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Abstract The seabed and the water column are tightly coupled in shallow coastal environments. Numerical
models of seabed-water interaction provide an alternative to observational studies that require concurrent
measurements in both compartments, which are hard to obtain and rarely available. Here, we present a coupled
model that includes water column biogeochemistry, seabed diagenesis, sediment transport and hydrodynamics.
Our model includes realistic representations of biogeochemical reactions in both seabed and water column, and
fluxes at their interface. The model was built on algorithms for seabed-water exchange in the Regional Ocean
Modeling System and expanded to include carbonate chemistry in seabed. The updated model was tested for
two sites where benthic flux and porewater concentration measurements were available in the northern Gulf of
Mexico hypoxic zone. The calibrated model reproduced the porewater concentration-depth profiles and benthic
fluxes of O,, dissolved inorganic carbon (DIC), TAlk, NO; and NH,. We used the calibrated model to explore
the role of benthic fluxes in acidifying bottom water during fair weather and resuspension periods. Under fair
weather conditions, model results indicated that bio-diffusion in sediment, labile material input and sediment
porosity have a large control on the importance of benthic flux to bottom water acidification. During
resuspension, the model indicated that bottom water acidification would be enhanced due to the sharp increase
of the DIC/TAIKk ratio of benthic fluxes. To conclude, our model reproduced the seabed-water column exchange
of biologically important solutes and can be used for quantifying the role of benthic fluxes in driving bottom
water acidification over continental shelves.

Plain Language Summary In coastal environments where water is shallow, significant interactions
occur between the seabed and the overlying water column. In the Northern Gulf of Mexico (NGoM) hypoxic
zone, the seabed is believed to play an important role in the acidification of bottom ocean water. In this study we
use a numerical model to understand how the seabed can affect bottom water acidification over the NGoM
hypoxic zone. We found that during fair weather periods, mixing in the sediment bed due to biological activity,
organic matter supply from the water column to the sediment, and the porosity of sediment itself can largely
affect the role of the seabed in acidifying the bottom water. When the ocean condition is highly dynamic and
resuspension occurs, the contribution of the seabed to bottom water acidification will likely be enhanced.

1. Introduction
1.1. Motivation: Benthic-Pelagic Coupling in Relation to Hypoxia and Ocean Acidification

Benthic-pelagic coupling in the aquatic environment refers to the interaction and mutual-dependence between the
water column and the underlying sediment bed. The major environmental variable controlling the intensity of
such coupling is the water depth (Suess, 1980). In shallow water systems including many estuaries and large
portions of continental shelves, the seabed and its overlying water column are tightly coupled (Heip et al., 1995;
Jorgensen et al., 1990; Roden & Tuttle, 1992). Intensive exchange of particulates and solutes occurs in such
systems. For instance, the continental shelves, which cover only 7% of the surface area of the ocean, are estimated
to receive 48% of the global flux of organic carbon to the seabed (Dunne et al., 2007). The subsequent benthic
nutrient flux can meet around 80% of phytoplankton nutrient demand (Middelburg & Soetaert, 2004; Zhang
etal., 2021). Over the Northern Gulf of Mexico (NGoM) hypoxic zone, the seabed is estimated to serve as the sink
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for 39% of the nitrogen load from the Mississippi River watershed and release a total nitrogen flux that could
provide on average 43%—66% of the sub-pycnocline, and 25%—60% of the total water column phytoplankton
demand (Eldridge & Morse, 2008; Lehrter et al., 2012). Thus, knowledge of the material exchanges between the
seabed and water column is of vital importance for understanding marine ecosystem functioning for this and
similar regions.

Oxygen is arguably the most biologically important solute exchanged between the seabed and the water column.
Sediment oxygen consumption (SOC) is believed to play a key part in promoting hypoxia development over
shallow waters (Fennel & Testa, 2019). In the NGoM, the formation of hypoxia is sensitive to SOC (Fennel
et al., 2013), which accounts for around 20%-30% of the total oxygen consumption within the hypoxic layers
(Fennel & Testa, 2019). This contribution is reported to have been increasing over the past several decades
(Turner et al., 2008). Additionally, bottom water oxygen concentration largely regulates the oxygen penetration
depth in sediment and the SOC (Cai & Sayles, 1996; Rasmussen & Jgrgensen, 1992). Specifically, SOC is
believed to increase with bottom oxygen concentration (e.g., Murrell & Lehrter, 2011; Wang et al., 2020; Yu
et al., 2015).

Observations from a few well-studied systems, including the NGoM, the Central California shelf/slope and
Southern California Basin (Berelson et al., 1996; Cai et al., 2011; Hu & Cai, 2011; Hu et al., 2017; Laurent
et al., 2017), show that benthic fluxes can be an important factor contributing to bottom water acidification on
continental shelves. In these regions, the ratio of dissolved inorganic carbon (DIC) to total alkanility (DIC/TAlk)
in the water column is close to 0.8, while that of the benthic fluxes is larger than 1 (Hu & Cai, 2011; see also
Berelson et al., 1996, 2019; Cai et al., 2011; Hu et al., 2017). Thus, the benthic fluxes can potentially cause a net
drop in bottom water pH. Meanwhile, the buffering capacity of seawater to ocean acidification is minimum when
DIC/TAIlk = 1 (Egleston et al., 2010). In this case, mixing of benthic flux with the bottom water on continental
shelves is likely to lead to a weakened buffering capacity of seawater. This means a given increase in DIC will
cause a larger decrease in pH. Over the NGoM hypoxic zone, Laurent et al. (2017), using a biogeochemical
model, reported the recurring development of acidified water within a thin bottom layer. Wang et al. (2020), based
on the analysis of a 10-year summer bottom water carbonate chemistry data set and the literature reported and
recently measured benthic fluxes, found that the benthic fluxes have contributed to a pH reduction by
—0.03 £ 0.04 in NGoM hypoxic zone. The pH reduction is significant (p < 0.05) in hypoxic waters. Rabouille
etal. (2021) claimed that the benthic fluxes favor bottom water acidification in the NGoM hypoxic zone due to the
dominance of aerobic remineralization in the seabed. However, there is still a lack of systematic understanding
regarding how the benthic DIC and TAlk fluxes may vary under different environmental conditions during fair
weather periods.

Resuspension frequently occurs in shallow water systems, enhancing the coupling of the benthic and pelagic
compartments. Resuspension takes place when wave- and/or current-induced bed shear stresses exceed the
suspension threshold of sediment, at which point sediment is eroded from the seabed and transported as sus-
pended load within the water column. Over NGoM, the material deposited over the shallow areas of the conti-
nental shelf with water depth less than 20 m is subject to high bed stress and can be resuspended throughout the
year (Allison et al., 2000; Corbett et al., 2004; Xu et al., 2011). During resuspension, a net entrainment of par-
ticulate organic matter from the seabed to the water column will be expected (Hopkinson, 1985). This may affect
the remineralization of particulate organic matter, thus reshaping biogeochemical conditions in both seabed and
water column. Previous observational and modeling studies for bottom boundary layers concluded that resus-
pension could enhance organic matter remineralization and total carbonate production (e.g., Aller, 1998; Arzayus
& Canuel, 2005; Hartnett et al., 1998; Moriarty et al., 2018; Stdhlberg et al., 2006; Wainright & Hopkin-
son, 1997), while one study reported a decrease of the total carbonate production during resuspension (Tengberg
et al., 2003). Yet former studies seldom separated the effect of resuspension on seabed versus water column
processes, reporting instead overall bulk impacts. Further, little is known about the TAlk dynamics during
resuspension, so that the influence of resuspension on bottom water acidification is unclear.

1.2. Goals of the Model, Objectives, and Outline of the Paper

In this study, we updated a previously developed water column biogeochemical-seabed diagenetic and sediment
transport model, HydroBioSed (Moriarty et al., 2017, 2018, 2021) to include algorithms for DIC and TAIlk, and
more complex anaerobic processes. We applied the updated HydroBioSed in 1-D (vertical) at two sites in the
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NGoM hypoxic zone to resolve the sedimentary processes, while strongly nudging the overlying water conditions
to observed and literature values. In this paper, we describe the subsequent developments of HydroBioSed to
address the growing concern of ocean acidification and the recognized importance of benthic sources to carbonate
dynamics. Our overarching goal is to provide an open-source, community-based modeling framework that can be
used to advance understanding of the exchange of particulate organic matter and solutes between the seabed and
water column on continental shelves and estuaries. This model can be used as a research and management tool to
address issues that are strongly affected by benthic-pelagic coupling, such as hypoxia (Boynton et al., 2018;
Kemp et al., 1992; Nunnally et al., 2014; Turner et al., 2008) and ocean acidification (Anthony et al., 2013;
Laurent et al., 2017) in shallow coastal environments.

With this paper, we aim to (a) provide a holistic introduction of the HydroBioSed including recent updates; (b)
highlight our newly added algorithms for the exchange of DIC and TAlk between the seabed and water column;
and (c) understand the role of benthic DIC and TAlk fluxes in acidifying bottom water over the NGoM hypoxic
zone. For this, the modeling processes represented in HydroBioSed are detailed in Section 2. In Section 3, we
calibrate and evaluate our model results against recent observations of benthic fluxes and porewater concen-
trations over NGoM hypoxic zone. In Section 4, the sensitivity of the model results to different parameters and
environmental conditions is evaluated. In Section 5, we address two research questions using NGoM as a site of
interest: (a) Which processes and environmental factors are benthic fluxes of DIC and TAlk most sensitive to
during fair weather periods? (b) How do episodic resuspension events impact benthic DIC and TAlk fluxes? In
Section 6, we close the paper with a Summary and Conclusions.

