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ABSTRACT

Drill cores from the Antarctic continental
shelf are essential for directly constraining
changes in past Antarctic Ice Sheet extent.
Here, we provide a sedimentary facies analy-
sis of drill cores from International Ocean
Discovery Program (IODP) Site U1521 in the
Ross Sea, which reveals a unique, detailed
snapshot of Antarctic Ice Sheet evolution
between ca. 18 Ma and 13 Ma. We identify
distinct depositional packages, each of which
contains facies successions that are reflec-
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tive of past baseline shifts in the presence
or absence of marine-terminating ice sheets
on the outermost Ross Sea continental shelf.
The oldest depositional package (>18 Ma)
contains massive diamictites stacked through
aggradation and deposited in a deep, ac-
tively subsiding basin that restricted marine
ice sheet expansion on the outer continental
shelf. A slowdown in tectonic subsidence af-
ter 17.8 Ma led to the deposition of prograda-
tional massive diamictites with thin mudstone
beds/laminae, as several large marine-based
ice sheet advances expanded onto the mid- to
outer continental shelf between 17.8 Ma and
17.4 Ma. Between 17.2Ma and 15.95 Ma,
packages of interbedded diamictite and dia-
tom-rich mudstone were deposited during a
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phase of highly variable Antarctic Ice Sheet
extent and volume. This included periods of
Antarctic Ice Sheet advance near the outer
shelf during the early Miocene Climate Op-
timum (MCO)—despite this being a well-
known period of peak global warmth be-
tween ca. 17.0 Ma and 14.6 Ma. Conversely,
there were periods of peak warmth within the
MCO during which diatom-rich mudstones
with little to no ice-rafted debris were depos-
ited, which indicates that the Antarctic Ice
Sheet was greatly reduced in extent and had
retreated to a smaller terrestrial-terminating
ice sheet, most notably between 16.3 Ma and
15.95 Ma. Post-14.2 Ma, diamictites and di-
atomites contain unambiguous evidence of
subglacial shearing in the core and provide
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the first direct, well-dated evidence of highly
erosive marine ice sheets on the outermost
continental shelf during the onset of the Mid-
dle Miocene Climate Transition (MMCT;
14.2-13.6 Ma). Although global climate forc-
ings and feedbacks influenced Antarctic Ice
Sheet advances and retreats during the MCO
and MMCT, we propose that this response
was nonlinear and heavily influenced by re-
gional feedbacks related to the shoaling of
the continental shelf due to reduced subsid-
ence, sediment infilling, and local sea-level
changes that directly influenced oceanic in-
fluences on melting at the Antarctic Ice Sheet
margin. Although intervals of diatom-rich
muds and diatomite indicating open-marine
interglacial conditions still occurred during
(and following) the MMCT, repeated ad-
vances of marine-based ice sheets since that
time have resulted in widespread erosion and
overdeepening in the inner Ross Sea, which
has greatly enhanced sensitivity to marine ice
sheet instability since 14.2 Ma.

INTRODUCTION

Deep-sea geochemical and modeling studies
indicate that during the Oligocene (33.9-23 Ma)
and early to middle Miocene (23—11.6 Ma), Ant-
arctica’s ice sheets expanded and contracted (e.g.,
Zachos et al., 1997, 2001; Pekar and DeConto,
2006; Pekar et al., 20006; Pilike et al., 2006).
These variations are proposed to have been
driven by fluctuating atmospheric pCO, levels
and/or tectonically driven changes in poleward
heat and moisture transport, which were paced
by changes in Earth’s orbital configuration (e.g.,
DeConto and Pollard, 2003; Shevenell et al.,
2004, 2008; CenCO,PIP Consortium, 2023).
The Antarctic Ice Sheet advances are inferred to
reflect eustatic sea-level variances of 40-65 m
(Flower and Kennett, 1994; Zachos et al., 2001;
Kominz et al., 2008; John et al., 2011; Miller
et al., 2020). However, most of this ice sheet
history is inferred from benthic foraminiferal
8180 records, which are a measure of global
ice volume and deep-sea temperature, or far-
field sea-level records that contain uncertainties
related to tectonic processes. To address these
uncertainties, drill-core evidence from Ant-
arctica’s continental margin and the Southern
Ocean provide direct evidence that Antarctica’s
marine-terminating glaciers have expanded and
retreated at orbital time scales since the Eocene
(56-33.9 Ma) and are likely the origin of these
global sea-level variations (Barrett, 1989; Ham-
brey et al., 1992; Zachos et al., 1992; Naish et al.,
2001a; McKay etal., 2012a; Escutia et al., 2014;
Galeotti et al., 2016; Carter et al., 2017; Gulick,
Shevenell, et al., 2017; Levy et al., 2019). How-
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ever, the locations of many of these previous
studies are at the periphery of the modern East
Antarctic Ice Sheet, either in mountain outcrops
or inner continental shelf records. This means
it is often difficult to determine whether those
records represent grounded continental-scale
ice sheet expansion to the outermost continental
shelf, or result from smaller-scale advances of
the inland East Antarctic Ice Sheet to its coastal
margin (Fig. 1). To elucidate major differences
in the extent of past ice sheet expansion, direct
evidence of ice sheet grounding events from
outer continental shelf drill cores is needed to
constrain periods of maximum continental-scale
Antarctic Ice Sheet advance and identify the
Antarctic ice volume contribution to the far-field
sea-level and deep-sea 6'%0 records.
Throughout the Oligocene, Antarctic Ice
Sheet expansions are thought to have been
largely terrestrial and continent-wide (Wilson
and Luyendyk, 2009; Naish et al., 2022). How-
ever, rifting, subsidence, and sediment deposi-
tion associated with the West Antarctic Rift

System, coupled with an overriding erosive ice
sheet, resulted in much of the sub-ice topogra-
phy of the present-day West Antarctic Ice Sheet,
which now lies largely below sea level (Sorlien
et al., 2007; Wilson and Luyendyk, 2009; Wil-
son et al., 2013; Colleoni et al., 2018; Paxman
et al., 2019, 2020). In deep-sea records, the Oli-
gocene—Miocene transition (ca. 23.3-22.9 Ma)
is characterized by a 0.6%o increase in benthic
foraminiferal §'%0 (Miller et al., 1991; Wright
etal., 1992; Zachos et al., 1997; Mudelsee et al.,
2014). In the Ross Sea, this transition is associ-
ated with an East Antarctic Ice Sheet advance
on the inner shelf (Naish et al., 2001a, 2022;
Duncan et al., 2022). Other Antarctic margin
drill cores and marine geophysical records sug-
gest that Antarctic Ice Sheet expansions into the
marine margins of the Ross Sea occurred more
frequently after the Oligocene—Miocene transi-
tion (Levy et al., 2019; Marschalek et al., 2021).

Widespread glacial retreat is proposed for
the Miocene Climate Optimum (MCO; ca.
17.0-14.6 Ma), when global temperatures were
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Figure 1. Location map of the central Ross Sea, Antarctica, study region and drill site loca-
tions (black dots) discussed in the text; Site U1521 (red dot on large map) was the primary
site investigated in this project. Line A-A’ indicates the seismic profile shown in Figure 3.
Figure was adapted from McKay et al. (2019). Bathymetry is from the International Bathy-
metric Chart of the Southern Ocean (Arndt et al.,, 2013). AND—Antarctic Geological
Drilling; CIROS—Cenozoic Investigation in the Western Ross Sea; CRP—Cape Roberts

Project; DSDP—Deep Sea Drilling Project.
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~7-8 °C warmer than at present (Flower and
Kennett, 1994; Shevenell et al., 2004, 2008;
Lewis et al., 2007; You et al., 2009; Warny et al.,
2009; Feakins et al., 2012; Levy et al., 2016;
Sangiorgi et al., 2018). Carbon cycle feedbacks
were proposed to have influenced this elevated
global warmth, as atmospheric pCO, concentra-
tions are thought to have ranged from 400 ppm
to 833 ppm (Greenop et al., 2014; Sosdian et al.,
2018; Jiet al., 2018; Cui et al., 2020; Steinthors-
dottir et al., 2021; Rae et al., 2021; CenCO,PIP
Consortium, 2023; Fig. 2). Far-field sea-level
records show between ~40 m and 60 m of sea
level variability before and during the MCO,
and although larger-than-present ice sheets prior
to the MCO do not require complete loss of
the Antarctic Ice Sheet, the retreat of the East
Antarctic Ice Sheet to small interior ice sheets
is implied (John et al., 2011; Miller et al., 2020;
Marschalek et al., 2021). Indeed, stratigraphic
records from ANDRILL (Antarctic Geologi-
cal Drilling) Site AND-2A and the Transant-
arctic Mountains, as well as consideration of
dynamically modeled ice sheet experiments,
suggest that although orbitally paced retreat of
a terrestrial Antarctic Ice Sheet occurred, sig-
nificant terrestrial ice remained (~20-30 m sea-
level equivalent) during the MCO (Lewis et al.,
2007; Passchier et al., 2011; Levy et al., 2016;
Lewis and Ashworth, 2016; Gasson et al., 2016;
Halberstadt et al., 2021; Chorley et al., 2022).
However, whether or not periods of marine-ter-
minating ice sheet advance into the outer Ross
Sea occurred during glacial periods of the MCO
is currently unknown.

The warm MCO was immediately followed by
the Middle Miocene Climate Transition (MMCT,
ca. 14.6-13.8 Ma), which was characterized by
an ~1%o increase in benthic foraminiferal '30
and an ~2-6 °C cooling in the Southern Ocean
(Flower and Kennett, 1994; Shevenell et al.,
2004, 2008; Miller et al., 2020). Well-dated drill
cores of terrestrial fluvial and glacial sediments
in the Friis Hills, Antarctica, reveal a progres-
sive increase in the extent of orbitally paced East
Antarctic Ice Sheet glaciations between 14.6 Ma
and 13.8 Ma (Chorley et al., 2022), as well as
increased aridity after 14.6 Ma at high elevations
in the Transantarctic Mountains (Sugden and
Denton, 2004; Lewis et al., 2008). From these
inland records, ice expansion at the MMCT is
proposed to have expanded across the entire
Ross Sea continental shelf (Sugden and Denton,
2004), but this hypothesis has yet to be evalu-
ated with well-dated Ross Sea drill cores from
the outer continental shelf.

Here, we assess and expand on the broad
interpretations from the aforementioned stud-
ies by developing a high-resolution depositional
model for International Ocean Discovery Pro-

gram (IODP) Site U1521—a location that ice
sheet models and seismic stratigraphic stud-
ies indicate represents the maximum extent of
a continental-scale Antarctic Ice Sheet during
glacial intervals (Golledge et al., 2013; Colleoni
et al., 2018; McKay et al., 2019). We evaluate
the following hypotheses: (1) early Miocene
tectonic subsidence restricted the growth of the
early Miocene Antarctic Ice Sheet into the outer
Ross Sea; (2) reduced subsidence after 17.8 Ma
resulted in continental shelf progradation, and
sediment infilling during expansive Antarctic
Ice Sheet advances in the Ross Sea; (3) marine-
terminating ice sheets existed in the Ross Sea
during glacial periods of the MCO, but retreated
inland during the peak warmth of the MCO; and
(4) the MMCT saw the expansion of marine-
based ice sheets to the outermost continental
shelf of the Ross Sea, as has been proposed from
inland studies and seismic data with limited age
model control (Bart, 2003).

Our focus is on understanding the interplay of
tectonics and sedimentation that led to the poten-
tial nonlinear response of the Antarctic Ice Sheet
to climate forcing leading into and during the
MCO, as well as the transition into the MMCT.
Given that the global climate state of the MCO
is increasingly relevant in the context of future
emission scenarios, distinguishing the relative
influences of climatic versus longer-term geo-
logical controls on Antarctic Ice Sheet evolution
is important for helping to validate and calibrate
processes in models used to project future ice
sheet mass balance changes in a rapidly warming
climate, similar to that observed in the MCO.

