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Abstract We elucidated the effects of snow and remineralization processes on nutrient distributions in
multi-year landfast sea ice (fast ice) in Liitzow-Holm Bay, East Antarctica. Based on sea-ice salinity, oxygen
isotopic ratios, and thin section analyses, we found that the multi-year fast ice grew upward due to the year-by-
year accumulation of snow. Compared to ice of seawater origin, nutrient concentrations in shallow fast ice
were low due to replacement by clean and fresh snow. In deeper ice of seawater origin (the lower half of

the multi-year fast ice column), remineralization was dominated by the degradation of organic matter. By
comparison between first- and muti-year ice, the biological uptake and the remineralization were dominated in
relatively young ice and older ice, respectively, under the physical process of brine drainage.

Plain Language Summary Multi-year landfast sea ice (fast ice) is abundant around the coast of
Antarctica. Fast ice is an important component of Antarctic coastal marine ecosystems, providing a prolific
habitat for ice algal communities. Although nutrients are essential for biological productivity within sea ice,
the status of nutrients and processes affecting nutrient concentrations were previously not known for multi-year
fast ice. Here, we collected sea-ice cores from multi-year fast ice in Liitzow-Holm Bay, East Antarctica, and we
analyzed nutrient concentrations using physical and biogeochemical parameters. Nutrient concentrations in the
upper parts of the sea ice decreased due to the accumulation of clean (nutrient-free) snow through melting and
refreezing processes, contributing to upward ice growth. In deeper parts of the sea ice, nutrient concentrations
were greatly affected by biological processes such as remineralization during the degradation of organic matter
within sea ice.

1. Introduction

Multi-year landfast ice (fast ice) is abundant around Syowa Station, Liitzow-Holm Bay, East Antarctica (Fraser
et al., 2012, 2021; Ushio, 2006). This region receives relatively abundant snowfall and high snow accumulation
rates over sea ice (Toyota et al., 2016), forming ice of snow origin such as “snow ice” and “superimposed ice”
(Kawamura et al., 1997; Nomura et al., 2012, 2018). In general, snow ice forms under the weight of overlying
snow on the sea ice, which depresses the ice—snow interface to below sea level; the subsequent flow of seawater
into the snow forms a flooded slush layer that then freezes (Maksym & Jeffries, 2000; Sturm & Massom, 2017).
During summer, the snow surface melts in the sunlight and warmer temperatures; the snowmelt then infiltrates
the slush layer, decreasing its salinity to well below that of seawater (Nomura et al., 2012, 2018). However, in
Liitzow-Holm Bay, ice thickening due to the formation of snow ice does not necessarily depress the sea ice—snow
interface to below sea level. In this case, when the shallowest snow thaws, the snowmelt permeates the sea
ice—snow interface below the freezing point and refreezes, forming superimposed ice (Kawamura et al., 1997;
Nomura et al., 2018). The difference between these two types of ice is that snow ice forms from a mixture of
snow and seawater, whereas superimposed ice forms only from snow. Due to the abundance of snow around
Syowa Station, it is considered that superimposed ice forms only after sea ice stops sinking under the weight of
overlying snow.
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Because sea ice forms from seawater, the biogeochemical components in seawater are preserved in sea ice
upon its formation. Various changes affect these biogeochemical components, particularly nutrients, after their
entrapment in sea ice. For example, NO,~, NO,~, NH,*, and PO43’ are involved in biological activities such as
photosynthesis and remineralization by microorganisms such as bacteria and phytoplankton, notably ice algae,
microphytes inhabiting the bottom most layers of sea ice (Arrigo et al., 2010; Gleitz et al., 1995). Diatoms,
which are considered to be the main primary producers in sea ice, also use Si(OH), to form their frustules
(Arrigo et al., 2010; Tréguer & De La Rocha, 2013). In addition to the consumption of nutrients by ice algae,
high-salinity and high-nutrient brines are discharged beneath the sea ice over time (Fripiat et al., 2017). Nutrients
are resupplied by remineralization during the degradation of organic matter within sea ice by heterotrophs and
bacteria (Roukaerts et al., 2021; Thomas et al., 1995), as well as by convection through brine channels (Nomura
et al., 2009; Vancoppenolle et al., 2010).

Primary production is also active in the nutrient-rich, seawater-flooded slush layer formed at the sea-ice surface
during the formation of snow ice (Ackley & Sullivan, 1994; Fritsen et al., 1994; Kattner et al., 2004; Nomura
et al., 2018; Schnack-Schiel et al., 2001). The snow cover on sea ice therefore plays an important role in increas-
ing the productivity of the sea-ice surface (e.g., Saenz & Arrigo, 2014). When the slush freezes, it becomes snow
ice, preserving the biogeochemical components (Kawamura et al., 1997; Nomura et al., 2018). However, the
thick sea ice produced in areas receiving abundant snowfall prevents seawater from flowing along the sea-ice
surface, limiting productivity; therefore, snow cover can only increase productivity in the slush layer by so much.
Furthermore, whereas snow-free sea ice grows downward due to the freezing of seawater, snow-covered sea ice
grows upward due to the formation of snow ice and superimposed ice, such that melting progresses from the
bottom of the sea ice (Kawamura et al., 1997). Thus, snow cover greatly affects biogeochemical distributions and
circulations in sea ice.

