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Abstract. The subantarctic islands of South Georgia are located in the Southern Ocean, and they may be sensi-
tive to future climate warming. However, due to a lack of well-dated subantarctic palaeoclimate archives, there
is still uncertainty about South Georgia’s response to past climate change. Here, we reconstruct primary produc-
tivity changes and infer Holocene glacial evolution by analysing two marine gravity cores: one near Cumberland
Bay on the inner South Georgia shelf (GC673: ca. 9.5 to 0.3 cal. kyr BP) and one offshore of Royal Bay on the
mid-shelf (GC666: ca. 15.2 cal. kyr BP to present). We identify three distinct benthic foraminiferal assemblages
characterised by the dominance of Miliammina earlandi, Fursenkoina fusiformis, and Cassidulinoides parke-
rianus that are considered alongside foraminiferal stable isotopes and the organic carbon and biogenic silica
accumulation rates of the host sediment. The M. earlandi assemblage is prevalent during intervals of dissolution
in GC666 and reduced productivity in GC673. The F. fusiformis assemblage coincides with enhanced productiv-
ity in both cores. Our multiproxy analysis provides evidence that the latest Pleistocene to earliest Holocene (ca.
15.2 to 10.5 cal. kyr BP) was a period of high productivity associated with increased glacial meltwater discharge.
The mid–late Holocene (ca. 8 to 1 cal. kyr BP), coinciding with a fall in sedimentation rates and lower productiv-
ity, was likely a period of reduced glacial extent but with several short-lived episodes of increased productivity
from minor glacial readvances. The latest Holocene (from ca. 1 cal. kyr BP) saw an increase in productivity and
glacial advance associated with cooling temperatures and increased precipitation which may have been influ-
enced by changes in the southwesterly winds over South Georgia. We interpret the elevated relative abundance
of F. fusiformis as a proxy for increased primary productivity which, at proximal site GC673, was forced by
terrestrial runoff associated with the spring–summer melting of glaciers in Cumberland Bay. Our study refines
the glacial history of South Georgia and provides a more complete record of mid–late Holocene glacial read-
vances with robust chronology. Our results suggest that South Georgia glaciers were sensitive to modest climate
changes within the Holocene.
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1 Introduction

South Georgia (∼ 54–55° S, 36–38° W; Fig. 1) lies on the
North Scotia Ridge in the eastern Scotia Sea. South Geor-
gia is separated from the deep ocean by 50–150 km of con-
tinental shelf typically shallower than 300 m and crossed by
submarine troughs (Meredith et al., 2003). South of the po-
lar front, South Georgia is constantly surrounded by polar
waters and heavily glaciated, yet sea ice formation is rare
(Atkinson et al., 2001; Meredith et al., 2003). The scarcity
of landmasses in the subantarctic makes South Georgia and
the surrounding shelf (the focus of this study) a prime site
to better understand the drivers and impacts of post-deglacial
climate change in the subantarctic region (Berg et al., 2019).
There are a number of Holocene records documenting South
Georgia’s past climate from lake and peat cores (Clapper-
ton et al., 1989; van der Putten et al., 2004; Xia et al., 2020;
Zwier et al., 2021; van der Bilt et al., 2022) and marine (Gra-
ham et al., 2017; Kristan et al., 2022; Lešić et al., 2022) and
coastal (Berg et al., 2019) sediment cores. Although marine
records provide palaeoceanographic information on the latest
Holocene (Kristan et al., 2022), there are so far no contin-
uous early- and mid-Holocene palaeoenvironmental recon-
structions from South Georgia shelf records.

Geomorphological evidence indicates that South Georgia
was extensively glaciated during the Last Glacial Maximum
(LGM; e.g. Clapperton et al., 1989; Bentley et al., 2007; Gra-
ham et al., 2008; Hodgson et al., 2014a; Barlow et al., 2016;
White et al., 2017). The relatively high diversity of plants
during the deglacial implies that some areas of the island re-
mained ice-free during the LGM, with plants surviving in
refugia on South Georgia and its adjacent archipelago (Bar-
low, 1977; van der Putten and Verbruggen, 2005). Exposure
dating using 10Be isotopes of glacial erratics suggests that
the recession of the LGM ice cap exposed lower elevations
around 16 cal. kyr BP (White et al., 2017). Radiocarbon dates
from lake sediments from the Tønsberg peninsula (Rosqvist
et al., 1999) suggest that the ice retreated from the Cumber-
land Bay area ca. 15.7 cal. kyr BP (van der Putten and Ver-
bruggen, 2005). This initial ice retreat was interrupted by
a major readvance into the outer fjords during the Antarc-
tic Cold Reversal (ACR; 14.7 to 13.0 cal. kyr BP; Pedro et
al., 2016; Graham et al., 2017) when South Georgia’s tem-
peratures decreased, as evidenced by plant subfossils and
palaeoecology (Clapperton et al., 1989; see also Bakke et
al., 2021). After the ACR, there is a general trend towards
warmer temperatures at the transition between the late Pleis-
tocene and early Holocene.

Since the deglacial, several glacial readvancements have
been reported from records restricted to the inner fjords
(Clapperton et al., 1989; Rosqvist et al., 1999; Hodgson et
al., 2014a, b; Oppedal et al., 2018; Berg et al., 2019; Bakke et
al., 2021). The deglaciation of low-altitude sites in the early
Holocene is evidenced by the onset of biogenic sedimenta-
tion in lakes and peat bog sediment cores (van der Putten

and Verbruggen, 2005; Hodgson et al., 2014a). Peat bog de-
position around Cumberland Bay commenced around 11.6
to 10.5 cal. kyr BP (van der Putten and Verbruggen, 2005),
with evidence that possible glacial readvances occurred dur-
ing this period (Clapperton et al., 1989). The mid-Holocene
(7.5 to 2.9 cal. kyr BP), often interpreted as a “climatic op-
timum”, with higher temperatures followed by cooling and
glacial readvancement ca. 5.0 to 0.3 cal. kyr BP is sometimes
referred to as the “Neoglacial” (Clapperton et al., 1989).

During the Neoglacial (3 to 2 kyr BP; Clapperton et al.,
1989), evidence for widespread growth of glaciers on South
Georgia has been reported (e.g. Clapperton et al., 1989; Bent-
ley et al., 2007; Roberts et al., 2010; van der Bilt et al., 2017;
White et al., 2017; Oppedal et al., 2018; Berg et al., 2019).
Late Holocene glacial readvances (ca. 2.9 cal. kyr BP on-
wards) appear to have been less extensive than those from
the mid-Holocene (7.5 to 2.9 cal. kyr BP) and may have ex-
hibited variability on centennial timescales (van der Bilt et
al., 2017; Berg et al., 2019). Covariance of Patagonian and
South Georgian glacier fluctuations may indicate a shared re-
gional climate forcing (Strelin et al., 2014). One such forcing
is changes in the southern westerly winds (SWWs), which
have a major impact on precipitation rates and temperature
(Mayr et al., 2007; Lamy et al., 2010; Perren et al., 2020;
Fletcher et al., 2021; Zwier et al., 2021; Spoth et al., 2023).
However, there is significant uncertainty about the precise
timing of South Georgia Holocene glacial readvances, mak-
ing it difficult to test this common forcing idea or assess the
impact South Georgia’s glacial history had on the marine
realm.