2. Model Processes
2.1. Overview of the Development of HydroBioSed
2.1.1. Previous Efforts

HydroBioSed was originally developed by Moriarty et al. (2017) in the Regional Ocean Modeling System
(ROMS) (Haidvogel et al., 2000, 2008; Shchepetkin & McWilliams, 2003, 2009) by coupling a water column
biogeochemical model (Fennel et al., 2006) to a vertically resolved sediment transport (Warner et al., 2008) and
seabed diagenetic model (Soetaert et al., 1996). The water column biogeochemical model (Fennel et al., 2006)
used nitrogen as the major currency and included seven state variables including phytoplankton, zooplankton,
nitrate, ammonium, dissolved oxygen, and small and large detritus. Additionally, HydroBioSed accounted for
water column concentrations of oxygen demand units (ODU), described below, for consistency with the seabed
diagenetic process.

In the seabed, HydroBioSed used the Community Sediment Transport Modeling System with an added diagenetic
algorithm based on Soetaert et al. (1996). CSTMS was developed in ROMS for non-cohesive sediment transport
and seabed evolution (Warner et al., 2008). The diagenetic component was added by Moriarty et al. (2017) based
on the diagenetic model proposed by Soetaert et al. (1996). Concentrations of labile organic matter, semi-labile
organic matter, nitrate, ammonium and dissolved oxygen were represented in the seabed. Following Soetaert
et al. (1996), other reduced chemical species were represented by a single tracer, called ODU. Aerobic remi-
neralization, denitrification and anaerobic remineralization were represented to account for particulate organic
matter decomposition. For anaerobic remineralization, one single pathway with a user specified stoichiometric
ratio between oxidant and particulate organic matter was used to characterize the dominating anaerobic process.
The seabed was modeled using multiple layers with different resolution from top to bottom (from submillimeter to
centimeter thick). For each sediment layer, the distribution of both particulate organic matter and solutes were
resolved.

This coupling of the water column biogeochemical model with the sediment transport and seabed diagenetic
model facilitated representation of material exchange between the seabed and water column in a process-based
way. This led to a more realistic representation of the bottom boundary used by Fennel et al. (2006), in which
benthic flux was parameterized as a function of particulate organic matter properties and environmental variables
assuming instantaneous remineralization of the deposited particulate organic matter. In HydroBioSed, the benthic
fluxes were calculated for each baroclinic time step and applied to the bottommost (for water) or topmost (for
seabed) grid cells. For particulate organic matter, the model accounted for seabed-water exchange through
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deposition and erosion. For the dissolved substances, in addition to the depositional/erosional flux, the diffusive
flux between the sediment porewater and the overlying water column was also included.

A one-dimensional version of HydroBioSed was first implemented for the Rhone subaqueous delta to understand
the effect of local resuspension on oxygen dynamics (Moriarty et al., 2017). Three-dimensional versions of
HydroBioSed were then applied to the NGoM continental shelf to investigate the role of resuspension in regu-
lating bottom water oxygen and nitrogen dynamics (Moriarty et al., 2018); and to the Chesapeake Bay to examine
the role of resuspension on light attenuation, primary production and remineralization (Moriarty et al., 2021).
Since then, the structure and algorithm of HydroBioSed was further updated and formally adapted to ROMS as
released with the Coupled Ocean—Atmosphere—Wave—Sediment Transport (COAWST, see Warner et al., 2008,
2010) modeling system. Specifically, HydroBioSed was included in COAWST Version 3.8.

2.1.2. New Developments

This study focused on developing the model to account for the representation of the exchange of DIC and TAlk
between the seabed and the water column. Specifically, we (a) implemented a version of the biogeochemical
model that includes carbon dynamics in the water column (Fennel et al., 2008, 2013); (b) added DIC and TAlk to
the seabed diagenetic model; (c) improved representation of anaerobic remineralization in the seabed by including
manganese- and iron-oxides reduction, and sulfate reduction, which is believed to have a major impact on the
benthic TAIlk flux (Krumins et al., 2013); and (d) modified the representation of particulate organic matter to
allow for unlimited classes of them with different remineralization rates in both water column and seabed.
Additionally, the revised model was recalibrated based on recent observations of water column and seabed
geochemistry from the NGoM.

2.2. Introduction to Model Processes

Figure 1 shows processes represented in HydroBioSed. In the water column, the temporal evolution of particulate
and solute concentrations is calculated as the result of advection, diffusion and local biogeochemical reactions.
Within the seabed, a sequence of idealized reactions is used to represent the major early diagenetic pathways. The
mixing of particulate and dissolved materials in sediment is represented as a one-dimensional (vertical) diffusive
process (bio-diffusion). At the seabed-water interface, the model considers the particle and solute exchange
through deposition, erosion, and diffusion. At each baroclinic timestep, the biogeochemical reactions in the water
column, net deposition/erosion and diffusion at the interface, bio-diffusion and diagenetic reactions within the
seabed, and physical advection and diffusion in the water column are calculated in sequence. Table 1 shows the
changes in DIC and TAlk associated with each of the reactions represented in HydroBioSed. The water column
biogeochemical reactions follow Fennel et al. (2008, 2013) while the diagenetic reactions are from Soetaert
et al. (1996).

2.2.1. Water Column Biogeochemical Processes

As shown in Figure 1, the major state variables included are phytoplankton (Phy), zooplankton (Zoo), nitrate
(NO3), ammonium (NH,), DIC, dissolved oxygen (O,), small detritus—nitrogen (SDetN), large detritus—
nitrogen (LdetN), small detritus—carbon (SdetC), large detritus—carbon (LdetC), ODU, and total alkalinity
(TAIK). The reactions represented in the model are shown in Figure 1 (top right). The time rates of change for the
concentrations of solutes (mmol/m?) in the water column are calculated following Equations 1-6, with terms
described in Table 2. New additions to HydroBioSed, that is, the equations of state for DIC and TAIk, are
highlighted using bold print (Equations 4-5). These equations allow us to account for carbon cycling in the water
column, and were based on Fennel et al. (2008, 2013), who has incorporated them into ROMS. Note that more
detailed versions of the equations are provided in the supplementary material.

ONO
o 3 = —Phyyos + Whitriygs + Depyos + Eroyes + SWDIffyos + Advyos + WDiffyos 1

ONH,
ot

= —Phyypy + Zooyps — WNitriyy, + Remypy ypa + Remgpy yga + WRemyy; yya + WRemy, vps

+ Depyps + Eroyps + SWDiffyps + Advyps + WDIffyps @)
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Figure 1. Schematic representation of the modeled processes. In the water column, the model accounts for the physical transport as well as the biogeochemical reactions
of organic particles (outlined in black), biogeochemical solutes (outlined in yellow) and other state variables (outlined in green), and for suspended sediment transport
(outlined in black). Within the seabed, geochemistry is modeled using a series of diagenetic reactions. The bio-diffusion of both solutes and particles between seabed
layers are also represented as double arrows. At the seabed-water interface, the particulates and solutes are exchanged through diffusion, deposition, and erosion.
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2.2.2. Seabed Geochemical Processes
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The calculation of the particulate organic matter content in each sediment layer (POM,, kg/m?) follows Equa-

tion 7, and accounts for aerobic remineralization (OxicM,), nitrification (SDeni;) and anaerobic remineralization
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Table 1
Reactions Implemented in HydroBioSed and the Related Changes in TAlk and DIC
Process ATAlk ADIC Source
Water column
Phytoplankton + DIC + NO; — O, 1 —6.625 Fennel et al. (2008, 2013)
Phytoplankton + DIC + NH, — O, -1 —6.625
NH, + O, — NO, + H,0 = 0
Small/Large Detritus + O, — DIC + NH, 1 6.625
Labile/Semi-labile Aggregates + O, — DIC + NH, 1 6.625
Seabed
POM + O, — NH, + DIC + H,PO, + H,0 0.11 1 Soetaert et al. (1996)
POM + NO, — NH, + DIC + N, + H,PO, + H,0 0.94 1
POM + MnO, + H* - NH, + DIC +Mn** + H,PO, + H,O 4.14 1
POM + Fe,0, + H* - NH, + DIC + Fe** + H,PO, + H,0 8.14 1
POM + SO,*~ - NH, + DIC + $*~ + H,PO, + H,0 1.14 1
NH, + O, — NO, + H,0 = 0
Mn** + H,0 + 0, - MnO, + H* -2 0
Fe’* + H,0 + O, — Fe,0; + H* -2 0
S~ + 0, > SO~ -2 0
(AnoxicM;) (Equations 8—11) (Moriarty et al., 2017, 2018, 2021). New additions to HydroBioSed are highlighted
using bold print (Equation 12) and led to a more realistic representation of anaerobic remineralization in the
seabed. Instead of assuming a dominant anaerobic pathway as in the previous versions of HydroBioSed, the
revised model used two coefficients (f3;, and fr,) to partition the AnoxicM; into three classes: manganese-oxides
reduction AnoxicM,,, ;, iron-oxides reduction AnoxicMp,; and sulfate reduction AnoxicMgy, ;. These two
Table 2
Terms Used in the Water Column Biogeochemical Model (Equations 1-6)
Terms Description
Phy; The solute change induced by phytoplankton growth (uptake for NO;, NH, and DIC;
production for O,; mmol/m> s).
Zoo; The solute change induced by zooplankton excretion (consumption for O,; production for NH,
and DIC; mmol/m> s).
WNitri; The solute change induced by water column nitrification (consumption for NH, and O,;

Remy py i, Remgpy, ., WRemy; ;, WRemy,, ;

Remy pe pic» Remspe pre: WRemyy; e, WRemy, pyc

WOxid 5,
AirSeapcyo,

Dep,, Ero;

SWDIff,
Adv,, WDiff,

production for NO5; mmol/m> S).

