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Abstract Carbonate chemistry of the Arctic Ocean seafloor and its vulnerability to ocean acidification
remains poorly explored. This limits our ability to quantify how biogeochemical processes and bottom

water conditions shape sedimentary carbonate chemistry, and to predict how climate change may affect such
biogeochemical processes at the Arctic Ocean seafloor. Here, we employ an integrated data-model assessment
that explicitly resolves benthic pH and carbonate chemistry along a South—North transect in the Barents Sea.
We identify the main drivers of observed carbonate dynamics and estimate benthic fluxes of dissolved inorganic
carbon and alkalinity to the Arctic Ocean. We explore how bottom water conditions and in-situ organic matter
degradation shape these processes and show that organic matter transformation strongly impacts pH and
carbonate saturation () variations. Aerobic organic matter degradation drives a negative pH shift (pH < 7.6)
in the upper 2-5 cm, producing Q < 1. This causes shallow carbonate dissolution, buffering porewater pH

to around 8.0. Organic matter degradation via metal oxide (Mn/Fe) reduction pathways further increases pH
and carbonate saturation state. At the northern stations, where © > 5 at around 10-25 cm, model simulations
result in authigenic carbonate precipitation. Furthermore, benthic fluxes of dissolved inorganic carbon
(12.5-59.5 pmol cm~2 yr~!) and alkalinity (11.3-63.2 pmol cm~2 yr~!) are 2-3-fold greater in the northern sites
due to greater carbonate dissolution. Our assessment is of significant relevance to predict how changes in the
Arctic Ocean may shift carbon burial and pH buffering into the next century.

Plain Language Summary The Arctic Ocean seafloor is an important place for long-term storage
of carbon, locking it away from the atmosphere. However, such storage capacity is also vulnerable itself to
climate change. Thus, we need to understand how carbon is recycled and packed away in the Arctic seafloor

to be able to predict future shifts in Earth's climate. We use the Barents Sea to study carbon recycling in

the seafloor and to make predictions of possible impacts of climate change. We use a model that computes
chemical processes at the seafloor. This allows us to investigate how organic carbon recycling at the seafloor,
and saturation state of bottom waters, can impact the dissolution of inorganic carbon, which then leads to the
release of carbon back to Arctic Ocean waters. We also test how possible environmental conditions arising from
climate change could impact carbon storage in the Arctic Ocean seafloor. We find important climate feedbacks,
for example, that further acidification of bottom waters could reduce inorganic carbon storage, whereas greater
deposition and recycling of organic carbon could help locking inorganic carbon within seafloor. These results
can help scientists and policy makers finding ways of mitigating the effects of climate change in the future.

1. Introduction

The Arctic Ocean, and in particular its seasonally ice-free areas, is highly vulnerable to ocean acidification
(OA) due to its large carbon dioxide (CO,) uptake capacity. It acts as a global hotspot of atmospheric CO,
drawdown due to its permanently cold surface waters, its undersaturation with respect to CO,, and brine rejec-
tion during sea-ice formation that mixes surface CO, into deeper water layers (Chen & Borges, 2009; Kaltin
et al., 2002). Air-sea CO, exchange exerts an important control on seawater pH and its carbonate saturation state
(Q) Millero, 2000; Zeebe & Wolf-Gladrow, 2001). An increase in atmospheric CO, level (e.g., by anthropogenic
emissions) can induce negative shifts in pH and Q (Bindoff et al., 2019; Friedlingstein et al., 2019), leading to
OA (Doney et al., 2020; Gattuso & Hansson, 2011). In addition to air-sea CO; fluxes, the carbonate chemistry
of the Arctic Ocean is further modulated by the distribution of water masses with contrasting physico-chemical
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characteristics, the seasonal sea-ice dynamics, and fluctuations of riverine discharge, permafrost thawing, coastal
erosion, and gas hydrate destabilization (Bates & Mathis, 2009; Cai et al., 2010; Else et al., 2013; Middelburg
et al., 2020; Semiletov et al., 2016). These processes can contribute to pH and Q shifts in shallow and deeper
water masses, which can become undersaturated with respect to particulate inorganic carbon (PIC) phases, that
is, carbonate minerals (aragonite and calcite) (Millero, 2000; Zeebe & Wolf-Gladrow, 2001). Such saturation
changes can negatively impact Arctic ecosystems, in particular carbonate-shelled organisms (Fabry et al., 2008;
Guinotte & Fabry, 2008; Kroeker et al., 2010), reduce PIC export to the seafloor (Luo et al., 2016; Y. Zhang
etal., 2020), and affect long-term inorganic carbon burial, and redox processes in Arctic Ocean sediments (Gazeau
et al., 2014). Currently, across most of the Arctic Ocean the calcite compensation depth is situated at around
4,000 m water depth, whereas aragonite displays a much shallower compensation depth at 2,000 m (Jutterstrom &
Anderson, 2005). However, undersaturation of shallower waters with respect to aragonite is already documented
in the Beaufort Gyre (Y. Zhang et al., 2020) and across the East Siberian Shelf (Semiletov et al., 2016). Model
results further predict an overall shoaling of both aragonite and calcite compensation depths in the Arctic Ocean
due to enhanced C O, emissions in the next hundred years (Luo et al., 2016).

Changes in the carbonate chemistry of the Arctic Ocean not only impact the pelagic system. Crucially, and
somewhat underexplored in the Arctic, they also exert an influence on the seafloor. Given the low bottom water
pH values found in the Arctic Ocean (Jones et al., 2019; Kostka et al., 1999), a decrease in PIC fluxes would
suppress the buffering capacity of the sediment, with implications for pH and Q at the sediment-water interface
(SWI) (Middelburg, 2019). Field and laboratory studies show that acidification of the Arctic Ocean can induce a
decrease in sedimentary porewater pH, as well as a further decrease in carbonate deposition with important impli-
cations for porewater Q, and thus changes in dissolved inorganic carbon (DIC) and total alkalinity (TA) dynamics
(Gazeau et al., 2014; Jutterstrom & Anderson, 2005). Consequently, Arctic marine sediments can experience
a decrease of pH buffering capacity in response to OA (Bates & Mathis, 2009). Yet, benthic inorganic carbon
dynamics and porewater pH and saturation state are not only controlled by bottom water carbonate saturation and
PIC deposition. They are also influenced by the complex and dynamic diagenetic processes within the sediment.
These sub-seafloor processes control sediment-water exchange fluxes and burial fluxes, and thus exert a feedback
on ocean carbonate chemistry (Krumins et al., 2013; Morse & Mackenzie, 1990; Soetaert et al., 2007).

In marine sediments, there is hardly a biogeochemical process that does not affect the depth evolution of porewa-
ter pH through the production or consumption of protolytic species of the carbonate and sulfide systems (Blouet
et al., 2021; Jourabchi et al., 2005; Morse & Mackenzie, 1990). However, the influence of each biogeochemical
reaction on porewater pH is not only dependent on the production/consumption rates of these protolytic species,
but is also controlled by the ambient pH itself (Jourabchi et al., 2005; Soetaert et al., 2007). In marine sediments
within a pH range of 6.5-8.5, some key biogeochemical processes involving organic matter (OM) transformation
can be summarized as follows (Figure 1). (a) Aerobic reactions (OM degradation coupled to oxygen consumption
and reoxidation of reduced species—e.g., ammonium, dissolved manganese, dissolved iron, and hydrogen sulfide
— coupled to oxygen) generally produce negative shifts in porewater pH (Cai et al., 2000; Cai & Reimers, 1993;
Canfield et al., 1993; Forja et al., 2004; Jourabchi et al., 2005; Mucci et al., 2000; Soetaert et al., 2007). Conse-
quently, these processes are generally considered the main drivers of carbonate dissolution that occurs in the
upper, well-mixed sediment layers (Adler et al., 2001; Berelson et al., 1990; 1994; Emerson & Archer, 1990;
Hales et al., 1994; Jahnke et al., 1994; 1997; Jahnke & Jahnke, 2000; 2004). (b) OM oxidation coupled to manga-
nese (Mn) and iron (Fe) (oxyhydr)oxide reduction consumes protolytic species, thus increases the ambient pH
(Kostka et al., 1999; Krumins et al., 2013; Soetaert et al., 2007; Tessin et al., 2020). These processes result in
TA production and can drive carbonate oversaturation in porewaters (e.g., Berner et al., 1970; Hu & Cai, 2011),
which can favor benthic foraminiferal biomineralization (Green & Aller, 2001). In contrast to metal oxide meta-
bolic pathways, the influence of organoclastic sulfate reduction (OSR) on porewater pH and Q is more sensitive
to ambient pH conditions because the concomitant production of alkalinity, as well as total dissolved sulfides
which can result in either proton production or consumption (Ben-Yaakov, 1973; Blouet et al., 2021; Jourabchi
et al., 2005; Mackenzie et al., 1995; Soetaert et al., 2007). In general, OSR consumes protolytic species at ambient
pH < 6.9, but switches to protolytic species production at pH > 6.9 (Blouet et al., 2021; Soetaert et al., 2007). At
a typical porewater pH, total dissolved sulfide hence dissociates into H,S and releases protons, thus outcompeting
the carbonate alkalinity. However, if OSR is quantitatively coupled to the precipitation and burial of iron sulfide
minerals that remove total dissolved sulfides, OSR will result in a pH increase and carbonate oversaturation of
porewaters (e.g., Ben-Yaakov, 1973; Rassmann et al., 2020).
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Figure 1. Simplified overview of processes driving carbonate chemistry in marine systems from air (gray box) to water (cyan box) and seafloor (brown box). Reactions
are not stoichiometrically balanced and only display key species. For complete reaction network see Table S1. The purple lines illustrate changes in pH profiles as a
result of biogeochemical processes. The red bars indicate negative shifts in pH, whereas the blue bars denote positive changes in pH by reactions. Size of bars is not
quantitative. Changes in pH are assumed for a typical ambient pH interval of 6.5-8.5. Changes in pH due to organoclastic sulfate reduction can be either positive or
negative for the assumed ambient pH interval (see text). Dashed brown arrows indicate that some biogeochemical processes can overlap within sediments. Depicted
processes are adapted from Millero (2000) and Soetaert et al. (2007).