Background: Antarctic Continental Shelf
Depositional Models Using Lithofacies
Models and Other Criteria to Define
Glacial Proximity

Numerous depositional models exist from
the previous studies of Antarctic continental
shelf drill cores, and these provide the frame-
work for the facies succession methodology we
describe in the Results and Discussion section
(Naish et al., 2001b; Powell et al., 2001; McKay
etal., 2009). In those studies, the base of a depo-
sitional glacial advance/retreat cycle is defined
as the location within a facies succession that
contains evidence of erosion and/or an abrupt
facies dislocation due to either direct glacial
overriding, or the most proximal deposition to
a grounding line within an ice sheet advance-
and-retreat cycle. Such deformational features,
when assessed within a facies succession con-
text, allow for identification of a glacial surface
of erosion (GSE). If present, it forms the base
of a depositional cycle (Fielding et al., 2000;
Powell and Cooper, 2002; Naish et al., 2009).
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A GSE is commonly identified by a diamictite
facies that includes a sharp basal contact over-
lying deformed and sheared facies that are also
intermixed into the diamictite, which becomes
increasingly massive and homogeneous in struc-
ture up-unit (Facies Dm-sh [sheared diamictite],
Table 1; Fielding et al., 2000; McKay et al.,
2009). Soft-sediment deformational features
common in deforming glacier beds are also
used to define GSEs and include a combination
of highly sheared mudstone laminae or lenses,
asymmetrical folding, dispersion tails or clast
concentrations around larger clasts, sediment
injection or diapir-like features, augen-shaped
lenses of mudstone/diatomite intraclasts, and
galaxy-like lens structures surrounding clasts
that have formed from shearing or rotational
processes (Boyce and Eyles, 2000).

Clasts plucked from underlying lithologies
may also be incorporated into the base of the
overlying sheared diamictite facies and are a key
diagnostic feature near interpreted GSEs. Brittle
deformational features, including low-angle
reverse faulting and brecciation of the underly-
ing facies, are also commonly identified in the
sheared diamictite facies (McKay et al., 2012b).
Such deformational features at the base of, and
beneath, massive diamictite facies are consistent
with previously established models of bed defor-
mation resulting from overriding grounded ice
(Boyce and Eyles, 2000; Boulton et al., 2001;
McCarroll and Rijsdijk, 2003; McKay et al.,
2012b; Evans and Benn, 2014).

Where poor core recovery precludes the iden-
tification of a GSE contact, multiple shearing/
deformational features in the facies immediately
preceding and following a core gap may indicate
overriding of grounded ice at the site. However,
deformational features and erosion surfaces not
associated with GSEs can also occur in glaci-
marine settings proximal to the grounding line.
Rotational features, flame structures, dewatering
deformational features, and normal or reverse
faulting may indicate rapid sediment deposi-
tion and/or deformation by slumping and mass
flow processes (Mills, 1983; Powell and Molnia,
1989). Consequently, the identification of GSEs
is based on multiple criteria, including strati-
graphic context within the facies succession.

Massive diamictites (Dm) lacking sheared
deformational features may also be associated
with subglacial deposition; however, they are
also commonly deposited in a glacimarine envi-
ronment or open water with mass flow deposi-
tion (Powell and Molnia, 1989; Dowdeswell
et al., 1994; Prothro et al., 2018). To address
ambiguity, stratigraphic context can provide
important insights into glacial proximity. Above
the GSE, a typical facies succession of ice sheet
retreat consists of an upward transition from
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Figure 2. Summary of Site U1521 core properties showing, from left to right: Depth below seafloor; magnetostratigraphy (Marschalek et al.,
2021); lithology; age constraints (Table 2); downhole log natural gamma radiation (NGR); grain size data (this study) and clast abundance in cut
core face (Marschalek et al., 2021); seismic unconformities (Ross Sea unconformities, RSU; Pérez et al., 2022a); cycle numbers with glacial prox-
imity curve (blue line; I—ice contact, P—ice proximal, D—ice distal, M—open marine), with non-glacially eroded sequence boundaries (SB;
dark blue dotted line) and glacial surface of erosion sequence boundaries (GSE; red wavy line); depositional packages of Facies Successions A-E;
interpretation; and correlation to the 2016 Geological Time Scale (GTS), sea-level curve of Miller et al. (2020), and proxy-based pCO, compila-
tion of CenCO,PIP Consortium (2023). AIS—Antarctic Ice Sheet; EAIS—East Antarctic Ice Sheet; GSE—glacial surface of erosion; LGM—
Last Glacial Maximum; Mio.—Miocene; MM CT—Middle Miocene Climate Transition; Pleist.—Pleistocene; WAIS—West Antarctic Ice Sheet.

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37613.1/7011393/b37613.pdf
bv auest



Miocene ice sheet dynamics in the Ross Sea, Antarctica

TABLE 1. LITHOFACIES DESIGNATIONS WITH SIMPLIFIED AND PRELIMINARY PALEOENVIRONMENTAL INTERPRETATION

Facies code Lithofacies name Features Preliminary paleoenvironmental ~ Equivalent facies in
interpretation McKay et al. (2019)

Dm-sh Sheared diamictite ~ Muddy/sandy diamictite (clast-rich to clast-poor). Biogenic silica Subglacial deposition and Facies 1
content (0%—25%). Lower contacts typically display shearing zones, deformation.
brecciation, faulting, and intermixing with underlying facies.

Dm Massive diamictite ~ Muddy/sandy diamictite (clast-rich to clast-poor). Biogenic silica content Ice-proximal glacimarine Facies 1
(0%—25%). Fragmented carbonate shells are common. Mottled texture deposits, rainout from
is suggestive of bioturbation present in some intervals. Pyrite and floating ice, or subglacial
carbonate diagenesis are common in cores below 300 mbsf. May deposition.
display soft sediment deformation and faulting.

Ds Stratified diamictite  Similar to Dm facies but with weak to well-defined stratification Glacimarine deposits. Facies 2
(centimeter- to meter-scale). Stratification is defined by color, matrix
particle size, and/or clast concentration.

Mm Massive mudstone  Massive mudstones. Clast abundance varies from absent to dispersed Hemipelagic suspension Facies 3
(<1%). Diatom content is variable (0%—25%). Variable intensity of settling from ice-proximal to
bioturbation. ice-distal glacimarine/fluvial

sediment.

Ms Stratified mudstone  Stratified mudstones, as defined by color, matrix particle size, and/or clast Hemipelagic suspension Facies 3
concentration. Clasts abundance is absent to dispersed (<1%). Diatom settling from ice-proximal
content is variable (0%—25%). Variable intensity of bioturbation. to ice-distal glacimarine/

fluvial sediment. Possible
winnowing/selective
deposition from currents.

Mc Mudstone with M facies is similar to Mm facies, but contains clasts >1% in abundance. ~ Similar to Ms and Mm, but with  Facies 4

clasts Clasts are typically granule- to pebble-sized, and the facies is ice-rafted debris.
commonly bioturbated, and often interbedded with Dm and Ds facies,
though diatom-rich examples can be associated with DO facies.

DO Diatomite Weakly laminated to intensely bioturbated diatomite. Clasts are absent in Pelagic ice-distal glacimarine Facies 5
some intervals, but dispersed and rare in others. Disarticulated shell and hemipelagic
fragments are common (millimeter- to centimeter-scale bivalves). DO sedimentation (+/— clasts
facies can grade into and out of Mdo/Ms. representing ice rafting

processes).
Mdo Diatom-rich Similar to DO facies, but with higher mud content, and articulated bivalves Ice-distal glacimarine Facies 5
mudstone are present in some intervals. sedimentation with pelagic
deposition.

Mch Chertified Similar to Mdo and DO facies, but with diatom content replaced by chert.  Diagenetically altered diatomite  Facies 6

mudstone and mudstone facies.

Clc Conglomerate with  Matrix- to clast-supported conglomerate with subrounded to rounded Basal debris flows fallout Facies 7

lithified clasts clasts (granules to cobble grade) of indurated basement lithologies. proximal to grounding line,
submarine redeposition and
winnowing by currents or
channelized flow.
Cli Conglomerate with  Clast-supported conglomerate with deformed subrounded to rounded Basal debris fallout proximal Facies 7

intraclasts

intraclasts of mudstone.

to grounding line, with
winnowing by currents or
channelized flow.

Note: Detailed descriptions are presented in the equivalent facies scheme of McKay et al. (2019), but deviations from that scheme are noted here. mbsf—m below sea floor.

subglacial (sheared diamictite, Dm-sh) or ice
sheet-proximal facies (massive diamictite, Dm)
into grounding-line—proximal facies of con-
glomerate (with lithified clasts and intraclasts,
Clc and Cli) or sandstone, stratified diamictite
(Ds), or glacimarine mudstone with clasts (Mc),
and then into progressively more distal ice shelf,
glacimarine, or open-marine facies such as strat-
ified mudstone (Ms), massive mudstone (Mm),
diatom-bearing to diatom-rich mudstone (Mdo)/
chertified mudstone (Mch), and diatomite (DO)
(Smith et al., 2019; Table 1).

The specific compositions and thicknesses of
facies cycles and successions can vary depend-
ing on past climatic and glacial thermal regimes.
Present-day Antarctic Ice Sheet mass loss is
predominantly controlled by iceberg calving,
by basal melting of ice shelves, and at marine
grounding lines, whereas surface meltwater run-
off and turbid subglacial meltwater discharge is
comparatively limited today (Pritchard et al.,
2012; Rignot et al., 2013; Depoorter et al.,
2013; Paolo et al., 2015; Smith et al., 2020).

As such, Antarctica’s continental shelves are
sediment starved, with glacial retreat cycles
generally <1 m thick, except where they are in
close proximity to highly localized subglacial
meltwater channels (McKay et al., 2009; Hor-
gan et al., 2013; Simkins et al., 2017; Prothro
et al., 2018; Smith et al., 2019). This sediment
starvation characterizes late Pliocene to Pleisto-
cene interglacial sedimentation in the Ross Sea,
with pelagic deposition of diatomites indicating
a surface water column that lacks significant
turbidity, and which is conducive to increased
abundance of photosynthesizing plankton (Naish
et al., 2009; McKay et al., 2009).

In glacial regimes that are warmer than pres-
ent-day continental Antarctica—for example,
Greenland; Norway (mainland and Svalbard);
and Alaska, USA—surface meltwater exerts
significant control on glacial mass balance
(Vaughan et al., 2013; IPCC, 2022) by percolat-
ing through the ice to its base, which enhances
dynamic ice discharge rates and results in a
higher discharge of turbid meltwater via gla-

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37613.1/7011393/b37613.pdf

bv auest

cimarine or glacifluvial systems. As such, there
are higher terrigenous sedimentation rates for
sediment deposited in coastal settings during
deglaciations and interglacials as compared
to the Antarctic Ice Sheet margin (Powell and
Domack, 1995; Cowan et al., 1999; Chu et al.,
2009; Laberg et al., 2009, 2018; Dowdeswell
et al., 2015; Jaeger and Koppes, 2016). Such
conditions are thought to have been more com-
mon around the Antarctic margin prior to and
during the Miocene (Hambrey and McKelvey,
2000; Sugden and Denton, 2004; Lewis et al.,
2006; McKay et al., 2009; Passchier et al., 2011;
Gulick, Shevenell, et al., 2017).

Following peak interglacial conditions, the
vertical facies succession represents a progres-
sive return to glacial proximity, and re-advance
facies may either (1) continue upward toward the
most grounding-line—proximal facies without
evidence of erosion, or (2) be truncated by a GSE
and pass abruptly into the massive diamictite of
the overlying cycle, which indicates erosion by
an overriding grounded ice sheet. In either case,



the top of the cycle is defined by the basal con-
tact of the most proximal glacial facies or the
GSE of the overlying cycle (Fielding et al., 2000;
Powell et al., 2001; Naish et al., 2008; McKay
et al., 2009).

Background: Seismic Stratigraphic
Framework of the Ross Sea

A critical aspect of interpreting geological
drill cores is integration with the broader strati-
graphic architecture provided by seismic stra-
tigraphy. The Scientific Committee of Antarctic
Research’s (SCAR) Antarctic Offshore Stra-
tigraphy project developed a series of regional
maps of eight depositional sequences in the Ross
Sea (Brancolini et al., 1995). Each sequence
directly relates to shifts in the climatic or tec-
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tonic-driven sedimentary regimes and is bound
by unconformities titled Ross Sea unconformi-
ties (RSUs) ranging from RSU7 (Cretaceous)
to RSU1 (Pleistocene; Brancolini et al., 1995;
Cooper et al., 1995, 2008; De Santis et al., 1995;
Luyendyk et al., 2001; Bart, 2003; Sorlien et al.,
2007; McKay et al., 2022b; Pérez et al., 2022a,
2022b). The oldest and deepest sequences were
formed by active rifting and extension during
Cretaceous continental breakup (Luyendyk
et al., 2001), and are overlain by predominantly
aggradational glacimarine strata of Eocene to
Oligocene age. However, progradation around
bathymetric highs and stratigraphic truncations
could relate to localized ice cap/sheet advances
and/or local sea-level changes (Brancolini et al.,
1995; Sorlien et al., 2007; McKay et al., 2022b;
Pérez et al., 2022a).

