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Abstract: Foraminifers and ostracods were studied in a gravity-core recovered near Cape Adare
(Ross Sea, Antarctica) with the aim of identifying the climatic and oceanographic variations during
the last 30 ka. The sedimentary sequence represents conditions of a cool-water carbonate factory,
which evidences that during the Marine Isotope Stage 2 (MIS2) the area was ice-free and very
productive. The overall preservation of delicate skeletal remains such as bryozoans and molluscs
indicated moderate bottom currents. This carbonate factory was interrupted by some terrigenous
levels, representing conditions of instability/retreat of the ice shelves southward. The younger levels
were referred to the meltwater pulse (MWP)-1A and 1B events. The Holocene sequence comprised
more terrigenous sediments, reflecting high bottom-currents similar to the present-day conditions.
Very abundant and well preserved foraminifers and ostracods, representative of shelf-upper slope
paleoenvironments, were recovered. Epistominella exigua, among the foraminifers, suggested the
influence of the Circumpolar Deep Water during some periods of the late Quaternary. Heavy-test
taxa, such as Cibicides refulgens, indicated strengthening bottom hydrodynamics. As for the ostracods,
peaks in the presence of Australicythere devexa, Bairdoppilata simplex and Pseudocythere aff. caudata
together with significant values of Polycope spp. allowed us to identify environments rich in nutrients
with the influence of cold and deep water upwelling phenomena.
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1. Introduction

Scientific interest in polar biogenic carbonates has increased over time as they are very important
paleoecological proxies in the study of high latitude settings where abiogenic glacial sediments often
prevail. Biogenic calcareous sediments are relatively rare in the Antarctic shelves, since the particular
conditions of these polar environments do not generally favour the carbonate “factory”. More typically,
low temperatures and highly corrosive water masses, generally force the calcite compensation depth
(CCD) at approximately 350–1000 m on the Antarctic shelves [1–3]. In addition, large amounts
of siliciclastic sediments related to glacier activities limit the biogenic carbonate production and
accumulation. Due to these conditions, biogenic carbonate deposits on the Antarctic shelves are very
localised in space and in time [2,4–11].

Studies in the Ross Sea area show that several metres of thick carbonate-rich sequences occur on
the north-western banks (Mawson and Pennell), outer continental shelf (northern Drygalski Trough),
and upper slope [5,8–10,12]. These gravel- to sand-sized biogenic sediments mainly consist of bryozoan,
stylasterine hydrocoral, mollusc, barnacle, foraminifer, ostracod and echinoid tests, skeletal parts or
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particles. In particular, all of the major producers (i.e., bryozoans and stylasterine hydrocorals) of
these carbonate sequences require hard substrate to live. They are variably interbedded with muddy
intervals, containing calcareous and siliceous microfossils.

This carbonate factory has mainly been related to the maximum expansion of the ice shelves in
the Ross Sea, from MIS3 up to the late Pleistocene (Last Glacial Maximum) [5,10], when the glacial
expansion limited the siliciclastic influx to the outer shelf. During this time interval, the East Antarctic
Ice Shelf (EAIS) was grounded in the proximity of Coulman Island, leaving the northern part of the
shelf partially open toward the upper slope [13,14]. A hiatus from ca. 22.7 and 3.6 ka has been related
to the ice shelf decay and retreat, when the increased terrigenous influx due to the meltwater outflow
and iceberg calving affected productivity and the carbonate factory [10].

During the development of the carbonate factory, the accumulation rate may still have been
elevated [15], but during the unfavourable conditions for carbonate production, the skeletal debris
undergoes significant alteration and remobilisation. Furthermore, reworking phenomena due to
gravity flows and iceberg transits together with strong bottom currents could alter these deposits.
Thus, an initial autochthonous biogenic concentration could be modified by episodes of physical
remoulding, yielding largely parautochthonous/allochthonous fossil assemblages.

Taviani et al. [5] distinguished four distinct facies based on biota composition (mainly barnacles,
bryozoans and foraminifers) in the north-western Ross Sea continental shelf. Sedimentological and
biological data indicate the common influence of bottom-current activity in several of the investigated
areas. Brambati et al., [8] describe a four-metres-thick carbonate/siliciclastic sequence found close
to the Cape Adare area that mainly consists of bryozoan and foraminifer remains. Carbonate-rich
facies in the Mawson and Pennell Banks surrounding Joides Basin may be the function of several
processes, such as undergoing remobilisation due to gravity flow processes, iceberg disturbance
on the sea-floor, and/or strong bottom currents, as evidenced in [12]. Melis et al. [9] showed that
the biogenic carbonate accumulation increases toward the shelf-break area north of the Drygalski
Trough where bryozoan and stylasterine assemblages, accumulated by means of several mass transport
events, are interbedded within open marine muddy sediments. Studying 15 piston cores from the
northwestern Ross Sea shelf, the authors of [10] identify six facies associations, highlighting the
carbonate components in which barnacles, bryozoans, stylasterines and foraminifers are the main
carbonate producers. The facies distribution has been used to determine ice shelf fluctuations. Other
middle Pleistocene polar carbonates were found in drill hole CPR-1 at Cape Roberts (McMurdo
Sound, south Ross Sea) [7,16]. Within these carbonate sediments, subsequent autochthonous marine
assemblages document the oscillation of the ice-shelf front while reworked Pliocene foraminifers testify
to the influence of transport processes.

Microfossils such as foraminifers and ostracods are always recovered in these facies but are not
often thoroughly studied. They are potentially very sensitive to post-mortem transport due to their
relatively small size, thus taphonomic studies on their remains can also be used to identify different
depositional processes. Foraminiferal assemblages are largely autochthonous in deep shelf settings
because they accumulate below the storm wave base [17]. In contrast, in high latitude areas, glacial
processes are known for test transport, leading to the accumulation of allochthonous fossil assemblages
in deep shelf settings [16]. However, even in high dynamic environments such as those located
near grounding lines and related grounding zone wedges (GZWs), microfossils can be considered
autochthonous, provided they meet certain preservation criteria [18,19]. Reworked and transported
foraminifers are, in fact, recognised when their tests appear damaged, with different coloration,
and/or with sediment filling [20].

We present the study of these microorganisms (foraminifers and ostracods) in core ANTA91-9,
located near Cape Adare, on the outer continental Ross Sea shelf. Cape Adare area is characterised by a
narrow shelf, which deepens rapidly towards the abyssal plain of the Adare Basin. The shelf break near
Cape Adare is a complex region with several advection and mixing processes occurring concurrently.
In this area, salty, dense and cold High Salinity Shelf Water (HSSW), flowing northwards from Victoria
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Land, mixes with cold, fresh Antarctic Surface Water (ASW) and warm, salty Circumpolar Deep Water
(CDW) at the Antarctic Slope Front to form Antarctic Bottom Water that sinks into the deeper parts
of the abyssal plain [21]. This area is currently characterized by moderate to strong currents caused
not only by the overflow of the HSSW across the Drygalski Trough sill down the continental slope,
but also by strong tidal currents, which here can exceed 0.8 m/s, compared with ∼0.4–0.6 m/s for the
mean speed of the dense outflow of the HSSW [22–25].

The aim of this work is to verify the potential of foraminifers and ostracods to aid in the
study of the paleoenvironmental and climatic variations during the late Quaternary, with the
support of sedimentological and geochemical data. These microorganisms have not been thoroughly
studied in this area until now. The integrated use of these two taxonomic groups is intended to
determine whether they respond unequivocally to the same climatic forcing events. We intend to use
multivariate statistics to identify Foraminiferal and Ostracod Assemblages (FAs and OAs) useful for
the paleoenvironmental reconstructions.

2. Materials and Methods

The gravity core ANTA91-9 (coord. 71◦30.77′ S, 171◦54.22′ E; water depth 573 m, core length 496
cm) was collected during the 1991 austral summer cruise of the “Progetto Nazionale di Ricerche in
Antartide” (Figure 1).
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Figure 1. Location of the ANTA91-9 core. Ross Sea bathymetric map (after [26]), modified, showing
the location of the named basins and banks.

