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Abstract. The Ross Sea record of the Miocene Climatic Optimum (MCO; ∼ 16.9–14.7 Ma) and the Mid-
dle Miocene Climate Transition (MMCT; ∼ 14.7–13.8 Ma) provides critical insights into Antarctic ocean–
cryosphere interactions during a time of extreme warmth and subsequent cooling. Here we report on Lower to
Middle Miocene foraminiferal assemblages from the International Ocean Discovery Program (IODP) Site U1521
on the outer shelf of the central Ross Sea to identify regional shifts in environmental and water mass conditions
and trace continental shelf evolution. We identified seven benthic biofacies clusters, dominated by abundant
Globocassidulina subglobosa (a proposed indicator of proto-Circumpolar Deep Water, pCDW), Uvigerina cf. U.
fueguina (high productivity and enhanced bottom-water currents), Nonionella spp. (high productivity), or Melo-
nis spp. (high productivity) using a Q-mode cluster analysis to develop preliminary regional paleoenvironmental
interpretations. Four unique assemblages, including Globobulimina cf. G. auriculata (high productivity and low
oxygen), are also identified.

Unit IV (representing the early MCO event) is a short-lived (∼ 80 ka), progradational, clast-poor sandy di-
amictite, likely deposited during deglaciation; the upper part of Unit IV is transitional with overlying Unit III.
Unit IV sediments contain the most persistently abundant and diverse foraminiferal assemblages recovered at
U1521 because they are mud-rich and diatom-poor, despite very high sedimentation rates. The benthic assem-
blages shift between Globocassidulina and Uvigerina dominance, suggesting changes in the pCDW influence
relative to productivity and/or current activity. We suggest the abundance of Uvigerina (a shelf-edge proxy) in
Unit IV records the northward progradation of the Ross continental shelf at this location during the late Early to
Middle Miocene.

Unit III (MCO) was deposited in an open-marine setting, evident by the ice-rafted detritus or debris (IRD)
clast-free, diatom-rich/diatom-bearing muds. The sporadic nature of foraminiferal abundances in Unit III is
likely due to intervals of terrigenous mud alternating with more diatom-rich/diatom-bearing muds. As in Unit
IV, the muddier lithologies (higher natural gamma ray (NGR) values) are more likely to preserve calcareous
foraminifera, whereas the most diatom-rich sediments (lower NGR values) are more corrosive to carbonate. We
interpret the muddier intervals as interglacials with incursions of pCDW, as indicated by increased Globocas-
sidulina subglobosa, and sporadic occurrences of rare warmer-water planktic foraminifera. Collectively, these
multiple incursions of warmer-water planktic foraminifera provide evidence for polar amplification in the Ross
Sea during the MCO and MMCT. The diatom-rich muds are interpreted as glacials during the MCO with open-
marine conditions and higher productivity. The dominance of Globobulimina in the upper part of Unit III corre-
sponds with the carbon maximum of Carbon Maxima 2 (CM2) and low-oxygen conditions in the sediments at
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∼ 16.1 Ma. Subsequent glaciation (including Mi2, Miocene Isotope event 2), marine-based ice sheet grounding,
and erosion on the shallow shelf are recorded by the widespread Ross Sea Unconformity 4 (RSU4; ∼ 15.95–
14.2 Ma) at Site U1521. Unit II (MMCT) likely represents sedimentation in the interval between the RSU4 and
the Mi3 (Miocene Isotope event 3) glaciation at ∼ 13.9–13.8 Ma. The benthic biofacies composition of Unit II
shows a further increase in neritic taxa, including Elphidium magellanicum and Epistominella vitrea, suggesting
continued shoaling of the continental shelf, which facilitated the growth of marine-based ice sheets during the
Middle Miocene.

Our initial correlation between Site U1521 and the ANtarctic geological DRILLing Project (ANDRILL) site,
AND-2A, yields similar environmental interpretations, including peak warm events 3 and 4 during the MCO,
supported by the foraminifera and unit lithologies. Suspected glacial intervals during the MCO, including Mi2
at the top of Unit III, correlate well with the reconstructed deep-sea estimates of ice volume changes (seawater
δ18Osw record) from the Ocean Drilling Program (ODP) Site 1171 on the South Tasman Rise.

1 Introduction

1.1 Why the Middle Miocene?

The Early to Middle Miocene serves as an analogue for our
future climate (e.g., Shackleton and Kennett, 1975; Miller
et al., 1987; Zachos et al., 2001; Shevenell and Kennett,
2004; Steinthorsdottir et al., 2021). The Miocene Climatic
Optimum (MCO) was a greenhouse interval from ∼ 16.9–
14.7 Ma, with average global temperatures ∼ 3–4 °C warmer
than today and peak MCO warming of ∼ 7–8 °C, leading
to major changes in the global carbon cycle (Vincent and
Berger, 1985; Flower and Kennett, 1993; Holbourn et al.,
2015, 2022) and atmospheric CO2 concentrations near or
moderately higher than today (Steinthorsdottir et al., 2021;
Hönisch et al., 2023). The MCO was followed by the Middle
Miocene Climate Transition (MMCT) from ∼ 14.7–13.8 Ma
(Steinthorsdottir et al., 2021), defined by cooler conditions
in advance of a ∼ 1 ‰ increase in deep-sea benthic δ18Obf
values that define the major Mi3 (Miocene Isotope event 3)
glaciation at ∼ 13.9 Ma (Kennett, 1977; Wright et al., 1991;
Flower and Kennett, 1994; Shevenell et al., 2004, 2008; Hol-
bourn et al., 2014, 2022), and related to ice sheet expansion
in Antarctica (Wright et al., 1991; John et al., 2004, 2011;
Shevenell et al., 2008; McKay et al., 2022). Investigations of
the Ross Sea paleoenvironmental evolution (e.g., ice extent,
water mass behavior, productivity, relative sea level, and pa-
leobathymetry) during the MCO and MMCT provide invalu-
able insight into how Antarctica may respond to our current
warming climate, including possible incursions of a precur-
sor to Circumpolar Deep Water (CDW).

1.2 Ross Sea oceanography

The Ross Sea has a dynamic oceanography and is home to
the world’s largest ice shelf (Fig. 1). The Ross Ice Shelf
serves as the buttress for the Antarctic Ice Sheet (AIS) and
is sensitive to warming (e.g., basal melt and mass loss)
(Pritchard et al., 2012; DeConto and Pollard, 2016; Shep-
herd et al., 2018; Smith et al., 2019). One environmental fac-

tor that plays a major role in the sensitivity of the AIS is
ocean forcing. Today, there are a variety of water masses cre-
ated, mixed, imported, and exported from the Ross Sea (e.g.,
Budillon et al., 2003; Orsi and Wiederwohl, 2009; Smith et
al., 2012). For this study, we are particularly interested in a
precursor to Circumpolar Deep Water (CDW or proto-CDW)
and its incursions into the Ross Sea and possible role during
the MCO and MMCT.

Today, CDW is a relatively warm nutrient-rich water mass
that intrudes onto the Ross Sea continental shelf as modi-
fied Circumpolar Deep Water (mCDW), melting the Ross Ice
Shelf at the grounding line (Jacobs et al., 1979; Ainley and
Jacobs, 1981; Whitworth, 1998; Orsi and Wiederwohl, 2009;
Dinniman et al., 2011; Pritchard et al., 2012; Castagno et al.,
2017; Colleoni et al., 2018; Prothro et al., 2018; Majewski
et al., 2018, 2020; Wang et al., 2023). There are a number
of oceanographic controls that either enhance or diminish
the ability of CDW to encroach onto the continental shelf.
The Antarctic Circumpolar Current (ACC), Southern Ocean
frontal system, and Antarctic Slope Current (ASC) can all
act as barriers to CDW into the Ross Sea. Previous Miocene
studies have shown that the Southern Ocean frontal system
was weaker (Shevenell et al., 2004; Herold et al., 2012; San-
giorgi et al., 2018; Evangelinos et al., 2020), and the ACC
was weaker during the Early and Middle Miocene (Herold
et al., 2012; Hill et al., 2013; Evangelinos et al., 2020). A
weaker frontal system and weaker ACC allowed low-latitude
warm-surface waters and proto-CDW to be present near the
Antarctic margin. In contrast to proto-CDW, High-Salinity
Shelf Water (HSSW) is a dense, salty, and corrosive water
mass formed from brine rejection associated with sea ice for-
mation in the Ross Sea polynya today (Osterman and Kel-
logg, 1979; Melis and Salvi, 2009; Majewski et al., 2016,
2018, 2020; Prothro et al., 2018; Capotondi et al., 2018;
Kim et al., 2020). Previous foraminiferal studies on the Ross
continental shelf have alluded to the relationship between
foraminifera and specific water masses (Kennett, 1966; Os-
terman and Kellogg, 1979; Majewski et al., 2018, 2020).
Here we investigate Miocene foraminiferal biofacies to learn
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Figure 1. Map of IODP Expedition 374 drill sites (McKay et al., 2019) with an inset map modified from Scotese (2021) to show the locations
of Site U1521 (this study), AND-2A (Patterson and Ishman, 2012), ODP Site 1171 (Shevenell et al., 2008), and IODP Sites U1337/U1338
(Holbourn et al., 2014, 2015).

about the water masses and other environmental characteris-
tics during the time of the MCO and MMCT in the Ross Sea.
Foraminifera had a front-row seat to the oceanographic and
paleoclimatic events associated with dynamic changes in the
size and extent of the Antarctic Ice Sheet during the MCO
and MMCT. To date, there are no published foraminiferal
studies of the MCO and MMCT interval from the Antarctic
continental shelf.

1.3 Ross Sea Neogene studies: past to present

Many drilling projects have investigated Early to Middle
Miocene foraminifera from the Ross Sea. Deep Sea Drilling
Project (DSDP) Leg 28 (1972–1973; Hayes et al., 1975) col-
lected sediment cores from DSDP Sites 270–273 on the con-
tinental shelf and Site 274 on the continental rise in the Ross
Sea, ranging in age from the late Oligocene to the present.
Upper Oligocene–Lower Miocene foraminifera from Site
270 have been documented by Leckie and Webb (1980, 1983,
1985, 1986) and Kulhanek et al. (2019), and Middle Miocene
foraminifera have been reported from Site 273 (D’Agostino

and Webb, 1980) and Site 272 (Steinhauff and Webb, 1987).
The variable recovery of Neogene sediments has limited the
ability for scientists to study the Miocene Antarctic shelf
foraminiferal record until recently with International Ocean
Discovery Program (IODP) Expedition 374 (McKay et al.,
2019). Other more proximal Oligocene–Middle Miocene
foraminiferal records were recovered on the inner shelf ad-
jacent to the Transantarctic Mountains, including McMurdo
Sound Sediment and Tectonic Studies (MSSTS) (Barrett,
1986; Webb et al., 1986) and Cenozoic Investigations in the
western ROss Sea hole 1 (CIROS-1) (Barrett et al., 1991;
Roberts et al., 2003; Coccioni and Galeotti, 1997; Webb,
1989). The Cape Roberts Project (CRP; 1997–1999) recov-
ered Eocene to Miocene foraminifera (Strong and Webb,
2000, 2001; Webb and Strong, 2000, 2006). These records
have revealed the dynamic nature of glacial processes on the
continental shelf and adjacent to the Transantarctic Moun-
tains since the Oligocene, but the larger perspective of AIS
history has remained elusive.
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The ANtarctic geological DRILLing Project, AN-
DRILL (2006–2007), collected Lower Miocene to recent
foraminiferal bearing sediments (Patterson and Ishman,
2012). The Early to Middle Miocene record from ANDRILL
core 2A (AND-2A) has been extensively examined to in-
vestigate how glacial and interglacial periods impacted the
Antarctic region (McKay et al., 2022). Levy et al. (2016) in-
terpret dynamic ice sheet behavior at AND-2A during the
Early to Middle Miocene, noting the variation in environ-
mental conditions during peak warmth events. The only pub-
lished foraminiferal records of the MCO and MMCT in the
Ross Sea come from ice-proximal AND-2A record (Patter-
son and Ishman, 2012); the glacial and oceanographic record
of these climate events on the continental shelf remains un-
resolved.

International Ocean Discovery Program (IODP) Expedi-
tion 374 drilled five sites on the Ross Sea continental shelf,
slope, and rise to understand the history of the West Antarctic
Ice Sheet (McKay et al., 2019). Site U1521 (75°41.0351′ S,
179°40.3108′W) is located within the Pennell Basin at a wa-
ter depth of 562 m. The Lower to Middle Miocene interval
at Site U1521 is captured from Lithologic Unit IV through
the lower part of Unit II (∼ 280–65 m; CSF-A, Core Depth
below Sea Floor-A). Lithologic Units IV, III, and II record
three distinct lithologies. Unit IV is a diatom-bearing clast-
poor sandy diamictite (sequence 4A in Marschalek et al.,
2021). Unit III is a moderately to highly bioturbated olive-
gray to greenish-gray diatom-bearing/diatom-rich mudstone
(sequence 4B in Marschalek et al., 2021), and the lower
∼ 20 m of Unit II is comprised of a muddy diamictite, where
the base is intermixed with the underlying diatomite of Unit
III (McKay et al., 2019). These three lithologic units suggest
that Ross Sea environmental conditions changed throughout
the late Early to early Middle Miocene.

One way to investigate the Ross Sea record of the Early
and Middle Miocene is by examining the benthic and plank-
tic foraminiferal assemblages in the context of the sedimen-
tary facies and physical properties. Since foraminifera are
sensitive to changes in the environment, the foraminiferal
record from Site U1521 should capture aspects of the en-
vironmental changes associated with the MCO and MMCT
(e.g., water mass behavior, current activity, productivity,
and paleobathymetry). Here we focused on four questions
that reflect high-priority objectives of IODP Expedition 374
(McKay et al., 2019): (1) do benthic foraminiferal biofacies
capture water mass and other environmental changes during
the MCO and MMCT? (2) Can benthic foraminiferal bio-
facies inform us about the progradational and aggradational
history of the Ross Sea continental shelf during the Early and
Middle Miocene? (3) What might planktic foraminiferal oc-
currences tell us about surface-ocean circulation, relative sea
surface temperatures, or polar amplification in the Ross Sea?
(4) How do environmental changes at Site U1521 on the cen-
tral outer shelf compare with the AND-2A record adjacent

to the Transantarctic Mountains and with a deep-sea record
from the Southern Ocean (ODP Site 1171)?

To investigate these questions, we examined the Early to
Middle Miocene foraminiferal assemblages and used a Q-
mode cluster analysis to identify benthic biofacies as proxies
for changing environmental conditions. We hypothesize that
Globocassidulina subglobosa is a proxy for the incursion of
a Southern Ocean water mass, here referred to as proto-CDW
(pCDW) into the Ross Sea since the late Oligocene. Plank-
tic foraminifera are very rare in the Early to Middle Miocene
of the Ross Sea, but we have identified sporadic occurrences
of warmer-water planktic species, which provide clues about
sea surface temperatures and perhaps the shifting position
and strength of the Polar Front and/or Antarctic Circumpo-
lar Current during the MCO and MMCT. In addition to con-
sidering our data in terms of changing water masses, circu-
lation at the seafloor, productivity, and paleobathymetry, we
use physical properties and seismic data to understand the de-
positional history and progradation of the continental shelf.
We compare our findings with the orbitally tuned benthic
foraminiferal isotopic record from Pacific IODP Sites U1337
and U1338 (Holbourn et al., 2014, 2015), with paleoenviron-
mental interpretations from AND-2A (Levy et al., 2016) and
a seawater δ18Osw record, a proxy for ice volume, from the
Ocean Drilling Program (ODP) Site 1171 on the South Tas-
man Rise (Shevenell et al., 2008).