Overall, the processes described above show how complex and dynamic the interplay of OM degradation and
reoxidation processes are at the seafloor and emphasizes the challenges of fully capturing the controls of pH and
carbonate chemistry in Arctic sediments. Therefore, systematically understanding which diagenetic processes
governs pH and Q changes is not only fundamental for constraining the present-day carbonate system of the
Arctic seafloor, but also critical for assessing how these processes could respond to projected changes in environ-
mental conditions. Here, we employ an integrated model-data assessment that explicitly resolves benthic pH and
carbonate chemistry in Barents Sea shelf sediments to quantify carbonate dynamics, to identify its main drivers,
and to understand DIC and TA fluxes to the Arctic Ocean. We investigate five stations (B13-B17; Table 1;
Figure 2) along a 30°E South—North transect (for details, see Faust et al., 2020; 2021; Freitas et al., 2020). We
apply a Reaction-Transport Model (RTM) approach (a) to reproduce the downcore evolution of porewater and
sediment depths profiles including carbonate system parameters (pH, DIC, TA, and Q), (b) to quantify the relative

;‘tf‘::)—l;plecific Model Parameters Prescribed to Reproduce pH and Carbonate System Downcore Evolution
Bottom water Sediment-water interface

Site Latitude °N Depth m Temperature °C Salinity pH TA uM CaCO, wt%  Ca** mM
B17 81.5 291 1.76 349 7.20 2,350 3.29 12.6
B16 80.1 294 -1.44 34.7 7.44 2,350 3.88 12.0
B15 78.2 330 —1.49 34.9 7.65 2,350 1.34 12.0
B14 76.5 290 1.95 35.0 7.47 2,350 0.77 11.8
B13 74.5 355 1.77 35.0 7.60 2,350 1.78 12.6
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Figure 2. Barents Sea and location of investigated stations (B13-B17) along a 30°E transect. Oceanographic features
adapted from Oziel et al. (2016). Organic matter degradation rates are from Freitas et al. (2020). Sea—sea ice edge position in
mid-July adapted from the Norwegian Meteorological Institute ice charts (https://cryo.met.no/archive/ice-service/icecharts/
quicklooks/2017/). Base map produced with Ocean Data View (Schlitzer, 2021).

contribution of each biogeochemical reaction to porewater pH, carbonate saturation, and carbonate dissolution/
precipitation, (¢) to quantify benthic effluxes of TA and DIC, and (d) to assess the sensitivity of benthic carbonate
dynamics to changing environmental conditions.

2. Methods
2.1. Study Area

The Barents Sea (Figure 2) is the largest shelf area in the Arctic Ocean, located north of Norway and Russia
(Carmack & Wassmann, 2006). The prevailing oceanographic conditions are strongly shaped by sea-ice and
wind dynamics, as well as bathymetry. These interactions generate the complex boundary between Arctic Water
(ArW; low salinity and low nutrients) and Atlantic Water (AW; high salinity and high nutrients), giving rise to the
oceanographic Polar Front (PF) (Oziel et al., 2016). Sea-ice extent during spring—summer periods exerts strong
influence on pelagic primary productivity and nutrient cycling, resulting in a general S—N zonation (Dalpadado
et al., 2020; Downes et al., 2021; Henley et al., 2020; Lewis et al., 2020; Oziel et al., 2020; Reigstad et al., 2008;
Tuerena et al., 2021; Wassmann, Slagstad, et al., 2006).

The Barents Sea shelf area is characterized by a strong benthic-pelagic coupling (Wassmann, Reigstad,
et al., 2006; Wassmann, Slagstad, et al., 2006). This is manifested through relatively high rates of sediment oxygen
demand (~5-9 mmol m~2 d~!; Bourgeois et al., 2017), intense transformation of OM close to the seafloor (Freitas
et al., 2020; Nickel et al., 2008; Stevenson et al., 2020; Vandieken et al., 2006), and intricate benthic ecology
(Cochrane et al., 2009; Morata & Renaud, 2008; Reigstad et al., 2008; Solan et al., 2020; Souster et al., 2020). We
recently applied a model-data approach to quantity benthic OM dynamics along a transect across the Barents Sea
shelf (Figure 2; Freitas et al., 2020). Critically, our findings revealed that the overall rates of OM degradation are
largely governed by the reactivity of the deposited OM at the seafloor, which is decoupled from the S—-N pelagic
environmental gradient. Instead, benthic OM reactivity is mainly controlled by the prevailing oceanographic
conditions, as well as transport pathways of less reactive OM from terrestrial sources. Lipid biomarker data
suggests a dominantly marine character of depositing OM (Stevenson & Abbott, 2019; Stevenson et al., 2020).
Yet, comparatively low OM degradation rates and nutrient fluxes are estimated at the central station of our tran-
sect (site B15; Figure 2; Freitas et al., 2020). These can be related to the supply of less reactive terrestrial OM
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over the central Barents Sea shelf (Martens et al., 2021), which is likely sourced from the Svalbard area (Knies &
Stein, 1998; Winkelmann & Knies, 2005; Zaborska et al., 2008).

The pelagic carbonate chemistry of the Barents Sea shelf area is influenced by latitudinal, bathymetric, and
sea-ice trends (Jones et al., 2019; Tynan et al., 2016). In the SW Barents Sea (71°N-74°N), surface water pH is
lower than on the NE shelf (77°N-80°N) where pH reaches up to 8.23. Generally, pH decreases from surface
(pH > 8.10) to deep waters (pH < 8.04) along the shelf. Furthermore, surface water pH changes seasonally, with
winter values around 8.05 and summer pH > 8.10 (Jones et al., 2019). The TA in the upper layers (shallower
than 200 m) of the SW and S Barents Sea reflects the predominance of warmer and more saline AW, and ranges
between 2,310 and 2,330 pM (Jones et al., 2019; Tynan et al., 2016). By contrast, the NE shelf displays the lowest
surface (shallower than 50 m) TA values at 80°N, which reflects both sea-ice melting and biological carbon
uptake (Jones et al., 2019).

Sedimentary porewater pH at the sediment-water interface (SWI) is generally lower (pH < 7.70) (Husum
et al., 2020; Kostka et al., 1999) compared to overlying bottom water (e.g., Jones et al., 2019). Observations of
bottom water and porewater TA are rare for the Barents Sea shelf area. A study by Hulth et al. (1996) generally
shows TA concentrations of between 2,260 and 2,370 uM at the SWI. However, TA concentrations can deviate
locally or temporarily from this generally observed stable pattern. For instance, Hulth et al. (1996) report anom-
alous low (2,060 pM in June/1991) and high (2,690 pM in July/1991) TA concentrations at the SWI in an area
located in the SE shelf. However, it remains unclear if such discrepancy in TA resulted from seasonal and/or
site-specific conditions or sampling/analytical artifacts. Carbonate contents within the Barents Sea surface sedi-
ments reveal higher values on the SW and Norwegian shelves (>5 wt%), relatively lower contents in the vicinity
of the Polar Front (<1.5 wt%), and moderate amounts on the northern shelf (3—5 wt%) (Faust et al., 2020 and
references therein). Biogenic calcite is the predominant form of calcium carbonate (CaCOs5) across the Barents
Sea; dolomite is only present in small amounts and linked to coarse detrital sediment input (Demina et al., 2020;
Pautova et al., 2020; Solheim & Elverhoi, 1996).

