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ARTICLE INFO ABSTRACT

Editor: Dr. Alan Haywood The present-day morpho-stratigraphy of the Ross Sea is the result of Cenozoic tectonic and cryospheric events,
and constitutes a key record of Antarctica's cryospheric evolution. An enduring problem in interpreting this

Keywords: record in a broader regional context is that the correlation between eastern and western Ross Sea stratigraphy

Miocene climatic optimum
Middle miocene climatic transition
Seismic correlation

has remained uncertain due to the limited number of drill sites. We correlate the glacial-related features observed
on a dense network of seismic reflection profiles in McMurdo Sound with those identified in the Nordenskjold
West Antarctic ice sheet and Drygalski Basins, as well as the basins farther east in the central Ross Sea. We present an improved corre-
East Antarctic ice sheet lation of the regional patterns of early to middle Miocene ice-sheet variance across the Ross Sea constrained by
Ice sheet evolution new evaluation of seismic facies and age models from one site recovered by the Antarctic Drilling Project
(ANDRILL) in the southwestern most part of McMurdo Sound. We also integrate this correlation with the recently
published seismic framework in the central Ross Sea. The formation of U-shaped valleys during the early Miocene
in McMurdo Sound, together with prograding sedimentary wedges in the western-most basins, and the central
Ross Sea, suggest two major phases of overall advance of a marine-terminating ice sheet between ~18 Ma and
~17.4 Ma. Widespread formation of turbiditic channel-levee systems in McMurdo Sound and rapid sediment
deposition in Nordernskjold Basin point to subsequent ice-sheet retreat between ~17.4 Ma and ~15.8 Ma,
coinciding with the onset of the Miocene Climate Optimum (MCO; ~17-14.5 Ma). However, the carving of
troughs and formation of irregular morphologic features suggest that an extensive ice sheet still remained along
the western Ross margin at ~17.4 Ma and a brief episode of ice-sheet advance occurred at ~16.8 Ma in the
earliest interval of the MCO. Subsequent marine-based ice sheet advance during the Middle Miocene Climate
Transition (MMCT, ~14.0-13.8 Ma) is indicated by widespread erosional features. Our results reconcile the
semi-continouous seismic and drill core stratigraphy of the offshore Ross Sea continental shelf with inferences of
ice sheet dynamics from continuous far-field deep sea and sea level records, as well as the highly discontinous
(and heavily debated) onshore records of pre-MMCT glaciation and aridification of the Transantarctic Mountains
at 14 Ma.
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L.F. Pérez et al.
1. Introduction and background

Ice sheet advance and retreat over high-latitude continental shelves
result in characteristic depositional and erosional features that enable
the identification of major changes in the cryospheric evolution through
time (e.g., Dowdeswell et al., 2016). When preserved in geophysical and
geological records, dating these features allows the reconstruction of the
past timing of changes in the ice sheet extent, which is critical to un-
derstanding the role of Antarctica in the global climate system.

The present-day morpho-stratigraphy of the Ross Sea (Fig. 1) has
developed through a series of tectonic and cryospheric events since the
Late Cretaceous. The broad Ross Sea continental shelf represents the
extended lithosphere of the West Antarctic Rift between East and West
Antarctica (Davey and Brancolini, 1995; Tinto et al., 2019). After Late
Cretaceous continental breakup and subsidence (Eagles et al., 2004),
slow thermal subsidence continued into the early Miocene (Fielding
et al., 2008; Sauli et al., 2021), in addition to subsequent rifting phases
related to the West Antarctic Rift extension (Cande et al., 2000; Granot
and Dyment, 2018). Rifting, tilting and magmatic activity is still ongoing
within the Terror Rift (e.g., Davey and Brancolini, 1995; Naish et al.,
2007). Sediment erosion and transport by dynamic ice sheet systems
have resulted in highly variable sediment supply through time (e.g.,
Naish et al., 2001; Levy et al., 2016; Anderson et al., 2019; Paxman et al.,
2019; Marschalek et al., 2021; Pérez et al., 2021; McKay et al., 2022).
The western margin of the Ross Sea is dominated by the topography of
the Transantarctic Mountains where fluvial systems, together with the
advance and retreat of the East Antarctic Ice Sheet (EAIS), have carved
high-relief morphologies since at least the earliest Oligocene (e.g.,
Sugden and Denton, 2004; Levy et al., 2022). Offshore, marine-
terminating EAIS outlet glaciers periodically extended across the west-
ernmost Ross Sea during its Miocene evolution, with numerous large
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scale transient glacial advances noted in offshore drill core records (e.g.,
De Santis et al., 1995; Naish et al., 2001; Levy et al., 2016; Anderson
et al., 2019). These ice sheet changes have been a primary driver of the
stratigraphic architecture of the Antarctic margin and continental shelf
basins.

The westernmost Ross Sea includes the McMurdo Sound and the
Nordenskjold and Drygalski Basins (Fig. 1), which contain sedimentary
sequences that have been extensively studied through seismic records
(Brancolini et al., 1995; De Santis et al., 1995; Bart and De Santis, 2012;
Fielding et al., 2008; Pekar et al., 2013; Sauli et al., 2014, 2021). Results
from several drilling projects in McMurdo Sound [i.e., the international
Cenozoic Investigation in the Western Ross Sea project (CIROS, Barrett,
1989), the Cape Roberts Project (CRP; Fielding and Thomson, 1999) and
the ANtarctic geological DRILLing (ANDRILL) project (Naish et al.,
2007; Florindo et al., 2008)] provide lithologic and chronologic con-
straints for seismic interpretations. The westernmost basins are heavily
influenced by the Neogene faulting and magmatism of the Terror Rift (e.
g., Sauli et al., 2021). Their eastern margin is formed by the shallow
depths of the Crary and Mawson banks and a chain of volcanic edifices in
the surroundings of the modern Franklin, Beaufort and Ross Islands
(Fig. 1). These volcanic edifices formed since the mid-Miocene (Wright
and Kyle, 1990), combined with the tectonic complexity of the Ross Sea,
have prevented direct correlation between the seismic sequences con-
tained in the western, central and eastern sedimentary basins (Fig. 1).