Fast ice plays a crucial role in the biogeochemical cycle and marine ecosystem functions of the Antarctic coast
because it hosts well-established habitats (in terms of nutrients, temperature, salinity, and light) for stable primary
production (Arrigo, 2017; Wongpan et al., 2018). Because primary production in sea ice promotes the prolifer-
ation of zooplankton, that is, secondary and higher producers, it is essential to know how the biogeochemical
composition of fast ice changes. However, although many studies have explored nutrient changes in first-year
fast ice (e.g., Lim et al., 2019), research remains limited on biogeochemical components in multi-year fast ice
that has continued to grow year-by-year. Furthermore, of the few studies that have focused on nutrient dynamics
in multi-year land-fast ice (Nomura et al., 2018), their sea-ice samples provide only single-year observations.
Therefore, no study has rigorously investigated the processes of nutrient cycling in multi-year sea ice. Because
multi-year fast ice has remained fixed to the coast for a long time (Fraser et al., 2012, 2021), it is ideal for
examining the temporal evolution and interannual variation of nutrient concentrations and other biogeochemical
parameters in a single location.

The Japanese Antarctic Research Expedition (JARE) has monitored the multi-year fast ice near Syowa Station in
Liitzow-Holm Bay for many years. In recent years, it has been reported that the multi-year fast ice in Liitzow-Holm
Bay periodically breaks up and flows out to sea (Aoki, 2017; Ushio, 2006). Because ice thickness reflects the
strength of sea ice, sea-ice monitoring efforts have recently collected annual ice core samples from an easily acces-
sible and stable area near Syowa Station, ideal samples for tracking year-to-year changes. Additionally, because
new ice formed after the partial ice breaks up and outflows, it is possible to track the cycling of biogeochemical
components through the ice by comparing early stages of sea-ice formation with the initial multi-year ice.

In this study, we analyzed multi-year fast ice near Syowa Station to evaluate the effects of snow and biological
activity on the vertical distribution of nutrient concentrations in sea ice. We investigated the factors affecting
nutrient concentrations in the multi-year fast ice by collecting and comparing nearby first-year ice. Specifically,
based on annual sampling during the 56-60th JAREs (2015-2019), we analyzed: (a) the structure and formation
process of ice using thin section photographs, salinity, and stable oxygen isotopic ratios (8§'30); (b) the vertical
distribution of nutrient concentrations in the fast ice; (¢) the influence of snow (based on snow fraction) on nutri-
ent distributions; and (d) the cycling of nutrient concentrations due to biological activity within fast ice using
sea-ice salinity, and nutrient concentrations as proxies.
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2. Materials and Methods
2.1. Sampling and Sample Preparation

Sea ice observations of multi-year fast ice were performed during the summers (January and February) of
2015-2019 as part of the 56-60th JAREs (Figure 1, Table 1). Sea-ice cores were collected near Syowa Station.
Ice cores were sampled using an ice corer (Geo Tecs Co., Ltd., Chiba, Japan) with an internal diameter of 0.09 m.
Cores were immediately placed in tubular polyethylene bags and kept horizontal in a cooler box along with refrig-
erants to maintain below-freezing temperatures and minimize brine drainage from the core. Fresh snow samples
were collected with an acid-washed polycarbonate shovel and placed into polyethylene zipper storage bags. For
comparison, four cores of first-year fast ice were also collected (Table 1).

Note that in Table 1, only the top 2.78 and 2.47 m of ice were sampled for cores JARE58_KU3 and JARE59_2,
respectively, because the ice was too thick to sample the entire column. As part of the ice monitoring at Syowa
Station, an electromagnetic (EM) ice thickness survey was conducted near our coring site in January 2018; the
ice thickness was approximately 6 m.

Under-ice water was collected through the coring holes with a Teflon water sampler (GL Science Inc., Japan)
from 1 m below the bottom of the sea ice during JARE60 (2019). Water samples were collected approximately
30 min after the ice core at JARE60_KU2 was drilled to avoid potential artifacts associated with the disturbance
of drilling. All collected water samples were subsampled into (a) a 120-mL glass vial (Maruemu Co., Ltd.,
Osaka, Japan) for salinity measurement, (b) a 15-mL glass screw-cap vial (Nichiden-Rika Glass Co. Ltd, Kobe,
Japan) for 8!80 analysis, (c) a 10-mL polyethylene screw-cap vial (Eiken Chemical Co. Ltd, Tokyo, Japan) for
measurement of major inorganic nutrient concentrations [NO,~ + NO,~, PO,3~, and Si(OH),], and (d) a 500-mL
Nalgene polycarbonate bottle (Thermo Fisher Scientific Inc., Waltham, MA, USA) for measurement of chloro-
phyll a (chl a) concentrations. All samples were returned to the laboratory of the Japan Maritime Self-Defense
Force icebreaker Shirase immediately after sampling. Samples for salinity and 'O analyses were stored in a
refrigerator at +4°C. Samples for nutrient analyses were stored in a freezer at —30°C. Samples for chl a measure-
ments were immediately filtered through 25-mm-diameter Whatman GF/F filters. Pigments on the filters were
then extracted with N,N-dimethylformamide (Suzuki & Ishimaru, 1990) for more than 24 hr and stored at —30°C
until analysis.