Early Miocene RSUS (ca. 18 Ma) is a wide-
spread seismic unconformity that separates
largely aggradational strata from thick overly-
ing sequences of progradational and aggrada-
tional strata of late early to middle Miocene
age (Fig. 3). Within these strata, several intra-
unit discontinuities (surfaces Db, RSU4a, and
Da) are inferred to represent major variations
in ice sheet extent in the Ross Sea through the
early to middle Miocene (De Santis et al., 1995;
Marschalek et al., 2021; McKay et al., 2022b;
Pérez et al., 2022a). Seismic unconformity
RSU4 separates sediment between ca. 15.9 Ma
and 14.2 Ma in age at Site U1521 and repre-
sents an almost shelf-wide erosional truncation
that is interpreted as a marine-based ice advance
(Cooper et al., 1991; Pérez et al., 2022a; Fig. 3).
Above RSU4, cyclic subglacial and glacima-
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Figure 3. Top: Seismic profile from the R/V Polar Duke 1990 cruise (lines PD-90_35 and PD90_36; after Pérez et al., 2022a), showing the
wider basin seismic stratigraphy with comparison of unconformity-bound seismic packages and the U1521 facies succession packages pre-
sented in this work (see Fig. 2). Line location is shown in Figure 1. Gray box shows the location of the uninterpreted enlarged section, and
the interpreted enlarged section is shown in the lower panels. Bottom left: Uninterpreted zoomed-in section of seismic line PD-90_36. Bot-
tom right: Interpreted zoomed-in section of seismic line PD-90_30. Green equates to diamictite-dominated sediment, and yellow indicates
diatom-rich sediments. Note that lithological interpretations are schematic. DO—diatomite; Dm—massive diamictite; Mdo—diatom-rich
mudstone; Mch—chertified mudstone; Mm—massive mudstone; GSE—glacial surface of erosion.
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rine sedimentation is discontinuously preserved
at IODP Site U1521 (De Santis et al., 1995;
McKay et al., 2019; Pérez et al., 2022a), and
the depocenter of progradational strata shifted
toward the Eastern Basin, where a record was
recovered at Site U1522 (Fig. 1; De Santis et al.,
1995; McKay et al., 2019).

METHODS
Site Location

IODP Expedition 374 Site U1521 was cored
in January 2018, and is located at 75°41.0351’S,
179°40.3108'W at a water depth of 573 m within
the Pennell Basin of the Ross Sea (Figs. 1 and 3).
Site U1521 was drilled to a depth of 650.10 m
below sea floor (mbsf), with a recovery rate of
63%. Cores were collected via rotary drilling,
with each core measuring 9.5 m in length. The
recovered core was spilt into ~1.5 m sections.
Each core was numbered sequentially, and an
identifier was given for each section (e.g., core
1, section 1, has the identifier 1R-1). Recov-
ery was lowest in the upper 100 m of the core,
and improved below 100 mbsf, except for a
chert and silica-cemented interval between 350
mbsf and 285 mbsf (Fig. 2). The seismic pro-
files PD_90_35 and PD_90_36 (Fig. 3) used
to interpret the lateral and vertical distribution
of the depositional facies were collected by the
U.S. R/V Polar Duke in 1990 (Anderson and
Bartek, 1992). They are single-channel reflec-
tion seismic profiles (collected with an airgun
source of 2.4 L). Borehole seismic check-shot
velocity was acquired during IODP Expedition
374 (using a source of 250 in® G guns in parallel
array, and a sonic tool string with 18 geophones;
McKay et al., 2019), and was used for the depth
to two-way time conversion. IHS Kingdom soft-
ware was used to correlate the IODP U1521 logs
with seismic reflectors (Pérez et al., 2022a).

Initial Lithostratigraphic Framework

The initial shipboard lithostratigraphic
descriptions developed for Site U1521 during
IODP Expedition 374 included seven prelimi-
nary lithostratigraphic units that represent major
shifts in sedimentary facies (McKay et al.,
2019). Seven lithofacies were also defined in
the shipboard proceedings, but their distribution
throughout the core was not presented in detail
(McKay et al., 2019). In this study, the initial
lithostratigraphy for Site U1521 was refined
by visual examination of sedimentary textures
and structures in the cut face of the archive
half of the core, and archived line-scan images
(McKay et al., 2019). Bioturbation was charac-
terized according to the methods in McKay et al.

(2019) on a scale of O (absent) to 4 (complete).
Sedimentary texture was further characterized
by quantitative grain size analysis and used to
refine the textural classifications assigned dur-
ing the initial descriptions. Clast counts from
the cut core face of grains >2 mm in size were
binned in 10 cm intervals (Marschalek et al.,
2021; Zurli et al., 2022). Computed tomography
(CT) x-radiographs were used to supplement
our descriptions, and in particular to assess the
presence/alignment of gravel grains at a higher
resolution than our grain size sampling or the cut
core face could allow.

Our sedimentary descriptions use the clas-
sification scheme developed by the ANDRILL
project (Krissek et al., 2007). Here, we present
the modification of lithostratigraphic logs (based
on the methods above), as well as an expanded
facies scheme, to those presented in the low-
resolution, preliminary descriptions of McKay
et al. (2019).

Grain Size Analysis

Laser particle size analysis was conducted on
188 samples using a Malvern 3000 particle size
analyzer with a Hydro large volume wet disper-
sion unit. Approximately 2 g of bulk sample was
subsampled, with organic matter removed by
hydrogen peroxide (H,0O,; McCave et al., 1995).
Diatom remains were not removed from diamic-
tite lithofacies, as they are in lower abundance,
and information on the biogenic component is
relevant for identifying potential subglacial to
glacimarine influences. Prior to Malvern 3000
analysis, the dry treated samples were subsam-
pled (~0.2 g) to target an optimal obscuration
value of ~15%, and dispersed in ~50 mL of
0.5 g/ sodium hexametaphosphate and agi-
tated in a beaker placed in an ultrasonic bath for
a minimum of 20 min (following the methods
and recommendations of Sperazza et al., 2004,
and Chewings et al., 2014). Samples were not
treated with acid due to low carbonate content.
Replicate samples and glass bead standards were
run periodically to ensure internal consistency.

The pre-treatment process differed for 77
samples from the diatom-rich mudstone lithofa-
cies between 203 mbsf and 85 mbsf, to include
removal of biogenic matter, as shifts in ter-
rigenous grain size in this interval may pro-
vide insights into past shifts in bottom current
strength. In this interval, ~10-15 cm? of freeze-
dried sediment were weighed (~10-20 g), and
then wet sieved at 125 pm. The dry weight of
the >125 pum fraction was then measured, which
in these samples represents a grain size that is
distinct from that of the bulk sediment popula-
tion (Fig. 4). As the dominant grain size frac-
tion in these samples is <63 pm (Fig. 4), sieving
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was used to avoid biases associated with out-
sized sand grains in samples with a fine-grained
matrix (McKay et al., 2022a). However, of the
77 samples sieved, 61 samples lacked particles
>125 pm, and 12 contained only trace values
(<0.1%) of outsized grains >125 pum, while four
samples had slightly higher (but still low) values
of between 0.1% and 0.3% (Fig. 2). Although
the weights of grains >125 pm in all samples are
very low, and likely lack statistical significance
(McKay et al., 2022a), they are from the same
intervals where clast counts on the core surface
are elevated.

For the size fraction <125 pm in the diatom-
rich mudstone lithofacies, organic matter was
removed with hydrogen peroxide (H,0,), and
biogenic silica was removed with 1 M sodium
hydroxide (NaOH) following the methods
detailed in McKay et al. (2022a) and analyzed
by the Malvern 3000 for grain size. Due to per-
vasive chert and silica cement, no grain size
samples were analyzed between 324.15 mbsf
and 285.30 mbsf (Fig. 2).

Natural Gamma Ray Downhole Log Data

In situ borehole logs from Site U1521 com-
pare well to discrete physical property measure-
ments (McKay et al., 2019). For intervals of poor
core recovery, we were able to use borehole logs
to develop a continuous stratigraphy (Fig. 2).
Natural gamma radiation (NGR) was measured
as gamma-ray, American Petroleum Industry
(gAPI) units, and is a proxy for clay content
(McKay et al., 2019). At Site U1521, diatomites
and diatom-bearing mudstones returned lower
NGR values (generally <50 gAPI) than mas-
sive diamictite and mudstone units (generally
>50 gAPI). The upper 42 mbsf at Site U1521
do not contain reliable downhole log data, as the
drill pipe remained in the hole above this depth
during logging (Fig. 2).

Lithofacies Characterization

We conducted the first detailed study of
the facies distribution throughout the core.
Lithofacies are classified via a common set
of lithostratigraphic characteristics, using the
same lithostratigraphic and physical property
methods described above (Table 1). We pres-
ent a total of 11 facies, expanding on the seven
facies presented in McKay et al. (2019), which
are interpreted to represent specific depositional
environments along a continuum from subgla-
cial to grounding-line proximal settings, to open-
marine settings with minimal glacial influence
(Table 1). From this basis, we then adopt a facies
succession approach, whereby an idealized facies
stacking pattern based on the vertical recurrence
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of laterally adjacent depositional environments
is used to define the cycles of glacial proximity
illustrated in Figure 2. Each facies succession
represents a different style of deposition during
the evolution of the Ross Sea continental mar-
gin, but can be grouped into packages that may
contain numerous repetitions of that facies suc-
cession (e.g., cycles). We pay particular attention
to identifying deformational structures that may
indicate subglacial overriding, or deformation by
mass flow or loading processes that may have
been associated with glacimarine sedimentation.
A total of five different facies succession styles
are defined. The depositional interpretations of
the facies successions are then compared to the
existing seismic stratigraphic framework of the
Ross Sea (Pérez et al., 2022a) to provide broader
regional context for our results.

Chronology

The age model constraints for Site U1521 are
provided by magnetostratigraphy and biostra-

tigraphy, 87Sr/%Sr dating of in situ macrofos-
sils, and “°Ar/*Ar ages of reworked hornblende
grains (Fig. 2; Table 2). Below 85.3 mbsf, the age
model of Marschalek et al. (2021), in which a
preferred and alternate solution was presented, is
unchanged. The lowermost age constraint coin-
cides with RSUS dated at ca. 17.8 Ma at a depth
of 568 mbsf (McKay et al., 2019; Marschalek
et al., 2021). We largely discuss our interpreta-
tions in the context of the preferred age model
of Marschalek et al. (2021), which is presented
in Figure 2 (Marschalek et al., 2021)—but also
discuss the caveats of considering the alterna-
tive solution for the age model. In Figure 2, we
use the 2016 Geological Time Scale (GTS) to
correlate our magnetostratigraphy to the pub-
lished sea-level and climate curves of Miller
et al. (2020), which were calibrated to the 2016
GTS. As we are not conducting orbital tuning
for this paper, conversion of these paleomagnetic
tiepoints to the GTS 2020 is straightforward, and
the difference from the 2016 GTS is presented
in Table 2.
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Above 85.3 mbsf, we adopted the same meth-
odology as Marschalek et al. (2021) to constrain
the age model. First appearance datum (FAD)
events are our primary age constraint, due to
reworking and hiatuses, and the ranges we
provide in Table 2 are based on the hybrid-age
models of Crampton et al. (2016). Because of
these hiatuses, the FAD of given taxa represents
a maximum depositional age rather than the
actual depositional age, as its true first occur-
rence may have been eroded. A disconformity
occurs at 85.3 mbsf, and the FAD of Denticulop-
sis simonsenii (14.48 Ma) occurs in a diamictite
facies immediately overlying this level. As the
FAD of D. simonsenii is observed within the
diamictite, its basal range is truncated in the Site
U1521 core, which means its first appearance
may be at <14.48 Ma in this interval (Table 2).
There is also an absence of the Nitzschia den-
ticuloides FAD (ca. 13.72 Ma) in the overlying
diatom-rich mudstone between 76.4 mbsf and 75
mbsf. As this species is a ubiquitous and reliable
biostratigraphic marker at other Ross Sea sites
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TABLE 2. AGE MODEL CONSTRAINTS OF SITE U1521, USING THE SAME METHODOLOGY AS MARSCHALEK ET AL. (2021), BUT WITH NEW OBSERVATIONS
BETWEEN 76.4 MBSF AND 0 MBSF, AND PALEOMAGNETIC CORRELATIONS TO GTS 2016 (OGG ET AL., 2016) AND GTS 2020 (OGG, 2020)

Event Depth Description Type Age Age Notes
(mbsf) (Ma) (Ma)
GTS 2016 GTS 2020

A 26.6—19.41 Cycladophora davisiana FAD (rad) <ca.2.51 <ca.2.51 observed in core 3R-CC (0-5 cm); Florindo
et al. (2013)

B 28.8-27.3 Helotholus vema FAD (rad) <ca.4.88 <ca.4.88 observed in core 4R-1 (68—70 cm); Florindo
et al. (2013)

C 76.4-75.0 Absence Nitzschia denticuloides FAD (diatom) >13.72-14.39 >13.72-14.39 not observed in diatomites of core 9R