In this work, we correlate the seismic features observed and dated in
McMurdo Sound with those identified in the Nordenskjold and Drygalski
Basins, and extend these correlations to the central Ross Sea. Ultimately,
we propose the first regional correlation of early to middle Miocene
events between the western and central Ross Sea, informed by seismic
facies and age constraints from a drill site recovered by ANDRILL in
southern McMurdo Sound (Levy et al., 2016), as well as the
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Fig. 1. A) Overview of the Ross Sea bathymetry (Arndt et al., 2013). Color dots represent legacy drill cores. B) Western Ross Sea continental shelf. Grey lines mark
the location of seismic reflection profiles used in this work. The locations of the seismic profiles shown in the figures are highlighted.
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International Ocean Drilling Program (IODP) Expedition 374 and Deep
Sea Drilling Program (DSDP) Leg 28 sites in the central Ross Sea (McKay
et al., 2019; Pérez et al., 2021; Marschalek et al., 2021). The ANDRILL
Site AND-2A recovered a semi-continuous record of Miocene sediments
(back to 20.5 Ma) in the inner part of McMurdo Sound (Florindo et al.,
2008), while IODP Expedition 374 obtained records extending back to
18 Ma in the middle continental shelf of the Ross Sea. Age data from
these sites provide chronostratigraphic constraints on the glacial-related
features identified within the seismic stratigraphic framework across the
Ross Sea to identify the regional variations in the glacial systems
influencing the continental shelf through the Miocene (Fig. 1).

2. Methods

A broad network of multi- (MCS) and single-channel (SCS) reflection
seismic profiles exist over the continental shelf of the Ross Sea, including
the westernmost basins (Fig. 1). They were acquired by various national
and international programs over several decades, and consequently data
quality and resolution are variable. Most of the MCS lines are available
in stack version at the SCAR Seismic Data Library System for Coopera-
tive Research (SDLS) (https://sdls.ogs.trieste.it). Seismic-stratigraphic
analyses of the MCS and SCS profiles across the westernmost Ross Sea
basins have been conducted in an IHS-Kingdom project, with analytical
criteria adopting the basic principles of seismic stratigraphy. Previous
studies (Brancolini et al., 1995; De Santis et al., 1995; Fielding et al.,
2008; Pekar et al., 2013; Sauli et al., 2014, 2021; Pérez et al., 2021) form
the framework for our broader correlations. The two main stratigraphic
discontinuities of focus in this work are the ANTOSTRAT-defined Ross
Sea Unconformity (RSU)5 and RSU4 (Brancolini et al., 1995). Two Ross
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Sea Sequences (RSS), RSS-3 and RSS-4, have previously been defined
between these bounding unconformities, herein divided into four
seismic units in McMurdo Sound, named RSS3-II,,, RSS3-I,,, RSS4-II,
RSS4-I,y (upwards in stratigraphic order). These are proposed here to
directly correlate to units RSS3-II, RSS3-I, RSS4-1I, RSS4-1, in the central
basins of the Ross Sea as defined by Pérez et al. (2021). In addition,
seismic unit RSS5-II, is identified in McMurdo Sound above RSU4
(Fig. 2). In order to maintain nomenclature consistency with the un-
derlying sequences, its upper boundary is named RSU3ay,.

Maps of stratigraphic discontinuities, seismic sequences and units are
presented in seconds two-way travel time (TWTT). They have been
created by flex gridding interpolation with a 100 x 100 m cell size. The
interpolation area is limited by a polygon with boundaries on the
coastline, 1000 m isobath and the central axis of Crary and Mawson
banks (Fig. 1). Correlations of RSU4, RSU5 and the sediment sequences
between these discontinuities in the whole Ross Sea embayment are
presented as supplemental material. The thickness maps of seismic units
in McMurdo Sound have been simplified to highlight major depocenters
(i.e., those >0.2 s TWTT) and areas of sediment absence (i.e., unit
thickness = 0 s TWTT). Locally vertical measurements of some mor-
phologies are given in meters assuming velocity of 1500 m/s. The ve-
locity model from Sauli et al. (2021) has been used to provide depth
information on those profiles in the vicinity of time-depth charts which
allow depth conversion of the reflection seismic.

Core-log-seismic correlation of seismic profile ATS-05-02 and
ANDRILL Site AND-2A (i.e. time-depth chart) has been based on the the
velocity model created from compressional velocities (P-wave) logged
on whole-core sections of the drilled site (Dunbar et al., 2009). The
correlation allows characterization of the lithological and physical
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Fig. 2. Seismic line sections across the three main basins in the western Ross Sea, location in Fig. 1B. The main stratigraphic discontinuities identified in this work are
named. Major sedimentary features such as erosional truncations, progradations, and mass transport deposits are highlighted according to the manuscript discussion.
TWTT, two-way travel time. A) Profile IT02-13 across Drygalski Basin, note that the progradations were previously described by Sauli et al. (2014) but attributed to
Pliocene glacial advance due to the previous age model. B) Profile NBP0401-147 across Terra Nova Bay. Depth in meters is included in the vertical axes based on the
velocity model from (Sauli et al., 2021). C) Profile NBP0401-122 across McMurdo Sound. Detailed line-drawing of the sediment waves is included in the inset. B10
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Table 1
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Correlation of the stratigraphic discontinuities identified in this work with previous regional interpretations, and the proposed age ranges of stratigraphic hiatuses
(including uncertainties in age model) and surfaces based on ANDRILL Site AND-2A. Mbsf, meters below seafloor.

Depth (mbsf) Age (Ma) as in Levy et al. (2016) ANTOSTRAT Fielding et al. (2008) & Pekar et al. (2013)
RSU3a,, ~215 (U4) ~11.08-14.4 RSU4 Rh
RSU4 ~280 (U3) ~14.1-15.8 RSU4 Rg
D-a, ~375 ~16.2
RSU4a,, ~490 ~16.8 RSU4a
D-b, ~650 ~17.4
RSU5 ~775 (U2) ~17.8-18.7 RSU5 Rf
D-e ~980 (U1) ~19.8-20
properties of the defined seismic units (Supplemental material), as well 3. Results

providing age constraints for the interpreted stratigraphic discontinu-
ities (Table 1). AND-2A was drilled in the inner McMurdo Sound,
recovering sediments up to 1138.5 m below seafloor (mbsf) (Florindo
et al., 2008). Physical properties were measured from downhole wire-
line tools [magnetic susceptibility, spectral gamma radiation, sonic ve-
locity, neutron porosity and density (Wonik et al., 2009)] and core
logging [wet bulk density, compressional P-wave velocity and magnetic
susceptibility (Dunbar et al., 2009)]. Lithology of the described units is
based on the previously published lithostratigraphy in Passchier et al.
(2011) and Levy et al. (2016) where paleoenvironmental conditions
were assessed by assemblages of fossil pollen, dinoflagellates, diatoms,
foraminifera, and molluscs. The age constraints (Table 1) are from the
updated age model by Levy et al. (2016) which built on magneto-
stratigraphy, biostratigraphy, %7Sr/%Sr dating of macrofossils, and
40Ar—39Ar ages on lava clasts and tephra layers.