2.2. Model Approach

We adopt the Biogeochemical Reaction Network Simulator (BRNS), a flexible simulation environment suitable
for large, mixed kinetic-equilibrium reaction networks (Aguilera et al., 2005; Regnier et al., 2002). We extend the
set-up of the BRNS for the Barents Sea sites that was recently applied for investigating and quantifying seafloor OM
transformation dynamics (Freitas et al., 2020) by explicitly including pH and carbonate dynamics (Section 2.2.1)
and forcing the model with site-specific SWI conditions for these new variables (Table 1). A detailed description
of the OM model, its assumptions, and parametrizations can be found in Freitas et al. (2020; 2021). A brief model
description and parametrization of OM dynamics is presented in the supplements (Supporting Information S1).
Importantly, we do not fit the model to carbonate parameters (pH, DIC, CaCO; and Ca?*). Instead, we use
the model set-up that has previously been calibrated on the basis of observed OM, terminal electron acceptor,
and nutrient profiles, as well as its underlying assumptions (Supporting Information S1; Freitas et al., 2020) to
predict seafloor carbonate dynamics driven by benthic biogeochemical dynamics. The generally good agreement
with observed carbonate dynamics (Section 3.1) offers independent validation for the previously simulated OM
dynamics (Freitas et al., 2020) and allows us to disentangle and quantify the influence of different diagenetic
processes on pH and carbonate systems in the Barents Sea sediments. Here, we provide a brief description of the
newly implemented pH and carbonate system framework, which explicitly resolves downcore evolutions of pH,
DIC, and TA. For an overview of the reaction network, see Table S1.

2.2.1. pH and Carbonate System

Porewater pH (Equation 1), DIC (Equation 2), and TA (Equation 3) are defined as (Millero, 2000; Zeebe &
Wolf-Gladrow, 2001):

pH = —104‘%1()HJr (D
DIC=CO,+ HCO; + CO%“ 2)
TA=HC03"+2oC0§‘+B(0H)Z+HS_ 3)
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The species accounted in Equation 3 represent the major contributions to porewater TA in porewaters, whereas
protons and hydroxyl ions are assumed to be negligible (Jourabchi et al., 2005). Furthermore, bicarbonate
(HCOy), carbonate (C Og‘), and borate (B(OH))) ions account for greater than 99% of TA (e.g., Zeebe &
Wolf-Gladrow, 2001).

We assume that calcite is the predominant form of CaCOj; deposited in the Barents Sea sediments (Section 2.1).
Therefore, we utilize the apparent dissociation constant (Kj,) for calcite (Millero, 1995). The saturation state of
calcium carbonates (€2) is thus controlled by the solubility product for calcite and the apparent thermodynamic

constant K{,, which is a function of pressure, temperature, and salinity.
Ca’* - CcO*
Q= ———— 4
K;,

Ca** denotes the concentration of dissolved calcium (see Section 2.2.2). While we acknowledge that our analyses
may underrepresent the contributions of aragonite and dolomite to the benthic pool of CaC O3, we are confident
that the contribution of these minerals is minimal here based on literature data (e.g., Demina et al., 2020; Pautova
et al., 2020; Solheim & Elverhoi, 1996). Calcite dissolution (Equation 5) and authigenic precipitation (Equa-
tion 6) are described by a kinetic-thermodynamic rate law with a linear dependency on saturation state (e.g.,
Morse, 1983):

Ruissotution = Kaiss - (1 = Q) - CaCO; ifQ < 1 (5a)
Raissotution = 0 ifQ>1 (5b)
Ryrecipitation = Kprec = (2 —1) ifQ>5 (6a)
Ryrecipitation = 0 ifQ <5 (6b)

where the rate constants for calcite dissolution, k,;; and calcite precipitation k.., are taken from Luff et al. (2001).
Our assumption of Q > 5 for calcite precipitation is based on experimental analyses (e.g., C. Zhang et al., 2010;
Morse et al., 2003). These have shown that calcite precipitation rates increase at high Q values due to greater
availability of reactants (C. Zhang et al., 2010).

2.2.2. Boundary Conditions

Boundary conditions at the SWI are constrained by observed concentrations and assumed to be at steady state.
Such a simplifying assumption is supported by our previous assessments (Freitas et al., 2020) where by using a
steady-state RTM we were able to successfully describe and quantify long-term trends (ca. 2,000 years) in OM
dynamics (Supporting Information S1). A no-flux condition is specified for all species at the lower boundary,
here 100 cm depth (for details see Freitas et al., 2020). We use observational data to define species concen-
trations at the SWI by applying identical boundary conditions to Freitas et al. (2020). Additionally, we adopt
site-specific pH values at the SWI determined during a cruise in summer 2018. At stations B14-B17 (Tables 1
and S2 in Supporting Information S1), downcore porewater pH was determined onboard using a punch-in pH
probe (Thermo Scientific Orion Star A329; accuracy 0.002 pH units), which was calibrated prior to measure-
ments at each site with standard solutions (pH 4.0, 7.0, and 10.0). The depth resolution is 0.5 cm between 0 and
2 cm depth, and 1.0 cm between 2 and 10 cm depth. Since no data are available for B13, a pH value is prescribed
for that site following initial sensitivity tests of initial pH values and CaCO; dissolution rates. Here, we apply a
conservative TA of 2,350 pM for all sites (Table 1), which is well in the general range found in the Barents Sea
shelf when disregarding extreme/uncertain values determined by Hulth et al. (1996). In addition, we also run
simulations assuming transient dynamics in the TA boundary condition to test if such bottom water transients
would result in significantly different TA depth profiles and fluxes across the SWI (not shown). However, results
show that a temporal variability in bottom water TA exerts a negligible effect. Instead, we run a steady-state
model ensemble over the entire range of plausible TA and pH upper boundary conditions to quantify uncertainties
in flux estimates (Section 2.2.5).
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Concentrations of H,CO3;, H CO;, COg‘, B(OH)s, and B(OH), at the SWI were calculated based on initial
pH and TA (Table 1), and corrected for temperature, salinity, and water depth, according to Millero (1995)
(Equation 7-15):

(TAyp+a)-b

DIC, = ——*"—— @)

kzq4 : TBup keq3 N TSup keqS

- - - H*
H+ + keq4 H+ + k(lq3 H+ + (8)
keql keql + keq2
b=1+4—2 4 T
H~* (H+)7- ®
ke 2 ° ke : ke
c= ql + gl q2 (10)

H+ (H+)

where T'A,, denotes TA given in Table 1. DIC,,, T B,y, and T'S,, represent SWI carbonate alkalinity, borate
alkalinity, and sulfide alkalinity, respectively. We assume T B,, of 425 pM and TS, equal zero. The equilibrium
constants (ke, to keys) are calculated according to Millero (1995). Thus,

Tcup : keql : kz'qZ

Ccor = 11
} (keql N kqu) + (keql : H+) + (H+)2 ( )

_ TCup - kegr - H*
HCO; = > 12)
(keql . kqu) + (keql . H+) + (H+)
H,CO; = DIC,,— HCO; — COy” (13)
BOH) = LBu 1 14
4 Kegs + H* 19
B(OH); =TB,, — BOOH)] (15)

Contents of CaCOs; at the SWI are from Faust et al. (2020). Porewater Ca concentrations (here assumed to be
Ca*) are from cruise JR16006 (for details see Faust et al., 2020; Freitas et al., 2020).

2.2.3. Controls on pH and Q

We quantify the relative contributions of diagenetic reactions to changes in pH and Q following Jourabchi
et al. (2005) and Blouet et al. (2021). In short, the influence of each reaction on pH is governed by the mass
action laws (Table S1) and fulfills the condition of electric neutrality:

dH*| _ti—=(n+2p)t. —tio

= R!
dt |, A, (16)
2y o doy af K;
A, = DIC +2DIC +T +T - -1
! oH+ oH+  SoH+ " PoH+ g+ an

Where 7}, ¢, and ¢/ are the stoichiometric coefficients for the production or consumption of alkalinity, DIC, and
total sulfide, respectively, by a given kinetic reaction i, with rate R'. The terms y; and y; are the relative contri-

butions of H CO_; and CO%‘ to DIC, respectively, f; is the relative contribution of B(OH ), to T, and o is the
relative contribution of HS™ to Ts. y1, x2, 01, and f; are given by:

HCO; = y1DIC
CO7 = pDIC

COz = ){3D[C
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HzS = Gsz
B(OH); = piTs

B(OH); = T
and:

KiH*
X1 = )
H** + K/H* + K/ K3

K,
£ 05
BEl-yn-n

K;

o) = —
K; +H*

19)

oo =1-o0

ﬂzEl—ﬂl

Following Blouet et al. (2021) and Jourabchi et al. (2005), the contribution of a given reaction to changes in
saturation state with respect to calcite  (Equation 4) can be expressed as a function of their contribution to the
production or consumption of calcium and carbonate ions:

2—
,,dCO?