D 85.55-84.99 Denticulopsis simonsenii FAD (diatom) <14.14-14.48 <14.14-14.48  Marschalek et al. (2021)—max. age, Crampton
et al. (2016)

E 85.72-84.99 Denticulopsis hyalina FAD (diatom) <14.73-14.76 <14.73-14.76  Marschalek et al. (2021)—max. age, Crampton
et al. (2016)

F 85.55-84.99 D. lauta FAD (diatom) <14.99-15.72 <14.99-15.72 Marschalek et al. (2021)—max. age, Crampton
et al. (2016)

G 85.55-84.99 A.ingens FAD (diatom) <15.52-15.83  <15.52-15.83  Marschalek et al. (2021)—max. age, Crampton
et al. (2016)

H ~85.34 RSU4 Unconformity Pérez et al. (2022a)

| 106.3-105.5 C5Br/C5Cn.1n MPR 15.974 15.994 Marschalek et al. (2021), Ogg et al. (2016)

J 145.135-141.92 Shell fragments (average of 3) 87Sr/86Sr 16.173 +£ 0.25 16.173 £ 0.25  Marschalek et al. (2021)

K 184.215-182.7 Shell fragments (average of 3) 87Sr/86Sr 16.172 + 0.25 16.172 £ 0.25  Marschalek et al. (2021)

L 196.785 Shell fragments 87Sr/88Sr 16.26 + 0.24 16.26 + 0.24 Marschalek et al. (2021)

M 209-205 C5Cn.1n/C5Cn.1r MPR 16.268 16.261 Marschalek et al. (2021) Ogg et al. (2016)

N 222.43-222.03 Hornblende grain (150-300 pm) 4OAr/3°Ar date 16.74 + 0.90 16.74 + 0.90 Marschalek et al. (2021)

o 272.03-269.83 Hornblende grain (150-300 pm) 4OAr/3°Ar date 17.08 + 1.20 17.08 + 1.20 Marschalek et al. (2021)

P 272.65 Shell fragments 87Sr/86Sr 16.30 £ 0.23 16.30 £ 0.23 Marschalek et al. (2021)

Q 286.1 N. grossepunctata FAD (diatom) 15.87-15.94 15.87-15.94 Marschalek et al. (2021), Crampton et al. (2016)

R 286.1 F. maleinterpretaria LAD (diatom) 16.41-16.5 16.41-16.5 Marschalek et al. (2021), Crampton et al. (2016)

S 286.1 S. cheethamii FAD (diatom) 16.94 16.94 Marschalek et al. (2021), Crampton et al. (2016)

T 286.1 D. maccollumii FAD (diatom) 16.77-17.05 16.77-17.05 Marschalek et al. (2021), Crampton et al. (2016)

U 286.1 N.17 Schrader FAD (diatom) 16.94-17.16 16.94-17.16 Marschalek et al. (2021), Crampton et al. (2016)

\ 286.2 RSU4a Unconformlty 16.3-17 16.3-17 Pérez et al. (2022a)

w 344.6-3374 C5Cr/C5Dn MPR 17.235 17.154 Marschalek et al. (2021), Ogg et al. (2016)

X 373.38 Hornblende grain (>150 pm) 4OAr/3Ar date 19.17 £ 0.35 19.17 £ 0.35 Marschalek et al. (2021)

Y 380 Db Unconformity 17.25-17.45 17.25-17.45 Pérez et al. (2022a)

Z 400.5-397.25 C5Dn/C5Dr.1r MPR 17533 17.466 Marschalek et al. (2021), Ogg et al. (2016)

AA 450.57-450.52 Thalassiosira sp. cf. T bukryi Occurrence 17.7-174 17.7-174 Marschalek et al. (2021), Crampton et al. (2016)

BB 517.2-515.1 C5Dr.1r/C5Dr.1n MPR 17.717 17.634 Marschalek et al. (2021)

CcC 526.8-524 C5Dr.1n/C5Dr.2r MPR 17.740 17.676 Marschalek et al. (2021)

DD 567.95 RSU5 Unconformity 17.8-18.6 17.8-18.6 Pérez et al. (2022a)

Note: mbsf—m below sea floor; FAD—first appearance datum; LAD—last appearance datum; MPR—magnetic polarity reversal; RSU—Ross Sea unconformity.

(Cody et al., 2008; Levy et al., 2016), these con-
straints place the interval between 85.3 mbsf and
75 mbsf as being deposited between <14.48 Ma
and >13.72 Ma. We infer a hiatus at 85.3 mbsf
of at least ~1.7 m.y., which separates strata
between ca. 15.95 Ma and 14.2-13.6 Ma in age
(Fig. 2). The FAD of the radiolarian Helotholus
vema at 27.3 mbsf, and Cycladophora davisi-
ana at 19.41 mbsf, suggest that these depths are
younger than 4.88 Ma and 2.51 Ma, respectively
(Table 2; Florindo et al., 2013).

RESULTS AND DISCUSSION
Lithofacies Successions

Using the previously established criteria
described in the Background and Methods sec-
tions to define glacial proximity, and the lithofa-
cies described in Table 1, we have identified at
least 16 depositional cycles representing shifts in
grounding-line proximity at Site U1521 (Fig. 2).
However, the characteristics of each cycle vary
throughout the core, and below we define five
types of depositional facies successions con-
taining one or more vertically stacked cycles.
In Figure 2, we show the down-core occurrence

of Facies successions E through A, which are
each grouped into seven distinct stratigraphic
packages within the core. Depositional-specific
interpretations are provided after each Facies
Succession description.

Facies Succession E—Massive Diamictite

Description. Facies Succession E is an
extended interval of a single facies occurrence,
which is defined by massive diamictite facies
(Dm) with rare millimeter- to centimeter-scale
mudstone (Ms) beds. In Site U1521, these facies
occur in a single package at the base of the site
from 650.10 mbsf to 567.95 mbsf. There are
textural variances within the massive diamictite
facies that occur as decimeter-scale variations of
mud and sand in the matrix, as well as clast con-
tent increases and decreases (Fig. 2). Diamictites
throughout Facies Succession E display a rela-
tively consistent distribution, but sand content is
elevated compared to diamictites in other parts
of the core, and there is also a more prominently
defined fine silt mode (Fig. 4).

Facies Succession E contains shell fragments,
carbonate concretions, and networks of veins
throughout. The mottled matrix texture in some
intervals is interpreted as bioturbation, and vein
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networks are more abundant. The age constraints
linked to Facies Succession E indicate an age
of >17.8 Ma, and the succession lies below
RSUS5 (Pérez et al., 2022a; Marschalek et al.,
2021). The Facies Succession E package dis-
plays reversed magnetic polarity, but a confident
correlation to the geomagnetic time scale is not
possible (Marschalek et al., 2021).

Depositional setting. Facies Succession E is
interpreted to represent an extended period of
massive diamictite (Dm) deposition in a glacima-
rine setting. The lack of variation in facies sug-
gests that although marine-terminating glaciers
were present throughout the deposition of this
package, a major shift in grounding-line prox-
imity to the site did not occur during this period.
Although the homogeneous nature of this inter-
val means we cannot rule out subglacial deposi-
tion, possible bioturbation weights our interpre-
tation toward glacimarine deposition. The grain
size distributions are also notably different from
those of other diamictites in the cores, with con-
sistently higher sand content, and a well-sorted
silt mode (Fig. 4). This is tentatively interpreted
as reflecting deposition of glacimarine sediment,
with the presence of low-energy currents acting
to sort the fine fraction.



Facies Succession D—Massive to Stratified
Diamictite with Mudstone Laminae and Beds

Description. Facies Succession D consists of
massive to stratified diamictite (Dm/Ds) overlain
by massive to stratified mudstones (Mm/Ms) that
form cycles tens of meters thick (Figs. 2 and 5).
The diamictites range from clast-rich to clast-
poor and have a variable sand content (10%—
20%); occasionally, sand content drops below
10% and the facies is classified as a mudstone
(Mm or Mc). The base of the Dm facies consists
of sharp to gradational contacts with minor defor-
mation, and there is a lack of the extensive defor-
mational and shearing features that define GSEs
as described in the background section. The
diamictites include common disarticulated shell
fragments and occasional diatoms, although most
of the original diatom content is likely diageneti-
cally altered (McKay et al., 2019). Vein networks
occur in matrix material, and the surface of the
core has an appearance that is consistent with
bioturbation—although in these coarse-grained
lithologies, confirmation of bioturbation is diffi-
cult (Fig. 6). Mudstones in Facies Succession D
range in thickness from sub-centimeter laminae
commonly interstratified with facies Ds (Fig. 5)
to meter-scale beds of massive or bioturbated
mudstone. Thin beds and laminae of mudstone
(Mm, Ms, and Mc) display sharp upper and lower
contact surfaces with the diamictite facies, and
often form continuous, inclined wavy laminae
(Fig. 6). Thicker beds of facies Mm and Mc have
gradational contacts, and appear to have charac-
teristics similar to those of the diamictites, but
have a sand content that drops below the 10%
cutoff for definition as a diamictite (Krissek et al.,
2007; Fig. 2). The diamictite beds also display
consistent, inclined alignments of clasts above
and below these mudstone beds, which are com-
monly at the same angle as the mudstone beds
(Fig. 6). Mudstone beds also contain disarticu-
lated shell fragments, occasional carbonate con-
cretions, and in some instances they display silica
cementing—particularly in intervals showing
pervasive bioturbation.

Four cycles of Facies Succession D occur
between 567.95 mbsf and 379.82 mbsf
(188.13 m), which covers a 400 k.y. interval
between ca. 17.8 Ma and 17.4 Ma (mainly
within Chron C5Dr; Marschalek et al., 2021). An
~22-m-thick mudstone bed with clasts (Facies
Mc) is observed between 467.7 mbsf and 445.7
mbsf, while an 11-m-thick mudstone bed with
lower clast content (Facies Mm) is observed
between 527 mbsf and 516 mbsf. The beds con-
sist of slight to highly bioturbated mud, with the
lower bed being more heavily bioturbated, par-
ticularly at its basal contact (Fig. 5). The upper-
bounding surface of the package of Facies Suc-
cession D cycles at 379.82 mbsf is associated
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with seismic surface D-b (Pérez et al., 2022a;
Marschalek et al., 2021; Figs. 2 and 3).

Diamictites within Facies Succession D have
a highly heterogeneous distribution, with vari-
able sand percentages and muddy diamictites
that contain coarse to fine silt modes. Facies
classified as mudstone have a distribution simi-
lar to that of the muddy diamictite facies in
this succession, but lack a coarse silt mode and
have reduced sand (<10%) and clast contents
(Figs. 2 and 4).

Depositional setting. Facies Succession D
is interpreted to represent repeated cycles of
grounding-line—proximal glacimarine diamic-
tite infilling a continental shelf basin. The age
model and facies interpretations indicate that
the diamictite facies were emplaced rapidly,
while previous provenance studies of this inter-
val imply an expanded West Antarctic Ice Sheet
proximal to Site U1521 (Marschalek et al.,
2021). The thickness of this package of Facies
Succession D indicates that at least 188 m of
accommodation was available at this site, which
implies that a water column of at least this thick-
ness was present during the onset of deposition.
The progradational pattern of the deposit is also
supportive of deposition in a proglacial setting
(Pérez et al., 2022a), with rapid sediment sup-
ply outpacing the subsidence rate (Fig. 3). The
sharp, wavy lower contacts with the mudstone
laminae and interbeds display no evidence of
deformation associated with glacial overriding.
Indeed, the mudstone facies commonly occur as
thin mudstone drapes or wavy laminae (Figs. 5
and 6), which likely represent periods of reduced
glacimarine supply. The characteristics of the
mudstone laminae are consistent with similar
fine-grained wispy laminae deposited in low-
energy, deep-water settings that result in sus-
pension settling of only the finest grained muds
(Rebesco et al., 2014). The presence of thin
mudstone laminae, and bioturbated mudstone
interbedded with thick massive diamictites, are
broadly consistent with the late Pleistocene dep-
ositional facies models directly in front of trough
mouth fan deposits offshore of Greenland (O
Cofaigh et al., 2013), where the massive diamic-
tites comprise glacigenic debris flows. Thicker
intervals of massive/bioturbated mudstone (Mc
and Mm) occur in two cycles of Facies Succes-
sion D at 445.8 mbsf (~22 m thick) and 515.7
mbsf (11.2 m thick), and appear to be the result
of gradational reductions in coarse silt and sand
content. The bioturbation and thickness of these
two beds suggest that although glacimarine and
debris flow sediment supply persists through
this interval, it is in a lower energy/more dis-
tal setting (cf. McKay et al., 2009) than other
cycles in this package. The highly heterogeneous
grain size distribution throughout this package,
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with well-defined but variable coarse to fine silt
modes, is suggestive of periodic shifts in gla-
cimarine sediment supply and meltwater input
relating to proximity to a grounding line, with
suspension settling or winnowing regulated by
marine currents (Figs. 2 and 4).