The O, consumption and NH, production from LdetN, SdetN, labile (MiOM) and semi-labile
(MaOM) particulate organic matter remineralization in the water column, respectively
(mmol/m? s).

The DIC production from LdetC and SdetC, labile (MiOM) and semi-labile (MaOM)
particulate organic matter remineralization in the water column, respectively (mmol/m? s).

ODU oxidation in the water column (mmol/m? s).

Air-sea exchange of DIC and O, (mmol/m? s).

Depositional and erosional flux of particulate and solutes at the seabed-water interface (mmol/
m’ s).

Diffusive flux of solutes at the seabed-water interface (mmol/m° s).

Advection and diffusion in the water column (mmol/m? s).

Note. 1) The class of solute or particulate is represented using index i; 2) The uptake of NO; and NH, cause decrease and increase of TAIk, respectively; 3) ODU
oxidation causes O, consumption; 4) Air-sea exchange is only applied to the topmost water grid cell, 5) Dep;, Ero;, SWDIff; are only applied to the bottom-most water

grid cell.
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coefficients (f,, and fr,) can be determined based on a modified Monod formulation limited by the concen-
trations of Mn(IV), Fe (III) and SO42_ when available (e.g., Morse & Eldridge, 2007; Van Cappellen &
Wang, 1996), or through model calibration when those concentration values are not available. The description of
each term in Equations 7-12 is detailed in Table 3. For Equations 8-10, following Soetaert et al. (1996), the
decomposition rate of the particulate organic matter depends on the degradability of the organic matter (y,), the
temperature (7') and the concentrations of the oxidants. Additionally, the presence of some oxidants (e.g., O,)
may inhibit other diagenetic pathways (e.g., denitrification and anaerobic remineralization). In addition to
chemical processes, bio-diffusion (BioDiff;), deposition of biological materials (BDep;) and suspended particulate
organic matter (SDep,), as well as erosion (Ero;) will affect the particulate organic matter content (POM,), the
calculation of which is detailed in Sections 2.2.3 and 2.2.4 below.

OPOM,
ot

= —OxicM; — Deni; — AnoxicM; + BioDiff; + SDep; + BDep; + Ero; @)

02 . 1

2 NO3 02 1
Denii _— " 3715.?)0 £ POMI S (7) (1 — e g (9)
NO3 + kyos 02+ kg.,)  Xlim

OxicM; = y; %370  POM, (8)

(10)

20, NO3 02
AnoxicM; = y; # 31700 * POM, * (1 > <

1
S b 1—
No3+ K% )\ T o2+ kffoxi) * Ylim

Anoxic
02 NO3 02 NO3 02
lim = + wfl1=—22 41— Noio—Z2 ) m1
2, lim 02 + kop (N03+kN03>< 02+k02) < N03+kN03)< 02 + k%2 ) (n

Deni "Anoxic "Anoxic

AnoxicMyp, ; = fy, * AnoxicM;,
AnoxicMp,; = f, * AnoxicM,, (12)
AnoxicMgpy; = (1 — fumn —fpe) * AnoxicM;

Solute concentrations in the porewater in the seabed change in time based on the diagenetic reactions used
(Figure 1; Equations 13—18). Note that the dissolved chemical species are in units of mmol/m?) in Equations 13—
18, and Table 3 provides a description of each term. Processes that are new to this version of the model are in bold
print (Equations 15-18). New additions include accounting for the contributions of various anaerobic reminer-
alization pathways (i.e., manganese- and iron-oxides reduction, and sulfate reduction) in the formulas used for the
calculations of O, (Equation 15) and ODU (Equation 16). In addition, the DIC and TAlk concentrations are
calculated following Equation 17 and Equation 18 (Soetaert et al., 1996), respectively. Besides the diagenetic
reactions, physical processes including deposition (Dep;), erosion (Ero;), bio-diffusion (BioDiff;) and diffusion
across the sediment-water interface (SWDiff;) will also affect the porewater concentrations of solutes, the
calculation of which is detailed in Sections 2.2.3-2.2.5 below. Descriptions of specific equations are given in the
following paragraphs.

In Equation 13, the porewater concentration of NOj is influenced by both nitrification (1st right-hand term) and
denitrification (2nd right-hand term). The contribution from nitrification depends on the nitrification rate (¥ ;)
as well as the porewater concentrations of NH, and O,. The limitation of O, on nitrification rate is represented
using a half-saturation constant kgizm.. Similarly, in Equation 14, the porewater concentration of NH, is increased
by denitrification (1st right-hand term) and decreased by nitrification (2nd right-hand term) and NH, absorption
(3rd right-hand term).

In Equation 15, the porewater concentration of O, is decreased by the aerobic remineralization of particulate
organic matter (Ist right-hand term) and nitrification (2nd right-hand term). New additions account for the
consumption of O, from reoxidation of different reduced chemical species (3rd right-hand term). The reoxidation
of ODU is limited by the concentration of O, with a half-saturation constant kglz)U. Reoxidation of 1 unit of Mn**,
Fe? and S*~ consumes 0.5, 0.25 and 2 units of O,, respectively.

YIN ET AL.

7 of 28

9SULOIT Suowwo)) dAnear) aqearjdde ay) £q pauroAoS aie sa[onIe YO asn Jo so[ni 10y A1eiqr auruQ £3[Ip\ UO (SUOIIPUOd-pUL-SULID)/W0d Ka[im ATeiqrjaur[uo//:sdny) suonipuoy) pue suud [, a3 238 [$707/20/77] uo Areiqr auruQ AS[IM ‘SHOF00SINET0Z/6201 0 1/10p/wiod Kofim Kreiqrjaurjuo-sqndnge//:sdny woiy papeojumod ‘01 ‘¢20T ‘99vTTH61



 Veld
M\I Journal of Advances in Modeling Earth Systems 10.1029/2023MS004045
AND SPACE SCIENCES

Table 3

Terms/Parameters Used in the Seabed Diagenetic Model (Equations 7-19)

Terms/Parameters Description

OxicM; Aerobic remineralization of particulate organic matter in seabed
(kg/m? s).

Deni; Denitrification of particulate organic matter in seabed (kg/m? s).

AnoxicM, Anoxic remineralization of particulate organic matter in seabed
(kg/m? s).

BioDiff; Bio-diffusion of particulate (kg/m? s) or dissolved substance
(mmol/m? s) in seabed.

SWDiff; Diffusive flux of dissolved substance (mmol/m? s) across the seabed-water
interface.

BDep; Particulate organic matter deposition from the Phy, LdetN and SdetN (kg/
m? s).

SDep; Particulate organic matter deposition from the suspended particulate
organic matter in water column (kg/m2 S).

Ero; Particulate organic matter erosion (kg/m? s).

¥i Remineralization rate of particulate organic matter in seabed (1/day).

¥s.Nitri Maximum nitrification rate in seabed (1/day).

Ys.opu Maximum oxidation rate of oxygen demand units in seabed (1/day).

T Temperature in the seabed (°C).

koo Half-saturation constant for O, limitation of aerobic remineralization in
seabed (mmol/m>).

knos Half-saturation constant for NO, limitation of denitrification in seabed
(mmol/m?).

K2 Half-saturation constant for O, limitation of denitrification in seabed
(mmol/m?).

K2 . Half-saturation constant for O, limitation of anoxic remineralization in
seabed (mmol/m>).

KO3 Half-saturation constant for NO; limitation of anoxic remineralization in
seabed (mmol/m?).

P Sediment porosity (dimensionless).

NC; Nitrogen-Carbon ratio of particulate organic matter in seabed
(dimensionless).

PB The proportion of ODU that is deposited as solid (dimensionless).

i The proportion of anaerobically remineralized particulate organic matter
that can be attributed to manganese-oxides reduction (0~1,
dimensionless).

Sre The proportion of anaerobically remineralized particulate organic matter
that can be attributed to iron oxidation (O~1, dimensionless).

n The total number of classes of particulate organic matter with larger than
zero remineralization rate in seabed.

S; Porewater concentration of the dissolved substance (mmol/m?).

Z Depth in seabed, which is positive downward with zero at the seabed-
water interface (m).

kg2mmolC The ratio of particulate organic matter mass to mmol Carbon (mmol/kg)

Onpa The absorption coefficient of NH, (dimensionless).

D,,; The bio-diffusion coefficient of the dissolved substance (m?/s).

Note. The class of particulate organic matter or dissolved substance in seabed porewater is represented using index i.
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In Equation 16, the anaerobic remineralization of particulate organic matter (1st right-hand term) produces ODU,
which is calculated as the total concentrations of Mn**, Fe?* and $*~. The remineralization of 1 unit of particulate
organic carbon produces 2, 4 and 0.5 units of Mn*", Fe?" and S*~, respectively. Here, PB represents the pro-
portion of the reduced chemical species that forms as a solid. Oxygen demand units can also be removed by the
reoxidation process (2nd right-hand term).

