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ABSTRACT

The Bering and Chukchi Seas are important oceanic regions of carbon dioxide (CO2) uptake owing to enhanced
gas solubility in cold surface waters and highly productive spring phytoplankton blooms. Over the past several
decades, sea ice extent in the Arctic Ocean has decreased and the ice-melt season has started earlier in the year,
but the biogeochemical impacts of these systematic changes are unclear. As these marginal seas of the Arctic
Ocean are quite shallow (mostly <60 m depth) there is extensive interaction across air-sea-sediment boundaries,
and export production rates are high during the spring bloom, delivering organic carbon to the sediments.
However, the subsequent transformations and fluxes of carbon in Bering and Chukchi Sea sediments have not
been directly quantified. In May-June 2021, we collected sediment cores at 5 stations spanning the eastern
Bering Sea and southern and eastern Chukchi Sea. These stations encompassed a range of surface water ice
coverage history, from greater than one month to less than one day of ice-free conditions. In the Chukchi Sea,
dissolved nutrient and inorganic carbon (DIC) effluxes from the sediments decreased northward. The highest and
most variable DIC fluxes were observed in the southern Chukchi Sea, north of the Bering Strait, ranging from 2.0
to 21.5 mmol m ™2 d’l, while the lowest DIC fluxes were observed at the northernmost Chukchi Sea station near
Cape Lisburne, ranging from 1.1 to 2.3 mmol m~2 d~!. Moving northward, the surface water had greater sea ice
concentrations, inhibiting surface productivity and air-sea exchange of CO». The reduced export of labile carbon
to the seafloor likely resulted in decreased benthic respiration and thus a lower flux of remineralization products
from the sediments to the water column. Some duplicate core measurements were highly heterogeneous,
especially in the Bering Sea, illustrating the dynamic nature of this macrofauna-dominated benthic environment
and the range of fluxes under different rates of infaunal activity. Core replicates with relatively higher effluxes of
remineralization products also had high fluxes of radon-222, a proxy for bio-irrigation in sediments, illustrating
the dominant role of benthic macrofauna in benthic-pelagic coupling in this region. While these observations
serve as a seasonal reference, they may also demonstrate how sedimentary fluxes will evolve under future
conditions wherein sea ice retreats earlier in the season.

1. Introduction

Over the past several decades, the maximum extent of sea ice in the
Arctic Ocean has decreased (Wang and Overland, 2009), and the

The Arctic Ocean is a significant sink for atmospheric carbon dioxide melt-season has lengthened by about 5 days per decade, with both an

(COy). Although it represents less than 5% of global sea surface area, it
accounts for up to 12% of global sea surface carbon uptake (Yasunaka
et al., 2018). Myriad processes influence carbon cycling in the Arctic
Ocean and its marginal seas, including air-sea exchange, temperature
and salinity, ice coverage, freshwater input, water mass circulation, and
primary productivity (Cai et al., 2010). The relative contributions of
these factors are changing as the Arctic undergoes rapid climate change.
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earlier melt onset and later freeze-up time (Stroeve et al., 2014). Sea ice
coverage has a strong influence on Arctic Ocean circulation patterns and
thus on the transport of nutrients and carbon, and the future changes to
the carbon cycle resulting from this systematic change to ice charac-
teristics are unclear.

The efficiency of carbon uptake in the Arctic Ocean is attributed to
the enhanced solubility of CO in cold, fresh water as well as the large
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atmosphere-ocean pCO; gradient caused by high summertime produc-
tivity and the export of carbon to sediments (Omar et al., 2007). Some
researchers predict that the rate of carbon uptake in this region will
increase as sea ice melt exposes greater surface water area (Bates, 2006).
However, others posit that the efficiency of CO uptake in the Arctic will
not change appreciably in the future; for example, the freshening of the
Arctic can also act to negate CO2 uptake as the buffering capacity is
diluted and enhanced stratification blocks carbon sequestration in
deeper waters (Cai et al., 2010; Woosley and Millero, 2020; DeGrandpre
et al., 2020). Increased zooplankton grazing under warmer conditions
could also decrease carbon export to sediments (Wang et al., 2019). The
heterogeneous nature of sea ice coverage, freshwater input, and water
mass circulation in the Arctic Ocean and its adjacent seas also compli-
cates this analysis. Some authors predict that the net annual Chukchi Sea
CO4, sink is decreasing based on remotely sensed chlorophyll-a concen-
trations (Yasunaka et al., 2018) and direct pCO2 measurements (Wang
et al., 2021), while others predict that the CO sink is increasing due to
enhanced primary productivity (Ouyang et al., 2020).

The Bering and Chukchi Seas are of particular interest in under-
standing Arctic Ocean biogeochemical cycles and carbon sequestration
because this region is the only gateway for nutrient and CO,-rich Pacific-
sourced waters to enter the Arctic Ocean (Coachman et al., 1981). The
transport of nutrient-replete Pacific waters to the euphotic zone of the
northern Bering and Chukchi Seas fuels high rates of primary produc-
tivity, stimulated in the spring by receding sea ice and increasing day
length. As such, the Chukchi Sea is one of the most productive Arctic
marginal seas (Arrigo and van Dijken, 2011) and the vertical export of
carbon is critical to carbon sequestration in this area (MacGilchrist et al.,
2014). However, the future fate of primary productivity and the bio-
logical pump in these seas is uncertain due to the earlier seasonal onset
of sea ice retreat and the increasing transport of Pacific waters through
the Bering Strait (Woodgate, 2018). Some authors have shown increased
primary productivity due to a longer open-water season and the pres-
ence of melt ponds that increase light penetration, enhancing under-ice
blooms (Arrigo et al., 2012), while others hypothesize that early spring
nitrate exhaustion reduces the overall carbon uptake in the Chukchi Sea
(Kwon et al., 2022). The Bering and Chukchi Seas are shallow (<60 m)
and therefore interact extensively with the sediments, which may also
impact carbon cycling and long-term storage.

