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ABSTRACT

Large icebergs (>20 km long) are responsible for most of the freshwater discharged into the Southern Ocean. We
report on in situ and satellite observations made during the break-up phase around South Georgia of the giant
tabular iceberg A-68A. The in situ measurements were obtained during a 4-day visit by a research vessel in
February 2021, where physical, chemical and biological measurements were made at a range of distances away
from the main and subsidiary icebergs. These results were compared to a far-field station 133 km away. Up-
stream of the iceberg field, water column structure was similar to ambient water although there was evidence of
iceberg-associated phytoplankton as a likely remnant of the passage of the icebergs. Nevertheless, enhancement
of primary productivity along the path of the icebergs was not resolved in either in situ or monthly mean satellite
observations. There was a considerable brash-ice field moving ahead of the icebergs which limited the number of
downstream sampling stations. One downstream station within 2 km of iceberg A-68P showed several ice-melt
influenced features that distinguished it from most other stations. Firstly, there was a strong stratified meltwater
influenced layer that reached to around 120 m. This had the effect of deepening underlying water masses, with
the core of the temperature minimum layer around 50 m deeper than elsewhere. Secondly, there was evidence of
rapid downward displacement of both particulate material and certain phytoplankton taxa that may be a further
result of this water mass deepening. Thirdly, macronutrient profiles were altered, with concentrations of nitrate,
silicic acid and phosphate characteristic of deeper layers being found closer to the surface and a dilution of the
ambient nutrient pool just above the iceberg draft that we ascribe to meltwater released from basal melting.
Meanwhile, nutrient recycling processes associated with organic matter remineralisation were also modified by
the physical restructuring of the water column and biotic components. Finally, the ice-associated phytoplankton
taxa Pseudo-nitszchia/Nitszchia, found in both upstream and downstream locations, were abundant at this < 2
km-distant station through melting out from the iceberg and subsequent rapid growth. Overall, we resolved
alterations to water column structure, nutrient profiles and phytoplankton community composition at fine to
medium scales around the iceberg field. Nevertheless, although there may have been longer term and larger scale
impacts, the dynamic oceanographic environment, including the presence of a strong oceanographic front and
shelf-edge processes, dominated during the collapse of A-68A.

1. Introduction

estimated to be ~200,000 with dimensions of between tens of metres
and tens of kilometres (Orheim, 1988, Williams et al., 1999). Larger

Icebergs are common in the Southern Ocean, where there is icebergs are relatively rare, with only 154 larger than 18.5 km in length
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being identified between 2002 and 2014 (Wu and Hou, 2017). Never-
theless, they account for the majority of ice that is calved from the
Antarctic ice sheet (Cenedese and Straneo, 2023, Huth et al., 2022) and
comprise around 90% of the total volume of all Antarctic icebergs
(Tournadre et al., 2016). These icebergs discharge approximately 1,300
Gt year’1 of freshwater into the Southern Ocean (Depoorter et al., 2013)
impacting ocean circulation, sea ice and the productivity of marine
ecosystems.

The Weddell Sea is one of the main hotspots for large icebergs, with
90% of all icebergs detected in the Southern Ocean passing through this
region (Stuart and Long, 2011). Almost irrespective of where on the
Antarctic ice sheet they calve from, most large icebergs remain within
the westward-flowing Coastal Current around the Antarctic continent
until they reach the Weddell Gyre and are expelled into the Antarctic
Circumpolar Current (ACC), from where they drift north-eastwards
across the Scotia Sea (Bigg, 2016). This trajectory, from the Antarctic
Peninsula across the South Scotia Ridge and onwards to South Georgia,
termed ‘iceberg alley’, is one that is commonly observed and was fol-
lowed by giant icebergs B-17A (2014-2015), A-68A (2017-2021) and A-
76A (2021-2023).

When A-68 calved from the Larsen C Ice Shelf on the Antarctic
Peninsula in July 2017, its area was estimated at around 5700 km?
(Budge and Long, 2018), reducing the mass of that ice shelf by ~10%
(Mitcham et al., 2022). A-68A was the largest iceberg to be tracked since
B-15A in 2002 and was the sixth largest ever recorded in satellite
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observations (Budge and Long, 2018). Unusually, despite some minor
break-offs early on, the main part of the iceberg, A-68A, remained intact
over its lifespan of almost 4 years (Fig. 1). Over the 96 days that A-68A
and its subsidiary icebergs spent within 300 km of South Georgia before
their eventual collapse, 152 + 61 Gt of freshwater were released
(Braakmann-Folgmann et al., 2022) which amounts to almost 30 times
the annual freshwater outflow from South Georgia itself (Matano et al.,
2020, Young et al., 2011).

Large icebergs can survive for many years because of their size, and
this longevity means that their fresh meltwater can influence the ocean
over spatially large and temporally long scales (Duprat et al., 2016;
Smith et al., 2013; Stern et al., 2015; Wu and Hou, 2017). For instance,
for iceberg C-18A, Helly et al. (2011) found that surface meltwater was
detectable as far away as 19 km and persisted for at least 10 days. With
A-68, oxygen isotope analyses reported by Meredith et al. (2023)
detected a meltwater signal 25-28 km away from the nearest major
iceberg fragment (A-68H) and 75-80 km away from the main iceberg (A-
68A) in February 2021. A few months later, sea-surface satellite data
revealed a low salinity anomaly extending across much of the offshore
region to the north-east of South Georgia, with length of > 1000 km,
persisting for at least two more months (Smith and Bigg, 2023).

Our understanding of the impacts of free-drifting large icebergs on
the marine environment has advanced considerably over the past de-
cades (Smith et al., 2013). Nevertheless, such studies have mainly
focused on comparatively intact phases of the iceberg life cycle. The
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Fig. 1. Trajectory of iceberg A-68A across the Scotia Sea from January 2020 to mid-February 2021 (black line; Smith and Bigg, 2023). Iceberg outlines are coloured
according to date. Also shown are the JC211 cruise track (yellow line) and the mean positions of the major fronts of the Antarctic Circumpolar Current (ACC; Park
and Durand, 2019, Park et al., 2019): Subantarctic Front (SAF), Polar Front (PF), Southern ACC Front (SACCF), and Southern Boundary of the ACC (SB). Bathymetry
(GEBCO Compilation Group, 2023) is shaded with the 1000 m isobath plotted in blue. Coastline is from the SCAR Antarctic Digital Database, accessed 2023. Black
box marks the inset region shown in Fig. 2 and Fig. S1, which provides additional detail on the breakup of A-68A and the passage of the fragments through the study
region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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final collapse phase is particularly interesting, since this is when vast
amounts of freshwater, along with other constituents, are released
rapidly into the environment. The break-up of A-68A was additionally
interesting since it was likely to have been triggered by ocean-current
shear, a new breakup mechanism not previously reported (Huth et al.,
2022). In situ data from these collapse periods are rare, leaving a distinct
knowledge gap in our understanding of the dynamics and impacts of
large icebergs. Large icebergs often have drafts extending well below
100 m, penetrating the nutricline and pycnocline. Turbulent upwelling
from basal melting can disturb water column structure and break down
layers of stratification below the surface. Simultaneously, sidewall
melting can generate thermohaline staircases and double diffusive cir-
culation cells (Stephenson et al., 2011). Both processes have the effect of
delivering sub-surface nutrients into the surface layers. Nutrients may
also be supplied from the melting out of sedimentary material from the
iceberg itself. Combined, these processes may be particularly important
with regard to increasing the availability of micronutrients, such as iron,
which are often limiting in the open Southern Ocean. High iron con-
centrations have been measured in floating ice of glacial origin (Martin
et al., 1990), and there is evidence that iron concentrations are elevated
in the wake and immediate vicinity of icebergs (de Baar et al., 1995,
Loscher et al., 1997, Raiswell et al., 2006, Westerlund and Ohman,
1991).