Here, we present two continuous multiproxy records from
two sediment cores from the South Georgia’s continen-
tal shelf, chronologically constrained with radiocarbon dat-
ing. The principal goal of this paper is to reconstruct the
palaeoenvironment of South Georgia and to assess changes
to marine productivity and sediment delivery to the inner
(CG673) to mid-shelf (GC666). Seasonal glacial melt and
the resultant high delivery of nutrient-rich glacial outwash
is thought to be a dominant source of iron delivery around
South Georgia (Hodgson et al., 2017; Schlosser et al., 2018).
Proxy records for past productivity can therefore be used
to infer seasonal meltwater flux, and in turn glacial extent,
in South Georgia bays. By analysing benthic foraminiferal
assemblages, organic carbon, and biogenic silica accumula-
tion rates (Corg AR and BSi AR respectively), we are able
to reconstruct relative changes in the latest Pleistocene and
Holocene primary productivity. We propose that episodes
of enhanced productivity in the middle–late Holocene at
nearshore GC673 occurred during glacial advances.
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Figure 1. Sample location map. (a) The South Atlantic sector of the Southern Ocean, showing the position of South Georgia (boxed), the
location of the ice core from James Ross island (red star), and the positions of the main frontal systems which influence South Georgia’s
climate. SACCF is the Southern Antarctic Circumpolar Current Front. (b) Topographic map of South Georgia showing the surrounding
bathymetry with locations of the two studied cores created using the South Georgia Geographic Information System (https://sggis.gov.gs/,
last access: 6 April 2023). GC673 is located offshore of Cumberland Bay and GC666 offshore of Royal Bay. (c) Southern Hemisphere
tropospheric westerly jet from 1979–2018 (Bracegirdle, 2018). CB is for Cumberland Bay; RB is for Royal Bay. Publisher’s remark: please
note that the above figure contains disputed territories.

2 Methods and materials

2.1 Material

Two marine sediment gravity cores (GCs), were collected
during the British Antarctic Survey scientific cruise JR-257
in April 2012, on Royal Research Ship (RRS) James Clark
Ross (Allen et al., 2012). They are part of a transect of marine
sediment cores spanning the South Georgia continental shelf
selected to reconstruct the local glaciological history, includ-
ing the former grounded ice cap extent. The study cores come
from the northern ends of cross-shelf troughs that propagate
from Royal Bay (GC666) and Cumberland Bay (GC673) on
the northern part of the South Georgia shelf (Table 1 and
Fig. 1).

The cores were collected using a gravity corer made up of
a combination of 3 and 6 m long steel barrels with a bomb
weight at the top end, allowing barrel configurations with a
range of lengths to be deployed. GC666 was recovered from
a 12 m deployment, and GC673 was recovered from a 15 m

deployment. Pre-labelled core liners were inserted into the
barrels, followed by a polyethylene-bag-lined core catcher.
The complete corer assembly was deployed to the seafloor
by the midship winch. After recovery, the core was cut into
approximately 1 m sections; each section was capped at both
ends, cleaned, and then transferred to a cool store.

The core sections were then split at the Alfred Wegener
Institute in Bremerhaven, Germany (GC666), and the British
Antarctic Survey in Cambridge, UK (GC673). Both GC666
and GC673 were sampled at 1 cm resolution, with samples
bagged, labelled, and freeze-dried with Thermo ModuloyD
freeze dryers at the University of Nottingham.

At the site of GC666, a distinct facies change can be seen
in acoustic profiles (Graham et al., 2017) which corresponds
to changes in sediment types (originally described by Gra-
ham et al., 2017). Five radiocarbon dates from GC666 had
previously been published by Graham et al. (2017), which we
have added to nine new dates to create our new age model.
Unit 1 forms the basal section of the core from 816 to 500 cm
core depth (cmcd) and is a biologically productive glacially
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Table 1. Cores analysed in this study. m b.s.l.is for metres below sea level.

Core Latitude Longitude Depth Cruise Length of core
(° S) (° E) (m b.s.l.) (m)

GC666 54.4206 −35.74148 253 JR-257 8.15
GC673 54.20237 −36.37451 238 JR-257 8.84

influenced marine environment comprised of laminated di-
atomaceous mud with a high sedimentation rate which we
calculated to have been ca. 500 cm kyr−1 (Fig. 2). The lam-
inated sediments consist of diatomaceous oozes alternating
with fine-grained, more terrigenous diatom-rich muds inter-
preted to record inter-annual or perhaps even seasonal depo-
sition in an open-marine setting (Graham et al., 2017). Units
1 and 2 are separated by a ca. 5 cm thick carbonate cemented
mud. Unit 2 (500 to 0 cmcd) is a less productive hemipelagic
shelf environment comprised of grey/olive green homoge-
neous sandy diatomaceous mud throughout with dark mottles
and intermittent dropstones. The higher terrestrial sediment
content in Unit 2 may be due to a dilution effect rather than
an indicator of supply (Graham et al., 2017). The sedimenta-
tion rate for Unit 2 ranges from 4 to 125 cm kyr−1 based on
our new age model (Fig. 2).

GC673 has a higher percentage of terrigenous sediments,
comprised a single unit of grey/olive green sandy biotur-
bated diatomaceous mud with no notable sedimentological
changes (Fig. 2). Occasional thin dark green or orange lami-
nae, interpreted as diatomaceous ooze, are recorded through-
out the core, in particular between 883–620 cmcd and 210–
0 cmcd. Dropstones are also intermittently present, and there
is an increase in sand at ca. 350 cmcd. Inclusions of carbonate
cemented mud several centimetres in diameter were recorded
at 672 and 760 cmcd.

2.2 Dating

Age–depth models for the cores were generated using a
total of 18 radiocarbon dates (Fig. 1). The source of the
carbonate used was non-agglutinated foraminifera and bi-
valve shell fragments. For the horizons analysed as part of
this study, samples (4–12 µg) of mixed assemblage benthic
foraminifera were picked from the > 125 µm sediment frac-
tion. Five radiocarbon dates from GC666 had previously
been published by Graham et al. (2017). We collected an
additional nine samples for radiocarbon dating from GC666
which were graphitised and analysed at the Poznan Radiocar-
bon Laboratory, Adam Mickiewicz University, Poland, us-
ing a 1.5 SDH Pelletron model “compact carbon AMS” sys-
tem with an MC-SNICS ion source. Four radiocarbon sam-
ples from GC673 were graphitised and analysed at the Nat-
ural Environment Research Council (NERC) Radiocarbon
Facility, East Kilbride, UK, using an NEC accelerator mass
spectrometer (AMS). For some samples, combining benthic

foraminifera from two to four adjacent samples was neces-
sary to have enough material to generate accurate dates.

The 14C ages were calibrated to BP (Before Present –
1950) using BChron, a Bayesian chronology model imple-
mented in R (Haslett and Parnell, 2008) with the Marine20
calibration curve applied (Heaton et al., 2020). A local reser-
voir correction (δR) of 433± 41 years was used, based on the
age of surface sediments from a box core (BC671) reported
by Dejardin (2017), in preference to the δR of 708± 61 years
applied by Graham et al. (2017). Age–depth modelling as per
the algorithm of Haslett and Parnell (2008) for both cores
was generated using BChron with interpolated BP dates gen-
erated at 1 cm resolution and sediment accumulation rates
calculated.

It is important to always consider the associated uncertain-
ties when applying the ages generated by these modelling
techniques, especially when discussing the relationship be-
tween changes in the proxy records developed here and cli-
mate events with well-established dates. Although there is a
large uncertainty associated with the modelled ages through
this period, the 2σ uncertainty in the modelled ages gen-
erated for GC666 ranges from ± 165 years to ± 442 years
(mean=± 331 years), and the 2σ is much higher outside
of the four dated horizons. The 2σ uncertainty in the mod-
elled ages generated for GC673 ranges from± 188 years to
± 2513 years (mean=± 874 years), and the 2σ is much
higher outside of the four dated horizons. There is also some
uncertainty regarding the accuracy of the local reservoir cor-
rection which has been based on a single modern sample.
Furthermore, it is not possible to quantify how this reservoir
effect may have varied through time, a factor that may not
be important in the Holocene but can be considerable over
the transitions between glacial and interglacial (Skinner et
al., 2019; Heaton et al., 2020). The diagenetic alteration of
foraminifera in the lower part of both cores, potentially due
to methane activity (see Sect. 4), also has the potential to im-
pact radiocarbon dates. Specimens with suspected authigenic
carbon precipitation were therefore not selected for radio-
carbon analysis. Although dated foraminifera were selected
from specimens with no visual signs of alteration, ages re-
ported for samples where diagenetic alteration has been iden-
tified may be older than their true ages (e.g. Pohlman et al.,
2013; Wycech et al., 2016).
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Figure 2. Age–depth models from GC666 (a) and GC673 (b) cal-
culated using BChron, a Bayesian chronology model, with sedimen-
tation rates. Unit 1 in GC666 represents late Pleistocene laminated
diatomaceous mud, and Unit 2 represents homogeneous sandy di-
atomaceous mud. The entirety of GC672 is homogeneous sandy di-
atomaceous mud. Pleisto is for Pleistocene; DG is for deglacial;
ACR is for Antarctic Cold Reversal; L is for latest Pleistocene. The
asterisk (∗) indicates samples previously published in Graham et
al. (2017).