The seasonal cycles of sea ice and productivity in the Arctic also
influence the cycling of nutrients in this region. The storage and trans-
formation of nutrients and carbon in sediments can impact their surface
water distribution, especially in shallow shelf regions with substantial
benthic-pelagic coupling such as the marginal seas of the Arctic Ocean
(Dunton et al., 2005). Studies of biomass and macrofaunal distribution
in western Arctic sediments have shown that this region is dominated by
perennial infauna including amphipods and bivalves (Grebmeier, 1987,
1989) and that water mass dynamics strongly influence sedimentary
carbon deposition (Grebmeier et al., 1995). More recent work has shown
that the region just north of the Bering Strait is a benthic macrofauna
biomass “hotspot” with concentrations up to 25 g C m~2 (Grebmeier
et al., 2015). This results in part from the incomplete consumption of
primary producers by zooplankton in the region, leading to high rates of
export production (Campbell et al., 2009) and benthic control of upper
trophic levels (Grebmeier, 2012). While the delivery of organic carbon
to sediments is well-characterized in the Bering and Chukchi Seas, there
is relatively little information about the subsequent transformation of
this material and the efflux of inorganic carbon, which could have
important impacts on carbon cycling and sequestration. Sediment-water
CO;, fluxes have been indirectly estimated for this area via sediment
oxygen demand (SOD, Moran et al., 2005; Grebmeier, 2012). Based on
these estimates, Moran et al. (2005) showed a two-fold increase in
benthic carbon respiration between May and July of 2002 on the
Chukchi Sea shelf. This increase was attributed to increased export
production, as particulate organic carbon (POC) flux increased about
fourfold in the same time period. Due to increased water column
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grazing, POC export and benthic respiration were decoupled as the
summer progressed. While this previous work provides foundational
estimates of benthic inorganic carbon content, to date there have been
no direct quantifications of the contribution of sediments to COz cycling
in this region. The climate change-driven transformations in sea ice
coverage, primary production, and water mass transport further moti-
vate the investigation of benthic fluxes of inorganic carbon, especially
with regards to regional acidification, which has already been observed
in the Bering (Sun et al., 2021) and Chukchi Seas (Yamamoto-Kawai
et al., 2016). A holistic understanding of biogeochemical cycling in this
region is important for predicting future carbon uptake in a changing
climate as well as downstream effects on the Arctic Ocean basin.

Here we quantify fluxes of dissolved inorganic carbon (DIC), total
alkalinity (TA), and nutrients (nitrate, ammonium, silicic acid, and
phosphate) at the sediment-water interface at five locations in the
Bering and Chukchi Seas (Fig. 1). Fluxes of radon-222 (222Rn) were also
measured as an indicator of non-diffusive transport facilitated by
infaunal irrigation. These fluxes were measured in late spring
(May-June 2021) and span a range of ice coverage conditions. The re-
sults are used to discern the indirect effects of ice coverage on sediment-
water interactions and are compared to the overlying water column
conditions and to previous flux estimates.

2. Methods
2.1. Water column sample collection

Discrete water column samples were collected at 14 stations onboard
the R/V Sikuliag from May 20 to June 14, 2021. Samples in open
seawater were collected into 30 L Niskin bottles before subsampling. DIC
samples were collected into 20 mL borosilicate vials with aluminum
crimp lids and PTFE septa and were preserved with saturated mercuric
chloride to a final concentration of 0.05% v/v. Nutrient samples (N, P)
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Fig. 1. Sediment core locations with station and regional identifiers from cruise
SKQ2021-08 S. Bathymetry shown by the color scale is from the etopol dataset
(Armante and Eakins, 2009). The map was generated using Ocean Data View
version 5.6.3 (2022).
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were filtered through glass fiber filters (GFF, nominal pore size 0.7 pm)
into 20 mL HDPE vials and frozen to < -20 °C. Salinity samples were
collected into 250 mL glass bottles and analyzed within 2 days on a
shipboard Portasal salinometer. Samples for pH were collected directly
from 30 L Niskin bottles into 10 cm pathlength stoppered quartz cu-
vettes (~35 mL volume), allowing at least one volume overflow to
extrude bubbles.

2.2. Sediment cores and incubation sampling

A multi-corer was used to collect replicate gravity cores (9.5 cm ID)
at 5 stations (Fig. 1). Two of these, with undisturbed sediment-water
interfaces, were selected for core incubations. Immediately after multi-
core retrieval, each core was plugged at its base and a piston with a
tube allowing water through-flow was inserted in the tube top, taking
care to avoid trapping bubbles. The piston was advanced to a position
where about 15 cm of coretop water remained (~1 L water volume), and
the incubation began. Incubations were carried out in a dark cold room
(~3 °C) for 1 week using the methodology of Hammond et al. (2004).
Briefly, the sampling piston was advanced as water aliquots were peri-
odically removed for analysis. For each interval, time divided by water
column height was computed and concentrations were plotted against
the sum of this parameter. If flux is constant, this relationship should be
linear, and flux can be calculated from a linear regression to the
observed data. A stirring bar housed just below the piston was rotated
continuously at ~40 rpm, which kept the overlying water well-mixed
and should limit the boundary layer thickness of water just above the
sediment-water interface to about 100 pm (Hammond et al., 2004).
Porewater profiles of the analytes measured are expected to have
significantly longer length scales, so stirring rate is not expected to
strongly affect the measured fluxes. Temperature (3-4 °C) was moni-
tored during the incubation, and a small correction was made to adjust
fluxes to in situ temperature. Samples were drawn at various times for
DIC, pH, nutrients, and 222pn. Water remaining at the conclusion of the
experiment was used for analysis of radium isotopes (223, 224 and 228);
these results will be discussed elsewhere. After the incubation experi-
ments were completed, one replicate sediment core was sectioned into 1
cm segments. During sectioning, it was clear that sediments contained
abundant worms, sand dollars, gastropods, clams, shrimp-like creatures,
and some burrows extending as deep as ~22 cm. Incubation core 2 A
captured a cnidarian that emerged about 7 cm from its burrow during
the incubation (Fig. S1), explaining the very large solute flux observed in
this core relative to its replicate (2 B). At some stations, active irrigation
was evident by the presence of mineralized tube structures with rusty
coatings, at depths up to 22 cm. Cores were a lighter color near the
surface, likely a more oxidized region, with a few exhibiting black
pockets at depth, likely reflecting the presence of iron sulfides.