'+Ca
i

K dt

dQ| _ 1 | p-dCa™
dt|, K|, 3

] (20)

The production or consumption of calcium and carbonate ions can then be expressed as a function of the previ-
ously derived rate of change in proton concentrations (Equation 16):

dQ 1 ,_dCa** o [0 oy dH*

—| = +C t. R + T, 21

ar |, K, [ P R COHT di |, @b
Note that since only calcite dissolution and precipitation impact the concentrations of Ca*", % is zero for all

other reactions.

2.2.4. Benthic-Pelagic Fluxes of DIC and Alkalinity

Steady-state benthic fluxes of DIC (Jp;c rorar) and TA (Jra70a) are calculated based on integrating the reaction
rates that contribute DIC and TA to the porewaters over depth (e.g., Krumins et al., 2013; Table S1). These esti-
mates account for the effects of all transport (advection, molecular diffusion, bioturbation, and bioirrigation) and
reaction processes implemented in our RTM (Supporting Information S1; Freitas et al., 2020), and thus are equiv-
alent to total benthic exchange at the SWI (Krumins et al., 2013). In addition, they allow assessing the signifi-
cance of each biogeochemical process for producing/consuming TA and DIC. These findings provide valuable
information for estimating the impacts of specific diagenetic processes on carbonate dynamics at the seafloor,
which would be impossible to assess by using methods relying on concentration gradients at the SWI (e.g., Fick's
law).
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The benthic fluxes of DIC (Equation 22) and TA (Equation 23) are given by:
Jpicroar = Jpic.om + JIpic.piss + Ipic.prec (22)
Jragoar = Jraom + Jrapiss + Jraprec + Jrapzs + Jraresr + Jramms + Jranna 23)

where the subscript terms OM, Diss, Prec, H,S, Fe**, Mn**, and NH, correspond to OM degradation (primary
redox reactions), dissolution (calcite and iron sulfide), precipitation of carbonates (calcium, manganese, and iron)
and pyrite, sulfide oxidation, iron oxidation, manganese oxidation, and ammonium oxidation, respectively. The
relative contributions of each process to DIC and TA fluxes (i.e., stoichiometry and direction—Consumption vs.
production) are given in Table S1.

2.2.5. Sensitivity Analyses

There is a certain degree of uncertainty associated with pH, DIC, and TA concentrations of present and future
bottom water and sedimentary porewater in the Barents Sea shelf. Further, it is generally unclear how the carbonate
chemistry of bottom waters effectively impacts benthic fluxes of DIC and TA (e.g., Gazeau et al., 2014). There-
fore, to explore the response of benthic carbonate fluxes to poorly constrained bottom water pH, DIC, and TA,
we run a steady-state model ensemble over the entire range of plausible pH and TA conditions. We investigate
how fluxes change under varying bottom water conditions and use these results to discuss the potential impact of
projected future change on benthic fluxes. We cover a pH interval of 7.0-8.0, which is representative of pH values
for the western Barents Sea shelf region (e.g., Husum et al., 2020; Kostka et al., 1999; Tessin et al., 2020; this
study). Similarly, we explore a TA range of 2,000-2,700 uM, which covers bottom waters and surface sediment
values reported for the Barents Sea and Svalbard shelves (Hulth et al., 1996), as well as for the East Siberian Shelf
(Miller et al., 2017). All other site-specific model parameters and boundary conditions follow baseline values
(Freitas et al., 2020).

Further, using a similar approach employed in our previous work (Mirz et al., 2022), we explore how the effect of
changes in OM deposition fluxes at the SWI may impact carbonate dynamics at the seafloor. We emphasize that
our sensitivity tests are limited to just a few factors because the model has already been carefully calibrated and
validated for the present-day dynamics on the basis of a comprehensive porewater and sediment data set (Freitas
etal., 2020) and it is beyond our scope to explore the response of benthic fluxes to the full range of projected envi-
ronmental change. Here, we select sedimentation rates, OM, metal oxide, and calcite to offer a first-order esti-
mate of how the benthic carbonate system may respond to changes in these input fluxes. More specifically, from
our baseline conditions (this work; Freitas et al., 2020; Mérz et al., 2022), we test the following cases at each site:
2x sedimentation rates; 0.5x and 2x OM; 0.5x and 2x calcite; 0.5x and 2x metal oxides. We use these outputs to
assess the impact on rates of dissolution and precipitation, as well as benthic fluxes of DIC and TA.

3. Results and Discussion
3.1. Inorganic Carbon and pH Dynamics Along the Barents Sea 30°E South-North Transect

Overall, our model results agree well with the observed downcore evolution of measured pH values, as well as
CaCO; contents and porewater Ca®* concentrations (Figure 3). Slight mismatches between observed and simu-

lated Ca** concentrations at sites B13 and B17 may result from slight underestimation of carbonate dissolution
rate constants, which are derived from Luff et al. (2001) or from the assumed saturation threshold (€ > 5) (see
below). Furthermore, at site B17 the disagreement could also come from the assumed bottom water Ca** concen-
trations (Table 1). Because bottom water pH has not been measured at site B13, we tested if a lower bottom pH
might drive a more intense carbonate dissolution in the upper layer but found that the effect is limited and does
not improve the fit. Alternatively, the mismatch may arise from processes not explicitly resolved in our model
(see below).

Observations and simulation results reveal a common pattern in benthic carbonate dynamics. Across the entire
transect, the upper, well mixed sediment layers (<5 cm) are characterized by low pH and undersaturation of
porewaters with respect to calcite, followed by an increase in porewater pH and calcite oversaturation deeper in
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Figure 3. Evolution of pH and carbonate system parameters with sediment depth (in cm) along a 30°E transect in the Barents
Sea. Blue lines represent model outputs. Black line on CO?“ denotes carbonate ions equilibrium. Black and red lines on Q
panels denote calcium carbonate saturation (€2 = 1) and saturation threshold (Q > 5), respectively. Green circles represent
observations (see text for references).

the sediments. However, the level of porewater over- and undersaturation, and thus carbonate dissolution and
precipitation rates reveal a geographical trend, with decreasing rates from north to south.

At the northern part of the transect (B16-B17), bottom waters are characterized by low pH (pH < 7.45) and
undersaturation with respect to calcite (Q2 = 0.48-0.68). The shallowest sediment layers reveal high carbonate
dissolution rates (Equation 5; Ryissousion > 25 pmol cm=2 yr~! at the SWI) which coincide with an increase in Ca**
concentrations and a decrease in CaC O; contents close to the SWI (Figure 3). At the southern part of the transect
(B13-B15), bottom water pH (pH > 7.45) and saturation state (€2 ~ 1) are higher, but benthic carbonate contents
are lower than in the northern part stations (Figure 3). Consequently, upper sediment carbonate dissolution is
approximately 10-fold lower.

The S—N trend in the intensity of porewater undersaturation and dissolution rates is mirrored by the intensity
of porewater oversaturation and carbonate precipitation rates below the well-mixed layer. At the northern part
of the transect (B16-B17), porewater pH and Q increase downwards to broad mid-core (10-20 cm) maxima of
pH > 8.0 and Q > 5, while the southern part of the transect (B13-B14) reveals increasingly lower and more
localized mid-depth (5-20 cm) pH and Q maxima of pH = 7.4-7.6 and Q = 1.0-1.7. At the southernmost
station (B13), porewater pH decreases from 7.6 at the SWI with only a very weakly pronounced and very narrow
reversal around 2 cm depth (Figure 3). Porewater calcite saturation thus remains relatively constant, close to
unsaturated conditions throughout the simulated sediment column due to a near-complete consumption (i.e.,
dissolution) of the low sediment carbonate contents and the resulting decrease in buffering capacity. Thus, unfa-
vorable conditions for carbonate precipitation prevail, following our assumption of Q > 5 to enable authigenic
calcite precipitation. This finding could explain some of the mismatch between model results and analytical data
for Ca®*. Further, this mismatch could be explained by authigenic precipitation of carbonate fluorapatite (CFA).
CFA precipitation consumes porewaters Ca** (Ruttenberg, 2014; Zhao et al., 2020) and could explain the gradual
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Figure 4. Biogeochemical processes controlling sedimentary evolution of pH with depth. Note that rates of proton
production (consumption) (Equation 16) result in a decrease (increase) in porewater pH (Blouet et al., 2021).

downcore decrease we recorded in measured Ca** in site B13. However, our model does not explicitly resolve

CFA and its impact on Ca**depth profiles. Here, we can only infer CFA precipitation based on our porewater
phosphate (Freitas et al., 2020), which reach an asymptotic profile at <10 pM (e.g., Slomp et al., 1996).