2.3 Foraminiferal preparation

A total of 89 samples from GC666 and 79 samples from
GC673 were analysed for benthic foraminiferal assemblages.
Samples were selected based on predicted ages to ensure that
the temporal resolution between specimens was as similar as
possible, aiming for a 100-year resolution.

Approximately half of the freeze-dried material was pro-
cessed for micropalaeontology. Samples were washed with
deionised water over a 63 µm sieve. The > 63 µm fraction
was then dried at 40 °C in a porcelain crucible over 24 h. Af-
ter drying, the material was viewed under a microscope to
decide if it needed to be rewashed. If so, the material was
reprocessed using the same methodology. Once the sample
was clear of clay residue, it was weighed and placed into a
labelled 10 mL plastic vial.

About half of the freeze-dried material was sieved for mi-
cropalaeontology. All foraminifera from the > 63 µm frac-
tion were counted and identified using the species concepts
developed in Dejardin et al. (2018). To generate statistically
significant assemblage data, in line with standard practice,
we aimed to count a target minimum of 300 specimens from
each sample, but this was not always possible (Fig. 3). The
total residue was split in half (to retain some material for
other analyses), and the half used for counting was split into
three size fractions (> 250 µm, 125 to 250 µm, and 63 to
125 µm) to make the picking easier. All the foraminifera in
each size fraction were counted.

2.4 Diversity indices and statistical analysis

Fisher’s alpha diversity (Fisher et al., 1943), using the num-
ber of foraminiferal species and number of specimens, was
calculated using PAST v.4.03 (Hammer, 2022). All the spec-
imens were used to calculate diversity from every analysed
sample from both localities. Cluster analysis of the ben-
thic foraminiferal assemblage (BFA) data was carried out
in PAST4.03 using absolute abundance data after taxa con-
stituting < 1 % of total counts in all samples in each core
were removed. Cluster analysis (UWPGA algorithm; chord
similarity matrix) was applied to the benthic foraminiferal
data to assess whether statistically significant groups of sim-
ilar assemblages are present. The detrended correspondence
analysis (DCA) module uses the same algorithm as Deco-
rana (Hill and Gauch, 1980), with modifications according
to Oksanen and Minchin (1997). The DCA analysis of the
BFA data was undertaken in PAST v.4.03, using the absolute
abundance data after taxa which were< 1 % of total counts in
all samples were removed. DCA is used in preference to the
standard correspondence analysis as it removes the “horse-
shoe effect” that commonly occurs.

2.5 Geochemistry

GC666 was sampled to assess organic carbon content at 4 cm
resolution within the upper 515 cmcd and at 64 cm resolu-
tion between 515 to 816 cmcd; GC673 was sampled for or-
ganic geochemistry at 16 cm resolution throughout. To pre-
pare the samples for percentage organic carbon (% Corg)
analysis, approximately 500 mg of sample was added to 5 %
HCl to remove the carbonate. The samples were then rinsed
in deionised water, dried at 40 °C, and then ground to a
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fine powder and homogenised before being transferred to a
vial. Samples were analysed using a VG Optima dual-inlet
mass spectrometer, following combustion using a Costech
ECS 4010 elemental analyser at 1400 °C, at the NERC
Isotope Geosciences Laboratory, British Geological Survey
(BGS), Keyworth, UK. Isotope values were calculated to the
VPDB (Vienna Pee Dee Belemnite) scale in parts per thou-
sand using within-run laboratory standards calibrated to in-
ternational National Bureau of Standards (NBS) standards.
The % Corg is reported as the organic carbon accumulation
rate (Corg AR (g kyr−1)), which was calculated using the fol-
lowing Eq. (1):

Corg AR= (%Corg/100)×mass accumulation rate (MAR). (1)

A total of 65 samples from cores GC666 and 28 samples
from GC673 were analysed for biogenic opal/silica (BSi)
at the University of Nottingham, Nottingham, UK, follow-
ing the method modified by Conley and Schelske (2001)
from that of Demaster (1981). For each sample, 30 mg of
freeze-dried sediment was placed into 125 mL flat-bottomed
polypropylene bottles, 40 mL of 1 % NaCO3 solution was
added to the bottles, and the bottles were placed in a heat-
ing bath at 85 °C and agitated every 30 min. After 5 h, 1 mL
of liquid was pipetted into centrifuge tubes containing 9 mL
of 0.021 N HCl; this sub-sampling was repeated after 6 and
7 h. The biogenic opal accumulation rate (BSi AR; reported
to 2SF) was calculated from the biogenic opal weight %.

A linear least squares regression analysis was applied to
the increase in BSi, extracted versus time, over the three sub-
samples for each sample (considering the various dilution
steps and the amount of sediment used). This was then ex-
trapolated to the intercept, giving the BSi weight percentage
(wt %) for each sample, to correct for any mineral silicates
(SI) that may have also been dissolved during the digestion
process. Where there was no increasing trend, the mean of
the three sub-samples was used; the mean of the three sub-
samples was also used where the BSi wt % was greater than
10 % (Conley and Schelske, 2001). These values were then
converted into an accumulation rate using Eq. (2):

BSiAR= (%BSi/100)×MAR. (2)

Oxygen (δ18O) and carbon (δ13C) stable isotope values
were measured from calcareous benthic foraminifera (Cas-
sidulinoides parkerianus) using a target weight of > 100 µg.
One to four specimens of C. parkerianus from 73 samples
from GC666 and 35 samples from GC673 were measured.
All isotope measurements were performed at the NERC Iso-
tope Geosciences Laboratory using an IsoPrime 100 dual-
inlet mass spectrometer. Isotope values were calculated to
the VPDB using a within-run laboratory standard (KCM).

3 Results

3.1 Age–depth models

GC666 spans from the late deglacial to late Holocene (ca.
15.2–0.1 cal. kyr BP) based on 14 radiocarbon dates (Ta-
ble 2; Fig. 2). The sedimentation rate throughout the GC666
core was found to be highly variable, spanning 3 orders of
magnitude, and particularly high in the deglacial (Fig. 2).
The boundary between Unit 1 (laminae and deglacial)
and Unit 2 (diatomaceous mud) is equivalent to approxi-
mately 14 cal. kyr BP and broadly coincident with the recog-
nised ACR (Putnam et al., 2010). Unit 2 has much lower
sedimentation rates during the early Holocene (averaging
ca. 47 cm kyr−1), before dropping further during the mid-
Holocene, which has the lowest sedimentation rates (averag-
ing ca. 7.5 cm kyr). Sediment accumulation rates remain low
(ca. 4 to 11 cm kyr) until ca. 2.8 cal. kyr BP, before increasing
to ca. 30 cm kyr (Fig. 2).

By contrast, GC673 spans the early Holocene to the late
Holocene (ca. 9.5 to 0.3 cal. kyr BP) based on four radio-
carbon dates (Table 2). The sedimentation rates in GC673
throughout the Holocene are higher in GC673 than those in
GC666, although the overall shape of the profile has similar-
ities with lower mid-Holocene rates at both sites followed by
increases into the late Holocene (Fig. 2).

3.2 Benthic foraminifera

In GC666, a total of 26 891 benthic foraminiferal specimens
from 47 taxa were identified in the 89 samples, and 185 spec-
imens of the planktonic taxa Neogloboquadrina pachyderma
were identified in 37 samples. There were 300 or more ben-
thic specimens present in 41 samples, and a further 26 sam-
ples with lower-foraminifera concentrations contained 100–
300 specimens.