At large scales, levels of primary productivity in the vicinity of large
icebergs have generally been observed to increase, as would be pre-
dicted by the enhanced delivery of macro- and micronutrients into
surrounding surface waters (Smith et al., 2013). Nevertheless, at smaller
scales, the picture is more complex. Helly et al. (2011) found low par-
ticle and chlorophyll a concentrations close to iceberg C-18A although,
following its passage, surface chlorophyll a concentrations were
elevated in its wake for at least 10 days. Cefarelli et al. (2011) found that
phytoplankton communities close to an iceberg were enriched in di-
atoms and impoverished in phototrophic flagellates. In the Ross Sea,
Arrigo et al. (2002) found that iceberg B-15 decreased primary pro-
ductivity throughout the region by > 40% as a result of blocking the flow
of surrounding pack-ice, leading to large areas no longer being suitable
for the growth of open-water phytoplankton. Hence, at least in terms of
primary productivity, a number of factors must be considered when
predicting the ecosystem impact of a melting iceberg.

Where primary productivity has been enhanced, there appears to be
a clear response from secondary consumers. In a multidisciplinary study
of two icebergs in the Weddell Sea, Smith et al. (2007) found increased
abundances of zooplankton and micronekton in their wake, most
notably of Antarctic krill and salps. In a follow-up study where floating
sediment traps were used in the vicinity of icebergs, Smith et al. (2011)
detected enhanced sedimentation of biological material. It was
hypothesised that this was principally generated by the rapid processing
and egestion of phytoplankton by secondary consumers, so producing
large amounts of fast sinking faecal material. The increased concentra-
tions of zooplankton and micronekton around icebergs were further
speculated to exert a top-down control on phytoplankton concentra-
tions, which may help explain reported variability in phytoplankton
biomass close to large icebergs.

The present study reports on in situ observations made during the
collapse of A-68A close to South Georgia by an oceanographic expedi-
tion in February 2021 (RRS James Cook research cruise JC211). We
combine these observations with perspectives gained from concurrent
satellite observations of near-surface ocean currents and chlorophyll a
concentration. The in situ data and analyses presented in this study
provide new observations and process-based insights of the little-studied
collapse phase of icebergs. With ice sheet calving rates and the gener-
ation of icebergs likely to increase into the future (Ingels et al., 2020),
our study will improve understanding of the downstream impacts of
icebergs on sensitive marine ecosystems such as South Georgia.
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2. Methods
2.1. Satellite-derived data

The outlines of the A-68 family of icebergs were manually traced in
ArcGIS from MODIS optical satellite images downloaded from NASA’s
Worldview Snapshots application, and from Sentinel-1 synthetic aper-
ture radar (SAR) images downloaded through Polar View.

To provide the regional context for this study, monthly mean fields of
chlorophyll a concentration and surface ocean currents for February
2021 were downloaded from Copernicus Marine Service. Chlorophyll a
concentration comes from the Copernicus-GlobColour L4 monthly and
interpolated product, with horizontal resolution of 4 km (https://doi.
org/10.48670/moi-00281). The surface currents, from the Copernicus-
Globcurrent reprocessed L4 product, are the sum of altimetric
geostrophic surface currents and modelled Ekman currents, provided at
0.25° horizontal resolution (https://doi.org/10.48670/moi-00050).

2.2. In situ oceanographic data

2.2.1. Cruise narrative

Four days were made available on RRS James Cook cruise JC211 (2nd
February to 14th March 2021; Abrahamsen, 2021) to study iceberg A-
68A. These days were dedicated to sampling around the iceberg in a
series of upstream, downstream and perpendicular transects, as well as
to deploy two Teledyne Webb Research Slocum G2 gliders in its near
vicinity (Lucas et al., 2024). By the time of arrival of the ship to the study
region, A-68A had broken into several different fragments some two
weeks earlier (Fig. S1, Table S1).

The first CTD sampling station (Station Far, Table 1, Fig. 2, Fig. 52),
occupied on 13th February 2021, was distant from any icebergs, repre-
senting a control site beyond the influence of the iceberg fragments. In the
vicinity of A-68A, the numerous iceberg fragments and brash ice to the
north and east of the main iceberg meant that it was only possible to run
two perpendicular transects. The first transect, occupied on 13th and 14th
February 2021, approached A-68A from the west, along which five CTD
stations were carried out at distances of 37 km to 2 km from the iceberg
edge (Table 1). The second transect, on 14th and 15th February 2021,
approached A-68A from the south, conducting six CTD stations (S20 to S1)
from 43 km to 5 km from the iceberg edge. Later, on 15th February, CTD
station N20 was conducted north of A-68A and close to icebergs A-68J and
A-68P. The final set of CTD stations for the iceberg sampling section of the
cruise were conducted on 16th February 2021 to the north of the A-68
iceberg fragments, close to the southern shelf edge of South Georgia. Here,
a series of six CTD stations (H1 to H6) between 3 and 6 km apart were
carried out running off-shelf to on-shelf. That transect was of particular
interest because of the recent passage of A-68H across the region a week
earlier (Fig. S1, Fig. S2). For this study, we also make use of the first eight
CTD stations of the A23 repeat hydrographic section that was located to
the north of the H transect and ran southeast from the South Georgia shelf.
The stations were occupied on 17th-18th February 2021. A detour from
the transect line was made between stations A23-50A and A23-50 to avoid
ice. In addition to the CTD stations, continuous underway measurements
of surface water properties were collected during the transit of the vessel
between iceberg stations.

2.2.2. Underway measurements

Underway measurements of temperature, salinity (derived from
conductivity) and chlorophyll a fluorescence were taken from the
pumped uncontaminated seawater supply at a depth of 5 m using a Sea-
Bird Scientific SBE 45 thermosalinograph with a remote SBE 38 tem-
perature sensor located near the inlet, and a WS3S WETStar fluorometer.
The underway salinity measurements were calibrated against in situ
samples taken at approximately 4-hourly intervals and analysed on a
Guildline Autosal 8400B salinometer against IAPSO standard seawater
batch P164, giving a residual standard deviation of 0.003. The
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Table 1
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Details of sampling stations and analyses for the JC211 stations used in this study, in order of sampling. Distance to nearest iceberg was measured from either satellite
imagery (Far and H stations) or by the ship’s radar (W, S and N stations). The name of the nearest iceberg is given where the iceberg had been named by US National Ice
Center, — indicates distance measured to an unnamed iceberg. POC: particulate organic carbon, PN: particulate nitrogen. Note the station naming convention for the
W, S and N stations combining orientation and distance in nautical miles relative to the locally determined edge of A-68A, e.g. W20 being ~ 20 nautical miles away
from A-68A along the transect approaching from the west. N20 was ~ 20 nautical miles north of A-68A but < 2 km from A-68P. Transect H crossed the earlier route of
A-68H; H-stations were named sequentially in order of occupation. Stations with prefix A23 denominate those along the A23 repeat hydrographic section.

Station Event  Date Latitude (°)  Longitude (°)  Water Max. CTD  Distance to Concentration of: Phytoplankton
depth (m) depth (m) nearest iceberg Nutrients POC, PN Particulate abundar.lc'e and
(km) o composition
silica
Far 42 13/02/2021 —55.501 —36.668 3403 1000 1333 — . . . .
w1 43 13/02/2021 —56.697 —34.846 3540 1006 2.0 (A-68A) . . . .
W2.5 44 13/02/2021 —56.696 —34.891 3651 1006 46  (A-68A) . . . .
W5 45 13/02/2021 —56.696 —34.966 3674 1005 9.3  (A-68A) . . .
W10 46 14/02/2021 —56.698 —35.135 3735 1003 185  (A-68A) . . . .
W20 47 14/02/2021 —56.699 —35.433 3373 1001 37.0 (A-68A) . . . .
S20 48 14/02/2021 —57.127 —34.664 3208 1005 42.6 (A-68A) . .
S10 50 14/02/2021 —56.952 —34.668 2757 1002 24.1 (A-68A) . .
S1 51 14/02/2021 —56.758 —34.666 3399 1001 4.6  (A-68A) . .
S2.5 52 14/02/2021 —56.784 —34.669 3328 1007 7.4  (A-68A) . .
S5 53 14/02/2021 —56.827 —34.661 3158 1006 12.0  (A-68A) . .
S9 54 15/02/2021 —56.892 —34.663 2749 1004 19.4  (A-68A) . .
N20 56 15/02/2021 —56.243 —34.683 3678 1005 1.9  (A-68P) . . . .
H1 57 16/02/2021 —55.653 —34.751 1266 1254 3.3 — . . . .
H2 58 16/02/2021 —55.611 —34.813 1401 1389 9.3 — . . . .
H3 59 16/02/2021 —55.572 —34.864 471 460 144 — . . . .
H4 60 16/02/2021 —55.521 —34.935 1155 1143 21.9 — . . .
H5 61 16/02/2021 —55.495 —34.969 893 881 254 — . . .
H6 62 16/02/2021 —55.475 —34.998 548 535 283 — . . .
A23-52 63 17/02/2021 —55.221 —34.511 656 641 53.0 — . .
A23-51A 64 17/02/2021 —55.228 —34.489 1026 1015 52.4 — . .
A23-51 65 17/02/2021 —55.259 —34.443 1514 1502 50.6 — . .
A23-50A 66 17/02/2021 —55.285 —34.401 2022 2002 489 — . .
A23-50 67 17/02/2021 —55.489 —34.107 2574 2558 98.2 (A-68H)
A23-49 68 17/02/2021 —55.725 -33.786 3521 3508 101.9  (A-68A)
A23-48 69 17/02/2021 —55.992 -33.420 3076 3060 88.9  (A-68A)
A23-47 70 18/02/2021 —56.379 -32.872 3140 3127 87.0 (A-68A)
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Fig. 2. MODIS satellite image from NASA Worldview Snapshots (www.
worldview.nasa.gov) showing iceberg locations, JC211 cruise track and sam-
pling stations (cf. Table 1) on 15th February 2021. Major fragments of iceberg
A-68 are labelled. Cruise track is shown in yellow and JC211 stations marked
with circles, coloured by transect according to Fig. 5. 1000 m isobath (GEBCO
Compilation Group, 2023) plotted in blue. A sequence of images showing the
movement of the icebergs over the sampling period is provided in Fig. S2. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

