located on the inner continental shelf, drill Site 
AND-2A contains four well-dated hiatuses, in-
terpreted as periods of maximum ice advance. 
Three of them, dated at 13.7–14.4 Ma (U4), 
14.6–15.9 Ma (U3), and 18–18.7 Ma (U2), 
overlap with the stratigraphic record recovered 
at IODP Site U1521, and are interpreted to rep-
resent expansion of grounded marine-based ice 
sheet well beyond the AND-2A Site (Passchier 
et al., 2011; Levy et al., 2016). Using the prelim-
inary age model of Site U1521 (Table 2), the U2 
unconformity coincides with the inferred timing 
of RSU5 as mapped in this work, whereas U3 
and U4 correlate with RSU4. The influence of 
ice sheet dynamics on the Ross Sea sedimentary 
basins during the early and middle Miocene is 
further discussed below.
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RSU5 to D-b (RSS3-II): Onset of 
Progradation and Regional Ice Expansion

The widespread prograding wedges form-
ing the depocenters of RSS3-II point to wide-
spread glacimarine to subglacial environment in 
the Ross Sea continental shelf (Figs. 3B, 6, and 
10). In Pennell Basin, current age constraints at 
IODP Site U1521 suggest that the ∼200 m of 
poorly sorted glacimarine sediments (diamictites 
with thin mudstone beds) associated with RSS3-
II were emplaced within approximately half a 
million years (McKay et al., 2019). The RSS3-II 
sediment thickness is even more extensive in the 
Glomar Challenger Basin, which is character-
ized by finer-grained and diatom-rich mudstones 
and oozes at DSDP Site 272. As it was located 
on the paleo-continental slope, the site was not 
under direct subglacial influence (Fig. 3B). The 
differences in the sedimentary record geometry 
and thicknesses in the various Ross Sea basins 
are attributed here to heterogeneous ice flow 
and sediment delivered from ice caps situated 
on the local bathymetric highs as well as ice 
sheets growing from East and West Antarctica. 
Some of the bathymetric highs of the present-
day continental shelf could have been emerged 
(Paxman et al., 2019), thus nucleating localized 
ice caps. Alternatively, floating ice shelves could 
have formed ice rises when making contact with 
bathymetric highs as described in the Weddell 
Sea (Larter et al., 2012; Lavoie et al., 2015). The 
generalized ice advance is interpreted to have 
led to the widespread deposition of prograding 
sediment wedges in the southern Glomar Chal-
lenger, Pennell, and Joides basins (Figs. 8 and 
10). The sparse submarine morainal bank com-
plexes along the southwest margin of Glomar 
Challenger Basin and the eastern margin of the 
Ross Bank in RSS3-II occur in the same unit as 
the prograding wedges (Figs. 8B and 11). This 
suggests the marine-terminating glaciers respon-
sible for depositing the morainal banks were also 
associated with voluminous discharge of turbid 
subglacial meltwater accounting for the sedi-
ment delivery of the prograding wedges. Thus, 
subglacial/ice-proximal conditions occurred 
in the southern part of the Glomar Challenger 
Basin and the Ross Bank, in the vicinity of the 
modern Ross Ice Shelf calving line, from ca. 18 
to ca. 17.4 Ma. Further offshore, at DSDP Site 
273, this interval is poorly recorded, suggesting 
that either loading by inland ice or refocusing of 
sediments by the expanded ice sheet led to a shift 
in the sedimentation.

D-b to RSU4a (RSS3-I): Chertified Layers 
and Ice Retreat

The broad range of seismic facies of RSS3-I 
across basins and banks suggest changing re-
gional environmental conditions between ca. 