2 Methods

2.1 Sample processing and analysis

Within the interval of interest (65.0–280.72 m; CSF-A) 135
samples of 20 cm3 volume (including 19 larger-volume ship-
board core-catcher samples) were collected. Before process-
ing, all samples, with the exception of shipboard core-catcher
samples, were weighed to obtain a bulk mass then placed in a
freeze-dryer. After the freeze-dryer, each sample was soaked
in a borax solution with a pH of ∼ 10, with the pH moni-
tored closely. The nature of the sediments often required ad-
ditional processing due to compaction. When samples did
not break down, we tried freezing–thawing in sodium sul-
fate (samples from Unit III) or boiling in a weak hydrogen
peroxide and borax solution for 30 min to 1 h (samples from
Unit IV). Even though both methods yielded samples with
foraminifera that were well preserved and not broken, boil-
ing in hydrogen peroxide did a better job of breaking down
the consolidated sediment than freezing–thawing. Each sam-
ple was washed over a > 63 µm sieve that was dipped in
a methylene blue stain between samples to monitor for lab
contamination. Samples were placed in a 55 °C oven to dry
for 24 h before a final round of weighing. Samples examined
in this study were not floated using a heavy liquid such as
sodium polytungstate.

Picking methods evolved as we learned more about the
nature of the lithologic units and their foraminiferal abun-
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dances. Initially, 52 samples from all three units were dry-
split to half, quarter, or whole pieces, and all foraminifera
between 63 and 355 µm were picked. Due to the poor
foraminiferal recovery of the initial 52 samples, our method-
ology shifted to picking foraminifera from the 125 and
250 µm size fractions. All of the 250 µm fraction was picked,
whereas the 125 µm fraction was dry-split, and two trays
were examined for foraminifera; if 10 or more foraminifera
were found, then we picked the entirety of the> 125 µm frac-
tion. Our final shift in picking methods was a result of rare
occurrences of subpolar and temperate planktic foraminifera;
we now pick everything in the > 125 µm fraction. Numer-
ous authors studying Pleistocene and Holocene foraminifera
in the Ross Sea utilize the > 125 µm fraction for counts,
which we adopted here (e.g., Prothro et al., 2018; Majew-
ski et al., 2018, 2020). Picked specimens from all methods
are included in this preliminary study, focusing primarily on
the genus level for benthic foraminifera and species level for
planktic foraminifera. The genus-level identification of the
benthic foraminifera is adopted in our analyses because each
genus is typically dominated by a singular species.

Ideally, we would prefer to use at least 300 specimens
for any statistical analysis, but this is not practical with
these low-abundance Antarctic samples. Foraminiferal stud-
ies from the Late Pleistocene–Holocene of the Ross Sea have
demonstrated the statistical significance of foraminiferal as-
semblages despite low abundances (e.g., Fillon, 1974; Oster-
man and Kellogg, 1979); we suggest the same is true for the
Miocene assemblages. Given the pervasive low abundances
of foraminiferal tests through the Miocene study interval at
Site U1521, we ran a rarefaction analysis (number of spec-
imens versus number of species; Sanders, 1968) on all 135
samples to define a reasonable minimum number of ben-
thic specimens that a sample must contain to be included in
a cluster analysis, which is used to identify benthic biofa-
cies. The shape of the species abundance curve decreases at
a logarithmic rate as the number of specimens in a sample
increases arithmetically (e.g., de Mello et al., 2017; Seiden-
stein et al., 2024). Based on the rarefaction analysis of the
U1521 samples studied here, the plot approaches a plateau
(∼ 20 species) with little additional increase in benthic di-
versity when at least 48 specimens are present (Fig. 2). Based
on these results, only samples containing at least 48 benthic
specimens, 40 samples in total, are used to identify benthic
biofacies based on a Q-mode (Bray–Curtis) cluster analysis
of relative abundance data of benthic foraminifera using PA-
leontological STatistics program (PAST 4.13; Hammer et al.,
2001). We choose the Bray–Curtis method because it is based
on abundance data, and the Bray–Curtis method was utilized
in Neogene Antarctic foraminiferal records from AND-2A
(Patterson and Ishman, 2012). Of these 40 samples, the av-
erage number of specimens per sample is 114, and 16 sam-
ples have > 100 specimens. Note that 7 of the 40 samples
are shipboard core-catcher samples, labeled PAL, which have
larger volumes; the PAL samples have some of the highest

specimen yields. In defining the clusters, benthic genera that
occurred > 20 % of the time within a sample for at least half
of the samples in the cluster are considered primary taxa.
Any benthic genera occurrences between 15 %–20 % within
at least half of the samples within a particular cluster are
considered secondary taxa, and genera abundances between
5 %–15 % are considered accessory taxa.

2.2 Age model

The age model for Units IV and III utilizes magnetic
reversals, diatom first-appearance datums (FADs), diatom
last-appearance datums (LADs), bivalve mollusk 87Sr/86Sr
dates, and detrital hornblende Ar–Ar dates, as reported by
Marschalek et al. (2021) (Fig. 3 and Table S1 in the Sup-
plement). Unit IV (280.72–209.17 m) is constrained be-
tween two magnetic reversals (Gradstein et al., 2020),
namely C5Cn.1r/C5Cn.2n at 286.3 CSF-A (16.351 Ma) and
C5Cn.1n/C5Cn.1r at 207.0 CSF-A (16.261 Ma), with an av-
erage sedimentation rate of ∼ 881.11 m Myr−1. Unit III is
divided into two intervals; the lowermost interval of Unit
III (209.17–207 m; CSF-A) is constrained by magnetic re-
versal C5Cn.1r/C5Cn.2n at 286.3 CSF-A (16.351 Ma) and
C5Br/C5Cn.1n at 105.9 CSF-A (15.994 Ma), with a sedi-
mentation rate of ∼ 378.65 m Myr−1. We assume that the
sedimentation rate is continuous through the remainder of
Unit III (207–85.34 m). Units III and II are separated by
Ross Sea Unconformity 4 (RSU4) at 85.34 m CSF-A (Pérez
et al., 2022). The age of the RSU4 erosion is constrained
between ∼ 14.6 Ma, based on paleomagnetic evidence, and
∼ 14.2 Ma, based on diatom evidence. The age model for
Unit II has been updated since the initial report (McKay et
al., 2019) based on diatom biostratigraphy. The lower age
of Unit II is constrained between 14.2 and 13.9 Ma by the
first appearance of Denticulopsis simonsenii (14.2 Ma) in the
sample at 84.99 m CSF-A (Core 10-1; 79 cm). The top of
Core 8 (Unit II) can be no younger than 13.6 Ma, as indicated
by the absence of Nitzschia denticuloides, a widespread and
common Antarctic diatom with a well-established biostrati-
graphic range. We consider three potential age ranges (with
slopes a, b, and c) for the lower portion of Unit II (Fig. 3).
Age model “a” encompasses the entire possible age inter-
val (14.2–13.6 Ma), which is considered unlikely because
there is no facies evidence to suggest that the Mi3 glacia-
tion (∼ 13.9–13.8 Ma) is recorded at Site U1521. Therefore,
age model “b” (14.2–13.9 Ma) represents a likely maximum
age range for the lower part of Unit II. Age model “c” (14.2–
14.1 Ma) represents an expanded interval with a sedimenta-
tion rate similar to Unit III. Our data are presented using age
model “b” for the lower part of Unit II, representing the mid-
dle ground of the “a” and “c” age models.
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Figure 2. Rarefaction analysis with the number of benthic specimens versus number of species in samples with a maximum of 200
foraminifera (larger samples excluded due to rarity). Samples are categorized based on the lithologic unit, with Unit IV (orange), Unit
III (blue), and Unit II (grey). The vertical red line shows the cutoff, with a minimum of 48 specimens, adopted here for inclusion in cluster
analyses.

Figure 3. Site U1521 age model. Datum constraints for Units III and IV are from Marschalek et al. (2021). Paleomagnetic reversals
C5Cn.1n/C5Cn.1r (16.261 Ma; GTS2020) and C5Br/C5Cn.1n (15.994 Ma; GTS2020) are marked with a square. Unit III shows three options
(a–c). Option “a” spans the entirety of the interval constrained by diatom FAD A at 14.2 Ma and diatom absence at 13.6 Ma. Option “b”
represents the middle ground between “a” and “c”, from 14.2 to 13.9 Ma (used for all plots in this study). Option “c” represents a higher
sedimentation rate, similar to Units III and IV, from 14.2 to 14.1 Ma. Dashed red lines are Ross Sea Unconformity 4a (RSU4a) and RSU4.
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Table 1. Relative abundance distribution table for the 40 samples with at least 48 benthic specimens used for cluster analysis. Our interpreted
benthic biofacies or unique assemblage identification is marked with the respective letter or number.
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II 9R-CC, 8–11 14.09 77.63 165 162 E 29.6 6.8 16.0 9.3 0.0 3.7 2.5 0.0 7.4 6.8 1.9 5.6 0.0 0.0 4.3 0.0 0.0 1.2 1.2 0.6 0.6

9R-CC, 13–16 14.09 77.68 112 106 E 30.2 10.4 14.2 11.3 0.0 0.0 4.7 0.0 4.7 1.9 3.8 5.7 0.0 0.0 7.5 1.9 0.0 0.9 0.9 0.9 0.0

9R-CC, 16–21 PAL 14.09 77.72 116 147 G 38.1 19.7 5.4 16.3 0.0 3.4 0.0 0.0 4.8 6.8 0.7 1.4 0.0 0.7 0.7 0.0 0.0 0.0 0.7 0.7 0.0

III 10R-CC, 12–17 PAL 15.94 85.70 481 481 G 34.1 18.9 7.1 29.5 0.0 6.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 1.9 0.0 0.2 0.0 0.0 0.0 0.0

12R-CC, 18–23 PAL 16.01 111.97 311 311 X3 30.5 10.0 1.9 17.4 0.6 5.1 1.9 3.2 0.0 0.0 0.3 0.0 16.4 1.9 0.0 9.0 0.3 0.0 0.0 0.0 0.0

13R-5W, 94–97 16.03 119.57 123 113 B 26.5 5.3 10.6 7.1 5.3 15.9 7.1 0.9 0.0 0.9 3.5 8.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 1.8 0.0

13R-6W, 4–7 16.03 119.69 95 89 B 22.5 34.8 1.1 3.4 4.5 9.0 3.4 0.0 0.0 0.0 3.4 13.5 0.0 0.0 0.0 2.2 0.0 1.1 0.0 0.0 0.0

15R-CC, 0–5 PAL 16.06 132.47 81 81 X2 23.5 22.2 1.2 2.5 39.5 2.5 1.2 0.0 0.0 0.0 0.0 1.2 0.0 3.7 0.0 2.5 0.0 0.0 0.0 0.0 0.0

16R-CC, 14–19 PAL 16.10 147.05 178 178 A 72.5 0.0 6.7 1.7 0.0 6.7 0.0 0.0 0.0 5.6 0.0 0.0 0.0 0.0 0.0 0.0 2.8 3.9 0.0 0.0 0.0

17R-1W, 5–8 16.11 151.47 54 54 A 55.6 0.0 18.5 3.7 0.0 11.1 0.0 0.0 0.0 7.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0 0.0

17R-2W, 9–12 16.12 152.74 66 65 A 43.1 0.0 27.7 1.5 0.0 16.9 0.0 0.0 0.0 7.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.0

18R-3W, 83–86 16.15 164.00 86 86 X4 3.5 65.1 1.2 0.0 0.0 3.5 0.0 0.0 1.2 0.0 0.0 0.0 0.0 14.0 2.3 0.0 0.0 0.0 0.0 0.0 0.0

18R-5W, 122–125 16.15 166.13 91 85 A 45.9 0.0 7.1 2.4 3.5 0.0 0.0 0.0 0.0 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 0.0 0.0 0.0

18R-6W, 34–37 16.15 166.75 120 120 A 54.2 0.0 1.7 11.7 2.5 10.0 0.0 5.8 0.8 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 12.5 0.0 0.0 0.0

21R-CC, 12–17 PAL 16.24 198.53 54 54 X1 1.9 18.5 42.6 24.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9 1.9 5.6 0.0 0.0 1.9 0.0 0.0

IV 23R-2W, 20–22 16.27 210.56 90 82 C 34.1 23.2 6.1 4.9 2.4 2.4 4.9 2.4 8.5 2.4 0.0 1.2 0.0 0.0 3.7 0.0 0.0 0.0 0.0 2.4 0.0

23R-3W, 20–22 16.27 211.67 59 57 A 50.9 7.0 15.8 1.8 0.0 8.8 0.0 0.0 3.5 5.3 0.0 0.0 0.0 1.8 0.0 0.0 0.0 0.0 1.8 0.0 0.0

23R-5W, 20–22 16.27 214.02 49 48 E 25.0 12.5 16.7 8.3 0.0 4.2 4.2 4.2 4.2 0.0 2.1 2.1 0.0 0.0 4.2 2.1 0.0 2.1 2.1 2.1 0.0

24R-3W, 20–22 16.28 221.32 77 72 D 15.3 33.3 8.3 6.9 0.0 2.8 5.6 2.8 5.6 1.4 1.4 1.4 0.0 0.0 5.6 0.0 0.0 2.8 4.2 0.0 1.4

25R-1W, 20–22 16.29 228.31 68 62 D 27.4 21.0 8.1 12.9 0.0 1.6 4.8 1.6 9.7 1.6 0.0 1.6 0.0 0.0 3.2 0.0 1.6 0.0 1.6 1.6 0.0

25R-2W, 20–22 16.29 229.56 108 102 D 24.5 20.6 10.8 14.7 0.0 2.9 6.9 1.0 4.9 0.0 0.0 0.0 1.0 1.0 2.9 0.0 2.9 0.0 2.0 2.9 0.0

25R-3W, 20–22 16.29 230.68 153 147 C 30.6 19.7 11.6 8.2 1.4 1.4 8.2 1.4 3.4 2.7 0.0 0.0 1.4 2.0 3.4 0.0 2.0 0.0 0.7 0.7 0.0

25R-4W, 14–16 16.29 232.08 127 123 D 18.7 25.2 10.6 9.8 1.6 6.5 5.7 0.8 6.5 1.6 0.0 0.8 0.0 0.8 3.3 0.0 3.3 0.8 1.6 0.8 0.0

26R-1W, 20–22 16.30 237.81 53 50 D 18.0 22.0 16.0 8.0 0.0 4.0 8.0 2.0 2.0 2.0 0.0 4.0 0.0 0.0 4.0 0.0 4.0 4.0 2.0 0.0 0.0