fluorescence data were converted using factory calibrations but were not
further calibrated against in situ data. The fluorometer was cleaned on
12th February 2021, just prior to beginning the iceberg survey section of
the cruise. After removing spikes in the data streams, the underway data
were averaged at one-minute intervals.

2.2.3. Profiling conductivity-temperature-depth (CTD) measurements

A Sea-Bird Scientific SBE 911plus Conductivity-Temperature-Depth
(CTD) system was used to obtain profiles of temperature, salinity, dis-
solved oxygen (SBE 43 dissolved oxygen sensor), fluorescence (Chelsea
Technologies AquaTracka Mk III), and other parameters at all stations
(Table 1). The maximum depth of the CTD deployments was 1000 m,
apart from stations on the H-transect and A23-transect, which were full
depth. Niskin bottles mounted on the CTD frame were used to take
discrete water samples for salinity and dissolved oxygen calibration of
the CTD data, and for further chemical and biological analyses detailed
below. Salinity samples were analysed on a Guildline Autosal 8400B
salinometer against IAPSO standard seawater batch P164; the standard
deviation in practical salinity differences between the bottle and sensor
values was less than 0.0015. Dissolved oxygen samples were collected
and analysed on board following GO-SHIP procedures (Langdon, 2010),
using a Metrohm automatic titration system with an amperometric
system to determine the endpoint of the Winkler titration, with residual
errors, and differences between downcasts and upcasts generally within
1 umol kg™'. Chlorophyll a fluorescence data from the CTD had the
factory calibration applied but no calibration against in situ samples. All
CTD profile data were depth-binned at 2 dbar resolution.

Mixed layer depth was calculated from the depth-binned temperature
and salinity profiles at each station by determining the deepest depth
where the standard deviation of density up to the surface was less than
0.005 kg m~2 and the standard deviation of temperature was less than
0.0075 °C.
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2.2.4. Nutrients

Nutrient samples were taken over the upper 500 m of 23 of the 27
CTD casts (Table 1) at intervals that were larger in the deeper parts of
each profile and smaller in surface waters, with 5 + 1 depths sampled
per profile. Samples were taken in acid cleaned 60 ml HDPE bottles and
frozen at —20 °C for subsequent analysis on shore at Plymouth Marine
Laboratory. Samples were thawed using International GO-SHIP pro-
tocols (Becker et al., 2020) to allow redissolution of any secondary sil-
icate precipitates that formed during freezing. Samples were analysed
using a SEAL analytical AAIIl segmented flow colorimetric autoanalyser
for nitrate + nitrite, nitrite, phosphate, silicic acid and ammonium,
following Woodward and Rees (2001). Sample handling and analytical
protocols followed the International GO-SHIP protocols (Becker et al.,
2020) as closely as possible. Calibration standards were prepared with
low-nutrient seawater and the analyses were quality controlled and
checked using Certified Reference Materials (CRMs) for nutrients in
seawater from KANSO Ltd. (Japan). Raw data were further corrected to
ambient ocean salinity and pH. Samples were analysed in duplicate and
standard deviation was generally better than 0.02 umol L™! for nitrate +
nitrite, 0.01 pmol L™ for nitrite, 0.02 ymol L™! for phosphate, 0.06
umol L™ for silicic acid and 0.05 umol L' for ammonium. Nitrate +
nitrite values are referred to as nitrate in the text for simplicity, which is
reasonable given the small and relatively constant contribution of nitrite
to the nitrate + nitrite pool (<2%).

2.2.5. Phytoplankton

Seawater samples for phytoplankton analysis were taken from the
CTD at four depths corresponding to near surface (5 or 10 m), the
chlorophyll a maximum (25 m for all stations used in this analysis other
than H2, which was 10 m), 100 m and 200 m. 200 ml water was
collected directly into an amber glass bottle at each depth and was fixed
immediately with 4 ml Lugol’s iodine solution. Bottles were gently
mixed and stored in the dark at 4 °C until later analysis. A sub-sample of
phytoplankton samples from the surface (5 m) and chlorophyll a
maximum were analysed for phytoplankton and microzooplankton
(heterotrophic organisms 20-200 pm in size; Table 1). Cell identification
and enumeration were carried out using standard Utermohl methodol-
ogy (Karlson et al., 2010). Subsamples of 50 ml were settled for 24 h and
examined under an inverted light microscope, with taxa identified to
species or genera where possible, or by group or size otherwise. Where
chains were encountered, all cells within each chain were treated as
individual cells.

Biovolumes were calculated using the formulae for phytoplankton
shapes as per Hillebrand et al. (1999). Cell measurements used in the
calculations were based on the average reported in literature for the
species identified. Where identification was only possible to the genus
level, cell measurements for the most common species within the genus
found in the region were used.

Broad community structure was examined using multivariate sta-
tistics carried out in PRIMER7 (v7.0.13, Primer-E) (Clarke and Gorley,
2015), a software package containing specialist univariate, multivariate,
and graphical routines for analyzing species sampling data for commu-
nity ecology. Specifically, abundance and biovolume data were fourth-
root transformed and Bray-Curtis similarities were calculated (Bray
and Curtis, 1957). Group average hierarchical cluster analysis with
SIMPROF (a similarity profile routine testing for the presence of sample
groups, or more continuous sample patterns), and SIMPER analysis
(which partitions dissimilarity scores and then calculates the average
contribution of each species to the difference between sample groups),
were performed to examine differences between stations and depths.

2.2.6. Particulate material

Water samples for particulate organic carbon (POC) and particulate
nitrogen (PN) analysis were taken from the CTD at two depths (200 m
and 400 m; Table 1). 250 ml water was collected directly into a HDPE
bottle and immediately frozen at —20 °C. The water samples were
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filtered onto pre-combusted (450 °C, 16 h) 25 mm glass fibre filters (GF/
F; nominal pore size 0.7 um) and rinsed with water purified using a
Millipore Milli-Q lab water system. Samples were air-dried and fumed
for 24 h with 37% HCl in a desiccator before finally being oven-dried at
50 °C for 24 h. Filters and filter blanks were placed in sterile tin capsules,
and POC and PN were measured on a CE440 Elemental Analyser (Exeter
Analytical Limited, Coventry, UK), calibrated using an acetanilide cali-
bration standard with a known % C and % N of 71.09% and 10.36%
respectively. Standards were interspersed regularly between samples to
measure and correct for drift. Analytical precision was better than 1.0%
for POC and 1.1% for PN.

