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Abstract
Seasonal cycling in carbon, alkalinity, and nutrients in landfast sea ice in Hangar Cove, Adelaide Island, West

Antarctic Peninsula, were investigated during winter, spring, and summer 2014–2015. Temporal dynamics were
driven by changes in the sea-ice physicochemical conditions, ice-algal community composition, and organic matter
production. Winter sea ice was enriched with dissolved inorganic carbon (DIC) and inorganic nutrients from organic
matter remineralization. Variations in alkalinity (Alk) and DIC indicated that abiotic calcium carbonate (ikaite) pre-
cipitation had taken place. Relative to other nutrients, low phosphate (PO4) concentrations potentially resulted from
co-precipitation with ikaite. Seawater flooding and meltwater induced variability in the physical and biogeochemical
properties in the upper ice in spring where nutrient resupply supported haptophyte productivity and increased par-
ticulate organic carbon (POC) in the interstitial layer. Rapid nitrate (NO3) and DIC (< 165 μmol kg�1) uptake
occurred alongside substantial build-up of algal biomass (746 μg chlorophyll a L�1) and POC (6191 μmol L�1) during
summer. Silicic acid drawdown followed NO3 depletion by approximately 1 month with a shift to diatom-
dominated communities. Accumulation of PO4 in the lower ice layers in summer likely resulted from PO4 released
during ikaite dissolution in the presence of biofilms. Increased Alk : DIC ratios in the lower ice and under-ice water
suggested that ikaite dissolution buffered against meltwater dilution and enhanced the potential for atmospheric
CO2 uptake. This study revealed strong seasonality in carbon and nutrient cycling in landfast sea ice and showed the
importance of sea ice in biogeochemical cycling in seasonally ice-covered waters around Antarctica.

Sea ice plays an important role in marine productivity and
biogeochemical cycling in the seasonally ice-covered ocean
around Antarctica (Ducklow et al. 2013; Vancoppenolle
et al. 2013; Arrigo 2014). The ice environment is highly
dynamic and hosts sympagic (ice-associated) microalgal com-
munities that account for up to 25% of the total primary pro-
duction in the Southern Ocean (Legendre et al. 1992; Arrigo
and Thomas 2004; Saenz and Arrigo 2014). Investigations into
cycling of carbon and nutrients in sea ice and air-ice-ocean
carbon dioxide (CO2) exchange have revealed sea ice to be a
highly variable and complex biogeochemical component of
the Antarctic marine environment (Gleitz et al. 1995;
Rysgaard et al. 2007; Fripiat et al. 2017). Two major sea-ice
types can be discerned—landfast ice and pack ice. Whereas
pack ice is free drifting sea ice, which moves with winds and
currents, landfast sea ice is attached to the coast, shallow sea-
floor or grounded icebergs (Fraser et al. 2020). Landfast ice
usually forms and dissipates seasonally, controlled by
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atmospheric and oceanic conditions and creates a unique
environment due to snow accumulation that regulates
exchange of heat and CO2 between the atmosphere and ocean
(Murphy et al. 1995). Sea ice is important as a habitat for sym-
pagic (ice-associated) organisms, including microorganisms
and zooplankton (Arrigo et al. 1995; Günther and Die-
ckmann 1999; Thomas and Dieckmann 2010).

Sea ice is permeated by channels and pores that are filled
with brine and enable biogeochemical exchanges, for exam-
ple, CO2 and oxygen, between the air and the ocean and allow
colonization by microorganisms including sea-ice algae, bacte-
ria, and viruses (Thomas and Dieckmann 2010; van Leeuwe
et al. 2018). Sea-ice algae usually begin to grow earlier in the
season than phytoplankton in surface waters, likely due to
more stable light levels compared with the upper ocean (van
Leeuwe et al. 2022). The winter stocks of nutrients trapped
within brine pockets fuel springtime production and can be
replenished through intense recycling and remineralization in
the ice, seawater flooding, ice-ocean exchanges and redistribu-
tion of inorganic carbon and nutrients within the ice matrix
through freeze thaw cycles (Henley et al. 2012; Vancoppenolle
et al. 2013; Fripiat et al. 2017). As ice-algal primary production
is largely dominated by diatoms (Thomas and Dieckmann
2010), silicic acid could become limiting during the growing
season (Fripiat et al. 2017). Sympagic algal communities are
ubiquitous in Antarctic sea ice and have potential to seed
pelagic phytoplankton blooms (van Leeuwe et al. 2022). They
furthermore contribute to enhanced overall primary produc-
tion in the sea-ice zone of coastal Antarctica (Smith and Nel-
son 1985; Vernet et al. 2008; van Leeuwe et al. 2020).

Sea-ice carbon and nutrient dynamics are controlled by
physical conditions (Perovich et al. 2004; Nomura et al. 2010),
exchanges across air-ice-ocean interfaces (Jones and
Coote 1981; Delille et al. 2007; Miller et al. 2011) and biotic
processes that cycle carbon and nutrients between the inor-
ganic and organic reservoirs (Legendre et al. 1992; Gleitz
et al. 1995; Kennedy et al. 2002). The carbonate system is also
affected by abiotic calcium carbonate (ikaite, CaCO3�6H2O)
formation and dissolution (Jones and Coote 1981;Rysgaard
et al. 2007; Dieckmann et al. 2008). Respiration and
remineralization of organic matter by the winter ice-algal com-
munity increases the dissolved inorganic carbon (DIC) and
nutrient concentrations in the brine (Miller et al. 2011). As sea
ice forms, precipitation of ikaite leads to a partitioning of alka-
linity (as ikaite crystals) in the ice and DIC (as dissolved CO2)
in the brine (Rysgaard et al. 2007; Dieckmann et al. 2008).
Typically, brine is rejected from the growing sea ice into the
underlying seawater, whilst some remains trapped in the
pockets and channels of the ice. (Jones and Coote 1981; Fra-
nsson et al. 2011, 2013). The ikaite crystals are retained within
the ice matrix (Rysgaard et al. 2007). Dissolution of ikaite dur-
ing ice melt increases alkalinity in the meltwater that slightly
counteracts dilution effects and promotes drawdown of atmo-
spheric CO2 in Antarctic coastal waters (Hauri et al. 2015;

Jones et al. 2017; Legge et al. 2017). The CO2 released during
ikaite precipitation and subsequently transported from the ice
could be exported below the mixed layer with the saline brine,
thus constituting a sea-ice carbon pump (Rysgaard et al. 2007;
Fransson et al. 2011). Alongside processes associated with the
seasonal formation and melt of sea ice, the sea-ice-driven CO2

pump makes a small yet significant contribution (Moreau
et al. 2015) to the marine carbon cycle of coastal Antarctica
(Delille et al. 2014; Legge et al. 2015; van der Linden
et al. 2020).

The West Antarctic Peninsula shelf is an ecologically
important region that supports high rates of primary produc-
tion and concomitant substantial biological carbon uptake
(Ducklow et al. 2007; Clarke et al. 2008; Brown et al. 2019).
These processes drive strong seasonal sinks for atmospheric
CO2 in the coastal zone (Arrigo et al. 2008; Legge et al. 2015;
Jones et al. 2017; Brown et al. 2019). Winter pack ice along
the West Antarctic Peninsula provides food sources for juve-
nile krill and is a key regulator of krill recruitment, which is
critical for ecosystem productivity and trophic coupling in the
Peninsula region and downstream in the Scotia Sea (Saba
et al. 2014). Ongoing changes in the sea-ice and marine envi-
ronment of the West Antarctic Peninsula may have implica-
tions for local and regional-scale ice-ocean physical processes,
primary production, biogeochemical cycling, and climate
(Schofield et al. 2010; Ducklow et al. 2013; Henley
et al. 2019).

Previous studies in Antarctic sea ice have documented
aspects of seasonal carbon and nutrient dynamics and their
linkage to physical processes and ice-algal biodiversity and
productivity (Fransson et al. 2011; Henley et al. 2012; Fripiat
et al. 2017; Torstensson et al. 2018; van der Linden
et al. 2020). However, the key controls of sea-ice inorganic car-
bon chemistry coupled to physical–chemical–biological pro-
cesses across different seasons remain largely unresolved. The
major aim of this study was to characterize the changes in
inorganic carbon and nutrients in Antarctic landfast sea ice in
relation to the physicochemical environment and ice-agal
community during the seasonal transitions from winter to
spring to summer. The main hypotheses were that seasonality
in abiotic and biotic processes in landfast sea ice would signifi-
cantly impact (i) carbon and nutrient cycling from the period
of ice formation in autumn/winter to ice melt in spring/
summer and (ii) ice-ocean exchanges and potential for atmo-
spheric CO2 uptake during summer sea-ice melt.

Due to the remoteness of the sea-ice–covered areas in
coastal Antarctica, much of this region remains undersampled
and there is a lack of seasonal studies investigating carbon
cycling in sea ice. The British Antarctic Survey at Rothera
Research Station, West Antarctic Peninsula, carries out year-
round marine monitoring in Ryder Bay for the Rothera Ocean-
ographic and Biological Time Series (RaTS), which was
initiated in 1997 (Clarke et al. 2008; Venables et al. 2013). Ryder
Bay and several smaller embayments in the vicinity (Fig. 1) are
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located within the seasonally ice-covered coastal zone and are
usually covered in landfast ice from June to October, with vari-
able or no ice cover from November/December to March/May
(Meredith et al. 2008). This area is ideally suited to conduct a
temporal study to address key knowledge gaps in carbon and
nutrient cycling in Antarctic landfast sea ice. This study pre-
sents new data during winter, spring, and summer from lan-
dfast sea ice of the West Antarctic Peninsula to add to the
understanding of the intricate linkages between biogeochemi-
cal processes, shifts in sympagic microorganisms and ice-
ocean exchanges, and further highlights the importance of
inorganic carbon cycling in sea ice in the context of potential
impacts on the ice-ocean CO2 system in a scenario of
diminishing seasonal sea ice.

Methods
Sea-ice sampling

Seasonal sampling of landfast sea ice was carried out in two
phases, during austral winter, spring, and summer 2014 and
during winter 2015 (Table 1) in Hangar Cove (67.564�S,
68.130�W), adjacent to Ryder Bay on Adelaide Island, West

Antarctic Peninsula (Fig. 1). Ice cores were taken for biogeo-
chemical analyses (carbonate chemistry, inorganic nutrients,
organic matter, stable oxygen isotopes of water), biological vari-
ables (photosynthetic pigments and community composition)
and physical measurements (temperature, salinity) during
15 sampling events (Table 2). All ice cores were taken within
1–2 d during each sampling event using a 0.09-m–diameter ice
corer (Kovacs) from within � 1 m2 area of landfast sea ice in
Hangar Cove and are used to form a pseudo-time series, that is,
winter–spring 2015 and spring–summer 2014. It is assumed
that the physicochemical conditions in the sea ice sampled in
winter and early spring 2015 are representative of winter condi-
tions prior to the growing season and period of ice melt. Previ-
ous studies have reported strong seasonality for some seasons
in aspects of biogeochemical cycling relative to year-to-year var-
iability in sea ice of coastal Antarctica (Henley et al. 2012;
Fripiat et al. 2017; van der Linden et al. 2020). Therefore, this
study will utilize the physical and biogeochemical changes in
the landfast sea ice between winter–spring 2015 and spring–
summer 2014 with the biological patterns from winter to sum-
mer 2014 to characterize the seasonality in a conceptual model,
inferring seasonal changes in landfast sea ice of the West

Fig. 1. Map of the West Antarctic Peninsula showing Adelaide Island and (insert) the location of Ryder Bay, Hangar Cove, Rothera Research Station, and
the RaTS site. Maps were created with Ocean Data View 4 (http://odv.awi.de; Schlitzer 2018).
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Antarctic Peninsula. Samples for bulk sea-ice carbonate chemis-
try, macronutrient, and particulate organic matter concentra-
tions, stable oxygen isotopes, and salinity were taken and
processed following the procedures outlined below. Snow cover
and slush layers, such as that observed in late October and early
November 2014, were excluded from biological and chemical
analyses but are included in descriptions of the ice environ-
ment and discussions of seasonal processes.