In Equation 18, the contribution of organic matter respiration to TAlk production is considered through a series of
remineralization pathways, wherein different stoichiometric ratios between the amount of organic matter
decomposed and that of TAlk produced are used (Table 1). Specifically, the porewater concentration of TAlk is
increased by aerobic remineralization (1st right-hand term), denitrification (2nd right-hand term), and anaerobic
remineralization (3rd right-hand term). It is decreased by the reoxidation process (4th right-hand term), nitrifi-
cation (5th right-hand term) and absorption of NH, (6th right-hand term). Note that the influence of the formation
of the solid-phase species from ODU on TAlKk is also considered in Equation 16. In general, reoxidation of 1 unit
of ODU will result in the removal of 2 units of TAlk. Additionally, the denitrification of 1 unit of NO;™~ produces
1.18 units of TAlk and 0.19 unit of NH,, while the nitrification of 1 unit of NH, removes 2 units of TAlk. Thus, for
coupled denitrification-nitrification reactions, denitrification of 1 unit of NO;~ following the nitrification of the
NH, will lead to a net gain of 0.8 unit in TAlk. The denitrification rate is limited by the porewater concentrations
of nitrate and oxygen. The nitrification rate is limited by the porewater concentration of oxygen. Therefore, the net
effect of the coupled denitrification-nitrification reactions on TAlk depends on the relative concentrations of
nitrate (the major factor), oxygen, and particulate organic matter in the model.

— = i ¥ NHA % ————— — 0.8 %
ot 7S,N1t i 02 + kﬁ,-z,,,-

+ SWDiffys + BioDiffy,, (13)

ONO 02 1-P 2
3 * (Z kg2mmolC Dem',-) + Depyos + Eronos

i=1

02
02 +i3,

ONH, 1-P [& 00
= *(l;ngmmolC*NC,-*}/i*3'°~° *POMi)—}’s,Nm~i*NH4*

5
— HNTH“ % NH, + Depyyy + Eroyus + SWDiffyps + BioDiffyy, (14)
NH4

02
02+ k%

ot P

i=1

00 1-P [
2= * (z kg2mmolC * 0xicMi) = 2% g i ¥ NH4 %

02
o [0.5%fi + 0.25 % f, + 2% (1 = fi — fire)| + Depos + Erogy

- +* ODU
Ys.opu 02+k%,

+ SWDiff,, + BioDiff,, (15)

———=(1-PB
5 = ) *

00D 1-P w
obu # (ZngmmolC *AnoxicMi> # [25 fy + 45 fe + 0.5 % (1= fig, —fire)]

i=1

— ¥s.0py * ODU + Depopy + Eroopy + SWDIffypy + BioDiffypy (16)

02+Kk%2,

oDIC _ 1—P*
o0 P

-2

(Z kg2mmolC sy, + 378" *POMi) + Depp;c + Eropic + SWDIiffpic + BioDiffp,c - (17)

i=1

1-P

0TAlk 1-P
y =011 P *(

n
D kg2mmolC OxicM,-) +1.18+0.8

n
* ( Z kg2mmolC Denii)
i=1 i=1

1-P (& . 439 863 121
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2.2.3. Bio-Diffusion in the Seabed

In the current version of HydroBioSed, the mixing of dissolved substances in sediment porewater by molecular
diffusion and biological processes is represented as a vertical diffusive process following Sherwood et al. (2018)
and Soetaert et al. (1996), in which non-local mixing is not represented:

as;, o0 as;
=D, s« — 19
ot az< "”*az> (19)

where S, is the porewater concentration of the dissolved substances i (rnrnol/m3 ); z (m) is the depth in the seabed,
which is positive downward with zero at the seabed-water interface; D, ; is the user-specified bio-diffusion co-
efficient (m?/s) of tracer i. Values of D,,; are different for each solute.

2.2.4. Benthic Flux Induced by Resuspension

The net depositional/erosional flux of particulate organic matter (kg/m? s) is calculated using Equation 20, which
is similar to the one used for non-cohesive suspended sediment (Warner et al., 2008), following Moriarty
et al. (2017). The description of each term is detailed in Table 4. This flux represents an exchange between the
seabed and the water column; for example, during deposition it will provide a source to the top-most layers of the
seabed and an equivalent sink to the bottom-most layer of the water column.

BDep; includes the deposition from phytoplankton (Phy), large detritus nitrogen (LDetN) and small detritus
nitrogen (SDetN). SDep; (wl-%) represents the depositional flux from the particulate organic matter aggregates
(Figure 1). The erosional flux is Ero; ({...}). Following the formulation for sediment erosion from Warner
et al. (2008), the POM erosional flux is calculated as the smaller value between the erosion based on bed shear

stress (max[(Eo,,- #(1 —P)= <@),O] ), and the amount of particulate organic matter that is available for

. . . . . Min(mass o4y i s MASS;y i aC;
erosion in surficial sediment (W +w; ai‘)-

Flux,,, ; = BDep; + SDep; — Ero,

= Jix kg2mmolC

Tof — Tepii Min(mass ., ;,MASS 1y, ; 0C;
— min{max[(EO’,- % (1 —P) = ( o < ’1),0], ( aLZt’I ! p’l) + w; 3 }
s

0Phy O0LDetN 0SDetN aC;
* CNpyy * | Wppy 95 T Wpen 5 + Wspeny s Wy (20)
I ; 0:

Teri N

Similarly, the net flux of dissolved substances (mmol/m? s) due to entrainment of porewater during resuspension
is calculated following Equation 21. When net deposition occurs, it is assumed that porewater within the
deposited layer of sediment has the same solute concentrations as the source water grid cell, and the solutes that
are incorporated into the seabed are removed from the bottom water column grid cell. Similarly, this assumes that
porewater within a layer that was eroded is added to the solutes within the bottom-most water grid cell.

Flux

is calculated by multiplying the thickness of the eroded or deposited sediment layer (P:’%TP))’ the

sediment porosity (P) and the concentration of solutes in the source water (S; when Flux,,,, <0, and C; when
Flux > (). The description of each term in Equation 21 is detailed in Table 4.

pom

solute,i

Fl
Flux, “pom

soluiest = T py pom >0 2D
m

P« C;, when Flux,

Fl
Dpom . p S;,  when Flux

m pom <0

Flux.\‘olute,i =

2.2.5. Diffusive Flux Across the Seabed-Water Interface (SWDiff)

The model additionally accounts for benthic fluxes of dissolved substances across the seabed—water interface as a
diffusive flux (SWDiff; mmol/m? s). These fluxes are applied to the bottom-most grid cell in the water column and

YIN ET AL.

10 of 28

9SULOIT Suowwo)) dAnear) aqearjdde ay) £q pauroAoS aie sa[onIe YO asn Jo so[ni 10y A1eiqr auruQ £3[Ip\ UO (SUOIIPUOd-pUL-SULID)/W0d Ka[im ATeiqrjaur[uo//:sdny) suonipuoy) pue suud [, a3 238 [$707/20/77] uo Areiqr auruQ AS[IM ‘SHOF00SINET0Z/6201 0 1/10p/wiod Kofim Kreiqrjaurjuo-sqndnge//:sdny woiy papeojumod ‘01 ‘¢20T ‘99vTTH61



~1
AUUI Journal of Advances in Modeling Earth Systems 10.1029/2023MS004045
AND SPACE SCIENCES
Table 4
Terms/Parameters Used for Calculating Fluxes at the Seabed-Water Interface (Equations 20-24)
Terms/Parameters Description
Flux,,,, ; The net flux of particulate organic matter from deposition and erosion (kg/m2 s).
Flux g0 The net flux of dissolved substance from deposition and erosion (mmol/m? s).
fi The partitioning coefficient of certain particulate organic matter.
Weny The settling velocity of phytoplankton (m/d).
WrDetN The settling velocity of large detritus nitrogen (m/d).
WeDerN The settling velocity of small detritus nitrogen (m/d).
w; The settling velocity of particulate organic matter (mm/s).
C; The volumetric concentration of suspended particulate organic matter in the bottom water (kg/
m°) or the volumetric concentration of solutes in the bottom water (mmol/m?).
Ey,; The user specified erosion rate of the particulate organic matter in seabed (kg/m? s).
Ty The wave and current induced bottom skin-friction stress (N/m?).
Tori The critical shear stress for erosion of particulate organic matter in seabed (N/m?).
MASS gy The mass of particulate organic matter available in the active layer (kg/m?).
mass,,, ; The mass of particulate organic matter i available in the topmost layer of seabed (kg/m?).
P The density of the particulate organic matter (kg/m>).
Hg,,, The thickness of the topmost sediment layer (m).
Hy bor The thickness of the bottom most water layer (m).
SWDIiff ;. The diffusive flux of dissolved substance calculated according to Fick's law at the seabed-water
interface (mmol/m? s).
SWDIiff i The equilibrium flux of the dissolved substance at the seabed-water interface (mmol/m? s).
D, The diffusive coefficient of the dissolved substance at the seabed-water interface (mZ/s).
CNpyy Carbon: Nitrogen ratio in phytoplankton (dimensionless).
K Vertical sigma coordinate (dimensionless).
At Baroclinic timestep of the numerical model (seconds).