Facies Succession C—Diamictite Overlain by
Mudstone and Diatom-Bearing Mudstone

Description. The base of Facies Succession C
is characterized by massive diamictite (Dm) that
is typically overlain by stratified diamictite (Ds)
or thin beds of stratified and massive mudstone
(Ms and Mm) and diatom-rich mudstone (Mdo)
that are decimeter-scale in thickness (Fig. 7).
The basal Dm facies have variable lower contact
characteristics (e.g., sharp to gradational), and
lack the extensive deformational features that are
consistent with shearing. However, minor ductile
deformation or loading features may be present
both at the contact and within the diamictite
itself. These features do not demonstrate the
same characteristics as the extensive and more
definitive shearing structures that are concen-
trated at the basal contact of the Facies Succes-
sion A cycles. Structures indicative of rotation or
shearing are usually a single occurrence isolated
from other deformational features (Fig. 7). Sim-
ilar styles of deformation are also observed in
other facies of this succession, and not just asso-
ciated with the basal contact of the Dm facies.
The diatom-rich mudstone (Mdo) and stratified
mudstone facies may also include rare wavy
laminae, augen-like lens features around large
clasts that appear to have been rotated, low-angle
or normal faulting, and flame structures (Fig. 7).
In addition, shell fragments are common in the
diamictite (Fig. 7; McKay et al., 2019), which
has a distinctive mottled pattern that we attribute
to bioturbation (Figs. 7 and 8C).

Several cycles of Facies Succession C show
subtle differences from this idealized pattern,
with intervals of stratified mudstone (Ms) that
transition into interlayered diamictite and mud-
stone up-section. In two cases, the base of a cycle
overlies conglomerate facies, one at ~276.45
mbsf with deformed mudstone intraclasts (Cli),
and one at 379.4 mbsf with clasts of basement
lithologies (Clc; Figs. 8A and 8B).

Facies Succession C cycles also occur within
two discrete packages in Site U1521, with an
upper package between 282.22 mbsf and 209.17
mbsf, and a lower package between 379.82 mbsf
and 324.15 mbsf (Fig. 2). The basal cycles of
both of these packages overlie the conglomerate
beds described above. We identified four cycles
in the upper package of Facies Succession C,
but the number of cycles in the lower package is
harder to define due to lower recovery. Thus, we
conservatively assign two cycles, but downhole
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Figure 5. Stratigraphy of Facies
Succession D cycles in the 600—
500 m below sea floor (mbsf) in-
terval of Site U1521. From left
to right: Lithology (showing
intervals of missing recovery),
sedimentary features (see Fig. 5
for symbol legend), bioturba-
tion intensity; and clast abun-
dance; continuous downhole
log natural gamma radiation
(NGR, which is wireline log-
matched depth below seafloor
and likely offset from cores pre-
sented on the mbsf depth scale,
as recovered core could be
placed anywhere in the 9.5 m
core run); lithofacies and cycle
numbers with glacial proxim-
ity curve (blue line; I—ice con-
tact, P—ice proximal, D—ice

distal, M—open marine), with
non-glacially eroded sequence
boundaries (SB; dark blue
dotted line). Locations of core
photos in Figure 6 are also in-
dicated. Dm—massive diamic-
tite; Ds—stratified diamictite;
Mm—massive mudstone;
Ms.—stratified mudstone.
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NGR suggests that additional cycles could exist
(Fig. 2). The lower package of Facies Succession
C displays lithologies and downhole log prop-
erties that are consistent with the upper pack-
age (Fig. 2), except that the lower package is
below the opal cristobalite—tridymite (opal-CT)
boundary and the diatom-rich mudstone (Mdo)
is replaced by chertified and silica-cemented
mudstones (Mch).

Diamictites in the upper package of Facies
Succession C have a grain size distribution that
is indicative of a muddy diamictite, with reduced

sand content compared to Facies Succession E
diamictites, but the diamictites are slightly less
homogeneous than those in Facies Succession
A and contain more coarse silt and less sand
(Fig. 4). Diamictites in the lower package of
Facies Succession C are more poorly sorted,
with an even more heterogeneous distribution
and elevated sand fraction compared to the
upper package.

The upper package of Facies Succession C was
deposited between 16.30 Ma and 16.27 Ma, within
Chron C5Cn.1r (Marschalek et al., 2021). The age
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of the lower package is less well constrained and
is either in Chron C5Dn (ca. 17.53-17.24 Ma) or
subchron C5C.3n (16.72-16.54 Ma).
Depositional setting. Facies Succession C is
interpreted as representing cyclic deposition of
proximal glacimarine to possible subglacial facies
(Dm), which are overlain by facies consistent with
glacimarine settings that are progressively distal to
the ice sheet grounding line (Ds, Ms, Mm, Mdo,
and Mch). The seismic interval corresponding to
Facies Succession C contains high-amplitude and
laterally continuous reflectors that are consistent



A 566.03-566.24 mbsf (core 63R-2)

€6 Z6 16 06 €

£

S0L #0L €0L Z0L LOL O0L 66 86 16 96 S6

L 601 80L ZOL SOL

Photo CT-scan

C Bioturbated diamictite

510.44-510.53 mbsf (core 57R-4)

Schematic

- Diamictite -Mudstone

McKay et al.

B 567.23-567.45 mbsf (core 63R-3)

laminated
mudstone

99 SO ¥0 €0 Z9 19 09 65

19

89

@
8
<
=}
¥

08 6L .BL-LL 9L SL ¥L ©BL TL

Photo

D Bioturbated diamictite
511.99-512.08 mbsf (core 57R-5)

- shell fragment

laminated
mudstone

laminated
mudstone

bioturb.

CT-scan Schematic

E Bioturbated diamictite
538.91-539.00 mbsf (60R-4)

Photo

Photo

Photo

Figure 6. (A, B) Core photographs, CT-scan images, and interpreted examples of interbedded diamictite and mudstones facies in Facies
Succession D cycles (A is core 63R-2; B is 63R-3). (C-E) Examples of possible bioturbation (bioturb.) in diamictite facies of Facies Succes-
sion D cycles (photos are contrast-enhanced to highlight features). (C is core 57R-4; D is core 57R-5; E is core 60R-4.)

with the alternation of low- and high-density
sediments (Fig. 3). Although glacial overriding
cannot be ruled out, the deformational features
are more subtle than in typical GSEs (cf. Facies

Succession A), and are also consistent with rapid
sediment infilling and loading-based deformation.
The intraclast conglomerate (Cli) is similar to the
granulated/pelletized facies observed in post—Last
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Glacial Maximum (LGM) grounding-line retreat
sequences that are interpreted to represent the
melt-out of basal debris from floating ice in the
vicinity of a grounded ice stream—the environ-



Miocene ice sheet dynamics in the Ross Sea, Antarctica

Glacial

Lithology c DW'&“&E 199 Ljthofacies Proximity
g N }*96 = (GAPI) (sequence Representative lithofacies and
[} Q i
. T £ g g 3 less _more number) deformation features
T 2 3 8® © 8 mud  mud
S H 5 L m o 20 70 | PD M flame
200 [ structures
F) Mdo | bioturbated
___________________ Mdo mudstone
210 Mdo {
=¢ | Mdo/Ds 5
/Dm .. wavy laminae
Mdo i
220 Fl —, 5. osoml | ! deformed
s bm ] bioturbated
Dm diatom-rich
mudstone
230 7 Dm | disarticulated
Dm bivalve
240 7 Dm 6 L convoluted
% Dm bedding
£ D
- 2 m
P 250 [
< Dm
8 Dm
I B . fvido ey rotated clast
260 = — I DsDm | | —— with soft
[ sediment
7 deformation
Dm .
270 Ds Dm of bioturbated
diatom-
Cli 3z bearing mudstone
------ 24 . L
280 =" = - Mdo/Ms / and diamictite
Ds /Dm i
L = Mdo/Ms I 1cm
290 A Mdo/Ms 9;
See photo in Figure 8A |
J Mch A
300 i Facies type
| B S . — —
bioturbation  © 10 (observed) Diamictite (Dm Diatom-bearing
Lithology T =—mmm clasts/10cm (downhole log = sequence boundary - (Dm) Dmudstone (Mdo) -Mudstone (Mm)
B Diamictite 01234 interp.)
E== Mudstone ) )
_ Diatomite = laminae/bedding == low angle reverse fault d) shell fragment # mud intraclasts aa wavy beds/laminae
£= Chert * brecciation « sheared clasts/laminae a Softsediment - flame structures # inclined bedding
8 Conglomerate deformation

Figure 7. Stratigraphy of Facies Succession C cycles in the 300-200 m below sea floor (mbsf) interval of Site U1521. From left to right:
Lithology (showing intervals of missing recovery); sedimentary features (see Fig. 5 for symbol legend); bioturbation intensity; clast abun-
dance; downhole log Natural Gamma Radiation (NGR, which is wireline log-matched depth below seafloor and likely offset from cores
presented on the mbsf depth scale, as recovered core could be placed anywhere in the 9.5 m core run); lithofacies; cycle numbers with
glacial proximity curve (blue line; I—ice contact, P—ice proximal, D—ice distal, M—open marine), with non-glacially eroded sequence
boundaries (dark blue dotted line); photograph (contrast enhanced) of deformational features in diamictite facies at ~260 mbsf (core 28R-
3) and locations of core photo shown in Figure 8.

ment in which these pellets form (Domack et al.,  channel systems in a proglacial setting (Powell  that was proximal to the grounding line during
1999; Cowan et al., 2012; Smith et al., 2019). The = and Molnia, 1989; Powell and Domack, 1995;  glacial maxima.
deformed nature of the intraclasts is suggestive of ~ Dowdeswell et al., 1998; Hambrey and McK- The more heterogeneous nature and slightly
loading by overlying sediment, as deformationis  elvey, 2000; McKay et al., 2009). Consequently,  coarse silt mode of the diamictite grain size
defined by horizontal elongations, and the intra-  these conglomerates underlying the lowermost  frequencies are consistent with those of Last
clasts have a wavy appearance but are not highly ~ cycles in these Facies Succession C pack-  Glacial Maximum glacimarine deposits located
sheared (Fig. 8). ages are interpreted as having been deposited proximal to an ice sheet grounding line on the
The conglomerate beneath the lower pack-  proximal to a channel system near an ice sheet foreset of a grounding zone wedge (Prothro
age is dominated by basement lithologies that  grounding line, while the overlying diamictites et al., 2018). However, some samples, such as
include basalt, metasediments, and granite atthe base of Facies Succession C packagesrep-  the conglomerate and some of the diamictites in
(Marschalek et al., 2021; Zurli et al., 2022).  resent either the overriding of ice or rapid sedi-  the lower package, could have been influenced
Similar facies are interpreted as representing  mentation by mass flow in a glacimarine setting by winnowing or meltwater discharge (Fig. 4).
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Figure 8. Core photographs and computed tomography scan images of (A) conglomerate with intraclast facies and its basal contact (core

30R-1; photo is contrast-enhanced); (B) conglomerate with lithified clast facies (core 43R-4); (C) a bioturbated diamictite (core 26R-4;
photo is contrast-enhanced). All examples are from Facies Succession C cycles. mbsf—m below sea floor.
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In the cycles of Facies Succession C located
higher in both of these packages, there is an
absence of grounding-line—proximal facies, such
as stratified coarse sandstones and conglomer-
ates (Facies Cli and Clc), which suggests that the
grounding line was more distal than is interpreted
for the cycles at the base of each of these packages.

Facies Succession B—Stratified Diatom-Rich
Mudstone/Chertified Mudstone

Description. Facies Succession B is charac-
terized by interbedded mudstones (Facies Mm/
Ms) and diatom-rich mudstones or chertified
mudstones (Mdo/Mch). Cyclic sequences that
define this association occur in two packages
within the Site U1521 stratigraphy—an upper
package between 209.18 mbsf and 85.34 mbsf
and a lower package between 324.15 mbsf and
285.30 mbsf. Both facies are bioturbated and
contain interbeds ranging from 1 m to >16 m
thick. Contacts between beds are gradational,
which makes the identification of cycle bound-
aries (e.g., laterally conformable equivalents
of GSEs) difficult. Consequently, we charac-
terize these successions as sub-cycles in Fig-
ure 2. Clast counts indicate sparse peaks of
coarse gravel, while sieve analysis indicates a
general lack of grains >125 um, except for a
short interval of slightly elevated clast/sand con-
tent below 180 mbsf (Fig. 2). Downhole NGR
displays the lowest values in the core (10-30
counts/s), which are reflective of the high bio-
genic silica content, although decimeter-scale
variations highlight variable terrigenous mud
content (Figs. 2 and 9) that is consistent with
the visual observations of cyclic shifts in Facies
Mm/Ms and Mdo/Mch. However, there are
persistently higher mud concentrations in the
lowermost sub-cycles of the upper package of
Facies Succession B (209.18-161 mbsf), which
also contain more coarse sand and gravel-rich
beds. The terrigenous component of the diatom-
rich mudstones throughout Facies Succession B
displays well-sorted distributions with very fine
to fine silt modes, and almost all of the samples
lack sand (Fig. 4).