Physical measurements
The thickness of the landfast sea ice was inferred from the

length of each ice core (Table 2), referred to as sea-ice thick-
ness hereafter. The total sea-ice thickness was used as an abso-
lute value (100%) to determine the relative depth of the
physical, biogeochemical and biological measurements verti-
cally in each ice core. Due to the seasonal variations in ice
thickness and for relevant comparisons of physical and bio-
geochemical properties at different depth intervals, such as at
the air-ice and sea-ice interfaces, relative ice core depths (%)
were determined. Vertical gradients in physicochemical prop-
erties within the ice (Fig. 2) were used to discriminate key
layers (at the specified range of relative ice core depth): upper
ice (0–20%), interior ice (20–80%), lower ice (80–100%), air-ice
interface (0–10%), and sea-ice interface (90–100%). Vertical
patterns in sea-ice properties have been previously used to
identify different layers (using relative depths) within landfast
ice (van der Linden et al. 2020) and pack ice (Fripiat
et al. 2017; Torstensson et al. 2018) around Antarctica.

Sea-ice temperature was measured immediately after core
extraction using a calibrated temperature probe (accuracy
� 0.2�C; TESTO 720) inserted into predrilled holes (5–10 cm
intervals) along the length of the ice core. Due to logistical
constraints, it was not possible to obtain temperature mea-
surements during spring and summer. Salinity (absolute; g
kg�1) of the ice melt from the carbonate chemistry and nutri-
ents cores and the under-ice water was measured using a

conductivity meter (accuracy � 0.1 mS cm�1; TPS WP-84). The
meter was calibrated with a standard reference conductivity
solution (KCl) in addition to a dilution series using MilliQ
water and Certified Reference Material of known salinity,
which was also used for carbonate chemistry analyses (details
below). Brine volume was determined from temperature and
salinity measurements following Cox and Weeks (1983).

Biogeochemical coring and analyses
The biogeochemical ice cores comprise two core sets: (1) car-

bonate chemistry and nutrients (with salinity measurements
and the stable oxygen isotopes) and (2) nutrients and organic
matter. The carbonate chemistry and nutrients ice cores (win-
ter–early spring 2015 and spring–summer 2014; total 13 cores;
Table 2) were cut into 0.05–0.15 m sections using a stainless-
steel saw and placed in plastic bags, which were sealed and
stored in an insulated cool box for transportation to the labo-
ratory. Core section lengths were dependent on proximity to
the ice-water interface, with the bottom-ice section usually
being 0.05–0.10 m in length. Core sections for carbonate
chemistry analysis were transferred immediately to 1-liter gas-
tight Tedlar bags and vacuum-sealed using a Nalgene hand
pump and left to melt in the dark at ambient temperature
(20�C). Upon complete melt (� 20 h), subsamples for DIC and
total alkalinity were transferred to 250-mL borosilicate glass
bottles, poisoned with 50 μL saturated mercuric chloride solu-
tion and stored in the dark until analysis. Seawater and bulk
ice analysis for DIC and alkalinity was carried out using a
VINDTA 3C (Versatile INstrument for the Determination of
Total Alkalinity) in the laboratory at Rothera, following
Dickson et al. (2007). Determination of DIC was made by sam-
ple acidification with 8.5% H3PO4 and gas extraction followed
by coulometric analysis (Johnson et al. 1987). The determina-
tion of alkalinity was carried out by potentiometric titration
with 0.1 M hydrochloric acid (Dickson 1981). The accuracy
was checked against Certified Reference Material (CRM, batch

Table 1. Seasonal sampling for landfast sea-ice and under-ice water in Hangar Cove (67.564�S, 68.130�W) and ice-free seawater in
Ryder Bay (67.570�S, 68.225�W). Physical (temperature and salinity), biogeochemical (carbonate chemistry, inorganic nutrients, organic
matter, stable oxygen isotopes), and biological (photosynthetic pigments and community composition) properties in ice cores. — indi-
cates no data.

Physical Biogeochemical Biological

Sea ice Winter (Jul–Aug 2015)
Early spring (Sep–Oct 2015)
Late spring (Nov 2014)
Summer (Dec 2014)

Winter (Jul–Aug 2015)
Early spring (Sep–Oct 2015)
Late spring (Nov 2014)
Summer (Dec 2014)

Winter (Aug 2014)
Early spring (Sep–Oct 2014)
Late spring (Nov 2014)
Summer (Dec 2014)

Under-ice water Summer (Dec 2014) Summer (Dec 2014) —

Seawater Autumn (Mar–May 2015)
Winter (Jun–Jul 2015)
Early spring (Sep–Oct 2015)
Late spring (Nov 2014)
Summer (Dec 2014)

Autumn (Mar–May 2015)
Winter (Jun–Jul 2015)
Early spring (Sep–Oct 2015)
Late spring (Nov 2014)
Summer (Dec 2014)

—

—

—

—

—
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130), supplied by A. G. Dickson (Scripps Institute of Oceanog-
raphy), measured every 10–20 samples. The precision of the
DIC and alkalinity measurements was 1.7 and 1.5 μmol kg�1,
respectively, based on the average difference between succes-
sive duplicate analyses of each CRM bottle (n = 54). Subsam-
ples for the analysis of macronutrients were filtered using
Acrodisc PF syringe filters (0.2 μm pore size) into prerinsed
5-mL polyethylene vials and stored at 4�C for silicic acid (Si
[OH]4) and at �20�C for nitrate plus nitrite (NO3 + NO2) and
phosphate (PO4) analyses. Samples were analyzed using a
Technicon TrAAcs 800 gas segmented continuous flow ana-
lyzer at the Royal Netherlands Institute for Sea Research,
Texel. During each run a freshly diluted standard was mea-
sured to track instrument performance. Precision for Si(OH)4,
PO4, NO3 + NO2, and nitrite (NO2) was determined as 0.27,
0.014, 0.14, and 0.01 μmol L�1, respectively.

Analysis of macronutrients was also conducted separately
on cores taken for nutrients and organic matter (spring–
summer 2014; total 11 cores; Table 2). Samples were thawed
in the dark at 4�C to reduce the risk of algal cell rupture, fil-
tered using Acrodisc PF syringe filters (0.2 μm pore size), and
stored in acid-clean high density polyethylene (HDPE)
Nalgene bottles at �20�C. Prior to analysis, samples were
thawed for 48 h to ensure complete redissolution of silicate
precipitates to Si(OH)4 and were analyzed for Si(OH)4, PO4,
NO3 + NO2, and NO2 using a Technicon AAII segmented
flow autoanalysis system at Plymouth Marine Laboratory,
UK. Instrument performance was assessed using CRM from
General Environmental Technos Co. Precision for Si(OH)4,
PO4, NO3 + NO2, and NO2 was generally better than 0.6,
0.02, 0.2, and 0.01 μmol L�1, respectively. Samples for par-
ticulate organic carbon (POC) and particulate nitrogen
(PN) were also taken from the nutrients and organic matter
core set (spring–summer 2014; Table 2), thawed and filtered
through muffle-furnaced 25-mm–diameter GF/F filters
(� 0.7 μm pore size) using a vacuum filtration system. Filters
were dried at 50�C overnight, snap frozen at �80�C and
stored at �20�C for analysis at the University of Edinburgh.
Following Henley et al. (2012), samples were decarbonated
prior to analysis by rewetting with Milli-Q water and fum-
ing with 50% HCl for 24 h, and then dried at 50�C over-
night. Samples were analyzed for POC and PN using a Carlo
Erba NA 2500 elemental analyzer in-line with a VG Prism III
Isotope Ratio Mass Spectrometer. The concentrations of
POC and PN were calibrated to an acetanilide elemental
standard. Following Fripiat et al. (2017), it is assumed that
for non-flagellate–dominated communities the contribution
of nutrients from algal cell rupture to the NO3, PO4 and
Si(OH)4 pools in ice meltwater is minor and would only rep-
resent a small fraction of the measured concentrations in
the bulk sea ice (within the analytical precision).

Biogeochemical data (X) measured at in situ salinity (sal)
were salinity normalized (Xsal) to remove effects of concentra-
tion and dilution due to salinity changes following the

traditional method Xsal = X/sal � 33.4 (Friis et al. 2003). The
relationships among carbon, inorganic nutrients and organic
matter, and Chl a were tested for statistical significance (using
probability p-values) using linear regression; p ≤ 0.05 shows
that relationship is significant and the two variables are
closely coupled and when p > 0.05 the relationship is not
significant and the two variables exhibit weak or no
coupling.

Subsamples for the standardized ratio of stable oxygen iso-
topes in seawater (δ18O) were taken from the carbonate chem-
istry and nutrients cores collected on 19 October 2015,
03 December 2014, and 12 December 2014. Ice melts were
transferred into 50-mL glass bottles and sealed with stoppers
and crimp caps. These were stored in the dark at 4�C until
analysis using stable isotope mass spectrometry at the Natural
Environment Research Council Isotope Geosciences Labora-
tory. Data were standardized relative to Vienna Standard Mean
Ocean Water for oxygen with a precision better than 0.05‰.
Further details on stable oxygen isotope analyses are provided
in Meredith et al. (2017).

Biological coring and analyses
The biological ice cores (winter–spring–summer 2014; total

12 cores; Table 2) were cut into ca. 10-cm sections on site,
transferred into Nalgene pots and placed into an insulated
cool box for transport to the laboratory. Ice sections were
melted at 2�C in hypersaline water, under dark conditions,
over 24–48 h. Small aliquots (50–500 mL) were filtered gently
(< 15 kPa) over a GF/F filter (Whatman), subsequently snap-
frozen in liquid nitrogen and stored at �80�C until analysis.
Before extraction in 90% acetone, filters were freeze-dried at
�55�C over 48 h. Pigments were analyzed by high-
performance liquid chromatography on a Waters system
equipped with a photodiode array detector (Van Heukelem
and Thomas 2001; van Leeuwe et al. 2006). A Zorbax C8,
3.5-μm column was used. Pigment standards were obtained
from DHI Water Quality Institute.

Under-ice water and ice-free seawater sampling
Under-ice water was collected during summer (December

2014; Table 1) using a 12-V electric bilge pump attached to sil-
icon tubing with the inlet lowered to � 10 cm below the base
of the ice.

Seawater sampling in Ryder Bay (RaTS; Fig. 1) was carried
out in autumn (March–May 2015), winter (June–July 2015),
spring (September–November 2014), and summer (December
2014; Table 1) following procedures described in Jones et al.
(2017). Briefly, seawater was collected from 3.5-L Niskin bot-
tles attached to a line equipped with a conductivity, tempera-
ture, and depth sensor package (Seabird SBE19+). Samples for
carbonate chemistry were drawn into 250-mL borosilicate
glass bottles and analyzed as described above. Samples for
macronutrients and for the stable oxygen isotope of seawater
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were collected and analyzed as described above for the ice core
melts.