17.4 Ma and ca. 16.9 Ma within the Ross Sea 
(Fig. 3). The margins of Pennell Basin are char-
acterized by alternating erosional surfaces and 
chaotic facies forming several subunits within 
RSS3-Ib (Fig.  3A). A similar alternating pat-
tern has been observed in a meltwater rich en-
vironment (e.g., Kehew et  al., 2012), as well 
as the inferred episodic glacial advance over 
Sabrina Coast, in East Antarctica, during late 
Eocene to late Miocene (Gulick et  al., 2017). 
The rough morphology of the high amplitude 
erosional surfaces points to strong bottom cur-
rents, potentially related to outwash or sub-ice 
cavity, discontinuous meltwater release. The 
interbedded chaotic facies were delivered from 
ice-proximal sedimentation during episodic ice 
sheet/cap retreat. The ice-proximal to distal gla-
cimarine origin of the sediments in the Pennell 
Basin would be consistent with the low velocity 
of Pennell Basin and Ross Bank sediments in 
the tomography model (Supplemental Fig. S3). 
At the AND-2 Site, the EAIS is interpreted to 
have retreated from marine-based margins from 
ca. 17.4 Ma, to a terrestrial terminating system 
by ca. 16.9 Ma, and advances beyond the Vic-
toria Land Coast were more restricted after this 
time. In the southern Pennell Bank, glacimarine 
sedimentation is consistent with proximal ice 
grounding up to ca. 17 Ma, followed by distal 
deposition of diatom-rich sediments after this 
time. This regional ice retreat in the Ross Sea 
correlates with a eustatic sea-level highstand be-
tween 17.3 and 16.6 Ma (Kominz et al., 2016; 
Levy et al., 2019). Marine-terminating glaciers 
feeding the morainal bank complexes of this unit 
across the inner continental shelf (Figs. 8C and 
11) would have still advanced from the ice mar-
gin likely retreated to the south during most of 
the sedimentation of RSS3-I.

The chert level identified in RSS3-Ia proves 
to be highly heterogeneous across the Pennell 
Basin, suggesting that the original diatom de-
position was concentrated into distinct regions 
(Figs. 5 and 9). This is consistent with deposi-
tion of modern diatom-rich sediments around 
Antarctica’s margin, where diatoms remain in 
suspension even under low oceanographic cur-
rent regimes and are consequently advected and 
accumulate in bathymetric depressions (Dunbar 
et al., 1985; Prothro et al., 2018). The FMS im-
ages show a high frequency cyclicity in the de-
posit of the chert layers in RSS3-Ia, which could 
relate to climate forced shifts in productivity or 
runoff of terrigenous material from glacial or 
glacifluvial meltwater sourced from distant ice 
sheet margins, although further geochemical and 
sedimentological analysis would be required to 
assess this.

RSS3-I depocenters in the western Ross Sea 
are located in the outer part of the Joides and 

Central basins (Fig. 9). The lithological pattern 
observed at DSDP Site 273 in this interval is also 
consistent with reduced ice sheet extent, and re-
lates to steady delivery of hemipelagic muds, po-
tentially related to terrigenous outwash from the 
Transantarctic Mountains, with intermittent pe-
riods of higher biological productivity (diatom-
rich muds), as well as higher sand content, with 
the latter suggesting either periods of increased 
proximity of grounded ice or changes in relative 
sea level (Hayes et al., 1975; Balshaw, 1981).

RSU4a to D-a (RSS4-II): Aggradational 
Deposition and Episodic Ice Advance

The sharpest porosity change in Package B 
corresponds to discontinuity RSU4a in the Pen-
nell Basin (Fig.  5). The underlying sediment 
is more lithified, compared to the overlying 
record as interpreted from the velocities from 
the tomography model (Supplemental Fig. S3). 
RSU4a represents an apparent truncation in the 
seismic record in the Pennell Basin, particularly 
along the Pennell Bank margin (Fig. 3B). How-
ever, tracing this discontinuity is complicated by 
lateral seismic facies changes similar to those 
in the diatom-rich sediments forming RSS3-Ia 
where they underwent opal A/CT transforma-
tion. As noted above, diatom deposition is likely 
to be highly focused into the depocenters of 
each basin, thereby forming isolated chert lay-
ers across the Ross Sea basins. Directly over-
lying the chert layers in IODP Site U1521 are 
carbonate cemented diatom-bearing diamictites, 
interbedded with thin diatom-rich mudstones 
(Fig. 4B).