In the lower package of Facies Succession
B, diatoms are absent below 285.3 mbsf, and
mudstones are either silica-cemented or cher-
tified. The presence of cherts caused low and
sporadic recovery. Consequently, interpreta-
tions of the continuous stratigraphic succession
in this interval are derived from downhole log
data. These data show trends and cycles similar
to those of the upper package of Facies Succes-
sion B (Fig. 9), with NGR values consistently
higher below ~307 mbsf but highly cyclic at the
meter scale. Between ~332 mbsf and 307 mbsf,
the average amplitude of NGR variability is ~10
counts/s, but with an up-section trend to lower

values (total range: 70-50 counts/s). However,
between 307 mbsf and 287 mbsf, the amplitude
increases to ~20 counts/s, with values as low as
30 counts/s (Figs. 2 and 9). As with the upper
package of Facies Succession B, this implies an
up-section decrease in terrigenous mud content
through this interval and an increase in diatom
content, but with cyclic variations at the meter
to decimeter scale.

The depositional age of the upper package of
Facies Succession B sub-cycles in the 209.17—
85.34 mbsf interval is tightly constrained
between ca. 16.3 Ma and ca. 15.95 Ma, with the
contact between overlying cycles above 85.34
mbsf representing a hiatus of at least 1.7 m.y.
(Marschalek et al., 2021; Table 2). The age of the
lower package of Facies Succession B (324.15—
285.30 mbsf) is less certain due to a lack of
diatom-based age constraints, but existing con-
straints indicate it is either 16.54-16.47 Ma
(in Chron C5Cn.lr) or ca. 17.0-16.7 Ma
(Marschalek et al., 2021; Fig. 2).

Depositional setting. Both packages of Facies
Succession B are interpreted as reflecting bio-
genic deposition in open water with a terrig-
enous influence from glacimarine—glacifluvial
meltwater in a subpolar glacial regime and/or
hemipelagic processes (O Cofaigh et al., 2001;
Dowdeswell et al., 2002; McKay et al., 2009).
Coarse sand and gravel clasts are present in the
lowermost 15 m of the upper package of Facies
Succession B (209.17-194 mbsf), which implies
the presence of some marine-terminating ice in
the Ross Sea at that time. However, there is a
general lack of grains exceeding 125 pm above
~180 mbsf, which implies an absence of signif-
icant ice-rafting from large marine-terminating
glaciers in the Ross Sea between ca. 16.2 Ma and
15.95 Ma. Facies Succession B is interpreted as
the most ice distal facies in the study.

The lower package of Facies Succession B is
harder to interpret at the same resolution, due to
postdepositional diagenesis leading to poor core

Facies Succesion B

recovery. As with the upper package, decreasing
mud content higher in the package (Figs. 2 and
9) indicates that the site was becoming increas-
ingly distal from the grounding line as the ice
sheet retreated toward a terrestrially terminating
margin. Differences in the absolute values of
downhole log NGR are likely due to compac-
tion and postdepositional diagenetic transition
through the opal-CT boundary in the lower
package, whereby diatom-rich mudstone (Mdo)
facies are a facies correlative to chertified mud-
stone (Mch). The sub-cycles of variable mud
abundance (Figs. 2 and 9) may represent either
small-scale readvance of the grounding line dur-
ing a cooling event, enhanced meltwater runoff
in a warmer climate, or productivity changes (O
Cofaigh et al., 2001; Dowdeswell et al., 2002;
McKay et al., 2009). Future comparison of these
terrigenous inputs with paleotemperature and
paleoproductivity proxies is required to resolve
which of these processes exerts the dominant
control on these sub-cycles.

The well-sorted distributions with a variable
silt-sized mode suggest that bottom current
speeds were variable but relatively low, and
below storm wave base (Dunbar and Barrett,
2005). Almost all of the samples lack sand and
gravel clasts, which suggests that glacimarine
input was minimal in this interval (Figs. 2 and 4).

Facies Succession A—Diamictites with a
Basal GSE Overlain by Diatomite or Diatom-
Rich Mudstone

Description. The base of this succession is
defined by a sharp lower contact containing
multiple lines of evidence of shearing (Dm-sh),
which passes up into a massive diamictite (Dm)
(Figs. 10 and 11). The Dm facies then transition
sharply into beds of diatom-bearing mudstone
(Mdo), or in some cycles mud-rich or mud-poor
diatomite (DO) that are highly variable in thick-
ness, ranging from a few centimeters up to 6 m.
Cycles of Facies Succession A are restricted to

Facies Succesion B
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the uppermost 85 m of the core, which spans
the middle Miocene to present (ca. 14.2—-0 Ma).
Although recovery is poor, at least three deposi-
tional cycles with clearly defined deformational
surfaces at their bases were recovered, and a
similar number of glacially formed erosion sur-
faces are noted in seismic profiles across the site
(Fig. 3).

Differences in lithification and diatom content
in each of these cycles suggest the likely pres-
ence of large time gaps between deposition of
these cycles. The uppermost cycle occurs above
19.03 mbsf and is consistent with post-LGM (20
ka) retreat sequences observed in nearby piston
cores (Salvi et al., 2006; Prothro et al., 2020).
However, a potential GSE at ~7.7 mbsf within
this cycle is noted, based on ductile and brittle
deformational features within a diamictite-rich
interval (Fig. 11A). However, poor recovery, a
lack of downhole logging, and limited resolution
in the seismic profile (Fig. 3) precludes the iden-
tification of sequence boundaries in this interval.
Diamictites throughout Facies Succession A dis-
play a highly homogeneous grain size distribu-
tion that is indicative of a muddy diamictite, but
with a fine silt mode. Mudstone and diatomite
facies are generally better sorted but have vari-
able modes that range from fine silt to coarse
silt (Fig. 4).

Cycle 2 occurs between 74.98 mbsf and 19.03
mbsf (Fig. 10), with a basal sheared diamictite
(Dm-sh) facies overlying an interpreted GSE
(Fig. 11B), which grades into a carbonate-
cemented muddy diamictite (Dm) with moderate
bioturbation, and then into a mud-rich diatomite
(DO). Downhole log values of NGR show low
values (average: ~35 gAPI) in a zone of non-
recovery between 60 mbsf and 38.2 mbsf that
are consistent with values of diatom-rich mud-
stones observed deeper in the site. This interval
is bracketed by diamictite facies (Dm and Ds),
which suggests the possibility of a fourth cycle
that was not recovered. However, there is no evi-
dence of an additional glacial erosion surface in
seismic profiles associated with an extra cycle
(Fig. 3), which suggests this downhole log NGR
signal may be the result of edge effects related
to the presence of the drill pipe in the upper part
of the hole (Fig. 10). The maximum age of the
diatomite (37.7-19.03 mbsf) in Cycle 2 is con-
strained by the FAD of the radiolarian Helotho-
lus vema (ca. 4.88 Ma), and indicates that it is
Pliocene or younger in age (Table 2).

Cycle 3 (85.34-74.98 mbsf) also contains
a basal sheared diamictite (Dm-sh) facies
(Fig. 11C) but passes upward into a 1.34-m-thick,
diatom-rich mudstone with clasts (Mc/Mdo)
that is deformed and physically intermixed in
the upper 60 cm with massive diamictite (Dm)
and mudstone (Mm) associated with the GSE of
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overlying Cycle 2 (Figs. 11B and 11C). The age
of the diatom-rich mudstone is constrained to
between 14.2 Ma and 13.6 Ma (Fig. 2; Table 2).

Depositional setting. The basal contact of
each cycle in Facies Succession A contains mul-
tiple sedimentary structures that are consistent
with the definition of a GSE and overriding by
a grounded ice sheet during glacial advance
(Figs. 10 and 11). The GSE at the base of Cycle 3
coincides with a high-amplitude seismic reflec-
tor that shows a deeply incised channel less than
1 km to the NW of Site U1521, which is con-
sistent with tunnel valleys that form due to the
presence of subglacial meltwater within chan-
nels beneath grounded ice (O Cofaigh, 1996;
Gulick, Shevenell, et al., 2017; Fig. 3). The
GSE at the base of Cycle 3 also coincides with
the seismic boundary RSU 4, which is a highly
truncated, erosive surface previously dated to
between 15.9 Ma and 14.2 Ma (Figs. 2 and 3;
Pérez et al., 2022a). The FAD ages of diatoms
in the Dm-sh facies overlying this hiatus and the
reverse polarity of this interval indicate that the
ice sheet was overriding and eroding preexist-
ing marine strata of 14.48 Ma (or younger) in
age, which is consistent with deposition in either
chrons C5ACr (14.163-14.07 Ma) or C5ABr
(13.739-13.608 Ma). Therefore, the erosion
event associated with the RSU4 surface (as
recorded by the advance associated with Cycle
3) at Site U1521 postdates 14.163 Ma, but pre-
dates 13.608 Ma, due to the absence of the FAD
of Nitzschia denticuloides in the DO facies at the
top of Cycle 3.

The homogeneous nature of the diamictite
grain size frequencies with a fine silt mode
throughout Facies Succession A are consistent
with those of LGM deposits of subglacially
deposited till on the topsets of grounding zone
wedges in the Ross Sea (Fig. 4; Prothro et al.,
2020). Where recovered, glacial retreat facies
(Ds and Mc) are relatively thin (<1 m), diatom-
rich mudstones and diatomites, which indicate
intervals of maximum glacial retreat (Fig. 10)
in an arid, terrigenous sediment-starved polar
environment similar to the modern Ross Sea
(Dunbar et al., 1985; Simkins et al., 2017; Pro-
thro et al., 2018). Glacial minima in cycles 1 and
2 are indicated by diatomites (DO), but Cycle
3 contains more mud (diatom-rich mudstones;
Mdo), which suggests that this older cycle
of advance and retreat deposited within the
MMCT (ca. 14.2-13.6 Ma) may have received
turbid meltwater or glaciofluvial runoff, in con-
trast to Plio-Pleistocene cycles 2 and 1. This is
consistent with the evidence of meltwater chan-
nel incisions at the base of Cycle 3 (100 ms is
equivalent to ~100 m assuming a velocity of
2 km/s twt), which characterizes RSU4 on the
seismic profile (Fig. 3).
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Large age gaps of several million years
between each cycle in the package of Facies Suc-
cession A at Site U1521 indicate that the cycles
are highly truncated due to extensive glacial
overriding and erosion.

DISCUSSION

The five facies successions are grouped into
seven distinct packages at Site U1521 (Fig. 2),
and each package is interpreted to reflect a major
shift in one or more of the following controls:
(1) climate, which determines the glacial thermal
regime, amount of meltwater, and sedimentation
rate; (2) accommodation on the shelf; and (3)
grounding-line proximity since the early Mio-
cene. Here, we discuss how the occurrence of
each package and facies succession relates to
the regional stratigraphic architecture of the
margin interpreted from seismic reflection pro-
files, and regional and global climate controls.
We summarize these relationships conceptually
in Figure 12.