Note. The class of particulate organic matter or the dissolved substance is represented using index i.

the topmost grid cell in the seabed and follow the convention of being positive upward and negative downward.
Following Moriarty et al. (2017), the model provides two options for representing benthic fluxes due to diffusion
across the seabed—water interface (Equations 22-24, terms defined in Table 4). The first option follows Soetaert
etal. (1996) and assumes that the concentration in the top layer of the seabed equals that of the bottom-most water
column layer. This assumption gives rise to the following fluxes (SWDiffg,,;, Equations 22 and 23). Here, the
diffusive flux (SWDiff,,,) is calculated as the product of the difference between the equilibrium concentration

(Si # Hy, 1gp % P+C % Hy pos

TR s — ) and the initial solute concentration in the source water (S; when diffusion is out of seabed, C;
W,bot \top.

when diffusion is into the seabed), and the water layer thickness (Hg,,, * P or Hy,,,,) divided by the time
step (A1).

o N HS,/op # P+Ci % Hy o

(s
. Hy por+Hs,1op * P
SWlequui = At

) *qump * P

when diffusion is out of seabed (22)

S; # Hy 10p * P+C; % Hyy poys
L S AL Y HW
(Cl Hy port+Hs 1op * P \bot

As when diffusion is into the seabed (23)

SWDY fyqui = —

Alternatively, these benthic fluxes can be calculated following Fick's law (SWDiffy,., Equation 24), which was
used for this study. Here, D, , is the user specified diffusive coefficient (m?*/s) of the dissolved substance at the
seabed-water column interface:
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Figure 2. Maps showing (a) location of study area within the Gulf of Mexico, (b) continental shelf offshore of eastern
Louisiana. Black circles represent locations of data collection sites used for model calibration and evaluation. Note that buoy
station SPLL1 and site C6 are at the same location. Gray lines in panel (b) are bathymetric contours.
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3. Model Calibration

The model described in Section 2.2 was applied in 1-D (vertical) to represent the NGoM hypoxic zone (Figure 2a)
to showcase its capability to reproduce observed porewater profiles and benthic fluxes of major solutes.

3.1. Study Site and Model Calibration

A research cruise in August 2018 collected a data set that included dissolved oxygen concentration in the water
column, sediment porosity, sediment porewater profiles, and benthic fluxes of major solutes (O,, DIC, TAlk, NO;
and NH,). These data were used to parametrize, calibrate, and evaluate the model described in Section 2.2.

We calibrated a 1-D (vertical) version of HydroBioSed for sites C6 and D3 in the study area (Figure 2b; Table 5).
The 1-D (vertical) model captures the vertical gradients in the seabed and the vertical fluxes across the seabed-
water interface, which are larger in magnitude than their horizontal counterparts over the frequently hypoxic area
in NGoM during summer (e.g., Justi¢ et al., 2002; Rabalais et al., 1994). We assume that the observed benthic
fluxes represented a semi-steady state condition as they were obtained during a fair weather period when bed
shear stresses were too low to resuspend sediment. The benthic fluxes and near-surface porewater concentrations
result mainly from the remineralization of recently deposited particulate organic matter with a high reminerali-
zation rate. The organic matter found deeper in the seabed is assumed to have had longer residence in the seabed
and have a low remineralization rate. The goal of model calibration was to configure HydroBioSed so that it
matched observations of porewater concentrations while using realistic representations of environmental con-
ditions and physical processes. For the purpose of this paper, the water column was treated as the upper boundary
condition for the seabed diagenetic model. The water column concentrations of phytoplankton and major solutes
(0,, NO;, NH,, TAlk and DIC) were strongly nudged to steady values based on observations or literature reported
values. In the seabed, sediment porosity was set as the depth-averaged value from observations. The parameters
without observations (Table 5) were adjusted based on previous studies so that both simulated porewater con-
centration profiles and benthic flux matched observations. The model was run until a steady state condition was
reached. Steady state was defined as the time beyond which the modeled benthic fluxes and porewater con-
centrations did not change. Unless otherwise stated, steady state porewater concentration(s) and steady state
benthic flux (es) in this study represent the modeled porewater concentration(s) and benthic flux (es) of solutes
after reaching steady state.
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Table 5
Model Implementation and Parameterization for Sites C6 and D3
Value
Model parameter Related equation C6 D3 Source
Water column biogeochemical Water Depth (m) 20 18 Observation
and transport parameters Nitrate concentration in water column (NO;, Equation 1 4.631 1.689 Observation
mmol/m>)
Ammonium concentration in water column (NH,,, Equation 2 2.933 13.583 Observation
mmol/m?)
Oxygen concentration in water column (O,, Equation 3 53 35 Observation
mmol/m?)
DIC concentration in water column (DIC, mmol/m>) Equation 4 2190 2220 Observation
TAIk concentration in water column (TAlk, Equation 5 2306 2058 Observation
mmol/m>)
Phytoplankton concentration (Phy, mmol N/m?) Equation S1 0.8 0.8 Calibrated based on climatology
values from Gomez et al. (2018)
Small detritus nitrogen concentration (SDetN, Equation S9 0.035 0.035 Calibrated based on model
mmol N/m?) simulation from Moriarty
Large detritus nitrogen concentration (LDetN, Equation S13 0.63 0.59 etal. (2018)
mmol N/m?>)
Settling (sinking) velocity of phytoplankton (wp,,, Equation SI and 0.2 0.2 Calibrated based on values used in
m/day) Equation 20 Moriarty et al. (2018)
Settling (sinking) velocity of small detritus (wgp,,y» Equation S9 and 0.2 0.2
m/day) Equation 20
Aggregation factor of phytoplankton and small Equations S1 0.5 0.5
detritus (z, (mmol N/m?)~" day™) and S9
Settling (sinking) velocity of large detritus (@, p,,y»  Equation S13 9.0 9.0
m/day) and Equation 20
Seabed geochemical and Mass of semi-labile organic matter in the seabed  Equations 7-10 3.0 3.0 Calibration
transport parameters (POM, x107° kg/m?)
Labile organic matter remineralization rate (y;, Equations 7-10 0.1 0.1 Moriarty et al. (2018)
1/day)
Semi-labile organic matter remineralization rate (y;, Equations 7-10 0.01 0.01 Calibration
1/day)
Half-saturation constant for O, limitation of aerobic Equation 8 1 1 Moriarty et al. (2017)
remineralization in seabed (k,, mmol/m®)
Half-saturation constant for NO; limitation of Equation 9 100 100 Calibrated based on values used in
denitrification in seabed (kys, mmol/m?) Moriarty et al. (2017)
Seabed geochemical and Half-saturation constant for O, limitation of Equation 9 1 1 Moriarty et al. (2017)
transport parameters denitrification in seabed (k92 ;, mmol/m)
Half-saturation constant for O, limitation of anoxic Equation 10 1 1 Moriarty et al. (2017)
remineralization in seabed (kffoxic, mmol/m3)
Half-saturation constant for NO; limitation of Equation 10 1 1 Calibrated based on values used in
anoxic remineralization in seabed (k3. . mmol/m?) Moriarty et al. (2017)
Maximum nitrification rate (yg y;,;» 1/day) Equation 13 10 10 Calibrated based on values used in
Moriarty et al. (2018)
Nitrogen-Carbon ratio of particulate organic matter Equation 14 0.15 0.15 Moriarty et al. (2018)
in seabed (NC))
Sediment Porosity (P, dimensionless) Equations 13-18 0.79 0.53 Observation
Maximum oxidation rate of oxygen demand units Equation 16 20 20 Moriarty et al. (2017)
(7S,ODU’ 1/day)
The bio-diffusion coefficient of O, (D, ;, Equation 19 81.05  240.05 Calibrated with initial values based
x107'° m?/s) on Moriarty et al. (2018)
YIN ET AL. 13 of 28
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Table 5
Continued

Model parameter

Value

Related equation C6 D3 Source

Seabed-water interface
parameters

The bio-diffusion coefficient of NH, (D, ;, 6.0 20.0
x107"" m%s)

The bio-diffusion coefficient of ODU (D, ;, 9.745 9.745
x107'% m%s)

The bio-diffusion coefficient of NO; (D, ;, 9.780 4.90
x107'° m%/s)

The bio-diffusion coefficient of DIC (D, ;, 4.807  20.00 Calibrated based on Hiilse
x107'% m%s) et al. (2018)

The bio-diffusion coefficient of TAlk (D, ,, 1.60 6.70
x107'° m?/s)

The bio-diffusion coefficient of sediment in seabed 2.785 2.785 Calibrated with initial values based

(D, x107'% m?/s) on Moriarty et al. (2018)
Partitioning of labile organic matter (f;) Equation 20 0.7 0.95 Calibration
Partitioning of refractory matter (f) Equation 20 0.3 0.05 Calibration

The diffusive coefficient of the solutes at the seabed- ~ Equation 22 7.80 7.80 Calibrated based on Berelson

water interface (D, X107 m%/s) et al. (2019)

5-W?