Scenarios of sea-ice carbonate chemistry dynamics and
implications for atmospheric CO2 uptake in seasonally ice-
covered waters

The influence of sea-ice ikaite processes on summer surface
waters and atmospheric CO2 uptake can be examined by con-
sidering scenarios where precipitation and dissolution of ikaite
in landfast sea ice occurs (where Alk : DIC � 1.0) and does not
occur (where Alk : DIC � 2.3). Summer average values (from
data in Table 2) for salinity (4.9), Si(OH)4 (3.4 μmol kg�1), PO4

(0.7 μmol kg�1), and DIC (200 μmol kg�1) in sea ice and esti-
mated temperature (�1�C) and varying Alk : DIC (driven by
alkalinity changes) were used to assess the impact of ikaite
dissolution on surface seawater during ice melt. The sea-ice
meltwater is assumed to completely and conservatively
mix into the summer surface layer. In the first scenario, no
ikaite precipitation/dissolution takes place in the ice
and the Alk : DIC ratio is � 1.0, so the sea-ice alkalinity
value is adjusted to 205 μmol kg�1. For the second scenario,
ikaite precipitation/dissolution takes place and excess alka-
linity released results in a Alk : DIC ratio of 2.3. Therefore,
the sea-ice alkalinity value is adjusted to 450 μmol kg�1.
Summer mixed-layer average (Table 2) salinity (33.2),
Si(OH)4 (57.4 μmol kg�1), PO4 (1.1 μmol kg�1), alkalinity
(2267 μmol kg�1), DIC (2061 μmol kg�1), and temperature
(0.5�C from Jones et al. 2017) are taken as representative of
ice-free seawater in Ryder Bay.

Typical mixed layer depths in ice-free waters during sum-
mer were 8 � 7 m from previous work in Ryder Bay (table 1 in
Jones et al. 2017). It is assumed that sea-ice meltwater stratifies
the water column to form an approx. 2 m meltwater lens
(Jones et al. 2017) capping an approx. 8-m–deep summer
mixed layer. Following similar approaches to Rysgaard et al.
(2007) and Fransson et al. (2011), the ice meltwater is assumed
to mix completely and conservatively with the surface seawa-
ter, resulting in a meltwater-influenced mixed layer with salin-
ity 26.1, temperature 0.12�C, Si(OH)4 43.9 μmol kg�1, PO4

1.0 μmol kg�1, DIC 1596 μmol kg�1, and alkalinity 1752 (first
scenario) and 1813 μmol kg�1 (second scenario). These values
fall within the ranges actually measured in the under-ice water
during summer (Table 2) and are thus considered representa-
tive of values in seawater proximal to melting sea ice in this
region. The CO2 speciation program CO2SYS (Pierrot
et al. 2006) was used to calculate the partial pressure of CO2

(pCO2) in the seawater, following the procedures and using
the dissociation constants reported in Fransson et al. (2011).

Results
Sea-ice physical properties

The average thickness of the landfast sea ice in winter
(July–August) was 0.62 � 0.23 m, in spring (September–

November) was 0.75 � 0.14 m and in summer (December) was
0.70 � 0.07 m (Table 2). The sea ice present from August to
October 2015 was thicker (0.77–0.93 m) compared with the
ice in 2014 (0.36–0.58 m) at the same time of year. Ice temper-
atures were only collected during winter and early spring
(October) in 2015 and varied between �10.3�C and �1.5�C,
from coldest in the upper ice to warmest at the lower ice
(Fig. 2a). Depth profiles were more isothermal in spring. Salin-
ity in winter and early spring ice typically exhibited C-shaped
profiles and was generally lower in the 20–50% (from ice core
top to base) depth range (Fig. 2b). Average sea-ice bulk salinity
(i.e., combined ice and brine inclusions) was 6.4 � 1.6 in win-
ter, 7.2 � 2.2 in spring, and 4.9 � 1.6 in summer. Brine vol-
ume was lowest (< 5%) in the cold upper part of the winter ice
and highest volumes (> 20%) occurred in the warmer ice in
October (Fig. 2c). A slush layer had developed in November in
the upper 20–30%, as observed during sampling. Despite lim-
ited sea-ice δ18O data available, the large temporal differences
in the δ18O values can be used to infer distinct seasonal pro-
cesses and signals in the landfast ice. Values of δ18O in
October were low and ranged from �1.88‰ at the top of the
ice, �3.21‰ in the lower part of the ice, and �1.97‰ at the
base (Fig. 2d). The distribution of sea-ice δ18O in early
December was more variable with values between 1.73‰ in
the upper 50% and �1.16‰ in the lower 90% of the ice. The
upper part of the ice was isotopically heavy as δ18O was
1.58‰ � 0.13‰ in contrast to the lower 50% of the ice that
was relatively isotopically light (�0.65‰ � 0.58‰). A seawa-
ter salinity reference of 33.4 � 0.3 was determined as an aver-
age from the upper layer (0–15 m) in ice-free water in Ryder
Bay, west of Hangar Cove (Fig. 1), during the main ice core
and under-ice water sampling period (23 July–17 January).

Sea-ice macronutrients
Concentrations of sea-ice Si(OH)4, NO3, and NO2 were

highest in winter and displayed more homogenous vertical
distributions and low concentrations in summer (Fig. 3a–c).
Concentrations of Si(OH)4 and NO3 were high at 29.8 and
11.9 μmol L�1, respectively, in winter compared with very low
concentrations < 1.0 μmol L�1 in summer. The summer sea-ice
Si(OH)4 minimum appeared to lag that of NO3 by approxi-
mately 1 month. Elevated concentrations of Si(OH)4
(17.1 μmol L�1), NO3 (33.1 μmol L�1), and NO2 (0.18 μmol L�1)
were measured at the sea-ice interface in early December. Con-
centrations of PO4 were distinctly low (< 0.60 μmol L�1) and
relatively homogenous throughout the ice during winter and
spring and increased in the lower ice to a maximum of
6.69 μmol L�1 at the ice base in December (Fig. 3d). Depth-
integrated NO3 was lowest (0.09 mmol m�2) in early November
and highest (4.40 mmol m�2) in August (Table 2). Similarly,
depth-integrated NO2 was higher (0.06–0.08 mmol m�2) from
July to September, after which values remained low
(≤ 0.04 mmol m�2). For Si(OH)4, depth-integrated concentra-
tions were lowest (0.51 mmol m�2) in December and highest
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(10.98 mmol m�2) in September. Depth-integrated PO4 peaked
at 0.50 mmol m�2 at the end of December. From early
November, bulk ice Si(OH)4 and PO4 increased slightly in the
interior around the slush layer at � 30% depth.

Sea-ice POC and PN
Concentrations of sea-ice POC varied between 19 and

6191 μmol L�1 and generally increased from spring to summer
with highest concentrations at the sea-ice interface in early
December (Fig. 3e,f). Distributions of PN followed a similar
pattern, with concentrations between 1 and 443 μmol L�1 that
increased from spring to summer at the base of the ice. Similar
to the distributions of Si(OH)4 and PO4, concentrations of
POC increased to 633 μmol L�1, and PN increased to a maxi-
mum of 56 μmol L�1 in the interior ice around the slush layer
in early November. In the upper part of the ice, POC and PN
remained below 250 and 12 μmol L�1, respectively, in spring
and summer. Depth-integrated POC and PN were highest at
574 and 41 mmol m�2, respectively, in early December
(Table 2).

Sea-ice carbonate chemistry
The distributions of alkalinity and DIC (Fig. 3g,h) largely

followed that of salinity, with high concentrations
(> 500 μmol kg�1) in the upper 30% of the ice during winter
and early spring. Highest alkalinity and DIC of 1049 and

871 μmol kg�1, respectively, occurred in the upper part of the
ice in August. From late November, alkalinity and DIC
decreased rapidly in the lower layers, followed by further
decreases to minima of < 100 μmol kg�1 throughout the ice in
summer. The Alk : DIC ratio was relatively homogenous at
1.0–1.2 from winter to spring throughout the ice (Fig. 3i),
increasing to 1.2–1.6 by late November and peaking in sum-
mer (> 1.8) in the lower ice (Fig. 3g). Depth-integrated alkalin-
ity and DIC were highest at 414 and 388 mmol m�2 in
September and steadily decreased to lowest values of 93 and
60 mmol m�2, respectively, by mid-December (Table 2).
Between October and mid-November, alkalinity and DIC
increased around the slush layer and in the upper 10–50% of
the ice.

Ice-algal pigments
Chlorophyll a (Chl a) was used as a proxy for autotrophic

biomass of ice algae. Chl a concentrations were low
(< 1 μg L�1) in winter sea ice with increases during spring and
maximum concentrations (746 μg L�1) at the base of the lan-
dfast ice in early summer (Fig. 3j). The winter community was
a mixed assemblage of flagellates and diatoms. A seawater
infiltration and slush layer developed from surface melt and
flooding, where elevated Chl a concentrations (195 μg L�1)
were found in the ice interior from November.
Depth-integrated Chl a ranged from < 0.5 mg m�2 in winter

Fig. 2. Profiles of (a) temperature (�C); (b) salinity (absolute; g kg�1); (c) brine volume (%); (d) δ18O (‰) as a function of relative ice core depth (%)
with symbols depicting sampling month. The sea-ice thickness, or ice core length (Table 2), is used as an absolute value (100%) to determine the relative
depth of the physical measurements for the vertical ice core profiles. Due to the variability in sea-ice thickness, relative depths are used to enable clearer
comparisons of seasonality at specific depth intervals, for example, sea-ice interface (relative depth 90–100%). Relative depths of the measurements in
each ice core are marked by the different seasonal symbols (see legend). Plots were created using Matlab version R2017b.
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to 66.5 mg m�2 in summer (Table 2). Most of the ice algal
biomass was detected in the lower 10% of the ice (the sea-
ice interface). Accessory pigments fucoxanthin (Fuco), 190-
hexanoyloxyfucoxanthin (Hexa) and alloxanthin (Allo)
exhibited distinct seasonality in depth-integrated concen-
trations (Table 2). The main photosynthetic pigment Fuco
ranged from < 0.10 to 36.69 mg m�2 from winter to sum-
mer. This is indicative of a diatom-dominated community
in December. The linear relationship between Fuco and Chl
a was strong with Fuco/Chl a of 1.79 � 0.02 mg m�2

(r2 = 1.00; p < < 0.001). The pigment Hexa is associated with
haptophytes such as the prymnesiophyte Phaeocystis

antarctica and gradually increased from < 0.01 mg m�2 in
August to a maximum of 0.63 mg m�2 in December. Ice
around the slush layer in November had elevated concen-
trations of Hexa. The pigments Fuco and Hexa were not sig-
nificantly correlated (p > 0.05), suggesting that they
represent independent taxa. The elevated concentrations of
Allo in September indicated the presence of cryptophytes.