2.3. Analytical measurements

DIC, pH, and nutrients were sampled from the overlying water in the
incubation apparatus at multiple time-points throughout the incubation.
For sediment flux incubations, DIC samples were collected into the same
vial type and preserved using the same method as the water column
samples. DIC was analyzed in the laboratory within six months of
collection using a Shimadzu TOC-L Analyzer (USGS, 2019) calibrated
with CO, CRMs with an average run precision of +£4.5 pmol kg™! or
0.2%.

Sample pH was analyzed at 25 °C within ~1 h of collection using an
Agilent Cary60 UV/Vis spectrophotometer and m-cresol purple indica-
tor dye, following Dickson et al. (2007). The dye solution was prepared
to a concentration of 2.05 mM, amended with aqueous NaOH to a pH of
8.03, and stored in a 20 mL HDPE container covered with foil and in the
dark. The m-cresol purple dye was not purified, and this can lead to
errors on the order of 0.005-0.01 pH units (Douglas and Byrne, 2017),
which has been accounted for in data presentation and error
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propagation. The sample cells were brought to 25 °C in a water bath for
at least 30 min, after which blank absorbance readings were taken. 50 uL
of m-cresol purple dye solution was then added to the sample before
measuring the absorbance again at 730, 578, and 434 nm. The final pH
at 25 °C was calculated as described in Clayton and Byrne (1993). In-situ
pHr was later calculated using DIC, salinity, and temperature in CO2SYS
(Humphreys et al., 2022).

Salinity was measured within 2 days of sample collection using a
shipboard Portasal Salinometer 8410 A. Salinity samples were cali-
brated against IAPSO standard seawater, and the average sample pre-
cision was 0.006. The salinity results presented here are unitless
practical salinity values, following TEOS-10.

Time-series overlying water samples were analyzed at UConn for
ammonium (NHY), phosphate (POﬁ_), nitrate (NO3), and nitrite (NO3)
using a SmartChem 200 discrete auto-analyzer. Nitrate was measured
following SM 4500-NOs-E (APHA, 2011) and EPA 353.2, Rev. 2 (EPA,
1993) using Cd reduction and calibrated against standard solutions
ranging from O to 20 pM in artificial seawater (LOD 0.47 pM, replicate
precision 0.16 pM, sample precision 0.59 pM). Nitrite was measured
following SM 4500-NO2-B (APHA, 2013) and EPA 353.2 (EPA, 1993)
and calibrated against standard solutions ranging from 0 to 20 pM in
artificial seawater (LOD 0.44 pM, replicate precision 0.18 pM, sample
precision 0.03 pM). Ammonium was measured following SM-4500-NH3
F (APHA, 1997) and calibrated against standard solutions ranging from
0 to 20 pM in filtered aged seawater (LOD 0.92 uM, replicate precision
0.14 puM, sample precision 0.36 pM). Phosphate was measured following
SM 4500-P-E (APHA, 1999) and calibrated against standards ranging
from O to 10.5 pM in MilliQ water (LOD 0.46 pM, replicate precision
0.02 pM, sample precision 0.08 uM). Core incubation samples for silicate
were filtered through polyether sulfone (PES) filters and refrigerated
until analysis using the colorimetric methodology of Parsons et al.
(1984) with a precision of +3% or +1 puM, whichever is larger.

Rn-222 was measured by drawing about 60 mL of overlying water
from the incubation cell into a syringe, using a vacuum extraction
technique to transfer it into a Lucas Cell, and counting the cell with an
Applied Techniques counter (Berelson et al., 1987). Equations for
calculating fluxes of a short-lived radionuclide using a core incubation
can be found in Kemnitz and Hammond (2022). Initial core-top water
concentration was assumed to be equal to bottom water collected from
Niskin bottles at each station, an assumption validated by the similarity
of initial core-top water nutrient concentrations to bottom water
samples.

2.4. Computation

TA and the saturation state of aragonite (Qarag) were calculated from
DIC, pHry, salinity, temperature, phosphate, and silicate using the
PyCO2SYS Python package (Humphreys et al., 2022). The empirical
constants used in these calculations were those of Lueker et al. (2000),
Dickson and Riley (1979), Dickson (1990), and Lee et al. (2010).

Sediment-water fluxes were calculated by the approach of Hammond
et al. (2004), using the slope of a linear regression of concentration
versus the integrated ratio of time/height in each core (Fig. S2). To best
approximate in-situ conditions, only time points within the first 3.5 days
of incubation were included in the flux calculation. This method mini-
mized long-term incubation artifacts appearing as infauna became
oxygen-stressed and increased irrigation rates. Though oxygen was not
directly measured, a notable shift in inorganic nitrogen speciation from
nitrate to ammonium consistently occurred after three days, indicating a
transition to low-oxygen conditions. Elevated irrigation rates, likely due
to oxygen stress to infaunal organisms, were also evident in the silicic
acid fluxes that sometimes increased dramatically after ~3 days. Flux
uncertainties are reported as either the standard error of the linear
regression or the propagated regression error from analytical uncer-
tainty, whichever is larger.
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3. Results & discussion
3.1. In-situ conditions

The initial biogeochemical conditions of the overlying water for each
incubated sediment core are summarized in Table 1. Stations are or-
dered from south to north reading from the top to bottom of table. All
stations have a water column depth <50 m (see Fig. 1). Stations 2 and 14
are in the Bering Sea near the mouth of the Yukon River, which dis-
charges ~200 km? yr~! freshwater to the northern Bering Sea, with peak
discharge rates in June (Yang et al., 2009). Station 14 is more influenced
at the surface by freshwater inputs than station 2. Accordingly, higher
sea surface temperature (SST) and lower sea surface salinity (SSS) were
observed at station 14 than at station 2 (SSS = 24.7 and 30, SST = 5.0
and —0.57 °C for stations 14 and 2, respectively). Due to the spring
freshet, the Yukon River discharge rate rapidly increased from less than
100,000 cfs (~2800 m3/s) at the beginning of May 2021 to greater than
500,000 cfs (~14000 m3/s) in the weeks leading up to our sampling
period. Station 2 was sampled early in the study period on 23 May, while
station 14 was sampled several weeks later, on 6 June.