The core had previously been halved, described and X-rayed by the authors of [8] and subsequently
re-sampled in the laboratories of the Department of Mathematics and Geosciences, University of
Trieste for this study. Forty-nine samples, each comprising approximately 1–2 cm-thick core sections,
were taken from along the core to examine sediment composition and micropaleontological assemblages
(foraminifers and ostracods).

The samples for the micropaleontological analysis were first dried at 50 ◦C, weighed, added with
distilled water to separate the sediment and wet-sieved through a 50 µm mesh sieve.
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Foraminifers were studied in the sediment fraction > 50 µm, using a binocular microscope.
When the foraminifers were abundant, the samples were subdivided using a dry splitter until an
aliquot containing approximately 300 specimens was obtained. The species counts were carried out on
well preserved specimens and recorded as the number of specimens of each taxon; these data were
subsequently converted into frequency expressed as a percentage. All foraminifers were identified
at species levels, except for unilocular forms (Fissurina, Lagena and Oolina) and small Discorbidae,
which have been identified at the generic level (Appendix A). The identification mainly follows [27–30].
The [31] was used for consultation of original taxa descriptions. From the total assemblage data,
the measures of species diversity (Shannon Index, H) and dominance (D index) were calculated for
each level using the PAST (version 4.03) (PAlaeontological STatistics) data analysis package [32].

The same samples used for the foraminifer analysis were used for the study of ostracods. They
were studied in the sediment fraction > 50 to preserve not only the medium- or large-sized species but
also the juvenile moults, which are important for the definition of the autochthonous or allochthonous
assemblage conditions. This size fraction is also normally used for deep-sea ostracod research and
allows us to obtain adults and late moult juveniles stage for most species [33,34]. All the valves and
carapaces of the adult specimens found in the samples were collected, classified, and identified under
a binocular microscope. The number of specimens refers to both valves and carapaces, i.e., one valve is
considered to be one specimen and one articulated carapace is one specimen [33]. The identification
mainly follows [33,35–43].

All foraminifer and ostracod species discussed in this study were deposited in the repository of
the Department of Mathematics and Geosciences.

The study partially incorporates only some of the abiotic (i.e., water content and sediment
grain-size) and biotic (foraminifers) data previously published in [8], while the majority of the
levels were re-sampled to obtain thinner levels (2 cm instead of 4–5 cm, as originally used in [8]).
The sandy fraction was analysed in a settling tube and the mud fraction on a Micromeritics ET 5000
Sedigraph. Total carbon (TC), total organic carbon (TOC) and total nitrogen (TN) content, in percentage,
were detected as the mean value of 2 replicates of the same sample using an Elemental Analyzer (ECS
4010 CHNSO) and acetanilide as the standard for calibration. Large calcareous particles (>2 mm),
such as fragments of bryozoans or entire bivalves, were excluded. To determine the TOC, prior to
analysis the samples were progressively acidified with HCl 0.1–1.0 N [44]. TIC content obtained from
TC and TOC measurements was used to calculate the CaCO3 content as weighted percentage by the
multiplication of factor 8.333 (CaCO3/C ratio).

The chronology of the studied core is based on six new AMS radiocarbon dates obtained from
mixed calcareous microfossils (foraminifers). We decided not to consider the 14C date published by the
authors of [8], indicating a conventional age of 23.1 ka ± 320, since it was obtained using a mollusc
without etching its surface to reveal the underlying fresh carbonate, as suggested in [10]. Since the
radiocarbon analyses were carried out on mixed benthic organisms, which can show variable 14C
vital effect, the AMS 14C dates were calibrated using a marine reservoir age with a relative larger
error (R + ∆R = 1100 ± 200 yr), as suggested in [45]. The calibration of the radiocarbon dates was
based on the MARINE 13 calibration curve [46] by means of Clam 2.3.2 [47] at 95% confidence ranges.
The Clam was also used to calculate the age-depth model through a linear interpolation function
between dated levels with an amount of 1000 iterations (Figure 2). The uncorrected and calibrated
14C data are reported in Table 1; all the ages reported in the rest of this paper are calibrated ages,
unless otherwise specified.

In order to understand the distribution of the benthic foraminifer and ostracod assemblages along
the studied core, their relative frequency was analysed with an orthogonal rotated (Varimax) Q-mode
principal component analysis (PCA) using the XLstat package software, version 2019-1. As regards
the foraminifers, the relative frequency of the taxa with occurrence at least 2% of the total assemblage
in at least two samples was used. This procedure left 17 species and 9 genera, also combining the
species with similar paleoenvironmental significance (i.e., Cibicides spp. and the unilocular taxa),



Geosciences 2020, 10, 413 5 of 29

for statistical analysis. The calculated PC scores indicate the contribution of the foraminifer species
for each PC and, consequently, taxa pertaining to the same PC have been considered to have similar
paleoenvironmental conditions. Only the PC loading which exceeded the value of 0.4 was considered
statistically significant, as suggested in [19,30,48,49]. As regards the ostracods, the number of species
was reduced to 43, disregarding taxa with occurrence below 2% of the total assemblage in at least two
samples or single occurrence species. The Polycope species (all in open nomenclature), found for the
first time in Antarctic sedimentary series, which were subject the same trend within the levels of the
ANTA91-9 core, have been joined at generic level. All ostracod taxa subjected to statistical analysis
were previously standardized using the weight of the observed samples.

Table 1. AMS 14C ages with calibrated calendar ages ±2σ (yr). The calendar ages are calibrated using
the Clam 2.3.2 software [47] with Marine 13 calibration curve [46]. A constant reservoir correction of
1100 ± 200 years with a ∆R of 700 ± 200 years was applied, as suggested in [45]. Calibrated age ranges
at 95% confidence.

Core
Number

Sample
Depth
(cm)

Laboratory
Code

Carbon
Source

Conventional
14C Age (yr BP) δ13C Calibrated 14C

Age (yr (BP)
Min 95% Max 95%

ANTA91-9 0–2 GX-23025 foraminifers 8900 ± 60 −0.5 8736 8546 8927
ANTA91-9 28–30 GX-23026 foraminifers 13,510 ± 80 −0.6 14,538 14,137 14,940
ANTA91-9 73–75 GX-23403 foraminifers 19,680 ± 160 −3.6 22,439 21,844 23,019
ANTA91-9 153–155 GX-23027 foraminifers 14,690 ± 80 0.9 16,390 16,120 16,662
ANTA91-9 183–185 GX-23404 foraminifers 15,710 ± 100 −1.3 17,776 17,531 18,022
ANTA91-9 315–316 OS-78316 foraminifers 19,000 ± 70 n.d. 21,672 21,451 21,894
ANTA91-9 407–408 Poz-122918 benthic forams 22,920 ± 150 n.d. 26,089 25,792 26,386

GX = Geochorn entrprises (USA); OS = NOSAMS Wood Hole (USA); Poz = Poznan Laboratory (Polland).
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3. Results

All radiocarbon ages obtained, except one, are consistent with their stratigraphic position (Figure 2).
The only date showing an age reversal is obtained in the upper part of the core (73–75 cm, Figure 1, Table 1).
Age reversals are very common in Antarctic sediments subjected to the influence of bottom currents,
gravitational phenomena or seafloor disturbances by icebergs or ice-shelf keels [10,12,13,45,50–52].
Considering the absence of sedimentary structures indicating slumping or gravitational phenomena in
the interval where the reversed age level was found and that the depth of the core location was too
high for the average depth of influence of icebergs [53], it is rather believed to be a problem due to the
mixing of reworked sediments by bottom currents. Taking into account that all the other ages are in
stratigraphic order and that the age model appears to work properly with the data discussions, it was
decided to exclude the reverse data from the discussions.