Coupling of carbon, nutrients, and organic matter in
sea ice

The relationships between DIC, nutrients and Chl
a displayed variable patterns and some coupling between

Fig. 3. Distributions of sea-ice (a) Si(OH)4 (μmol L�1); (b) NO3 (μmol L�1); (c) NO2 (μmol L�1); (d) PO4 (μmol L�1); (e) POC (μmol L�1); (f) PN
(μmol L�1); (g) alkalinity (μmol kg�1); (h) DIC (μmol kg�1); (i) alkalinity and DIC ratio (Alk : DIC); (j) Chl a (μg L�1) as a function of relative ice core depth
(%). The sea-ice thickness, or ice core length (Table 2) is used as an absolute value (100%) to determine the relative depth of the biogeochemical and
biological measurements for the vertical ice core profiles. Due to the variability in sea-ice thickness, relative depths are used to enable clearer comparisons
of seasonality at specific depth intervals, for example, sea-ice interface (relative depth 90–100%). Relative depths of the measurements in each ice core
are marked by black dots. Vertical white bars indicate a break in the time series (no data); for (a–d) and (g–i) this marks the transition between the July–
October 2015 and November–December 2014 cores. Plots were created with Ocean Data View 4 (http://odv.awi.de) and spatial and temporal interpola-
tion used for data visualization (Schlitzer 2018).
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the seasonal transitions and in the different depth ranges of
the ice. The N/P ratio (Fig. 4a) varied from 1.97 � 0.33
(r2 = 0.31; p < 0.001) during the winter–spring transition to
2.86 � 0.20 (r2 = 0.67; p < < 0.001) in spring–summer and
showed deviation from seawater N/P ratios (� 14) typical of
this region (Pedulli et al. 2014; Henley et al. 2017). The Si/N
ratio (Fig. 4b) varied from 1.33 � 0.14 (r2 = 0.54; p < < 0.001)
in winter–spring to 0.43 � 0.07 (r2 = 0.29; p < 0.001) in
spring–summer and showed deviation from seawater ratios
(� 1.2; Henley et al. 2017). The DIC and NO3 relationship
(Fig. 4c) yielded an overall C/N of 29.14 � 6.74 (r2 = 0.21;
p < 0.001), with large variability at low NO3 concentrations
that de-coupled the trends in spring and summer. For DIC
and Si(OH)4, the relationship (Fig. 4d) yielded C/Si of
22.08 � 2.34 (r2 = 0.55; p < < 0.001) overall. The relationship
between POC and PN showed that the organic nutrients were
strongly coupled (Fig. 4e) with an overall POC/PN of

13.44 � 0.21 (r2 = 0.99; p < < 0.001). The NO3/PN relation-
ship (Fig. 4f) was 0.05 � 0.01 and variable but significant
(r2 = 0.36; p < 0.001). The relationship between inorganic
and POC (Fig. 4g) was not statistically significant (p = 0.28),
although low DIC corresponded to high POC in the lower 10%
of the ice. The POC/Chl a ratios (Fig. 4h) were 4.39 � 0.62 over-
all (r2 = 0.39; p < < 0.001), ranging from 10.9 at the ice base to
extremely high ratios 1488–2070 in the interior ice from accu-
mulation of ice algal POC relative to modest Chl a. The
DIC/Chl a relationship (not shown) was not significant but ele-
vated Chl a > 200 μg L�1 coincided with reduced DIC
< 200 μmol kg�1 in the lower 10% of the ice.

Seasonality in inorganic carbon cycling in sea ice
Winter to summer inorganic carbon cycling within landfast

sea ice was investigated using temporal changes in sea-ice DIC
inventories between the different seasons (Table 4). A full sea-

Fig. 4. Relationship of (a) NO3 (μmol L�1) and PO4 (μmol L�1); (b) Si(OH)4 (μmol L�1) and NO3 (μmol L�1); (c) DIC (μmol kg�1) and NO3 (μmol L�1);
(d) DIC (μmol kg�1) and Si(OH)4 (μmol L�1); (e) POC (μmol L�1) and PN (μmol L�1); (f) NO3 (μmol L�1) and PN (μmol L�1); (g) DIC (μmol kg�1) and
POC (μmol L�1); (h) POC (μmol L�1), and Chl a (μg L�1) in sea ice. Key significant linear regression trends are indicated (*) for (a) winter–spring ice
N/P = 2.0 and spring–summer ice N/P = 2.9, and the corresponding trend for seawater N/P = 14 for comparison; (b) winter–spring ice Si/N = 1.3 and
spring–summer ice Si/N = 0.4, and the corresponding trend for seawater Si/N = 1.2 for comparison; (c) all seasons ice C/N = 29.1; (d) all seasons ice
C/Si = 22.1; (e) all seasons ice POC/PN = 13.4. Smaller plots are expanded areas for each of the larger plots (linear regression trends not shown). Color
indicates relative ice core depth (%) with triangles depicting the lower 10% of the ice. Plots were created using Matlab version R2017b.
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ice life cycle is assumed, from formation in autumn/winter to
complete ice melt in summer. The total change (ΔDICice) was
calculated from the differences in seasonal average sea-ice
DIC-integrated values and represented the composite change
in DIC resulting from changes in salinity (ΔDICsal) due to
brine rejection, concentration and meltwater dilution; organic
matter production/remineralization (ΔDICbio); ikaite precipita-
tion/dissolution (ΔDICCaCO3); residual changes (ΔDICres)
determined from the difference between ΔDICice and all other
ΔDIC contributions.

To remove effects of salinity changes, DIC was normalized
(ΔDIC6.4) to the mean bulk sea-ice salinity in winter (6.4;
Table 3) following the standard technique in Friis et al. (2003).
Changes due to salinity effects were then estimated from
ΔDICsal = ΔDICice � ΔDIC6.4. Taking NO3 as a proxy for bio-
logical production (Fransson et al. 2011), the seasonal changes
in sea-ice NO3 concentrations were converted to DIC
(ΔDICbio) using both the C : N uptake ratio of 6.625
(ΔDICbio6.6) from Redfield et al. (1963) and the POC : PN of

13.4 (ΔDICbio13.4) estimated from organic carbon and nutrient
cycling during this study (Fig. 4e). Caveats using NO3 as a
proxy include introducing uncertainty as a result of other NO3

transformations, for example, denitrification, and exchanges
in the semi-closed ice system, as discussed previously (Henley
et al. 2012). Changes in DIC due to ikaite precipitation/
dissolution (ΔDICCaCO3) were estimated from changes in
potential alkalinity (salinity-normalized alkalinity plus
salinity-normalized nitrate) following Jones et al. (2017). The
ΔDICres value accounts for the residual change in DIC, for
example, other processes such as inputs of DIC and organic
matter (subsequently remineralized to release DIC) by seawa-
ter infiltration and air-ice CO2 exchange.

The seasonal changes in sea-ice DIC showed that the lan-
dfast sea ice was a sink of DIC up to 0.173 mol m�2 during the
sea-ice cycle from the period of ice formation to ice melt
(Table 4). Changes in the sea-ice DIC inventories during the
winter–spring transition were dominated by uptake during pri-
mary production by the sympagic community. The spring–

Table 3. Seasonally averaged values and standard deviations of inorganic carbon and nutrients in the landfast sea ice in Hangar Cove
(67.564�S, 68.130�W); summer averaged values and standard deviations in under-ice water in Hangar Cove; seasonally averaged values
and standard deviations in surface water (0–5 m) in Ryder Bay (67.570�S, 68.225�W). Minimum and maximum values are in parenthe-
ses; n is number of measurements; — indicates no data.

Season Salinity Si(OH)4 NO3 PO4 Alkalinity DIC Alk : DIC
Realm μmol L�1 μmol L�1 μmol L�1 μmol kg�1 μmol kg�1

Winter 6.4 � 1.6 14.2 � 6.5 5.8 � 2.8 0.3 � 0.2 499 � 236 487 � 212 1.07 � 0.05

Sea ice* (4.0, 9.7) (6.1, 29.8) (2.4, 11.9) (0.0, 0.8) (204, 1049) (186, 871) (1.01, 1.21)

n = 14 n = 11 n = 10 n = 19 n = 13 n = 14 n = 13

Spring 7.2 � 2.2 6.4 � 4.5 2.3 � 2.9 0.5 � 1.0 436 � 133 401 � 129 1.20 � 0.26

Sea ice (3.2, 11.2) (0.1, 19.0) (0.0, 13.5) (0.0, 6.5) (134, 711) (139, 687) (0.91, 1.91)

n = 37 n = 67 n = 65 n = 65 n = 39 n = 38 n = 38

Summer 4.9 � 1.6 3.4 � 3.3 1.8 � 5.0 0.7 � 1.2 292 � 111 200 � 83 1.50 � 0.38

Sea ice (1.8, 7.6) (0.5, 17.1) (0.0, 33.1) (0.0, 6.7) (68, 479) (75, 371) (0.63, 2.28)

n = 24 n = 49 n = 49 n = 49 n = 24 n = 24 n = 24

Summer 31.9 � 2.5 54.2 � 13.3 15.8 � 9.3 1.7 � 0.1 2094 � 250 1896 � 346 1.12 � 0.11

Under-ice water (28.7, 36.8) (33.1, 66.6) (1.5, 23.7) (0.1, 1.7) (1550, 2277) (1144, 2144) (1.06, 1.36)

n = 7 n = 7 n = 7 n = 7 n = 7 n = 7 n = 7

Autumn 33.1 � 0.1 54.5 � 3.2 17.2 � 1.9 1.4 � 0.1 2253 � 7 2120 � 13 1.06 � 0.01

Surface water * (ice forming) (33.0, 33.2) (50.2, 58.5) (15.1, 20.5) (1.2, 1.6) (2249, 2268) (2107, 2140) (1.05, 1.07)

n = 7 n = 7 n = 7 n = 7 n = 7 n = 7 n = 7

Winter 33.6 � 0.3 55.6 � 4.6 18.9 � 5.2 1.6 � 0.3 2285 � 15 2152 � 40 1.06 � 0.02

Surface water * (ice cover) (33.2, 33.8) (50.2, 61.8) (12.8, 26.2) (1.4, 2.0) (2265, 2303) (2116, 2212) (1.04, 1.08)

n = 5 n = 5 n = 5 n = 5 n = 5 n = 5 n = 5

Spring 33.8 � 0.1 72.7 � 7.8 26.2 � 4.0 1.7 � 0.2 2297 � 9 2168 � 64 1.06 � 0.04

Surface water (ice melt) (33.6, 33.9) (66.5, 81.5) (23.8, 30.8) (1.5, 1.8) (2288, 2306) (2098, 2224) (1.03, 1.10)

n = 3 n = 3 n = 3 n = 3 n = 3 n = 3 n = 3

Summer 33.2 � 0.3 59.8 � 13.3 17.5 � 10.6 1.2 � 0.6 2267 � 14 2067 � 100 1.09 � 0.04

Surface water (ice free) (32.6, 33.6) (38.4, 71.5) (0.3, 25.9) (0.1, 1.8) (2239, 2285) (1916, 2172) (1.05, 1.16)

n = 11 n = 11 n = 11 n = 11 n = 10 n = 11 n = 10

*Cores and data from 2015.
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summer changes showed that ikaite precipitation and other
losses, for example, CO2 release from the ice, were key pro-
cesses influencing sea-ice DIC. Salinity-driven changes in DIC
showed increases (0.022 mol m�2) followed by decreases
(�0.028 mol m�2) in winter–spring and spring–summer,
respectively. The seasonal transitions indicated general DIC
loss due to other processes such as CO2 outgassing from the
ice (ΔDICres). Estimated increases in DIC from winter to spring
coincided with increased sea-ice DIC associated with salinity
changes. Residuals in ΔDICice were smaller when ΔDICbio13.4

was used, which indicated that the POC : PN uptake ratio was
more suitable than the C : N Redfield ratio for carbon and
nutrient cycling in sea ice.