The remaining three stations were in the Chukchi Sea. Station 12 is in
the southern Chukchi Sea (Hope Sea Valley) and is influenced by the
summertime flow of Bering Shelf-Anadyr Water (BSAW) which is
nutrient-rich and supports high rates of primary productivity (Lowry
etal., 2015). As such, this region supports high concentrations of benthic
macrofaunal biomass of up to 25 g C m~2 (Grebmeier et al., 2015).
Station 12 had similar bottom water DIC and salinity characteristics as
stations 2 and 14 in the Bering Sea, while stations 4 and 9 (eastern
Chukchi Sea) had higher bottom water DIC and salinity by about
100-200 pmol kg™! and 1, respectively, than the other three stations
(Table 1). Stations 4 and 9 are in the eastern Chukchi Sea, north of Cape
Lisburne, AK. Stations 4, 9, and 12 are all influenced by the nutrient-rich
BSAW at the surface, indicated by SSS >30.5 (Pisareva et al., 2015).
Both stations 4 and 9 had initial NO3 and Si bottom water concentra-
tions which were significantly higher than the three more southerly
stations. The initial conditions in the eastern Chukchi Sea bottom waters
are representative of newly-ventilated and remnant winter waters which
are cold and saline and have accumulated remineralization products
from benthic respiration and the northward flow of Pacific-sourced
winter waters (Pisareva et al., 2015). Accordingly, bottom water pHr
was lower by ~0.2 units at these northern Chukchi Sea stations as well.

The spatial and temporal resolution of this study captured a broad
range of ice coverage characteristics (Fig. S3). Stations 2 and 14 in the
Bering Sea had been fully ice-free for over a month at the time of sam-
pling. Station 12 just north of the Bering Strait had been ice-free for
about one month, though the surrounding waters still had minimal ice

Table 1
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coverage of less than 25% (NSIDC Sea Ice Index, Fetterer et al., 2017).
Stations 4 and 9 in the northeastern Chukchi Sea were in an area of
active sea ice retreat. Station 4 was partially ice-covered with a sea-ice
concentration of at least 50% in the weeks preceding sampling. In
contrast, station 9 was at least 75% ice-covered for several weeks prior
to sampling and represents the best baseline in our study for
sediment-water fluxes at the end of the ice-covered season.

3.2. Solute concentration changes during incubations

Fig. 2 shows the trends in DIC, pHr, silicate (Si), TA, and Qqrag in the
overlying water throughout the incubation for each replicate sediment
core. At some sites, replicate cores had similar rates of solute change, but
others (particularly stations 12 and 14) had distinctly different trends in
DIC change, likely due to greater macrofaunal irrigation in one of the
replicates. A similar pattern is apparent in 2*?Rn and silicate fluxes, as
both solutes had higher fluxes in the replicate with higher DIC flux. The
222Rn profiles are not shown, as 22?Rn fluxes are based on a single
sampling about 2 days after each incubation began.

For all stations, DIC increased consistently over time. While DIC rates
of change were highly variable among core replicates, similar trends
were consistent across independent biogeochemical measurements. For
example, variations in DIC concentrations among replicate cores agreed
well with corresponding differences independently observed in pHr
measurements (Fig. 2a and b). These differences can be strongly
modulated by infaunal activity, and the replicate heterogeneity illus-
trates the range of sedimentary processes observed at small spatial scales
in this region (e.g., Souza et al., 2014). Table 2 summarizes the sediment
characteristics and qualitative visual identification of infauna for each
core. We acknowledge that our core replicates may not fully capture the
entire range of solute fluxes that can occur at a given station. Therefore,
we recommend using multiple replicates for future benthic flux de-
terminations in this region to ensure a more comprehensive under-
standing of solute flux variability.

The tight coupling between DIC increase and pHy decrease over time
at all stations indicates that organic matter respiration, producing CO4
and H', was the dominant control on carbonate system changes. The
production of H' in pore waters resulting from benthic respiration is
often coupled with sedimentary carbonate dissolution (Brenner et al.,
2016). Because DIC efflux results from dissolved CO-, bicarbonate, and
carbonate, the DIC efflux resulting from respiration is not due to the
signal of organic matter remineralization alone, but rather to the com-
bined processes of respiration and carbonate dissolution.

Due to the decreasing pHy with time resulting from respiration, the
carbonate pool shifted to bicarbonate, resulting in a stark decrease in
Qarag over time (Fig. 2e). Notably, the initial Qg at all stations was

Initial biogeochemical conditions of the overlying water in each sediment core incubation. From left to right, stations are ordered north to south. Initial samples were
drawn when temperatures were stabilized, ~2-3 h after collection, which may partially explain the slight variability of replicates.

Sample 2A 2B 14A 14B 12A 12B 4A 4B 9A 9B
Latitude [dd] 62.00 63.00 67.00 69.00 69.76
Longitude [dd] -168.54 -167.37 -168.00 -167.35 -166.93