26R-2W, 23–25 16.30 239.19 120 117 E 29.1 20.5 12.8 6.0 0.9 3.4 0.9 0.0 6.8 0.9 0.0 0.0 0.0 0.0 5.1 0.9 5.1 3.4 2.6 0.9 0.0

26R-3W, 20–22 16.30 240.65 109 103 E 24.3 16.5 18.4 6.8 0.0 5.8 4.9 4.9 1.9 0.0 1.0 1.0 0.0 0.0 5.8 1.9 1.0 1.9 0.0 1.0 0.0

26R-4W, 20–22 16.30 242.00 81 70 D 21.4 27.1 12.9 10.0 0.0 2.9 5.7 2.9 5.7 1.4 0.0 0.0 1.4 0.0 4.3 0.0 2.9 0.0 0.0 1.4 0.0

26R-5W, 20–22 16.30 243.33 89 86 D 23.3 24.4 11.6 7.0 0.0 4.7 3.5 3.5 1.2 1.2 0.0 0.0 1.2 0.0 5.8 0.0 5.8 0.0 0.0 3.5 1.2

26R-CC, 7–12 PAL 16.30 244.63 56 53 F 20.8 22.6 5.7 15.1 1.9 1.9 17.0 0.0 3.8 1.9 0.0 0.0 0.0 0.0 0.0 0.0 7.5 0.0 0.0 1.9 0.0

27R-1W, 10–12 16.31 247.21 80 76 D 19.7 23.7 13.2 7.9 0.0 0.0 6.6 2.6 3.9 3.9 0.0 0.0 0.0 0.0 3.9 0.0 7.9 0.0 3.9 0.0 1.3

27R-2W, 10–12 16.31 248.61 89 85 C 30.6 18.8 8.2 8.2 1.2 1.2 8.2 2.4 12.9 2.4 0.0 0.0 0.0 0.0 0.0 0.0 2.4 0.0 1.2 0.0 0.0

27R-3W, 10–12 16.31 249.83 148 139 D 22.3 23.0 12.9 15.8 0.0 2.2 2.2 3.6 5.8 0.0 0.7 0.7 0.0 0.7 1.4 1.4 3.6 0.7 0.7 1.4 0.0

27R-4W, 10–12 16.31 251.09 75 68 D 14.7 22.1 16.2 11.8 1.5 1.5 5.9 2.9 4.4 1.5 0.0 0.0 0.0 1.5 5.9 1.5 0.0 0.0 1.5 0.0 2.9

27R-5W, 51–54 16.31 252.85 88 84 D 17.9 38.1 9.5 7.1 0.0 0.0 3.6 3.6 3.6 2.4 0.0 0.0 0.0 0.0 2.4 0.0 4.8 0.0 1.2 2.4 1.2

28R-CC, 9–12 16.32 262.93 84 80 D 18.8 36.3 12.5 10.0 0.0 6.3 5.0 1.3 0.0 1.3 0.0 0.0 0.0 0.0 1.3 1.3 3.8 0.0 0.0 1.3 0.0

28R-CC, 14–19 PAL 16.32 262.99 57 56 E 19.6 28.6 0.0 16.1 0.0 5.4 10.7 0.0 3.6 0.0 0.0 0.0 0.0 0.0 1.8 3.6 3.6 0.0 1.8 1.8 0.0

29R-2W, 18–20 16.33 267.50 219 210 E 27.1 21.4 16.7 7.1 1.0 1.9 1.0 1.9 1.0 1.0 2.9 1.0 0.0 0.0 2.9 1.0 3.3 3.3 1.4 0.5 0.5

29R-6W, 20–22 16.34 272.39 174 169 F 26.0 19.5 16.6 5.3 0.6 1.8 10.1 1.2 1.8 0.0 4.1 2.4 0.0 0.0 1.8 1.8 3.6 1.8 0.6 0.6 0.0

30R-1W, 10–13 16.34 275.82 61 59 C 32.2 27.1 8.5 3.4 0.0 3.4 3.4 0.0 8.5 1.7 3.4 1.7 0.0 0.0 1.7 1.7 1.7 0.0 1.7 0.0 0.0

30R-4W, 20–22 16.34 280.12 98 93 C 23.7 22.6 8.6 6.5 3.2 4.3 6.5 0.0 4.3 0.0 0.0 0.0 3.2 0.0 0.0 4.3 1.1 0.0 2.2 7.5 1.1
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3 Results

Based on our age model, Units IV and III were deposited
during the Miocene Climatic Optimum (MCO), and Unit II
was deposited during the Middle Miocene Climate Transition
(MMCT) (Fig. 4). The foraminifera vary between and within
the lithologic units, with moderate to good preservation over-
all, with the exception of four samples from Unit III (161.12,
152.74, 151.47, and 147.05 m; CSF-A), and three samples
from Unit II (77.72, 77.68, and 77.63 m; CSF-A) that contain
orange-stained foraminifera. The most foraminiferal frag-
ments are recorded in Unit III (Fig. 4). Unit IV contains the
most consistently abundant and diverse (high simple benthic
diversity) assemblages, while Unit III foraminifera are either
present or absent, and Unit II has the lowest foraminiferal re-
covery (Fig. 4). Planktic foraminifera are very rare and spo-
radic.

3.1 Benthic foraminifer assemblages and biofacies

Benthic foraminiferal assemblages are almost exclusively
dominated by calcareous taxa and are highly variable. The
tests are moderately to well preserved with very little frag-
mentation, except in Unit III (Fig. 4). A few intervals con-
tain orange iron-stained specimens that suggest possible re-
working or winnowing on the seafloor. Agglutinated taxa
such as Martinottiella communis and Ammodiscus occur
very rarely as single specimens. Dominant or co-dominant
taxa are Globocassidulina subglobosa and Uvigerina cf. U.
fueguina, with Nonionella (N. iridea, N. novozealandica,
and N. bradii), Melonis (M. barleeanus and M. affinis) and
Globobulimina cf. G. auriculata being common in some in-
tervals (Fig. 5). Unit IV contains the most persistent, diverse,
and abundant specimens. Unit III is characterized by highly
variable abundances; samples from muddier intervals (higher
NGR values) tend to have more specimens, while samples
from diatom-rich intervals (lower NGR values) are barren or
contain few individuals. Foraminiferal recovery in Unit II is
generally poor.

Based on our Q-mode similarity index derived from the 40
samples containing at least 48 benthic specimens (Table 1),
the benthic foraminiferal assemblages are distributed across
seven benthic biofacies clusters and an additional four unique
samples (Fig. 6). The seven benthic biofacies clusters (A–
G) are defined by the abundance of specific primary (abun-
dance greater than 20 % for at least half the samples in the
biofacies group), and in some cases secondary (abundance
15 %–20 %), benthic genera and accessory benthic genera
(5 %–15 % abundance) (Table 2). In general, the benthic bio-
facies and unique assemblages are dominated by a combina-
tion of Globocassidulina (G. subglobosa), Uvigerina (cf. U.
fueguina), Melonis (M. affinis and M. barleeanus), Globobu-
limina (cf. G. auriculata), and/or Nonionella (N. iridea and
N. novozealandica). Lithologic Unit IV records five distinct
biofacies in 25 samples, Unit III contains three biofacies (A,

B, G) and all four unique assemblages in 12 samples, and
Unit II contains two biofacies (E and G) across 3 samples.
Benthic biofacies occurrences are not overly repetitive; for
example, biofacies D (dominated by Uvigerina) only occurs
within Unit IV, and all unique assemblages (X samples) are
found within Units III.

3.2 Planktic foraminifera

Planktic foraminifera occurrences are sporadic and rare, rep-
resenting an endemic species and a relatively diverse suite of
subpolar to temperate and subtropical species (Fig. 7). The
planktic assemblage is primarily composed of rare Antarc-
ticella antarctica, a taxon endemic to the Ross Sea and hy-
pothesized to have been planktonic (Leckie and Webb, 1985,
1986), with most occurrences within Unit IV (Fig. 7). In ad-
dition to A. antarctica, our preliminary investigation of Site
U1521 yielded 38 planktic specimens with biogeographic
distributions ranging from temperate to subtropical (Globo-
turborotalita druryi, Trilobatus cf. T. quadrilobatus, Globo-
conella cf. G. miozea, and Dentoglobigerina globosa), sub-
polar to temperate (Globigerinita glutinata, Globigerinita
uvula, and Turborotalita quinqueloba), and cosmopolitan
(Paragloborotalia continuosa, Paragloborotalia cf. P. pseu-
docontinuosa, Globorotaloides suteri, Tenuitella angustium-
blicata, and Tenuitella munda) (Table 3). Additionally, we
note an occurrence of Globorotallidae of unknown genus and
species (Plate B5 in Appendix B) in Unit III.

These planktic foraminifera are generally moderately to
well preserved, occur in very low abundances ranging from
one to six specimens within a given sample, and are present
in Units IV, III, and II (Fig. 7). All warm planktic occurrences
coincide with muddy terrigenous sediment (high NGR)
rather than biosiliceous sediment. The sample with the high-
est abundance of warmer-water planktic specimens is mud-
dominated with radiolarians and pteropods at ∼ 16.15 Ma
(166.13 m; CSF-A) in Unit III. The youngest occurrences of
the subtropical to temperate planktic foraminifera (T. munda,
D.globosa, G. obesa, and Globoconella cf. G. miozea) is
at ∼ 16.12 Ma in Unit III, the youngest subpolar to temper-
ate taxon (G. glutinata) is at ∼ 14.09 Ma in Unit II, and the
youngest cosmopolitan planktic foraminiferal species (T. an-
gustiumblicata) is at ∼ 14.09 Ma in Unit II.

4 Discussion

4.1 Foraminiferal abundances at Site U1521 and
elsewhere in the Ross Sea

Marine sediment core samples from Antarctica typically
have low foraminiferal abundances (e.g., Fillon, 1974; Oster-
man and Kellogg, 1979; Leckie and Webb, 1980, 1983, 1986;
D’Agostino and Webb, 1980; Steinhauff and Webb, 1987;
Melis and Salvi, 2009; Patterson and Ishman, 2012; Majew-
ski et al., 2018, 2020; Dameron et al., 2024; Seidenstein et
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Figure 4. Summary of results comparing (from left to right) the total foraminiferal counts from Site U1521, percent benthic foraminiferal
fragments, simple benthic diversity (number of benthic species) to natural gamma ray (NGR) (gAPI) (McKay et al., 2019), and low-latitude
Pacific benthic foraminiferal δ13Cbf and δ18Obf records from Sites U1337 and U1338 (Holbourn et al., 2014, 2015). Dashed black line marks
the boundary between Unit IV and III. Paleomagnetic reversals C5Cn.1n/C5Cn.1r (16.261 Ma; GTS2020) and C5Br/C5Cn.1n (15.994 Ma;
GTS2020) are marked with a red line in the total forams (foraminifera) plot. Ross Sea Unconformity boundaries (RSU4a, RSU4, and RSU3)
are marked with a squiggly black line. The Mi2 and Mi3 glaciations and Carbon Maxima events (Flower and Kennett, 1993; Shevenell
et al., 2004; Holbourn et al., 2022) are labeled, along with the lithologic units from Site U1521 and the timing of the MCO and MMCT
(e.g., Steinthorsdottir et al., 2021).

al., 2024). At Site U1521, Units IV and III, and lower Unit
II, the average foraminiferal abundance is 1.9 specimens g−1

of sediment, with as many as 17 specimens g−1 (not count-
ing core-catcher samples, which were not weighed). The low
abundances of calcareous benthic foraminifera may be an
issue related to dissolution, or selective dissolution, as sug-
gested by some of the earlier work on the DSDP Leg 28 sites
drilled on the continental shelf. At Site U1521, increased
foraminiferal fragmentation is recorded in the biosiliceous
(low NGR) intervals of Unit III (Fig. 4). In addition, the over-
all moderate to good preservation of specimens observed in
this study does not indicate the pervasive reworking, trans-
port, or selective preservation of species with thick or resis-
tant tests; i.e., most of the specimens from Site U1521 do not

resemble residual assemblages as observed in the Miocene
Ross Ice Shelf Project (RISP) cores (Dameron et al., 2024).
Rather, the cold, harsh seafloor may limit population sizes
due to the low availability of dissolved carbonate ion (CO2−

3 )
in Antarctic waters for building their tests (Azetsu-Scott et
al., 2010; Cummings et al., 2011; Hauck et al., 2012). We
do suspect that the more diatom-rich intervals at Site U1521
are corrosive to carbonate because those intervals tend to
be barren of foraminifera or contain elevated numbers of
foraminiferal fragments and originally may have been more
organic-rich and acidic at the seafloor (e.g., Emerson and
Bender, 1981; Sachs et al., 2009; Hauck et al., 2013). Car-
bonate preservation in the uppermost layers of the sediment
is a serious syn- to post-deposition problem in diatom-rich

https://doi.org/10.5194/jm-43-383-2024 J. Micropalaeontology, 43, 383–421, 2024



392 S. E. Bombard et al.: Miocene Climatic Optimum and Middle Miocene Climate Transition

Figure 5. Benthic genera and Antarcticella antarctica relative abundances (%) for the 40 samples containing at least 48 benthic specimens
to depth CSF-A. Benthic genera percent abundances are relative to total benthics. Paleomagnetic reversals C5Cn.1n/C5Cn.1r (16.261 Ma;
GTS2020) and C5Br/C5Cn.1n (15.994 Ma; GTS2020) are marked with a dashed red line (McKay et al., 2019; Marschalek et al., 2021).

sediments of the Ross Sea (Seidenstein et al., 2024). At Site
U1521, we can demonstrate that sediments with more ter-
rigenous mud content and less biosiliceous material have bet-
ter preservation and abundance of calcareous foraminifera.

For comparison with this study, Leckie and Webb (1983,
1986) documented the foraminifera from the upper
Oligocene–Lower Miocene glaciomarine sediments of Site
270 in the central Ross Sea, north of the Ross Ice Shelf.
In a study of 110 samples, these authors recognized four
assemblage zones based on 27 representative samples with
the most specimens (∼ 25 % of the total samples examined);
of these, the average is 88 specimens per sample, with six
samples having more than 100 specimens and six samples
having 20–50 specimens. Seidenstein et al. (2024) found a
similar issue of low foraminiferal abundances in the Plio-
Pleistocene at IODP Site U1523 cored on the shelf break of
the Ross Sea, northeast of Pennell Bank. Of the 131 samples
examined, 42 (∼ 32 % of the investigated samples) contain
at least 40 benthic specimens, with an average of 84 speci-
mens per sample; 12 samples have > 100 specimens, while
36 samples have 50 or more specimens. Additionally, Pat-
terson and Ishman (2012) noted the same challenges from
the 163 Lower–Middle Miocene (∼ 125 to 500 m) samples
examined from ice proximal site AND-2A. Of the 163 sam-

ples, 22 samples (∼ 13.4 %) have 11–50 specimens, and 4
samples (∼ 2.5 %) have greater than 50 specimens; the re-
maining 137 samples have rare (fewer than 11 specimens)
or no foraminifera. Despite the generally low numbers of
foraminifera, robust stratigraphic trends with valuable pale-
oecological implications have emerged from these studies,
informed by rarefaction analysis (Sanders, 1968), to identify
a reasonable minimum number of specimens for cluster anal-
yses (e.g., Seidenstein et al., 2024; this study), which bear
on important issues of water mass, bottom-water circulation
activity, productivity, and paleobathymetry of the Ross Sea
continental shelf.