Rates of authigenic carbonate precipitation are two orders of magnitude lower than those of dissolution; there-
fore, model-derived authigenic carbonate precipitation only modestly affects Ca** and CaCO; contents at depth.
We assess the impact of the Q threshold on precipitation, and thus precipitation rates, on simulated benthic
profiles by assuming a threshold of Q > 1 for authigenic precipitation (Figure S1 in Supporting Information S1).
Although these test results lead to a significant increase in precipitation, they also produce further mismatches
between model and data depth profiles (Figure S1). Thus, we maintain our relatively conservative threshold of
Q > 5 (Section 2.2.1; C. Zhang et al., 2010; Morse et al., 2003) for authigenic carbonate precipitation.

3.2. Main Drivers of Inorganic Carbon and pH Dynamics Along the Barents Sea 30°E Transect

Within the upper, well-mixed sediment layers (<5 cm), pH and Q dynamics are mainly driven by the balance
between aerobic degradation of OM and calcite dissolution (Figures 4 and 5). This is a typical feature of oxic
marine sediments, where aerobic OM degradation induces acidification of porewaters, and leads to metabolic
dissolution of calcite (Adler et al., 2001; Berelson et al., 1990; 1994; Emerson & Archer, 1990; Hales et al., 1994;
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Figure 5. Biogeochemical processes controlling sedimentary evolution of Q with depth.

Hulth et al., 1994; Jahnke et al., 1994; 1997; Jahnke & Jahnke, 2000; 2004). Whether the interplay of these two
opposing processes results in a decrease or increase in upper sediment pH and Q is mainly determined by the
saturation state of bottom waters. At the northern sites (B16-B17), the deposition of very reactive OM (see
Freitas et al., 2020) supports the highest aecrobic OM degradation and proton production rates (1-2 pmol H* cm—3
(porewater) yr~!; Figure 4). Since corrosive bottom waters (pH < 7.45; Q < 1) further enhance calcium carbonate
dissolution in the upper sediment and calcite contents are not limiting (CaCOs > 3 wt%) in this part of the
Barents Sea (Faust et al., 2020), the positive effect of calcium carbonate dissolution rates on pH and Q exceeds
the negative effect of aerobic OM degradation (Figure 5). In contrast, at the southernmost sites (B13-B15),
higher bottom water pH (pH > 7.45), saturation of bottom waters with respect to calcium carbonate (Q = 1), and
lower carbonate contents (CaCO; < 2 wt%; Faust et al., 2020) combine to limit the counterbalancing effect of
carbonate dissolution on pH and Q. Consequently, the high rates of aerobic OM degradation (Freitas et al., 2020)
drive a shallow local minimum pH and Q just below the SWI (Figures 4 and 5). In addition, at site B15, the
exceptionally low reactivity of the depositing OM (Freitas et al., 2020) results in a less pronounced, yet more
drawn out pH and Q minimum.

When oxygen (and nitrate) becomes depleted in the porewaters, Mn or Fe (oxyhydr)oxide pathways of OM
degradation replace aerobic metabolisms and trigger a reversal in pH and Q profiles (Berner et al., 1970; Canfield
et al., 1993; Hu & Cai, 2011; Kostka et al., 1999; Tessin et al., 2020). Accordingly, we find that below the
mixed layer (5-10 cm), metal oxide reduction exerts an important control on pH and Q despite their modest

FREITAS ET AL.

12 of 26



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2021GB007187

contributions toward overall OM degradation rates (<11%; Freitas et al., 2020). Often in combination with the
oxidation of sulfide by iron (oxyhydr) oxides, the metal oxidation pathways consume H™* (with maxima rates
of —1.0 to —0.5 pmol cm~3 yr~! of H*), thus increasing pH values (Figure 4). These processes produce local
pH maxima and drive porewaters to oversaturation. The impacts of metal oxide pathways on both pH and Q are
largest at sites B13, B14, B16, and B17. These sites are characterized by the deposition of high reactivity OM
(Freitas et al., 2020; Stevenson & Abbott, 2019), which supports high rates of OM degradation (Figure 2; Freitas
et al., 2020). At site B15, sulfide oxidation by iron (oxyhydr) oxides also drives pH and Q maxima; however, the
rates of change are comparatively lower in this station due to generally lower rates of OM degradation (Figure 2;
Freitas et al., 2020).

At the northern sites, positive changes in Q are sufficiently large to meet the empirically found threshold of Q > 5
(e.g., C. Zhang et al., 2010; Morse et al., 2003). Thus, Q oversaturation driven by calcite metabolic dissolution
and metal oxide pathways (see above) enables authigenic carbonate precipitation (Q > 5) at 25-40 cm (Figures 3
and 5). By contrast, at site B17, reoxidation of M n** and Fe?* by O, results in proton production (Cai et al., 2000;
Cai & Reimers, 1993; Forja et al., 2004; Jourabchi et al., 2005; Soetaert et al., 2007) and drive a subsurface
negative shift in Q (—0.02 years~!). Nevertheless, H* increase is buffered by proton consumption through calcite
dissolution and metal oxides reduction.

In deeper sediment layers (>10 cm), authigenic precipitation of carbonate minerals (M nC O3, FeC O3, and CaCO;)
results in proton production, and thus a drop in pH (Jourabchi et al., 2005; Soetaert et al., 2007). Consequently, €2
also decreases in response to authigenic precipitation. However, because process rates are 1-2 orders of magni-
tude slower than those of the processes outlined above, authigenic carbonate precipitation only represents a minor
control on pH and Q within the investigated sediment depths, and total amounts of authigenic carbonate are likely
negligible. OSR and nitrification further drive negative changes in Q. However, the effect these processes in Q
shifts are of relatively minor importance (Figure 5).

In summary, our model results confirm the expected patterns of diagenetic controls on pH and carbonate dynam-
ics at the seafloor (Jourabchi et al., 2005; Krumins et al., 2013; Morse, 1983; Soetaert et al., 2007). In particu-
lar for the Barents Sea shelf, our assessments reveal that benthic carbonate dynamics are mainly controlled
by a combination of bottom water conditions (pH, Q, and calcite availability) and OM degradation within
the sediment. Furthermore, we found that these patterns display a notorious S—N zonation, which somewhat
contrasts our previous findings concerning OM transformation patterns (Freitas et al., 2020). At the northern
sites, higher surface ocean pH values > 8.1 that only weakly decrease to 8.0 in waters deeper than 300 m (Jones
et al., 2019) favor PIC export through the water column to the seafloor, resulting in the relatively high CaCO;
contents preserved in those sediments (Faust et al., 2020). By contrast, the deposition of highly reactive OM
supports high rates of aerobic OM degradation in the upper sediment layers, driving low pH conditions in both
bottom waters (Steinsund & Hald, 1994) and sediment layers directly below the SWI (pH = 7.45-7.65; Freitas
et al., 2020). The resulting metabolic dissolution of the deposited CaCOs results in efficient pH buffering and
an increase in (2, which is further promoted by metal oxide pathways (e.g., Jourabchi et al., 2005; Soetaert
et al., 2007). These processes enable deeper authigenic carbonate precipitation at the northern sites. In contrast,
at the southern-central parts of the transect, lower carbonate contents at the seafloor (Faust et al., 2020) in combi-
nation with equally high rates of aerobic OM degradation (Freitas et al., 2020) (except for site B15) drive a drop
in porewaters pH relative to bottom waters pH at the SWI (pH < 7.45). Since calcite availability limits calcite
dissolution (Figure 3), seafloor buffering capacity of porewaters never reaches saturation states that would allow
for authigenic precipitation (€2 > 5).

3.3. Benthic DIC and Alkalinity Fluxes

Net benthic DIC fluxes from the sediment into the overlying water column range from 12.5 t0 59.5 pmol cm =2 yr~!
and display a clear S-N difference (Figure 6). Relatively lower Jpic roar are calculated for the southern-central
sites (B13-B15), while higher DIC effluxes are quantified at the northern B16-B17 areas (Jpsc, 7ot > 50 pmol
cm~2 yr71). At B13-B15, DIC fluxes are predominantly supported by heterotrophic OM degradation (mostly
aerobic OM degradation and OSR; Figure S2 in Supporting Information S1), while at the northern areas, calcite
dissolution further enhances the OM degradation-driven DIC flux and supports nearly one-third of Jpic, 7o
(Jprc.piss = 20.1-21.9 pmol cm~2 yr~!). At B16-B17, authigenic carbonate precipitation deeper in the sediments
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Figure 6. Benthic effluxes of alkalinity (bottom row) and dissolution of inorganic carbon (DIC) (top row) derived from representative scenarios for Barents Sea. Fluxes
are given as total net fluxes across the sediment-water interface (positive at all sites), and these are further partitioned by the contribution of each diagenetic process to
production (positive values) and consumption (negative values) of alkalinity and DIC.

acts as a DIC sink (Jpsc, prec = —3.8 to —6.8 pmol DIC cm~2 yr~!). Yet, this only exerts a small effect on DIC
fluxes.