In GC673, a total of 24 229 benthic foraminiferal speci-
mens from 45 taxa of benthic foraminifera were identified in
79 samples. In addition, 65 planktonic foraminifera, all be-
longing to Neogloboquadrina pachyderma, were identified
from 24 samples. There were 300 or more benthic speci-
mens present in 32 samples, and a further 38 samples con-
tained 100–300 specimens due to lower-foraminifera con-
centrations. The foraminiferal taxa reported in this study
are in agreement with assemblages reported by Majewski et
al. (2023), though the cores from this study represent a more
distal setting. Taxonomic details and images of most species
can be found in Dejardin et al. (2018).

3.2.1 Diversity

In GC666, Fisher’s alpha and species diversity increase
from the deglacial and into the early Holocene (ca. 15.1
to 8.5 cal. kyr BP), reaching a peak of 22 species at ca.
8.5 cal. kyr BP, before decreasing to 2 species during the
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Table 2. Radiocarbon age determinations for GC666 and GC673. A reservoir effect of 433± 41 years was applied based on live-stain
benthic foraminifera from Dejardin (2017). Minimum and maximum calibrated ages are reported to 2 standard deviations. UnID indicates
unidentified samples.

Sample details Conventional ages Calibrated ages (Marine_20)

Depth Carbonate 14C Age Error Min Max Median
(cmcd) source (year) (± year) (cal. yr BP) (cal. yr BP) (cal. yr BP)

GC666

0a Benthic forams 1097 43 5 280 115
33b Benthic forams 1715 30 552 863 690
57b Benthic forams 2775 35 1591 1967 1783
97b Benthic forams 3590 35 2669 3055 2833
115b Benthic forams 7520 50 7100 7522 7345
127b Benthic forams 8180 60 7858 8258 8049
192b Benthic forams 9750 50 9631 10120 9896.5
245b Benthic forams 10160 50 10286 10787 10516
324b Benthic forams 11370 60 11875 12400 12136
384b Benthic forams 11780 60 12473 12776 12640
388a Gastropod 11856 65 12710 13066 12872.5
490a Benthic forams 13291 74 14006 14574 14262.5
510a Shell fragments 13301 135 14367 14982 14683
815a Benthic forams 13572 211 14804 15669.5 15212.5

GC673

16b Benthic forams 1120 37 10 291 138
160b Benthic forams 1990 37 780 1161 967
368b Benthic forams 6567 38 6238 7160 6450
816b Bivalve (UnID) 9072 39 8869 9308 9090.5

a Samples previously published in Graham et al. (2017); b New samples.

mid–late Holocene (ca. 6.1 to 3.6 cal. kyr BP) (Fig. 3). Di-
versity indices increase through the late Holocene (ca.
3.1 cal. kyr BP to recent). Diversity indices remain more sta-
ble throughout GC673 compared to GC666 (Fig. 3), whereby
the mid–late Holocene period of low diversity recorded in
GC666 is not present in GC673.

3.2.2 Benthic foraminiferal assemblages (BFAs)

The same BFAs (Fursenkoina assemblage, Miliammina as-
semblage, and Cassidulinoides assemblage) are reported
from both gravity cores based on cluster analysis and DCA
(Figs. 3, 4, S1, and S2). Specifically, cluster analysis was
used as the primary way to define the major assemblages, us-
ing the highest-level branches for each site (which produced
three assemblage for each site). DCA was used as a second
statistical measure to confirm these groupings and the species
most closely associated with them (Fig. 4). In GC666, the
Fursenkoina assemblage is dominant through the deglacial
and into the early Holocene (ca. 15.1–10.7 cal. kyr BP), with
intermittent horizons of the Miliammina assemblage occa-
sionally prevalent. The Fursenkoina assemblage in GC666 is
diverse (mean Fisher’s alpha= 2.2± 0.8) but dominated by

F. fusiformis, which comprises an average of 68.1± 13.3 %
of the assemblage (mean dominance= 0.5± 0.2). Other
species in the assemblage include M. earlandi (8.2± 8.5 %),
C. parkerianus (4.9± 3.6 %), A. echolsi (4.8± 4.2 %), and
C. porrectus (4.7± 4.2 %), in addition to smaller abun-
dances of Globocassidulina crassa rossensis (2.6± 2.2 %),
and Nonionella iridea (2.4± 2.3 %). The Miliammina as-
semblage occurs throughout the core and is the domi-
nant assemblage during the mid–late Holocene (ca. 6.6–
0.8 cal. kyr BP). The diversity of the Miliammina assem-
blage is low (mean Fisher’s alpha= 1.47± 1.15), becom-
ing mono-specific at times, combined with high dominance
(mean dominance= 0.55± 0.24). The dominant species in
the Miliammina assemblage are M. earlandi (66.6± 22.8 %)
and M. lata (10.9± 12.4 %). The Cassidulinoides assem-
blage is occasionally the dominant assemblage through the
Holocene in both cores and appears to have the highest di-
versity (mean Fisher’s alpha= 3.9± 1.1). The major com-
ponents of the Cassidulinoides assemblage in GC666 are
M. earlandi (15.7± 5.6 %), C. porrectus (13.6± 6.3 %), C.
parkerianus (12.7± 8.1 %), A. echolsi (12.5± 4.9 %), and G.
crassa. rossensis (10.6± 11.2 %). Subsidiary species include
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Figure 3. Foraminiferal assemblage percent data showing common taxa and diversity indices with the corresponding assemblage highlighted.
White is the F. fusiformis assemblage; black is the M. earlandi assemblage; grey is the C. parkerianus assemblage. Assemblages are based
on results from the cluster analysis and DCA (see Figs. S1 and S2 in the Supplement). The horizontal line across the number of species
demarks 300 specimens. DG is for deglacial; ACR is for Antarctic Cold Reversal; LP is for latest Pleistocene.
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F. fusiformis (10.9± 8.5 %), Buccella sp. 1 (5.6± 4.1 %;),
and Trifarina earlandi (7.8± 7.2 %).

In GC673, it is the Fursenkoina assemblage that dom-
inates much of the Holocene (Fig. 3). The Fursenkoina
assemblage from GC673 is diverse (mean Fisher’s al-
pha= 2.35± 2.85), with the dominant taxa being F.
fusiformis (61.9± 44.8 %), M. earlandi (14.3± 26.7 %), and
C. parkerianus (7.7± 16.2). The Miliammina and Cas-
sidulinoides assemblages occur intermittently throughout the
GC673 with neither becoming the dominant assemblage
for a sustained length of time. The Miliammina assem-
blage is more diverse in GC673 compared to GC666 (mean
Fisher’s alpha= 1.68± 1.1), with the dominant taxa be-
ing M. earlandi (59.4± 14 %), F. fusiformis (15.2± 9.3 %),
and C. parkerianus (10.9± 4.9 %). The Cassidulinoides
assemblage is less diverse in GC673 (mean Fisher’s al-
pha= 2.39± 0.7 %), with the main components being C.
parkerianus (50.7± 14.1 %), Buccella sp. A (11.9± 11.9),
and A. echolsi (7.4± 15.2 %) with subsidiary species in-
cluding F. fusiformis (6.7± 16.95 %) and C. porrectus
(4.2± 3.4 %). The ecological requirements for the dominant
species and the results of the DCA are provided in the Sup-
plement.