An interesting question is why there are so few aggluti-
nated species and specimens in our studied samples. Poor
preservation potential of agglutinated tests is one possibility
(e.g., Majewski et al., 2018); another is not having the ideal
depositional conditions. Leckie and Webb (1983, 1986) re-
ported abundant agglutinated species in two discrete intervals
of the upper Oligocene–Lower Miocene at DSDP Site 270 in
the central Ross Sea, which suggests that these two inter-
vals had water mass or interstitial pore water characteristics
favorable for agglutinated taxa (e.g., low temperature, low
pH, and the absence of strong currents). Late Pleistocene-
and Holocene-aged sediments of the Ross Sea middle and
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Table 2. Primary taxa (> 20 % relative abundance), secondary taxa (15 %–20 %), and accessory taxa (5 %–15 %) of biofacies (A–G) and
unique assemblages (X1–X4).

outer shelf, i.e., biosiliceous muds, are characterized by ag-
glutinated assemblages in open-marine conditions with sea-
sonal sea ice and exposure to corrosive High-Salinity Shelf
Water (HSSW) created by brine-rejection processes during
annual sea ice formation in polynyas north of the Ross Ice
Shelf (e.g., Kennett, 1968; Osterman and Kellogg, 1979; Ish-
man and Szymcek, 2003; Melis and Salvi, 2009; Majewski
et al., 2016, 2018, 2020; Melis et al., 2021). These distinc-
tive agglutinated assemblages, typically dominated by taxa
including Miliammina and Portatrochammina, are not ob-
served in the Miocene samples from Site U1521 that are stud-
ied here. Does this imply that HSSW was not being produced
during the Miocene, and furthermore, does the absence of
these distinctive agglutinated assemblages provide implica-
tions about the size of the Antarctic Ice Sheet and the ex-
istence of katabatic winds and sea ice polynyas during the
MCO and MMCT?

4.2 Benthic biofacies interpretations

Benthic foraminifera from Site U1521 record a history of
changing environmental conditions in the Ross Sea in re-
sponse to the MCO and MMCT. We identified seven benthic

biofacies with primary taxa that provide valuable insight into
the character of the Ross Sea during the MCO and MMCT.
We interpret each of these biofacies as being diagnostic of
specific environmental conditions, which allows us to spec-
ulate about what the Ross Sea may have looked like when
there is an abundance of one or more of these benthic taxa
(Table 4). The two most common taxa, Globocassidulina
subglobosa and Uvigerina cf. U. fueguina (or Trifarina ear-
landi in the late Neogene and Quaternary), have dominated
or co-dominated Ross Sea continental shelf glaciomarine
foraminiferal assemblages since the latest Oligocene–Early
Miocene, including intervals of DSDP Site 270 (Leckie and
Webb, 1980, 1983, 1986); the late Early to Middle Miocene
of DSDP Site 273 (D’Agostino and Webb, 1980); and Site
272 (Steinhauff and Webb, 1987); the Late Miocene of RISP
Site J-9 (Dameron et al., 2024); and the Plio-Pleistocene
of IODP Site U1523 (Seidenstein et al., 2024). We suggest
that the mix or alternation of Globocassidulina and Uvigeri-
na/Trifarina on the Ross Sea continental shelf during the
Neogene and Quaternary (today including G. subglobosa, G.
biora, G. crassa rossensis, and Trifarina earlandi; e.g., Melis
and Salvi, 2009; Majewski et al., 2018, 2020; Prothro et al.,
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Figure 6. Q-mode similarity plot. Sample ID, depth in CSF-A (m), and age with interpreted biofacies A–G or unique assemblages X1–X4.
Genera in bold are the primary taxa. Solid red lines mark the division between the interpreted biofacies.

2018) reflect the dynamics of water mass influence, current
activity, and productivity, including the present-day climatic
impacts of basal melting by modified Circumpolar Deep Wa-
ter (mCDW) (e.g., Hillenbrand et al., 2017).

Globocassidulina subglobosa is the most abundant ben-
thic species in the Lower to Middle Miocene of Site U1521.
We hypothesize that G. subglobosa is a proxy for deep wa-
ters that impinge on the continental margin of the Ross Sea
from the Southern Ocean, which is here referred to as proto-
Circumpolar Deep Water (pCDW). This pCDW differs from
late Neogene and Quaternary CDW because relatively warm
Northern Component Water, the precursor of North Atlantic
Deep Water, was not being produced during the time inter-
val of our study (e.g., Wright et al., 1991), but a Tethyan-
sourced warm saline deep-water mass was likely present in
the southwest Pacific at this time (Flower and Kennett, 1995;
Shevenell and Kennett, 2004). We base this G. subglobosa–
pCDW connection on the following evidence: (1) Globocas-

sidulina subglobosa has been a common, widespread lower-
bathyal–abyssal taxon (1500–4000 m; Corliss, 1979, 1983;
Peterson and Lohmann, 1982; Peterson, 1984; Mackensen
and Berggren, 1992; Schmiedl and Mackensen, 1997) since
the Early Eocene (e.g., Mackensen and Berggren, 1992). To-
day, G. subglobosa is associated with CDW in the southwest
Atlantic (Hodell et al., 1983) and southwest Pacific (Hay-
ward et al., 2007, 2013). Globocassidulina subglobosa in-
vaded the continental shelf of the Ross Sea as Antarctica be-
came increasingly glaciated during the Oligocene and Early
Miocene (Leckie and Webb, 1983, 1986; Webb et al., 1986;
Coccioni and Galeotti, 1997; Strong and Webb, 2000, 2001;
Webb and Strong, 2006; Patterson and Ishman, 2012). (2) In
modern Ross Sea sediments, Globocassidulina spp. (G. sub-
globosa, G. biora, and G. rossensis) is the dominant genus in
the sub-ice-shelf facies proximal to grounding-zone wedges
of the retreating Last Glacial Maximum (LGM) ice sheet in
the western and eastern Ross Sea (Melis and Salvi, 2009;
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Table 3. Warm planktic species, their geographic distribution, and the age and depth of occurrences at Site U1521.

Species Geographic distribution When (Ma) and where present (m; CSF-A)

Globoturborotalita druryi Subtropical to temperate 16.15 Ma (165.27 and 166.13 m) and 16.30 Ma (244.63 m)

Dentoglobigerina globosa Subtropical to temperate 16.12 Ma (152.74 m) and 16.23 Ma (194.98 m)

Globoconella cf. G. miozea Subtropical to temperate 16.12 Ma (152.74 m) and 16.24 Ma (197.82 m)

Globigerinella obesa Subtropical to temperate 16.12 Ma (152.74 m)

Globigerinita glutinata Subpolar to temperate 14.09 Ma (77.63 m), 16.15 Ma (166.13 m), 16.31 Ma
(253.12 m), 16.32 Ma (262.93 m), and 16.34 Ma (275.82 m)

Globigerinita uvula Subpolar to temperate 16.24 Ma (197.67 m) and 16.34 Ma (272.39 m)

Turborotalita quinqueloba Subpolar to temperate 15.96 Ma (95.21 m), 15.98 Ma (104.16 m), 16.15 Ma
(165.88 m), 16.27 Ma (210.56 m), and 16.30 Ma (240.65 m)

Paragloborotalia continuosa Cosmopolitan 16.24 Ma (197.67 m)

Paragloborotalia pseudocontinuosa Cosmopolitan 16.23 Ma (194.98, 195.53, and 195.91 m) and 16.28 Ma
(220.19 m)

Globorotaloides suteri Cosmopolitan 16.30 Ma (244.63 m)

Tenuitella angustiumblicata Cosmopolitan 14.09 Ma (77.68 m), 16.12 Ma (152.74 m), 16.15 Ma
(166.13 m), and 16.24 Ma (197.67 m)

Tenuitella munda Cosmopolitan 16.12 Ma (152.74 m) and 16.15 Ma (166.13 m)

Trilobatus cf. T. quadrilobatus Cosmopolitan 16.30 Ma (244.63 m)

Globorotallidae 15.96 Ma (93.97 m)

Table 4. Key species and genera with favored environmental conditions and biofacies occurrences.

Taxa Environmental conditions References Biofacies or assemblage
primary taxa

Globocassidulina
subglobosa

Circumpolar Deep Water;
Ross Sea grounding-zone
wedges

Schmiedl et al. (1997), Hayward et al.
(2007), Melis and Salvi (2009), Hillenbrand
et al. (2017), Bart et al. (2016), Prothro et al.
(2018), Majewski et al. (2018, 2020), Sei-
denstein et al. (2024)

A, B, C, E, F, G, X2, and
X3
∗ Rare to absent in X1 and
X4

Uvigerina sp. Enhanced bottom-current activity;
high productivity;
continental shelf edge

Kellogg et al. (1979), Ishman and Szymcek
(2003), Jorissen et al. (2007), Majewski et
al. (2018), Seidenstein et al. (2024)

B, C, D, F, X2, and X4

Nonionella spp.,
N. iridea,
N. novozealandica

Neritic – upper bathyal;
high flux of organic carbon;
Circumpolar Deep Water?

Gooday (1986), Mackensen et al. (1990),
Gooday and Hughes (2002), Duchemin et
al. (2008), Gooday (2003), Hillenbrand et
al. (2017)

X1

Melonis spp.,
M. affinis,
M. barleeanus

High productivity Bornmalm (1997), McCorkle et al. (1997),
Schmiedl et al. (1997), Gooday (2003),
Jorissen et al. (2007), Knudsen et al. (2012)

G and X1

Globobulimina cf.
G. auriculata

Low oxygen McCorkle et al. (1997), Gooday (2003),
Bernhard et al. (2012), Knudsen et al.
(2012), Woehle et al. (2018, 2022)

X2

Elphidium spp.,
E. magellanicum,
E. excavatum

Neritic< 150 m Poag (1981), Hayward et al. (1997a, b),
Ward et al. (1987), Leckie and Olson (2003)

Not a primary taxon;
key accessory
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Figure 7. Planktic foraminifera from IODP Site U1521 for Units IV, III, and II. From left to right are the total forams in percent of Antarc-
ticella antarctica (a presumed endemic Antarctic planktic species; Leckie and Webb, 1985); warmer-water planktic diversity (number of
species within a sample); and the occurrences of cosmopolitan planktics (triangle), subpolar to temperate planktics (square), and subtropical
to temperate (circles) compared to NGR (gAPI) (McKay et al., 2019) and the low-latitude Pacific benthic foram δ13Cbf and δ18Obf record
from ODP Sites U1337 and U1338 (Holbourn et al., 2014, 2015). Dashed black line marks the boundary between Unit IV and III. Paleo-
magnetic reversals C5Cn.1n/C5Cn.1r (16.261 Ma; GTS2020) and C5Br/C5Cn.1n (15.994 Ma; GTS2020) are marked with a red line in the
total forams plot. Ross Sea Unconformity boundaries (RSU4a, RSU4, and RSU3) are marked with a squiggly black line. The Mi2 and Mi3
glaciations and Carbon Maxima events (Flower and Kennett, 1993; Shevenell et al., 2004; Holbourn et al., 2022) are labeled, along with the
lithologic units from U1521 and the timing of the MCO and MMCT (e.g., Steinthorsdottir et al., 2021).

Bart et al., 2016; Prothro et al., 2018; Majewski et al., 2018,
2020). The grounded LGM ice sheet retreat was facilitated
in part by melting caused by incursion of relatively warm
CDW/mCDW onto the Ross Sea continental shelf (Prothro
et al., 2018; Smith et al., 2019). (3) In a core near the Pine
Island Glacier of the West Antarctic Ice Sheet, Hillenbrand
et al. (2017) documented dominant G. subglobosa and Non-
ionella spp. in an interval with low-δ13Cbf values (higher
nutrients) and warm benthic temperatures (Mg/Ca) indica-
tive of CDW during the early Holocene (11.7–7.5 ka) which
abruptly changed to Trifarina earlandi (reported as Angu-
logerina angulosa) dominance and higher-δ13Cbf (lower nu-
trients) values and cooler temperatures in the late Holocene.
This is strong supporting evidence of an association be-

tween G. subglobosa and CDW/mCDW. And, (4) incursions
of warmer-water planktic foraminifera (temperate to subpo-
lar species) are associated with abundances of G. subglo-
bosa in the Pliocene–lower Pleistocene of the Ross Sea shelf
edge Site U1523 (Seidenstein et al., 2024), the uppermost
Oligocene–Lower Miocene of Site 270 (Leckie and Webb,
1986), and in the Miocene at Site U1521 (this study).

At Site U1521, incursions of pCDW are interpreted to be
strongest during occurrences of G. subglobosa-rich biofacies
samples A, B, C, E, F, G, X2, and X3 (Table 2). Globocas-
sidulina is rare to absent in samples X1 and X4, which we
suggest represents the diminished influence from pCDW. We
hypothesize that the Ross Sea has been bathed by slope wa-
ters originating from the Southern Ocean, in this case proto-
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CDW, since the continent was first glaciated. We interpret
Globocassidulina subglobosa and its late Neogene descen-
dants, G. rossensis and G. biora (Majewski et al., 2021), to
be cold-water bathyal invaders and opportunists with CDW
affinities that have come to dominate many foraminiferal as-
semblages of the Ross Sea and Antarctic continental margin
(e.g., Seidenstein et al., 2024).

Uvigerina cf. U. fueguina is the second most dominant
taxon in the Ross Sea in the Lower to Middle Miocene of Site
U1521. Based on phylogenetic analyses and genetics, Uvige-
rina and Trifarina are closely related genera (Schweizer et
al., 2005). During the Plio-Pleistocene, Trifarina earlandi
is a proxy for enhanced bottom currents, sandy sediment,
and high productivity, primarily associated with the conti-
nental shelf break (Osterman and Kellogg, 1979; Ishman and
Szymcek, 2003; Jorissen et al., 2007; Majewski et al., 2018;
Seidenstein et al., 2024). We suggest that Uvigerina cf. U.
fueguina is paleoecologically similar to Trifarina earlandi;
thus it is likely an indicator of the conditions associated with
the continental shelf edge and/or strong bottom-water flow
(e.g., residual glaciomarine facies of Prothro et al., 2018).
The Ross Sea continental shelf edge is a zone of high pro-
ductivity, enhanced current activity (i.e., the Antarctic Slope
Current), and coarser sediment sizes, where finer diatoma-
ceous mud tends to be winnowed away by the ASC (e.g.,
Kim et al., 2020; Prothro et al., 2018). At Site U1521, high
abundances of Uvigerina are characteristic of biofacies B, C,
D, and F and unique samples X2 and X4 (Table 2).