Overall, benthic DIC production at the Barents Sea shelf sediments (ca. 300 m depth) is one order of magnitude
lower than DIC production predicted for low latitude, shallow shelf (25—-150 m depth) environments at a global
scale (Krumins et al., 2013). This difference can mainly be explained by contrasting environmental conditions,
as well as distinct model parametrizations between Freitas et al. (2020) and Krumins et al. (2013). Krumins
et al. (2013) do not explicitly resolve authigenic calcite precipitation, thus neglecting an important DIC sink at a
global scale and potentially overpredicting DIC fluxes. In addition, the applied models differ in both OM degra-
dation description and the magnitude and reactivity of the applied OM flux. While Krumins et al. (2013) apply
a 1G model for OM degradation, thus assuming a constant reactivity with sediment depth, Freitas et al. (2020)
describe OM degradation by the means of the reactive continuum model, thus accounting for the widely observed
decrease in OM reactivity with depth. For the Barents Sea sites, the magnitude and reactivity of the OM deposi-
tion flux are constrained on the basis of comprehensive, site-specific observational data. The apparent OM reac-
tivity k at the SWI determined by Freitas et al. (2020) ranges between 4.5 X 1073 and 2.0 x 1072 yr~!, and rapidly
decreases to k < 10~* yr~! with burial depth/time. OM degradation and DIC production thus decrease with depth.
In contrast, the model of Krumins et al. (2013) is parametrized based on global data (Thullner et al., 2009) and
they assume a large OM flux (2.32-6.46 mol C m~2 yr~!) of highly reactive OM (first order degradation rate,
k = 0.1-1.0 years~"). These idealized global coastal ocean conditions result in the large DIC fluxes.

Net TA benthic fluxes mirror the simulated DIC pattern (Figure 6), that is, with higher Jr 4 744 at the northern
sites (Jrarora = 51.1-63.2 pmol cm~2 yr~!) than in the southern areas (J7 4 7o = 11.3-30.4 pmol cm~2 yr=1).
At B13-B15, heterotrophic OM degradation represents the main source of alkalinity (predominantly from OSR;
Figure S2 in Supporting Information S1). Additionally, calcite dissolution and sulfide oxidation by iron (oxyhydr)
oxides further add to the TA pool. By contrast, carbonate and pyrite precipitation, as well as aerobic iron oxida-
tion only consume minor amounts of TA. At the northern sites, calcite dissolution plays a much larger role in
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producing alkalinity (Jz4 piss = 40.1-43.9 pmol cm~2 yr~!). At B17, calcite dissolution nearly contributes as
much as OM degradation to the TA production/flux. At B16, the contribution of calcite dissolution to the TA
production/flux is 2-fold higher than OM degradation. Sites B16 and B17 are characterized by lower pH values
at the SWI (pH < 7.45), high rates of aerobic OM degradation, and high calcite contents (Sections 3.1 and 3.2).
Altogether, these factors support higher rates of calcite dissolution, and thus TA production. Additionally, sulfide
oxidation (by iron (oxyhydr) oxides) becomes more important for TA production (J74 p2s = 12.6-19.2 pmol
cm~2 yr~1). In contrast, mineral precipitation (J7 4 pr.. = —9.0 to —14.2 pmol cm~2 yr~') and aerobic oxidation of
dissolved manganese, iron, and ammonium (J7 4 yuos + Jrares + Jranms = —13.5 to —=32.8 pmol cm~2 yr™1)
consume large amounts of porewater alkalinity due to the higher relative contribution of these biogeochemical
processes than at the southern sites. Site B17 (and B16 to a lesser extent) displays high rates of OM degradation
(Figure 2), of which nearly half is coupled to M nO, reduction and OSR, resulting in high production rates of

Mn** and HS". Here, sulfide oxidation is mostly coupled to iron (oxyhydr) oxide reduction, which produces

Fe**. Further, the products M n** and Fe** are oxidized by oxygen (Freitas et al., 2020).

To put the estimated TA fluxes for the Barents Sea in a wider context, we compiled available global benthic TA
flux values from the coastal to the deep sea and covering a wide range of OM deposition fluxes (Table 2). By
examining the flux estimates on Table 2 (and references therein) we find that: (a) global seafloor TA fluxes are
highly variable and (b) simulated Jra 7« for the Barents Sea shelf falls at the lower end of globally observed
values. The global variability can be explained by the different nature of the OM input, redox conditions in
overlying waters and below the seafloor, and depositional rates. Additionally, methodologies vary, with in situ
benthic chamber incubations being the most common way of deriving these fluxes (Table 2). Therefore, estab-
lishing meaningful comparisons with our estimates must be done with a certain degree of caution to account for
these factors.

Overall, our estimated net Jra 1o values (11.3-63.2 pmol cm~2 yr~!) are similar to TA fluxes determined for
sites in (a) the productive, yet deep Equatorial Pacific (—13.9-48.7 pmol cm~2 yr~!) (Berelson et al., 1990; 1994),
(b) the Equatorial North Atlantic (—1.0-23.6 pmol cm~2 yr~1), where sedimentary carbonate contents are gener-
ally high (Jahnke & Jahnke, 2004), as well as (iii) shelf and slope settings found along the California margin
(Berelson et al., 1987; Jahnke et al., 1997) and the Gulf of Mexico (Berelson et al., 2019). These are deeper areas
(>790 m) located within highly productive system and exposed to pelagic hypoxic conditions, thus experiencing
acidification (Table 2). Similar order of magnitude TA fluxes are also reported for shallow parts of the California
margin (Monterey Bay — 100 m depth) experiencing periods of low pelagic productivity, thus decreased OM
degradation rates and sediment nutrient efflux (Berelson et al., 2003). Although the characteristics of the depo-
sitional environments vary, these are all sites that receive highly reactive OM and are often bathed in corrosive
bottom waters.

By contrast, our J74r.a €Stimates are one order of magnitude lower than model-derived, global values for
idealized coastal and shelf sediments (Krumins et al., 2013). Similar to DIC flux estimates, such differences
can be explained by differences in environmental conditions (OM input and reactivity) and model assumptions
and parametrizations in our present work (and Freitas et al., 2020) and the global-scale assessments (Krumins
et al., 2013). Furthermore, Jr 4 701 Values for the Barents Sea are significantly lower than TA fluxes for near coast
environments, such as the Rhone delta, where the anaerobic oxidation of methane results in high TA production
(Rassmann et al., 2020), as well as at estuarine systems in SW Spain (Forja et al., 2004) and the coast of the Gulf
of Mexico (Berelson et al., 2019). These areas receive high loads of terrestrial and fluvial OM inputs that quickly
accumulate in the sediment.

3.4. Sensitivity of Seafloor Carbonate Dynamics to Varying Environmental Conditions

Since projected changes in sea-ice and progressive Atlantification (Arthun et al., 2012; Barton et al., 2018;
Carmack & Wassmann, 2006; Oziel et al., 2020; Smedsrud et al., 2013) may represent further stressors for
seafloor inorganic carbon dynamics, we developed a series of sensitivity experiments (Section 2.2.5) to explore
the sensitivity of seafloor DIC and TA fluxes to possible future changes in environmental conditions. These are
not specific projected scenarios for the Barents Sea and our assessments are designed to illustrate the potential
mechanistic response of the carbonate system in the Barents Sea seafloor to changes in bottom water pH and
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Compilation of Benthic TA Fluxes Across Contrasting Marine Systems
Site Setting Depth (m) OM input TOC (wt%) Type Jra Unit Reference
Barents Sea Shelf 290-355  Pelagic 1.8-2.5 Model 11.3-63.2 pumol This study; Freitas
(Steady cm~2 yr~! et al. (2020)
state)
Global Coast—Shelf 25-150 Pelagic 2.3-6.4 mol C Model 200.7-616.8  peqcm~2yr~!  (Krumins
m~2yr~! (Steady etal., 2013)
(OM flux at state)
the SWI)
Equatorial Pacific Abys 4,4504,910 Pelagic 0.5-1.0 Chamber —13.9-36.7 peqcm~?yr~! Berelson
(total) et al. (1990);
Jahnke
et al. (1982)
Equatorial Pacific Abys 3,380-4,560 Pelagic 0.2-1.0 Chamber 13.5-47.8 peq cm~2 yr=!  Berelson
(total) et al. (1994);
Hammond
et al. (1996)
Cape Verde Plateau  Abys 3,103 Pelagic n.a Chamber —-1.0-11.0 peq cm~2yr~!  Jahnke and
Ceara Rise Abys 3272-4676 Pelagic n.a. (total) 159 936 el (L)
North Carolina Slope 750-2,937  Pelagic and lateral 1.4-2.7 Chamber 43.3-392.3 peq cm~2yr=!  Jahnke and
depocenter transport (total) Jahnke (2000)
California margin Slope 790-3,745  Pelagic and 2.9-35 Chamber 54.7-113.2 peq cm~2yr~!  Jahnke
episodic lateral (total) et al. (1997);
transport? Jahnke
et al. (1990)
Southern California ~ Shelf 900-1,800 Pelagic and 3.5-6.0 Chamber 61.7-68.3 peq cm~2yr~'  Berelson
episodic lateral (total) et al. (1987)
transport
Monterey Shelf 100 Pelagic (upwelling) 0.4-0.5 Chamber 74.8-333.2 peq cm=2 yr=!  Berelson
Bay — California (total) et al. (2003)
Gulf of Mexico Coast 16-30 Mixed pelagic and 1.5-1.7 Chamber 240.9-2,701  peqcem~2yr~'  Berelson
terrestrial (total) et al. (2019);
Waterson and
Canuel (2008)
Shelf—Slope  130-1.550 Mainly pelagic 0.8-1.3 69.4-219.0 Morse and
Minor terrestrial Beazley (2008)
Rhone delta Coast—Shelf 20-72 Mixed pelagic and 1.3-2.0 Chamber 135.1-2,697 pumol Rassmann
terrestrial (total) cm~2 yr~! et al. (2020)
Tomales Estuary 3-6 Pelagic with n.a Chamber 138.7-521.9  peqem~2yr~!  Smith et al. (1987);
Bay — California terrestrial (total) Dollar
etal. (1991)
Tinto—Odiel Estuary 2-5 Mainly terrestrial 1.1-2.4 Chamber —10,004— pmol Ortega et al. (2008)
System (inc. (total) 12,592 cm~2 yr~!
anthropogenic)
and aquatic
Ria de Vigo Estuary 4-20 Mainly terrestrial 2.9-6.9 Chamber 4,307-7,516 pumol Forja et al. (2004)
: = =i
Bay of Cadiz 214 (inc. , 2.0-2.9 (otal) 3 8695329 cm™=yr
anthropogenic)
Odiel Estuary 3-8 and aquatic 1.9-4.2 3,613-5,073
Barbete Estuary 3 1.7 4,854
Palmones Estuary 2-5 0.9-34 3,577-4,964