Water samples for particulate silica (SiO3) analysis were taken from
the CTD at three depths (surface at either 5 m or 10 m, the chlorophyll a
maximum which varied between 10 m and 50 m, and 100 m; Table 1).
Bottle material was filtered onto 25 mm, 0.4 pm polycarbonate filters
and rinsed with purified (Milli-Q) water before drying at 50 °C for 24 h.
Material on the filters was solubilised via an alkaline extraction method
(Hatton et al., 2019) carried out at the Bristol Isotope Group laboratory.
Sample material was digested in Teflon tubes with 0.2 M NaOH at 100 °C
for 40 min. This was followed by neutralisation with 6 M HCI. Particu-
late silica concentrations were measured colorimetrically by spectro-
photometry (heteropoly blue method; Strickland and Parsons, 1972)
using a Hach DR3900 spectrophotometer set at a wavelength of 815 nm
calibrated against a NIST silica standard. Analytical precision was better
than 3%, and full replicates of sample aliquots taken through the
dissolution process separately agreed within 8%. Laboratory blanks
were below the detection limit (0.01 mg LY.

3. Results
3.1. Regional context

The complex ocean circulation in the South Georgia region is evident
in the surface velocity field (Fig. 3). The dominant feature is the current
jet associated with the Southern Antarctic Circumpolar Current Front
(SACCEF), which approaches the South Georgia shelf from the southwest,
meanders southward away from the shelf and returns to the south-
eastern shelf edge before turning westwards along the northern shelf of
the island (e.g., Meredith et al., 2005; Fig. 1). A-68A followed the path of
the SACCF, becoming caught in an eddy to the southeast of the island.
The movement of the other icebergs also map closely onto the surface
velocity field, with, for example, A-68J and A-68P transported west-
wards past station N20, and A-68H taken northwards to and around the
South Georgia shelf edge in the anticyclonic flow of the SACCF, tran-
siting through the H and A23 sections (Fig. S1, Fig. S2).

The monthly mean chlorophyll a concentration field shows that the
highest concentrations during this period occurred north of South Georgia
with a strong phytoplankton bloom on the northern shelf of the island
(Fig. 3). The bloom propagated northwards into the Georgia Basin and
westwards along the island shelf and around the periphery of the basin,
following the pattern of the surface currents. Away from this bloom,
chlorophyll a concentrations were enhanced in several areas south of
South Georgia including south of the trajectory of A-68A at approximately
58 °S and along the south-eastern shelf of South Georgia, associated with
the SACCF. Phytoplankton distribution in the South Georgia region is
highly spatially and temporally variable (Borrione and Schlitzer, 2013,
Korb et al., 2004), and a signal that can be unambiguously related to the
presence of the icebergs is not clear in this monthly composite.

3.2. Near-surface in situ observations

In situ data collected during the cruise provide increased resolution
of the environmental conditions (Fig. 4), illustrating the high spatial
variability in the region due, at least in part, to the passage and break-up
of the icebergs. The coldest temperatures were recorded at, and while
transecting between, stations N20, H1 and A23-50A, associated with the
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numerous iceberg fragments and brash ice in this region (Fig. 2, Fig. S2).
These locations also had the least saline near-surface and mixed layer
waters, further indicative of freshwater input from the icebergs. In
addition to the input from the icebergs and brash ice in this area, the
velocity data show that these stations were downstream of A-68A and
therefore a signal from this main iceberg may also be present. Surface
and mixed layer temperatures on transects W and S, to the west and
south of A-68A, were relatively warm and saline, suggesting little

37°W 36°W 35°W 34°W 33°W
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freshwater input from iceberg origin, which is in agreement with
meteoric input calculations from this survey (Meredith et al., 2023). This
is in line with the local currents at these transects, which originate up-
stream of A-68A with limited influence from other icebergs (Fig. 3).

Mixed layer depth varied between the stations, with the Far station
and stations on the W and S transects having mixed layers that are
comparatively deep at 24-60 m (mean of 39 m, SD 11). At N20 and
stations on the H and A23 transects, there was stronger surface strati-
fication and shallower mixed layers, ranging from 2 to 32 m (mean of 15
m, SD 8).

Underway surface chlorophyll a fluorescence reflects the large-scale
patterns noted in the monthly mean composite (Fig. 3) and smaller scale
variability. Fluorescence was highest at N20 and along the transect to
the H stations, and in smaller scale patches near the Far station and
along the A23 transect. Fluorescence was also elevated along the W
transect and to the south of A-68A.

3.3. Depth-profile data

The depth-resolved data from the CTD deployments further illustrates
the complexity of the regional hydrography, influenced by both the
presence of the SACCF and the iceberg field (Fig. 5, Fig. S3). The SACCF is
the main driver of observed water mass differences at depth. For instance,
at stations north of the SACCF, such as Far, and those on transects H, W
and A23, there is a warm and saline surface mixed layer to a depth of ~ 50
m, decreasing to the temperature minimum of Winter Water (WW) at ~ 1
°C at 100 m, then increasing to a temperature maximum > 2 °C within
Upper Circumpolar Deep Water (UCDW). For stations south of the SACCF
(N20, S20, S10), there is a colder and more saline temperature minimum
layer (WW) and colder sub-surface temperature maxima (UCDW). Stations
S5, S9, S10 and S20 all show interleaving of water masses at depth,
indicating proximity to the SACCF.
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Fig. 4. Near-surface observations from JC211, February 2021. Cruise track is shaded according to underway data at 5 m and filled circles denote mixed layer
properties from CTD data. A) Near-surface and mixed layer temperature (°C); B) near-surface and mixed layer absolute salinity (Sa, g kg’l); C) mixed layer depth (m);
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Beyond the influence of the water masses and fronts, further gradi-
ents are evident across the survey region. For instance, W1 has the
warmest WW layer, similar to Far station, but more saline. S5 has the
coldest temperature minimum layer (® < 0 °C), with its core at 110 m.
The warmest near-surface layer occurs at stations A23-52 and A23-51A,
located at the northern end of transect A23, while station A23-50A, 8 km
further south along the transect from A23-51A, has one of the coldest
and freshest surface layers, which suggests the influence of ice melt. H1,
which is found within the brash ice field, has lower salinity water to ~
50 m, most likely generated by vertical mixing of meltwater.

The vertical temperature and salinity profile of N20 appears to stand
out compared to other stations (Fig. 5A-C). Firstly, it is comparatively
colder and fresher in the surface layers down to a depth of ~ 80 m.
Secondly, there is a deepening of the subsurface temperature minimum
layer to 160 m, which is around 40-60 m deeper than at most other
stations. The surface freshening is most likely generated by the melting

of large amounts of brash ice in the region. This appears to displace the
prevailing water masses deeper, as typified by those seen on the W
transect.

In terms of oxygen, the prevailing pattern is that of high concen-
trations at the surface and through the mixed layer, decreasing with
depth through the thermocline (Fig. 5D). N20 and H1 had the highest
surface values, consistent with these stations also having the coldest
surface temperatures. In the case of N20, this higher oxygen concen-
tration was evident to a depth of 200 m, while for stations along the H
transect as well as for station S20, higher concentrations were found to a
depth of around 100 m.

For chlorophyll a fluorescence, most stations exhibited similar pro-
files, with a peak at around 25 m followed by a steep tapering at the base
of the mixed layer at ~ 50 m to nearly zero fluorescence by 100 m
(Fig. 5E). The main exception to this was N20. Firstly, it had the highest
fluorescence peak of 1.75 mg m >, located within an extensive high
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chlorophyll a layer between around 20 and 50 m. Secondly, elevated
levels of fluorescence were found extending to a depth of around 130 m.
Extensive high chlorophyll a layers towards the surface were also found,
albeit at lower concentrations, at some other stations including Far, S1
and A23-50A. However, the latter feature of deep high chlorophyll a
concentration was particularly unique to N20.