Water column depth 33 39 34 47 46
[m]
Salinity 31.50 31.22 31.24 32.52 33.25
Temp. [°C] 1.60 0.04 0.82 1.69 1.75
DIC (SD) [pmol kg'l] 1999.6 2008.8 2015.7 2011.5 1979.5 1972.8 2135.9 2151.2 2248.8 2242.7
(2.5) (2.2) (2.0) 1.4 (1.5) (1.1 2.7 (1.0) (9.5) (4.8)
TA (SD) [pumol kg'] 2069.2 2082.5 2135.8 2124.6 2212.1 2115.7 2199.7 2210.3 2309.0 2304.7
(4.0) 3.9 (4.5) 4.9 (4.5) (8.3) (4.2) 3.1 (3.5) (4.0)
pHt 7.874 7.887 8.041 8.032 8.112 8.119 7.839 7.837 7.819 7.826
NO3 (SD) [pmol L] 5.14 (0.05)  4.44 (0.02) 1.32(0.12)  0.95(0.14) 1.48 (0.12) 1.35 (0.04) 11.46 10.78 15.98 15.05
(0.04) (0.11) (0.10) (0.07)
NHZ (SD) [pmol LY 2.81 (0.18) 2.11 (0.00) 0.22 (0.02) 0.64 (0.09) 0.00 (0.00) 0.00 (0.00) 1.36 (0.17) 1.48 (0.04) 2.04 (0.02) 1.77 (0.26)
PO} (SD) [pmol L] 1.08 (0.03) 1.05 (0.02) 0.67 (0.01)  0.71 (0.00) 0.75(0.01)  0.78 (0.01) 1.60 (0.01) 1.50 (0.00) 1.65 (0.02) 1.50 (0.00)
Si (SD) [pmol L] 12.4 (0.3) 13.3(0.3) 1.4 (0.0) 1.4 (0.0) 1.8 (0.0) 1.6 (0.0) 27.7 (0.6) 27.6 (0.6) 34.4 (0.7) 34.4 (0.7)
Qarag (SD) 0.96 (0.07) 1.00 (0.07) 1.39 (0.10) 1.32(0.09) 1.57 (0.11) 1.57 (0.11) 0.96 (0.07)  0.92(0.07)  0.96 (0.07)  0.97 (0.07)
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Fig. 2. (a) DIC, (b) pHry, (c) silicate, (d) TA, and (&) Qarag
changes over time in overlying water for each station. In
each subplot, replicate A is shown in black and replicate B
in green. Note that DIC, pHr, and Si are direct measure-
ments, while TA and Q,.,; were calculated using CO2SYS.
Y-axis error bars show the analytical uncertainty of tripli-
cate analyses for measured parameters (a—c), or the prop-
agated uncertainty for calculated parameters (d-e). Slopes
of these plots reflect both benthic flux and the height of
water above the sediment, which decreased due to sam-
pling as the incubation progressed. Fluxes were calculated
from the regressions shown in Supplemental Fig. 2.
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Table 2

Sediment core descriptions. From top to bottom, stations are ordered south to
north. Sediment descriptions and infauna identification are visual and qualita-
tive and were conducted at the end of the incubation.

Core  Latitude Longitude Core Sediment Infauna
(dd) (dd) length description observations
(cm)
2A 62.00 —168.54 14 Muddy, 3 open Live cnidarian
burrows at the (~1cm
top diameter, see
Fig. $2)
emerged ~7
cm from a
burrow during
the incubation.
2B 12 Muddy -
14A  63.00 —-167.37 33 Light brown silty Putative
sand at top few polychaete
cm, transition to tubes (rigid,
gray, then black conical tubes,
at depth, several ~2 cm long,
empty burrows <1-2 mm
diameter,
orange-tinted),
found at the
surface. Thin
red worms,
clam shells at
various depths,
and a large
gastropod at
25 cm.
14B 33 Similar >15 conical
characteristics as tubesasin 14 A
14 A at the surface.
Red worms and
burrows to 20
cm depth.
12A  67.00 —168.00 25 Fine brown mud, 8-10 live
3 burrows at the arthropods
top (~5 mm long),
a few immobile
thin red worms
(possibly dead)
at the surface.
Live mollusc at
6 cm.
12B 25 Fine brown mud, 3 thin red
2 burrows at the worms near
top. Darker mud surface,
below 2 cm. cnidarian in a
Open burrow burrow near
with oxidized surface, small
margin at 22 cm. mollusc at 1
cm, larger
mollusc at 2
cm. Two small
arthropods at 9
and 16 cm.
4 A 69.00 -167.35 26 Muddy, upper 1 Small
cm flocculentand  echinoderm
core bottom stiff. and two small
Many pockmarks molluscs at the
at the surface, surface. <1
possible mm diameter
amphipod red worms at
burrows 25 cm.
4B 24 Similar Small
characteristics as echinoderm
4A and a few red
worms at the
surface.
9A 69.76 —166.93 25 Brown mud with One live worm

6 burrows at the and >10 small

surface. Regions arthropods
of black, reduced (<3 mm) at the
sediment at surface.
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Table 2 (continued)

Core  Latitude Longitude Core Sediment Infauna
(dd) (dd) length description observations
(cm)
depth. Many Mollusc shells
burrows at depth. at 20 cm.
9B 25 Similar Putative
characteristics as bryozoan at

9 A, few pebbles surface. Small
at the surface. thin worms at
Red coloration depth.

(iron oxides) at

20 cm

surrounding an

indurated tube.

<1.5, and aragonite always became undersaturated (Qarag < 1) through
the course of the incubation. The low bottom water Q¢ observed here
is consistent with previous observations of bottom water Qurag < 2 in the
Bering and Chukchi Seas due to waters influenced by the shoaling of
deep Pacific waters, benthic respiration, and low-alkalinity riverine
input, leading to high DIC/TA (Mathis et al., 2011; Yamamoto-Kawai
et al., 2016; Sun et al., 2021).

NO3 and NHZ had less consistent trends across cores (Fig. S2), which
may reflect differences in the dominant nitrogen utilization and pro-
duction pathways in the surface sediments and in the water column. The
rate of change in NHJ often increased after 3-4 days of incubation, likely
indicating a more reducing, low-oxygen condition in the cell. As pore-
water nitrogen speciation was not measured, it is unclear whether
transformations between organic N, NO3, and NHJ occurred in the
sediments or in the overlying water. For that reason, nitrogen fluxes are
considered here as the total dissolved inorganic nitrogen (DIN), the
combination of NO3 and NHJ fluxes (nitrite concentrations were non-
detectable).