Under-ice water biogeochemistry
Average salinity of under-ice water during summer was

31.9 � 2.5 g kg�1 (Table 3), ranging from 36.8 on 12 December
(likely due to a residual brine-mixed meltwater) to 28.7 on
18 December (Fig. 5a). Prior to notable ice melt in early
December, salinity was lower compared with surface waters in
Ryder Bay and decreased from about 33.6 to 32.6 from
December to January. Values of δ18O (Fig. 5b) tended to
become lower during December, ranging from 1.55‰ to
�1.16‰, as evidence of increasing contributions of meteoric
water (glacial meltwater, snow). During the same period,
changes in δ18O in Ryder Bay were more subtle, ranging from
�1.02‰ to �0.54‰. Isotopic values were lighter (�3.34‰)
in the saline meltwater, which indicated a mixture of meteoric
water and residual brine.

At the beginning of December, DIC and alkalinity in the
under-ice water were 2125–2144 and 2249–2277 μmol kg�1,
respectively, and similar to those concentrations in Ryder Bay
(Fig. 5c,d). Values of alkalinity and DIC were reduced rapidly
to 1550 and 1144 μmol kg�1, respectively, in the lower-salinity
meltwater in mid-December. Salinity-normalized alkalinity
and DICsal were also lowest at 1801 and 1329 μmol kg�1,
respectively, at this time, after which salinity-normalized alka-
linity was higher than oceanic concentrations (Fig. 5d). The
Alk : DIC ratio varied from average values of � 1.06 in early
December to 1.05 (1.36) in the higher (lower) salinity waters

(Fig. 5e). Concentrations of Si(OH)4, NO3, and PO4 were
highest at 66.6, 23.7, and 1.65 μmol L�1, respectively, in early
December (Fig. 5f–h). Compared with surface waters of Ryder
Bay, Si(OH)4 and NO3 had similar concentrations whereas PO4

was slightly higher in the under-ice water. Rapid reductions in
under-ice water Si(OH)4, NO3, and PO4 to 33.11, 11.3, and
1.03 μmol L�1, respectively, were concurrent with lowest DIC
and alkalinity by mid-December. Continued drawdown of
NO3 and PO4 to lowest levels of 1.5 and 0.12 μmol L�1, respec-
tively, occurred in January.

Discussion
Winter sea ice: A conceptual model for seasonal
biogeochemical cycling

Landfast sea ice in Hangar Cove formed in May–June,
which was characteristic for this region of the West Antarctic
Peninsula (Meredith et al. 2008). Following the colder period
in July and August, brine volume increased (5–9%) above
threshold levels for percolation and transport in the ice and
increased porosity allowed movement and exchange of liquids
and dissolved constituents (Golden et al. 1998). The thermo-
haline characteristics showed colder and more saline upper
ice, warmer and fresher interior ice, and warmer and more
saline lower ice, which were similar to those previously
reported in Antarctic landfast sea ice (van der Linden
et al. 2020) and pack ice during the winter (Fripiat et al. 2017).

Nutrient and carbon-rich Circumpolar Deep Water (CDW)
transported across the shelf of the West Antarctic Peninsula
preconditions coastal waters with inorganic nutrients for the
productive season that follows (Henley et al. 2017). Combined
with localized nutrient cycling, these processes characterize
the biogeochemistry of source waters for locally formed lan-
dfast sea ice (Henley et al. 2012, 2017; Jones et al. 2017). Dur-
ing formation, alkalinity, DIC and macronutrients were
largely expelled from the sea ice, characterizing the ice with
lower concentrations compared with winter surface waters,
and a fraction likely became concentrated in brines in chan-
nels and pockets within the ice matrix (Rysgaard et al. 2007;
Dieckmann et al. 2008). Brine is typically rejected from the

Table 4. Seasonal changes in DIC (mol m�2) in landfast sea ice in Hangar Cove (67.564�S, 68.130�W). The total change (ΔDICice) is
the difference in the DIC inventory from average integrated values in winter, spring, and summer seasons and represents the composite
seasonal change (winter–summer). The ΔDICice is driven by salinity changes (ΔDICsal), organic matter production/remineralization using
Redfield et al. (1963) C : N ratio (ΔDICbio6.6) and POC : PN ratios from this study (ΔDICbio13.4), ikaite precipitation/dissolution
(ΔDICCaCO3) and residual changes (ΔDICres) from other processes (residuals determined using ΔDICbio6.6 and ΔDICbio13.4).

ΔDICice ΔDICsal ΔDICbio6.6 ΔDICbio13.4 ΔDICCaCO3 ΔDICres

mol m�2 mol m�2 mol m�2 mol m�2 mol m�2 mol m�2

Winter–spring �0.004 0.022 �0.013 �0.027 �0.005 �0.008 / 0.006

Spring–summer �0.169 �0.028 �0.008 �0.015 �0.061 �0.073 / -0.065

Winter-summer �0.173 �0.005 �0.021 �0.042 �0.066 �0.081 / -0.060
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growing sea ice into the underlying seawater (Rysgaard
et al. 2007; Dieckmann et al. 2008); however, some can be
encapsulated within the ice (Fripiat et al. 2017; Vancoppenolle
et al. 2013) and would therefore contribute to variability in
chemical properties of spring and summer ice during the melt
period.

The landfast sea ice in winter exhibited higher alkalinity
and DIC relative to the other seasons (Fig. 6a) and accompa-
nied by elevated salinity-normalized alkalinity and DIC,
which are independent of physical effects, showed

pronounced seasonality in biogeochemical processes within
the ice (Fig. 6b–e). Higher salinity-normalized alkalinity and
DIC also coincided with high values of NO3sal and Si(OH)4sal
in August, which were similar to and in several cases higher
than concentrations in winter surface waters in Ryder Bay
(Henley et al. 2017; Legge et al. 2017). Removing effects of
salinity changes, enrichment of the inorganic carbon and
nutrient pool in winter sea ice compared with seawater likely
resulted from a combination of concentration, transport, and
redistribution of brines (Vancoppenolle et al. 2013), followed

Fig. 5. Temporal changes in (a) salinity; (b) δ18O (‰); (c) DIC (μmol kg�1); (d) alkalinity (μmol kg�1); (e) Alk : DIC ratio; (f) Si(OH)4 (μmol L�1); (g)
NO3 (μmol L�1); (h) PO4 (μmol L�1) in surface seawater (0–5 m) of Ryder Bay (gray dots), under-ice water (black dots and solid line), and salinity-
normalized under-ice water values (black dots and dashed line) during late spring (November) and summer (December–January). Shading (white to gray)
in the month labels corresponds to temporal progression throughout each month. Plots were created using Matlab version R2017b.
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by intense remineralization of seawater-derived organic matter
due to heterotrophic activity in the closed or semi-closed ice
system (Fripiat et al. 2015). Seasonal maxima in NO2

(an intermediate in biological nitrogen cycling) further
supported the winter sea-ice nutrient patterns as nitrification
by the active over-wintering microbial community would
enrich NO2, following ammonium production (not assessed in
this study) from the organic matter decay (Henley et al. 2017).
A notable feature was the low PO4 concentrations
(� 0.3 μmol L�1) in winter sea ice relative to the concentra-
tions of NO2, NO3, and Si(OH)4 (Fig. 6e). Sea-ice PO4 in winter

was depleted in comparison with surface water PO4 concentra-
tions in autumn (� 1.4 μmol L�1) and winter (� 1.6 μmol L�1)
(Table 3). The biogeochemical cycling of the three main mac-
ronutrients (NO3, PO4, Si(OH)4) became de-coupled as the sea-
sons progressed; bulk sea-ice PO4 increased and NO3 and
Si(OH)4 decreased. Despite freshening and biological uptake,
summer sea-ice PO4 was approximately twice as high
(average � 0.7 μmol L�1) relative to winter sea ice.

Cold temperatures (�10.3�C) at the air-ice interface in
September lowered the ice porosity and presented ideal condi-
tions to promote ikaite precipitation (Jones and Coote 1981;

Fig. 6. Relationship of seasonal sea-ice (a) alkalinity (Alk; μmol kg�1) and DIC (μmol kg�1); (b) salinity-normalized alkalinity (Alksal; μmol kg�1) and DICsal

(μmol kg�1); (c) DICsal (μmol kg�1) and NO3sal (μmol L�1); (d) DICsal (μmol kg�1) and Si(OH)4sal (μmol L�1); (e) NO3sal (μmol L�1) and PO4sal (μmol L�1)
with symbols depicting sampling month. A 1 : 1 trend line (black) is included for reference in (a) and (b) and salinity-normalized values for summer
under-ice water averages (n = 7; closed blue circles) and standard deviations (error bars) are shown in (b) to (e). Relationships of summer Alksal
(μmol kg�1) and DICsal (μmol kg�1) in sea ice (closed gray circles), lower 30% of the ice (open circles) and under-ice water (closed blue circles) are shown
in (f). Trend lines in (f) show theoretical mixing (black dashed line) between endmember values (black open circles) of summer sea ice and ice-free sur-
face waters in Ryder Bay and the 2 : 1 relationship (black solid line) of ikaite precipitation/dissolution. Insert arrows in (f) depict the influence of key pro-
cesses on Alksal and DICsal adapted from Papadimitriou et al. (2012). Plots were created using Matlab version R2017b.
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Dieckmann et al. 2008; Fransson et al. 2011; Brown
et al. 2015; Moreau et al. 2015). The vertical distribution of
DIC and alkalinity and seasonally low sea-ice Alk : DIC ratios
strongly suggested that ikaite precipitation had taken place in
the landfast ice during winter (Rysgaard et al. 2007; Fra-
nsson et al. 2011). The increased sea-ice Alk : DIC that
followed the seasonal transitions from average values
� 1.07 in winter to average values � 1.50 in summer, and
elevated Alk : DIC in the ice relative to under-ice water and
seawater of Ryder Bay, further indicated that formation of
ikaite was important in driving winter inorganic carbon
dynamics. Under-ice water was not sampled during winter
and thus brine rejection and associated DIC and CO2 trans-
port could not be fully determined, but winter sea ice
Alk : DIC ratios (Fig. 3i; Table 3) were used to infer ikaite
processes within the ice (Fransson et al. 2011, 2013; Brown
et al. 2015) during this period.

The co-occurrence of lower PO4 concentrations and evi-
dence of ikaite formation in winter landfast ice supported the
potential role of ikaite in PO4 variability, whereby co-
precipitation of ikaite and PO4 would scavenge PO4 out of the
winter ice (Hu et al. 2014). The patterns in sea-ice PO4 in this
study were similar both seasonally and vertically within the
ice column to previous studies for Antarctic landfast sea ice

(van der Linden et al. 2020) and pack ice (Fripiat et al. 2017)
that indicated that PO4 depletion and ikaite precipitation may
be linked. In addition, other processes may have contributed
to differential partitioning of PO4 in sea ice, such as the con-
vective loss of NO3, preferential remineralization of organic
phosphorus, PO4 adsorption onto biofilms (van der Linden
et al. 2020) and formation of PO4-rich biomolecules during
sympagic blooms (Fripiat et al. 2017 and references therein).