Besides the local truncation signature of 
RSU4a, the three studied sites contain distinct 
seismic patterns within RSS4-II. The AND-2A 
Site record suggests a predominately terrestri-
al-based ice sheet fluctuated in extent during 
glacial-interglacial cycles between ca. 17.1 and 
ca. 16.2 Ma (Levy et al., 2016), just following 
the interpreted RSU4a event. Although there 
is no clear evidence in the seismic record of a 
shelf-wide marine-based ice sheet advance, pro-
gradation of glacimarine deposits is evident at 
both IODP Site U1521 and DSDP Site 273, with 
diamicts and muds with high sand content be-
ing deposited above RSU4a (Fig. 4). After ca. 
17 Ma, the chaotic facies of the RSS4-IIb, and 
the ice-distal glacimarine sediments at DSDP 
Site 273 (Balshaw, 1981; Hambrey and Barrett, 
1993), suggest EAIS advances were relatively 
limited in extent, potentially restricted to the 
coastal regions of the Transantarctic Mountains. 
Glacimarine seismically-imaged semi-transpar-
ent diamictites in RSS4-IIb are aggradational 
in nature, suggesting that although marine-
terminating glacial systems were present in 
the region, either sediment supply was greatly 
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reduced relative to the progradational deposits 
of RSS3-II, or this was a shorter duration ad-
vance. The stratified seismic facies identified 
in RSS4-IIa in the Pennell Basin are consistent 
with a transition toward more ice-distal glacima-
rine conditions (Figs. 3A and 3B), coinciding 
with an ~0.8‰ δ18O decrease in global benthic 
stacks (Levy et al., 2019). Equally, sparse mo-
rainal banks are identified in the eastern Ross 
Sea within RSS4-II, which could be related to 
marine-terminating glaciers sourced from an 
inland ice sheet (Figs. 8A and 11). This unit rep-
resents a short-lived ice advance at ca. 16.9 Ma 
over the inner continental shelf of the Ross Sea, 
followed by a retreat of marine-terminating ice 
through 16.7 Ma.

D-a to RSU4 (RSS4-I): Open Marine 
Deposition and Widespread Ice Retreat

RSS4-I is identified exclusively in Pennell 
Basin, Pennell Bank, and Joides Basin, show-
ing very high porosity values (up to 80%) 
(Figs. 3B and 5) and particularly low velocities 
(1400–2000 m/s) (Figs. 4 and 5). The high po-
rosity is likely related to the high diatom con-
tent identified in this unit (Hayes et al., 1975; 
McKay et al., 2019). In addition, the FMS im-
ages show highly conductive sediments forming 
RSS4-I at IODP Site U1521. In the Joides Ba-
sin, mudstone characterized by intervals of high 
diatom content (∼30–35%) occurs just above 
the D-a unconformity (ca. 16.7 Ma), whereas 
diatoms are less abundant (<10%) at depths 
above this (Hayes et al., 1975). In the Glomar 
Challenger Basin at DSDP Site 272, most of 
this interval is missing due to the prior shift in 
the basin depocenter (Fig. 9). However, a thin 
interval (∼12 m) between ca. 15.8 and 15.3 Ma 
is present and has higher diatom abundances 
(diatomites) than intervals above (diamictite) 
and below (diatom-bearing to diatom-rich mud-
stones) (Hayes et al., 1975). High conductivity, 
together with low values of density and natural 
gamma radiation (Fig. 5), reveal a high produc-
tivity period during the formation of RSS4-I, 
where biogenic sedimentation was focused into 
the Pennell Basin and the eastern margin of the 
Joides Basin during the time period between 
D-a and RSU4 formation, currently dated as 
16.7–14.6 Ma (Table 2). The aggradational pat-
tern and overall stratified, low amplitude facies 
of RSS4-I points to prevalent inland ice retreat, 
and pelagic and hemipelagic suspension settling 
in the basin depocenters. The current age con-
trol indicates that RSS4-I was deposited during 
the global warmth of the MCO. Ice sheet mod-
els, inland outcrops, and coastal sediment cores 
suggest significant retreat of the EAIS into the 
continental interior during the interglacials of the 
MCO (Gasson et al., 2016; Levy et al., 2016). 