Sea ice cores were stored in a freezer at —30°C during their transport to the Institute of Low Temperature Science
(ILTS), Hokkaido University, Sapporo, Japan. In the ILTS cold room (—15°C), cores were split lengthwise into
two halves with an electric band saw: the first half for ice textural analysis and the second half for measurements
of bulk ice salinity, 80 composition, nutrient and chl a concentrations, and cell counting for ice algae commu-
nity assemblage.

2.2. Textural Analysis and the Age of an Ice Core

We examined thin ice sections to analyze ice growth processes. Ice sections 0.7 cm thick were attached to glass
plates and planed down to 0.1-cm thickness with a microtome (Model SM2400, Leica Microsystems, Wetzlar,
Germany). We photographed ice crystallographic structures by illuminating the thin sections placing on a light
table in between the cross-polarized sheets.

Ice growth processes were examined based on our classification for sections of the ice cores as granular, columnar,
or mixed ice (Eicken & Lange, 1989). Granular ice was subdivided into frazil ice and snow ice (or superimposed
ice) based on its §'%0 value. We defined snow ice or superimposed ice as granular ice with a §'0 value below
that of its parent seawater (see Granskog, & Kaartokallio, 2004; Jeffries et al., 1994), taken as the §'80 value of
the under-ice seawater sampled during JARE60 (—0.7%o). Although coarse-grained clear ice (large, polygonal,
granular crystal textures) and fine-grained opaque ice originate from superimposed and snow ice, respectively
(Kawamura et al., 1997), we hereafter refer to both as “snow-origin ice” unless obviously clear ice was observed
in thin section, which was described as superimposed ice. We note that the analyzed snow was thawed and mois-
tened, and refrozen ice was observed. The snow crystal structure was an aggregate of fine particles in thin section
but did not contain salt (salinity = 0); the structure sometimes became sandwiched between superimposed ice,
which we refer to as “fine-grained superimposed-ice” (see details in Section 3.1).
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Figure 1. (a) The study area and (b)—(f) sampling locations in Liitzow-Holm Bay, Eastern Antarctica. MODIS-Terra satellite images were obtained on (b) 19 January
2019, (d) 24 April 2015 at site JARES7_EM, (e) 25 April 2017 at site JARES9_POPs, and (f) 18 March 2018 at sites JARE60_KU1 and JARE60_KU2. The images
in (d—f) show the sea-ice condition before winter at each coring site; dark areas indicate where the sea ice was broken, and the cores obtained from these sites were
first-year ice. The background image in (c) is an Advanced Land Observing Satellite (ALOS)/Panchromatic Remote-sensing Instrument for Stereo Mapping (PRISM)
image obtained on 26 January 2010 by the Japan Aerospace Exploration Agency (JAXA).
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Table 1
Details of the Studied Ice Cores

Station Position Coring date Ice type Ice thickness (m)  Snow thickness (m)

JARES56 NMS 69.003°S, 39.619°E 15 January 2015~ Multi-year ice 3.40 0.34
JARES7 P31.5  69.002°S,39.603°E 25 January 2016 ~ Multi-year ice 4.92 0.85
JARES7 EM 69.042°S, 39.220°E 05 February 2016 First-year ice 1.32 0.05
JARES8 KU3 69.002°S, 39.606°E 05 January 2017 ~ Multi-year ice >2.78% 1.68
JARES9 2 69.002°S, 39.602°E 07 January 2018  Multi-year ice >2.47% 0.78
JARES9 POPs 69.353°S, 38.326°E 27 January 2018 First-year ice 1.44 0.20
JARE60 KU1 69.003°S, 39.614°E 02 January 2019 First-year ice 1.55 0.20
JARE60 KU2 69.002°S, 39.612°E 08 January 2019 First-year ice 1.47 0.08

Note. An electromagnetic ice thickness survey near the coring sites in January 2018 revealed the ice thickness to be
~6 m. *Cores JARE58_KU3 and JARES59_2 sampled only the top ~3 m.

The ice type was determined according to WMO (2014) after checking satellite imagery of the sampling point,
visually observing the sea ice condition at Syowa Station, and confirming the vertical profile of textural param-
eters (including thin section analysis) in the core. First-year ice was collected in locations where fast ice had
broken up and flowed out during the previous year (Figures 1d—1f), and sea ice had reformed within the year prior
to collection. According to Syowa Station records, multi-year ice has not been broken up and flowed out since
March 1980 (Higashi et al., 1982; Ushio, 2006).