The seismic resolution and penetration, and the interference of the
seafloor multiple limit interpretation confidence below RSU5 in most of
the western Ross Sea. The imaged sedimentary record beneath RSU5
generally exhibits low amplitude reflections with variable lateral con-
tinuity. Along the westernmost margin, the reflections are tilted east-
wards (Fig. 2B), and locally form mounded morphologies in McMurdo
Sound. To the southeast of Coulman Island, lenticular bodies exist and
are separated by high amplitude reflections (Fig. 2A).

Locally, there is angular truncation of reflections beneath RSUS5,
particularly at shallow depths (<1 s TWTT) in western McMurdo Sound
and offshore from Terra Nova Bay (Fig. 2B, 3). Along the westernmost
margin and at Mawson Bank, RSU5 is locally crosscut by overlying
erosional surfaces and/or the seafloor. In McMurdo Sound, these areas
of subsequent erosion extend offshore up to ~25 km from Wright Valley

0.2

0.6

Depth (s TWTT)

Thickness (s TWTT)

RSU5-RSU4

Fig. 3. Main interpreted surfaces, RSU4 and RSUS5, in depth as seconds two-way travel time (TWTT) and sediment thickness between them along the western Ross
Sea. Isolines at 0.2 s intervals. Modern continental shelf edge is marked by the thick black line and the thin black lines outline banks and basins. Light blue areas
represent the present-day ice shelf coverage. Drilled sites in McMurdo Sound are marked with red dots.
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and ~17 km from McKay Valley. The sharpest change of slope in RSU5
within McMurdo Sound is located between ~15 km (south) and 25 km
(north) from the coastline (Fig. 4). In McMurdo Sound and Nordenskjold
Basin, RSU5 deepens eastwards from 0.2 to 2.5 s TWTT (Fig. 3). In the
southern Drygalski Basin, RSU5 is located at 1-1.2 s TWTT depth, while
in the northern part of the basin, it deepens northwards from 1.2 to >1.8
s TWTT (Fig. 3).

There is also angular truncation of reflections beneath RSU4,
particularly in areas of McMurdo Sound, and along the western Dry-
galski Basin offshore from Coulman Island (Fig. 2A, 5A, Table 2). It is
crosscut along the Mawson Bank and the coastline of Ferrar Valley (~20
km offshore), McKay Valley (~40 km offshore), and Drygalski Valley
(~30 km offshore) by overlying erosional surfaces. The sharpest change
in slope of the RSU4 surface is located between ~25 km (south) and
~40 km (north) from the western coastline of McMurdo Sound (Fig. 4).
RSU4 deepens towards the east, from <0.4 s TWTT offshore from Scott
Coast, to >2 s TWTT depths ~60 km from northern Terra Nova Bay
(Fig. 2C), with the deepest depression occurring in the eastern Nor-
denskjold Basin (>2.1 s TWTT) (Fig. 3).

The sedimentary record between RSU4 and RSUS is heterogeneously
distributed along the westernmost Ross Sea. It is generally thicker in
McMurdo Sound and Nordenskjold Basin (>1.5 s TWTT) than in Dry-
galski Basin (>0.9 s TWTT) (Fig. 3). Mound morphologies and bodies of
semi-transparent seismic facies are identified between RSU5 and RSU4
in Drygalski Basin. Along the western margin, thick prograding sedi-
mentary wedges (up to ~0.12 s TWTT thick) characterise the sedi-
mentary record offshore from Coulman Island, below a ~0.3 s TWTT
succession formed by chaotic facies interbedded with high amplitude
reflections (Fig. 2A). The high resolution seismic data and core-log-
seismic correlation with Site AND-2A available in McMurdo Sound

Ross Island Ross Island

Ross Island

Ross Island
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enable the identification of three major stratigraphic discontinuities
between RSU5 and RSU4, D-b,, (oldest), RSU4a,, and D-a,, (youngest),
bounding four seismic units further described below (Fig. 2C, 6).

3.1. RSU5-RSU4 stratigraphy in McMurdo sound

3.1.1. RSS3-I,

Above RSUS5, RSS3-IIy, reflections form irregular mounds offshore
from the Ferrar and McKay valleys (Table 2). RSS3-II, is absent offshore
from Koettlitz Valley, and for up to ~35 km and ~15 km from the
mouths of the Ferrar and Wright valleys, respectively (Fig. 7). Along the
central axis of McMurdo Sound, RSS3-11,, forms a continuous cover of up
to 0.20 s TWTT in the south, whereas, in the north, disconnected
depocenters (>0.3 s TWTT) are elongated perpendicular to the western
margin. At Site AND-2A, velocity and density decrease downwards
through the unit while magnetic susceptibility is relatively homoge-
neous. Natural gamma radiation, porosity and water content values in-
crease downwards (Fig. 6).

3.1.2. D-b, and RSS3-I,

D-by, is crosscut by the seafloor or D-a,, ~30 km offshore from McKay
Valley and ~20 km offshore from Ferrar Valley (Fig. 2, 6). The sharpest
change in D-by, slope is located 20-30 km from Scott Coast, south to
north (Fig. 4, Table 2). D-b,, deepens towards the east reaching 2.6 s
TWTT.