Nonionella is a proxy for upper bathyal–outer neritic set-
tings under a high flux of organic carbon. The two domi-
nant Nonionella species recorded at Site U1521 are N. iridea
and N. novozealandica, although N. bradii is also present.
These taxa are interpreted to be opportunistic species that
respond positively to phytodetritus (Gooday, 1986; Mack-
ensen et al., 1990; Gooday and Hughes, 2002; Duchemin
et al., 2008; Gooday, 2003). At Site U1521, assemblage X1
and one occurrence of biofacies A (∼ 16.12 Ma) are the only
assemblages dominated by Nonionella. Nonionella is often
found in association with Globocassidulina subglobosa in
the Miocene of Site U1521. Hillenbrand et al. (2017) report
Nonionella spp. in close association with G. subglobosa in an
early Holocene interval strongly influenced by the CDW/m-
CDW along the margin of the West Antarctic Ice Sheet. Mel-
onis is a moderately deep infaunal taxon and an indicator of
refractory organic matter and fine-grained sediment (Born-
malm, 1997; McCorkle et al., 1997; Schmiedl et al., 1997;
Gooday, 2003; Jorissen et al., 2007; Knudsen et al., 2012).
Melonis appears as a primary taxon in biofacies G and unique
assemblage X1 (Table 2). Both Nonionella and Melonis are
abundant during intervals of high productivity. Globobulim-
ina cf. G. auriculata, a deep infaunal and delicate taxon, is
a proxy for high productivity and low interstitial oxygen lev-
els (McCorkle et al., 1997; Gooday, 2003; Bernhard et al.,
2012; Knudsen et al., 2012; Woehle et al., 2018, 2022). At

Site U1521, Globobulimina is dominant in sample X2 and
occurs as an accessory taxon in biofacies B (Table 2).

4.3 Significance of warmer-water planktic foraminifera

At Site U1521, we note occurrences of planktic foraminifera
endemic to Antarctica and species of planktics with a much
wider and warmer geographic range. The only endemic and
presumed planktic foraminiferal taxon in Antarctica during
the Early to Middle Miocene was Antarcticella antarctica
(Leckie and Webb, 1985, 1986; this study). The presence
of A. antarctica is still under consideration with respect to
whether it was actually planktonic and, if so, whether it pre-
ferred open-marine or sea ice conditions. We hypothesize
that A. antarctica may have thrived in association with sea
ice, perhaps becoming benthic-like while grazing diatoms at-
tached to the ice. Neogloboquadrina pachyderma is known
to be associated with sea ice in the Southern Ocean, includ-
ing hibernation in brine channels; N. pachyderma has been
shown to be very tolerant, adaptable, and resilient to the
harsh seasonal cycle of the southern high latitudes (Lipps
and Krebs, 1974; Spindler and Dieckmann, 1986; Schiebel
et al., 2017; Westgard et al., 2023). When A. antarctica is
present, it is typically in an abundance of 1 to 10 specimens
with variable preservation. Three samples of∼ 10 specimens
each of A. antarctica were collected for isotopic analysis in
order to test its planktonic habitat, but unfortunately it failed
the quality assurance and quality control (QA–QC) test due
to the small sample size.

In addition to A. antarctica, we identified Miocene-aged
planktic foraminifera that are typically found in subtropi-
cal to temperate regions (Globoturborotalita druryi, Trilo-
batus cf. T. quadrilobatus, Globoconella cf. G. miozea, and
Dentoglobigerina globosa), temperate to subpolar regions
(Globigerinita glutinata, G. uvula, and Turborotalita quin-
queloba), and cosmopolitan taxa that are not normally found
near Antarctica (Paragloborotalia continuosa, Paragloboro-
talia cf. P. pseudocontinuosa, Globorotaloides suteri, Tenu-
itella angustiumblicata, and T. munda) (Fig. 7; Table 3).
Warmer-water planktic species were reported from other
Ross Sea drill sites, including the uppermost Oligocene to
Lower Miocene of DSDP Site 270 (Leckie and Webb, 1986),
the Pliocene and lower Pleistocene IODP Site U1523 (Sei-
denstein et al., 2024), and in near-surface sediments in Mc-
Murdo Sound (Ward et al., 1987). The low abundance of
these warmer-water planktic foraminifera, ranging from zero
to six specimens, suggests that the species were likely not
living in the Ross Sea but rather were transported by ocean
currents to the Ross Sea. Their presence may signal times
when the Polar Front (PF) was closer to Antarctica, when the
sea surface temperature gradient across the PF was weaker,
and/or when the Antarctic Circumpolar Current was weaker
(Herold et al., 2012; Hill et al., 2013; Evangelinos et al.,
2020; Seidenstein et al., 2024). The sporadic occurrences of
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warmer-water planktic foraminifera suggest polar amplifica-
tion in the Ross Sea during the MCO and MMCT.

We propose that the warmer planktic foraminifera found
in the Ross Sea were transported either via warm surface wa-
ter incursions by way of the Ross Gyre and/or by incursions
of deep water (e.g., pCDW) originating from the Southern
Ocean. According to previous studies, there is evidence to
support the presence of warm water (surface and deep wa-
ter) closer to the Antarctic margin during the Early to Middle
Miocene. For example, during the late Oligocene to Middle
Miocene, the Subtropical Front (boundary between cool sub-
tropical waters and subantarctic surface waters) was located
at ∼ 60° S latitude (Nelson and Cooke, 2001), which is fur-
ther south than the Antarctic Polar Front is today at ∼ 56° S.
Based on dinocyst assemblages at IODP Hole U1356A from
the Wilkes Land margin, Sangiorgi et al. (2018) documented
the dominance of phototrophic gonyaulacoid taxa during
the MCO and described the MCO as a time of inland re-
treat of the ice sheet, temperate vegetation, and warm olig-
otrophic waters. Another study from the Wilkes Land mar-
gin (DSDP Site 269) found evidence for a shift in the Po-
lar Front during the late Oligocene to Early Miocene (Evan-
gelinos et al., 2020). At 23.23 Ma (Early Miocene), Evan-
gelinos et al. (2020) note a shift in sedimentological (im-
proved carbonate preservation), geochemical (Nd signature
resembling modern CDW), and palynological data (increase
in G cysts similar to modern temperate and oligotrophic wa-
ters) at DSDP Site 269, suggesting a prolonged expansion
of proto-CDW closer to the Wilkes Land margin. Evangeli-
nos et al. (2020) concluded that a weaker frontal system and
weaker ACC allowed low-latitude warm waters to be present
near the Antarctic margin. Numerical modeling studies (e.g.,
Herold et al., 2012) also indicate a weaker ACC during this
time. Our planktic foraminiferal record from Site U1521 fur-
ther supports the occasional presence of warmer water as far
south as the Ross Sea during the MCO and MMCT.

During the MCO there are multiple intervals of warm
planktic foraminiferal occurrences. We note the occurrences
of cosmopolitan, subpolar–temperate, and subtropical–
temperate species throughout Unit IV (Fig. 7). The presence
of these warmer-water invaders coincides with peak warmth
3 (∼ 16.351–16.261 Ma) at ice proximal site AND-2A (Levy
et al., 2016). Peak warm episodes are intervals during which
the AIS grounding-lines retreated inland of the coastal mar-
gin with sediments that are rich in terrestrial palynomorphs
and surface water temperatures that are 6–10 °C warmer than
today (Levy et al., 2016). We suggest the warm planktics
were transported into the Ross Sea during peak warmth 3
under a weaker frontal system. Within Unit III, characterized
as the warmest interval of the MCO (Browne et al., 2022),
there are three distinct intervals of warm planktic occur-
rences. First, in core 21 (∼ 16.24–16.23 Ma), there are five
samples with warm planktics, including Paragloborotalia
pseudocontinuosa (cosmopolitan) and Dentoglobigerina glo-
bosa (subtropical to temperate), that coincide with a peak

in NGR interpreted as an interglacial interval rich in mud
and poor in biosiliceous sediment. The next pulses of warm
planktic foraminifera occur within cores 18 (∼ 16.15 Ma)
and 17 (∼ 16.12 Ma), coinciding with generally mud-rich
and diatom-poor sediments (interglacial conditions) and two
pronounced depleted peaks in δ18Obf from the eastern Pa-
cific (Holbourn et al., 2014, 2015), suggesting that this was
a time of warming and less ice (possibly a peak warm
episode not captured at AND-2A). The final pulse of warm
planktic foraminifera in the MCO interval at Site U1521
is composed of Turborotalita quinqueloba and Globorotal-
lidae and occurs near the top of Unit III within cores 12
and 11 (∼ 15.98–15.96 Ma). We suggest that the absence of
subpolar-temperate species after ∼ 16.15 Ma was the conse-
quence of either the northward shift in the frontal system
(e.g., Sangiorgi et al., 2018), the establishment of a stronger
ACC (e.g., Herold et al., 2012; Evangelinos et al., 2020), and
or diminished warm-water incursions due to cooling during
the Mi2 glaciation (Miocene Isotope event 2, ∼ 16.0 Ma).

After the MCO and RSU4, warm planktic foraminifera
briefly reappear in the Ross Sea during the MMCT. In Unit
II (MMCT), no subtropical to temperate species were noted;
only cosmopolitan and subpolar to temperate taxa are present
in two samples from Core 374-U1521-9R-CC. The identifi-
cation of warmer-water planktics in the Ross Sea during the
MMCT is important as their presence suggests occasional
incursions of warm water prior to the major Mi3 glaciation
(∼ 13.9–13.8 Ma), which is possibly a cause of ice sheet re-
treat and the end of RSU4 erosion. We speculate that the
presence of warmer-water taxa during the MMCT may sug-
gest a weaker frontal system at ∼ 14.09 Ma (Table 3, Fig. 7).
Additionally, the planktic foraminiferal specimens are well
preserved and white, whereas the benthic specimens are or-
ange. A possible explanation for the preservation differences
is that the benthics are reworked from deglaciation melt and
that the planktics are in situ. A future study focused on
MMCT interval is needed before any further concrete con-
clusions can be made.

4.4 Unit IV: Miocene Climatic Optimum and continental
shelf progradation

Unit IV (∼ 16.34 to ∼ 16.26 Ma; late Early Miocene) is a
complex unit deposited during the early stages of the MCO.
Prior to the deposition of Unit IV, the ice sheet grounding line
was proximal to or north of Site U1521, causing widespread
erosion that created RSU4a (Figs. 8, 9; Marschalek et al.,
2021; Pérez et al., 2022). After the erosion of RSU4a, the
grounding line retreated, allowing for the deposition of Unit
IV. Unit IV comprises 45.17 m of the recovered sediment
(total thickness 71.55 m) deposited over ∼ 80 000 years.
The sequence suggests two progradational cycles based on
the pattern of the natural gamma ray (NGR) record, with
higher NGR values corresponding to greater terrigenous mud
content and lower NGR values corresponding to greater
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biosiliceous content (McKay et al., 2019; Christopoulou et
al., 2023). Pérez et al. (2022) noted that during the Early
Miocene there were periods of localized marine-based ice
margin advances identified from the formation of thick sed-
iment wedges that prograded into the basins. This is likely
the case for the deposition of Unit IV, a short-lived prograda-
tional event, or events, within a shallow embayment. What
makes Unit IV particularly interesting is the combination
of the high sedimentation rate, the persistence of relatively
abundant and diverse benthic foraminiferal assemblages, and
multiple occurrences of warmer-water planktic foraminifera.
The benthic biofacies from Unit IV suggest three distinct
paleoenvironments: a proximal sub-ice shelf with Globocas-
sidulina dominance, a distal sub-ice shelf and shelf progra-
dation with Uvigerina dominance, and a transitional open-
marine setting with alternating Uvigerina–Globocassidulina
dominance.

The lower interval of Unit IV (∼ 16.35 to
16.34 Ma) is characterized by biofacies C (Globocas-
sidulina> Uvigerina) (Fig. 8). We hypothesize that
intervals with an abundance of Globocassidulina subglobosa
are associated with incursions of pCDW as the ice sheet
retreated from the outer Ross Sea continental shelf after
RSU4a. The δ18Obf records from the low-latitude Pacific
(Holbourn et al., 2014, 2015) show a depletion during this
interval, suggesting warmer conditions with a lower ice
volume (Fig. 8). Incursions of pCDW are enhanced during
a warmer climate (e.g., Colleoni et al., 2018). Additionally,
the base of Unit IV contains a sharp increase in clasts
recording increased meltwater and deposition of ice-rafted
debris as the grounded ice sheet retreated during deglacial
warming (McKay et al., 2019). Together, the abundance of
G. subglobosa, the warmer record with a lower ice volume
isotope (Holbourn et al., 2014, 2015; Shevenell et al., 2008),
and the increased clast abundance of the lowermost interval
of Unit IV (McKay et al., 2019) suggest a proximal sub-ice
shelf environment from ∼ 16.35–16.34 Ma.

Within the middle and upper Unit IV (∼ 16.34 to
16.28 Ma), the benthic biofacies shift to an increase
in Uvigerina relative to Globocassidulina. Benthic
biofacies D (Uvigerina) is the dominant biofacies
punctuated by occurrences of biofacies C (Globo-
cassidulina>Uvigerina), biofacies E (Globocas-
sidulina>Uvigerina>Nonionella), and biofacies F (Globo-
cassidulina>Uvigerina>Melonis>Anomalinoides)
(Fig. 8). The rise in Uvigerina suggests increased current
activity (e.g., Antarctic Slope Current and/or bottom currents
from basal melt) and enhanced productivity associated with
the northward progradation of the continental shelf break
during rapid deposition of Unit IV. The δ18Obf record
(Shevenell et al., 2008; Holbourn et al., 2014, 2015) in-
dicates a shift to cooler conditions but not necessarily an
increase in ice volume (Fig. 8). Under cooler conditions,
enhanced winds may have intensified the Antarctic Slope
Current (Thompson et al., 2018; Conte et al., 2021), pro-

viding the ideal environmental conditions for Uvigerina.
Within the middle of Unit IV, a sharp decrease in clast
abundance, increasing NGR, and magnetic susceptibility
(McKay et al., 2019), together with the rise in Uvigerina,
suggest a prograding continental shelf in a distal sub-ice
shelf environment from ∼ 16.34–16.28 Ma (Fig. 8). The
end of the first progradational sequence is marked by the
sharp reduction in NGR and magnetic susceptibility, an
increase in biosiliceous sediments (McKay et al., 2019),
and a decrease in foraminifera, suggesting a transitional
open-marine environment at ∼ 16.27 Ma (Fig. 9).

The uppermost interval of Unit IV (∼ 16.28 to 16.27 Ma)
records a decrease in Uvigerina with an increase in Globo-
cassidulina, similar to the base of Unit IV. The ben-
thic biofacies clusters include single occurrences of biofa-
cies C (Globocassidulina>Uvigerina), biofacies A (Globo-
cassidulina – Nonionella), and biofacies E (Globocas-
sidulina>Uvigerina>Nonionella) (Fig. 8). The Pacific
δ18Obf records (Holbourn et al., 2014, 2015) (Fig. 8) again
suggest a shift to warmer conditions with less ice. The
increase in Globocassidulina may be due to enhanced
pCDW incursions during warmer conditions. The return of
foraminifera, dominated by Globocassidulina, and peak of
NGR mark the second progradational cycle in Unit IV.