2.3. Sample Analysis

To measure ice salinity, water 880 composition, and nutrient and chl a concentrations, the second half of the
core was trimmed into a rectangle with a cross-section of 4.5 X 2.5 cm and 12-18-cm-thick (vertical resolu-
tion) sections. To avoid contamination during sampling and handling, the outer 0.3 cm of each ice section was
removed with a stainless steel plane. The ice sample was then put in a polyethylene bag (GL Science Inc., Japan)
and melted in a cold room at +4°C. Snow samples were melted in the same bags and in the same cold room.
Snow and sea ice melt samples were analyzed with the same protocol as for under-ice water samples, except for
nutrient analyses; in snow and sea ice melt samples, nutrient samples were filtered with a 0.22-pm Durapore
PVDF Membrane filter (MILLEX GV Filter unit, Merck Millipore Ltd., Germany). For ice algae community
assemblage, sea ice melt water for the bottom ice section for JARE60 KU1 and 2 was subsampled into 100-mL
polyethylene screw-cap vial (AS ONE Corporation, Tokyo, Japan), and an aliquot of 5-mL of Lugol’s solution
was added to preserve the sample.

The salinities of under-ice water and melted snow and sea-ice samples were measured with a conductivity sensor
(Cond 3151, WTW GmbH, Germany). The oxygen isotopic ratio of under-ice water and melted snow and sea-ice
samples were determined by mass spectrometry (DELTA plus; Finnigan MAT, San Jose, CA) via the equilibra-
tion method. The 880 value (%o0) of a sample was calculated against the '80/'°O ratio of standard mean ocean
water (VSMOW):

[lxo]
160 Sample

550 =
]X_O
[”’OJVSMOW

—1[x 1000 M

The standard deviation (SD) on 8'80 values was 0.026%o0 based on analyses of 10 subsamples of a reference
water (seawater) with 8'80 = 0.241%o. 5'30 value for the reference water was decided based on VSMOW. Nutri-
ent concentrations [NO,~, NO,-, PO43‘, and Si(OH),] were measured with an auto-analyzer system (Quattro;
Bran + Luebbe, Norderstedt, Germany) according to the spectrophotometric method reported by the Joint Global
Ocean Flux Study (JGOFS, 1994). SDs on nutrient concentrations were 0.19, 0.002, 0.01, and 0.06 pmol L~!
for NO,~, NO,", PO43‘, and Si(OH),, respectively, calculated from 15 subsamples of a standard with respective
known concentrations of 23.28, 0.935, 1.55, and 56.99 pmol L~!. Detection limit (36) on nutrient concentrations
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were 0.029, 0.018, 0.025, and 0.470 pmol L~ for NO,~,NO,-, PO43’, and Si(OH),, respectively, calculated from
seven blank samples. Chl a concentrations were determined by a fluorometer (Model 10AU, Turner Designs,
Inc., Sunnyvale, CA). Standards (0.28-282.30 pug L~! chl a) prepared from a liquid chl a standard (Wako Pure
Chemical Industries Ltd., Osaka, Japan) by stepwise dilution with N,N-dimethylformamide were used to calibrate
the fluorometer before analyses. The cell counting for ice algae community assemblage was examined with a
microscope (Olympus, BH-T, Tokyo, Japan) 10X oculars and 40X objective.

2.4. Mass Fraction of Snow in Snow-Origin Ice

To determine the mass fraction of snow in snow-origin ice (hereafter, “snow fraction”), we used a mass balance
equation (Jeffries et al., 1994, 2001):

fsnow + fsea =1 (2)
fsnow Osnow + fseu Osea = Oobs (3)

where f represents the mass fraction of snow or seawater, 8 represents their 8'30 values, and the subscripts

99 <

“snow, we used

the parent water 8'80 values collected during JARE60 rather than the value that includes the fractionation factor

sea,” and “obs” indicate snow, under-ice seawater, and observed bulk ice, respectively. For 5,
during seawater freezing (see Jeffries et al., 1994, 2001) because we assumed that all granular ice with a §'%0
value below that of the under-ice water was snow ice (Granskog et al., 2004; Jeffries et al., 1994). In addition,
we assumed that granular ice with a §'80 value below that of under-ice water was snow-origin ice. Based on the
result obtained from the JARE60 samples, we used 8, = —0.7%. 8, was taken as the mean 8'30 value of snow
samples (—20.3%o) collected during JARES56-60. We estimated the errors on the snow fractions to be less than
12.2% by calculating the effect of changing the snow §'80 values by their standard deviation (+2.1%o).

3. Results and Discussion
3.1. Vertical Profiles of Sea-Ice Salinity, §'%0 Values, and Sea-Ice Structure

Over the study period, first-year ice and snow on ice were ranged between 1.32 and 1.55 m thick and 0.05 and
0.20 m deep, respectively (Table 1). Multi-year ice and snow on ice ranged between >2.47 and ca. 6 m thick
and 0.34 and 1.68 m deep, respectively (Table 1). Figure 2 shows vertical salinity and 8'0 profiles for both
first-year and multi-year ice cores. The salinity of the first-year ice was close to 0 near the ice—snow interface
and increased with increasing depth until reaching a maximum, after which it decreased with increasing depth
(Figure 2a). Salinity again increased at the bottom of some cores, giving the salinity profiles of first-year ice a
characteristic “C” shape (excluding the topmost low-salinity ice). 8'80 values in first-year ice were as low as
—20%o near the ice—snow interface (Figure 2b) and increased with increasing depth, reaching values above that
of the under-ice water (—0.7%o0) by the middle of the core. The profiles record low salinity and 8'30 values near
the ice—snow interface because the cores were collected in late summer (Table 1), by which time the accumu-
lated snow had become snow-origin ice due to melting of the sea-ice surface in above-freezing air temperatures
and strong sunlight (Nomura, Simizu, et al., 2011). Furthermore, in late summer, the nighttime air temperature
becomes negative in this area (Nomura, Simizu, et al., 2011), freezing any water that had melted during the day.
Because the snow depths were quite small relative to the ice thickness (Table 1) and the salinity was extremely
low, especially near the ice surface, we considered that the ice formed was superimposed ice rather than snow
ice because snow ice should only form when the snow depth is large with respect to the ice thickness (Maksym
& Jeffries, 2000; Sturm & Massom, 2017). Indeed, in thin section, we observed large, polygonal, granular crys-
tal textures (photograph in Figure 2a) characteristic of superimposed ice (Kawamura et al., 2004) near the ice
surface.