Early Miocene Aggradational Glacimarine
Deposition

The deposition of a package of bioturbated,
but otherwise massive, diamictites within
Facies Succession E during the earliest Mio-
cene (>17.8 Ma) is interpreted as representing
a prolonged interval of glacimarine deposition
with minimal grounding-line variance near
Site U1521 (Fig. 12). Seismic surveys show
that this package consists of aggradational
strata beneath seismic surface RSU5 (De San-
tis et al., 1995; Pérez et al., 2022a), a surface
that can be traced to the U2 disconformity in
the coastal AND-2A site (Fig. 1), where it is
interpreted to represent ice advance beyond the
Transantarctic Mountains front (Levy et al.,
2016; Pérez et al., 2022b). Sediments underly-
ing this disconformity at AND-2A include an
~100-m-thick package of glacimarine mud-
stones with clasts that are interpreted to reflect
deposition beneath fringing ice shelves along
the coastal margin of the western Ross Sea,
but not an overriding ice sheet (Levy et al.,
2016). Although the homogeneous nature of
the diamictite in this interval of U1521 could
obscure the identification of GSEs, possible
bioturbation in the Dm facies at Site U1521
and the correlation to AND-2A facies suggest
that grounded ice was restricted to the inner
shelf at this time. Morainal bank complexes
emplaced to the south and west of the site at
this time are consistent with a tidewater-style
ice sheet or caps derived from the terrestrial
hinterland landward of the site in both East and
West Antarctica (Pérez et al., 2022a).
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Figure 10. Stratigraphy of Facies Succession A cycles in the 100-0 m below sea floor (mbsf) interval of Site U1521 (cores 1R-11R). From
left to right: Lithology (showing intervals of missing recovery); sedimentary features; bioturbation intensity; clast abundance; downhole
log natural gamma radiation (NGR, which is wireline log-matched depth below seafloor [WMSF] and likely offset from cores presented on
the mbsf depth scale, as recovered core could be placed anywhere in the 9.5 m core run); lithofacies; cycle numbers with glacial proxim-
ity curve (blue line; I—ice contact, P—ice proximal, D—ice distal, M—open marine), and glacial surface of erosion sequence boundaries
(GSE; red wavy line), with zones of deformation (gray); example photograph of glacial surface of erosion and deformation at 19.03 mbsf
(core 3R-2); and locations of core photos in Figure 11. Note: NGR and seismic survey data (Fig. 3) are used to interpret missing core section.

Mdo—diatom-rich mudstone; sh—sheared diamictite; Ds—stratified diamictite; Mc—mudstone with clasts.

The aggradational nature of the strata (Fig. 3)
is interpreted to represent active accommoda-
tion creation during deposition, which facili-
tated continuous accumulation of glacimarine
sediment, whereby the rate of tectonic thermal
subsidence exceeds the rate of sediment infilling
(Fig. 12). This interpretation is consistent with
evidence of late Oligocene to early Miocene

regional subsidence in the Ross Sea from Deep
Sea Drilling Project (DSDP) Site 270 (Barrett,
1975; Leckie and Webb, 1983; Barrett et al.,
1987; De Santis et al., 1995; Wilson and Luyen-
dyk, 2009; Kulhanek et al., 2019; Duncan et al.,
2022) and the Cape Roberts Project (Cape Rob-
erts Science Team, 2000; De Santis et al., 2001;
Fielding et al., 2008). Uncertainty remains as to
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whether earlier Miocene advances, such as the
Mi-1 event (Duncan et al., 2022), overrode Site
U1521, as our record does not date back this far.
Notwithstanding this, the deep continental shelf
setting (~500 m) of Site U1521 by ca. 18 Ma
(Leckie and Webb, 1983; Kulhanek et al., 2019;
Duncan et al., 2022; this study) appears to be a
key factor in precluding the development of a
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Figure 11. Close-up of interpreted glacial surfaces of erosion (GSE) and associated deformational features in the upper 86 m of the Site
U1521. (A) Sheared diamictites and mudstones between 8.13 m below sea floor (mbsf) and 7.73 mbsf (core 2R-1). (B) Sheared diamictite
facies and deformed diatomite between 75.61 mbsf and 74.92 mbsf. (Core 9R-1; note: photo is cropped into two sections to show key defor-
mational features.) (C) Sheared diamictite and diatom-rich mudstone facies between 85.37 mbsf and 85.12 mbsf (core 10R-1).

<

<

large, marine-based Antarctic Ice Sheet extend-
ing to the outermost continental shelf during the
deposition of Facies Succession E cycles.

Early Miocene Marine Ice Sheet Advance
(17.8-17.4 Ma) with Progradation

The massive to stratified diamictites with thin
mudstone beds of Facies Succession D deposited
between 17.8 Ma and 17.4 Ma are interpreted to
reflect glacimarine deposition in a prograda-
tional glacial fan/delta system associated with an
expanded marine ice sheet margin, with a lack
of evidence of glacial overriding (Fig. 12). This
interpretation is supported by the seismic evi-
dence of progradational wedges and rapid infill-
ing of accommodation (~190 m based on clino-
form heights) on the outer continental shelf (De
Santis et al., 1995; McKay et al., 2019; Pérez
et al., 2022a; Fig. 3). Ice advances over the site
would also result in highly truncated sequences,
which are not observed in seismic profiles or
in the Site U1521 age model associated with
this Facies Succession D package (Pérez et al.,
2022a; Marschalek et al., 2021).

The rapid supply of terrigenous sediment
is associated with detrital neodymium isotope
values that imply high detrital input from an
expanded West Antarctic Ice Sheet between
17.8 Ma and 17.4 Ma (Marschalek et al., 2021).
The presence of four cycles capped by mud-
stone facies implies at least four lulls in proxi-
mal glacimarine sediment supply (Figs. 2 and
5) over an ~400 k.y. period, which suggests
eccentricity-paced (100 k.y.) fluctuations of
the grounding line superimposed on a longer-
duration (400 k.y.) continental-scale expansion
of West and East Antarctic Ice Sheet glaciation
between 17.8 Ma and 17.4 Ma. On land, the
rapid glacimarine sedimentation at Site U1521
coincides with onshore records of erosional
downcutting by wet-based glaciers and glaci-
fluvial systems in the Transantarctic Mountains
(Sugden and Denton, 2004; Pérez et al., 2022b)
and West Antarctic Ice Sheet (Marschalek
et al., 2021).

We interpret Facies Succession D and its pro-
gradational pattern as a phase of ice expansion
whereby the rate of sedimentation exceeded
the rate of subsidence (Fig. 12), and therefore
a slowing or cessation of long-term subsidence.
Such an interpretation is supported by evidence
of slowing subsidence by 17 Ma at the Cape
Roberts Project site in the Western Ross Sea

(Cape Roberts Science Team, 2000; Fielding
et al., 2008).

Glacimarine Deposition Leading into Onset
of the Early Miocene Climate Optimum
(17 Ma)

The progradation and rapid infilling of the
Facies Succession D package between 17.8 Ma
and 17.4 Ma shoaled the outer Ross Sea conti-
nental shelf by at least 190 m at Site U1521, with
previous seismic isopach mapping indicating an
infilling of 175,526 + 17,553 km? of sediment on
the outer Ross Sea continental shelf (Marschalek
etal., 2021). In the preferred age model solution,
the lowest package of Facies Succession C at
Site U1521 occurs at ca. 17.2 Ma. This implies
a 200 k.y. hiatus from the underlying strata that
is potentially due to erosion, or a shift in the sedi-
mentary depocenter of the basin, both of which
could have resulted from a changing ice sheet
cover. An ice sheet advance over Site U1521
could have led to the deposition of subglacial
till sheets during the shift toward aggradation
(Pérez et al., 2022a). However, this contrasts
with the provenance shift at 17.2 Ma, whereby
there is a decreased influence from West Antarc-
tic sources, which suggests a smaller ice sheet
in the Ross Sea region (Marschalek et al., 2021).
We favor the second scenario, whereby the shift
toward aggradational strata that is apparent in
the seismic profiles (Fig. 3) represents either (1)
migration of the sediment source (e.g., ice sheet
grounding line) inland, much in the same way
that landward migration of a shoreline results in
an onlapping transgressive surface in non-glaci-
ated margin sequence stratigraphy (Catuneanu
et al., 2009; Fig. 12); or (2) a shift in direction
of the pattern of progradation from a southern
source (e.g., West Antarctic Ice Sheet) toward a
western source (e.g., East Antarctic Ice Sheet).

Regardless of whether grounded ice overrode
Site U1521 or not, the occurrence of grounding-
line—proximal facies in the Facies Succession C
package between 379.82 mbsf and 324.15 mbsf
suggests that large marine-terminating ice sheets
were present in the Ross Sea between 17.2 Ma
and 17.0 Ma (or ca. 16.72 Ma and 16.54 Ma if
the alternate age model solution is used). How-
ever, the presence of diatoms (or cherts) and
thinner diamictite intervals conforms with the
interpretation that despite the ongoing presence
of marine-terminating glaciers and ice sheets,
ice volumes were reduced in the Ross Sea by
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17.2 Ma, as compared to the underlying interval
(Marschalek et al., 2021).

A period marked by ice distal to open-water
warming is represented by a package of inter-
bedded chertified mudstone (Mch) in the lower
package of Facies Succession B (324.15-285.30
mbsf; Fig. 2). In the preferred age model of
Marschalek et al. (2021), the age of the base of
this interval is interpreted to have been depos-
ited within Chron C5Cr (ca. 17.24 Ma and
16.72 Ma), and a linear interpolation of the age
model suggests that the onset of this widespread
ice sheet retreat occurred during a period of
warmth at the onset of the MCO (Fig. 2). Sea-
level estimates (Miller et al., 2020) suggest an
initial rise in sea level of ~60 m at the onset of
the MCO, and the transition from Facies Suc-
cession C to B at 324.15 mbsf provides direct
evidence that substantial retreat of a widespread
marine-terminating ice sheet toward its ter-
restrial margin was associated with this sea-
level change.

Conglomerate facies (Clc and CLi) identified
at the base of each package of Facies Succession
C suggest a setting proximal to the grounding
line (Figs. 7 and 8A). However, there is a lack
of conclusive GSEs, while provenance indica-
tors suggest that these ice sheets were smaller
than the large West and East Antarctic Ice
Sheet advances between 17.8 Ma and 17.4 Ma
(Marschalek et al., 2021). Consequently, it is
uncertain whether glacial overriding occurred in
these intervals; but regardless, these conglomer-
ates are interpreted to have been deposited in a
setting proximal to the grounding line. The dep-
ositional setting of Facies Succession C cycles
suggests that extensive marine-terminating
ice sheets did periodically advance and retreat
across the mid-Ross Sea continental shelf during
colder intervals of the early MCO between ca.
16.303 Ma and 16.268 Ma (e.g., within Chron
C5Cn.Ir).

Although 16.3—-16.27 Ma represents a period
of relative cooling within the MCO, deep-sea iso-
topes and temperature proxies suggest that it was
still warmer than most interglacial Miocene cli-
mates between 23 Ma and 17 Ma (Steinthorsdottir
et al., 2021; Fig. 2). In this context, the interpreta-
tion of Facies Succession C representing marine-
terminating ice sheets near the outer continental
shelf edge of the Ross Sea during the MCO is a
surprising result. However, we have shown that
300 m of sediment infilling occurred between
17.8 Ma and 17.2 Ma. This infilling, with reduced
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Figure 12. Left column: Maps
showing proposed ice sheet ex-
tent and reconstructed topog-
raphy modified from Levy et al.
(2019). Right column: Concep-
tual depositional models for
each facies succession along
an idealized flowline shown as
an orange line in left column
maps. Green lithologies repre-
sent diamictite-rich facies, gray
represents mudstone facies, and
yellow represents diatom-rich
facies. From top to bottom: Fa-
cies Succession E aggradational
glacimarine diamictites depos-
ited from marine-terminating
ice sheets on a rapidly subsid-
ing continental shelf. Facies
Succession D cycles represent
widespread West Antarctic Ice
Sheet (WAIS) and East Antarc-
tic Ice Sheet (EAIS) expansion
between 17.8 Ma and 17.4 Ma
forming thick progradational
diamictite glacimarine foresets
on a subsiding continental shelf
during glacial maxima, with
thin mudstone intervals depos-
ited during periods of reduced
ice sheet extent. Facies Succes-
sion C (diatom-rich mudstones
interbedded with diamictites)
represents cyclic glacimarine
advances and retreat during
cool intervals of Miocene Cli-
mate Optimum (MCO), with
a grounding line proximal at
peak glacial times, but with
no definitive evidence of gla-
cial overriding. Facies Succes-
sion B (diatom-rich mudstone)
cycles deposited as ice sheets
retreated to terrestrial margin
during peak MCO warm inter-
vals, with variable terrigenous
content relating to interglacial/
glacial variance of glacifluvial
or glacimarine outwash. Facies
Succession A (glacial) diamic-
tites with basal glacial surfaces
of erosion represent marine-
based ice sheet advance and
extensive inland erosion. Facies
Succession A (interglacial) di-

atomites result from widespread marine Antarctic Ice Sheet (AIS) retreat on overdeepened continental shelf in hyper-arid polar setting.

subsidence post-17 Ma, resulted in a significant
shoaling of the continental shelf. Consequently,
the reduced water column thickness at the ice sheet

margin would have reduced the net oceanic heat
flux onto the continental shelf, which is a critical
control for the melting of marine-based ice sheet
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margins (Pollard and DeConto, 2009; Golledge
etal., 2012). Such a rapid shoaling scenario would
allow the margins of predominantly terrestrial ice
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sheets to periodically readvance across the shal-
lower continental shelf regions during the cold
periods of the MCO (Fig. 12).