The chronological reconstruction based on the calibrated ages corresponds to the time interval
from late MIS2 to the early Holocene, including the Last Glacial Maximum (i.e., 19–26.5 ka BP, sensu [54].
Unfortunately, the top showed an age of 8.5 ka BP, possibly indicating that part of the sediment was
lost during core drilling (gravity core) or that the area is in fact subjected to strong currents capable of
removing the most recent sediments. Overall, considering that the chronology was mainly obtained
using in-situ well preserved calcareous foraminifers, we are confident that our age model is reliable.

3.1. ANTA91-9 Lithofacies and Biofacies Composition

Core ANTA91-9 consisted largely of siliciclastic sediments with variable amounts of carbonates.
The grain-size analyses indicated that gravel content varied from 0.9 to 27.8% with a mean value of
14.2 ± 6.3%, sand from 15.1 to 78.4% with a mean value 35.3 ± 11.9%, and pelite (<50 µm) from 11.7 to
84.0 with a mean value of 50.5 ± 13.7% (Figure 3).
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Figure 3. Texture and sediment geochemistry of the studied core. From left to right: down-core
distribution of gravel (%), sand (%), pelite (%), number of clasts >2 mm in size, CaCO3 (%), organic C (%),
Corg/Ntot contents and δ18O in the Taylor Dome ice core, from [55], modified. The time scale (st9507)
was used for δ18O data. There are a few textural data from [8], modified (see Methods). Authors
elaboration Calibrated ages (ka BP) dated by AMS 14C are reported in red (see Table 1 for details).
The top level of this core dates to 8.5 ka BP. Gray areas crossing CaCO3 and TOC%, C/N and δ18O
curves represent sediments with CaCO3 content < 30%.
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Following the [56] classification, the sediments mainly pertain to very sandy pelite and sandy
pelite, subordinately. Only the uppermost 10 cm of sediments, Holocene in age, are pelitic sand,
in which the sand content is > 70% (Figure 3). In particular, sandy pelite characterises some intervals
younger than 15.0 ka BP, around 16 ka BP and other scattered levels mainly concentrated towards the
bottom of the core. The gravel fraction is entirely composed of calcareous skeletal elements and tests
except for the uppermost interval, from about 16 ka BP upward, where an increase in inorganic clasts
was recorded. Ice-rafted debris (IRD, clasts > 2 mm in size) were sporadically recovered in the core,
but they significantly increased in sediments younger than 13.5 ka BP and, in particular, during the
Holocene (Figure 3). IRD were often volcaniclastic in composition.

Total carbonate content in these sediments varied from 9.2 to 60.0% (mean value 39.6 ± 11.3%) in
the fraction < 2 mm (Figure 3). TOC and TN varied from 0.13 to 0.80% (mean value 0.40 ± 0.16%) and
from 0.03 to 0.25 (mean value 0.08 ± 0.03%), respectively. C/N molar ratio varies from 1.6 to 9.4 with a
mean value of 6.1 ± 1.6. TOC shows lower values in the older sediments, until 18 ka BP, then increases
with some oscillations at approximately 14 ka BP and then decreases again (Figure 3).

The studied sediments included bryozoans, serpulid polychaetes, barnacles, molluscs (also
pteropods), very rare corals and brachiopods in the gravel (Table S1) and sand fractions, together
with sand-sized benthic and planktonic foraminifers, ostracods and sponge spicule. Biogenic ash
derived from these taxa completed the biogenic fraction. Bryozoans are present in all sediments and
are the most abundant biogenic grain, followed by serpulids. Bryozoans are typically disarticulated
or fragmented, but the elements are never abraded. Erect, articulated, robust cylindrical forms and
encrusting forms are the most common. Articulated delicate cylindrical forms are subordinately
present. The bioclasts were frequently encrusted by successive colonies of bryozoans or by serpulids,
except for the Holocene interval and in the time interval at around 16 ka BP.

These calcareous remains were distributed throughout the core with a chaotic disposition (Figure S1
in the supplementary), with the exception of three intervals, located at depth with age < 12.7, 16.0–16.4
and 20.5–21.2 ka BP, where a decrease in CaCO3 content and a relative increase in IRD is observed
(Figure 3).

This biofacies assemblage is very close to the “muddy bryozoan/barnacle/pelecypod/foraminifers”
assemblage described in [5] on the outer shelf/upper slope of the eastern flank of the Mawson Bank,
and also shares similarities with the biogenic sediments of the southern coast of Australia [57,58].
Moreover, the studied core shows great similarity with Facies Association 2 (bryozoan gravel and
variable muddy sand) and Facies Association 4 (microbioclastic sand) proposed by the authors of [10]
for the carbonate sediments of the north-western Ross Sea shelf.

3.2. Microfossils

3.2.1. Foraminifers

Forty-eight benthic species representing thirty-seven genera were found (Table S2); some species of
Fissurina, Lagena and Oolina were collectively grouped as species plurimae (spp.). Planktonic foraminifers
were exclusively represented by Neogloboquadrina pachyderma, which was always present with two
morphotypes, the thickened and encrusted type, typical for terminal life stage, and the thin-walled
non-encrusted type, which is known to represent the early stage of the life cycle living in the surface
water [59,60]. Among them, the encrusted morphotype (adult) is the dominant form, varying from
27.0 to 96.4% of their distribution and being generally over 50%.

Benthic taxa were widely present throughout the core; among them, 23 species occurred in almost
90% of the studied levels and eight species were always present (Astrononion antarcticus, Discorbis
vilardeboanus, Fissurina spp., Globocassidulina biora, Globocassidulina subglobosa, Lagena spp., Miliolinella
subrotunda and Patellina antarctica) (Table S2). The foraminifers are generally very well preserved and
the assemblages include a wide range of test sizes, except for very few levels in ages older than 18.0 ka
BP (at the 211, 265, 417 cm depth), where they show some size sorting.
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Among them, the most abundant species were, in decreasing order, M. subrotunda (mean value
9.4%), D. vilardeboanus (m.v. 8.7%), Epistominella exigua (m.v. 8.7%), G. biora (m.v. 7.6%), P. antarctica
(m.v. 7.9%) and Sigmoilina umbonata (m.v. 5.4%). The down-core variation in their relative abundances
(Figure 4) shows that G. biora was more abundant in the medium-uppermost sediments, while E. exigua
was more abundant in the basal sediments and decreased upwards. Meanwhile, D. vilardeboanus
tended to decrease upwards, and M. subrotunda and S. umbonata showed numerous peaks in abundance
in the medium-basal part of the core and decreased upwards. Trifarina earlandi is significantly present
in the basal part of the core and, lastly, P. antarctica showed a fluctuating distribution without any
particular trend.

The benthos density (varying from 270 to 5166 specimens/g) was greater than the planktonic
density (varying from 129 to 1218 specimens/g) (Figure 4). Overall, the foraminifer density increased
from the bottom to the top, except for the youngest sediments where a strong decrease in the CaCO3

content corresponded to a decline in their density (Figure 3).
The five PC scores used in this study explain 86.5% of the total variance in the benthic foraminifer

data set. These five most significant PCs are referred to as Foraminifer Associations (FAs) using the
name of the dominant taxon (Table 2). The two main PCs are: E. exigua FA, with a high positive
D. vilardeboanus score, explaining the variance of 31.4%, and the M. subrotunda FA, with high positive
S. umbonata and G. biora scores and a negative score of T. earlandi, explaining the variance of 27.8%.
Three additional FAs are considerably less widespread, that is the G. biora FA with high positive
D. vilardeboanus and T. angulosa scores (variance of 10.8%), the Tubinella funalis FA with a high positive
G. subglobosa score and a negative Pyrgo spp. score (variance of 10.5%) and Cibicides spp. FA (variance
of 6.0%).

Table 2. Foraminifer Principal Component scores (FAs). The dominant species for particular FA are
reported in bold.