The bulk ice salinity of multi-year ice was 0 from the ice—snow interface to depths of around —100 cm (Figure 2c),
then generally increased with increasing depth. The maximum observed salinity was 3.8 in core JARES8_KU3.
At the bottom of the ice column, salinities were about 1-3. The §'80 values of sea ice were similar to those of
the overlying snow from the ice—snow interface to depths of —200 cm (Figure 2d), then increased with increasing
depth. The ice §'30 values reached that of the under-ice water at depths of —300 c¢m in core JARE56_NMS and
—380 cm in core JARES57_P31.5. These results indicate that snow cover affects to a maximum depth of —380 cm.
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Figure 2. Vertical profiles of (a), () salinity and (b), (d) §'%0 values in snow, first-year ice cores (left), and multi-year ice cores (right). Horizontal solid lines at 0 cm
depth indicate the snow—ice interface. Dashed lines in (b), (d) show the §'30 value of under-ice water (—0.7%0) sampled during JARE60. The photo in (a) is a vertical
thin section of the top 5 cm of core JARE60_KU2.

Comparisons of the salinity and 8'30 profiles of multi-year ice core JARE57_P31.5 to the interpreted ice struc-
ture and photographs of representative thin sections were shown in Figure 3. Up to a depth of —117 cm, salinity
and 8'80 were maintained at 0 and —20%o, respectively (Figure 3a). Because most of this upper section of
the core comprised coarse-grained (large polygonal) granular ice, we concluded that it was superimposed ice
(Figures 3b and 3c; Kawamura et al., 2004). In addition, fine-grained granular ice was present at depths from
—100 to —117 cm (Figures 3b and 3d). Based on the salinity and textures down to a depth of —117 cm, it is
unlikely that snow ice was formed by the infiltration of seawater. In addition, the small crystal size at depths of
—100 to —117 cm (Figure 3d) indicated that this ice corresponded to superimposed ice formed from wet, unme-
Ited snow that had re-frozen at negative temperatures, which we refer to as fine-grained superimposed ice.

At depths of —117 to —170 cm, sea ice salinity and 8'80 values increased (Figure 3a) and the ice structure became
columnar (Figures 3b and 3e), with larger grains than in the overlying fine-grained granular ice. However, the
columns were neither as wide nor as vertically extended as those of columnar ice formed from seawater (Figure 3f,
see next paragraph). Based on the salinity and 8'80 values of the ice, this structural transformation occurred
because the ice formed from snowmelt water with a slight seawater influence. Therefore, we suspect that this ice
formed from a refrozen mixture of seawater and snowmelt. Indeed, in this area, it has been reported that a layer
of superimposed ice forms under the snow, and that a slush layer (puddles in the sea ice that are likely snowmelt
ponds) forms under the superimposed ice (Nomura et al., 2018). In that study, the salinity and §'30 values of the
slush layer were <1 and —20%o, respectively, because snowmelt was supplied mainly from above (as snow or
superimposed ice), and a small amount of seawater was transported upwards through a crack and then horizontally
transported into the slush layer. The salinity and 8'30 values of their slush layer were approximately the same as
those of the columnar ice measured in our study (Figure 3a). The slush layer is about 10-20 cm thick (Nomura
et al., 2012) and, in winter, is thought to freeze from the top faster than columnar ice develops at greater depths in
the sea ice. Therefore, we consider that the columns in this zone are thinner and shorter than those in columnar ice
formed from seawater (Figures 3e and 3f) because the freezing speed affects the crystal structure, hexagonal ice
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Figure 3. (a) Vertical profiles of salinity and §'%0 values in core JARE57_P31.5 compared to (b) its ice structure. (¢)—(f)
Representative vertical thin section photographs are provided for each ice structure.

(Ih) with three a-axes lying in the basal plane and a c-axis pointing perpendicular to this plane (Pauling, 1935),
with slower growth on the c-axis direction than the basal plane (e.g., Hillig, 1959). Both fine- and coarse-grained
granular ice have random crystal texture (Figures 3c and 3d). As the freezing develops, geometric selection sweep
away crystals with c-axis perpendicular to the ice—ocean interface (Kolmogorov, 1976). The crystals in the slush
layer that have the c-axes pointing radially (perpendicular to the ice—ocean interface) grow faster than those with
c-axes pointing parallel to the ice—ocean interface. Therefore, it seems likely that the columns in slush layer
was thinner due to the initial stage of geometric selection and shorter than those in columnar ice formed from
seawater constrained by the slush layer thickness. In this study, we refer to this particular columnar ice texture as
“slush-origin columnar ice,” in contrast to columnar ice formed from seawater (‘‘seawater-origin columnar ice”).