3.3. Sediment-water fluxes

Solute fluxes from the sediment to the overlying water were calcu-
lated as a linear regression of the first three time points of water con-
centration versus the time to height ratio (Fig. S2). Excluding incubation
time points beyond ~3.5 days (~25 days m ') minimized closed-system
artifacts of long-term incubation. Fig. 3 shows the fluxes from sediments
to the water column for selected biogeochemical parameters. Positive
values indicate a flux from the sediment to the overlying water (efflux),
while negative values indicate a flux from the water into the sediment
(influx).

3.3.1. Carbonate system fluxes — DIC and TA

The three southernmost stations had the greatest and most variable
DIC fluxes (Fig. 3a), between 1 and 25 mmol m 2 d!, as compared to
the two northernmost stations which always had fluxes <10 mmol m 2
d! and mostly <5 mmol m~2 d~L. DIC, pHr, phosphate, silicate, and
salinity measurements were used to compute total alkalinity (TA) fluxes
(Fig. 3b). TA fluxes also displayed spatial heterogeneity, with stations 2
and 12 (Bering Shelf and southern Chukchi Sea) having high and vari-
able fluxes of 0-13 mmol m~2 d~! in contrast to stations 14 and 4
(northern Bering and eastern Chukchi Seas) which had lower fluxes of
1.5-3.0 mmol m~2 d 1. TA efflux corresponded positively to DIC efflux
(r=0.74,p=0.015,n = 10). The source of the DIC from these sediments
is likely respiration of organic carbon, with additional contributions
from dissolution of shell carbonate, which also contributes to TA efflux.
The maximum source of shell carbonate can be estimated based on the
alkalinity flux, divided by 2 peq/pmol. However, some of the alkalinity
flux might also reflect oxidation of organic carbon through sulfate or
ferric oxide reduction, coupled with precipitation of iron sulfides.
Assuming the alkalinity flux reflects carbonate dissolution alone, the
DIC flux from organic carbon oxidation should be greater than 4-11
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mmol m2 d7! and 2-18 mmol m 2 d~! at stations 12 and 14,
respectively.

Sediment-water effluxes of organic matter remineralization products
such as DIC, DIN, and Si were lower in the eastern Chukchi Sea, likely
due to a combination of lower export production and inhibited air-sea
exchange, causing the accumulation of DIC, DIN, and Si in the water
column. Though these are the first directly measured benthic DIC fluxes
reported for this region, they are similar to or slightly lower than those
reported in the Baltic Sea region (~15-60 mmol m~2d~!, Hall et al.,
2017), lower than those reported in subtropical environments
(~15-100 mmol m~2 d~}, Alongi et al., 2011), and slightly higher than
those reported in the Barents Sea (<2 mmol m™2 d’l, Freitas et al.,
2022). Assuming that our DIC fluxes primarily result from organic
matter respiration and concurrent carbonate dissolution, these

comparisons are consistent with the expectation that benthic respiration
is higher in low-latitude environments and decreases poleward, as
temperature strongly modulates benthic respiration rates (Hancke and
Glud, 2004). However, despite the relatively consistent bottom water
temperature across the study region, DIC fluxes showed a strong spatial
variation across the study area. While temperature plays an important
role in benthic respiration, the supply of organic matter to the sediments
(O’Daly et al., 2020) and the benthic macrofaunal composition (Greb-
meier et al., 2015) are heterogeneous in this region and important
additional controls on the observed spatial variation in fluxes.

Our reported DIC fluxes for the eastern Chukchi Sea agree reasonably
well with springtime benthic carbon respiration rates derived from
sediment oxygen demand (SOD) in the western Arctic Ocean (~0.5-5
mmol C m2 d!, Moran et al., 2005). In the decade 2000-2010,
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Grebmeier (2012) observed elevated sediment oxygen consumption
relative to the northern Chukchi Sea in the Hope Sea Valley (near our
station 12) of ~25 mmol m~2 d L. Assuming a ratio of 138 mol of Oy
consumed for every 106 mol of CO, produced in microbial respiration
(Redfield, 1934), this corresponds to a DIC efflux of ~19 mmol m~2d7l,
which agrees with our DIC flux observations of 2-21.6 mmol m~2d ! at
this station. The agreement between our direct DIC flux measurements
and those calculated from SOD indicates that SOD can still be reasonably
used to estimate the benthic inorganic carbon contribution. This would
be advantageous as SOD measurements are more readily available for
this region (Grebmeier, 2012). However, the observed heterogeneity of
DIC fluxes in comparison to oxygen merits further study to constrain the
uncertainty of both direct carbon flux measurements and of their esti-
mation from SOD. Additionally, it should be noted that the mechanisms
of inorganic carbon and oxygen effluxes from sediments differ such that
SOD cannot fully constrain benthic respiration, especially in
oxygen-deficient sediments where processes other than aerobic respi-
ration produce significant amounts of COy at depth which can be
mobilized by infauna (Aller, 2004).

The eastern Chukchi Sea had been covered by ice as recently as one
day prior to sampling (Fig. S1) while the southern Chukchi and northern
Bering Seas had been ice-free for several weeks longer. During the ice-
covered season, two important sinks for water column CO; are inhibi-
ted: 1) ice coverage causes light limitation of primary productivity while
heterotrophs remain active (Garneau et al., 2007), and this is reflected in
the high initial DIC concentrations at stations 4 and 9, and 2) sea ice
coverage slows (but does not fully inhibit) air-sea gas exchange (Semi-
letov, 1999). During winter, DIC accumulates in the water column in
areas of ice coverage, though pCO, remains undersaturated due to the
elevated solubility of CO5 in cold water (Bates, 2006). The bottom wa-
ters of the eastern Chukchi Sea are also influenced by the flow of cold,
saline Bering Sea winter water which is rich in remineralization prod-
ucts (Pisareva et al., 2015). The eastern Chukchi Sea also has relatively
low export production, benthic biomass, and sediment oxygen demand
(O’Daly et al., 2020; Grebmeier et al., 2015; Grebmeier, 2012). Elevated
water column DIC was observed in the eastern Chukchi Sea at the time of
sampling, likely due to the retreat of sea ice only a few hours or days
prior. The eastern Chukchi Sea is a CO3 sink on an annual basis and sea
ice retreat leads to intense phytoplankton blooms which serve to draw
down COs (Bates, 2006). Our observations, particularly at ice-covered
station 9, captured the sediment-water relationship prior to significant
surface water DIC drawdown and organic matter production, wherein
sediment-water DIC fluxes were low due to low springtime respiration
rates.