E. exigua
FA

M. subrotunda
FA

G. biora
FA

T. funalis
FA

Cibicides spp.
FA

Total variance explained (%) 31.4 27.8 10.8 10.5 6.0
Astrononion spp. −0.45 −0.13 −0.10 −0.58 −0.25
Cibicides spp. 0.11 −0.19 −0.25 0.92 4.28

Cornuspira involvens −0.57 −0.08 −0.27 −0.04 −0.86
Discorbis vilardeboanus 1.91 0.28 2.34 −0.84 −0.41

Ehrembergina glabra −0.24 −0.34 −0.61 −0.86 0.48
Entosolenia sp. 0.13 −0.33 −0.05 −0.87 −0.02

Epistominella exigua 3.61 −0.24 −0.84 −0.18 −0.32
Fissurina spp. 0.00 −0.26 −0.59 0.96 −0.10

Globocassidulina biora −1.39 1.84 3.41 −0.02 0.46
Globocassidulina subglobosa −0.12 −0.40 −0.62 2.20 0.32

Lagena spp. −0.43 −0.27 −0.44 −0.87 −0.13
Miliolinella subrotundata 0.32 3.44 −1.17 0.19 0.50

Nonionella spp. −0.04 −0.54 0.62 0.87 −1.19
Oolina spp. −0.27 −0.16 −0.62 −0.70 0.02

Patellina antarctica 1.04 0.79 0.09 1.91 −1.43
Planispirinoides bucculentus −0.76 −0.39 −0.56 −0.85 −0.07

Pseudobulimina chapmani −0.49 −0.49 −0.48 −0.67 −0.07
Pullenia subcarinata −0.51 −0.54 −0.46 −0.72 0.12

Pyrgo spp. −0.70 −0.61 −0.42 −0.94 −0.26
Rosalina globularis 0.84 −1.05 1.01 0.38 0.41

Sigmoilina umbonata 0.02 2.09 −1.01 −0.70 −0.22
Spirillina spp. −0.83 0.35 −0.14 −0.12 −0.81

Trifarina earlandi costate 0.91 −0.98 1.07 −1.14 0.87
Triloculina trigonula −0.53 −0.05 −0.51 0.44 −0.44

Trochammina multiloculata −0.79 −0.85 0.21 −0.28 −0.57
Tubinella funalis −0.76 −0.87 0.38 2.52 −0.32
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3.2.2. Ostracods

The ostracod podocopid fauna from the studied core is represented by 54 species belonging to
35 genera (Table S3). Of the 54 species, 19 are recorded in open nomenclature. The ostracod assemblage
is dominated by the cytheracean taxa. Some species were represented by only a few specimens,
while others contained more numerous populations. Faunas are well preserved.

The most abundant species are Australicythere devexa, Australicythere polylyca, Bairdoppilata
simplex, Cytheropteron (Loxoreticulatum) fallax, Patagonacythere longiducta, Pseudocythere aff. P.
caudata and Xestoleberis rigusa, other taxa represented by Antarcticythere laevior, Cytheropteron
sp., Hemicytherura spp., Polycope spp. and Sclerochilus reniformis show lesser quantitative values
(Figure A1, Figure A2). In particular, A. devexa, B. simplex, P. aff. P. caudata and X. rigusa show higher
peaks in the upper and middle basal core levels. The lower levels are characterised by an evident
decrease in the above-mentioned species. Cytheropteron (Loxoreticulatum) fallax reaches the highest
values in the medium-upper levels of the core in contrast to A. polylyca, which shows the highest
contents in basal levels. As regards the values relative to the number of species, number of specimens/g
and of the Shannon index (H), variable values are observed, dividing the core into precise intervals.
In particular, high H values were recorded in the following intervals (Figure 5): younger than 15.3,
17.1–19.1, 20.9–24.3 and 25.2–28.1 ka BP, while intervals characterised by lower values were recorded at
<10.2, 15.4–16.7, 19.4–20.6 and 28.5–29.5 ka BP.

The four PC scores used in this study account for 78.4% of the total variance in the ostracod
data set. All PCs are defined by a species with the highest positive PC scores (Table 3). In three
cases, they are accompanied by taxa with lower, but still significant scores, contributing to the
definition of the particular assemblage. In the following discussion, the calculated PCs (mathematical
models of real assemblages), are referred to as ostracod assemblages (OAs) using the name of the
dominant taxon. The four PCs are: 1—Pseudocythere aff. P. caudata OA (variance of 27.5%, with
Australycythere devexa, Kangarina sp., high positive scores), 2—Cytheropteron fallax OA (variance of
22.4%), 3—Bairdoppilata simplex OA (variance of 20.7%, with Australycythere devexa and Xestoleberis rigusa
high positive scores), 4—Australicythere polylyca OA (variance of 7.8%).
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Table 3. Ostracods Principal Component scores (OAs). The dominant species for particular OA are
reported in bold.

P. caudata
OA

C. fallax
OA

B. simplex
OA

A. polylyca
OA

Total variance explained (%) 27.5 22.4 20.7 7.8
Aglaiella setigera 0.08 −0.20 0.16 −0.25

Antarcticythere laevior 0.81 −0.32 −0.19 0.07
Antarctiloxoconcha frigida −0.37 −0.37 −0.23 0.13

Argilloecia antarctica −0.21 −0.49 0.09 −0.30
Argilloecia spp. −0.30 −0.47 0.05 −0.22

Australicythere devexa 2.85 1.59 3.16 2.40
Australicythere polylyca −0.85 0.19 −0.09 5.41

Austrocythere reticulotuberculata −0.46 −0.40 −0.19 −0.03
Austrotrachyleberis antarctica −0.44 −0.43 −0.21 0.17

Aversovalva antarctica −0.52 −0.30 −0.18 −0.08
Bairdia sp. −0.43 −0.34 0.23 −0.43

Bairdoppilata simplex −0.52 −0.05 4.35 −1.71
Bythoceratina dubia −0.50 −0.33 −0.11 −0.04

Cativella bensoni −0.44 −0.30 −0.25 −0.02
Convexochilus meridionalis −0.47 −0.19 −0.25 0.08

Cytherois sp. −0.43 −0.37 −0.20 −0.09
Cytheropteron (Loxoreticulatum) fallax −1.71 5.89 −0.65 −0.87

Cytheropteron abyssorum −0.53 −0.21 −0.21 −0.10
Cytheropteron antarcticum −0.45 −0.44 −0.05 −0.15

Cytheropteron gaussi −0.42 0.36 −0.33 0.17
Glacioloxoconcha suedshetlandensis −0.22 −0.18 −0.40 −0.10

Hemicytherura anomala −0.29 −0.19 −0.15 0.09
Hemicytherura irregularis 1.00 0.52 −0.81 0.16

Kangarina sp. 2.54 −0.73 −1.15 0.03
Krithe (Austrokrithe) magna −0.55 −0.26 −0.11 −0.07

Macropyxis similis −0.02 −0.36 −0.05 −0.32
Microcythere frigida −0.32 −0.35 −0.25 −0.05

Microcythere scaphoides −0.29 −0.34 −0.20 −0.24
Monoceratina sp. −0.51 −0.36 −0.17 −0.07

Orthopolycope antarctica 0.00 −0.49 −0.32 −0.09
Paracytheridea antarctica −0.20 −0.22 −0.32 −0.11

Paracytherois sp. 0.55 −0.19 −0.61 −0.42
Paradoxostoma hypselum −0.30 0.08 −0.33 −0.35

Paradoxostoma spp. 0.05 0.03 −0.49 −0.36
Patagonacythere longiducta −0.70 0.13 1.12 0.13

Polycope spp. 0.71 −0.16 −0.31 −0.41
Pseudocythere aff. P. caudata 4.00 1.25 −1.65 −1.07

Sclerochilus (Praesclerochilus) antarcticus −0.36 −0.33 −0.15 0.07
Sclerochilus (Praesclerochilus) reniformis 0.45 0.19 −0.30 0.69

Semicytherura costellata −0.44 −0.15 −0.24 −0.17
Semicytherura sp. −0.50 −0.25 −0.14 −0.05

Xestoleberis rigusa 1.00 −0.27 2.33 −1.08
Xiphichilus gracilis −0.30 −0.22 −0.20 −0.32
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4. Discussion

4.1. The Carbonate Factory

The analysis of the foraminifer and ostracod assemblages in core ANTA91-9, collected in
the area where the carbonate factories operated, offered us a possible interpretation of some
paleoenvironmental/climatic events that have affected this area of the Ross Sea over the last 30 ka,
while considering with caution the results obtained by a single sedimentary series. The deglaciation
of the Ross Sea has proven controversial in terms of its timing (pre-global LGM or post–13 ka), style
(“swinging gate” or “saloon door”) (see discussion in [14]) and the forcing factors that regulate the ice
retreat [61]. Recent articles from [52,62] made significant advances toward reconstructing an accurate
ice sheet/ice shelf retreat history for the western Ross Sea by using a combination of geomorphic,
sedimentological, and micropaleontological analyses to identify key sediment facies and transitions
that mark grounding-line retreat and open-marine onset. Throughout the range of ages from the
proximal glaciomarine sediments of the LGM grounding-zone wedges, the authors of [52] recorded
that the ice reached its maximum extent at 25.6 ka BP and persisted for ~14 ka until 11.5 ka BP.