A distinct unit comprising a fine-grained granular ice layer overlying a coarse-grained granular ice layer was
sandwiched between slush-origin columnar ices at depths of —170 to —190 cm. This unit formed because super-
imposed ice formed under the snow (Nomura et al., 2018) and a slush layer below it. This is thought to reflect
greater amounts of snowfall in following years, with the slush layer being repeatedly formed and refrozen. The
underlying slush-origin columnar ice layer extended to a depth of —300 cm, where the ice structure became
columnar, but of seawater origin.

In contrast, the first-year ice was predominantly columnar (Table 2). From the above discussion, snow accumu-
lates on the ice year-by-year, causing flooding and slush formation, then refreezing in winter. Furthermore, when
the ice thickness increases, flooding ceases, and the snowmelt is refrozen. This upward growth is characteristic
of Antarctic multi-year ice (Kawamura et al., 1997; Nomura et al., 2018), although the collection of a nearly 5-m
sea-ice core has never been reported. This is thus the first time that the characteristics of the upward growth of
multi-year fast ice have been shown based on multiple years of repeated ice coring.
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Table 2 3.2. Vertical Profiles of Sea-Ice Nutrient Concentrations
The Disctribution of Ice Structures Over the Total Length of Each Ice Core Vertical profiles of NO,~, PO,*, and Si(OH), concentrations in first-year
Fraction (%) and multi-year ice were shown in Figure 4. NO,~ concentrations in first-year
Clorien i ice varied widely with depth in core JARE60_KU1 (0-2.6 pmol L), but
Sampling station Ice type granular granular  Columnar were in the range 0-1 pmol L~! in other cores (Figure 4a). NO,~ concen-
. . - . g 1 .
JARES6_NMS  Multi-year ice . . . trations in multi }./ear ice .were 0-0.5 pmol L~ in t}.le top half of the ice
column, and the first maximum at those depths, peaking at ~1.0 pmol L™,
JARES7_P31.5 Multi-year ice 22.4 0.6 71.5 . . X
was observed at a depth of —200 cm in some ice cores (Figure 4e). At greater
JARE57_EM First-year ice 56 3.6 88.9 depths in the cores, NO,~ concentrations were as low as 0-0.5 pmol L,
JARES8_KU3®  Multi-year ice 83.1 7.6 9.4 and the maximum of 3.5 pmol L~! was observed at the bottom of the sea ice.
JARES9_2° Multi-year ice 74.1 4.5 21.5 In first-year ice, PO43’ concentrations varied between cores but were fairly
JARES9_POPs  First-year ice 0.0 21 97.9 constant at shallow to medial depths, and were greatest at the bottom of the
. . . . 1 .
JARE60_KU1 Firiyemelios 0.0 432 56.8 ice column (Figure 4b). In Il‘lultl year .1ce, however, PO,”~ concentrations
i ) were extremely low from the ice—snow interface to a depth of —150 cm, and
JARE60_KU2 First-year ice 3.4 17.7 78.9 . . 1
the maximum concentration of 1.6 pmol L~' was observed at a depth of
“No data. *Data represent only the top ~3 m of the core (see Table 1). —360 cm in core JARE57_P31.5 (Figure 4f). Si(OH), concentrations varied

little with depth in the first-year ice (Figure 4c), but mimicked the PO,*"
profile in multi-year ice.

Our results show clear differences between the vertical nutrient profiles in first-year and multi-year ice (Figure 4).
First-year ice generally has the lowest nutrient concentrations in snow, and concentrations increase slightly in sea
ice, but they remain relatively constant until peaking at the bottom of the ice column (Figures 4a—4c). In contrast,
in multi-year ice, the upper half of the ice column was nutrient poor, similar to the overlying snow, and nutrient
concentrations increased from the middle of the column to maximum concentrations in the bottom half of the
column (Figures 4e—4g). Because nutrient concentrations in snow were consistently low (Figures 4e—4g), the
upper half of the multi-year ice columns, comprising snow-origin ice, also contained low nutrient concentrations.

Such vertical nutrient distributions are considered to be closely related to physical characteristics such as salinity,
8'30 value, and ice structure (discussed in Section 3.3). Furthermore, the high concentrations of various nutrients
at the bottom of both first-year and multi-year ice columns are most likely related to the high concentrations of
chl a in the bottommost ice column (Figures 4d and 4h), indicating both photosynthesis by the ice algae and
remineralization by the degradation of organic matter (Roukaerts et al., 2021; Rysgaard & Glud, 2004; Rysgaard
et al., 2008; Thomas et al., 1995). Roukaerts et al. (2021) proposed the microbial biofilm in sea ice. In the micro-
bial biofilm, accumulation in the macro-nutrients (high nutrients) coincides with an accumulation of autotrophic
biomass (high chl a).