3.3 Geochemistry

In GC666 (Fig. 5), Corg AR values range from 0.22 to
26.7 g cm−2 kyr−1, with the highest values recorded at ca.
14.9 cal. kyr BP. BSi AR ranges across several orders of mag-
nitude from 1.3 to 450 g cm−2 kyr−1, with the highest value
also recorded at ca. 15 cal. kyr BP. Benthic foraminiferal
δ13C values throughout GC666 range from −7.9 ‰ to
+1.1 ‰. Values below−1 ‰ only occur during the deglacial
to early Holocene (ca. 14.7 and 10.2 cal. kyr BP) and at
ca. 3.8 cal. kyr BP. The δ13C values between 14.7 and
10.2 cal. kyr BP fluctuate widely between −7.9 ‰ and 0 ‰;
the foraminifera analysed from this period appear to have
been diagenetically altered. They are yellow/brown in colour
compared to the pristine white or glassy specimens and
are covered with varying degrees of “sugary” crystal over-
growths. There are no isotope data between ca. 6.3 and
3.1 cal. kyr BP, except for the sample at ca. 3.8 cal. kyr BP,
due to the absence of calcareous foraminifera in this part
of the core. δ18O values for GC666 range from +3.6 ‰ to
+5.7 ‰, although the peak value, at ca. 14.5 cal. kyr BP may
be an outlier as it is> 0.5 ‰ higher than the surrounding val-
ues. The overall curve/shift in benthic δ18O values follows
the deglacial trend seen in the global deep-ocean compos-
ite record “Prob-stack” (Ahn et al., 2017; see Lisiecki and
Raymo, 2005) with an offset of ca. +0.5 ‰, suggesting the
first-order changes in our record are reflecting shifts in global
seawater δ18O from a reducing ice volume.

In GC673 (Fig. 5), Corg AR values range from 1.5 to
13.5 g cm−2 kyr−1, with the highest value recorded at ca.
7.3 cal. kyr BP. The BSi AR values range from 33.6 to

Figure 4. Detrended correspondence analysis (DCA) on benthic
foraminiferal data from GC666 (top panel) and GC673 (bottom
panel). The figure shows how the three assemblages (as defined us-
ing cluster analysis; see Sect. 2) are grouped together based on their
species compositions and which species are associated with assem-
blage. Symbols show the three assemblages: red circles are for the
F. fusiformis assemblage; black squares are for the C. parkerianus
assemblage; green crosses are for the M. earlandi assemblage. SEM
photographs are taken from Dejardin et al. (2018).

241 g cm−2 kyr−1, with the highest value recorded at ca.
9.2 cal. kyr BP. δ13C values range from −6.3 ‰ to +0.7 ‰.
Negative δ13C values only occur between ca. 9.2 and
5.9 cal. kyr BP and are generally associated with foraminifera
that appear to have been diagenetically altered, as seen in
GC666. After ca. 5.9 cal. kyr BP there is little variation in
δ13C (mean=+0.45± 0.15 ‰). Benthic δ18O values range
from +3.4 ‰ to +4.1 ‰ and broadly follow the trend seen
in the Prob-stack with and offset of ca. +0.6 ‰.
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Figure 5. Geochemical analyses on sediment and foraminifera from cores GC666 (a) and GC673 (b), with the corresponding assemblage
highlighted with white for the F. fusiformis assemblage, black for the M. earlandi assemblage, and grey for the C. parkerianus assemblage.
Red δ18O data points are from the global composite LR04 stack (Lisiecki and Raymo, 2005). DG is for deglacial; ACR is for Antarctic Cold
Reversal; LP is for latest Pleistocene.
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4 Discussion

4.1 Preservation and causes of carbonate dissolution

The preservation of benthic foraminifera is mostly very good
throughout both cores, but there is evidence of diagenetic al-
teration and several dissolution horizons in both GC666 and
CGC673 (Fig. 6). Constraining the degree of dissolution is
not straightforward, as lower relative abundance of calcare-
ous foraminifera compared with agglutinated species could
be a result of palaeoenvironmental change such as colder
saline shelf water (e.g. Peck et al., 2015). We estimate sam-
ples where either the dominance of agglutinated species is
very high (> 50 % of total assemblage) or the dissolution-
resistant M. earlandi (see Ishman and Sperling, 2002) is pre-
dominant (above 70 %) as likely dissolution horizons (shaded
bars in Fig. 6). The interpreted dissolution intervals between
ca. 15.1 and 10.4 cal. kyr BP in GC666 co-occur with high
carbon flux (Figs. 5, 6), evidenced by the high Corg AR and
% Corg and negative δ13C values. This relationship indicates
the possible corrosivity of the pore- and bottom-water chem-
istry which would be unfavourable for the preservation of
thin-walled species such as F. fusiformis. Species like M.
earlandi, by comparison, have a thick, agglutinated test that
is less affected by increased corrosivity, which could lead
to this taxon becoming dominant due to preservation biases
(Majewski and Anderson, 2009). The elimination of calcare-
ous species, even at shallow depths, due to dissolution is also
observed by other authors (e.g. Majewski et al., 2016) in the
Southern Ocean.

Within GC666, the interval prior to ca. 14 cal. kyr BP
likely represents a period of high productivity, as evidenced
by elevated sedimentation rates (laminated unit), high C %
and BSi accumulation (Fig. 5), and abundant F. fusiformis
(Figs. 3, 6). These observations, along with anomalously
negative benthic δ13C values (Figs. 5, 6), indicate that the
dissolution levels may have been caused by bottom-water
corrosion and/or diagenetic alteration due to the high flux
of organic matter to the seafloor leading to elevated CO2 and
the acidification of porewaters. In a study of sediment cores
dating from the present to the last deglacial from Maxwell
Bay on the Antarctic Peninsula, Li et al. (2000) considered a
high relative abundance of agglutinated benthic foraminifera
to be a potential proxy for carbonate dissolution. These dia-
genetically altered samples of porcelaneous foraminifera ex-
hibit orange discolouration and sugar-like overgrowth cover-
ing the tests during the Pleistocene and early Holocene in the
study by Li et al. (2000) (compare Fig. 3 in Li et al., 2000,
to scanning electron microscopy (SEM) images presented in
Fig. 6 in this study) and are similar in appearance to the
methane-derived authigenic carbonate reported elsewhere
(e.g. Svalbard, Schneider et al., 2017; Bering Sea, Detlef et
al., 2020). Possible precipitation of authigenic carbonate in
the laminated Unit 1 is thought to be the result of methane
produced deeper in the core (Meisel et al., 2014). Pohlman

et al. (2013) found that authigenic carbonate resulted in
14C ages from foraminifera that were 50 to 400 years older
than their true ages. The presence of inorganic carbonates
in GC666 being derived from methane is supported by the
identification of widespread methane seepage over the South
Georgia shelf, including Royal Bay (Römer et al., 2014).
Rapid sedimentation, such as that recorded in Unit 1, favours
biogenic methane production (e.g. Hein et al., 1979), and
methane may have continued to form within Unit 1 while
the overlying sediments were deposited, migrating vertically
and causing diagenetic alteration of foraminifera.

Benthic foraminifera after ca. 10.1 cal. kyr BP (211 cmcd)
in GC666 and ca. 9.2 cal kyr BP (832 cmcd) in GC673 do not
appear to have been altered by inorganic carbonate precip-
itation from methane formation. The cause of the sporadic
mid- and late-Holocene dissolution in GC666 and GC673
may, alternatively, be due to lower sedimentation rates lead-
ing to longer exposure times of the foraminifera to mildly
corrosive bottom waters before burial. This may account for
why GC666 has much more dissolution than GC673, as it has
lower sedimentation rates (Figs. 2, 6). The fewer dissolution
horizons in GC673 imply that the M. earlandi assemblage in
this core may be used to infer palaeoenvironmental change
rather than being primarily an artefact of dissolution (as in
GC666).

The increase in diversity in the youngest part of GC673
and GC666 may be due to enhanced preservation, as
most of the agglutinated taxa (Haplophragmoides quadra-
tus, Labrospira sp., Glaphyrammina rostrata, Pseudoboliv-
ina antarctica, Pseudotrochammina sp., and Textularia ear-
landi) are only found in the youngest sediments in GC666.
This is likely because the organic cement secreted by these
foraminifera usually disintegrates soon after death (Mack-
ensen et al., 1995), in contrast to Miliammina, which has
siliceous cement (Dejardin et al., 2018) and is more robust.