Above D-by, the reflections within RSS3-I,, are wavy along the
western area, forming small-mounded bodies (<1 km wide) offshore
from Ferrar and McKay valleys (Fig. 2C, 5B, Table 2). The major depo-
center (>0.15s TWTT) is located offshore from Koettlitz Valley, whereas
the unit is absent for 17-27 km offshore from Ferrar Valley, from south

Ross Island

Ross Island

Fig. 4. Major morphological features distinguished on the interpreted stratigraphic discontinuities in McMurdo Sound. The lines represent the sharpest change of
slope of the surface and the edge of the deepest depression from west (nearest to the Scott Coast) to east (nearest to Ross Island) respectively. The solid features
represent location and shape of the major troughs identified on each stratigraphic discontinuity. Light blue line represents the present-day edge of the Ross Sea Ice

Shelf. Drilled sites in McMurdo Sound are marked with red dots.
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Fig. 5. Sections of seismic line NBP0401-118 along McMurdo Sound, location in Fig. 1B. The main stratigraphic discontinuities and seismic units identified in this
work are named. TWTT, two-way travel time. A) Channels linked with RSU5 are indicated by arrows. Erosional truncations beneath RSU4 are also marked. B) The

channel-levee systems found in unit RSS3-I,, are marked.
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Table 2
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Main features of the stratigraphic discontinuities and seismic units distinguished in this work. Depositional features are based on ANDRILL Site AND-2A (Passchier
et al., 2011; Levy et al., 2016). MCO, Miocene Climate Optimum; MMCT, Middle Miocene Climate Transition; MTD, mass transport deposit; TWTT, two-way travel

time.
Sequence/ Key seismic features Key depositional features Interpretation Climatic
Surface period
RSU3a,, Local erosional truncation Shift from thick (below) to thin (above) interbeds of Glacial advance of marine-based ice and MMCT
massive diamictites aridification of the Dry Valley regions
Sedimentary hiatus ~1.7 myr (U4)
RSS5-11, Local sediment waves Abundant massive diamictites Persistent marine-based ice sheets experiencing MMCT
MTDs (0.07-0.08 s TWTT) multiple regional advances
RSU4 Widespread angular truncation Shift from stratified diamictites (below) to massive Onset of repeated marine-based ice sheet MMCT
Ferrar Valley Trough (<33 m) diamictites (above) expansion
Sedimentary hiatus ~1.7 myr (U3)
Glacial surface of erosion in AND-2A
RSS4-1,, Slightly undulating reflections Thick interbeds of stratified diamicitites sandstones Minimum ice sheet extent MCO
Sparse sediment waves and large and mudstones
MTDs (~0.11 s TWTT)
D-ay, Irregular morphology Ferrar Valley  Shift from thin (above) to thick (below) interbeds of Turbid meltwater and glacifluvial drainage froma  MCO
through (<17 m) stratified diamicitites sandstones and mudstones retreated ice sheet
Sediment Waves
RSS4-11,, Undulating reflections and small Thin interbedded diamictites, sandstones and Distal glacimarine sedimentation influenced by MCO
MTDs (<0.05 s TWTT) mudstones marine-terminating outlet glaciers and periods of
major retreat of the ice sheet
RSU4a,, Irregular morphology, local Shift from thick (below) to thin (above) interbeds Ice proximal environments and Short-lived ice MCO
erosional truncation sheet advance
Channel systems and numerous
small troughs (<6 m) offshore from
the main valleys
RSS3-I,y Limited lateral continuity Thick interbeds of stratified diamictites, sandstones Turbiditic activity during deglaciation. Onset of the
Sediment waves and channel-levee and mudstones Ice distal environments and relative glacial retreat ~ MCO
systems
D-b,, Irregular morphology Shift from interbedded massive and stratified Rapid glacimarine sedimentation from marine- Early
Local erosional truncation diamictites (below) to thin interbeds of stratified terminating ice sheets Miocene
Troughs (<25 m depth x 7-9 km diamictites, sandstones and mudstones (above) Transition from subglacial/ice-proximal to ice- cold
wide) offshore from the major fjords proximal/ice-distal conditions
RSS3-II,, Stratified reflections Massive and stratified diamictites Marine-terminating glacier advances Early
Localized irregular mounds Glacial shear features Continued ice sheet expansion Miocene
Ice marginal to ice distal glacimarine settings cold
RSU5 Local erosional truncation Shift from mudstone (below) to diamictite (above) Large outlet glaciers actively downcutting Early
Troughs (<122 m depth x 7-9 km Sedimentary hiatus ~0.9 myr (U2) Ice sheet advance Miocene
wide) offshore form the major outlet cold

glaciers

to north respectively, and ~20 km offshore from the Taylor and Wright
valleys (Fig. 7). Towards the east, RSS3-I,, is >0.12 s TWTT thick,
extending over a wider area in the south than in the north. At Site AND-
2A, the velocity and density values generally decrease downwards in
this unit. Magnetic susceptibility shows an overall trend towards lower
values with increasing depth with median and mode values of 453
dimensionless [SI] and 415 [SI], respectively. The natural gamma ra-
diation, porosity and water content tend to increase downwards in the
unit (Fig. 6).

3.1.3. RSU4a,, and RSS4-1I,,

RSU4a,, forms channel-like morphologies offshore from Ferrar,
Taylor and Wright valleys (Fig. 2C, 5B, Table 2). Along the western side
of McMurdo Sound, it is crosscut by RSU4 about 18 km offshore from
Ferrar Valley (Fig. 5A), and by D-a, ~23 km offshore from McKay
Valley (Fig. 2C, 8A). The sharpest change in slope is located 22-28 km
from Scott Coast (Fig. 4). RSU4a,, deepens eastwards reaching 2.7 s
TWTT (Fig. 4).

RSS4-11, is absent for ~13 km offshore from Ferrar Valley, ~28 km
offshore from Taylor and Wright valleys, and ~25 km offshore from
McKay Valley (Fig. 7). Chaotic bodies are more abundant to the north of
Scott Coast (Table 2). Along the central axis of McMurdo Sound, the
thickest depocenter is located offshore from Taylor and Wright valleys
reaching a maximum thickness of <0.33 s TWTT. Comparatively thinner
cover is observed towards the area offshore from north of Ferrar Valley
(0.12 s TWTT). Thin cover is also recorded offshore from south of McKay
Valley (<0.12 s TWTT). Velocity values are highly variable through the

unit in AND-2A. The magnetic susceptibility shows shifts towards lower
values with 491 [SI] median and 280 [SI] mode. Natural gamma radi-
ation show a downwards trend of increasing values (Fig. 6).

3.1.4. D-a, and RSS4-I,,

D-ay, is crosscut by RSU4 along most of the southwestern McMurdo
Sound. The sharpest change in slope of D-a,, is located ~20-31 km from
the coastline (Fig. 4). D-ay morphology is marked by a ~25 km wide
band that extends ~30 km offshore from McKay Valley consisting of the
top of small waves formed by undulating reflections (Fig. 2C, 8A,
Table 2). The discontinuity deepens eastwards to 2.2-2.5 s TWTT.