The mean value and standard deviation of each nutrient component and physical parameter are reported in
Table 3 for snow and each sea-ice type. Nutrient and chl a concentrations were low in snow and superimposed
ice and particularly high in columnar ice. In contrast, snow-ice, which is affected by both snow and seawater, had
intermediate nutrient and chl a concentrations. Our results clearly indicate that a greater snow influence results in
lower nutrient and chl a concentrations in sea ice.

3.3. Variations of Nutrient Concentrations in Snow-Origin Ice

In Section 3.2, we showed that in multi-year ice columns, nutrient concentrations were lower in snow-origin ice
than in columnar ice (Table 3). To quantify the effect of snow on sea-ice nutrient concentrations, we calculated the
snow fraction in snow-origin ice (Equations 1 and 2) to examine the relationship between nutrient concentrations
and snow fraction (Figure 5). Although the regressions differed between nutrients, nutrient concentrations tended
to decrease with increasing snow fraction. This is due to the purity of the air near Antarctica, being far from
areas of human activity, compared to that in the Northern Hemisphere. Therefore, the atmospheric transfer and
deposition of nutrients onto sea ice is limited in Antarctica, and the top surface of the sea ice is replaced by
clean, snow-origin ice. In contrast, in the Northern Hemisphere, atmospheric transfer and deposition of polluted
snow is known to be a potential source of nutrients for sea ice (Granskog & Kaartokallio, 2004; Granskog
et al., 2003; Kaartokallio, 2001; Krell et al., 2003; Nomura et al., 2010; Nomura, McMinn, et al., 2011b; Rahm
et al., 1995). Although nutrient concentrations for snow-origin ice were generally decreased as the snow fraction
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Figure 4. Vertical profiles of (a), (¢) NO;~, (b), (f) PO,*~, (c), (g) Si(OH),, and (d), (h) chl a concentrations in first-year ice (top) and multi-year ice cores (bottom).
Horizontal solid lines at a depth of 0 cm indicate the snow—ice interface. The photo in (c) and (d) is the ice algae community assemblage for the bottom of core
JARE60_KUI. Red lines for nutrient vertical profiles indicate the detection limit for nutrients concentration.

SAHASHI ET AL.

10 of 15



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2021JC018371

Table 3
Salinity, 580 Values, and Nutrient and Chl a Concentrations (Mean + Standard Deviation) in Snow and Each Ice Type

Salinity 5150 PO~  Si(OH),  NOs— NO,— Chla
Snow and ice type =) (%0) (umol L")  (umolL™") (umolL™") (umolL'))  (pgL™")

Snow (n = 10) 00+0.0 -203+21 0000 00x02 02+01 000+0.01 0.1=+0.1
Superimposed ice (n =27) 0.0+0.0 -209+10 00+00 0.0+0.1 0.1+£02 0.00+£0.01 0.0+0.0
Snow ice (n = 24) 22+18 -152+75 02+02 1.1+1.1 04+04 001+0.02 29+49
Columner ice (n = 16) 22+1.1 —-46+76 05+04 3.0x34 07+x09 0.03+002 64+149

increased (Figure 5), NO,~ and Si(OH), concentrations notably differed, with no correlation between snow frac-
tion (Figures 5b and 5c¢).

Due to the formation of snow-origin ice, the snow fraction in multi-year ice increased year-by-year; the mean
snow fractions in the top 200 cm of multi-year ice gradually increased from about 88% in 2015% to 100% by
2018 (Figure 6). Therefore, our sea-ice core samples record a steady increase in the contribution of snow to sea
ice. Although we have not collected multi-year ice cores at distant locations within the same year (Figure 1c)
and thus have not been able to unequivocally determine that there is no spatial bias in our sampling, the nutrient
concentrations do not differ greatly between sampling locations, and the trends and profiles are similar from year
to year (Figures 2 and 4).

3.4. Variations of Nutrient Concentrations in Seawater-Origin Ice

Although nutrient concentrations decreased as the snow fraction increased in the top layer of sea ice, the distri-
butions of nutrient concentrations differed among the different nutrient components (Figure 5). Therefore, we
here evaluate the effects of primary production, and organic matter remineralization on nutrient concentrations
in both first-year and multi-year ice. We compared salinity to nutrient concentrations (Figure 7). Sea-ice salinity
is a conservative component that only changes through physical processes such as brine drainage or exchange
with under-ice water. Therefore, we investigated deviations from a dilution line based on the salinity and nutrient
concentrations of the under-ice water collected during JARE60 to understand the biological processes affecting
the nutrient distributions in the sea ice. Data plotted above the dilution line indicates nutrient supply due to the

2.0 10
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OJARE57_P315

1.5 4 0JARE58_KU3
OJARE59 st.2

8 | Regression line b
r’=0.09
6 | p<0.01
4 4 8 [o)
OOO ©

0806’
0 w
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Si(OH),4 (umol L)

NO;- (umol L-")

O@ @o
°®]
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Figure 5. Plots of (a) PO,*", (b) Si(OH),, (c) NO;~, and (d) NO,~ concentrations for snow-origin ice versus snow fraction in
multi-year ice cores.
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Figure 6. Time series of the mean snow fraction in the top 200 cm of each multi-year ice core from 2015 (core JARES6_
NMS) to 2018 (core JARES9_2).