We interpret Unit IV and the basal part of Unit III to
comprise three progradational sequences (obliquity cycles?).
The oldest cycle (lower and middle of Unit IV) is a trans-
gression followed by regression with progradation of muddy
and increasingly ice-rafted detritus or debris (IRD) clast-
poor sediments. It is remarkable that the in situ calcare-
ous benthic foraminiferal assemblages are persistent, mod-
erately diverse, and well preserved throughout Unit IV due
to the dominance of mud-rich sediment and the general ab-
sence of corrosive biosiliceous sedimentation. The second
cycle of Unit IV is transitional with the overlying Unit III
(Fig. 8). The third cycle, at the base of Unit III, con-
tains the same NGR architecture as the previous two cy-
cles of Unit IV. These three progradational cycles proba-
bly represent deglacial and interglacial conditions charac-
terized by melting, runoff, and rapid terrigenous sedimenta-
tion. Progradation is terminated by short-lived glacial events
corresponding with less runoff, open-marine conditions, and
biosiliceous sedimentation, as indicated by lower NGR val-
ues and fewer or absent foraminifera.

4.5 Unit III: Miocene Climatic Optimum and Mi2
glaciation

Unit III (late Early to Early–Middle Miocene) conformably
overlies Unit IV and records the deposition of hemipelagic
sediment in an open-marine setting (McKay et al., 2019).
The primary difference between Units IV and III is the
biosiliceous content and lack of IRD clasts (McKay et al.,
2019) deposited during the warmest interval of the MCO
(Browne et al., 2022). The sedimentary sequence of Unit III
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Figure 8. Benthic biofacies of Units IV and III (MCO). From left to right is the total forams; percent of Globocassidulina, Uvigerina,
Nonionella, Melonis, and Globobulimina; NGR (gAPI); and magnetic susceptibility (McKay et al., 2019) compared with low-latitude benthic
foraminiferal Pacific δ13Cbf and δ18Obf records from Sites U1337 and U1338 (Holbourn et al., 2014, 2015). Colored bars represent distinct
benthic biofacies, as noted in Figs. 6 and 7. Benthic biofacies are labeled on the right. Paleomagnetic reversals C5Cn.1n/C5Cn.1r (16.261 Ma;
GTS2020) and C5Br/C5Cn.1n (15.994 Ma; GTS2020) are marked with a red line in the total forams plot. Ross Sea Unconformity boundaries
(RSU4a, RSU4, and RSU3) are marked with squiggly black lines. The Mi2 glaciation and Carbon Maxima events (Flower and Kennett, 1993;
Shevenell et al., 2004; Holbourn et al., 2022) are labeled, along with the lithologic units from Site U1521 and interpreted biofacies.

alternates between muds with moderate NGR values, inter-
preted as interglacial intervals with greater melting and ter-
rigenous runoff, and diatom-rich and diatom-bearing muds
with lower NGR values, interpreted as glacial intervals. The
sporadic abundances of foraminifera in Unit III are likely due
to the corrosive nature of the glacial diatom-rich intervals and
better preservation of foraminiferal carbonate in the muddier
interglacial intervals of Unit III.

The lower portion of Unit III (∼ 16.26 to 16.06 Ma) is
dominated by biofacies A (Globocassidulina>Nonionella)
with an occurrence of biofacies X1 (Nonionella>Melonis)
and X4 (Uvigerina) (Fig. 8). Biofacies A contains the high-
est abundances of Globocassidulina out of all the biofacies
recorded at Site U1521, with Nonionella as the secondary
taxon (similar to Hillenbrand et al., 2017). The dominance
of Globocassidulina suggests enhanced incursions of pCDW.

Biofacies X1 (∼ 16.24 Ma) and X4 (∼ 16.15 Ma) are very
different from biofacies A due to the near-absence of Globo-
cassidulina. We infer the absence of Globocassidulina to in-
dicate diminished pCDW incursions onto the Ross Sea con-
tinental shelf. In addition to the biofacies, there is an inter-
val at∼ 16.2 Ma during which foraminifera were not present,
likely due to dissolution in an open-marine setting.

The middle interval of Unit III (∼ 16.06 to 16.0 Ma)
records a unique sequence of benthic biofacies characterized
by Globobulimina. From oldest to youngest are sample X2
(Globobulimina>Globocassidulina – Uvigerina), biofacies
B (Globocassidulina>Uvigerina), and sample X3 (Globo-
cassidulina) (Fig. 8). The abundance of Globobulimina coin-
cides with higher NGR, with an increase in terrigenous input
into the embayment, possibly due to melting. Additionally,
this biofacies group correlates to the timing of Carbon Max-
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Figure 9. Environmental reconstructions of Units IV, III, and II (age model “b”) and RSU4 and RSU4a. Oldest to youngest are shown
from the bottom to the top and from left to right. Inset maps at the bottom-left and bottom-right sides are ice sheet edge figures for RSU4a
(bottom left) and RSU4 (bottom right) (Pérez et al., 2022). Sea level (SL) is marked with a squiggly black line, proto-Circumpolar Deep
water (pCDW) is in red, and the direction and intensity of the Antarctic Slope current (ASC) is noted.

ima 2 (CM2), noted in the isotopic data from Holbourn et
al. (2014, 2015, 2022), indicating increased carbon burial.
We suggest that the Globobulimina interval represents a pe-
riod of low oxygen within the sediments (elevated refractory
organic matter?) and a possible increase in meltwater (water
column stratification?) (Fig. 9).

Foraminifera are rare within the upper interval of Unit III
(∼ 16 to 15.93 Ma). This interval encompasses a decrease in
δ18Obf values that occurs within chron C5Br, often referred
to as the Mi2 glaciation (Miller et al., 1991). During Mi2,
sea level is estimated to have dropped by ∼ 30–40 m (John
et al., 2011; Miller et al., 2020). Based on our age model,
only one sample, from Core 374-U1521-10R-CC, contains
at least 48 benthic specimens for biofacies clustering in the
Mi2 interval (Fig. 8). This is the most foraminiferal-rich
sample examined from Site U1521 with 481 benthic spec-
imens (no planktics), is characterized by benthic biofacies
G (Globocassidulina>Melonis – Uvigerina), and also con-
tains an abundance of echinoderm fragments. The abundance
and excellent preservation of benthic foraminifera in this
sample suggests low to absent dissolution and pCDW incur-
sions, based on the abundance of Globocassidulina. Above

this sample, the remainder of the samples in Unit III are bar-
ren of foraminifera. Unit III is truncated by the RSU4.

4.6 Unit II: the Middle Miocene Climate Transition and
continental shelf aggradation

The Middle Miocene record in Unit II (∼ 14.2 to 13.9 Ma;
age model “b”) was deposited during the Middle Miocene
Climate Transition (MMCT) following ice sheet ground-
ing and erosion by RSU4 and before RSU3 (Table 1). By
14.2 Ma, Site U1521 was no longer covered by grounded
ice (Fig. 9). Foraminiferal occurrences, including planktics,
are in muddy intervals (interglacial); barren samples are in
biosiliceous intervals (glacial) (Fig. 4). Our foraminiferal
record of the MMCT likely only represents a snapshot of
the MMCT during interglacial conditions. Only three sam-
ples from Unit II contained enough benthic specimens for
biofacies analysis, resulting in one occurrence of biofacies G
(Globocassidulina>Melonis) and two occurrences of biofa-
cies E (Globocassidulina) (Figs. 6, 7). Biofacies G and both
occurrences of biofacies E are within Core 9 at the base of
Unit II. Unit II biofacies are generally characterized by ner-
itic taxa (i.e., Nonionella spp., Melonis spp., Epistominella
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vitrea, and Elphidium spp.), in addition to Globocassidulina,
suggesting continued aggradation and shoaling of the shelf
with possible pCDW incursions that would have been one of
the forcings that ended RSU4.

4.7 Evolution of the Ross Sea continental shelf

Evolution of the Ross Sea continental shelf during the
Miocene involved both progradation and aggradation of the
shelf edge (Bart, 2003; Chow and Bart, 2003; Bart and De
Santis, 2012; Prothro et al., 2018; Anderson et al., 2018;
Pérez et al., 2022). Pérez et al. (2022) noted prograding sedi-
mentary wedges from a N–S seismic line (BGR80-008) near
Site U1521. The prograding wedges are present before RSU4
and then absent afterwards, indicating that the shelf edge
moved northward during deposition of Units IV and III.

Benthic biofacies present in sediments prior to RSU4 (Unit
IV and III) are different from the succeeding biofacies (Unit
II), as seen by the lower relative abundances of Uvigerina and
higher relative abundances of Elphidium and other taxa char-
acteristic of a neritic paleoenvironment (Table 4). The ben-
thic record of Unit IV, at the base of the study interval, con-
tains the most consistent abundance of Uvigerina (Fig. 10).
The Unit IV Uvigerina interval (∼ 16.34–16.28 Ma) coin-
cides with high magnetic susceptibility (McKay et al., 2019),
increasing NGR values (McKay et al., 2019), and more
positive low-latitude Pacific δ18Obf (Holbourn et al., 2014,
2015) and Southern Ocean δ18Osw values (Shevenell et al.,
2008). Uvigerina is a shelf-edge-dwelling taxon that thrives
under high productivity and enhanced current activity (i.e.,
Antarctic Slope Current). The seismically imaged prograd-
ing wedges (Pérez et al., 2022) suggest that Site U1521 was
proximal to the continental shelf edge at the time of the Unit
IV deposition, making it an ideal setting for Uvigerina to
thrive. The high sedimentation rate, in addition to increas-
ing NGR values and high magnetic susceptibility, indicates
that terrigenous mud deposition intensified during deglacial
conditions following RSU4a, resulting in accelerated progra-
dation (Fig. 8). The bulk of the Uvigerina interval may have
been deposited within one obliquity cycle. The top of the
Uvigerina-rich biofacies F coincides with an abrupt decrease
in NGR values as the sediment becomes increasingly more
biogenic. By ∼ 16.27 Ma, Uvigerina is no longer the lead-
ing primary taxon (except for assemblage X4) as Globocas-
sidulina briefly returns to dominance. The massive influx of
terrigenous sediment caused the continental shelf break to
prograde northward during deposition of Unit IV and the
lower part of Unit III (Figs. 9 and 10) and, with it, the en-
vironmental conditions favored by Uvigerina. Aggradation
and shoaling of the continental shelf are supported by the
increasing relative abundances of neritic taxa, including El-
phidium, Nonionella, Epistominella, and Melonis in Unit III
but especially above RSU4 in Unit II.

4.8 Comparison with ANDRILL Site AND-2A

We compare our results from Site U1521 with those from
ANDRILL site AND-2A, which has the only published
foraminiferal record of the MCO and MMCT in the Ross Sea
(Patterson and Ishman, 2012). In addition, extensive work
has been done to interpret the paleoenvironment changes dur-
ing the late Early to Middle Miocene (e.g., Bartek et al.,
1991; De Santis et al., 1999; Lewis et al., 2008; Warny et
al., 2009; Fielding et al., 2011; Passchier et al., 2011; Gasson
et al., 2016; Levy et al., 2016; Halberstadt et al., 2021, 2022).
AND-2A is located in the southwestern Ross Sea, ∼ 450 km
southwest of Site U1521. The foraminiferal record from
AND-2A is defined by three benthic assemblage clusters:
Ehrenbergina, Ammoelphidiella subassemblage Globocas-
sidulina, Ammoelphidiella subassemblage Nonionella, and
Cibicides–Cassidulinoides (Patterson and Ishman, 2012).
None of the clusters identified at AND-2A is identified as
benthic biofacies at Site U1521. The differing benthic clus-
ters/biofacies between the two sites are due to their locations
and paleoenvironmental conditions. AND-2A is ice prox-
imal to the Transantarctic Mountain outlet glaciers drain-
ing the East Antarctic Ice Sheet, whereas Site U1521 is
an outer continental shelf site of the central Ross Sea, and
grounded ice events at this site reflect marine-based ice
sheets. Differences in glaciomarine sedimentation, produc-
tivity, temperature, and water mass behavior between the
two sites would profoundly impact the foraminiferal assem-
blages. Even though the benthic assemblages differ, paleoen-
vironmental reconstructions of AND-2A during the Early to
Middle Miocene demonstrate parallel changes with those in-
terpreted at Site U1521.

Levy et al. (2016) interpreted a dynamic ice sheet dur-
ing the Early to Middle Miocene at AND-2A, including
three peak warmth events (PW3, PW4, and PW5) (Fig. 10).
The peak warming events represent periods when the AIS
grounding lines retreated on land (Levy et al., 2016) and cor-
related to more negative global δ18Obf values (e.g., Shevenell
et al., 2004, 2008; Holbourn et al., 2014, 2015). To compare
shelf distal Site U1521 with proximal AND-2A, we followed
the paleomagnetic polarity correlation from Marschalek et al.
(2021). The correlation is based on chrons C5Cn.1n/C5Cn.1r
(16.261 Ma; Gradstein et al., 2020) and C5Br/C5Cn.1n
(15.994 Ma; Gradstein et al., 2020) near the base and top
of Unit III, respectively. Based on the correlation, PW3 and
PW4 are captured at Site U1521, whereas PW5 is lost within
Ross Sea Unconformity 4 (RSU4).

Peak warmth event 3 (∼ 16.351 to 16.261 Ma) occurs dur-
ing the deposition of Unit IV. The sedimentation rate of Unit
IV is very high, at ∼ 881 m Myr−1, and the lithology is pri-
marily a diamict (McKay et al., 2019). Additionally, the mag-
netic susceptibility (Fig. 4) and NGR both indicate an in-
crease in terrigenous material input likely from meltwater
during deglaciation after RSU4a. Palynological data from
Unit IV record an increase in brackish-water algae (i.e., in-
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Figure 10. Comparison between IODP Site U1521 data, ODP Site 1171, and AND-2A. From left to right are the total forams; occurrences
of warm planktic foraminifera; percent of Globocassidulina, Uvigerina, Nonionella, Melonis, and Globobulimina samples containing at
least 48 specimens of benthic foraminifera; NGR (gAPI) (McKay et al., 2019); δ13Cbf and δ18Obf records from Sites U1337 and U1338
(Holbourn et al., 2014, 2015, 2022); and δ18Osw from ODP Site 1171 and the South Tasman Rise (Shevenell et al., 2008). Paleomagnetic
datums C5Cn.1n/C5Cn.1r (16.261 Ma; GTS2020) and C5Br/C5Cn.1n (15.994 Ma; GTS2020) used for correlation between Site U1521 and
AND-2A are marked with a red line (Marschalek et al., 2021). Peak warm events 4 and 3 from AND-2A (Levy et al., 2016) are noted in green
boxes on the right. Colored bars mark benthic biofacies from Site U1521, showing simplified versions with the most abundant taxon only:
Globocassidulina (red), Uvigerina (blue), Globobulimina (green), and Nonionella (yellow). Ross Sea Unconformity boundaries (RSU4a,
RSU4, and RSU3) are marked with squiggly black lines.

creased meltwater) and Operculodinium sp., an indicator of
warm-water conditions, further suggesting deglaciation dur-
ing the deposition of Unit IV (Marschalek et al., 2021). A
deglaciation interpretation is further supported by the preser-
vation of benthic (Globocassidulina subglobosa and Uvige-
rina) and planktic foraminifera (warmer-water invaders). The
consistent abundance of G. subglobosa suggests that there
were pCDW incursions into the Ross Sea embayment dur-
ing this time. The increase in Uvigerina in the middle of
Unit IV is likely thriving under a brief cool interval during
the PW3 and increased bottom-water currents from meltwa-
ter. Last, Unit IV contains warmer-water planktic invaders
that were transported into the Ross Sea via pCDW or warm-
surface waters (Fig. 10). We suggest Unit IV overall repre-

sents a warm interval during the early stages of the MCO
with rapid deposition and progradation during deglaciation
following RSU4a and driven by warm-water incursions of
pCDW and/or warm-surface water.