The landfast sea ice present in Hangar Cove during winter–
spring 2015 was thicker (0.77–0.93 m) compared with the ice
in winter–spring 2014 (0.36–0.58 m). Year-to-year variabil-
ity was not assessed during this study due to limited data
from the winter–spring 2014 and 2015 sea ice, but the dif-
ferent ice thickness likely contributed to further variations
in physical structure and properties of the ice. However,
seasonal variations in physical, biogeochemical and bio-
logical characteristics are taken to exhibit the greatest tem-
poral signals for a study period of about 12 months, as
shown in Fripiat et al. (2017) presenting both seasonal and
interannual variations in Antarctic sea ice inorganic nutri-
ents and organic matter. Thus, the physicobiogeochemical
processes occurring between the period of ice formation
and the onset of ice melt can be used as a pseudo-seasonal
time series to develop a conceptual model of inorganic

Fig. 7. Schematic of the conceptual model for carbon and nutrient cycling in landfast sea ice during the winter–spring and spring–summer transitions.
Relative seasonal changes in the interior (20–80% relative ice core depth) and lower (80–100% relative ice core depth) layers of the ice are shown for
NO3, PO4, Si(OH)4, DIC, Alk : DIC, POC, and PN. The distribution of biomass (Chl a) is approximated (green shading) and ice-algal community composi-
tion is shown (closed green circles). The direction and magnitude of relative seasonal changes are indicated (thin black arrows: increases ", strong
increases "", decreases #, strong decreases ##, variable changes #"). Key physical processes are illustrated (thick dark blue arrows).
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carbon and nutrient dynamics during the winter–spring
and spring–summer transitions (Fig. 7).

Spring dynamic shifts in sympagic algae and carbon and
nutrient uptake

The winter–spring transition was a period of rapid change
in the physical and biogeochemical characteristics of the lan-
dfast sea ice. The emergence of cryptophytes in early
September indicated that conditions were most likely hetero-
trophic, consistent with low light availability that is typical
during the Antarctic spring (van Leeuwe et al. 2018). Increas-
ing light levels exerts a strong control on the accumulation of
ice-algal biomass (Thomas and Dieckmann 2010; van Leeuwe
et al. 2018) and likely promoted the development of autotro-
phic ice-algal blooms (van Leeuwe et al. 2022) that reduced
the winter stocks of inorganic carbon and nitrate in the ice.
This was evident from the closer coupling and significant
reduction of NO3 and DIC in the ice interior relative to surface
waters.

Warmer conditions by October reshaped the physicochemi-
cal conditions as the ice became relatively isothermal with
temperatures in the upper ice up to �1.5�C and increased
brine volumes (> 20%) indicated increased porosity (Golden
et al. 1998). Ikaite formation and transport of brines
redistributed salt and inorganic carbon in the sea ice, leading
to high and variable alkalinity and DIC in the upper and inte-
rior ice. Isotopically light δ18O was indicative of snow melt
that percolated through the permeable ice matrix, which
would enhance the meteoric signal (�3.21‰) towards the ice
base. Any ikaite minerals could be flushed out of the upper
layers and imprint a signal of reduced alkalinity and DIC in
the interior and lower ice layers. Furthermore, any ikaite
trapped in the ice would dissolve during analysis to yield a sig-
nal of excess alkalinity (Fransson et al. 2013), thus contribut-
ing to variable Alk : DIC ratios.

Vertical gradients showed high alkalinity and DIC
(> 500 μmol kg�1) in the upper 30% of the ice that decreased
to variable and lower values (< 300 μmol kg�1) in the interior
and lower layers as a signal of previous ikaite formation, brine
drainage and re-distribution of dissolved minerals
(Vancoppenolle et al. 2013), dilution and biological carbon
uptake as the ice started to melt (Fig. 6f). Increases in
Alk : DIC ratios (1.2–1.6) and macronutrient concentrations
in the lower ice in late November indicated a seasonal shift in
inorganic carbon dynamics as dissolution of ikaite in the melt-
ing sea ice, combined with remineralization of organic matter,
had taken place (Papadimitriou et al. 2012; Fripiat et al. 2017).

Melting sea ice and dissolution of biogenic silica from sym-
pagic diatoms in the brine channels (Fripiat et al. 2017) likely
contributed to increased Si(OH)4 in the lower ice during
spring. Biogenic silica dissolution occurs at a slower rate than
organic matter remineralization, but both processes are hap-
pening concurrently (Fripiat et al. 2017). As the ice warmed
and became more porous, intrusions of nutrient-rich seawater

at the sea-ice interface would increase macronutrient concen-
trations, which is in broad agreement with increased NO3 and
PO4 concentrations in the lower ice. However, the uncoupling
with DIC and alkalinity (reduced DIC and alkalinity values in
lower ice during spring) indicated that other processes includ-
ing organic matter remineralization and biogenic silica frus-
tule dissolution were key in driving inorganic nutrient
dynamics in the lower ice.

Snow accumulation on landfast ice can depress the ice
below the sea surface and cause flooding, where subsequent
infiltration and freeze–thaw cycles can form a highly variable
interstitial layer (Jeffries et al. 1998). Visual and biogeochemi-
cal observations indicated that surface flooding had occurred
in October/November and formed a slush layer. This provided
a mechanism for pelagic phytoplankton and seawater-derived
salt, inorganic carbon, macronutrients, and organic matter to
infuse the interior ice resulting in variable Si(OH)4, PO4, and
Chl a and fluctuations in POC, PN, alkalinity, and DIC
(Fig. 3). Elevated concentrations of Hexa indicated that the
sympagic community had shifted and haptophytes, for exam-
ple, Phaeocystis, colonized the interstitial layer. Bulk sea-ice
DIC showed variable decreases with increased ice-algal bio-
mass, suggesting that any NO3 replenished by seawater
flooding fueled ice-algal productivity, biological DIC uptake
and organic matter production (Günther and Die-
ckmann 1999; Papadimitriou et al. 2012; Arrigo et al. 2014).
Variability in sea-ice alkalinity (and to a lesser extent DIC)
around the slush layer resulted from dilution effects from sea-
ice meltwater, enrichment from seawater flooding and the
imprint of ikaite mineral dynamics.

The POC/Chl a ratio also increased in the upper and inte-
rior ice as concentrations of POC increased rapidly with mod-
est increases in Chl a in the presence of the haptophyte
community. Seawater flooding and close proximity to land
can also influence nutrient and organic matter cycling in lan-
dfast sea-ice through additional inputs of detrital-derived and
terrestrially derived organic matter that could contribute to
the observed accumulated POC and elevated POC/Chl a ratios
(Gleitz and Thomas 1993; Henley et al. 2012). At this time,
NO2 comprised ≥ 60% of the total NO3 + NO2 pool and
suggested that intense organic matter recycling had also taken
place. Infiltration layers in Antarctic landfast ice are known to
provide favorable habitats for microorganisms as the seawater
replenishes inorganic nutrients and, in favorable light condi-
tions, promotes sympagic production (van Leeuwe et al. 2018
and references therein), as shown for the landfast sea ice in
Hangar Cove during spring.

Substantial sea-ice melt, ice-algal biomass, and
biogeochemical cycling during summer

Continued melting, meltwater dilution, and biotic and abi-
otic processes characterized the summer sea ice with low NO3,
Si(OH)4, and DIC, variable alkalinity and elevated PO4 (Figs. 3,
6b–d). The isotopically lighter and more saline lower ice layers
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indicated that percolating snowmelt and some exchange with
the underlying water influenced the physicochemical environ-
ment. The lower ice, and particularly the sea-ice interface, was
very productive using the proxy of the Chl a seasonal maxi-
mum of 746 μg L�1 as an indicator of substantial algal bio-
mass, with an accompanying reduction of DIC to minimum
values of 65 μmol kg�1 and accumulation of POC to
6191 μmol L�1. Similarly, significant increases in algal biomass
and POC were recently reported for summer Antarctic landfast
ice (van der Linden et al. 2020). Highest concentrations of PN
of 443 μmol L�1 were also found in the lower ice and at the
sea-ice interface, with similar concentrations to those in pro-
ductive Antarctic pack ice (Fripiat et al. 2017). The sea-ice POC
concentrations were about 100 times higher than seawater
concentrations in Ryder Bay (Henley et al. 2012), which
showed that the landfast sea ice was an efficient biological
sink of DIC and inorganic nutrients through assimilation into
organic matter. Higher POC concentrations generally synchro-
nized with higher Chl a concentrations and values were very
similar to those reported previously (Gleitz and Thomas 1993;
Fransson et al. 2011; Henley et al. 2012). The sea-ice Chl a was
substantially higher than Chl a concentrations in the pelagic
phytoplankton blooms in Ryder Bay, which exhibited sea-
sonal maximum values up to � 35 μg L�1 (van Leeuwe
et al. 2020). The POC/PN ratios of 13.44 were typical for sym-
pagic microalgae and consistent with the preferential degrada-
tion of organic nitrogen over carbon, NO3-poor algal
metabolism and/or influence of exopolymeric substances
(Gleitz and Thomas 1993; Meiners et al. 2004). These features
are characteristic of (semi-)closed sea-ice systems (Fransson
et al. 2011; Henley et al. 2012) where autotrophic fixation led
to greater DIC (and CO2) and nutrient drawdown compared
with open systems of ice-free surface waters.

Rapid Si(OH)4 drawdown alongside increased concentra-
tions of Chl a and Fuco reflected the succession of the diatom
community, whereby Si(OH)4 depletion occurred about
1 month later than NO3. As for patterns in summer Antarctic
pack ice (Fripiat et al. 2017), the Si(OH)4 concentrations in
landfast sea ice were lower compared with surface waters in
spring and summer. Transient sea-ice Si(OH)4 limitation could
be expected to occur in blooming summer sympagic com-
munities that are dominated by diatoms. The shift toward
lower N/P uptake ratios (< 1 in spring–summer) and syn-
chronicity in the cycling of Si(OH)4 and NO3 were indica-
tive of diatom production (Clarke et al. 2008) under
nutrient-replete conditions in the ice (Brzezinski 1985).
The closer coupling between Si(OH)4 and DIC, compared
with NO3 and DIC, suggested more efficient inorganic car-
bon uptake occurred in the diatom community particularly
in the lower layers of the landfast ice. The lower Si/N
uptake ratios (average � 0.4) in the lower ice layers implied
that faster rates of organic matter remineralization (releas-
ing NO3) than biogenic silica dissolution (releasing
Si(OH)4) had taken place. Concurrent higher Si/N uptake

ratios (average � 1.2) in surface waters of Ryder Bay, typi-
cal for this region during the growing season (Si/N of
1.2–1.4; Henley et al. 2017), further indicated that seawater
flushing and infusion of seawater-derived Si(OH)4 and
NO3 was likely minor during the summer compared with
spring.

The seasonal shifts in sea-ice NO2 distributions followed a
similar pattern to NO3, increasing from relatively low concen-
trations that comprised � 2% of the inorganic nitrogen pool
in winter to � 31% of the total inorganic nitrogen in spring
and summer. Vertical gradients showed that NO2 represented
a smaller fraction of 1–7% of the total inorganic nitrogen in
the lower ice layers and suggested that primary production at
the bottom of the ice was supported by intense organic matter
recycling, with contributions from the underlying seawater
being minor (Henley et al. 2012; Fripiat et al. 2017). The weak
coupling between NO3 and PO4 and general lower N/P ratios
in the lower ice resulted from intense NO3 drawdown and PO4

accumulation. Unlike near-total depletion of NO3 and
Si(OH)4, summer sea-ice PO4 concentrations exceeded concen-
trations in the under-ice water and surface waters of Ryder Bay
(Fig. 5h; Table 3). The seasonality in sea-ice PO4 further
supported the notion of a different type of biogeochemical
cycling controlling PO4 distributions. Mechanisms of PO4

enrichment in landfast sea ice during the seasonal transitions
that led to an imbalance in production and consumption pro-
cesses by the summer could include adsorption onto biofilms
(Arrigo et al. 1995; Meiners et al. 2004; Cozzi 2008; van der
Linden et al. 2020), preferential remineralization (Fripiat
et al. 2017), and excess PO4 released upon ikaite dissolution
following the co-precipitation of PO4 with ikaite during the
preceding winter (Hu et al. 2014; Fripiat et al. 2017). In addi-
tion, potential release of inorganic compounds including PO4

could occur from cell lysis (Fripiat et al. 2017; Torstensson
et al. 2018), assumed to be insignificant due to the de-
coupling of PO4 patterns with NO3 and Si(OH)4 in this study
as discussed earlier.