remineralization of organic matter by heterotrophic organisms and bacteria in the sea ice or from external sources
(e.g., the atmosphere); conversely, data points below the dilution line indicate nutrient uptake by ice algae during
primary production (e.g., Thomas et al., 1995). We tried to take under-ice water samples through the ice core
hole for every station. However, it was difficult to pass though the ice core hole until the bottom of the thick ice
due to thick ice (about 5 m). In addition, even if we pass through the ice core hole, the under-ice water sampling
was difficult due to narrow (10 cm diameter) and long (5 m thick ice) hole. Therefore, we could not get under-ice
water for every station. We compared our data with the ship-based data obtained in the Liitzow-Holm Bay near
Syowa Station (Kiuchi et al., 2021). In Kiuchi et al. (2021), salinity was 34.0 at 20 m depth (shallowest depth)
in Station D6 (closest station from Syowa Station) on 31 January 2017. We also checked other stations (D3, ES,
and E6: closest station for D6), and the range of salinity was between 34.0 and 34.1 (see Table S1). These results
indicated that the salinity used in our study (33.9) was same as the salinity in the Liitzow-Holm Bay near Syowa
Station (Kiuchi et al., 2021). Therefore, we believe that it is reasonable to use the salinity (33.9) as dilution lines.

Si(OH), concentrations in first-year ice locate significantly below the dilution line (Figure 7a), whereas those
in multi-year ice are closer to or above the dilution line (Figure 7b). The distributions of chl a concentrations
in the sea ice (Figures 4d and 4h) indicate the presence of ice algae, which would mainly be diatoms (Fragilar-
iopsis sp. and Pleurosigma sp. (photo in Figures 4c and 4d) based on the cell counting for ice algae community
assemblage in this study. Indeed, in first-year ice, primary production by diatoms consumes a large amount of
Si(OH), (Tréguer & De La Rocha, 2013), and the slow dissolution of diatom frustules should limit the resupply
of Si(OH),. In contrast, in multi-year ice, the more protracted dissolution of diatom frustules should resupply
Si(OH),, eventually balancing the consumption of Si(OH), by primary production. However, in core JARES7_
P31.5 (the deepest core studied), Si(OH), concentrations plot well above the dilution line (Figure 7b), indicating
that the resupply of Si(OH), by dissolution of diatom frustules exceeded consumption.

Consistent with a previous sampling at the same location (Nomura et al., 2018), PO,*~ concentrations plot above
the dilution line in both first-year and multi-year ice (Figures 7c and 7d), suggesting resupply by the reminer-
alization of organic matter. The difference in the resupply rates of PO,*~ and Si(OH), is due to the fact that the
remineralization of PO, is faster than the dissolution of Si(OH), (Fripiat et al., 2017). Arrigo et al. (1995) calcu-
lated the high remineralization rates (35 pmol L= d=!) for PO,3- for the platelet-ice communities of McMurdo
Sound, Antarctica. Such high remineralization rates were considered due to bacteria or protozoan metabolism
(Grossmann et al., 1996; Thomas & Dieckmann, 2002).
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Figure 7. Plots of (a), (b) Si(OH),, (c), (d) PO,*~, (e), (f) NO;~, and (g), (h) NO,~ concentrations versus salinity in first-year
(left) and multi-year ice cores (right). Dilution lines are based on the nutrient concentrations and salinity of under-ice water.

NO,~ concentrations in most first-year and multi-year ice cores plot below the dilution line (Figures 7e and 7f).
This is expected for first-year ice, in which primary production consumes NO,~, as with Si(OH), and PO,*".
The PO,*~ concentrations are even higher than the NO,~ concentrations with respect to the dilution line
(Figures 7c—7f), likely indicating that remineralization of particulate organic phosphate to PO,3~ proceeds more
rapidly than the remineralization of particulate organic nitrogen to NH,* and nitrification of NH,* to NO,~
(Fripiat et al., 2017). Grosmann et al. (1996) observed that PO,3~ in the platelet-ice clearly exceeded that in the
water column while NO,~ concentrations were low in the platelet-ice than those in water column in the Weddell
Sea during late austral summer. These results support the higher remineralization rate of PO,*~ than that of NO;~.
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4. Conclusions

We investigated the effects of snow cover on the vertical distribution of nutrient concentrations and the long-term
remineralization process in multi-year, Antarctic fast sea ice. We analyzed thin sections to determine the ice
structure, which confirmed the upward growth of fast ice by the year-by-year formation of snow-origin ice. Verti-
cal profiles of biogeochemical components in the ice showed that the high nutrient concentrations of first-year
ice are transported downward by the subsequent formation of new snow-origin ice, eventually forming multi-year
ice. Because the atmospheric nutrient supply is limited by the purity of Antarctic snow, nutrient concentrations in
snow-origin ice decreased as the snow fraction increased.

Nutrients incorporated into columnar ice of seawater origin were dominantly processed by biological uptake
via primary production during the first year, but remineralization of degrading organic matter by heterotrophic
organisms and bacteria resupplied nutrients to multi-year ice. By analyzing data on first-year and multi-year ice
spanning several years in the same area, it was possible for the first time to determine the long-term cycling of
nutrients in fast ice.
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