4.2 Palaeoenvironmental change

4.2.1 Deglacial (15.2 to 14.7 cal. kyr BP)

Following the LGM (26.5 to 19.0 cal. kyr BP), increasing
temperatures, primarily driven by changes in insolation, re-
sulted in global deglaciation between 19 and 11 cal. kyr BP
(Clark et al., 2004, 2012). The timing of deglaciation
varies between different regions and may be as late as
14.5 cal. kyr BP in Antarctica (Clark et al., 2009). The tim-
ing of deglaciation in South Georgia is subject to much
debate, linked to uncertainties in the extent of the island’s
LGM ice sheet (see Bentley et al., 2007; Barnes et al.,
2016). Glacial sediments recovered from Little Jason La-
goon may correspond to an ice dome that covered Lewin
Peninsula and had retreated from lower elevations around
16± 1.5 cal. kyr BP (Berg et al., 2019). Although the onset
of deglaciation was not captured in the GC666 record, the
later stages of deglaciation are recorded at the bottom of the
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Figure 6. Identification of possible dissolution horizons from GC666 and GC673 as defined where dominance values are above 0.6 and
relative abundance of M. earlandi is above 70 %. (a) C. parkerianus specimen from a dissolution horizon (sample GC673; 832 cm). (b) C.
parkerianus specimen from outside a dissolution horizon (sample GC673; 160 cm). DG is for deglacial; ACR is for Antarctic Cold Reversal;
LP is for latest Pleistocene. Grey is for likely dissolution caused by the low sedimentation rate; orange is for likely dissolution resulting from
high productivity.

core in the thick basal package of laminated sediment (816 to
510 cmcd; ca. 15.2 to 14.7 cal. kyr BP) which was deposited
much more rapidly than the remaining sediments with av-
erage sedimentation rates of ca. 500 cm kyr−1 (Fig. 2). One
possible explanation for the high sedimentation rates is en-
hanced biological productivity during the transition out of
the last glacial stage (a view also supported in Graham et al.,
2017), which is also reflected in the productivity proxies (F.
fusiformis, BSi AR, Corg AR, and % Corg; Figs. 3, 5, 7).

The preservation of laminae in GC666 during the late
deglacial (15.2 to 14.7 cal. kyr BP) indicates an absence of
benthic bioturbation which may result from anoxic condi-
tions at the sediment–water interface (Peck et al., 2015) or
from diatom mats that overwhelm the benthos in otherwise
oxic bottom waters (Pike and Kemp, 1999). Anoxia could
have developed as a result of high productivity and organic
carbon flux in the overlying water column, likely in associa-
tion with ice-proximal conditions (e.g. Ishman and Sperling,
2002; Majewski and Anderson, 2009; Kilfeather et al., 2011).

This interpretation is supported by the relatively low diver-
sity of benthic foraminifera; the dominance of Miliammina
earlandi associated with organic-rich diatomaceous sedi-
ments (Majewski et al., 2016); and Fursenkoina fusiformis
associated with sediments rich in organic matter (Ishman
and Domack, 1994; Majewski et al., 2016), high productiv-
ity, and carbon flux (Ishman and Sperling, 2002; Peck et al.,
2015; Majewski et al., 2016). Alve (1991) reported that F.
fusiformis dominated the most oxygen-deficient area of the
Drammensfjord (Norway), where oxygen values are less than
1 mL L−1, and it was the first species to recolonise the for-
merly anoxic environment in Drammensfjord (Alve, 1995).
Furthermore, the high BSi AR, Corg AR, and % Corg (Figs. 5,
7) values all suggest that GC666’s late deglacial was a period
of very high productivity. The extremely high accumulation
rate of biogenic silica (Fig. 5) shows that diatom productiv-
ity and export was especially high during this period. Where
assemblages dominated by F. fusiformis are found in recent
surface sediments from coastal West Antarctica, they are as-
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sociated with intense diatom blooms and periods of high ter-
rigenous sedimentation in glacier-proximal settings (Majew-
ski et al., 2016), and we postulate similar conditions adja-
cent to South Georgia during the late deglacial. In this set-
ting, sedimentation rates were strongly linked to the pattern
of ice retreat. Accordingly, if we use the timing of the major
shift in sedimentation as an indicator for glacier retreat, then
14.7 cal. kyr BP (revised from the 14 cal. kyr BP as suggested
by Graham et al., 2017) provides a probable minimum age
on ice recession from near the vicinity of GC666 in the outer
Royal Bay trough.

4.2.2 The ACR and latest Pleistocene (14.7 to
11.7 cal. kyr BP)

The ACR is well documented across the region, occurring
between ca. 14.7 and 13 cal. kyr BP (Pedro et al., 2016), and
is characterised by cooler temperatures in Antarctica and
the advancement of Antarctic (Mulvaney et al., 2012; Xiao
et al., 2016) and South American (e.g. Menounos et al.,
2013) glaciers. In South Georgia, the ACR has been identi-
fied in sediment cores from Little Jason Lagoon indicative of
glacial advance (Berg et al., 2019). Cooling during the ACR
may have been caused in part by a northward migration in
the SWWs to the latitude of South Georgia (Fletcher et al.,
2021), which could have altered the precipitation on South
Georgia. During the ACR, evidence from seabed landforms
and terrestrial sediments suggests that there was a major
glacier readvance into Cumberland East Bay (Graham et al.,
2017) and perhaps Stromness Harbour (Bentley et al., 2007).
A study of lake sediments adjacent to Cumberland Bay fjord
revealed that climate cooled during an interval between 14.8
and 14.2 cal. kyr BP, coincident with the ACR (Rosqvist et
al., 1999).

The termination of the laminated sequences in GC666 at
ca. 14.7 cal. kyr BP approximately coincides with the onset
of the ACR, within the uncertainty associated with our age
model, and is associated with an increase in the sand content
of the sediments from 5 % BP to 10 % BP (Fig. 2). Cooler
climates brought on by the ACR provided favourable con-
ditions for glacier advance, which is thought to have been
restricted to the fjords with a glacial advance of at least
8 km in Cumberland Bay (Graham et al., 2017). Because the
glacial advancement only occurred within the fjords, we do
not expect to see a major increase in productivity in the outer
(mid-shelf) part of the Royal Bay trough. This interpretation
is supported by the BFA regarding the appearance of Cas-
sidulinoides parkerianus (Fig. 7), a taxon that is indicative
of nearshore glacial conditions (Rodrigues et al., 2010; Ma-
jewski et al., 2012) with high freshwater input from melt-
ing glaciers (Rodrigues et al., 2010). The extent of this pro-
ductivity increase caused by the ACR was not as extreme
as those seen during the late deglacial (ca. 500 cm kyr−1);
hence, there was no return to laminated sedimentation. In-
stead, productivity in the mid-South Georgia shelf remained

moderately high (ca. 60 cm kyr−1) during the ACR, as indi-
cated by no significant change in the BFA (Figs. 3, 7).

Through the latter part of the ACR into the latest Pleis-
tocene, the BFA became more species-rich and diverse, in-
dicating a less stressed and possibly more oxic environment
(Fig. 3). Glaciers may have become more distal as tempera-
tures increased, and this putative melting ice could account
for the almost doubled sedimentation rate between ca. 12.6
and 12.1 cal. kyr BP (Fig. 2). This immediately follows the
accepted end of the ACR at 12.8 cal. kyr BP (Putnam et al.,
2010) when glaciers retreat to within the fjords and bays
(Clapperton et al., 1989; Hodgson et al., 2014b). Melting ice,
or increased freshwater runoff (Oksman et al., 2022), could
also cause an increase in productivity, as evidenced by an
increase in BSi AR and Corg AR and a slight increase in di-
versity (Figs. 3, 5, 6). Furthermore, terminal moraines from
many of the fjords around South Georgia have been dated to
12.2± 1.5 cal. kyr BP (Bentley et al., 2007), supporting our
interpretation that the end of the Pleistocene was a period of
retreating glaciers. The only noteworthy change in the BFA
within the latest Pleistocene of GC666 was the appearance
of Astrononion echolsi (Figs. 3, 7), which is an indicator
of distal glaciomarine environments (Majewski, 2005, 2010;
Majewski et al., 2016) favouring warmer, fresh shelf wa-
ter (Anderson, 1975; Milam and Anderson, 1981) and well-
oxygenated bottom waters (Schmiedl and Leuschner, 2005).
At 12.3 cal. kyr BP, there was a rapid increase in Astrononion
echolsi and Cassidulinoides porrectus (sensu Dejardin et al.,
2018) (Figs. 3, 7). Both these species are indicative of warm,
fresh shelf water with a stable food supply on the Antarc-
tic Peninsula (Majewski et al., 2016), which may have been
more analogous to South Georgia during the latest part of
the deglacial. A decrease in BSi AR and Corg AR within the
ACR (Fig. 7) suggests less primary productivity and declin-
ing meltwater nutrient input, again supporting the interpreta-
tion of near-open-ocean conditions and more distal glaciers.