According to the nature of RSS4-I from seismic 
profiles across the Pennell and Joides basins, and 
using the basic assumption of a linear sedimen-
tation rate for this unit, ∼110 m of stratigraphi-
cally conformable sediments overlies this unit to 
the northwest of IODP Site U1521 on the Pen-
nell Bank (Fig. 3B). Therefore, it is likely that 
only the oldest preserved strata of RSS4-I were 
recovered at IODP Site U1521 (Table 2; Fig. 4). 
The RSU4 erosional surface marks the end of 
the MCO warm interval and has potentially re-
moved up to ∼1.2 m.y. of the uppermost interval 
of the RSS4-I from IODP Site U1521 (McKay 
et al., 2019).

The Middle Miocene Climate Transition 
and Subsequent Marine-Based Ice Sheet 
Advances (<14.6 Ma)

At the top of Package B, RSU4 shows as a 
well-defined surface that truncates underly-
ing strata and shows tunnel valley features 
(Figs. 3B, 4B, and 11). Earlier seismic and drill 
core records have indicated major advances of a 
large ice sheet over the continental shelf of the 
Ross Sea during the MMCT (De Santis et al., 
1995; Levy et al., 2016).

The sediment distribution of the overlying 
Package A is thickest along the modern shelf 
edge of the eastern Ross Sea (Fig. 7). However, 
the thin sedimentary record (<0.05 s TWTT) on 
the inner to middle continental shelf highlights 
the prevalence of non-deposition and erosional 
processes in the central Ross Sea from the mid-
Miocene onwards (Fig.  11). Highly concen-
trated locations of sedimentation through the 
build-up of the Ross and Pennell banks (Fig. 7) 
are inferred to be the consequence of localized 
deposition at the confluence of adjoining ice 
streams of a marine-based ice sheet extended 
to the continental shelf edge (Bart and De San-
tis, 2012). Erosional and depositional processes 
related to the marine-based ice sheet emanating 
from both the WAIS and EAIS intensified, with 
regular shelf wide advances during this period 
(Anderson and Bartek, 1992; De Santis et al., 
1999; Bart, 2003; Naish et al., 2009; Levy et al., 
2019). In similar lithologies, lower porosity val-
ues in the Pennell Basin (∼30%) with respect to 
the neighboring basins (60–80%) could point to 
higher compaction degree (Fig. 5; Supplemen-
tal Material). The facies in the lithostratigraphic 
units I and II of IODP Site U1521 indicate highly 
truncated cycles of subglacial, glaciomarine, 
and open marine sedimentation (McKay et al., 
2019). Thus, repetitive advances of the marine-
based ice sheet over U1521 occurred since 
RSU4 formation. At the DSDP Site 273 in the 
Joides Basin, Plio-Pleistocene sediments in the 
upper 26 m comprise diamictites that lay directly 

over the highly erosional RSU4 surface, sugges-
tive of a similar depositional process as at IODP 
Site U1521 and numerous ice sheet overriding 
events since RSU4 time (Hayes et  al., 1975; 
Balshaw, 1981; Bart, 2003). Diatom-bearing 
diamictites dominate DSDP Site 272 in the Glo-
mar Challenger Basin (Balshaw, 1981), where 
the package is much thicker (0.1–0.8 s TWTT) 
than in the other basins but contains a prograding 
geometry interpreted as an ice-proximal feature 
(Figs. 6 and 7) (De Santis et al., 1997). Pack-
age A in Glomar Challenger Basin is inferred 
to represent significant volumes of glacimarine 
deposition at the margin of the marine-terminat-
ing ice sheets that reached the paleo-continental 
shelf edge in that region (McKay et al., 2019). 
The chaotic and tilted reflections identified in 
the upper seismic sequence of Package A and 
the widespread erosional surfaces (Figs. 3B and 
6) record the multiple marine-based ice sheet 
grounding episodes that have previously been 
interpreted during late Miocene to Pleistocene 
times in the Ross Sea (e.g., Alonso et al., 1992; 
Anderson and Bartek, 1992; Bart, 2003; Chow 
and Bart, 2003; Naish et al., 2009; McKay et al., 
2009; Levy et al., 2016).