The radiocarbon ages of the studied core indicate that the carbonate factory off the Cape Adare area
was active by approximately 30 ka BP until the early Holocene, including the Last Glacial Maximum
(LGM) when widespread glaciations affected most of the Ross Sea continental shelf [13,14,63,64] and the
global mean sea level was ~130–140 m lower than present [65] and references therein. This highlights
that the outer sector of the western continental shelf was not covered by either grounded or floating
ice during this period, in agreement with [13,14,52,66]. Conversely, predominantly terrigenous sandy
sediments characterise the Late Pleistocene-Holocene transition of this area; the thickness of this
interval is limited to the top sediments, 10 cm-thick. This limited thickness could possibly be also
attributed to the use of a gravity corer for the drilling operation.

Biogenic facies characterise the greater part of the studied sedimentary sequence, which shows
strong affinity with the sediments recovered by the authors of [5] from the outer shelf of eastern
flank of the Mawson Bank (western Ross Sea). In any case, the biogenic sediments of core ANTA91-9
are generally younger than the sedimentary sequences studied in [5,10] and lack strong evidence of
current influence, as generally reported by the authors of [22–25] for this region. Considering the
overall preservation of the skeletal structures of the studied core biofacies, the almost total absence
of abrasion in the biogenic remains and their general chaotic disposition, it can be deduced that
most of these organisms have been subject to a moderate hydrodynamic bottom energy after their
deposition. This biogenic sediment is unconsolidated and lacks chemical alteration, like cementation
and/or dissolution, indicating that the seafloor diagenesis on the Ross Sea shelf was minor, in agreement
with [11]. Furthermore, among the biological processes affecting these skeletal gravels, the bryozoans
are very often encrusted by other colonies of bryozoans or serpulids. This fact likely suggests that the
sedimentation had moments of stasis and therefore the biogenic material served as rigid substrate for
subsequent colonies of encrusting organisms.

Studies regarding the present distribution of taxa such as bryozoans, molluscs and corals in the
Cape Adare area are very scarce and mainly concern the stylasterid corals [67,68]. A present-day
bryozoan assemblage similar to that recovered in core ANTA91-9 was described in [55] at the Pennell
Bank and surrounding areas as a “Deep Shelf Mud Bottom Assemblage”, at depths of 400–700 m.
Similar bioclastic-rich sediments also occur on the upper continental slope of the George V, Terre Adélie
continental margin, East Antarctica [4], where it has been suggested that these bryozoan-rich sediments
could represent in situ accumulation. Shelf edge sectors of these high latitude areas are also considered
suitable for sustaining organisms such as bryozoans, being zones of nutrient-rich upwelling currents [69].
These conditions could support extensive aphotic biostromal/hermal and bryozoan/sponge/coral
communities, which generate thick successions of muddy biogenic sands, as reported in [57].

According to [10], the significant occurrence of bryozoans is indicative of a carbonate factory
coeval with the glacial expansion of the LGM. The biogenic production/accumulation of the studied
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core matches with Facies Associations (FA) 2.3 and 2.4 proposed by the authors of [10], and seems
to operate during the intervals 10.6–12.7, 14.7–15.7, 17.7–20.5 ka BP and in the sediments older than
21.3 ka BP, including the last part of MIS3 and all of MIS2. Contrary to what [10] reported, who pointed
to a gap in their cores between 22.7 and 3.6 ka BP (not calibrated ages), in this sector of Cape Adare,
the carbonate factory continued to be productive also during the deglacial phases following the LGM.

The consistent occurrence of pelite in the shell lags of this core likely indicates that the effect of
the currents with evidence of mud winnowing suggested in [10] was largely reduced in the studied
site, on the contrary showing that normal open-marine sedimentation occurred during (or after)
the biogenic production/accumulation. In this situation, the colonisation by species of foraminifers
and ostracods, including epibionts and endobionts, capable of occupying sedimentary interstices,
could occur, as reported in [9] in another biogenic sequence of the Victoria Land Basin area.

The deposition of bioclastic core sediments showed a temporary interruption at 8.5–10.2, 13.5–14.7,
16.0–16.4, and approximately 20.5–21.1 ka BP in relation to the inflow of more terrigenous sediments,
bringing the CaCO3 content to values < 30% (Figure 3). We believe that these levels, which interrupt
the carbonate factory, are therefore evidence of reducing ice volume or phases of instability/retreat
of the ice sheet/shelf southward. In the Antarctic region, the post–LGM deglaciation is generally
considered to start around 18 ka BP [13] in response to atmospheric warming [70]. However, the timing
and pattern of post–LGM ice–sheet retreat in Antarctica is ambiguous, and in many areas not well
constrained. The first lowering of carbonate content at approximately 21 ka BP could evidence the
beginning of the deglaciation during the last part of the LGM. This phase corresponds to a light δ18O
decrease in the Taylor Dome record (Figure 3) [71]. The other terrigenous intervals, roughly at about
14 and 10 ka BP, likely correspond to the Melt Water Pulse (MWP)-1A event and to the final part of
the MWP-1B event, which are both well recorded in coral records from Barbados Island [72], but not
widely recognised in Antarctica. The MWP-1A corresponds to the Antarctic Isotope Maximum 1
recorded in Antarctic ice cores [73] and it is evidence of a continuous warming also seen in Taylor
Dome (Figure 3) [55]. MWP-1B likely corresponds to Termination 1B and leads to heating representing
the Antarctic early Holocene Optimum (AHO) evidenced in [74] at 9–11 ka BP.

Modelling experiments proposed by the authors of [75,76] propose rapid ice mass loss mainly
between 14.5–14.0 and 11.6–10.2 ka BP related to the increasing ocean temperature and, conversely,
a period of Antarctic ice loss halt from 13.1 to 11.8 ka BP. The terrigenous levels recorded in the core
ANTA91-9 at 14 ka BP correspond well to the rapid ice-mass loss hypothesised in [75,76], while the
more recent terrigenous levels take on a younger age than that attributed to MWP-1B, but are closer to
representing Antarctic early Holocene Optimum (AHO) (9–11 ka BP), which is synchronous in the
marine records of the South Ocean Pacific sector [74] and references therein and which, in any case,
represents a phase of warming and therefore sediment release. Considering the presence of the erosive
contact at the passage between the carbonate and terrigenous sediments at the top of the core (Figure 3),
some of the sediments related to MWP-1B may have been removed and, in addition, the age attributed
to the increased contribution of the terrigenous material at the top of the core may be influenced by the
approximation of the age model (linear interpolation). The younger sandy terrigenous levels of the
studied core can also be interpreted as evidence of an increasing circulation of water masses, likely
the HHSW. The erosive contact with the underlying muddy sediments indicates the beginning of the
strong bottom-currents, which currently characterise this sector of the outer shelf at approximately
10.6 ka BP. The fine fraction of the sediments was possibly winnowed by the currents, yielding residual
glacial-marine sediments.