4.2.3 Early Holocene (11.7 to 8.2 cal. kyr BP)

During the earliest Holocene (11.7 to 10.8 cal. kyr BP) in
GC666, the BFA remained dominated by F. fusiformis, in-
dicating high organic carbon flux, and diversity remained
stable (Figs. 3, 7). The geochemical proxies from GC666
indicate that productivity was slightly lower at the start of
the early Holocene than it was during the late Pleistocene
and gradually decreased towards ca. 8.2 cal. kyr BP, which
spans a time of gradually cooling air mass temperatures over
James Ross island (Fig. 7). The early to mid-Holocene cap-
tured in GC673, 9.5 to 8.2 cal. kyr BP, indicates higher over-
all productivity and accumulation rates than at GC666 and
variable productivity trends from F. fusiformis, BSi AR, and
Corg AR into the mid-Holocene. The steady decrease in pro-
ductivity at GC666 may be due to a decrease in terrestrial
runoff from Royal Bay as glaciers retreated further into the
inner fjords. Due to the GC673 having closer proximity to
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Figure 7. Summary chart of productivity reconstructions from GC666 (a) and GC673 (b). Pink bars represent the elevated proportion of
F. fusiformis and inferred high organic carbon flux. Temperature anomalies are taken from the James Ross island ice core (Mulvaney et al.,
2012). DG is for laminated sediments; ACR is for Antarctic Cold Reversal; LP is for latest Pleistocene.
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the shoreline, where much higher primary productivity oc-
curs today (Borrione et al., 2014), it would be expected
that GC673 would be more influenced by terrestrial runoff
than at GC666, and this could account for its later transition
into a low-productivity regime (ca. 6.5 cal. kyr BP as opposed
to 7.3 cal. kyr BP, Fig. 7). Today, waters of the surrounding
Southern Ocean are rich in macronutrients and limited by
dissolved iron (Nielsdóttir et al., 2012), and modelling and
proxy studies have shown that shallow coastal regions of
South Georgia, rather than atmospheric dust, are the most
important contributors of marine iron and associated produc-
tivity (Borrione et al., 2014). Although other factors could
have contributed to Holocene changes in primary produc-
tivity on the South Georgia shelf, including changes to the
SWWs and position/strength of the Southern Antarctic Cir-
cumpolar Current Front (SACCF) (Combes et al., 2023) or
iron delivery from icebergs (Ardelan et al., 2010).

The implication of our BFA record is that the glaciers be-
came more distal from ca. 10.7 cal. kyr BP, as evidenced by
the collapse in the relative abundance of F. fusiformis and
the increase in C. parkerianus, C. porrectus, and A. echolsi,
which all imply more open waters with less intense seasonal
blooms and associated organic carbon flux (Fig. 7). This re-
duction in F. fusiformis abundance in GC666 approximately
corresponds with the onset of the Antarctic early Holocene
optimum (11 to 9.5 cal. kyr BP; Berg et al., 2019), where ice
core records around Antarctica show widespread warming
(Ciais et al., 1992; Masson et al., 2000; Masson-Delmotte et
al., 2004). Summer sea surface temperatures from the cen-
tral Scotia Sea increased between 11 and 9 ka (e.g. Xiao
et al., 2016), and sediment cores from the Atlantic sector
of the Southern Ocean (Divine et al., 2010) and ice cores
from the Antarctic Peninsula (Mulvaney et al., 2012) show
elevated temperatures (Fig. 7). Deglaciation of low-altitude
sites was apparently well underway in the early Holocene, as
evidenced by the onset of biogenic sedimentation in South
Georgia lakes and peatlands (van der Putten and Verbruggen,
2005; Berg et al., 2019). These higher temperatures likely
supported increasing vegetation and lake productivity in low-
altitude areas of South Georgia (e.g. van der Putten et al.,
2009; Berg et al., 2019). The Antarctic early-Holocene op-
timum marks the warmest conditions and strongest sea ice
reduction in the Southern Ocean since the last glacial period
(Xiao et al., 2016).

Fursenkoina fusiformis remained relatively stable
throughout the early Holocene in GC673, implying that
glacial nutrient runoff persisted from Cumberland Bay.
Both A. echolsi and C. porrectus are indicative of warm,
fresh shelf water (Anderson, 1975; Milam and Anderson,
1981), and C. parkerianus lives in environments with high
freshwater inputs (Rodrigues et al., 2010). All three taxa
can be found in glaciomarine environments (A. echolsi,
Majewski, 2005, 2010, and Majewski et al., 2016; C.
parkerianus, Rodrigues et al., 2010, and Majewski et al.,
2012; C. porrectus, Rodrigues et al., 2010). A high terrestrial

input could have been the result of spring/summer melting
of glaciers in Cumberland Bay.

4.2.4 Mid-Holocene (8.2 to 4.2 cal. kyr BP)

The mid-Holocene in GC666 is characterised by low BSi
AR and Corg AR from ca. 7.2 cal. kyr BP, which suggests
low productivity (Fig. 7). The BFA is dominated by the ag-
glutinated taxa Miliammina spp., which is likely the result
of dissolution (Fig. 6). It is possible that the significant de-
crease in the sedimentation rate allowed porewaters to be-
come more oxidised, leading to an increase in oxic respira-
tion within the sediment and greater carbonate dissolution
due to an increase in dissolved inorganic carbon relative to
alkalinity. The decrease in sedimentation likely resulted from
a reduction in the terrestrial outwash reaching the outer South
Georgia shelf, ultimately from reduced glacier extent around
Royal Bay. Graham et al. (2017) ruled out glacial erosion
at this low sedimentation rate interval due to a lack of sedi-
mentological evidence for ice grounding and suggested that
bottom-current winnowing associated with a latitudinal shift
in oceanographic fronts may have occurred. However, we
propose that it was unlikely to be the result of a major water
mass change on the inner shelf, as this is not supported by mi-
cropalaeontological or geochemical evidence from GC673.

In contrast to GC666, there is no evidence of extensive
dissolution in GC673 during the mid-Holocene, but GC673
did also experienced broadly reduced productivity (lower
BSi AR and Corg AR) and sediment accumulation rates
(Figs. 2, 7). F. fusiformis relative abundance decreased at
ca. 6.2 cal. kyr BP, followed by several short-term increases
(marked as pink bars in Fig. 7) interpreted as brief inter-
vals of increased productivity that did not affect the more
distal GC666 site. The peak in F. fusiformis at ca. 5.2
to 4.1 cal. kyr BP corresponds with the early-Neoglacial ad-
vance hypothesised by Clapperton et al. (1989; Fig. 8). It is
important to distinguish that, unlike the enhanced produc-
tivity and elevated F. fusiformis before ca. 10.9 cal. kyr BP
in GC666, which was associated with regional warming
and deglaciation, this mid-Holocene peak in F. fusiformis
in GC673 is associated with smaller-scale glacial readvance
and likely cooling. We interpret the elevated productivity as
being due to more proximal glaciers delivering more iron-
rich terrestrial outwash from seasonal summer melting. In
contrast, mid–late-Holocene intervals of low F. fusiformis in
GC673 coincided with reduced glacial extent around Cum-
berland Bay and likely warmer conditions overall but with
less seasonal meltwater and nutrient delivery.