DIC fluxes showed a negative correlation with the overlying water
DIC concentration; higher effluxes were observed in areas with lower
bottom water DIC (Fig. 4, r = —0.98, p = 0.003, n = 5 when flux rep-
licates are averaged). The eastern Chukchi Sea had the highest bottom
water DIC concentrations of ~2140 and 2245 pmol kg™! for stations 4
and 9, respectively, as compared to ~1975-2015 pmol kg™! in the
southern stations. While the strong relationship between overlying
water (OLW) DIC and DIC efflux may indicate diffusive flux limitations,
it is also possible that this correlation reflects the reduced rate of organic
carbon export in the northerly stations. This would indirectly lead to the
correlation between DIC and DIC flux due to a lack of DIC drawdown in
the water column and lack of labile material supplied to the benthos to
fuel respiration.

3.3.2. Nutrient effluxes and relationships with DIC

In contrast to the eastern Chukchi Sea, relatively high effluxes of
remineralization products from the sediments were observed in the
southern Chukchi Sea at station 12, which had been ice free for over 30
days. This station is in an area of high macrofaunal benthic biomass with
concentrations up to 25 g C m~2 (Grebmeier et al., 2015) owing to the
influx of nutrient-rich Pacific waters and subsequent high rate of export
productivity following sea ice retreat (Lowry et al., 2015). In this region,
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macrofaunal biomass has also been associated with greater
sediment-water ammonium efflux indicating active benthic respiration
(Henriksen et al., 1990). Accordingly, the high fluxes of the remineral-
ization products DIC, DIN, and PO3 ™ observed at station 12 were similar
to those observed in the Bering Sea (Fig. 3).

Although the oxidation of organic matter estimated from DIC flux
(using alkalinity flux to estimate possible carbonate dissolution) pro-
vides only a lower limit, it is still worthwhile to estimate the ratio of this
parameter to total N flux (Fig. 5a). While the ratio for one core (14 A) is
comparable to the Redfield ratio of 6.6, most other cores have signifi-
cantly higher ratios. This suggests that a large fraction of the N fixed by
phytoplankton is lost to denitrification. The highest ratios of DIC to DIN
fluxes were observed on the Bering Shelf, especially at station 2. This is
consistent with previous observations of coupled nitrification and
denitrification on the Bering Shelf and enriched §'°N of surface sediment
in the early spring (Granger et al., 2011), as well as high rates of sedi-
ment denitrification (accounting for 4-13% of the global total) in
Chukchi Sea sediments under areas of high export production, regard-
less of ice coverage (Chang and Devol, 2009; Hardison et al., 2017).

The eastern Chukchi Sea (station 9) was the only station with a net
PO3 ™ influx, though it was small, —0.03 mmol m2d! (Fig. 3d). This
was also the only station that had a net TA influx to the sediment of ~
—2 mmol m~2 d~! despite a modestly positive DIC flux. Marine sedi-
mentary phosphate uptake is often associated with the presence of ferric
oxides (Sundby et al., 1992). If the negative alkalinity fluxes at this site
reflect oxidation of iron sulfides, ferric oxides are likely forming and
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adsorbing phosphate. However, the mechanisms are difficult to evaluate
without solute pore water profiles.

The fluxes of the remineralization products DIC, DIN, and PO:O';’ all
decreased northward in the Chukchi Sea (Fig. 3). This was concurrent
with a northward trend of increasing bottom water concentrations of
these parameters. The decreasing northward fluxes most likely reflect
the lower rates of benthic respiration and the relationship between ice
retreat and benthic-pelagic coupling. Ice retreat allows for light pene-
tration and nutrients accumulated over the winter to fuel primary pro-
ductivity, increasing the export of labile organic matter to the sediments
and fueling benthic respiration. One measure of this is the DIC/Si flux
ratio (Fig. 5b). A higher DIC/Si ratio indicates respiration of more labile
material, as benthic microbes will preferentially consume the more
carbon-rich material. As the supply of diatoms to sediments decreases,
the DIC/Si flux ratio should decrease as the more refractory material
containing more Si is consumed. The DIC/Si flux ratio showed consid-
erable geographic variation, with high values in the southernmost sta-
tions which had been ice-free for at least one month, and low values in
recently ice-free northern sites (station 9). This reflects the more rapid
decomposition of organic C relative to biogenic Si (Conley et al., 1993),
as recently ice-free sediments are still dissolving some of previous year’s
deposited diatom Si but have exhausted the labile carbon supply. In the
northeastern Chukchi Sea, export fluxes primarily composed of diatoms
are low during the winter season and begin to peak during June as sea
ice retreats (Lalande et al., 2020). As sea ice retreats, the flux of sym-
pagic algae to sediments increases (Lalande et al., 2020), and low rates
of zooplankton grazing maintain high export ratios (Campbell et al.,
2009). The northward decrease in the DIC/Si flux ratio is consistent with
the expectation that greater ice coverage inhibits the export of fresh
diatoms to the benthos.

3.3.3. Radon-222 and the role of bio-irrigation

Radon-222 (**?Rn) is a radioactive noble gas produced by the
o-decay of radium-226 (2?%Ra).?2°Ra is highly particle-reactive and
sorbs to sediments. By contrast, its decay product 22Rn is water-soluble
and can readily dissolve into porewaters. As a noble gas, 2?Rn is bio-
logically inert, so its only source is decay of 22°Ra and its only sinks are
radioactive decay and physical transport from its source region. 2?2Rn is
transferred from porewater to the overlying water by both diffusive and
non-diffusive transport. When organisms actively irrigate sediments, the
diffusive flux is augmented, offering an indication of the extent of irri-
gation activities (Callender and Hammond, 1982). The 222pn data allow
us to resolve the contribution of bio-irrigation as compared to molecular
diffusion as mechanisms of solute efflux (see Supplemental

Information).