Note. n.a., data not available; TOC, total organic carbon.

FREITAS ET AL.

16 of 26



A2 |
MI
ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2021GB007187

2700

2350

2700

Bottom water total alkalinity (uM)

B13

Bl4 B15 Bl6 B17

100 € =

g3

75 2 =

e B
50 3.3

N
54
100 ©

75 3%

50 § =
25 P E
« @

0 2

o

8

w2

=

70 75 80 70 75 80 70 7.5 80 70 75 80
Bottom water pH

Figure 7. Sensitivity of carbonate chemistry parameters at the seafloor relative to changes in bottom water pH (horizontal axis) and total alkalinity (vertical axis): top
row, benthic alkalinity effluxes (J7 4 ro.); middle row, benthic dissolution of inorganic carbon (DIC) effluxes (Jp;c rora); bottom row, Q at the sediment-water interface

(SWI).

alkalinity (Section 3.4.1), as well as OM deposition (Section 3.4.2) that have been shown to exert the main control
on DIC and TA cycling in the Barents Sea.

3.4.1. Bottom Water pH and Alkalinity

Despite the plausible range of bottom water TA explored here (e.g., Hulth et al., 1996; Miller et al., 2017), we
see that the impact of variations in bottom water TA on both TA and DIC fluxes (Figure 7) is generally low (the
isolines are nearly vertical). This suggests that global seafloor TA fluxes are highly variable and the uncertainties
in applied bottom water TA concentrations have a negligible influence on TA flux estimates. By contrast, along
the studied range of pH conditions, we observe far more prominent changes in benthic TA and DIC effluxes.
Generally, the highest TA and DIC fluxes, reaching nearly 100 pmol cm~2 yr~! at the northern sites are simulated
for more corrosive bottom water conditions with a pH = 7.0. These trends in J74 74w and Jprc 1o are further
supported by changes in Q at the SWI (Figure 7). Saturation state largely falls below one at bottom water pH < 7.6,
although this threshold gradually shifts to pH < 7.5 at greater bottom water total alkalinity (TA > 2,600 uM).

Our model results highlight the role of bottom water pH in further promoting shallow calcium carbonate dissolu-
tion and supporting higher DIC and TA fluxes. They agree with laboratory-based experiments which show that
low bottom water pH conditions (pH = 7.1) produce large TA effluxes (Gazeau et al., 2014), and field obser-
vations that suggest bottom water pH < 7.3 promote carbonate dissolution at the SWI (Kostka et al., 1999). At
pH = 8.0, net effluxes generally decrease but are higher at high bottom water alkalinity (TA > 2,350 pM).

Our sensitivity analyses of bottom water pH and TA further highlight the S—N patterns that we uncovered with
our RTM approach. Our results suggest that bottom water acidification will have a more pronounced impact on
the northern shelf (assuming that all other conditions remain unchanged) because B16—B17 are characterized by
higher calcite contents (Faust et al., 2020), and thus more susceptible to corrosive conditions.
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Figure 8. Sensitivity of seafloor carbonate chemistry parameters to changes in sedimentation rates (2x) and organic matter
(OM) inputs (0.5x and 2x). Left column: rates of dissolution (blue) and precipitation (green). Right column: benthic fluxes of
dissolution of inorganic carbon (DIC) (brown) and total alkalinity (TA) (orange).

3.4.2. Particulate Export to the Seafloor

Our model results also show that the quantity of OM and iron/manganese oxide deposition and, in particular, the
resulting redox zonation of the sediment, and calcium carbonate contents (Section 3.2.2) exert further controls
on TA and DIC benthic fluxes along the Barents Sea transect. It has been suggested that the projected loss of
Arctic sea ice and associated circulation changes will prolong the ecological productive period and therefore have
a fundamental impact on ecosystem structure (e.g., Lewis et al., 2020; Oziel et al., 2020). Although important,
it remains difficult to predict future consequences on OM deposition fluxes. Thus, we explore how changes in
deposition fluxes to the seafloor may impact carbonate dynamics (Figure 8; Table S3—-S7). Similarly, it remains
unclear how these changes may impact PIC delivery to the seafloor (e.g., Luo et al., 2016), as well as reactive
metal oxide fluxes to the SWI. To address this gap, we also assess the impacts of shifts in input fluxes of metal
oxides and PIC (Figure 9; Table S3—S7 in Supporting Information S1).

Depositional environments subject to high sedimentation rates are generally characterized by a rapid depletion
of oxygen, thus favoring sub-oxic and anoxic metabolic pathways (Burdige, 2006; Middelburg, 2019), which can
promote € oversaturation and authigenic calcite precipitation (Berner et al., 1970; Green & Aller, 2001; Hu &
Cai, 2011; Rassmann et al., 2020). Accordingly, model results indicate that a general doubling in sedimentation
rates lead to an increase in authigenic precipitation rates at all sites (Figure 8). However, the magnitudes of
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precipitation (green). Right column: Benthic fluxes of dissolution of inorganic carbon (DIC) (brown) and total alkalinity (TA)
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these increases differ along the transect. At B13—B15, precipitation rates increase 2—3-fold relative to baseline
conditions, whereas at B16-B17 rates are 4-5-fold higher (Table S3—S7 in Supporting Information S1). This
regional difference may be attributed the high rates of OM degradation and greater contribution of metal oxide
pathways in the northern sites relative to the southern area (Freitas et al., 2020). Furthermore, higher sedimen-
tation rates would increase input fluxes of reactive OM, and thus lead to a shift from oxic to anoxic degradation
pathways (Middelburg, 2019). Indeed, results show that higher sedimentation rates trigger a shift in metabolic
pathways of OM degradation, such that the relative contribution of aerobic OM degradation decreases. This
decrease is compensated by increases in metal oxide and OSR contributions, which particularly at B15-B17 leads
to an increase in Q. Consequently, rates of calcite dissolution slightly decrease due to pH buffering, while rates
of precipitation significantly increase. Except for B13, these changes do not translate into important changes in
JIpicroa a0d J1a10ra. At B13, fluxes increase due to enhanced DIC and TA production by OM degradation and
further TA production by sulfide oxidation, which are not offset by limited authigenic carbonate precipitation (for
details see Table S3 in Supporting Information S1).

Benthic OM degradation is donor controlled (Burdige, 2006) and rates of OM degradation in the Barents Sea
scale with OM input at the SWI (Mirz et al., 2022). Our results show that changes in OM input exert an important
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influence on carbonate precipitation, and to a lesser extent on dissolution rates (Figure 8). Calcite dissolution
rates slightly increase with lower OM deposition at the northern sites due to a shift in metabolic pathways. An
OM content that is half of baseline conditions increases the relative contribution of aerobic OM degradation from
52% to 74% (Freitas et al., 2020) to 68%—88% (Mirz et al., 2022). Under such conditions, there is deepening of
the oxic layer into the sediments, which generally results in sustained low pH values (Forja et al., 2004; Jourabchi
et al., 2005; Mucci et al., 2000; Soetaert et al., 2007). Moreover, reducing the OM input to half of its baseline
values decreases TA production (Table S3—S7 in Supporting Information S1), and negatively affects precipitation
rates. Since aerobic conditions prevail in these scenarios, metal oxide pathways are inhibited.