The spatial variability in the water mass properties noted above led
to different thermohaline conditions at the bottle sampling locations
(Fig. S4), most notably at depths above 400 m. Stations south of the
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SACCF, such as those on transect S, were generally colder at all bottle
sampling depths relative to those located to the north of the front. The
exception was station N20, which was anomalously warm at 100 m
relative to other stations below the SACCF and even compared to most
other stations within the survey. In terms of salinity, there was very little
distinction between stations north and south of the SACCF in the deeper
depths. Greatest variability was seen in the surface layer with stations on
the H and A23 transects, as well as N20, exhibiting particularly low
salinities.
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of all icebergs.
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3.4. Dissolved nutrients

Nutrient depth profiles show highest concentrations of nitrate (29.86
+ 5.72 umol L) and phosphate (2.14 + 0.24 ymol L™!) from 200 m to
500 m at the majority of stations (Fig. 6A, B). These concentrations
decrease towards the ocean surface, with minimum concentrations in
the uppermost surface waters. The lowest concentrations observed in
surface waters are 8.42 ymol L™! nitrate and 0.87 pmol L' phosphate,
both at station A23-52. There are some exceptions to this general
pattern, with station N20 standing out with a clear subsurface minimum
at 100 m (10.56 pmol L™} nitrate, 0.89 umol L~} phosphate) and high
values observed in surface waters (21.71 umolL™! nitrate, 1.40
pmol L™ phosphate). Silicic acid shows a similar pattern with depth
(Fig. 6C); the only major difference from nitrate and phosphate profiles
is that silicic acid concentrations continue to increase with depth below
200 m (to a maximum value of 81.09 pmol L™} at 500 m at station A23-
51A), rather than remaining constant with depth over the interval
200-500 m. Again, station N20 shows the clearest exception to this
pattern, with minimum values at 100 m (14.92 ymol L™!) and amongst
the highest values observed in surface waters (18.36 pmol L.

Nitrite and ammonium concentrations show different patterns with
depth in the water column (Fig. 6D,E). In general, nitrite shows the
highest concentrations in the uppermost surface waters and declines
with depth, with the steepest declines between 100 m and 200 m. In
contrast to nitrate, phosphate and silicic acid, nitrite at station N20
shows a peak at 200 m (0.23 pmol L™Y), a minimum at 100 m (0.12
pmol L) and intermediate values in the mid-range of all stations in
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surface waters (0.23 umol L’l); a pattern that is also shown at station
W20. Ammonium concentrations tend to be low between 200 m and
500 m, and show a subsurface maximum at 100 m up to 2.69 ymol L™ ! at
station A23-52. In general, ammonium concentration decreases from the
WW layer into the surface mixed layer (0.88 + 0.33 umol L™1). Station
N20 follows the same general trend as other stations, although the
subsurface peak is less pronounced yet persists deeper than at the ma-
jority of the other stations.

Net drawdown of nitrate and silicic acid, estimated as the deficit
measured during our study period in summer compared to the modelled
upper water column inventory in winter, varies substantially among
stations and along transects with distance from the nearest iceberg
(Fig. 7A). Silicic acid drawdown is greater than nitrate drawdown at all
stations except W20 and H6, indicating a significant role for diatoms and
more rapid remineralisation of organic matter than biogenic silica.
Along the W transect, both nitrate and silicic acid drawdown show much
higher values in stations closer to the iceberg than those further away,
and this is consistent with high values of both at N20, which was the
closest station to any iceberg. However, this pattern is not observed
along the H or A23 transects and in fact the opposite trend is observed
along the S transect.

Ammonium production, estimated as the depth-integrated ammo-
nium concentration accumulated in summer, as measured during our
study period, compared to the modelled upper water column inventory
in winter, also varies substantially among stations and shows varying
patterns with distance from iceberg across the different transects
(Fig. 7B). Along transects W, S and H, ammonium production is lowest at
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the closest station to the iceberg and increases over the inner two to four
stations before decreasing again. However, the opposite trend is
observed over the inner two stations along the A23 transect and
ammonium production is high at station N20.

A strong positive correlation between nitrate and silicic acid draw-
down is observed across the majority of our stations (Fig. 8), with a Si:N
drawdown ratio of 1.98 4 0.11 (SE). However, four stations (W20, S2.5,
H2, H6) show significant deviation from this relationship at low draw-
down values, with silicic acid drawdown being substantially lower than
nitrate drawdown compared to the ratio of ~ 2.0. These four stations are
not geographically coherent suggesting that the drawdown ratio
anomalies may be caused by a number of factors including the
comparative growth dynamics of siliceous and non-siliceous phyto-
plankton species and different rates of sinking, decay and reminerali-
sation. Further interpretation is nevertheless difficult without greater
sampling resolution.

3.5. Phytoplankton

Phytoplankton community composition was either dominated by
diatoms or flagellates between which there was a negative significant
relationship in terms of % abundance (flagellates = —1.0156 diatoms +
0.9567, RZ = 0.9861, p < 0.01). This relationship changed with depth,
with the majority of 100 m and 200 m depth samples having a larger
proportion of flagellates (up to a maximum of 65% flagellates). The
varying composition of phytoplankton with depth was further resolved
by hierarchical clustering, which showed distinct depth-related clusters,
with shallow samples (5, 10 and 25 m) clustering separately to the
deeper samples (100 and 200 m; Fig. S5). Common in the surface sam-
ples were large diatoms, small centric diatoms and the dinoflagellate
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Protoperidinium spp., while deeper samples showed a greater dominance
of Protoperidinium alongside a pattern of decreased biovolume and
abundance of all taxa compared to the surface (Fig. 7G). The exception
to this was station N20 which showed a distinctly different clustering
pattern (Fig. S5) mainly driven by the comparatively high abundances
and biovolumes of phytoplankton in its deeper samples. Small diatoms,
including Fragilariopsis spp., and centrics such as Thalassiosira spp. were
common in these deeper samples while large diatoms, including Rhizo-
solenia spp. and Eucampia spp., were less so despite them being abundant
in the surface samples. Also notable at N20 was the relative absence of
Protoperidinium spp. at depth even though it was one of the most com-
mon deeper taxa at other stations. This station was also characterised by
its high abundances and biovolumes of the diatom Pseudo-nitzschia/
Nitzschia spp. across all depths, contributing 32% to total community
biovolume compared with less than 1% at all other stations.

3.6. Particulate material

In terms of particulate organic carbon (POC) and particulate nitrogen
(PN), there was a general pattern of a substantial decrease in concen-
trations with depth (Fig. 7D,E). For POC, values decreased from a mean
of 28.15 mg m~> (SD 3.34) at 200 m to 11.31 mg m > (SD 4.36) at 400
m, while for PN, a mean of 4.18 mg m~3 (SD 0.62) at 200 m decreased to
1.39 mg m 2 (SD 0.66) at 400 m. The fact that the decrease between the
two depths was greater for PN compared to POC was reflected in the C:N
ratios which had an average of 6.80 (SD 0.67) at 200 m and 8.42 (SD
0.77) at 400 m (Fig. 7F). There was also some spatial variability in the
distribution of C:N ratios, with stations N20 and H1 having low ratios
(respectively 5.45 and 6.45 at 200 m) compared to stations such as those
along transect W, where the mean was 7.02 (SD 0.47) at 200 m.

A depth gradient was also evident in particulate silica (Fig. 7C),
although values were similar between < 10 m and the chlorophyll a
maximum which was typically at around 50 m, with respective mean
values of 94.15 nmol L ™! (SD 37.80) and 100.91 nmol L™ (SD 33.72). At
100 m, the concentrations had decreased by around two thirds to a mean
of 32.73 nmol L1 (SD 25.90). Notable exceptions to this general pattern
were stations N20 and A23-51, where the highest concentrations were
seen at the deepest of these three depths at 100 m (121.12 for N20 and
101.01 nmol L™! for A23-51). In the case of N20, the deep high value
was accompanied by a high value in the < 10 m layer, whereas for A23-
51, there was almost a complete absence of particulate silica in the
surface layers.

4. Discussion

Our study is unique in carrying out in situ observations during the
break-up phase of a large tabular iceberg, which provides new insights
to supplement those studies that have otherwise focussed on the intact
phase, principally during the drift through the open ocean (Kaufmann
et al., 2011; Smith et al., 2007; Smith et al., 2013). We found com-
monalities with many of these studies, particularly with regard to the
impacts of sidewall and basal melting and the downstream influence of
the meltwater layer. At the time of sampling, several icebergs had split
away from the main iceberg A-68A, which resulted in a complex situa-
tion of pre- and post-iceberg influences at many of the sampling stations.
This was compounded by the iceberg field, over which the survey was
carried out, traversing the frontal boundary of the SACCF. Although
intricate in detail, there were a number of clear interactions between the
prevailing oceanographic regime and the A-68 icebergs present at the
time of sampling that enhance our knowledge of the environmental
impacts of iceberg collapse. In the following sections, we will consider
many of these features, as illustrated in Fig. 9.
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SACCF - Southern Antarctic Circumpolar Current Front.