4.2.5 Late Holocene (4.2 cal. kyr BP to present)

The early part of the late Holocene (ca. 4.2 to 2.8 cal. kyr BP)
in GC666 is a continuation of the low sedimentation and
low-productivity dissolution zone from the mid-Holocene.
Sediments in GC666 from ca. 2.8 cal. kyr BP onwards show
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Figure 8. Summary of glacial trends in South Georgia, comparing F. fusiformis abundances from GC673 (black data and line) as a proxy for
primary productivity with temperature estimates from Clapperton et al. (1989; red line and text). Arrows indicate the position of radiocarbon
dates in GC673.

higher sedimentation rates than during the mid-Holocene and
evidence of only occasional, short-lived intervals/episodes of
dissolution (Fig. 6). The BFA from ca. 2.8 cal. kyr BP has
higher diversity than the mid-Holocene but remains domi-
nated by the M. earlandi assemblage until ca. 0.8 cal. kyr BP,
with the second most dominant taxa being A. echolsi
(Figs. 3, 7). Both BSi AR and Corg AR increase during
the late Holocene, returning to early-Holocene values from
ca. 2.8 cal. kyr BP onwards (Fig. 7). The rise in productivity
and sedimentation rate could be the result of South Geor-
gia becoming wetter (van der Putten et al., 2004) and more
glaciated (Clapperton et al., 1989) from 2.6 cal. kyr BP. BFA
and productivity proxies from both GC673 and GC666, and
palaeotemperature estimates from Annenkov Island (Foster
et al., 2016) and James Ross island (Mulvaney et al., 2012),
suggests cooler conditions during the late Holocene. In
GC673, after continued short-term increases in F. fusiformis
(pink bars in Fig. 7), the assemblage becomes dominated
once again by F. fusiformis from ca. 0.9 cal. kyr BP, and pro-
ductivity proxies increase, similar to the early Holocene,
where we interpret more proximal glaciers and associated
productivity blooms from seasonal melting and a cooler cli-
mate. In GC666, M. earlandi was largely replaced by C.
parkerianus and subsidiary F. fusiformis from 1.0 cal. kyr BP,
which may indicate seasonal meltwater input and associated
nutrients reached further out on the shelf.

Several studies (e.g. Oppedal et al., 2018; Zwier et al.,
2021) have suggested colder (summer) conditions and glacial
advances on South Georgia starting from ca. 0.9 cal. kyr BP,
while Xia et al. (2020) found evidence of more glacial melt-
water influence from peat bog cores. The SWWs may have
migrated northwards during the late Holocene (e.g. Togg-
weiler et al., 2006; Anderson et al., 2009; Björck et al., 2012;
Browne et al., 2017). Browne et al. (2017) theorised that the
SWWs migrated northward to the latitude of South Georgia

and strengthened after ca. 1.6 cal. kyr BP, which we suggest
may have contributed a forcing mechanism for glacial read-
vance via the delivery of precipitation. Strother et al. (2015)
found increases in non-native and long-distance pollen grains
transported from South America, which indicates a stronger
SWW around South Georgia which possibly occurred dur-
ing some “colder” phases of the late Holocene, most notably
between ca. 2.2 and 1.7 cal. kyr BP and after 0.7 cal. kyr BP.
Van der Bilt (2022) also concluded that colder and wet-
ter conditions on South Georgia during the late Holocene
were caused by northward migration and strengthening of the
SWWs towards South Georgia. Atmospheric conditions have
been suggested as a driver for glacier growth and retreat from
modern glaciers (Gordon et al., 2008; Favier et al., 2016).

4.2.6 South Georgia Holocene glacial summary

In an extensive analysis of lake and peat cores and glacial
landforms around Cumberland Bay, Holocene glacial fluctu-
ations and palaeoecological changes were reconstructed us-
ing terrestrial pollen to present evidence of several glacial ad-
vances and retreats since the late deglacial (Clapperton et al.,
1989; van der Putten et al., 2004; Foster et al., 2016; Berg et
al., 2019). Despite uncertainties with age models from each
study, we find broad agreement that times of increased pro-
ductivity (dominant F. fusiformis) in GC673 correspond with
the interpretation of cool intervals around Cumberland Bay
(Fig. 8).

The earliest part of the GC673 record, before ca.
8 cal. kyr BP, coincided with high productivity at GC666 site.
This was unlikely due to a closer shoreline proximity from
lower sea levels, which may have only shifted the coast-
line ca. 15 m lower than present at 9 cal. kyr BP (Barlow et
al., 2016), and instead from glaciers extending/remaining be-
yond the fjords/onto the continental shelf in close proximity
to sites GC673 and GC666. From ca. 8 cal. kyr BP onwards,
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our records appear to support the interpretation from Clap-
perton et al. (1989) of a cooler phase (climate “deteriora-
tion”) until ca. 6.4 cal. kyr BP, followed by a mid-Holocene
warming (climatic “optimum”) until ca. 5 kyr BP, and cool-
ing centred around 4.2 cal. kyr BP (early Neoglacial). Inter-
estingly, where Clapperton et al. (1989) interpret one subse-
quent cooling episode at 2.5 kyr BP (“mid-Neoglacial”), we
find evidence for two high productivity and inferred cool-
ing episodes at ca 3.2 cal. kyr BP and 2.6 cal. kyr BP within a
background of interpreted relative glacial retreat and warmth,
although we note that our dating in this interval of the core
is less certain as it is farthest from the dated horizons (black
arrows in Fig. 8). Clapperton et al. (1989), Berg et al. (2019),
and our new data from GC673 show apparent glacial advance
during the late Holocene from ca. 0.9 cal. kyr BP towards the
present, which Clapperton et al. (1989) labelled the “Little
Ice Age”. However, the uncertainties in the age model for
GC673 mean we cannot be certain if the apparent cooling
occurred coeval with or prior to the Little Ice Age, but future
studies may help clarify this. Van der Bilt et al. (2017) did
report evidence of a two-stage Little Ice Age and glacial ad-
vancement around 0.3 and 0.12 cal. kyr BP on South Georgia,
but our age model is not accurate enough to confirm this.

5 Conclusions

We carry out a multiproxy analysis of two cores off the east
coast of South Georgia on the inner shelf (GC673) and mid-
shelf (GC665) to reconstruct Holocene changes in marine
primary productivity and relate them to the island’s glacial
history. The latest Pleistocene and earliest Holocene (ca. 15.2
to 10.8 cal. kyr BP) was a period of relatively high produc-
tivity associated with increased nutrient delivery likely from
meltwater and glacial flour during deglaciation, as inferred
from high BSi AR and Corg AR and dominance of the ben-
thic foraminifera F. fusiformis. After reducing productivity,
from ca. 8 to 3 cal. kyr BP, lower sedimentation rates, re-
duced nutrient delivery, and lower primary productivity rep-
resent a period of diminished overall glacial influence on the
mid-shelf. However, the more nearshore GC673 documents
at least three short-lived episodes of enhanced organic pri-
mary productivity indicated by dominant F. fusiformis, which
we interpret to represent glacial readvances, allowing greater
seasonal meltwater and associated iron delivery to GC673.
During the late Holocene, there is evidence for an increase
in productivity in GC673 and, to a lesser extent, in distal
GC666, associated with cooling temperatures, a further read-
vance of glaciers, and associated with northward migration
and strengthening of the SWWs which may have had a causal
influence via precipitation.

In our study, the most useful benthic foraminifera as
a productivity proxy is F. fusiformis, with higher relative
abundances linked to higher productivity, as documented in
our other productivity proxies BSi AR and Corg AR. High

dominance (> 60 %) of M. earlandi and other agglutinated
foraminifera appear to be a useful dissolution proxy in this
setting. Carbonate dissolution horizons and diagenetic alter-
ation are observed in both cores, especially from the Pleis-
tocene through to the end of the mid-Holocene in GC666.
The Pleistocene and early-Holocene dissolution appears to
be related to high organic flux to the sea floor, while mid-
Holocene dissolution may have been caused by low sedimen-
tation rates.
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