3.2. Model-Data Comparison for the Calibration Runs

Figures 3 and 4 compare the modeled (black line) steady state porewater concentrations of five solutes under fair
weather conditions against the measurements (blue dots) for the top 2—10 cm at site C6 and D3, respectively. In
general, the modeled steady state porewater concentration profiles of major solutes match well with the mea-
surements at both sites. For site C6, as shown in the observations and reproduced by the model, the penetration of
O, into the seabed is limited to the top ~3 mm (Figure 3a). The O, porewater concentration decreases from
~53 mmol/m® at the seabed—water interface to be less than 1 mmol/m® at ~3 mm deep in the seabed. Due to the
relatively high porewater concentration of O, within the oxic layer (i.e., within ~3 mm from the sediment sur-
face), aerobic respiration dominates the remineralization of the newly deposited labile materials while nitrifi-
cation also occurs. As a result, porewater concentrations of NOz;, NH,, DIC and TAlk exhibit sharp increases
within the oxic layer (Figures 3b—3e), which is also reported by Berelson et al. (2019). As the depth increases, O,
quickly depletes, as does the amount of newly deposited labile organic material. Below the oxic layer, NO; is used
as the electron acceptor for the remineralization of particulate organic matter. Therefore, NO; concentrations
decrease below the surface layer (Figure 3b). In the deeper layers (i.e., deeper than ~1 cm from the sediment
surface), anaerobic respiration dominates the decomposition, and the available organic matter has a low remi-
neralization rate. This results in the gradual increase of NH,, DIC and TAlk concentrations there (Figures 3c—3e).

The sediment geochemistry at site D3 (Figure 4) shows similar behavior to that at site C6. Due to the low bottom
water concentration of O, (35 mmol/m?) at site D3, the oxygen penetration depth is less than 2 mm (Figure 4a).
Within the oxic layer (i.e., within ~2 mm from the sediment surface), aerobic remineralization dominates the
decomposition of the labile materials, resulting in sharp increases in porewater concentrations of NO5, NH,, DIC
and TAlk (Figures 4b—4e). Following the depletion of the O,, denitrification and anaerobic respiration rates
increase and lead to the gradual decrease in the porewater concentration of NO; and gradual increase in the
concentrations of NH,, DIC and TAlk (Figures 4c—4e).

In spite of the overall good performance of the model in simulating the porewater concentration-depth profiles,
there are differences between simulations and observations. These differences could be attributed to (a) uncer-
tainty in observations such as the NO; measurements below 5 cm; (b) uncertainty in model parameters such as the
particulate organic matter properties (e.g., mass, vertical distribution, or remineralization rates) that can possibly
cause overestimation of the anaerobic reaction intensity and underestimation of the NO; concentration in the
upper 5 cm of the seabed; and (c) model limitations in representation of physical processes and chemical re-
actions. For instance, the model's underrepresentation of the possible non-local process that might be responsible
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Figure 3. Sediment geochemistry for Site C6. Observed (blue dots) and simulated (black lines) porewater concentration of
(a) O,, (b) NO;, (c) NH,, (d) DIC and (e) TAlk. The R? coefficients are also shown. In panels (b, ¢), the R coefficients outside
of the parentheses are calculated based on sediment geochemistry data from O to 5 cm and 0-7.5 cm, respectively. The R?
coefficients in the parentheses are calculated based on all sediment geochemistry data. The location of the site is shown in
Figure 2b. The observed data were collected in August 2018. Note difference in vertical scales between (a) and other panels.

for the decrease of NH, porewater concentration below 7.5 cm in the seabed (Cowie & Woulds, 2011) could
explain the model-data difference shown in Figure 3c. Such model-data difference is also reported by Morse and
Eldridge (2007). Model limitations are further discussed in Section 5.3.
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Figure 4. Same as Figure 3 but for site D3. Note difference in vertical scales between (a) and other panels.
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Table 6 Table 6 summarizes the modeled and observed benthic fluxes of major solutes
Modeled and Observed Benthic Fluxes (m*/d) at Sites C6 and D3 at site C6 and D3. Positive fluxes indicate the release of solutes from the
. . . ) seabed to the water column while negative values indicate the seabed
Site Solute Simulation Observation . R K
absorbed the fluxes. At both sites, the model satisfactorily reproduced both
Co DIC 27.905 27.365 the direction and magnitude of benthic DIC and O, fluxes. The magnitude of
0, —25.039 —24.791 the O, fluxes is only slightly smaller than the DIC fluxes, which implies that
TAlk 2.132 1.9-74.1 aerobic remineralization dominated organic matter decomposition on the
NO, 0.431 —1.82-0.26 seabed. Thus, TAlk fluxes are much smaller than those of DIC. Observations
NH, 3.116 0-7.2 are not available for TAlk, NO; and NH, fluxes, but model simulations are
D3 DIC 34.755 35.157 within the ranges of previous reported values (Berelson et al., 2019).
0, —23.514 —28.237 Our modeled values of TAlk fluxes are on the lower side of those reported in
TAIk 4.118 1.9-74.1 Berelson et al. (2019). Meanwhile, the simulated DIC/TAIK ratios (8.4 at Site
NO, 0.124 ~1.82-0.26 D3, 13.1 at Site C6) are generally larger than the observed values (larger than
NH, 4.433 0.005-7.16 1 but smaller than 1.7) from Berelson et al. (2019). There might be two

Note. (1) Positive values indicate flux out of the seabed while negative values
indicate flux into the seabed; (2) TAlk, NO3 and NH4 observations are from

Berelson et al. (2019).

reasons that could cause this difference. First and the major one, the dominant
pathways for particulate organic matter decomposition were likely different
in our study from during some of the conditions reported in Berelson
et al. (2019). In our study, the magnitude of benthic oxygen flux is smaller
than but close to that for benthic DIC flux (Table). Thus, for the modeled conditions large proportions of par-
ticulate organic matter can be decomposed through the aerobic pathway rather than the anaerobic pathways,
which normally results in a high DIC/TAIk ratio and relatively low TAlk flux. In Berelson et al. (2019), benthic
oxygen fluxes were much smaller than the benthic DIC fluxes. In this case, the anaerobic pathways should
dominate the decomposition of the particulate organic matter compared to the aerobic pathway, which generally
results in relatively lower DIC/TAIk ratio and higher TAlk flux. Second, our model didn't capture some of
ancillary processes such as biogenic silica dissolution and anaerobic oxidation of methane. This may also result in
underestimation of benthic TAlk flux and overestimation of the DIC/TAIk ratio.

4. Sensitivity Tests
4.1. Configurations of Sensitivity Experiments

Following calibration of the model, a series of sensitivity experiments were conducted to gain insight on which
environmental factors most impacted the benthic fluxes of DIC and TAlk during fair weather periods. The setup
of the sensitivity experiments is shown in Table 7. Same as the calibration runs, the model was run until a steady
state condition was reached. For the sensitivity tests, the range of parameter values were adjusted based on either
observations (i.e., sediment porosity), or previous research (i.e., anerobic oxidation; Devereux et al., 2015). For
the parameters whose ranges were less constrained by observations, the values of parameters were adjusted
following similar studies (Moriarty et al., 2017; Morse & Eldridge, 2007).

4.2. Results of Sensitivity Tests

The benthic flux (Figure 5a) and porewater concentration of O, (Figures 5b and 5c) were most sensitive to labile
material input, the bio-diffusive coefficient and sediment porosity. Increasing the labile material input enhanced
the aerobic respiration rates in the surface sediment layer due to the increased availability of labile material. This
led to an increase in benthic O, flux into the seabed (Figure 5a) and decrease in O, porewater concentration and
penetration depth (Figure 5b). In addition, increasing the bio-diffusive coefficient of O, (Figure 5b) and sediment
porosity (Figure 5c) increased the penetration depth and porewater concentration of O,, resulting in higher SOC
(Figure 5a). Moreover, the anaerobic pathway (experiment suite “Apar” in Table 7) and bio-diffusive coefficient
of sediment (experiment suite “BDSed” in Table 7) also influenced O,, although to a lesser degree. Anaerobic
respiration influenced O, porewater concentration (Figure 5d) and benthic flux (Figure 5a) through reoxidation of
the reduced species. The change of bio-diffusive coefficient of sediment also modified the vertical distribution of
particulate organic matter, which changed the remineralization rate with depth, leading to changes in both
porewater concentration (Figure 5c¢) and benthic flux of solutes (Figure 5a).

Benthic DIC flux only showed sensitivity to the labile material input (Figure 6a), which is reasonable considering
the dominant control of particulate organic matter remineralization on DIC production. The profile of porewater
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Table 7