A rise in the 5% brine volume threshold from the lower to
upper part of the ice increases brine channel connectivity and
sea-ice permeability (Vancoppenolle et al. 2013), which
enabled meltwater flushing and reduced brine volume in the
landfast sea ice. Inclusions of brine at or near the ice base are
more connected with the underlying ocean to allow brine
drainage, seawater infiltration, and brine-seawater exchange.
Brine drainage is an efficient transport mechanism of DIC,
and other dissolved constituents, from the sea ice to the
underlying seawater (Rysgaard et al. 2007; Dieckmann
et al. 2008; Fransson et al. 2011; Vancoppenolle et al. 2013)
and was estimated to contribute to the total DIC loss of
0.173 mol m�2 from the landfast ice from winter to summer.
Infiltration of seawater and brine-seawater exchange likely
contributed to transient increases in NO3, PO4, and Si(OH)4 in
the lower ice prior to biological uptake. Concurrent increases
in DIC would be also expected from seawater infiltration,
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which would counteract the brine drainage signal and increase
the sea-ice DIC inventory, as estimated by increased sea-ice
DIC of 0.022 mol m�2 through seawater flooding in spring.
However, the net effect of seawater infiltration at the ice base
was likely minor in the landfast ice based on the seasonal pat-
terns of inorganic nutrient uptake ratios and the low alkalin-
ity, Si(OH)4 and organic matter content in the lower ice
relative to higher seawater values. Therefore, brine-seawater
exchanges in the landfast ice from winter to summer are con-
sidered to be largely controlled by the process of brine rejec-
tion (from the ice), rather than seawater infiltration (into the
ice), which is further supported by the close behavior of
salinity-normalized alkalinity and DIC in the under-ice water
and the lower ice, rather than seawater values (discussed
below). The process of brine rejection is an important mecha-
nism contributing to the oceanic CO2 sink (Delille et al. 2007;
Rysgaard et al. 2007; Vancoppenolle et al. 2013) driven by a
seasonal loss of sea-ice DIC in rejected brines, as estimated for
Antarctic pack ice (Fransson et al. 2011) and Antarctic landfast
sea ice (this study).

The vertical distributions of sea-ice DIC and alkalinity
accompanied by elevated Alk : DIC ratios (> 1.8) in the lower
50% of the sea ice, which were higher than those in under-ice
water and in surface waters, complemented the mechanism of
ikaite precipitation during winter, retention of crystals within
the ice and dissolution of ikaite during spring and summer
(Rysgaard et al. 2007; Fransson et al. 2011). Ongoing melting
of the landfast sea ice would flush any ikaite minerals from
the upper and interior ice layers toward the base and/or into
the underlying seawater (Rysgaard et al. 2007; Vancoppenolle
et al. 2013), resulting in the release of alkalinity in and around
the lower ice. Excess alkalinity in the lower ice layers in sum-
mer coincided with elevated PO4, POC accumulation, and
peak Chl a notably at the sea-ice interface. Furthermore, influ-
ences of seawater flushing were unlikely to play a major role
because the under-ice water during summer had lower PO4

concentrations and lower Alk : DIC ratios (1.13 � 0.12) rela-
tive to the ice at the sea-ice interface. Similar observations of
increased alkalinity, attributed to ikaite dissolution in the pres-
ence of biofilms, were recently reported in Antarctic landfast
sea ice during the summer (van der Linden et al. 2020).

The amount of ikaite precipitated in the landfast sea ice
was estimated as 0.066 mol m�2 (ΔDICCaCO3) from relative
changes in alkalinity and DIC during the seasonal transitions.
Assuming a C : N : P ratio of 106 : 16 : 1 (Redfield et al. 1963),
with a mol per mol co-precipitation of PO4 with ikaite and
complete dissolution of ikaite and release of PO4 in summer
meltwater, approximately 0.62 mmol m�2 of PO4 may be lib-
erated during ice melt. Furthermore, PO4 losses of 0.20 and
0.09 mmol m�2 are estimated from uptake during primary
production and dilution from salinity changes, respectively.
For a total winter–summer change in sea-ice PO4 of
0.11 mmol m�2, the residual change of 0.40 mmol m�2 is sim-
ilar to the 0.62 mmol m�2 estimated above to be released from

PO4-ikaite interactions during sea-ice melt. These simplistic
estimates indicated that there is a net seasonal gain in sea-ice
PO4, where CaCO3 (ikaite) processes may play a role in build-
up of excess PO4 in the ice. Bacterial assimilation of DIC
would also contribute to additional Alk : DIC ratio variability
throughout the landfast sea ice but was not assessed in this
study (Fransson et al. 2013; Torstensson et al. 2018).

Temporal changes in under-ice water biogeochemistry
Variability of inorganic carbon and nutrients in the under-

ice water during the summer (Fig. 5c–h) was likely driven by a
combination of meltwater release, mixing of different water
masses and biological production of organic matter and bio-
genic CaCO3 (Henley et al. 2017; Jones et al. 2017; Legge
et al. 2017), with further influences on the inorganic carbon
cycling from sea-ice ikaite precipitation/dissolution and CO2

exchange. The high inventories of inorganic carbon and nutri-
ents in sea ice that built up during winter are largely retained
within the cold and low-porosity ice. The transition to spring
and summer and substantial ice-algal primary production led
to rapidly reduced DIC and NO3 concentrations and, with a
warmed and more porous sea ice, potential for brine and melt-
water drainage and sea-ice exchange with the underlying sea-
water increased. In addition, ikaite processes further reduced
sea-ice DIC and alkalinity as values became lower than those
in the underlying seawater. However, the distributions of sea-
ice inorganic carbon and nutrients indicated minimal effects
of seawater flushing and any sea-ice exchange and transfer of
the inorganic carbon and nutrient signature from the sea ice
would make a transient signal in the under-ice water and sub-
sequently mixed into the comparatively carbon- and nutrient-
rich underlying ocean (Henley et al. 2017; Jones et al. 2017;
Legge et al. 2017).

Variations in the under-ice water δ18O values (from 1.55‰
to �3.34‰) traced the presence of different water sources dur-
ing the period of sea-ice melt. Meteoric water is isotopically
light, with δ18O for glacial and snow meltwater around �20‰
and �13‰, respectively; distinguished from the isotopi-
cally heavier sea-ice meltwater (δ18O � 1.8–2.7‰) and CDW
(δ18O � 0.08‰) (Meredith et al. 2008). Prior to extensive ice
melt in summer, values of DIC, alkalinity, NO3 and Si(OH)4 in
the under-ice water were similar to those in Ryder Bay
(Fig. 5c–g) and typical of this region (Legge et al. 2017; Henley
et al. 2019). By early December, increasing contributions of
meteoric water were evident as δ18O became isotopically ligh-
ter. A transient meteoric signal (�3.34‰) indicated an injec-
tion of melted snow, despite co-occurrence of high salinity,
which was accompanied by low Alk : DIC ratios that could
result from drainage of residual brines where ikaite precipita-
tion (alkalinity depletion) had taken place. In contrast, high
Alk : DIC ratios of 1.36 were found in meltwater that con-
tained excess alkalinity relative to depleted CO2 (and DIC)
likely due to a combination biological carbon uptake and
rejected brine. The temporal changes in δ18O in Ryder Bay
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were more subtle (�1.02‰ to �0.54‰) as the δ18O signal
from snow melt and melting ice is dispersed within the large
background of glacial meltwater and CDW (Meredith
et al. 2008).

The landfast ice surface enabled snow to accumulate, which
acted as a direct source of isotopically light meltwater to the
ice and under-ice water when the ice porosity increased. The
patterns in the under-ice water Alk : DIC ratios linked to δ18O
showed that residual brine and meltwater drainage from
decaying sea ice strongly influence the underlying seawater
during the summer. The freshened under-ice water was nutri-
ent replete, and, with favorable light conditions, rapid DIC
and nutrient drawdown occurred. Decreased Si(OH)4 reflected
the biological drawdown by pelagic diatoms in the surface
water (van Leeuwe et al. 2018, 2020), possibly with an uptake
signal transferred from the sympagic diatom community. Ice
algae can act as seed populations to phytoplankton blooms in
seasonally ice-covered waters that typically precede pelagic
blooms (van Leeuwe et al. 2022) and drive strong CO2 uptake
in the wake of receding sea ice (Jones et al. 2010; Riaux-Gobin
et al. 2011; Arrigo et al. 2014; Jones et al. 2017).

To investigate the summer dynamics in the under-ice
water, two mixing endmember values (source waters) could be
considered as (i) Ryder Bay seawater (high S, alkalinity, DIC)
and (ii) sea-ice meltwater (low S, alkalinity, DIC) and a theo-
retical mixing line with Alksal/DICsal of 0.8 could be deter-
mined (Fig. 6f). December sea ice yielded a relationship of
Alksal/DICsal of 1.2 � 0.1 (r2 = 0.87; p < < 0.001; n = 24) with
most points plotting close to the theoretical mixing line. How-
ever, different clusters in the Alksal and DICsal space could be
distinguished. The lower 30% of the ice plotted closer to the
Alksal and DICsal 2 : 1 trend line with elevated alkalinity rela-
tive to DIC (at low Alksal and DICsal values) from ice-algal DIC
uptake and ikaite dissolution. At higher salinity-normalized
alkalinity and DIC sal (2500–4500 μmol kg�1) in the upper ice
layers, deviations in the trend were observed with a slope of
1.4 � 0.2 (r2 = 0.94; p < 0.01; n = 5). This also indicated excess
alkalinity relative to DIC (higher values compared to seawa-
ter), which could derive from residual brines trapped in the ice
and ikaite crystals that dissolved during analyses. Most under-
ice water values plotted along the theoretical mixing line,
closer to the seawater endmember value (from parallel sam-
pling in Ryder Bay). Thus, the processes influencing the
under-ice water in Hangar Cover were similar to those in
Ryder Bay, for example, meltwater inputs, mixing of different
water masses, primary production, and calcification (Henley
et al. 2017; Jones et al. 2017; Legge et al. 2017), but signals of
enhanced biological DIC uptake, brine rejection, and lower
alkalinity from biotic and abiotic processes in the sea ice were
imprinted on the meltwater-influenced under-ice water. From
the end of December, salinity-normalized alkalinity in the
under-ice water remained higher than in ice-free surface
waters of Ryder Bay, which can be seen as a further indication
of a sea-ice source of alkalinity from ikaite processes.