4.1. Upstream environment

At stations further than approximately 5 km from A-68A on transects
S and W, which were in upstream conditions (i.e. those behind the di-
rection of travel) of the icebergs, the water column showed a very
similar structure to that found at the Far station, representing ambient
conditions that were not influenced by icebergs. Specifically, at these W
and S stations, there was a mixed layer that extended to around 60 m,
and then a temperature minimum layer that had its core at around 120
m, as was observed at the Far station. Nearer to A-68A, there was some
indication of increased mixing possibly due to input from basal and
sidewall melting. Changes to the water column due to the presence of
the icebergs are superimposed on the dynamic prevailing oceanographic
regime in this region. Beyond the closest stations to A-68A in our survey,
the strong flow of the SACCF and its associated gradients in temperature
and salinity properties that extend to depth (Meredith et al., 2003)
dominated over any residual impacts of the freshwater melt in an up-
stream direction.

The situation at deeper depths through the water column does not
exactly match the situation at the surface skin (upper few centimetres) of
the ocean, as resolved by Smith and Bigg (2023) using satellite data.
Smith and Bigg (2023) found a thin very low-salinity layer extending
tens of kilometres both upstream and downstream of the iceberg. The
lack of such a layer in our in situ observations suggests that the layer
itself must be extremely thin (i.e. < 2 m) and any effects on the
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properties of the near-surface layer beneath are rapidly dissipated at
stations upstream of the icebergs.

There was evidence of a change in biological community structure in
the wake of the icebergs. The ice-associated phytoplankton taxa Pseudo-
nitzschia/Nitzschia spp. were found to be far more prevalent within up-
stream stations than usually prevails in such waters, as was evident in
the Far station. Although Pseudo-nitzschia as a genus are found
throughout Southern Ocean ecosystems, species found in surface waters
are shown to be associated with ice-edge margins (Almandoz et al.,
2008). Additionally, reports on Nitszchia in the marine waters of
Antarctica are typically from ice-associated species (e.g., Al-Handal
etal, 2019, Qu et al., 2017, Torstensson et al., 2019). The frequency of
ice-association by multiple species within the Pseudo-nitzschia/Nitzschia
genera supports their use as an indicator of iceberg-related influence on
surrounding waters, particularly with the relatively higher abundances
observed in association with icebergs in this study. Indicator species are
a major tool in signalling the legacy effects of oceanographic phenom-
ena, even when physical oceanographic features themselves have
dissipated (Froneman et al., 1999). In lower latitude regions, this
mechanism is often used in the context of characterising the passage of
warm-core and cold-core eddies through a region (Strzelecki et al.,
2007, Waite et al., 2019). The similar scale of large icebergs to high
latitude eddies (10s to 100s km) suggests there may be certain similar-
ities in the impacts of these respective features on pelagic biological
communities in polar regions.
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4.2. Downstream meltwater

A particular feature evident during the sampling period was the
considerable amount of brash ice downstream (forward) of the icebergs.
The ice field itself made it difficult to position the sampling vessel safely
downstream of A-68A and prevented sampling in the immediate region
of its leading edge. Therefore, it must be taken into account that our
spatial resolution of the environment immediately downstream of the
iceberg is somewhat limited. The expedition was nevertheless able to get
into a quasi-downstream position ahead of iceberg A-68P. The relative
location of the brash ice field is consistent with the forward plume of low
salinity water reported by Smith and Bigg (2023) and the increased
glacial meltwater observed by Meredith et al. (2023) at the downstream
stations. At the leading edges of icebergs, the increased velocity of the
surface currents relative to the drift of the iceberg acts to move the melt-
influenced waters downstream, also encapsulating a major proportion of
the brash ice. Nevertheless, at the time of the sampling, A-68A, along
with certain subsidiary icebergs such as A-68P and A-68J, had become
constrained within a large (>100 km diameter) anticyclonic current,
with the rotating flows generating pronounced freshening and cooling
features (Smith and Bigg, 2023). Hence, parameter measurements in the
locality of any one iceberg may also have a lagged influence from other
icebergs within the same anticyclonic feature. These lagged influences
are difficult to quantify fully at any single sampling station but, overall,
they freshen and cool the near-field surface layers relative to the Far
station.

4.3. Impacts on deeper water masses

The substantial influence of meltwater in the surface layers down-
stream of the icebergs has further impacts on deeper water masses. In
particular, close to A-68P (station N20) there was a substantial deep-
ening of the temperature minimum layer, which, at its core, was around
50 m deeper than in the Far station and stations along transects W and S.
Furthermore, below the meltwater influenced layer, the mixed layer was
replaced by salinity-driven stratification down to a depth of around 50
m. This stratified region was weaker by station H1, 55 km further
downstream, resembling the structure of the mixed layer seen in other
stations. The temperature minimum layer had also shallowed by this
distance away from A-68P.

Although the spatially extensive influence of meltwater in the sur-
face layers is a widely recognised feature of icebergs (Cenedese and
Straneo, 2023, Huppert and Turner, 1978), the impact of iceberg melt on
deeper water masses is less reported, since it relies on obtaining in situ
observations. In one in situ study of two massive icebergs in McMurdo
Sound (B-15 and C-19), Robinson and Williams (2012) reported notable
impacts on the regional oceanography, mostly manifested through
perturbations to prevailing salinity. Specifically, meltwater from these
icebergs cooled and freshened the upper water column, thus reducing
the surface circulation and, in the case of C-19, having a long-term
impact on the Ross Sea polynya. This freshening also shifted the core
location of deep water formation in the south-western Ross Sea. Helly
etal. (2011) carried out five circumnavigational surveys of iceberg C-18
in the Weddell Sea. Similarly to A-68, they found that fresh meltwater
above the seasonal pycnocline diluted and chilled the summer mixed
layer to a depth of approximately 50 m, although evidence of prominent
stratification in the layer was not presented. They also reported that this
meltwater influence was evident up to 19 km away, which is someway
short of the influence found in the present study of 75-80 km (Meredith
et al., 2023).

4.4. Distribution of particulate material
Particulate silica decreased with depth at most stations, with there

being just one third of the concentration at 100 m (mean of 32.7 nmol
L1, SD 25.9) compared to that found in the surface mixed layer or at the
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chlorophyll a maximum (mean of 97.6 nmol L™}, SD 35.6). Exceptions to
this were two downstream stations, N20 and A23-51A, where higher
concentrations were found at 100 m compared to the surface samples.
For both stations, concentrations at the chlorophyll a maximum were
comparatively low, whereas, with regard to N20, they were equivalent
to those found at other stations in the top 10 m. This contrasts with
station A23-51A, where there was almost a complete absence of par-
ticulate silica in the top 10 m. Although downstream of the various A-68
icebergs, station A23-51A is also situated close to the shelf edge of South
Georgia where there is likely to be a large influence from complex shelf
edge processes causing both upwelling and downwelling into which
particulate material can become entrained. Disentangling iceberg effects
from the influence of prevailing ocean dynamics on particulate vertical
distribution is therefore difficult at this station. The case of station N20 is
different in that it was situated very close to A-68P, in a quasi-
downstream location, where observations are more likely to reflect
iceberg melt processes.

The alkaline extractable particulate silica analysed in this study may
potentially comprise both organic and reactive lithogenic material
(Hawkings et al., 2017), which were not discriminated between in the
sample analysis. Organic particulate silica will most likely be derived
from the breakdown of senescing siliceous phytoplankton, such as di-
atoms, and is discussed further below. The most likely source of reactive
lithogenic silica is through its release of amorphous and poorly crys-
talline material during iceberg melting. There are two main components
to submarine melt in icebergs: basal melting and sidewall melting (Bigg,
2016, Bigg et al., 1997). Basal melt is believed to be one of the larger
contributors to ice loss and is generated by heat transfer from the
ambient water, facilitated by the turbulent boundary layer resulting
from the relative motion of the iceberg through the water. Sidewall melt
of the submerged sides of an iceberg involves a similar transfer of heat,
except this is due to buoyant convection. The relative importance of side
and basal melt is a function of the aspect ratio of the iceberg, with large
tabular icebergs experiencing a greater degree of their mass loss from
basal melt than icebergs with a smaller aspect ratio. During the present
study, the maximum depth of sampling for particulate silica was 100 m,
which means that the majority of lithogenic contribution to these sam-
ples will be from sidewall melting. Basal melting may nevertheless also
release further substantial amounts of lithogenic particulate material to
contribute to the total sinking flux of this material at greater depths.