CONCLUSIONS

Core-log-seismic correlation analyses on the 
Ross Sea continental shelf reveal a dynamic gla-
cial history during the early and middle Miocene. 
Changes in sedimentary depocenters, seismic fa-
cies, and physical properties reveal open marine, 
ice-distal to ice-proximal glacimarine and sub-
glacial conditions occurred in a heterogeneous 
manner across the continental shelf of the Ross 
Sea at various times through the past ∼23 m.y.

Isolated ice-proximal and regional ice-distal 
conditions are interpreted to occur during the 
early Miocene prior to the formation of RSU5, 
i.e., before ca. 18 Ma. An aggradational strati-
graphic pattern below RSU5 points to glacioma-
rine to open marine conditions correlating with 
an interval of long-term regional sea level rise 
driven by glacial isostatic adjustment of the pre-
established morphology in response to grounded 
ice loads that were limited to the bathymetric 
highs along the western Ross Sea.

Episodic growth of marine-terminating gla-
ciers and ice sheets occurred during periods of 
prevailing colder climatic conditions of the lat-
est early and middle Miocene (ca. 18–14.6 Ma). 
Widespread prograding wedges suggest glaci-
marine to subglacial environmental conditions in 
the Ross Sea between ca. 18 and 17.4 Ma, when 
localized grounded ice could have expanded 
and flowed from and beyond local bathymet-
ric highs. Such ice caps could have nucleated 
around remaining subaerial areas in the Pennell 
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Bank prior to final subsidence and erosion below 
sea level in the middle Miocene. Alternately, the 
grounding of ice shelves onto bathymetric highs 
could have resulted in the subsequent formation 
of an ice rise. These ice caps, as well as the main 
ice sheets, fed the marine-terminating glaciers, 
which delivered sediment to their grounding 
zones forming morainal bank complexes pre-
served in the southern part of the Glomar Chal-
lenger Basin and the Ross Bank.

Periods of ice edge retreat before ca. 17 Ma 
correlate with a period of eustatic sea level rise 
and southward migration of the identified mo-
rainal bank complexes. The increased areal ex-
tent of open marine conditions across the Ross 
Sea continental shelf led to local depocenters of 
diatom-rich sedimentation. Subsequent burial 
of these biosiliceous muds resulted in the for-
mation of opal diagenetic fronts which created 
chert layers in restricted areas. Episodic ice ex-
pansion over the inner Ross Sea continental shelf 
and local highs between ca. 17 and 16.7 Ma is 
inferred from the chaotic seismic facies and the 
sediments retrieved from Joides Basin, together 
with the identification of sparse morainal bank 
complexes associated with marine-terminating 
glaciers in the eastern Ross Sea. Ice-distal envi-
ronmental conditions prevailed on the continen-
tal shelf of the Ross Sea after ca. 16.7 Ma during 
the warmest period of the MCO. The aggrada-
tional pattern of the biogenic sediments retrieved 
from the sedimentary basins reveals inland ice 
retreat, and pelagic and hemipelagic suspension 
settling forming the basin depocenters.

RSU4 formed during the MMCT through ice 
sheet advances that eroded over ∼110 m of the 
sedimentary record of the Pennell Basin. The 
regional erosive signature of RSU4 suggests 
the onset of cycles of marine-based ice sheet 
advance and retreat extending toward the outer 
margin of the continental shelf edge occurred 
after ca. 14.6 Ma. Since the mid-Miocene, in-
clined chaotic seismic facies and widespread 
erosional surfaces identified in the sedimen-
tary record testify to the multiple marine-based 
ice sheet grounding episodes in the Ross Sea. 
Provenance tracing using geochemical analysis, 
paleo-temperatures, and paleodepth bathymetric 
reconstructions will help to further assess how 
the sediment delivery pathways may relate to the 
presence or absence of local ice caps, or large 
scale EAIS/WAIS advance during these time 
periods, and will be the focus of future work 
pertaining to IODP Expedition 374.
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