Between peak warmth events 3 and 4 noted at AND-2A,
there is evidence at Site U1521 that suggests the existence of
two additional peak warming events at ∼ 16.15 Ma in core
18 and at ∼ 16.12 Ma in core 17. Both of these pulses con-
tain occurrences of warm planktic foraminifera, including
subtropical to temperate taxa, that coincide with depleted
δ18Obf values in the Pacific (Holbourn et al., 2014, 2015),
as well as depleted δ18Osw values from Site 1171 (Shevenell
et al., 2008), indicating conditions with less ice at this time
(Fig. 10). In addition to the presence of warm planktic
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foraminifera and supporting isotopic evidence from deep-sea
records, the benthic foraminiferal biofacies are dominated
by G. subglobosa, possibly indicating incursions of pCDW
at this time. In contrast, for the interval in between these
two warm pulses, there are no warm planktic foraminifera,
the benthic biofacies is dominated by Uvigerina, and the
deep-sea δ18Obf (Holbourn et al., 2014, 2015) and δ18Osw
(Shevenell et al., 2008) are both enriched, suggesting an in-
crease in ice volume.

Peak warmth event 4 (PW4; ∼ 16.06 to 15.994 Ma) coin-
cides with Cores 15, 14, 13, and 12 in Unit III of Site U1521.
Both Cores 15 and 14 have a low recovery of 3% (McKay
et al., 2019) and are dominated by Globobulimina biofacies
(Fig. 10). As previously discussed, Globobulimina thrives
under low-oxygen conditions that can be produced during
warming and stratification (Table 4). In Core 13, Globobu-
limina decreases, while Globocassidulina and Uvigerina in-
crease, suggesting an increase in pCDW and bottom currents.
In Core 12, pCDW incursions become more enhanced, cap-
tured by an increase in Globocassidulina and the appearance
of Gyroidina and depleted δ18Obf values (Holbourn et al.,
2014, 2015). All four cores contain evidence supporting a
warming event at Site U1521 at the same time as PW4 at
AND-2A. PW4 may have helped to trigger the early stages
of the Mi2 glaciation captured at the top of Unit III (e.g.,
Browne et al., 2022).

4.9 Comparison with ODP Site 1171, South Tasman
Rise

ODP Site 1171 was cored on the southern tip of the South
Tasman Rise (2150 m water depth) beneath the core of
the present-day Antarctic Circumpolar Current (Exon et al.,
2001). Shevenell et al. (2008) reconstructed the oxygen iso-
topic composition of seawater (δ18Osw) through the MCO–
MMCT interval that was based on a 3 Myr (16.5–13.5 Ma)
time series of benthic foraminifer Mg/Ca-derived bottom-
water temperatures integrated with benthic δ18O data from
the same samples. Importantly, these δ18Osw data reveal
changes in ice volume that can be compared with Site U1521
data, including the benthic foraminiferal biofacies (Fig. 10).

In our comparison between Site U1521 and ODP
Site 1171, we have several key takeaways. First, the
Globocassidulina-rich intervals (Fig. 10; red intervals) co-
incide with lower-δ18Obf values (less ice; Holbourn et al.,
2014, 2015). This trend can be seen in the base and at the top
of Unit IV, as well as within Unit III. Second, the Uvigerina-
rich intervals (Fig. 10; blue intervals) coincide with higher-
δ18Obf values (more ice), which are most notable in the
middle of Unit IV and in the upper part of Unit III, with
the latter coinciding with the Mi2 glaciation (Holbourn et
al., 2014, 2015). During the middle of Unit IV, the δ18Osw
values (Shevenell et al., 2008) show a shift from higher to
lower values at ∼ 16.3 Ma. We suggest that the change in
δ18Osw values indicates deglaciation and ice sheet retreat as-

sociated with a transgression that ultimately truncates the
largest Unit IV progradational sequence. Last, we compared
the benthic foraminiferal δ18Obf record from low-latitude Pa-
cific IODP Sites U1337/U1338 (Holbourn et al., 2014, 2015)
with the seawater δ18Osw from ODP Site 1171 (Shevenell et
al., 2008). In general, enriched δ18Osw from Site 1171 coin-
cide with enriched δ18Obf trends from U1337/U1338 (e.g.,
see Mi2; Fig. 10), and depleted δ18Osw from Site 1171 coin-
cides with depleted δ18Obf trends from U1337/U1338. There
is good correspondence between the reconstructed MCO–
MMCT seawater δ18Osw record from the Southern Ocean
Site 1171 and glacial–interglacial cyclicity interpreted from
the gamma ray and foraminiferal records of Site U1521.

5 Conclusions

The Early to Middle Miocene foraminiferal record from
IODP Site U1521 provides key insights into the nature of
the Ross Sea during the Miocene Climatic Optimum (MCO;
∼ 16.9–14.7 Ma), as recorded by Units IV and III, and
the Middle Miocene Climate Transition (MMCT; ∼ 14.7–
13.8 Ma), as recorded by the lower part of Unit II. Our key
findings are as follows:

– Foraminifera are not overly abundant at Site U1521;
only 46% of the 135 examined samples contain
foraminifera. This is not a unique situation in Antarc-
tic marine sediments. Low foraminiferal abundances are
the consequence of cold temperatures, low carbonate
ion availability in Antarctic waters, and the dissolution
of carbonate in biosiliceous-rich sediment.

– A total of 40 samples with at least 48 benthic
foraminiferal specimens (average of 114 specimens per
sample) reveal seven benthic biofacies clusters domi-
nated by abundant Globocassidulina and/or Uvigerina,
with Nonionella and/or Melonis as important secondary
taxa, based on a Q-mode cluster analysis to develop pre-
liminary interpretations about the environment.

– We hypothesize that Globocassidulina, specifically G.
subglobosa, is a proxy for incursions of waters into the
Ross Sea from the Southern Ocean, here referred to as
a proto-Circumpolar Deep Water (pCDW). Our hypoth-
esis is supported by the association of G. subglobosa
with CDW at bathyal to abyssal depths in the Southern
Ocean (e.g., Hayward et al., 2007, 2013) and other stud-
ies in the Ross Sea showing that G. subglobosa is abun-
dant and widespread in distal sub-ice shelf and proximal
grounding-zone environments during LGM deglacial
and interglacial regimes (Melis and Salvi, 2009; Bart
et al., 2016; Prothro et al., 2018; Smith et al., 2019; Ma-
jewski et al., 2020), as well as its association with warm
nutrient-rich CDW/mCDW in the Amundsen Sea dur-
ing the early Holocene (Hillenbrand et al., 2017).
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– Uvigerina is a proxy for conditions common to the con-
tinental shelf break, including high productivity and
enhanced bottom-current activity (i.e., Antarctic Slope
Current). Seismic evidence and the changing relative
abundance of Uvigerina suggest northward prograda-
tion of the continental shelf edge in the area of Site
U1521 during the late Early Miocene and Middle
Miocene.

– Globobulimina is a deep infaunal taxon that thrives on
reworked refractory organics and low oxygen. We inter-
pret the increase in Globobulimina and in NGR at Site
U1521 to be related to meltwater input and stratification
during the time of CM2 and peak warmth 4 at AND-2A.

– The presence of neritic benthic foraminifera, including
Elphidium magellanicum, Epistominella vitrea, Melo-
nis spp., Nonionella iridea, Ammoelphidiella uniforam-
ina, and Rosalina globularis, suggests that the shelf was
much shallower during the Early and Middle Miocene
compared with the modern shelf depth. This shallow
shelf facilitated the growth and expansion of marine-
based ice sheets responsible for widespread unconfor-
mities on the Ross Sea continental shelf.

– The presence of sporadic and rare subtropical, temper-
ate, and subpolar planktic foraminifera suggests there
were episodic incursions of warm waters into the Ross
Sea. The very low abundances of these species indicate
that they were likely not living in the Ross Sea. Occur-
rences of warmer-water planktic foraminiferal species
are known in Ross Sea shelf sites spanning the upper-
most Oligocene to lower Pleistocene (Leckie and Webb,
1986; Seidenstein et al., 2024; this study), likely cor-
responding with times warmer than the present when
the Antarctic Circumpolar Current was weaker and/or
the Polar Front was weaker and further south (Nelson
and Cooke, 2001; Herold et al., 2012; Hill et al., 2013;
Sangiorgi et al., 2018; Evangelinos et al., 2020). The
record of occasional warm-water taxa provide evidence
for polar amplification during the MCO and MMCT in
the Ross Sea.

– Based on NGR data, Unit IV and the basal part of Unit
III are strongly dominated by mud (terrigenous sed-
imentation) as the continental shelf prograded north-
ward. These mud-dominated sediments record the most
persistently abundant and diverse foraminiferal assem-
blages recovered at Site U1521. The benthic assem-
blages shift in dominance between Globocassidulina
and Uvigerina, suggesting changes in pCDW relative to
productivity and/or current activity.

– Unit IV is characterized by two progradational se-
quences, perhaps driven by obliquity climate forc-
ing. Together with the basal part of Unit III, these
three progradational cycles likely represent deglacial

and interglacial conditions characterized by increased
melting, runoff, and rapid terrigenous sedimentation.
Each progradational cycle was terminated by short-lived
glacial events corresponding with less runoff, open-
marine conditions, and biosiliceous sedimentation, as
revealed by NGR data.

– Unit III was deposited in an open-marine setting. The
high variability in the foraminiferal record of Unit III
is likely due to the corrosive conditions and carbon-
ate dissolution in diatom-rich sediments, as evidenced
by increased foraminiferal fragmentation. The succes-
sion of benthic biofacies indicates a dynamic change in
dominance, from Globocassidulina to Globobulimina,
caused by a warming event (PW4).

– Moderate NGR values (McKay et al., 2019) in Unit
III coincide with interglacial meltwater and terrigenous
runoff (muddy) sedimentation, higher foraminiferal
abundances, and better preservation. Warmer-water
planktic foraminifera also occur in these muddier
intervals. Low NGR values coincide with glacial
biosiliceous sedimentation and poor foraminiferal abun-
dances and/or preservation.

– Unit II represents the interval between RSU4 erosion
and the Mi3 glaciation during the MMCT. The ben-
thic biofacies composition shows a further increase in
neritic taxa, including Elphidium magellanicum, Non-
ionella spp., Melonis spp., and Epistominella vitrea,
suggesting continued shoaling and aggradation of the
Ross Sea continental shelf.

– The presence of warmer-water planktics in the Ross
Sea during the MMCT (Unit II) suggests incursions of
warm water prior to the major Mi3 glaciation (∼ 13.9–
13.8 Ma) and may have contributed to ice sheet retreat
and end of RSU4 erosion.

– Site U1521 data correlate well with the peak warming
events PW3 and PW4 recorded at the ANDRILL AND-
2A site (Levy et al., 2016) and with the δ18Osw ice vol-
ume record generated at the South Tasman Rise ODP
Site 1171 (Shevenell et al., 2008).

Appendix A

A1 Abbreviated taxonomy

Taxon lists for most benthic and planktic foraminiferal
species found in the Lower and Middle Miocene of the
IODP Site U1521 are presented below. Taxa not identi-
fied to species level are labeled “sp.”; others are labeled
“cf.” (from Latin, meaning to confer or to be compared
with). Key species references with illustrations are cited.
For benthic foraminifera, key references focus on the up-
per Oligocene, Neogene, Quaternary, and Holocene studies
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from Antarctica and the Southern Ocean. Additional infor-
mation about planktic foraminiferal species can be found on-
line at Mikrotax (https://www.mikrotax.org/pforams/index.
php?dir=pf_cenozoic, last access: 24 July 2024). Taxa illus-
trated in this study are in bold.

A2 Benthic foraminiferal taxon list

Alabaminella weddellensis (Earland).

McKnight (1962), p. 126, pl. 21, fig. 137; Hayward et al.
(2013), fig. 6.31, 32; Seidenstein et al. (2024), pl. 2, figs.
11a–11b.

Ammodiscus Reuss, sp.

Ammoelphidiella pustulosa (Leckie and Webb).

Leckie and Webb (1986), pp. 1113–1114, pl. 8, figs. 1–12,
14, 15; pl. 21, figs. 14–19; Strong and Webb (2000), pl.
1, fig. 1.

Ammoelphidiella uniforamina (D’Agostino).
Plate B2, figs. 7a, 7b, 8.

Leckie and Webb (1986), p. 1114, pl. 9, figs. 1–12; pl. 21,
figs. 8–13; Strong and Webb (2000), pl. 1, fig. 2.

Ammoelpihidiella Conato and Segre, sp.

Anomalinoides cf. A. macraglabra (Finlay).
Plate B1, figs. 10, 11.

Hornibrook (1961), p. 155, pl. 24, figs. 473–475; Hayward
and Buzas (1979), p. 40, pl. 5, figs. 52, 53; Leckie and
Webb (1986), p. 1116, pl. 14, figs. 8, 9.

Astrononion echolsi Kennett.

Fillon (1974), pl. 6, figs. 1–3; Ward and Webb (1986), p.
198, pl. 7, fig. 3; Ishman and Domack (1994), pl. II, fig.
3; Majewski (2005), fig. 25.6, 25-7; Majewski (2013),
fig. 10.7; Majewski et al. (2018), fig. 4.1; Seidenstein et
al. (2024), pl. 2, fig. 10.

Astrononion Cushman and Edwards, sp.

Bolivina d’Orbigny, sp.

Buccella Andersen, sp.

Bulimina d’Orbigny, sp.

Cibicides lobatulus (Walker and Jacob).

Hayward and Buzas (1979), p. 48, pl. 10, figs. 124–126;
Osterman and Kellogg (1979), pl. 1, figs. 1–3; Leckie
and Webb (1986), p. 1115, pl. 11, figs. 10–12; Ward and
Webb (1986), p. 194, pl. 6, figs. 6, 7; Majewski (2005),
fig. 24.7, 8; Majewski (2013), fig. 11.5; Majewski et al.
(2017), fig. 4.7; fig. 7.8; Strong and Webb (2000), pl. 1,
figs. 9,10; Seidenstein et al. (2024), pl. 2, fig. 12.

Cibicides refulgens Montfort.

Hayward and Buzas (1979), p. 48, pl. 10, figs. 130, 131;
Osterman and Kellogg (1979), pl. 1, figs. 4, 5; Leckie
Leckie and Webb (1986), p. 1115, pl. 11, figs. 13–15;
Majewski (2005), fig. 25.1; Majewski (2013), fig. 11.4.

Cibicides temperatus Vella.

Hornibrook (1961), p. 162, pl. 24, figs. 476, 477, 482;
Hayward and Buzas (1979), p. 48, pl. 11, figs. 135–137;
Leckie and Webb (1986), p. 1115, pl. 11, figs. 1–9; pl.
22, figs. 1–3.

Cibicides Montfort, sp.

Cruciloculina d’Orbigny, sp.

Dentalina d’Orbigny, sp.