Benthic foraminiferal §'%0-based sea-level
estimates (Miller et al., 2020) show ~40 m
variations within the MCO, which accounts for
the ice sheet re-advance demonstrated by the
Facies Succession C cycles (Fig. 2). Notably,
the deep-sea 8'30 record indicates a period of
relative warmth and reduced ice volume at the
onset of the upper package of Facies Succes-
sion C at 16.3 Ma (Fig. 2). Advance of a pre-
dominantly terrestrial East Antarctic Ice Sheet
could have been triggered by oceanic warming
that resulted in enhanced coastal precipita-
tion, which is a process previously proposed
by Shevenell et al. (2004, 2008) and observed
in Miocene ice sheet model experiments (Hal-
berstadt et al., 2021). However, such warmth
would restrict the development of extensive
marine-based ice sheets onto deeper portions
of the outermost continental shelves due to
the enhanced oceanic heat flux (Pollard and
DeConto, 2009; Golledge et al., 2012, 2017).
Consequently, we propose that the expansion
of a predominantly terrestrial ice sheet into the
marine continental margin proximal to Site
U1521 in these warmer climates was enabled
by the extensive shoaling of the outer continen-
tal shelf during the preceding intervals of rapid
glacimarine sedimentation, rather than climate
forcings alone (Fig. 12).

Peak Retreat of Marine-Terminating
Ice during the Early Miocene Climate
Optimum

Between ca. 16.3 Ma and 15.95 Ma, Site
U1521 contains 123 m of diatom-bearing mud-
stone to diatomite (Facies Succession B) sub-
cycles (Fig. 2). These sub-cycles indicate a
variable, yet decreasing, supply of terrigenous
sediment on the background of a prolonged
interval of open-marine, low-energy hemipelagic
deposition. The lack of coarse glacimarine sedi-
ment and ice-rafted debris (IRD; Fig. 2) implies
that regional ice sheets may have been predomi-
nantly terrestrial through this interval (Fig. 12).
Variations in terrigenous sediment supply likely
resulted from changes in terrestrial runoff (e.g.,
turbid meltwater) from glacifluvial systems, and
suggest that surface melt strongly influenced
East Antarctic Ice Sheet mass balance. Indeed,
stratigraphic data from landward Site AND-2A
(Levy et al., 2016), and high-elevation outcrops
in the Transantarctic Mountains, indicate that
reduced East Antarctic Ice Sheet extent, exten-
sive wet-based glacial regimes, and expansive
glacifluvial systems in the Dry Valleys persisted
until at least 14.2 Ma (Sugden and Denton,

2004; Lewis et al., 2006, 2007, 2008; Chorley
et al., 2022).

The snapshot of peak ice retreat from 16.3 Ma
to 15.95 Ma preserved at Site U1521 also coin-
cides with high sea levels and Southern Ocean
warmth (Shevenell et al., 2004, 2008; Miller
et al.,, 2020; Fig. 2). Although atmospheric
pCO, reconstructions have large uncertainties,
the latest compilations display sustained values
exceeding 500 ppm in boron-based reconstruc-
tions and 350 ppm in alkenone-based recon-
structions (CenCO,PIP Consortium, 2023)
during this period (Fig. 2). The lack of IRD and
mudstone variations in Facies Succession B sug-
gests that under a state of climatic equilibrium,
significant surface melt and retreat of the East
Antarctic Ice Sheet may have occurred within
this range of atmospheric pCO,.

Marine Ice Sheet Expansion during the
Mid-Miocene Climate Transition

The ca. 15.95-14.2 Ma interval of the MCO
is missing at Site U1521, due to erosion associ-
ated with the RSU4 seismic surface (Fig. 3). The
benthic foraminifer 8'30 isotope record suggests
a large (>40 m) sea-level fall at 15.95 Ma (John
et al., 2011; Miller et al., 2020). This is consis-
tent with our evidence of pre-16.3 Ma marine
ice sheet advances proximal to Site U1521 (e.g.,
Facies Succession C intervals), which indicates
that ice sheet advances in the later MCO were
also likely. However, thick packages of conform-
able strata immediately overlying the diatom-
rich mudstones of Facies Succession B (Fig. 3)
occur to the east of Site U1521, so it remains
unclear whether mid- to outer continental shelf
ice sheet overriding occurred in the Ross Sea
between 15.95 Ma and 14.2 Ma (Figs. 2 and 12).

The MMCT is defined in proxy records as a
long-term trend toward increasing 6'30 values in
deep-sea benthic foraminiferal records after ca.
14.2 Ma, an inferred drop in sea level of ~60 m
(Miller et al., 2020), and a shift to lower pCO,
values based on proxy estimates (CenCO,PIP
Consortium, 2023; Fig. 2). Overlying the RSU4
erosion surface at Site U1521 are Facies Suc-
cession A cycles, which contain unequivocal
GSEs at the base of each cycle (Fig. 11). The
lowermost cycle, which resulted in erosion of
the 15.95-14.2 Ma interval, has a deposition
date of between 14.2 Ma and 13.6 Ma (Figs. 2
and 3). This provides the first direct, well-dated
evidence of an ice sheet overriding the outer
continental shelf during the onset of the MMCT,
an event larger in extent than any of the prior
ice sheet advances between 18 Ma and 14.2 Ma
(Fig. 12).

At the top of this lowermost Facies Succes-
sion A cycle at Site U1521, a thick, muddy diato-
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mite was deposited sometime between 14.2 Ma
and 13.6 Ma. This indicates that despite periods
of full continental shelf Antarctic Ice Sheet
advance, regional ice did periodically retreat
within interglacials of the MMCT (Fig. 2).
Diatom content in this ~1.5-m-thick interval
is higher than in the diatom-rich mudstones in
the Facies Succession B cycles (McKay et al.,
2019), while the transition from subglacial gla-
cimarine diamictites is sharp (Fig. 10). As noted
in the Background Section of the Introduction,
previous facies models show that such sediment
starvation is indicative of reduced turbid glacial
meltwater input due to ice sheet mass balance
controls becoming increasingly dominated by
basal melting of floating ice shelf margins, fron-
tal melting of tidewater systems, and iceberg
calving, rather than extensive surface melting.
This is also consistent with geomorphological
and sedimentary facies evidence in the Transant-
arctic Mountains that shows a shift toward cold-
based mountain glaciation, hyper-aridity in the
McMurdo Dry Valleys, and decreased subglacial
outburst floods after 13.6 Ma (Sugden and Den-
ton, 2004; Lewis et al., 2006, 2007, 2008; Pérez
et al., 2022b). Although turbid meltwater was
greatly reduced after 13.6 Ma, we note that pre-
vious studies have shown that some turbid melt-
water processes did persist in coastal regions
around the East Antarctic Ice Sheet until the late
Miocene (McKay et al., 2009; Rosenblume and
Powell, 2019; Hambrey and McKelvey, 2000;
Whitehead et al., 2004; Gulick, Shevenell,
et al., 2017).

Late Miocene to Present

A late Miocene/early Pliocene advance/retreat
cycle and the LGM to recent retreat cycle are pre-
served in the stratigraphy at Site U1521, with the
basal erosion surface of these cycles also clearly
evident in the seismic stratigraphy (Figs. 3 and
10). Seismic profiles also show that extensive
shelf margin progradation shifted into the East-
ern Basin (Fig. 2) after RSU4, which supports
earlier studies that indicate this inland sediment
erosion from major ice sheet advance between
the MMCT and the early Pliocene resulted in
extensive overdeepening of the inner continen-
tal shelf (De Santis et al., 1995; Bart, 2001;
Kim et al., 2018; McKay et al., 2019, 2022b).
AND-1B also preserved at least 38 ice retreat
events in the Plio-Pleistocene (Naish et al., 2009)
that are not preserved at Site U1521 (Fig. 12).
Overdeepening of the inner continental shelf by
these repetitive advances of marine-based Ant-
arctic Ice Sheet in the cooler climates since the
MMCT would ultimately act to counteract some
of the sediment infilling feedbacks we propose
for the MCO. However, the combined influence



of the erosion and deepening of the inner shelf,
alongside shoaling of the outer shelf, would
amplify the reverse slope gradient of the conti-
nental shelf. Such a configuration enhances the
potential for threshold behavior of the West Ant-
arctic Ice Sheet via marine ice sheet instability
processes by Pliocene times (Bart et al., 2016;
Colleoni et al., 2018). The uppermost Facies
Succession A cycle at Site U1521 likely reflects
ice retreat during the last deglaciation, as a simi-
lar stratigraphy is preserved in a series of sedi-
ment cores in close proximity to the site (Salvi
et al., 2006; Prothro et al., 2020).

CONCLUSIONS

The stratigraphy of IODP Site U1521 pro-
vides unique insight into the variability of
continental-scale ice sheets over the MCO and
MMCT. Several hypotheses exist to explain the
ice growth at the MMCT, including changes in
carbon cycling (Zachos et al., 2001; Super et al.,
2018; Sosdian et al., 2018; Rae et al., 2021; Cen-
CO,PIP Consortium, 2023), the meridional heat
flux to Antarctica (Kennett, 1977; Flower and
Kennett, 1994; Shevenell et al., 2004, 2008), and
an orbital configuration that is conducive to ice
growth (Holbourn et al., 2005, 2007).

While such forcing mechanisms would have
contributed to the state of the background climate
and regulated the thresholds under which the
Antarctic Ice Sheet grew or decayed (DeConto
et al., 2008), our results show that local geologi-
cal forcings played an equally fundamental role
in regulating the growth and decay of marine-
terminating ice sheets in the Ross Sea during the
MCO and MMCT.

(1) Prior to 18 Ma, ongoing tectonic subsid-
ence in the outer Ross Sea is demonstrated by
the aggradational pattern of glacimarine diamic-
tites (Facies Succession E). This subsidence
restricted the growth of marine-based ice sheets
onto the relatively deep outer continental shelf.

(2) By ca. 17.8 Ma, the rate of sedimentation
began to outpace subsidence, resulting in a shift
of deposition to progradational strata between
17.8 Ma and 17.4 Ma. Rapid emplacement of
glacimarine diamictites and mudstones (Facies
Succession D) from a major glacial advance
in West Antarctica (Marschalek et al., 2021)
resulted in a shoaling of the outer continental
shelf of ~190 m at Site U521 over this time.

(3) Alternations of glacimarine diamictites/
diatom-rich mudstone (Facies Succession C)
and thick sequences of hemipelagic diatom-rich
mudstones (Facies Succession B) during the
early MCO suggest that although widespread
retreat of the Antarctic Ice Sheet on land occurred
during peak warmth of the MCO, widespread
marine glaciation occurred during cold intervals
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of the MCO. This is the first direct evidence of
extensive variability in ice sheet volume during
the MCO, and helps explain far-field sea-level
records showing more than 20 m of sea-level
variability (Miller et al., 2020).

(4) The combination of highly productive
surface waters, turbid meltwater run-off during
peak warm intervals of the MCO, and periodic
glacimarine sediment supply during glacials
of the MCO allowed for deposition of another
~300 m of diamictite and diatom-rich mudstone
between 17.4 Ma and 15.9 Ma (Fig. 12).

(5) Facies Succession A cycles at Site U1521
provide the first direct evidence of continental
shelf-wide expansion of the Antarctic Ice Sheet
across the Ross Sea at the MMCT, a hypothesis
previously only inferred from inland studies,
deep-sea isotopes, or poorly dated seismic inter-
pretations. We hypothesize that shoaling related
to slowing tectonic subsidence with infilling of
up to 590 m of sediment between 18 Ma and
14.2 Ma allowed the advance of marine-termi-
nating glaciers at the MMCT beyond the limits
of previous ice advances. Past advances were
either restricted due to a deeper, actively subsid-
ing shelf environment or global warmth during
the early MCO. Furthermore, a shallower conti-
nental shelf may have restricted warm interme-
diate water masses (e.g., Northern Component
Water and/or Tethyan Indian Saline Water) from
reaching the Ross Sea continental shelf. This
would have further reduced oceanic heat flux
to Antarctica, resulting in ice expansion, and
increased regional aridity since the late MCO
and MMCT (Fig. 12).

While the local boundary conditions were dif-
ferent in the MCO with a shallower continental
shelf, our study also indicates that the sustained
high atmospheric pCO, levels of the MCO
not only resulted in loss of the marine-based
Antarctic Ice Sheet margin, but also triggered
substantial surface melting of the East Antarc-
tic Ice Sheet. Importantly, the shoaling of the
outer continental shelf combined with extensive
overdeepening of Antarctica’s inner continental
shelves have only acted to increase the poten-
tial for threshold behavior in marine-based ice
sheet sectors since the MMCT, via marine ice
sheet instability processes that operate on reverse
slope continental shelves. This is concerning for
the modern ice sheets, as atmospheric pCO,
concentrations and southern high-latitude atmo-
spheric/oceanic temperatures rise back to levels
not seen since the Miocene.
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