4.2. The Microfossils

In terms of microfossil content, the foraminifers and ostracods are very abundant, diversified and
generally very well preserved. The great majority of the tests are complete, transparent and without
sediment infill. Adult ostracods are often accompanied by their young moltings. On the basis of these
observations, the microfossils discussed below have been generally considered in situ.
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The foraminifers observed in the core have been recognised as living in several modern
Antarctic environments, from the inner shelf (e.g., D. vilardeboanus, miliolids in general, P. antarctica
and R. globularis) to the upper slope-bathyal zone (for example, E. exigua, Globocassidulina spp.,
Pullenia subcarinata and T. earlandi) [27,28,49,77–83]. Species such as G. biora, G. subglobosa and
T. earlandi are commonly used to recognise the sub-ice shelf facies, from proximal to distal,
in studying glacial dynamics during the Late Quaternary [18,19,30,62,84]. Furthermore, Cibicides spp.,
are indicative of intense bottom water activity and they are abundant in the sandy sediments [85–87].
The diversity (H index) of the benthic foraminifer assemblage is always high (>3.0), indicating stable
paleoenvironmental conditions, except for at levels where a decrease in carbonate content is reported
(Figure 4). In these levels, the H value decreased to < 3.0, representing decreases in species richness
and foraminifer density under increased terrigenous sedimentation. Here the assemblage is dominated
by E. exigua and S. umbonata at the base of the core (influence of Antarctic Bottom Water currents,
AABW or some evidence of the CDW), G. biora and M. subrotunda in the middle part of the core
and Cibicides spp. at the top of the core (strong hydrodynamics, sandy texture). The occurrence of
planktonic foraminifers is indicative of non-favourable surface water conditions, likely having been
affected by general sea ice conditions. The increasing planktonic frequency toward the top of the core
could indicate open marine conditions similar to nowadays.

In the Southern Ocean, ostracod research has mainly focused on recent ostracods up to now,
i.e., those studies done by the authors of [33,34,37–43]. On the contrary, investigations on ostracods
in sediment cores are rare in Antarctic seas [8,88–91], due to their poor preservation in corrosive
bottom waters [13]. The ostracod assemblage of core ANTA91-9 is mainly composed of species
previously described from various Antarctic and Subantarctic locations, from shallow to outer shelf
zones [33,35,36,39,40].

In particular, A. polylyca, a species characterised by a wide and robust shell, was widely recorded
from the modern Antarctic region [35,36]. Cytheropteron fallax, widespread in the Antarctic (Elephant
Island, Livingston Island, King George Island, Joinville Island, D’Urville Island, Lavoisier Island,
Adelaide Island) in relatively shallow water [39], is signaled as characteristic of shallow depth often in
association with phytal taxa or filter feeders, deposit feeders and predators/scavengers taxa [33,43].
Genus Xestoleberis has been recorded such as phytal taxa in [33,92,93] in particular from the west
coast of the Antarctic Peninsula (Paradise Bay) in shallow water and from the Halley Bay from a
depth of 200 m. Pseudocythere aff. P. caudata, rare in Admiralty Bay, is an Antarctic cosmopolitan
species [42]. Dingle [89] highlights the presence/absence of the different species based on the depth
and temperature of the water. Whatley et al. [92,93] reported the occurrence of some species such as
Austrotrachyleberis antarctica, A. devexa and B. simplex at lower depths than usual as a probable cause of
the concomitant presence of upwelling currents of cold and deep waters. In the same way, the authors
of [94] link the presence of species both to the depth and the water masses and, in particular, to the
Antarctic Intermediate Water, which has allowed some species to extend their presence to an unusually
shallow limit.

4.3. Foraminifer Associations (FAs) in the Carbonate Factory Environment

Using the benthic foraminifers, five FAs recognised by the PCA analysis explain the total variance
of 86.5% (Table 2). They are defined each by a single taxon with the highest positive PC scores and,
in all cases, they are represented by calcareous assemblages.

4.3.1. Epistominella Exigua FA

This FA shows the highest % of variance. It has significant loadings (that is > 0.4) from 14.8 to
16.8 cal ka BP, around 18.8 and 20.0 ka BP and in all sediments older than 22.0 cal ka BP (Figure 6a).
This distribution generally coincides with the interval with the higher CaCO3 percentage. However,
the E. exigua FA is not significant in the more recent carbonate sediments where there is a stable increase
in TOC content.
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Figure 6. (a) Down-core distribution of the foraminiferal (FAs) and ostracod assemblages (OAs) based
on the Principal Component Analysis (statistically significant loading values > 0.4, as suggested in [48],
are depicted using various colours) together with the percentage values of CaCO3 and TOC and δ18O
curve. Blue areas (letter A) and uncoloured areas (letter B) depict, respectively, the advance and the
retreat glacial phases, which affected the Cape Adare area from 30.0 ka up to the definitive Holocene
glacial retreat (up to 11.0 ka BP). (b) Paleoenvironmental reconstruction of the carbonate deposition at
the Cape Adare area, northwestern Ross Sea, Antarctica, modified from [10], in relation to the ice shelf
variations, using the results from FAs, OAs and abiotic data. A-Active carbonate factory. The expansion
of the ice shelf inhibits the contributions of the terrigenous material, allowing a development of the
carbonate factory. At the same time, the expansion of the sea ice reduces the influence of bottom
currents and disturbance of the bottom communities caused by the transit of icebergs (high IRD,
scouring phenomena). During the period of glacial expansion, there is an increase in nutrient fluxes
resulting from increased upwelling (high CDW). B-Inactive carbonate factory. The withdrawal phases
of the ice shelf generate high flows of sedimentary material from the melt water runoff and iceberg
detachment, which reduces the deposition of the carbonate material. Some decreased flows of organic
material are likely to be caused by a possible concomitant reduced CDW activity.
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Epistominella exigua is a small taxon generally occurring in the deep Atlantic and upper
slope-bathyal Southern Ocean under the influence of the AABW [79,95]. Furthermore, it is considered
an opportunistic species (r-strategist) able to feed on fresh phytodetritus [85,96,97] and adapted to
fluctuating food supply in areas where sea ice hinders the seasonal accumulation of phytodetritus.
In the studied core, this FA may has recorded different periods of extended sea ice cover (or open
marine conditions with seasonal sea-ice cover). Another possibility is that this small species may
indicate the occasional influence of the CDW. In fact, it is thought that this species may be related to
these warmer waters, as suggested in [19,49]. The lowest presence of E. exigua FA has been reported in
the last 10 ka. Here the highest occurrence of the robust Cibicides refulgens testifies to the increasing
hydrodynamics of the bottom waters where E. exigua cannot live.

Discorbis vilardeboanus and P. antarctica are other significant species of this FA. In polar areas,
they are rarely recorded or found in very small quantities. They are both epifaunal, living on hard
substrate and typically reported from the inner shelf [86]. However, P. antarctica is present in slope
areas of the Scotia Sea, even if very scarce [98]. In this association, they could represent good conditions
to live on the hard calcareous substrate.

4.3.2. Miliolinella Subrotunda FA

This FA has significant loadings at around 16 ka BP and 17.2 to 26.0 ka BP and occasionally in
the older sediments (Figure 6a). It is associated with Sigmolilina umbonata and, in a more limited
way, with G. biora. The distribution of this FA mainly corresponds to the lower TOC content, except
for the level at 16 ka BP. Miliolinella subrotunda is a species typically reported from the inner shelf of
the Ross Sea area [27,77,78] and its significant occurrence until 16 ka BP could represent shallower
paleobathymetry conditions. This condition is compatible with the period when the global mean sea
level was ~130–140 m lower than present [65]. The significant occurrence of S. umbonata and P. corrugata,
also occurring in shelf environments [27,77,78], could also provide evidence for the influence of weak
currents able to transport these small taxa in suspension. The presence of G. biora, although with
secondary scores respecting the other two species, could suggest a certain glacial influence, including
cold-water conditions and elevated or variable sedimentation rates [19,29,99]. Further details on this
species are reported in the following FA.