The biogeochemical impact of ikaite processes and sea-ice
melt on surface waters and air-sea CO2 exchange in and
around melting landfast sea ice was further investigated by
consideration of two different sea-ice ikaite (using Alk : DIC
ratios) scenarios (details in “Methods” section). Using a sce-
nario of ikaite precipitation/dissolution (Alk : DIC � 1.0) and
a scenario of no ikaite precipitation/dissolution (Alk : DIC of
2.3), upon which the sea-ice meltwater is mixed into the sum-
mer mixed layer. The two different Alk : DIC ratio scenarios
yielded mixed layer pCO2 values of 148 and 103 μatm, respec-
tively, which are similar to values of surface water pCO2 of
119 μatm in the vicinity of melting ice in January 2014 in
Ryder Bay (Jones et al. 2017). The difference in pCO2 of
45 μatm between the low Alk : DIC ratio (no ikaite precipita-
tion/dissolution) and high Alk : DIC ratio (ikaite precipitation/
dissolution) scenarios is the driver enhancing the potential for
uptake of atmospheric CO2. These estimates agree well with
pCO2 differences of 56 and 60 μatm determined previously for
similar scenarios (Rysgaard et al. 2007; Fransson et al. 2011)
and highlight the impact of sea-ice ikaite processes and atmo-
spheric CO2 uptake by a meltwater-influenced ocean. The
inorganic carbon dynamics in the landfast sea ice across the
seasonal transitions showed that ikaite precipitation in the ice
and dissolution in the ice meltwater constituted a minor
source of alkalinity to surrounding surface waters. The melt-
water released during summer contributed excess alkalinity
and an enhanced Alk : DIC ratio to under-ice water, which
constituted an important buffer against dilution and
enhanced the potential for oceanic CO2 uptake. This result
supports the role of sea-ice carbon dynamics and meltwater-
enhanced buffering capacity in coastal waters of the West Ant-
arctic Peninsula as postulated by previous studies in the region
(Hauri et al. 2015; Jones et al. 2017; Legge et al. 2017).

Seasonality in biogeochemical cycling in sea ice:
Implications for the Antarctic coastal zone

This study indicated that landfast sea ice in this region of
the West Antarctic Peninsula was a sink of inorganic carbon
of 2.08 g C m�2 yr�1 from the period of ice formation (May–
June) to ice melt (November–December). The net loss of DIC
from brine rejection and meltwater dilution was estimated as
0.005 mol m�2, which corresponded to a sink of
0.07 g C m�2 yr�1 during the full sea-ice cycle. This amount of
DIC estimated to be exported within brines was less compared
with other Antarctic sea-ice studies (Fransson et al. 2011),
which was likely due to the effect of seawater flooding that
resupplied the sea ice with DIC and salt and thus perturbed
the magnitude of the brine rejection signal. Biological produc-
tion of organic matter accounted for depletion of 0.021 to
0.042 mol DIC m�2 from winter to summer, with substantial
DIC uptake during the winter–spring transition. During the
full sea-ice cycle, uptake of 0.50 g C m�2 yr�1 represented 24%
of the total seasonal loss of DIC as a result of ice-algal primary
production and associated accumulation of POC and biomass.
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Seawater flooding and subsequent seawater-derived DIC,
organic matter and salt, could have counteracted the signal of
biological DIC uptake in the blooming sympagic algal com-
munities and the effects of brine rejection and meltwater dilu-
tion (DIC losses) over the full seasonal cycle.

Formation of ikaite accounted for 0.066 mol m�2 of DIC
reductions, which was dominated by the removal of
0.061 mol m�2 DIC during the spring and summer melt
period. The total DIC loss due to incorporation into ikaite cor-
responded to a decrease in alkalinity of 0.132 mol m�2, that
is, 2 : 1 Alk : DIC ratio (Rysgaard et al. 2007; Fransson
et al. 2011; Papadimitriou et al. 2012) and yielded an estimate
of the amount of ikaite precipitated in the sea ice as
0.066 mol m�2. Release of meltwater reduced alkalinity and
DIC through dilution in surface seawater; however, this was
slightly counteracted as the sea-ice–derived alkalinity buffered
against dilution in the meltwater. Increased sea-ice Alk : DIC
ratios from average values of 1.07 � 0.05 in winter to
1.20 � 0.26 in spring and 1.50 � 0.38 in summer, compared
with average values of 1.12 � 0.11 in the under-ice water and
1.09 � 0.04 in ice-free seawater, revealed fractionation of alka-
linity and DIC in the sea ice. During the full sea-ice cycle, this
study estimated that seasonal ikaite precipitation removed
0.79 g C m�2 yr�1, which represented � 38% of the total sea-
sonal loss of DIC in the landfast sea ice.

The imprint of ice-algal DIC uptake further reduced DIC
and increased the potential for atmospheric CO2 uptake in
surface waters. Favorable light conditions, stratification and
seeding by ice algae promote phytoplankton blooms and stim-
ulate biological uptake of inorganic carbon in surface waters
of the West Antarctic Peninsula (Venables et al. 2013; Jones
et al. 2017; van Leeuwe et al. 2022). The presence of sea ice
has been shown to promote the development of ice-edge phy-
toplankton blooms and drawdown of atmospheric CO2 earlier
in the growing season compared to pelagic blooms (Riaux-
Gobin et al. 2011; Arrigo et al. 2014; Jones et al. 2015; van
Leeuwe et al. 2022). Reduced winter sea-ice cover, deeper
mixing and decreased stratification have already been linked
to lower phytoplankton biomass and reduced nutrient draw-
down in the productive season over the Antarctic shelf
(Venables and Meredith 2014; Henley et al. 2017), presumably
leading to reductions in biological carbon uptake and a
reduced atmospheric CO2 sink (Legge et al. 2017; Brown
et al. 2019).

This study indicated that a scenario of diminishing winter
sea ice could also lead to less sea-ice–derived alkalinity released
during the melt period. To investigate potential impacts of
sea-ice loss and reduced sea-ice alkalinity across the Antarctic
landfast sea-ice zone, 18 yr (2000–2018) of circumpolar lan-
dfast sea-ice data (Fraser et al. 2020) were used to identify
extreme winter (maximum) and summer (minimum) areal
extents of the sea ice as 695,159 and 160,217 km2, respec-
tively. The landfast sea ice analyzed in Hangar Cove during
this study and the conceptual model of seasonal sea-ice

processes (Fig. 7) were taken to be representative of circum-
Antarctic landfast sea ice. Depth-integrated averages of alkalin-
ity over the winter, spring and summer ice cores indicated
that 0.132 mol m�2 of alkalinity was released from ikaite dis-
solution in ice meltwater. Therefore, applying the winter
(maximum) and summer (minimum) areal coverage as upper
and lower bounds, respectively, it was estimated that between
8.2 � 1010 and 2.7 � 1010 mol of alkalinity is potentially
released from sea ice across the whole Antarctic landfast
ice-sea zone.

As ikaite typically precipitates in first-year sea ice and dis-
solves in meltwater, the sea-ice carbon (alkalinity) pump is
regulated by the cycle of sea ice from formation to melt.
Therefore, a reduction in the seasonal sea-ice cover will reduce
the impact of the alkalinity pump on inorganic carbon
dynamics and air-sea CO2 exchange in ice-covered seas. If the
areal extent of seasonal landfast sea ice around Antarctica
declined and only attained a maximum of 160,217 km2

(i.e., the observed minimum areal extent during 2000–2018;
Fraser et al. 2020) as an example of a low-ice scenario, this
would potentially correspond to a � 20% reduction in alkalin-
ity released during the seasonal melting of the ice. For a typi-
cal meltwater-infused summer surface layer in Ryder Bay (see
“Temporal changes in under-ice water biogeochemistry” sec-
tion) and scenario of ikaite precipitation/dissolution
(Alk : DIC ratio � 2), reductions in sea-ice–derived alkalinity
by 20% could lead to increases in surface water pCO2 by
� 400%, that is, reaching CO2 oversaturation of � 500 μatm
relative to the atmosphere, and a weakening of the oceanic
CO2 sink. Ongoing regional climate change and sea-ice losses
are thus expected to decrease the buffering capacity and lower
the potential for atmospheric CO2 uptake in the sea-ice coastal
zone of Antarctica.

Conclusion
This multiseasonal study captured significant shifts in car-

bon and nutrient cycling and sympagic algal communities
from winter to summer in landfast sea ice of the West Antarc-
tic Peninsula. This work provided the first time-series measure-
ments of the inorganic carbon system in landfast sea ice, from
the period of ice formation to ice melt, in this region. Further-
more, a conceptual model was proposed for processes driving
seasonal changes in sea-ice carbon and nutrient patterns dur-
ing the winter–spring and spring–summer transitions.

The landfast sea ice accumulated substantial amounts of
organic matter and algal biomass (approximated by Chl
a concentrations) in the lower ice layers from winter to sum-
mer. Rapid uptake of NO3 and DIC followed by uptake of
Si(OH)4 corresponded to a seasonal succession from heterotro-
phic to diatom-dominated communities. Concurrent seasonal
changes in DIC revealed that the landfast sea ice was a sink
for inorganic carbon from the period of ice formation to melt.
The overall loss of sea-ice DIC was driven by ice-algal uptake
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from winter to spring and abiotic calcium carbonate (ikaite)
formation from spring to summer. Physical processes of DIC
enrichment from mobility of brines, seawater flooding and
dilution from melting ice induced variability in the DIC
dynamics in the sea ice.

Winter sea ice enriched with DIC, NO3, and Si(OH)4 rev-
ealed alkalinity and DIC patterns in the upper and interior ice
that were indicative of ikaite precipitation. From winter to
summer, increasing Alk : DIC ratios indicated that dissolution
of ikaite elevated alkalinity in the lower ice and provided a
minor source of alkalinity in meltwater released to the under-
lying seawater. In addition, meltwater inputs transferred the
imprint of ice-algal uptake into summer under-ice water in the
presence of pelagic phytoplankton uptake, which contributed
to large changes in DIC, alkalinity, and nutrients in the
under-ice water, relative to ice-free surface waters. These pro-
cesses showed the influences of sea ice on the upper ocean
and enhanced the potential for atmospheric CO2 drawdown
and increased the buffering capacity of seasonally ice-covered
waters of coastal Antarctica.

The seasonal patterns of PO4 were distinctly different com-
pared with those of NO3 and Si(OH)4. Depleted winter sea-ice
PO4, relative to source seawater, was linked to potential co-
precipitation with ikaite. In spring and summer, PO4 accumu-
lated in the lower ice alongside increasing biomass, which is
likely due release upon dissolution of ikaite, preferential
remineralization, and accumulation in the presence of bio-
films. These results complement those of other studies in Ant-
arctic landfast sea ice with new data of temporal changes in
carbon and nutrient cycling from winter to summer in the
presence of a seasonal succession of sympagic algae. Further-
more, dynamics in ice-ocean exchanges observed during sum-
mer were used to estimate effects of sea-ice–derived alkalinity
and implications for atmospheric CO2 uptake under possible
future scenarios of reduced landfast sea ice around Antarctica.
This study highlights the need for further investigations into
the role of abiotic calcium carbonate (ikaite) processes and
interactions with PO4 and organic matter in Antarctic sea ice.

Data availability statement
All data used in this study can be found in tables in the

main text. The carbonate chemistry and inorganic nutrients
are available in the Supporting Information Data S1. The inor-
ganic nutrients and organic matter data are stored at https://
doi:10.5285/98cc0722-e337-029c-e053-6c86abc02029/ and
the pigment data are stored at 10.34894/89N73S. The data
used in this study will be available from the British Oceano-
graphic Data Centre upon publication.
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