Rn emanation rates from solid phases were measured (2 horizons
from one core per station) and used to predict diffusive fluxes. Results
indicated that the lower Rn fluxes observed (Fig. 3e) were comparable to
predicted diffusive fluxes (~18-27 atoms m~2s™1), while larger fluxes
indicated substantial bio-irrigation. The most extreme example occurred
during incubation of core 2 A, as a small cnidarian gradually emerged
from the sediments (Fig. S1). The Rn flux for this core was more than 6
times the predicted diffusive flux, indicating the substantial influence of
bio-irrigation on sediment-water solute flux for this sample. Following
incubations, cores were cut open and examined, and a variety of bio-
irrigating infauna were visually identified in nearly all cores (Table 2).
The dominant role of macrofauna in benthic-pelagic coupling in this
region has been well-demonstrated (Grebmeier et al., 1989), and our
study directly quantifies this effect with regard to the sedimentary efflux
of inorganic carbon.

In general, when replicate cores at each station are compared, the
fluxes of 22?Rn (Fi g. 3e) correspond well to those of the remineralization
products DIC (Fig. 3a), DIN (Fig. 3c), and Si (Fig. 3f). However, the ratios
of 222Rn and DIC effluxes were quite different across stations. For
example, at station 9, DIC efflux was low (<5 mmol m2dhH despite a
relatively high 22?Rn efflux of 29-72 atoms m~2 s~ that indicated bio-
irrigation by infauna. Variations in Rn emanation rate from solid phases
are modest in the study area (Supplemental Information), and there does
not seem to be a strong geographic difference in average benthic Rn
fluxes (Fig. 3e). Consequently, despite infaunal activity promoting so-
lute mobility, the low average DIC efflux in the northern regions implies
that there were low concentrations of DIC in the porewater and/or that
the relatively high concentration of DIC in the overlying water inhibited
significant efflux, as supported by the results in Fig. 4b. In contrast, at
station 12 DIC efflux was high (2.0-21.6 mmol m~2 d1) despite rela-
tively lower 222pn efflux (15-47 atoms m~2s™1). This indicates that the
regional contrast in DIC flux is not simply due to a pattern of bio-
irrigation, but should reflect a contrast in the production of DIC in
sediment.

3.4. Implications

As the Arctic atmosphere continually warms from the effect of
anthropogenic greenhouse gases, the spring ice-melt season is projected
to begin earlier, and ice growth to begin later (Stroeve et al., 2014), with
fully ice-free Septembers predicted for as early as the 2030’s (Wang and
Overland, 2009). Our study demonstrates the indirect role of ice
coverage and export production on the sedimentary efflux of
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remineralization products in the Bering and Chukchi Seas. Spring
phytoplankton blooms are important for export production and carbon
sequestration in this region, but benthic respiration can modulate how
much exported carbon is stored in sediments, exported to adjacent ba-
sins, or re-released to the water column. The long-term effects of an
earlier melt-season and increased Pacific water inflow (Woodgate,
2018) on Arctic productivity are not clear, but the data presented here
indicate that the greatest efflux of remineralization products is associ-
ated with regions of high export production influenced at the surface by
nutrient-rich Pacific water (O'Daly et al., 2020). While many studies
justifiably focus on surface water productivity and air-sea exchange to
estimate carbon uptake in the Bering and Chukchi Seas, we emphasize
that the benthos is an important component for carbon uptake, storage,
and re-release in these shallow shelves that exhibit extensive
benthic-pelagic coupling. The dramatic export production coupled with
low grazing pressure in these Arctic marginal seas causes a majority of
organic matter consumption and CO, production to occur in the sedi-
ments. The paucity of sediment-water inorganic carbon flux data has
been addressed with estimates based on oxygen flux, but the differences
in their formation processes complicate a direct comparison. Our results
show that while previous calculations of DIC efflux based on sediment
oxygen consumption are reasonably similar to observations, the
small-scale spatial heterogeneity of infauna plays a significant role in
carbon cycling, especially in areas with high export production. The
dominant role of sediments in organic carbon remineralization in this
region merits further investigation of spatial, seasonal, and temporal
trends in sedimentary carbon dynamics, which could have important
implications for refining our understanding of the role of shallow mar-
ginal seas of the Arctic in global climate.

4. Summary

This work captured sediment-water fluxes of inorganic carbon and
nutrients across a range of sea ice coverage and surface productivity
regimes. To our knowledge, we present the first direct measurements of
inorganic carbon sediment-water fluxes in the Bering and Chukchi Seas.
Across the study area, the sediments were a source of the reminerali-
zation products DIC, DIN, and Si to the water column. However, the
ratios of oxidized organic C to total N flux are typically far above the
expected Redfield ratio of 6.6, indicating that substantial denitrification
must occur in sediments. In the Chukchi Sea, bottom water nutrient
concentrations generally increased and sedimentary effluxes generally
decreased northward. This pattern likely reflects the onset of water
column export of carbon and nutrients as spring conditions move
northward. Moving northward in the Chukchi Sea, the water column
had greater ice coverage, inhibiting surface productivity and air-sea
exchange. Thus, we expect our northernmost stations, in the eastern
Chukchi Sea, near Cape Lisburne, AK, to be most representative of
baseline low wintertime sediment-water flux conditions under low
export production, while the more southerly stations represent spring-
time benthic fluxes when productivity has been high and there is more
extensive benthic-pelagic coupling. While these values may serve as a
seasonal reference, they may also demonstrate how sedimentary fluxes
may evolve under future conditions wherein sea ice retreats earlier in
the season. We note that replicate sample cores often displayed highly
heterogeneous results, which in part illustrates the dynamic nature of
the benthic environment in this region, especially in the most productive
areas with the highest concentration of bio-irrigating benthic macro-
fauna. To further constrain the effects of early-season ice retreat on
sediment-water fluxes of inorganic carbon, future work is recommended
under a range of ice-coverage and export productivity conditions,
including time-series sediment flux analyses at a single location.
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