Setup of the Sensitivity Experiments

Parameter values

Exp. Suite Parameter tested Related equation Sensitivity experiment Calibration run
Lab Labile material partition coefficient (f;) Equation 20 Lab1:0.5 0.7
Lab2:0.6
Lab3:0.8
Lab4:0.9
SP Sediment Porosity (P) Equations 13-18 SP1:0.49 0.79
SP2:0.59
SP3:0.69
SP4:0.89
LRXN Labile material remineralization Rate (y,, 1/day) Equations 7-10 LRXNI1:0.05 0.1
LRXN2:0.15
Apar Partition coefficient for Mn oxidation (FMN, f,,.) Equation 12 Aparl: FMN = 0.1, FFE = 0.1 FMN =0, FFE =0
Partition coefficient for Fe oxidation (FFE, f,)
Partition coefficient for SO, oxidation (1-f;;,- fr.)
Apar2: FMN = 0.2, FFE = 0.2
Apar3: FMN = 0.3, FFE = 0.3
BDSed Bio-diffusive coefficient of sediment (D,,;, m’/s) Equation 19 BDSed1:1.393 x 107'° 2785 x 10710
BDSed2:5.570 x 107'°
BDO2 Bio-diffusive coefficient of O, (D, ;, m’/s) BDO21: 40.53 x 107° 81.05 x 107'°
BDO022: 162.1 x 107"°
BDTIC Bio-diffusive coefficient of DIC (D), ;, m”/s) BDTICI: 2.404 x 107'° 4.807 x 107'°
BDTIC2: 9.614 x 107"
BDTAIk Bio-diffusive coefficient of TAlk (D, ;, (m/s) BDTAIkI: 0.8 x 107'° 1.60 x 1071°
BDTAIK2: 3.2 x 107'°
BDNH3 Bio-diffusive coefficient of NH, (D,,, m’/s) BDNH31: 3.0 x 107'° 6.0 x 1071°
BDNH32: 12.0 x 107'°
BDNO3 Bio-diffusive coefficient of NO, (D, , m’/s) BDNO31:4.39 x 107'° 9.78 x 107*°
BDNO32: 19.56 x 107'"°
SWD Diffusive coefficient at the seabed-water interface (D, ,, m%/s) Equation 22 SWD1:3.54 x 107° 7.08 x 107°
SWD2:14.16 x 107°
DIC concentration was sensitive to labile material input, bio-diffusive coefficient of DIC, and sediment porosity
(Figure 6b). The latter two influenced the DIC porewater concentration through their influence on bio-diffusion
and effective volume of porewater, respectively.
TAIlk exhibited the largest sensitivity to the adjusted parameters among the three solutes compared (Figure 7).
Benthic TAlk flux was sensitive to labile material input, the anaerobic remineralization pathway, sediment
porosity, and the bio-diffusive coefficient of O, (Figure 7a). Porewater concentration of TAlk was sensitive to
labile material input, the anaerobic remineralization pathway, sediment porosity, the bio-diffusive coefficient of
0O,, TAIk, and particulate organic matter (Figures 7b and 7c). Like O, and DIC, an increase of labile organic
material increased both the benthic flux and porewater concentration of TAlk by enhancing the remineralization
intensity. In contrast, an increased bio-diffusive coefficient of O, or sediment porosity increased porewater
oxygen concentration, which caused a decrease in benthic TAlk flux and porewater concentration. The reason was
that increased oxygen concentrations enhanced reoxidation of reduced species, which suppressed the effects of
anaerobic remineralization in increasing TAIk by releasing H* (Canfield et al., 1993). In addition, higher con-
tributions of manganese- and iron-oxides reduction to the anaerobic remineralization caused a sharp increase in
YIN ET AL. 17 of 28
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Figure 5. (a) Modeled benthic fluxes of O, for each sensitivity experiment listed in Table 7. The black dashed line is the
modeled benthic flux of O, from the calibration run. (b—d) Modeled porewater concentrations of O, Only results from
experimental suites for which the modeled porewater concentrations were sensitive to the adjusted parameters are shown.
The solid black line represents the porewater concentrations from the calibration run. In all panels the results for the various
experimental suites listed in Table 7 are in distinct colors.

benthic TAIk flux (Figure 7a) and porewater concentration (Figure 7b). This was because manganese- and iron-
oxides reduction increases TAlk at a faster rate than sulfate reduction. As seen for DIC, the bio-diffusive coef-
ficient of TAlk affected the TAlk porewater concentration (Figure 7b), but not its benthic flux (Figure 7a).

Next, the DIC/TAIk ratio of benthic flux was calculated for each of the sensitivity experiments (Figure 8).
Reflecting the sensitivity of TAlk, the DIC/TAIK ratio of benthic flux also exhibited sensitivity to labile material
input, the bio-diffusive coefficient of O,, the anaerobic remineralization pathways as well as sediment porosity
(Figure 8). Specifically, the DIC/TAIk ratio became much higher when aerobic processes dominated the remi-
neralization of particulate organic matter, which was the case when the model assumed high bio-diffusive co-
efficients of O, (see benthic fluxes from BDO22 in Figures 5-7) and low labile organic material input (see benthic
fluxes from Lab1 in Figures 5-7). This implies the potentially more significant role of benthic flux in acidifying
bottom water over areas with high intensity of bio-diffusion. It is noteworthy that all of the calculated ratios of
DIC/TAIk benthic flux exceeded 1 (Figure 8), meaning that under such bottom water condition, benthic fluxes
were enhancing ocean acidification for all of the sensitivity tests.

5. Discussion
5.1. The Role of Benthic Fluxes in Bottom Water Acidification Under Fair Weather Conditions

During fair weather periods, the bottom water in the NGoM hypoxic zone has negligible bottom currents
(Rabalais et al., 1994). The material exchange between the seabed and the water column plays a dominant role in
controlling the biogeochemical conditions in the bottom water. In such conditions, our 1-D model results from the
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Figure 6. (a) Modeled benthic fluxes of DIC for each sensitivity experiment listed in Table 7. The black dashed line is the
modeled benthic flux of DIC from the calibration run. (b) Modeled porewater concentrations of DIC. Only the results from
experimental suites listed in Table 7 for which the modeled porewater concentrations were sensitive to the adjusted
parameters are shown. The solid black line represents the porewater concentrations from the calibration run. In both panels
(a, b) the results for the various experimental suites listed in Table 7 are in distinct colors.

calibration run and sensitivity experiments provide reasonable guidance for the role of benthic fluxes in acidifying
the bottom water over the NGoM hypoxic area.

In alignment with previous observational studies (e.g., Berelson et al., 2019; Hu et al., 2017; Wang et al., 2020),
our modeled DIC/TAIKk ratio of benthic flux exceeded 1 (the black dashed line in Figure 8), implying that benthic
fluxes play a role in acidifying the bottom water of the NGoM hypoxic zone. In addition, the sensitivity tests
showed that increases in O, porewater concentration and penetration depth increased the proportion of particulate
organic matter that was aerobically decomposed, and increased reoxidation of reduced chemical species. These
would lead to an increased DIC/TAIk stoichiometry ratio compared to cases when anaerobic respiration domi-
nates particulate organic matter decomposition and reduced products are not fully re-oxidized (e.g., Lehrter
et al., 2012; Wang et al., 2020). As a result, increases in aerobic remineralization enhance the impact of seabed
fluxes on bottom water acidification.

The sensitivity tests showed that the following promoted aerobic remineralization of particulate organic matter
and increased the DIC/TAlKk ratio of benthic flux: decreases in labile material input to the seabed, increases in the
bio-diffusive coefficient of O,, and increases in sediment porosity (Figure 8). Normally for sediment to play an
important role in bottom water acidification, both the benthic DIC flux and the DIC/TAIk ratio should be high.
Therefore, we would expect the role of benthic flux in acidifying the bottom water to be significant in areas with
relatively high primary production and O,. For the NGoM hypoxic zone, such area would be most likely found
over the region where water depth ranges from ~20 to ~30 m (Figure 2b). This region represents the transition
between Zone 2 and Zone 3 as defined by previous studies (e.g., Lehrter et al., 2012; Rowe & Chapman, 2002).
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Figure 7. (a) Modeled benthic fluxes of TAlk for each sensitivity experiment listed in Table 7. The black dashed line is the
modeled benthic flux of TAlk from the calibration run. (b, ¢) Modeled porewater concentrations of TAlk. Only the results
from experimental suites listed in Table 7 for which the modeled porewater concentrations were sensitive to the adjusted
parameters are shown. The solid black line represents the porewater concentrations from the calibration run. In all panels the
results for the various experimental suites listed in Table 7 are in distinct colors.
The recurring acidified bottom water reported by Cai et al. (2011) and Laurent et al. (2017) was generally located
in this area.
Temporally, considering the development of primary production, bottom water O, concentrations, and benthic
faunal abundance; the role of benthic fluxes in bottom water acidification is likely to peak at the early stage of
hypoxia or during the post-hypoxia period. At the early stage of hypoxia, the phytoplankton and zooplankton
biomass are blooming (Fennel et al., 2011) while the oxygen level still exceeds the hypoxic threshold (Eldridge
& Morse, 2008). The benthic faunal community is characterized by large number of species and high abun-
dance before being depressed by hypoxia (Baustian et al., 2009; Gaston, 1985; Rabalais et al., 2001). For
instance, Baustian (2005) reported that benthic infaunal density was 20,000 individuals/m> in June prior to
NGoM hypoxia and was only 1,000 individuals/m? afterward. The active benthic community will favor bio-
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40 diffusion (e.g., Briggs et al., 2015; Zhang et al., 2021), and thus increase the

O, penetration depth into the seabed. Therefore, during this period a high

L9 benthic DIC flux along with a large DIC/TAIk ratio can be expected.

g Similarly, as hypoxia abates, the benthic community is expected to recover

% 207 (Rabalais et al., 2001), which will fuel bio-diffusion within the seabed. The

TP IR § A 1Y E S increased bottom water oxygen concentrations in addition to intensified bio-

.DD 0 DJ:I J:IH D_D_Uﬂ diffusion will contribute to the aerobic decomposition of deposited partic-

oL EFE ‘IIJ SrER RS L B s B e B R R ulate matter. This will result in a high benthic DIC flux as reported by

Apar  BDO2 BDSed BDTAKKBDTIC ~ Lab LRXN sp SWD Eldridge and Morse (2008), and a large DIC/TAIk ratio, which might lead to

= =H = = a peak contribution of benthic flux to bottom water acidification. It should

Sensitivity Experiments

Figure 8. Modeled DIC/TAIK ratio of benthic flux for each sensitivity
experiment listed in Table 7. The black dashed line is the modeled DIC/TAlk
ratio of benthic flux from the calibration run. The red dashed line is the
“DIC/TAIlk = 1” line. Note that the results for each experimental suite listed
in Table 7 are in distinct colors.

be noted that such interpretations should still hold if the model was run
dynamically. This is because additional numerical experiment (not shown)
in which the bottom water O, evolved from oxygenated (150 mmol/m?) to
hypoxia (53 mmol/m?) indicate that the adjustment time of benthic fluxes to
such change in bottom water O, concentration is much shorter than the
typical duration of the NGoM hypoxia.