Conversely, doubling OM input leads to a 2—5-fold increase in carbonate precipitation rates at sites B14, B16, and
B17 relative to baseline conditions. Under baseline conditions, these sites reveal the greatest metal oxide contri-
butions to OM degradation (3%—11%; Freitas et al., 2020). The 2-fold increase in OM input results in an overall
shift from aerobic to anaerobic OM degradation, where metal oxide contributions in B14, B16, and B17 make
up 21%-35% of OM degradation rates (Mérz et al., 2022). Here, metal oxide pathways promote a shallow pH
increase and Q oversaturation (Berner et al., 1970; Canfield et al., 1993; Green & Aller, 2001; Hu & Cai, 2011;
Kostka et al., 1999; Tessin et al., 2020). Thus, concomitantly with an enhanced production of TA, these processes
promote Q oversaturation, leading to greater carbonate precipitation rates (Figure 8; Tables S3—S7 in Supporting
Information S1). As a result of greater OM degradation rates under double OM input, we quantify an increase in
DIC production. As such, benthic DIC fluxes also generally increase despite the DIC sink by authigenic precipi-
tation (Tables S3—S7 in Supporting Information S1).

Mn and Fe (oxyhydr)oxides are relatively abundant in Barents Sea sediments (Faust et al., 2021; Kostka
et al., 1999; Michaud et al., 2020; Nickel et al., 2008; Vandieken et al., 2006). The relative contributions of these
metal oxides to OM degradation exert an important control on pH and carbonate chemistry of porewaters (Berner
et al., 1970; Canfield et al., 1993; Green & Aller, 2001; Hu & Cai, 2011; Kostka et al., 1999; Tessin et al., 2020).
Yet, our sensitivity tests show that changes in metal oxide inputs to the seafloor exert relatively minor impacts on
carbonate dynamics in the Barents Sea (Figure 9; Table S3—S7 in Supporting Information S1). This somewhat
counterintuitive result can be explained by the fact that depth-integrated carbonate dissolution and precipitation is
mainly controlled by the residence time of the sediment layer within the carbonate dissolution and/or precipitation
zone (Blouet et al., 2021). As a consequence, the redox zonation of the sediment exerts, next to the sedimentation
rate, a first-order control on total carbonate dissolution and precipitation. Model results reveal that, in contrast
to changes in OM inputs, changes in metal oxide input increase have a limited influence on the redox zonation
of the sediment, and thus on the location and extent of the precipitation (& > 5) and dissolution (2 < 1) zones.

Changes on calcite input fluxes alone to the seafloor are limited to relatively small shifts in dissolution rates.
Unsurprisingly, an increase (decrease) in calcite inputs marginally triggers an increase (decrease) in dissolution
rates (Figure 9; Table S3—-S7 in Supporting Information S1). These impacts are more pronounced at B16-B17,
and there are two likely explanations for this pattern. First, sites B16 and B17 are characterized by more corrosive
pH conditions (pH < 7.45) and strong Q undersaturation (Q = 0.48-0.68) in the upper 2 cm sediments, which is
further sustained by intense proton production via aerobic OM degradation (Sections 3.1 and 3.2). In addition,
these sites are more susceptible to bottom water acidification and Q undersaturation (Section 3.4.1). Such condi-
tions favor calcite dissolution, which is limited by the availability of calcite itself. Second, since calcite contents
in the northern sites are higher than those found in B13-B15 (Table 1; Faust et al., 2020), any relative change in
calcite input fluxes will have a much larger absolute impact on sites B16 and B17. Yet, those impacts are minimal
when compared to more dominant factors, such changes in OM inputs (see above; Tables S3—S7 in Supporting
Information S1).

3.5. Implications for a Changing Arctic Ocean

Our baseline assessment allowed us to identify the main drivers of seafloor pH and carbonate dynamics in the
Barents Sea shelf, while our sensitivity tests illustrate how potential changes in these environmental conditions
might affect DIC and TA fluxes in the Barents Sea. Although our analyses are focused on the Barents Sea
shelf region, we showed systematic links between plausible environmental changes associated to sea-ice loss,
Atlantification, and OA (Arthun et al., 2012; Barton et al., 2018; Oziel et al., 2020; Smedsrud et al., 2013). We
provide a range of expected responses of seafloor inorganic carbon dynamics, which are critical because of the
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ongoing changes experienced by the Barents Sea and are projected to affect the Arctic Ocean in its entirety (Lewis
et al., 2020; Luo et al., 2016; Terhaar et al., 2019; 2020; Zhang et al., 2020).

The projected shoaling of carbonate compensation depths triggered by acidification of the Arctic Ocean will
result in marked increase in shallow carbonate dissolution (Luo et al., 2016), and thus negatively impact PIC
export to the seafloor. With the acidification of bottom waters, benthic calcite dissolution may become inten-
sified and result in greater benthic fluxes of DIC and TA (Gazeau et al., 2014). However, these processes will
be sustained at the expenses of PIC burial (Hulth et al., 1994; Steinsund & Hald, 1994), which can lead to a
collapse of pH buffering by calcite dissolution. In contrast, changes in pelagic productivity by Atlantification and/
or sea-ice loss (Lewis et al., 2020; Oziel et al., 2020) may shift OM export to the seafloor. As such, sediments
may experience a shift in redox zonation (Mirz et al., 2022), and inorganic carbon dynamics within sediments.
Critically, enhanced input of OM to the seafloor could offset the impacts of bottom water acidification, although
such increase in pelagic export would probably be accompanied by additional changes in environmental condi-
tions, such as pelagic nutrient dynamics and changes in phytoplankton communities with further implications for
benthic carbonate cycling (Lewis et al., 2020; Oziel et al., 2020).

Mechanistically understanding how these processes will critically tip the delicate balance of pH and carbonate
dynamics in Arctic Ocean sediments is crucial. The Arctic Ocean is rapidly changing and will continue to do
so (Huntington et al., 2022; Khosravi et al., 2022; Mirz et al., 2022; Thomas et al., 2022; Tuerena et al., 2022).
Here, we offer some systematic insights that can help in building a comprehensive picture for the entire Barents
Sea shelf and foster further investigations to interrogate other biogeochemical drivers. Our study can help to
develop an informed Pan-Arctic picture of processes governing pH and Q, as well as carbonate burial and feed-
backs to bottom waters for the near future (e.g., end of century), which would complement currently available
pelagic assessments (Bindoff et al., 2019; Khosravi et al., 2022; Luo et al., 2016; Meredith et al., 2019; Terhaar
et al., 2019; 2020).

4. Conclusions

Using a model-data approach calibrated for OM dynamics in the Barents Sea shelf (Freitas et al., 2020), we
explicitly resolved benthic pH and carbonate systems and quantified the diagenetic processes governing shifts in
porewater pH and saturation state, as well as DIC and TA fluxes. Further, we assessed how bottom water condi-
tions and input fluxes impact inorganic carbon dynamics and its links to environmental changes.

1. Our assessments are in general agreement with findings that OM transformation plays an important role for
pH and Q. Further, we also show the important role played by bottom water conditions in shaping pH and Q
saturation close to the sediment-water interface. Importantly, here we systematically quantified the intercon-
nected role of these processes and their impacts on pH buffering capacity, as well as calcite dissolution and
precipitation.

2. We identified a marked South—North pattern along the Barents Sea 30°E transect, which somewhat coincides
with the prevailing water mass and sea ice gradients. The S—N pattern controls the depth evolutions and
intensities of pH negative shift and Q undersaturation ( < 1) driven by bottom waters carbonate chemistry
alongside aerobic OM degradation in the upper 2-5 cm depth. These processes drive calcite dissolution, as
well as pH increase and Q oversaturation (2 > 5) produced by metal oxide pathways deeper than 5-10 cm that
enables calcite authigenic precipitation.

3. We calculated benthic DIC and TA fluxes, which are 2-3-fold greater in the northern sites. In the southern
sites (B13-B15), DIC and TA fluxes are mainly driven by OM degradation. In contrast, greater fluxes in the
northern sites (B16-B17) are produced by both OM degradation and strong calcite dissolution, the latter due
to greater CaCOj availability and shallow Q undersaturation.

4. The Barents Sea sediments are vulnerable to bottom waters acidification, particularly in the northern,
calcite-rich sites. We showed that a drop in pH relative to present-day conditions can produce large dissolu-
tion, which is expressed by intensified DIC and TA fluxes. In contrast, intensification of OM export fluxes to
the seafloor may lead to a shift in redox conditions and promote an intensification of metal oxide pathways.
This can strengthen Q oversaturation and counter the effects of bottom waters acidification.
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