4.3.3. Globocassisulina Biora FA

This FA has significant loading from 15.9 to 17.2 ka BP and from 18.9 to 20.8 ka BP only (Figure 6).
This assemblage corresponds to lower H index values and is indicative of intervals with lower CaCO3

contents (Figure 3). Globocassidulina biora has recently been studied by the authors of [100] from the
morphological and molecular point of view. When this species reaches larger sizes, the aperture
character (i.e., double parallel aperture) is easily recognisable, but, on the contrary, when the specimens
are still young they can be confused with G. subglobosa or G. crassa rossensis. The majority of
morphological variability observed among G. biora in Admiralty Bay by the authors of [100] may be
the result of observing specimens at different growth stages. In the studied core, we found mainly
minute, thin-walled specimens of this genus (type 4, small forms with a single aperture, sensu [100]),
which is common in the north-western Ross Sea as opposed to the south-western Ross Sea and
Whales Deep Basin, where larger specimens dominate, indicating closer ice-proximal conditions [19,30].
The dominant species of this FA, G. biora with T. earlandi, normally live in Antarctic fjords and continental
shelf settings from coastal to outer shelf bathymetry [29,83,85,101]. Globocassidulina biora, together with
G. subglobosa, Nonionella spp., and T. earlandi, are commonly used to recognise the past sub-ice shelf
facies (from proximal to distal) as indicative of a strong glacial influence [18,20,30,62,84,99]. We believe
that this FA represents conditions of elevated or variable terrigenous sedimentation rates, indicating
ice instability.
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4.3.4. Tubinella Funalis FA

This FA is consistent in the time interval 10.8–15.0 ka BP (Figure 6a), where a significant increase
in TOC from 0.2 to 0.8% is recorded (Figure 3). Tubinella funalis is sporadically reported in Antarctica,
in environments from 100 to 550 m of depth [102], but unfortunately no direct ecological data are
available for this species. On the contrary, in the Mediterranean Sea, it is indicative of upper slope-batial
facies [103], as an infaunal taxon. In the studied core, it is likely indicative of a more productive sea
bottom, as evidenced by the TOC content.

4.3.5. Cibicides spp. FA

This FA is consistent only from 12.8 to 8.7 and at approximately 15–16 ka BP (Figure 6a). In this
interval, an evident decrease in carbonate content is recorded together with increasing sand content.
Its distribution also coincides with the presence of IRD, particularly increased in Holocene sediments.
Species of Cibicides, like C. lobatulus, C. antarcticus and, above all, C. refulgens, are indicative of
strong bottom water currents [27,79,101]. Their occurrence suggests the beginning of oceanographic
conditions, characterised by a strong current regime similar to those which are found today. Cape
Adare is currently one of the preferred trajectories for large icebergs coming out of the Ross Sea,
as observed recently by the authors of [53].

4.4. Ostracod Associations (OAs) in the Carbonate Factory Environment

The ostracods found in core ANTA91-9 allowed us to highlight the possible evolution in relation
to the presence of four associations, as indicated by the analysis of the principal components. Using
the ostracods, five OAs recognised by the PCA analysis explain the total variance of 78.4% (Table 3).
In particular, it was possible to divide the core into different intervals characterised by the predominance
of precise associations (OAs).

4.4.1. Pseudocythere aff. P. Caudata OA

In the intervals between 14.8–15.7 ka BP and 17.3–24 ka BP (174–365 cm) and sporadically in
sediment older than 25.4 ka BP, the prevalent OA consists of P. caudata together with A. devexa and
Kangarina sp. (Figure 6a). They point to the possible influence of cold deep water in periantarctic
areas (Magellan Strait) since the first two species could be related to the upwelling of cold deep
water [89,92–94].

4.4.2. Cytheropteron (Loxoreticulatum) Fallax OA

This OA is abundant in the upper part of the core in the intervals 11.0–15.0 and 27.0–28.0 ka BP
(Figure 6a). Cytheropteron fallax is signalled as characteristic of shallow depth often in association with
phytal taxa or filter feeders, deposit feeders and predators/scavengers taxa [33,43,104]. Ayress et al. [94]
recorded the presence of C. fallax in shallow depth characterised by Subantarctic Upper Water. The high
values of C. fallax OA are also closely correlated with the increasing TOC and C/N values as well as
CaCO3 percentages (Figure 3). In particular, there is the significant increase in this factor in the levels
between 11.0 ka and 15.0 ka followed by the concomitant decrease in P. caudata and B. simplex OAs,
both indicative of changed paleoenvironmental and paleoclimatic conditions.

4.4.3. Bairdoppilata Simplex OA

The intervals from 17.8 to 18.6 (184–212 cm) and 21.6 to 29.3 (314–477 cm) ka BP are characterised by
the B. simplex OA (Figure 6a). This species, together A. devexa, normally lives in deep water but could also
be associated with upwelling of very cold water in the Magellan Strait area [89,92,93]. The associated
species X. rigusa could also indicate the presence of the Antarctic Intermediate Waters current.
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4.4.4. Australicythere Polylyca OA

This association characterises the Holocene and sediments older than 26.0 ka BP (Figure 6a).
This eyed thaerocytherid species, common in Antarctic shallow waters (48–464 m) [33,89], was also
found in the eastern Weddell Sea at 1030 m depth, possibly indicating its submergence from the
Antarctic shelf [105]. This submergence could possibly be related to the extensive downslope water
movement, which contributes to the formation of the bottom water masses worldwide [105].

Although statistically minor, the first appearance of several species belonging to the genus Polycope
was highlighted in the studied core. They occur significantly during 14.8–15.2, 17.1–18.5, 20.9–22.8
and 25.7–27.6 ka BP (Figure 5). Polycope have been described in the Arctic Ocean [106,107], but they
have never been reported in Antarctic sediment cores. Polycope are benthic species with the ability
to swim rapidly over short distances [108,109]. However, their ecology is imperfectly understood
because of their patchy distribution (geographically, ecologically and chronologically) and their delicate
thin–shelled carapace. Although the authors of [110] reported the abundance of Polycope as indicative
of organic–rich sediments and productivity in surface waters, this relationship was not observed in
core ANTA91-9.

4.5. Paleoenvironmental Reconstruction Inferred by the Microorganisms

The integrated micropaleontological (foraminifer and ostracod) investigations together with the
compositional, textural and geochemical data of this core provide new data for the paleoenvironmental
and paleoceanographic reconstructions of the Cape Adare region over the last 30 ka BP. In particular,
microfossils allow us to recognise four periods at ages >21, from 17.7 to 20.5, approximately at 15.0 and
finally from 10.6 to 12.7 ka BP in which the carbonate accumulation/production developed. During
these periods, the Cape Adare area was not covered by ice shelves (Figure 6b), in agreement with [10]
who demonstrated that carbonate factories operate during times of ice advance, when glacial expansion
limited the influx of terrigenous sediments to the outer shelf.

In the sediments older 21 ka BP, coinciding with MIS2 and the LGM, low abundance of N. pachyderma
and low TOC content likely suggest conditions of reduced productivity at the surface of the water
column and likely the presence of sea ice, in agreement with [10]. During the LGM, winter and summer
sea ice extension was twice the modern surface and was expanded northward of its modern position
overlying the modern Antarctic Polar Front [111]. Even if N. pachyderma is perfectly adapted to live
incorporated into the sea ice [112,113], its occurrence decreases from sea ice to pack ice and near the
ice-shelf [114].