Particulates taken from deeper depths (200 m and 400 m) were
analysed for organic carbon (POC) and particulate nitrogen (PN). Values
for both parameters were variable across the survey, although a marked
decrease between 200 m and 400 m was consistent across all stations.
Furthermore, the decrease with depth of PN was greater than that of
POC resulting in a C:N ratio that was larger at 400 m than at 200 m. A
decrease with depth of organic particulate matter originating from the
surface is a common oceanic pattern resulting from the interception
and/or remineralisation of these particles as they sink (Boyd and Trull,
2007). Furthermore, the greater level of attenuation of nitrogen
compared to carbon reflects that nitrogen is more labile than organic
carbon and is therefore preferentially remineralised. Within this context,
station N20 stands out in having deep particulate matter with a
considerably lower C:N ratio, particularly at 400 m. A low C:N ratio may
reflect that this matter has had a lower-than-normal exposure to remi-
neralisation processes, as would occur if it was rapidly displaced to
depth from the surface layers. Such displacement is consistent with the
deepening of underlying water masses by surface meltwater and salinity
driven stratification. In this instance, particles residing in either the
mixed layer or upper part of the temperature minimum layer become
displaced downwards while remaining in the same body of water.
Furthermore, the fact that deep particulate matter remains relatively
unprocessed indicates that the physical mechanism of deepening has
occurred relatively rapidly.
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4.5. Influences on nutrient profiles

The majority of sampling stations showed the expected regional open
ocean macronutrient depth profiles, with highest nitrate, phosphate,
and silicic acid concentrations at depth, and lowest concentrations in
surface waters. This depletion of nutrients towards the surface is driven
primarily by their uptake by the phytoplankton community. The main
exception to this pattern is observed at station N20, where subsurface
minimum concentrations of nitrate, phosphate and silicic acid occur and
high concentrations of all these nutrients are seen in surface waters. N20
is the closest station to any of the A-68 icebergs (1.9 km away from A-
68P) and so these observations may show the influence of iceberg
melting on the structure of the adjacent water column through the influx
of iceberg meltwater drawing nutrient-rich subsurface waters towards
the surface by buoyant upwelling.

Buoyant upwelling is a recognised feature close to icebergs (Duprat
et al., 2016; Hopwood et al., 2019; Smith et al., 2013). As the heat
supplied by the ambient seawater converts the basal ice to meltwater,
the seawater is cooled (driving a density increase) and diluted with
freshwater from the melting ice (driving a density decrease). At these
cold temperatures, the freshening effect dominates over the cooling ef-
fect and the cold, buoyant meltwater mixture rises through the water
column, bringing deeper waters towards the surface where they mix,
dilute and distribute horizontally (Stephenson et al., 2011). The pro-
nounced nutrient minimum at 100 m is also consistent with this mech-
anism and most likely reflects dilution of the ambient nutrient pool by
the meltwater plume generated by basal melting of A-68P at 130-150 m
depth, which has not yet mixed substantially with surrounding oceanic
waters. The upwelling of subsurface waters to the euphotic zone driven
by basal melting during periods when icebergs are clear of pack ice has
been proposed to be a major driver of increased productivity in the polar
oceans, particularly with regard to the supply of limiting micronutrients
such as iron as well as macronutrients (Helly et al., 2011, Hopwood
et al., 2019, Lin et al., 2011).

Our data support the view that primary productivity is enhanced
close to icebergs, as greater net nutrient drawdown is observed closer to
the iceberg along the W transect, as well as at N20. However, the
opposite pattern along the S transect shows that stations closer to an
iceberg can also exhibit much smaller net nutrient drawdown than those
further away, and the lack of a discernible trend with distance from
iceberg along the H and A23 transects further shows that icebergs do not
necessarily increase biological nutrient uptake in their vicinity. Where
icebergs appear to have little effect on biological nutrient uptake, this is
likely to be more strongly controlled by other factors related to the
prevailing oceanographic regime or potentially the grazing effects of
small herbivores (Garzio et al., 2013, Henley et al., 2018, Henley et al.,
2017, Vernet et al., 2011).

Subsurface peaks in ammonium and decreases in nitrite concentra-
tions with depth at the majority of stations indicate an important role for
organic matter remineralisation and nutrient recycling in the study re-
gion. Organic matter is produced in the surface layer where its con-
centrations are highest, and its subsequent decomposition leads to the
production of ammonium (Olson, 1980). Ammonium concentrations are
comparatively high in the subsurface (~100 m depth) because it can
accumulate there without being readily uptaken by phytoplankton, as
happens in the surface layers (Smith et al., 2014). The variability that we
observe in trends in ammonium production with distance from iceberg
along the different transects shows that, in some cases, ammonium
production is greater closer to the iceberg than further away (A23
transect) and in other cases the opposite is true (W, S and H transects).
Station N20 shows relatively large ammonium accumulation and over a
greater subsurface depth range than at other stations, as well as a nitrite
peak at 200 m. This could support the hypothesis that close proximity to
a large iceberg causes a physical restructuring of the water column and
thus impacts on vertical nutrient distributions and (re)cycling processes.
This proposed disruption of vertical mixing and biogeochemical
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consequences by iceberg meltwater input would be consistent with the
strong salinity driven stratification we observed at station N20 and the
responses observed in phytoplankton communities (Section 4.6).

4.6. Phytoplankton responses

Compared to the Far station, there is no notable difference in the
total biovolume of phytoplankton at the majority of stations within the
iceberg field. This is also evident in the satellite chlorophyll a data,
where there is a general patchiness of high and low concentrations
similar to those found across the wider region. Continuous near-surface
observations from the ship support this view, with high chlorophyll a
regions being present both near to the icebergs and in the vicinity of the
Far station. A number of studies have documented chlorophyll levels
being raised near icebergs, with the prevailing hypothesis being that
they are a response to plumes of meltwater containing significant con-
centration of iron and other limiting nutrients (Wadham et al., 2013).
Nevertheless, this effect is far from consistent, with Bigg and Marsh
(2023) finding that the fertilising effect was temporally variable and
seasonally dependent. Likewise, Vernet et al. (2011) reported no sta-
tistically significant increase in phytoplankton biomass or production
within the euphotic zone within 1 km of iceberg C18-A although chlo-
rophyll a increased significantly 2 km around the iceberg and 10 days
after the passage of the iceberg. This lagged response to fertilisation is
required for the biological community to facilitate growth and repro-
ductive processes. Subsequent to this, the response may persist for many
weeks, such as reported by Duprat et al., (2016) where levels of chlo-
rophyll were enhanced by a factor of ten and peaked 50-200 km from
giant icebergs.

Although we did not see a clear signal in in situ phytoplankton
biomass and satellite ocean colour, our data do provide a number of
biological insights into the sampling region that are consistent with the
influence of icebergs. Within the surface layer (top 10 m), the majority
of stations contained phytoplankton communities largely composed of
the sizable heterotrophic dinoflagellate Protoperidinium spp., as well as
smaller autotrophic cells from the Pseudo-nitzschia/Nitzschia diatom
group. Protoperidinium spp. is known to graze on ice-associated diatoms
(Archer et al., 1996, Pienkowski et al., 2009), particularly several spe-
cies within the Pseudo-nitzschia/Nitszchia genera which are often asso-
ciated with ice margins (Froneman et al., 1996) and icebergs (Cefarelli
et al., 2016). The observation of microplankton (>20 pym), in this case
dominated by Protoperidinium spp., making up a larger portion of the
phytoplankton community closer to icebergs, is consistent with the ob-
servations of Smith et al. (2007) in their study of Weddell Sea icebergs.