Sparse sediment waves in RSS4-I,, can be identified offshore from the
Taylor, Wright, and McKay valleys where, further east, semi-transparent
facies form large chaotic bodies interbedded with continuous reflections
(Fig. 8, Table 2). The complete chaotic sequence is ~0.11 s TWTT thick
over 775 km?, containing approximately 77.10° m® of sediments. RSS4-
Iy is absent up to ~20 km offshore from Ferrar Valley, ~31 km offshore
from Taylor and Wright valleys and 15-29 km offshore from McKay
Valley (Fig. 7). It forms an elongated depocenter to the east of the central
axis of McMurdo Sound locally reaching thickness >0.22 s TWTT. At Site
AND-2A, velocity in this unit varies over a wide range of values. Density
values present an overall trend of slightly downwards increase. The
magnetic susceptibility shows a trend towards below-average values,
with low median (318 [SI]) and mode (186 [SI]) values. The gamma
radiation values decrease downwards from the top of the unit up to 346
mbsf (Fig. 6).
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3.2. RSS5-II, and RSU3a,, in McMurdo sound

Overlying RSU4, RSS5-II,, internal reflections are locally wavy
(Fig. 2C) and lenticular bodies of chaotic seismic facies are interbedded
(Table 2). They are more prominent between the Ferrar and McKay
valleys (Fig. 8B). Here, three major lenticular bodies can be distin-
guished. The northern body has a thickness of up to ~0.07 s TWTT over
~50 km? whereas the southern one is locally thicker within its ~95 km?
area. Below the first, ~0.08 s TWTT thick body extends over ~120 km?.
The sedimentary record of RSS5-II,, is very thin to absent (<0.03 s
TWTT) along the western margin of McMurdo Sound (Fig. 7). The unit is
not present along a fringe extending ~11 km offshore from Ferrar Valley
and up to ~48 km offshore from McKay Valley. Significant thicknesses,
exceeding 0.18 s TWTT, are restricted to depocenters along the eastern
McMurdo Sound. A SW-NE elongated depocenter north of Ferrar Valley
crosses the central axis of McMurdo Sound with maximum thickness
>0.27 s TWTT (Fig. 7). At Site AND-2A, velocity values generally
decrease downwards in this unit. Magnetic susceptibility values are
generally low, with data displaced towards below-average values (398
[SI] median and 356 [SI] mode). The gamma radiation presents low
range variability but generally shows downwards decreasing trend
(Fig. 6).

At the top of RSS5-1I,,, RSU3a,, forms a regional discontinuity in
McMurdo Sound (Fig. 2, 5, 8, Table 2). It is crosscut by the seafloor at
~13-17 km offshore from Ferrar Valley and ~26-28 km offshore from
McKay Valley, whereas it crosscuts and truncates the underlying re-
flections along the western margin (Fig. 5B, 8A). The sharpest change in

slope for RSU3ay, is located 22-36 km offshore from Scott Coast (Fig. 4).
At the mouth of the McKay and Ferrar valleys, this discontinuity trun-
cates underlying units over ~37 km and ~15 km respectively. In the
inner part of McMurdo Sound, the discontinuity presents as an irregular
surface that forms an 8-5 km wide band that narrows northwards. This
irregular surface is located 18-30 km offshore from the western coast-
line (increasingly distal to the north) with local underlying truncation
terminations to the east (Fig. 5B). RSU3a,, deepens to almost 2 s TWTT
along the Ross Island margin.

4. Discussion

Correlations of the reflection seismic profiles in the western Ross Sea
to recent seismic-stratigraphic interpretations in the central Ross Sea,
integrating the age control obtained from AND-2A, IODP Expedition 374
and DSDP Leg 28 (Levy et al., 2016; Marschalek et al., 2021; Pérez et al.,
2021), provide insights into the patterns of glacial advance and retreat
across the Ross Sea through early to late Miocene. These correlations
also enable identification of significant spatial differences in past ice
sheet extent, and sediment delivery by glaciers emanating from East and
West Antarctica.

Four distinct depositional units document subglacial to ice-
proximal/ice-distal depositional systems in McMurdo Sound during
the early to middle Miocene (RSU5 to RSU4), while paleo-channels and
troughs indicate major pathways that supplied the sediment (Table 2).
Local variability results from advance of coalescing lobes of marine-
terminating glaciers emanating from the major EAIS outlet glaciers
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that extended into deeper troughs. Offshore from Terra Nova Bay, sharp
erosional truncations indicate erosion of the sedimentary record up to
~41 km from the coastline (Fig. 2B) as the result of repeated glacial
overriding during the glacial cycles since the middle Miocene (Levy
et al., 2016). In Drygalski Basin, localized depocenters are formed by
prograding sedimentary wedges indicating ice-proximal environmental
conditions, followed by ice-distal conditions recorded by a thin succes-
sion of chaotic facies (Fig. 2A, 3). The discrete bodies of chaotic facies
are interpreted as mass transport deposits (MTDs) following Reading
(1996). The abundance and distribution of MTDs suggests that the deep
northern Drygalski Basin did not experience glacial overriding during
most of the early and middle Miocene (Fig. 2A). However, sparse
morainal banks are locally identified on the coastal margins (Fig. 2A).
Thus, the MTDs may have been triggered by glacial erosion and sedi-
ment redistribution from glaciers and ice sheets terminating in shal-
lower water depths. Here, we discuss how the stratigraphic architecture
of the westernmost Ross Sea is interpreted to relate to major ice sheet
advances of early (RSU5) and middle (RSU4) Miocene.

4.1. Early miocene: marine-based ice sheet advance into the Ross Sea

Shifts to high values of magnetic susceptibility and density around
RSU5 at Site AND-2A correlate with a shift in lithostratigraphy from
mudstone-rich deposits >100 m in thickness underlying RSU5 to dia-
mictite intervals <50 m thick above it (Levy et al., 2016; Fig. 6). The
facies beneath RSU5 suggest an environment influenced by a hinterland
ice sheet from which glaciers fed into a coastal ice shelf along the
western Ross Sea margin, alternating with periods when the glacial
termini retreated inland (Table 2). Overall, these facies indicate cold and
relatively stable climatic conditions (Levy et al., 2016). However,
intercalated MTDs in the sedimentary record offshore from Coulman

Island suggest periodic advance of coastal glacier systems in that area
prior to the formation of RSU5.