Ehrenbergina glabra Cushman.

McKnight (1962), p. 127, pl. 22, fig. 142; Fillon (1974),
pl. 5, figs. 9, 10; Osterman and Kellogg (1979), pl. 2,
fig. 4; Ward and Webb (1986), p. 194, pl. 6, figs. 9–11;
Majewski (2013), fig. 10.13; Seidenstein et al. (2024),
pl. 2, fig. 8.

Elphidium cf. E. excavatum (Terquem).

Leckie and Webb (1986), pl. 7, fig. 7; Ward and Webb
(1986), p. 194, pl. 6, figs. 4, 5; Hayward et al. (1997b),
p. 77, pl. 9, figs. 9–18; Hayward et al. (1999), pl. 17,
figs. 13–14.

Elphidium magellanicum Heron-Allen and Earland.
Plate B2, figs. 4a, 4b.

Leckie and Webb (1986), p. 1113, pl. 7, figs. 1–4, 6, 8;
Strong and Webb (2000), pl. 1, figs. 13, 14.

Elphidium Montfort, sp.

Epistominella vitrea Parker.
Plate B1, figs. 9a, 9b.

Leckie and Webb (1986), p. 1113, pl. 6, figs. 1–5; Ward
and Webb (1986), p. 190, pl. 4, figs. 15, 16; Hayward et
al. (1999), p. 150, pl. 13, figs. 14–16; Seidenstein et al.
(2024), pl. 2, figs. 14a–14b.

Fursenkoina fusiformis (Cushman).

Ishman and Domack (1994), pl. II, fig. 7; Majewski
(2005), fig. 23.9–12; Majewski et al. (2017), fig. 7.5,
6.

Gavelinopsis praegeri (Heron-Allen and Earland).
Plate B1, figs. 12a, 12b.
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Hayward et al. (2010), p. 230, pl. 31, figs. 14–21.

Globobulimina cf. G. auriculata (Bailey).
Plate B1, fig. 3.

Leckie and Webb (1986), p. 1112, pl. 5, figs. 15–16.

Globocassidulina crassa rossensis Kennett.
Plate B1, fig. 7.

Fillon (1974), pl. 1, figs. 1-7; Osterman and Kellogg
(1979), pl. 2, fig. 2; Leckie and Webb (1986), p. 1115,
pl. 12, figs. 7–9.

Globocassidulina subglobosa (Brady).
Plate B1, figs. 5, 6.

Hayward and Buzas (1979), p. 59, pl. 17, figs. 219, 220;
Leckie and Webb (1986), p. 1115, pl. 12, figs. 4–6; Ward
and Webb (1986), p. 190, pl. 4, figs. 15, 16; Ward and
Webb (1986), p. 198, pl. 4, figs. 10; Majewski et al.
(2017), fig.4.4; Majewski et al. (2018), fig. 4.5; Strong
and Webb (2001), pl. 1, fig. 18; Hayward et al. (2013),
fig. 6.16; Seidenstein et al. (2024), pl. 2, fig. 3.

Globocassidulina Voloshinova, sp.

Gyroidina danvillensis Howe and Wallace.
Plate B2, figs. 10a–10c.

Hayward and Buzas (1979), pp. 59–60, pl. 18, figs. 224,
225; Hayward et al. (2010), p. 218, pl. 26, figs. 13–15;
Seidenstein et al. (2024), pl. 3, fig. 15.

Martinotiella communis (d’Orbigny).

Hayward and Buzas (1979), p. 34, pl. 1, figs. 9, 10.

Melonis affinis (Reuss).
Plate B2, figs. 3, 5a, 5b.

Leckie and Webb (1986), p. 1116, pl. 14, figs. 5–7.

Melonis barleeanus (Williamson).
Plate B2, figs. 1a, 1b, 2.

Leckie and Webb (1986), p. 1116, pl. 14, figs. 1–4; Strong
and Webb (2000), pl. 2, fig. 4; Seidenstein et al. (2024),
pl. 3, fig. 7.

Miliolidae Ehrenberg.

Nodosariidae Ehrenberg.

Nonion Montfort, sp.

Nonionella bradii (Chapman).

Fillon (1974), pl. 5, figs. 12, 13; Leckie and Webb (1986),
p. 1115, pl. 13, fig. 6; pl. 23, figs. 1, 2 Ishman and
Domack (1994), pl. II, figs. 10, 12; Majewski (2005),
fig. 25.4, 5; Majewski et al. (2018), fig. 4.3; Strong and
Webb (2000), pl. 2, fig. 6; Seidenstein et al. (2024), pl.
2, fig. 5.

Nonionella iridea Heron-Allen and Earland.
Plate B2, fig. 6.

Fillon (1974), pl. 5, figs. 11, 14; Leckie and Webb (1986),
p. 1115, pl. 13, figs. 3–4; pl. 23, figs. 5–7; Ward and
Webb (1986), p. 198, pl. 7, fig. 4; Ishman and Domack
(1994), pl. II, fig. 11; Majewski (2005), fig. 25.2, 3; Ma-
jewski (2013), fig. 10.8, 9; Majewski et al. (2018), fig.
4.4; Strong and Webb (2000), pl. 2, 7, 8; Seidenstein et
al. (2024), pl. 2, fig. 6.

Nonionella novozealandica Cushman.
Plate B2, fig. 9.

Hornibrook (1961), p. 94, pl. 11, figs. 217, 221; Hayward
and Buzas (1979), p. 67, pl. 21, figs. 266–271.

Nonionella Cushman, sp.

Polymorphina sp. d’Orbigny, sp.

Pullenia bulloides (d’Orbigny).

McKnight (1962), p. 128, pl. 22, fig. 143; Hayward and
Buzas (1979), p. 72, pl. 24, figs. 303, 304; Leckie and
Webb (1986), p. 1115, pl. 13, fig. 10.

Pullenia subcarinata (d’Orbigny).

McKnight (1962), p. 128, pl. 22, fig. 144; Fillon (1974), pl.
6, figs. 7, 8; Leckie and Webb (1986), p. 1116, pl. 13,
figs. 7–9; Ward and Webb (1986), p. 198, pl. 7, figs. 5–
7; Majewski (2005), fig. 26.1; Strong and Webb (2000),
pl. 2, figs. 13, 14; Seidenstein et al. (2024), pl. 3, fig. 10.

Pyrgo Defrance, sp.

Quinqueloculina d’Orbigny, sp.
Plate B1, fig. 4.

Reophax Montfort, sp.

Robertina d’Orbigny, sp.

Rosalina globularis d’Orbigny.
Plate B1, figs. 13a, 13b.

Leckie and Webb (1986), p. 1113, pl. 6, figs. 6–7; Ward
and Webb (1986), p. 190, pl. 5, figs. 1–4; Majewski
(2005), fig. 24.1–4; Majewski (2013), fig. 11.1; Majew-
ski et al. (2017), fig. 7.1–4; Majewski et al. (2018), fig.
4.14; Strong and Webb (2000), pl. 2, fig. 18; Seidenstein
et al. (2024), pl. 2, fig. 7.
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Sphaeroidina bulloides d’Orbigny.
Plate B1, fig. 8.

Leckie and Webb (1986), p. 1112, pl. 5, figs. 1–4.

Textularia Defrance, sp.

Triloculina d’Orbigny, sp.

Uvigerina cf. U. fueguina (Malumián).
Plate B1, figs. 1. 2.

Leckie and Webb (1986), p. 1113, pl. 6, figs. 10–12.

Uvigerina d’Orbigny, sp.

A3 Planktic foraminiferal taxon list

Antarcticella antarctica (Leckie and Webb).
Plate B3, figs. 1a, 1b, 2a, 2b.

Leckie and Webb (1985), p. 66, pl. 1, figs. 1–17, pl. 2, figs.
1–9, pl. 3, figs. 3, 6, 8.

Dentoglobigerina globosa (Bolli).
Plate B4, figs. 1a–1c, 2.

Chaisson and Leckie (1993), p. 155, pl. 9, fig. 8; Wade et
al. (2018), p. 348–350, pl. 11.6, figs. 1–16.

Globigerinella obesa (Bolli).
Plate B4, figs. 4a, 4b.

Spezzaferri et al. (2018a), pp. 198–200, pl. 6.8, figs. 1–23.

Globigerinita glutinata (Egger).
Plate B3, figs. 7–10.

Pearson et al. (2018), pp. 436–442, pl. 16.2, figs. 1–16, pl.
16.3, figs. 1–13.

Globigerinita uvula (Ehrenberg).
Plate B3, fig. 6.

Chaisson and Leckie (1993), p. 157, pl. 10, figs. 1, 7; Pear-
son et al. (2018), pp. 442–443, pl. 16.3, figs. 14, 15.

Globoconella cf. G. miozea (Finlay).
Plate B4, figs. 8a, 8b, Pl. B5, figs. 1a–1c.

Hornibrook (1961), p. 144, pl. 22, figs. 450, 453, 454;
Chaisson and Leckie (1993), p. 162, pl. 4, figs. 12, 17,
18; Lam and Leckie (2020), p. 201, pl. 13, figs. 1–4, pl.
20, figs. 9, 10.

Globorotaloides suteri Bolli.
Plate B5, figs. 3a, 3b.

Chaisson and Leckie (1993), p. 164, pl. 9, fig. 2; Coxall
and Spezzaferri (2018), pp. 107–111, pl. 4.9, figs. 1–16,
pl. 4.10, figs. 1–16.

Globoturborotalita druryi (Akers).
Plate B5, figs. 2, 4a, 4b.

Chaisson and Leckie (1993), p. 156, pl. 1, figs. 10, 11;
Lam and Leckie (2020), pp. 195–196, pl. 7, figs. 12–19.

Paragloborotalia cf. P. continuosa (Blow).
Plate B4, figs. 7a, 7b.

Leckie et al. (2018), p. 137–138, pl. 5.4, figs. 1–4, 8; Lam
and Leckie (2020), p. 197, pl. 9, figs. 12, 15–16.

Paragloborotalia pseudocontinuosa (Jenkins).
Plate B4, figs. 5a, 5b, 6a, 6b.

Leckie et al. (2018), pp. 157–159, pl. 5.4, figs. 9–16.

Tenuitella angustiumbilicata (Bolli).
Plate B3, figs. 3, 4.

Chaisson and Leckie (1993), p. 166, pl. 1, fig. 9; Pearson
et al. (2018), pp. 443–447, pl. 16.4, figs. 1–16.

Tenuitella munda (Jenkins).
Plate B3, fig. 5.

Chaisson and Leckie (1993), p. 166, pl. 1, fig. 5; Pearson
et al. (2018), pp. 451–454, pl. 16.6, figs. 1–16.

Trilobatus cf. T. quadrilobatus (d’Orbigny).
Plate B4, figs. 3a, 3b.

Spezzaferri et al. (2018b), p. 296, pl. 9.12, figs. 1–20.

Turborotalita quinqueloba (Natland).
Plate B3, figs. 11a, 11b, 12a, 12b.

Pearson and Kucera (2018), p. 388, pl. 12.2, figs. 1–17;
Lam and Leckie (2020), p. 199, pl. 12, figs. 4, 8; Sei-
denstein et al. (2024), pl. 1, figs. 9, 1
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Appendix B

Plate B1. (1–2) Uvigerina cf. U. fuegina (Malumián), U1521A-27R-2W, 10–12 cm. (3) Globobulimina cf. G. auriculata (Bailey),
U1521A-14RCC, 0–7 cm. (4) Quinqueloculina sp. d’Orbigny, U1521A-27R-3W, 10–12 cm. (5–6) Globocassidulina subglobosa (Brady),
U1521-26RCC, 7–12 cm, and U1521A-18R-6W, 34–37 cm. (7) Globocassidulina crassa rossensis Kennett, U1521A-27R-2W, 18–20 cm.
(8) Sphaeroidina bulloides d’Orbigny, U1521A-12RCC, 18–23 cm. (9) Epistominella vitrea Parker, U1521A-13R-6W, 4–7 cm. (10–
11) Anomalinoides cf. A. macraglabra (Finlay), U1521A-27R-2W, 10–12 cm, and U1521A-30R-4W, 20–22 cm. (12) Gavelinopsis praegeri
(Heron-Allen and Earland), U1521A-12RCC, 18–23 cm. (13) Rosalina globularis d’Orbigny, U1521A-27A-3W, 10–12 cm.
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Plate B2. (1–2) Melonis barleeanus (Williamson), U1521A-12RCC, 18–23 cm. (3, 5) Melonis affinis (Reuss), U1521A-12RCC, 18–23 cm.
(4) Elphidium magellanicum Heron-Allen and Earland, U1521A-14RCC, 0–7 cm. (6) Nonionella iridea Heron-Allen and Earland, U1521A-
28RCC, 9–12 cm. (7–8) Ammoelphidiella uniforamina (D’Agostino), U1521A-27R-3W, 10–12 cm, and U1521A-9RCC, 16–20 cm. (9) Non-
ionella novozealandica Cushman, U1521A-21RCC, 12–17 cm. (10) Gyroidina danvillensis Howe and Wallace, U1521A-12RCC, 18–23 cm.
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Plate B3. (1–2) Antarcticella antarctica (Leckie and Webb), U1521A-23R-2W, 20–22 cm, U1521A-9RCC, 8–11 cm. (3–4) Tenuitella an-
gustiumblicata (Bolli), U1521A-18R-5W, 122–125 cm. (5) Tenuitella munda (Jenkins), U1521A-18R-5W, 122–125 cm. (6) Globigerinita
uvula (Ehrenberg),U1521A-29R-6W, 20–22 cm. (7–10) Globigerinita glutinata (Egger), U1521A-18R-5W, 122–125 cm, and U1521A-
9RCC, 8–11 cm. (11–12) Turborotalita quinqueloba (Natland), U1521A-11R-2W, 38–41 cm, and U1521A-12R-1W, 74–77 cm.
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Plate B4. (1–2) Dentoglobigerina globosa (Bolli), U1521A-21R4W, 89–92 cm, and U1521A-17R-2W, 9–12 cm. (3) Trilobatus cf. T.
quadrilobatus d’Orbigny, U1521A-26RCC, 7–12 cm. (4) Globigerinella obesa (Bolli), U1521A-17R-2W, 9–12 cm. (5–6) Paragloborotalia
pseudocontinuosa (Jenkins). (7) Paragloborotalia cf. P. continuosa (Blow), U1521A-24R2W, 20–22 cm, and U1521A-21R-4W, 89–92 cm.
(8) Globoconella cf. G. miozea (Finlay), U1521A-21R-6W, 71–74 cm.
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Plate B5. (1) Globoconella cf. G. miozea (Finlay), U1521A-17R-2W, 9–12 cm. (2, 4) Globoturborotalita druryi (Akers), U1521A-18R-5W,
36–39 cm, and U1521A-26RCC, 7–12 cm. (3) Globorotaloides suteri (Bolli), U1521A-26RCC, 7–12 cm. (5) Unidentified Globorotallidae,
U1521A-11R-1W, 15–18 cm. (6) Pteropod, U151A-18R-5W, 122–125 cm. (7) Clast with pteropods and radiolarians, U151A-18R-5W, 122–
125 cm. (8) Radiolarian, U151A-18R-5W, 122–125 cm.
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