Compared to the Far station, both small-centric and particularly
large diatoms were not as dominant in terms of their contribution to
total community biovolume. This may reflect that there was a degree of
top-down control of the diatom community by heterotrophic species
such as Protoperidinium spp. that prey on them, which was found to
comprise a much greater proportion of the total phytoplankton bio-
volume at iceberg stations relative to the Far station. This is supported
by corresponding biogeochemical measurements of nitrate and silicic
acid drawdown, which show that diatoms had been an important
component of the phytoplankton community despite their relative
reduction in dominance. The ratio of silicic acid drawdown to nitrate
drawdown was ~ 2.0 £+ 0.1 for the majority of stations, indicating a
large degree of silicic acid uptake and therefore an important role for
siliceous species — mainly diatoms — in nutrient uptake by the biological
community. This is consistent with silicic acid drawdown being greater
than nitrate drawdown at the majority of stations, which also strongly
suggests that diatoms were prevalent and highly productive. Neverthe-
less, the relative composition of diatoms within the phytoplankton
community is somewhat lower than the biogeochemical evidence would
suggest, which may be a result of them being preferentially grazed by
micro- and macro-zooplankton.

As with many other parameters measured during the present study,
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station N20 appeared very different to other stations with regard to both
the biomass and composition of the phytoplankton community. Firstly,
the total biovolume of phytoplankton at the surface was more than
double that seen at any other station. This high biovolume persisted into
the deeper layers, with that at 100 m being almost equivalent to levels
seen in the surface waters elsewhere. Secondly, N20 was where the ice-
associated genera Pseudo-nitzschia/Nitzschia particularly proliferated,
reaching 32% of total community biovolume, compared to an average of
2% (SD 1%) across all other stations. Meanwhile, at 100 m, the domi-
nant phytoplankton group was centric diatoms, while the otherwise
common Protoperidinium spp. were absent.

The fact that that the abundance and corresponding biovolume of
Pseudo-nitzschia/Nitzschia spp. at station N20 was so much greater than
at all other stations indicates that either environmental conditions at this
station allowed for their intense proliferation or that there was a nearby
ice source for this taxon from which they were released into neigh-
bouring open waters. It is difficult to distinguish between these two
possibilities given the uniqueness of the water column structure at N20
and the fact that it was within 2 km of A-68P. In a study of the large
icebergs A-52 and W-86, Smith et al. (2007) found extensive expanses of
these ice-attached diatoms present between the reticulated indentations
in the ice surface as well as on a flared terrace exposed to downwelling
light. Similarly, Cefarelli et al. (2011) also observed a spike in diatoms
closest to the iceberg, as would be expected for diatoms such as Pseudo-
nitzschia/Nitzschia spp.

Unlike Pseudo-nitzschia/Nitzschia species, which are commonly
associated with ice and ice margins, the small (<100 pm in diameter)
centric diatoms observed at very high abundances at 100 m at N20 are
more typical of pelagic communities in surface waters (van Leeuwe
et al., 2018). Across the majority of stations in the present study, this
group of phytoplankton was only ever seen in high biovolumes in sur-
face samples. Furthermore, the biovolume of this group was around 2
orders of magnitude greater at N20 than found elsewhere. This indicates
both that the productivity of these small diatoms was extremely high
and that they were most likely displaced to depth from the surface
layers. This downward displacement is likely to be the same conse-
quence of meltwater and salinity-driven stratification that resulted in
rapid downward movement of particulates at this site. The absence of
Protoperidinium spp. at this depth layer is nevertheless puzzling given its
abundance elsewhere and may indicate that the distribution of this
taxon is relatively patchy very close to icebergs. Alternatively, their
swimming capabilities, although weak, may be sufficient to overcome
the prevailing downward displacement and permit retention at a
preferred depth closer to the surface. Dinoflagellates can move vertically
at between 100 and 500 ym s~ ! (9-43 m d~%; Smayda, 2010), speeds
that are sufficient to reduce vertical displacement in, for instance, up-
welling systems such as that in Monterey Bay, California (Shulman et al.,
2012).

4.7. Impacts of a giant tabular iceberg on South Georgia

Several studies of large iceberg impacts have noted their enhance-
ment of primary productivity (Biddle et al., 2015, Duprat et al., 2016,
Wu and Hou, 2017), and consequences to higher trophic levels (Joiris,
2018, Smith et al., 2013). In the present study, our observations were
limited to the lowest trophic levels where there was evidence of both
productivity enhancement and seeding of phytoplankton close to the
icebergs, along with a wider scale alteration of community composition
towards greater abundances of ice-associated microplankton taxa. We
were not able to sample to resolve the consequences of these impacts on
higher trophic levels. For instance, Smith et al. (2013) found higher
abundances of zooplankton particularly in the wake of large icebergs,
which were assumed to be benefitting from higher levels of primary
productivity induced by the fertilising effects of icebergs (Hopwood
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et al.,, 2019). The augmentation of the phytoplankton and zooplankton
communities in turn enhances levels of carbon sequestration to depth.
This occurs through increasing the amount of sinking particulate ma-
terial via processes such as faecal pellet production, senescence and
sloppy feeding (Boyd et al., 2019, Mayor et al., 2014, Smith et al., 2011).
Duprat et al. (2016) estimated that free-drifting icebergs drive > 20% of
Southern Ocean particulate organic carbon export. Nevertheless, in
relation to South Georgia, such iceberg fertilisation may be on a smaller
scale given that the region already has comparatively high levels of
macronutrients (Whitehouse et al., 2023) and the otherwise limited
availability of micronutrients is alleviated by glacial and riverine out-
puts from the island, upwelling, and circulation features (Schlosser
et al., 2018). This already high baseline of nutrient availability may be a
further reason that a major widespread enhancement of productivity by
A-68 is difficult to resolve in situ when in close proximity to South
Georgia.

5. Conclusion

The occurrence of icebergs at South Georgia is not uncommon, and
shipping reports have historically recorded their prevalence in the re-
gion between the Weddell Sea and northern Scotia Sea, and leading
onwards to South Georgia, with many peaks and troughs in their
numbers over decadal scales (Headland et al., 2023). Within this
context, the passage of icebergs to South Georgia to the point of their
eventual collapse is one that is predictable and may potentially increase
into the future. Indeed, since A-68A, further tabular icebergs including
A-76 and D-28 have arrived at South Georgia waters and collapsed to
various degrees. Nevertheless, the scale of A-68A and the fact that it
remained so intact until reaching the shelf-edge of South Georgia makes
it a particularly unique case study in that it represents an upper range of
the level of freshwater discharge and cooling that can be expected from
any iceberg source in this region.

Alongside other studies by Meredith et al. (2023) and Smith and Bigg
(2023), the present study goes some way to improving our under-
standing of the impact of the break-up of large icebergs within a context
of the dynamic ocean environment in which this often occurs. This will
be of particular benefit to climate models in which icebergs are poorly
represented, reflecting the lack of data on processes such as breakup
(Huth et al., 2022). Our study provides both a physical perspective on
how the water column becomes restructured in the vicinity of the ice-
bergs, and biological perspectives in terms of the redistribution of nu-
trients and alterations in the community composition of lower trophic
levels. We also reveal further, less reported, processes, such as the rapid
downward displacement of both particulate material and certain
phytoplankton species resulting from meltwater and salinity-driven
stratification deepening prevailing water masses. The wider scale ef-
fects on these parameters were nevertheless difficult to disentangle from
the oceanographic influences of the shelf edge and the SACCF, and this
emphasises that even giant tabular icebergs are part of a dynamic
environment that integrates a number of small- and large-scale physical
processes.

6. Data availability

CTD profile and underway data from cruise JC211 are available from
the British Oceanographic Data Centre (BODC; https://www.bodc.ac.uk
/data/documents/cruise/17790/). Salinity, oxygen concentration and
oxygen isotope data from JC211 bottle samples are also available from
BODC at:  https://doi.org/10.5285/e4e45cd9-f1c1-5b7a-e053-6¢8
6abc0c363 (Abrahamsen et al., 2022). The JC211 nutrient, particulate
material and phytoplankton data are publicly available in the UK Polar
Data Centre at: https://doi.org/10.5285/eef71670-f6dc-46{6-9143-756
9599854e5 (Abrahamsen et al., 2024).
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