RSUS constitutes a highly erosional surface along western McMurdo
Sound and offshore from Terra Nova Bay. Deep troughs are located near
the mouths of the three large outlet glaciers still active today in the
Koettlitz, Ferrar and McKay valleys. Smaller troughs offshore from the
Taylor and Wright valleys suggest these were occupied by expanded
outlet glaciers (Fig. 4, Table 2). Therefore, glacial advance along the
western Ross Sea margin is linked to erosional downcutting of the
Transantarctic Mountains valleys by large glaciers and glacifluvial sys-
tems prior to the MMCT, which is consistent with previous inland
geomorphological studies (e.g., Sugden and Denton, 2004). The trough
offshore from McKay Valley has more deeply incised flanks than the
southern troughs, but in all cases ice flow occurred through eastward
flow of marine-terminating EAIS outlet glaciers advancing onto the
continental shelf during the early Miocene. The RSU5 surface defined
here was previously identified at AND-2A as a sedimentary hiatus be-
tween ~18.7 Ma and ~17.8 Ma named U2 (Levy et al., 2016), consistent
with glacial overriding. However, the erosional signature of RSU5 di-
minishes eastwards, with erosional truncation limited to the inner
continental shelf (Pérez et al., 2021). Progradation of glacimarine strata
over aggradational open-marine strata suggests that the continental
shelf basins where not completely overridden by a grounded marine-
based ice sheet at this time (Fig. 2A).

Above RSUS5, small and local depocenters are identified in RSS3-11,,
along the central part of McMurdo Sound between ~17.8 Ma and ~17.4
Ma (Table 1). This unit is, however, absent offshore from the Taylor and
Wright valleys probably as a result of erosion due to marine-terminating
glacier advances from these fjords (Fig. 7, Table 2). The cross-shelf
glacial advance triggered downslope sediment transport recorded in
the irregular morphology and U-shape troughs offshore from Taylor and
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Wright valleys (Fig. 5A). Gravitational transport of reworked glacio-
genic sediments is common during major ice sheet advance into the
marine realm (e.g., Huang and Jokat, 2016). At Site AND-2A, RSS3-I1, is
mainly formed by massive diamictites (Fig. 6), and sedimentary struc-
tures consistent with glacial shearing indicating ice sheet overriding
(Passchier et al., 2011; Levy et al.,, 2016). Consequently, continental
scale EAIS advance beyond the western Ross Sea coastline commenced
~17.8 Ma during the formation of RSUS5, followed by fluctuating EAIS
outlet glacier advances throughout the sedimentation of RSS3-II,, during
the early Miocene (Table 1, 2).

The slow subsidence in the Terror Rift (~23-13 Ma; Fielding et al.,
2008; ~23-0 Ma Sauli et al., 2021) during the formation of RSU5 and
sedimentation of RSS3-II,, suggests RSU5 was a major EAIS overriding
event over a shallow continental shelf coastal bench at Site AND-2A
(Levy et al., 2016). At the same time, a progradational glacimarine
environment at Site U1521, with a distinct provenance indicative of a
large WAIS advance (Marschalek et al., 2021), points to an equally large,
and highly erosive, advance in the central Ross Sea. This synchronous
advance of EAIS and WAIS supports the interpretation of Marschalek
et al. (2021) of a major continent-wide ice sheet advance, and cold
climate between 17.8 and 17.4 Ma. The glacial advance was associated
with a fall in eustatic sea-level of 40-60 m inferred from deep sea isotope
records (Miller et al., 2020).

As a result of the ice sheet advance during RSS3-II,, sedimentation,
the western margin of McMurdo Sound prograded ~4-6 km between
RSU5 and D-by. Consequently, the seafloor morphology was steeper
during D-by, formation than during RSU5 (Fig. 4). Steeper slopes favor
the incision of channels (Piper and Normark, 2009). Accordingly, sur-
face D-by, has a very irregular morphology with marked troughs offshore
from the Ferrar, Victoria, and McKay valleys (Fig. 5A, Table 2). In
Drygalski Basin, D-b, forms the top of the prograding sedimentary
wedges offshore Coulman Island (Fig. 2A), which have been previously
described (Sauli et al., 2014). Similarly, D-b forms the top of prograding
sedimentary wedges in the main basins of the central Ross Sea, inter-
preted as a rapid pulse of glacimarine sedimentation from marine-
terminating ice sheets (Pérez et al., 2021), including ice advancing
from East Antarctica (Marschalek et al., 2021). Although D-b and D-by,
cannot be continuously traced across the Ross Sea, their signature and
age constraints point to continued presence of expanded marine-
terminating ice sheets in the Ross Sea up to ~17.4 Ma (Fig. 6, Table 1).

4.2. Early miocene: Ice sheet retreat

Above D-by, in McMurdo Sound, intervals with high density and low
density values are interbedded within RSS3-I,, (Fig. 6), and correlate to
increased deposition of mudstone-rich facies, stratified diamictites and
sandstones, and general absence of massive diamictite and glacial shear
structures (Passchier et al., 2011), interpreted as representing ice distal
environments and relative glacial retreat (Table 2; Levy et al., 2016).
Across McMurdo Sound, RSS3-I, presents a thin cover of limited lateral
continuity seismic reflections with local depocenters, thicker and more
extensive than those of the underlying unit (Fig. 7). These facies suggest
that the localized depocenters of RSS3-I;, resulted largely from gravity-
driven processes. The largest depocenter observed is located offshore
from Koettlitz Valley (Fig. 7), pointing to high flux of sediment from the
southernmost fjord. Offshore from the Ferrar and Wright valleys, large
troughs and absence of RSS3-I,, are probably due to active erosion
resulting from advance of EAIS outlet glaciers. The RSS3-I,, reflections
undulate offshore from Scott Coast, locally indicating distinct fields of
sediment waves (Table 2) similar to the asymmetric buried bedforms
defined by Wynn and Stow (2002). The sediment waves are spatially
associated with channel-levee systems (Fig. 5B) formed by downslope
turbidity flows (Longva et al., 2008). Channel-levee systems across
glaciated margins are often interpreted to be associated with meltwater
discharge in deglacial settings along margins previously occupied by
glaciers and ice sheets (e.g., Clark and Pickering, 1996). Thus, the
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sediment waves and channel-levee systems in McMurdo Sound are
interpreted as turbiditic in origin (Howe, 1996; Wynn and Stow, 2002).
Abundant discharge of turbid subglacial meltwater during the early to
middle Miocene is consistent with extensive landforms documented in
Victoria Land prior to 14.8/14.4 Ma (Sugden and Denton, 2004; Lewis
et al., 2006). Therefore, we interpret the facies identified in RSS3-L, as
recording widespread turbiditic activity that occurred during deglacia-
tion following a period of marine ice sheet advance. The variability in
the depositional patterns from the seismic and lithological data between
RSS3-II, and RSS3-I, (Fig. 5) suggests a transition from
subglacial/ice-proximal to ice-proximal/ice-distal conditions migrating
southwards in McMurdo Sound (Table 2), and may correlate with a
trend towards 40-60 m higher eustatic sea level between 17.4 and 16.8
Ma as inferred from deep-sea benthic foraminiferal oxygen isotopes and
Mg/Ca records, albeit with high-frequency, orbitally-paced variations of
~20-30 m (Miller et al., 2020).