In the period before 22.0 ka, we find signs of upwelling, as represented by the B. simplex OA, and
the possible intrusions of CDW, as represented by the E. exigua FA (Figure 6a). Epistominella exigua is
considered an opportunistic species able to feed on fresh phytodetritus and adapted to fluctuating
food supply in areas with sea ice occurrence [85,96,97]. However, considering the low TOC value of
this period (Figure 6a), we believe that this small species indicates the occasional influence of the CDW.
This interpretation fits well with the glacial model proposed by the authors of [10,115]. They indicated
that during the LGM, the relatively unmodified CDW could flow south across the continental shelf
since it is not contrasted by the HSSW, produced by wind-forced ice-front polynyas, which normally
flows from inner to outer shelf. The ostracod association in sediments older than 21 ka shows high
values of P. caudata, B. simplex and A. polylica OAs. In particular, in the levels > 26.0 ka, there is
the concomitant increase with variable values of B. simplex and A. polylyca OAs. The simultaneous
presence of high values of the genus Polycope supports the hypothesis of an environment characterised
by occasional input of warmer and likely productive water (CDW), as testified by a light increase in
TOC content (Figure 6a).

During the first evidence of glacial destabilisation, marked by a decrease in CaCO3 at approximately
21 ka BP (Figure 6b), the presence of weak and upwelling currents are highlighted by the M. subrotunda FA
and P. caudata OA (Figure 6a). Even if the post LGM deglaciation is generally considered to start
at around 18 ka BP in Antarctica [13], this period corresponds to a moderate δ18O decrease in the
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Taylor Dome record (Figure 3) [71]. At this time, a significant percentage increase in G. biora (Figure 4)
is indicative of increased terrigenous supply as this taxon is indicative of increased sedimentation
fluxes and sediment instability [18,30,62,99]. Similar evidences of a destabilisation of the Ross ice
shelf-sea ice system were reported by the authors of [116] east of the Iselin Bank, from 17.2 to 28.2 ka
BP (as uncorrected ages). Bonaccorsi et al. [116] argued that these layers were deposited during a
massive destabilisation caused by the meltwater pulse (MWP) at 19 ka.

The TOC content indicates an increase in primary productivity, from approximately 20.0 to
16.0 ka BP. This leads to a slight increase in the concentration of N. pachyderma, but not that of the
benthic foraminifers, which always show an oscillating trend (Figure 4). At least until 17.0 ka BP,
the factors P. caudata and B. simplex OAs are of primary importance, suggesting a possible new
ingression of productive water increasing trophic values. The CaCO3 content indicates a new carbonate
factory period.

One further glacial terrigenous input which interrupts the carbonate factory at approximately
16.0–16.4 ka BP is evidenced by the G. biora FA and C. fallax OA (Figure 6a). This time agrees with [75],
who stated that at 16.2–15.2 ka BP there is a small precursor of the main rapid ice loss which occurred
during the MWP-1A. Furthermore, starting from about 16 ka BP and more abundant toward the
Holocene, the IRDs begin to be present in the gravel fraction, otherwise composed of calcareous
remains, indicating major iceberg discharge [117].

A new carbonate factory expansion at 15–16 ka BP, with a strong decrease in TOC content, is again
represented by E. exigua FA together with P. caudata and B. simplex OAs, likely indicating upwelling
conditions (Figure 6a,b). The following event corresponds to the MWP-1A, at 14–15 ka BP, records a
significant increase in TOC content together with a CaCO3 decrease and is represented by T. funalis FA
and C. fallax OA. The foraminifer T. funalis is not particularly present in Antarctica, but seems to
indicate increased accumulation of organic matter on the seafloor.

The last period of carbonate factory activity, at approximately 10.6–13.0 ka BP, is still represented
by T. funalis FA and C. fallax OA and corresponds to a slight δ18O increase in the Talos Dome ice
record (Figure 6a). This time interval corresponds to the Antarctic Cold Reversal (ACR) when most
temperature records in Antarctic ice cores show a different interruption of their warming [118,119].
This event was also recorded in the ANTA99-cJ5 sediment core by the authors of [120] with a marked
reduction in the organic carbon content and by the authors of [74] in the Scotia Sea sector. According to
the authors of [10], the ACR could conversely be witness to a recent recovery phase of carbonate
factories in this Ross Sea area also underlined by increasing organic carbon content indicative of
nutrient supply.

The last phase (from 11.0 to 8.0 ka BP) leads to the new oceanographic trend at the bottom,
with vigorous currents that winnow the bottom sediments. This period is represented by Cibicides FA
and A. polylica OA. The recent sediment is not preserved (currents or loss during coring). The dominance
of the A. polylyca OA, reinforced by a simultaneous drop in the ostracod associations (Figure 5), in this
sense marks a dormant phase of the carbonate factory. The morphological characteristics of the
dominant species A. polylyca, characterised by a wide and robust shell, could in fact indicate the final
stage of the ice shelf retreat and the most pronounced ice-shelf melting from the Ross Ice Shelf [121].

5. Conclusions

Carbonates from polar areas and the marine organisms that compose them have significant
potential for recording climate and oceanographic change in regions that are particularly sensitive
to environmental and climate change on a global scale. In this sense, foraminifer and ostracod
assemblages, analysed for the first time in a northwestern Ross Sea carbonate-rich deposit, made it
possible to identify the late Quaternary (8.0–30.0 ka BP) oscillations (advance and retreat) of the ice
shelf linked to the of activity and crisis episodes of the carbonate factories. Both groups showed similar
responses to the palaeoenvironmental/climatic forcing, thus indicating the importance of the integrated
use of the different microfossil proxies.
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Summarising, the analysis of the two taxa together with the compositional, textural and
geochemical data has allowed the definition of precise intervals in which the carbonate factories were
active or dormant:

1—Active carbonate factories during the intervals 10.6–12.7, 14.7–15.7, 17.7–20.5 ka BP and in the
sediments older than 21.3 ka BP in which prevail E. exigua, M. subrotunda and T. funalis FAs together
with P. caudata and B. simplex OAs. High values of the genus Polycope support the hypothesis of an
environment characterised by high productivity.

2—Inactive carbonate factories at 8.5–10.2, 13.5–14.7, 16.0–16.4, and approximately 20.5–21.1 ka
BP characterised by the simultaneous dominance of Cibicides FA and A. polylyca OA.

Finally, these data will provide useful support for the interpretation of the complex climatic
phases that have regulated the advances and retreats of the ice shelves. Furthermore, the recovery
of this sedimentary series rich in calcareous organisms offers opportunities for future geochemistry
studies in stable isotopes as well as Mg/Ca and Sr/Ca ratios for the detailed reconstruction of the
paleotemperatures. These further analyses will allow us to refine the paleoclimatic analysis of this
sector of the Ross Sea.
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Figure A1. 1—Australicythere polylyca. Lateral exterior view, left valve; 2—Cativella bensoni. Lateral 
exterior view, right valve; 3—Cytheropteron abyssorum. Lateral exterior view, right valve; 4—
Cytheropteron antarcticum. Lateral exterior view, left valve; 5—Cytheropteron (Loxoreticulatum) fallax. 
Lateral exterior view, left valve; 6—Cytheropteron sp. Lateral exterior view, left valve; 7—
Echinocythereis sp. Lateral exterior view, left valve. 

Figure A1. 1—Australicythere polylyca. Lateral exterior view, left valve; 2—Cativella bensoni. Lateral exterior
view, right valve; 3—Cytheropteron abyssorum. Lateral exterior view, right valve; 4—Cytheropteron antarcticum.
Lateral exterior view, left valve; 5—Cytheropteron (Loxoreticulatum) fallax. Lateral exterior view, left valve;
6—Cytheropteron sp. Lateral exterior view, left valve; 7—Echinocythereis sp. Lateral exterior view, left valve.
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Figure A2. 1—Kangarina sp. Lateral exterior view, left valve; 2—Krithe (Austrokrithe) magna. Lateral 
exterior view, right valve; 3—Nodoconcha minuta. Lateral exterior view, right valve; 4—Polycope sp. 
Lateral exterior view, left valve; 5—Pseudocythere aff. P. caudata. Lateral exterior view, left valve; 6—
Paradoxostoma hypselum. Lateral exterior view, right valve; 7—Xestoleberis rigusa. Lateral exterior view, 
right valve. 
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