4.3. Middle miocene: Short-term ice sheet advance

RSU4a,, presents irregular morphology along McMurdo Sound,
constituting a strong erosional surface offshore from McKay Valley
(Table 2). Troughs offshore from the Ferrar, Taylor, Wright and McKay
valleys have narrower morphologies with respect the underlying
discontinuity (D-by,) but maintain the same orientation (Fig. 4). Thus,
the glacial advances followed the same pathways at ~16.8 Ma as the
previous glacial peak (~17.4 Ma). Numerous channels to the south of
Ferrar Valley (Fig. 5B) are consistent with widespread erosion by
turbidity currents initiated as a result of high volumes of turbid melt-
water discharge during nucleation of the ice sheet (e.g., Greenwood
etal., 2007). These meltwater rich glacial systems are also characterized
by large volumes of sediments reworked by gravitational flows often
associated with ice sheet advance (Solli et al., 2007; Huang and Jokat,
2016). Thus, the RSU4a,, morphology is consistent with episodic ice
sheet advance along Scott Coast matching the ice proximal environ-
ments in Site AND-2A (Levy et al., 2016). However, this event was not
highly erosional in offshore settings since the unconformity is locally
identified, and massive diamictite and glacial shear features are lacking
in AND-2A at this level (Passchier et al., 2011).

Equivalent localized ice growth on isolated ice caps nucleating on
bathymetric highs has been identified across the central Ross Sea basins
during a similar time period (RSU4a surface in De Santis et al., 1995;
Pérez et al., 2021). Therefore, localized ice growth may have occurred
regionally across the Ross Sea during a short-term interval linked with a
low amplitude sea level fall after the onset of the MCO at 17.0 Ma (Levy
et al., 2016; Miller et al., 2020).

4.4. Miocene climate optimum: Minima of ice extent and extensive glacial
meltwater drainage

Surface D-a,, is dated at ~16.2 Ma in AND-2A (Fig. 6, Table 1, 2). The
sedimentary record of RSS4-IL, is localized on the eastern side of
McMurdo Sound and interpreted as a result of downslope sediment
transport (Fig. 7). Lithostratigraphy throughout the deposition of this
unit indicates cycles of distal glacimarine sedimentation influenced by
marine-terminating glaciers and periods of major retreat of the EAIS,
when extensive tundra occupied the coastal regions (Passchier et al.,
2011; Levy et al., 2016). Sedimentation rates in glacial systems affected
by surface melting are considerably higher than for colder glacial re-
gimes where oceanic melt and iceberg calving dominate (McKay et al.,
2009). Interpretation of a large sediment supply during this period is
also supported by a large MTD offshore from the Wright Valley sug-
gesting this valley, which is now arid and deglaciated, was a major
conduit for the release of sediments into the McMurdo Sound during the
MCO (Fig. 8).

Progradation of ~9 km occurred between RSU4a,, and D-a,,. The
troughs identified on D-a,, are narrower and of limited extent, compared
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to the equivalents of RSU4a,, (Fig. 4). D-a,, morphology is formed by
small sediment waves along western McMurdo Sound (Fig. 2C, 8A,
Table 2), which are consistent with widespread downslope transport fed
by turbid meltwater and glacifluvial drainage from a retreated ice sheet
on which there is extensive surface melting (Longva et al., 2008).
Retreat of marine-terminating glaciers, alongside enhanced surface
meltwater drainage is also consistent with pollen and isotopic tracers
from leaf-wax biomarkers that indicate precipitation was greatly
enhanced at this time, coinciding with a period of peak warmth within
the early phase of the MCO (Feakins et al., 2012; Levy et al., 2016;
Sangiorgi et al., 2018).

Overlying surface D-ay, Unit RSS4-I,, presents lithofacies alterna-
tions similar to those of the underlying unit in AND-2A (Table 2), but
thicker interbeds of stratified diamicitite and sandstone/mudstone
together with sedimentary proxies suggest the warmest environments in
AND-2A record. In addition, a thin diatom-rich interval is preserved and
interpreted as representing maximum ice sheet retreat (Feakins et al.,
2012; Levy et al., 2016). Thus, the reduced ice sheet extent alongside
enhanced surface meltwater drainage continued during the deposition
of this unit. The age of RSS4-I, in AND-2A is ~16.3-15.8 Ma, but its
upper boundary is a major erosional truncation that has eroded the re-
cord between 15.8 and 14.1 Ma (Fig. 6, Table 2). Consequently,
although the record is not preserved, these warm and wet conditions
potentially persisted until 14.1 Ma, which coincides with the onset of
cooling that led to the termination of the MCO, as interpreted from deep-
sea benthic foraminiferal '0 (Holbourn et al., 2014).

4.5. Middle miocene climatic transition: Extensive marine-based ice sheet
advance and development of the McMurdo dry valleys

In McMurdo Sound, RSU4 constitutes an erosional surface including
deep troughs carved off the Ferrar and Taylor valleys (Fig. 4, Table 2). A
sharp slope change, relative to the underlying discontinuity (D-ay) is
interpreted as the result of ice sheet progradation from the EAIS onto the
shallow coastal margin. As noted above, RSU4 is a major erosional event
in AND-2A, with a 1.8 Myr-long hiatus (Table 1, 2), related to maximum
ice sheet advance along the western McMurdo Sound (Levy et al., 2016).
The shift in lithofacies and abundant shear fabrics above this surface
(<14.1 Ma) are interpreted as representing the onset of grounded
marine-based ice sheet expansion over the site (Passchier et al., 2011).

The marine-based ice sheet advance associated with RSU4 is recor-
ded along most of the western Ross Sea margin. In the western margin of
Drygalski Basin, it constitutes a strong erosional truncation of underly-
ing progradational strata (Fig. 2A). Within Nordenskjold Basin, RSU4
correlates to the local Rg horizon, which was interpreted in Fielding
et al. (2008) and Pekar et al. (2013) in Victoria Land Basin, while the
RSU4 unconformity is identified widely across the Ross Sea by its
erosional signature (Brancolini et al., 1995; Pérez et al., 2021). Overall,
the broad formation of RSU4 and drill site age controls indicate that it is
related to widespread marine-based ice sheet advance across the Ross
Sea, with associated shifting of sedimentary depocenters during the
onset of the MMCT (Levy et al., 2016; Pérez et al., 2021).

Above RSU4, RSS5-II,, is formed by massive diamictite facies as-
semblages suggestive of more persistent marine-based ice sheets asso-
ciated with the RSU4 erosive surface (Passchier et al., 2011; Fig. 6,
Table 1, 2). In other polar regions, large MTDs (Fig. 8B) commonly
represent glacially-influenced debris flows (Pickering and Hiscot, 2016).
The occurrence of MTDs intercalated with stratified reflections suggests
multiple point sources of gravity flow over time (Solli et al., 2007),
implying multiple regional ice sheet advances in McMurdo Sound.

The upper boundary of RSS5-II, in AND-2A (U4) formed sometime
after ~14.4 Ma, and is mapped as RSU3a,,. Although constraining a
minimum age for RSU3a,, is difficult, the overlying strata are younger
than ~13.8 Ma and possibly <11.08 Ma (Levy et al., 2016). RSU3ay is a
highly erosional surface along the western margin of McMurdo Sound
(Table 2). The truncation reaches further offshore from McKay Valley
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with respect to the southern glaciers, while the trough formed off Ferrar
Valley is wider and offset to the north relative to the underlying dis-
continuities (Fig. 4). These observations suggest glacial advance of
marine-based ice in the McMurdo region was derived from EAIS outlet
glaciers focused on the Ferrar and McKay valleys following the MMCT,
at the expense of the smaller and more even discharge from glacial and
glacifluvial systems out of the Dry valleys prior to that time. This is
consistent with inland evidence of aridification, reduced erosion, and
downcutting of the Dry valleys (Sugden and Denton, 2004; Lewis et al.,
2006; Levy et al., 2022).

The large cooling step that occurred during the MMCT is proposed to
have passed the threshold that allowed perennial sea ice on high latitude
margins (Levy et al., 2016). It is likely these feedbacks led to enhanced,
and prolonged cold conditions resulting on several steps of regional ice
sheet advance which eroded most of the sedimentary record along the
inner continental shelf and western Ross Sea margin, forming the
truncated, and closely spaced erosional surfaces of RSU4 and RSU3ay,.
Ice sheet advances that follow the MMCT are characterized by large
marine-based extents forming widespread erosional surfaces across the
Ross Sea (e.g., Kim et al., 2018) and deposition of numerous grounding
zone wedges in middle to outer shelf settings (e.g., Bart, 2003). The
presence of grounding zone wedges, which form at the grounded to
floating margin of marine-based ice sheets (Dowdeswell et al., 2016)
within the RSS5-II,, unit, help to confirm the sedimentological in-
terpretations of cold, polar style marine-based ice sheet at AND-2A
(Passchier et al., 2011; Levy et al., 2016) and the base of AND-1B
(McKay et al., 2009). However, these cores only recovered small snap-
shots of time (~0.2 Myrs). The late Miocene record of proximal glaci-
marine sedimentation is poorly documented, providing few clues about
the dynamics of the Antarctic ice sheets at this time (McKay et al., 2009;
Wilson et al., 2012). Recovering such a record could be achieved by
drilling in the deep water basin depocenters in the eastern reaches of
McMurdo sound, as well as in the northern and eastern basins of the Ross
Sea (Pérez et al., 2021).

5. Conclusions

The core-log-seismic correlation of high resolution seismic profiles
and physical properties logged at the ANDRILL Site AND-2A enables
regional interpretation of major changes in ice sheet dynamics that
occurred in McMurdo Sound during the early and middle Miocene.
Further comparison of the seismic facies with those identified in profiles
available towards the northwest i.e., in the Nordenskjold and Drygalski
Basins, allows comparison of the major sedimentary changes across the
westernmost Ross Sea with those previously identified in the central
Ross Sea during the MCO and the MMCT.

Distinct formation of turbiditic channels, mass transport deposits and
sediment waves suggest regional variability in glacial/deglacial pro-
cesses across the westernmost Ross Sea. Carving of troughs across the
Transantarctic Mountains margin during the early Miocene, together
with deposition of prograding sedimentary wedges in the deepest en-
vironments, suggests large volumes of sediment were discharged from
marine-terminating glaciers or glacifluvial systems at the time of RSU5
formation (~18-17.8 Ma). A period of ice sheet advance interpreted in
sedimentary facies from AND-2A is represented by irregular morphol-
ogies and troughs beneath D-b,, (~17.4 Ma). Widespread formation of
turbiditic channel-levee systems along the western margin of McMurdo
Sound and mass transport deposits in Drygalski Basin indicate subse-
quent ice sheet retreat during the MCO with extensive discharge of
turbid meltwater. Open-marine to ice-distal conditions dominated be-
tween 17.4 Ma and 15.8 Ma, but they were interrupted by a short-lived
ice sheet advance over the continental shelf at ~16.8 Ma, locally
forming RSU4a,,/RSU4a.

Deglaciation during the MCO was followed by major marine-based
ice sheet advances after ~14.1 Ma. Shelf-wide erosional events are
linked to the formation of RSU4 and RSU3a,,, marking the expansion of
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EAIS and WAIS during the MMCT. Intermittent sediment records indi-
cating subglacial/ice-proximal conditions have been recovered after
14.1 Ma, with numerous marine-based ice sheet advances resulting in
short stratigraphic snapshots at AND-2A and U1521. The presence of
glacigenic debris flows in the sedimentary record of the westernmost
Ross Sea, alongside earlier studies of inland geomorphology and stra-
tigraphy, suggest regular ice sheet extension to the shelf edge and a
fundamental shift in the sediment pathways with deposition of glacially
eroded detritus derived from the Transantarctic Mountains. After the
MMCT, the EAIS shifted into a colder glacial regime, changing the
Transantarctic Mountains outlet glacier flow and leading to the aridifi-
cation and development of the Dry Valleys since that time.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gloplacha.2022.103891.
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