5.2. Effect of Resuspension on Benthic DIC and TAIlk Fluxes

To evaluate the role of resuspension on DIC and TAlk production, we reran our numerical model for a period that

experienced strong wave- and current-induced bed shear stress (Figure 9a). Specifically, the calibrated model for

Site C6 was run to represent a 50-day period that included a series of dynamic resuspension events. The wave

forcing was generated from observations (significant wave height) from buoy station SPLL1 (Figure 2b) for

February 19th to 9 April 2016. A periodic open momentum boundary condition was used. The current velocities
vary from 1.34 m/s to 1.40 m/s. Within ROMS, the bed shear stress was calculated based on these input waves and
currents following the Sherwood-Signell-Warner (SSW) bottom boundary layer closure as described in Warner
et al. (2008). Using the model, we calculated the impact of resuspension on DIC and TAIk; both within the seabed
and within the bottom water column (defined as the bottom 4 m).

Figure 9 shows (a) the combined wave- and current-induced bed shear stress, and fluxes of the (b) DIC, (c) TAlk
and (d) O, for the coupled seabed-bottom water system. It should be noted that the total flux reported here was

calculated as the sum of the benthic flux and that of the bottom water (i.e., the bottom 4 m).

During resuspension, previously deposited particulate organic matter was eroded from the seabed, and further

deposition from the water column was inhibited. As a result, the labile material in the seabed decreased during
resuspension (Figure 9e). This caused reductions in benthic fluxes of both DIC and TAlk (blue lines in Figures 9b
and 9c). Meanwhile in the bottom water, resuspended particulate organic matter decomposed through the aerobic

pathway, resulting in a sharp increase of DIC production and a small increase of TAlk production (brown lines in
Figures 9b and 9c). When considering the coupled seabed-bottom water system, both the DIC and TAlk pro-
duction were reduced during resuspension (cyan lines in Figures 9b and 9c¢). For instance, during resuspension
Event 1 (Figure 9a), the DIC and TAlk production in the coupled seabed-bottom water were ~9% and ~28% lower
than that would be released if there was no resuspension, respectively. Note that some of the particulate organic

matter was resuspended above the bottom waters. A further analysis (not shown) indicates a slight increase of net

DIC production during resuspension when the entire water column was considered. The reduction of the total

TAIk production from the coupled seabed-bottom water system was mainly due to the transition of organic matter

from being anaerobically remineralized on the seabed to being decomposed through aerobic pathway in the

bottom waters after resuspension. As a result, the total O, consumption from the coupled seabed-bottom water

system (cyan line in Figure 9d) increased during resuspension. For instance, during resuspension Event 1, mean

oxygen consumption rate within the coupled seabed-bottom water system was 20% higher than that before and

after resuspension.

DIC/TAIKk ratio of the flux (Figure 9f) from the coupled seabed-bottom water system largely increased during the
resuspension events. For instance, during the resuspension Event 1 (Figure 9a), the mean DIC/TAIK ratio was 14,

which is about double its value during fair weather periods. Such an increase in DIC/TAIk ratio indicates the

potential for enhanced bottom water acidification during resuspension. The reason for this increase was that

resuspension entrained particulate organic matter from the seabed into the water column and hampered deposition
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Figure 9. (a) Wave- and current-induced bottom shear stress, and modeled fluxes of (b) DIC, (c) TAIk, and (d) O, during a
period (Feb. 19th to April 09th) that included resuspension events. (e) The mass of labile material in the top 10 cm of seabed.
(f) The DIC/TAIK ratio of the newly produced DIC and TAIk in the bottom water. In panel (a), The first major resuspension
event is labeled. The critical shear stress for erosion (0.4 Pa) is represented with the red dashed line. In panels (b—d) the total
flux, the benthic flux and the bottom water flux are represented with solid cyan, blue and brown lines, respectively. For this
analysis, “bottom water” included the bottom-most 4 m of the water column.
of organic matter. These led to longer residence times of particulate organic matter in the water column, favoring
their aerobic respiration and leading to a high DIC/TAlk ratio. During the events, resuspension keeps oxygenating
the water and enhances the dominance of aerobic respiration and keeping the high DIC/TAIk ratio.
Scaling up to NGoM hypoxic area, compared to the case without resuspension, we would expect resuspension
would increase the dominance of the aerobic respiration in decomposing particulate organic matter, thus
increasing the DIC/TAIk ratio in the coupled bottom water-seabed system and contributing to the ocean acidi-
fication. However, it should be noted that the resuspension events considered here represent medium—intensity,
relatively frequent events. Thus, the results presented in this study are not representative of more intense events
such as hurricanes, during which the entire water column is well mixed and seabed is largely disturbed. Un-
derstanding of benthic fluxes under resuspension conditions would benefit from extensive numerical study
considering resuspension events with different intensities and durations.
YIN ET AL. 22 of 28

9SULOIT SuowWo)) dAneaI) dqearjdde ay) £q pauIoAoS a1k sa[onIe YO ash Jo sa[ni 10y K1eiqr auruQ £3[IA\ UO (SUOIIPUOD-PUE-SULID)/W0d Ka[1m AIRIqI[aul[uo//:sdny) suonipuoy) pue suud [, oy 238 [$707/20/77] uo Areiqry autuQ A9[IM ‘St0F00SINEZ0Z/6201 0 1/10p/wod Kapim Kreiqrjauruo sqndngey/:sdiy woiy papeojumod ‘01 ‘¢20T ‘99vTTH61



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Advances in Modeling Earth Systems 10.1029/2023MS004045

5.3. Model Limitations and Future Development
5.3.1. Bio-Diffusion in the Seabed

In our model, the mixing of dissolved substances in sediment is represented as a vertical diffusive process
following previous studies (e.g., Sherwood et al., 2018; Soetaert et al., 1996). A limitation of this representation is
that it cannot account for non-local exchange due to processes such as bio-irrigation. This may explain differences
between modeled and observed porewater concentrations in the deeper sediment layers (e.g., Figure 3c). Another
simplification of bio-diffusive intensity in our model is that the bio-diffusive coefficient (D, in Equation 19) was
temporally constant. Benthic infauna abundance varies largely throughout the year (Berelson et al., 2003; Brown
et al., 2004; Teal et al., 2008). This variation may translate into seasonal changes to the intensity of bio-diffusion,
the magnitude of which can exceed an order of magnitude (Brown et al., 2004; Teal et al., 2008). Over the NGoM
hypoxic area, the intensity of the bio-diffusion is generally low year-around (Rabouille et al., 2021), and further
suppressed during summer hypoxia because of largely decreased abundance, species richness and biomass of the
benthic infauna (Rabalais & Baustian, 2020; Rabalais et al., 2001). As a result, the intensity of bio-diffusion,
biogenic structure and microbial activity will change seasonally and during hypoxia (Briggs et al., 2015;
Devereux et al., 2019), which may modify the diagenesis in the seabed and the seabed-water exchange fluxes
(Devereux et al., 2019; Middelburg & Levin, 2009). In this case, use of a steady bio-diffusive coefficient may not
capture seasonal variations in the intensity of bio-diffusion. However, it won't influence the validity of our
conclusion on the essential role of bio-diffusion on benthic fluxes of DIC and TAlIk, nor its implication to the
NGoM hypoxic zone during fair-weather periods (see Section 5.1). Future model development might include a
more complex representation of the benthic community to consider how the intensity of bio-diffusion changes
with time and space (e.g., Zhang et al., 2021). HydroBioSed is well-equipped for use in these studies because it
could be modified to account for the spatial and temporal variations in the bio-diffusive coefficient.

5.3.2. Calcium Carbonate Cycling

In the NGOM hypoxic zone, the content of calcium carbonate in the NGoM hypoxic zone seabed sediment is low,
with an averaged mass content of inorganic carbon 0.5% (Gordon & Goni, 2004). In addition, the porewaters were
reported to be saturated with calcite in surface sediments (Berelson et al., 2019; Rabouille et al., 2021) and the
porewater profile of calcite showed minimal change with depth (Berelson et al., 2019), which does not support the
occurrence of calcium carbonate dissolution and precipitation. Thus, the contributions of calcium carbonate
dissolution and precipitation to benthic DIC and TAIk fluxes should be limited and therefore not represented in
our model.

However, calcium carbonate cycling can be an important process affecting benthic DIC and TAlk fluxes, as well
as the associated DIC/TAlk ratio. Dissolution of 1 mol calcium carbonate generates 1 mol DIC and leads to 2 mol
equivalents increase of TAlk. The carbonate precipitation on the other hand can act as a sink for TAlk. Globally,
particulate organic matter decomposition in shallow marine sediments can cause a 7 Tmol carbonate dissolution
per year, resulting in a 13.14 Teq TAIk release to the water column (Krumins et al., 2013). In the North Sea,
carbonate dissolution in sediments can release up to 5.4 mmol m~2 d~! of TAIk (Brenner et al., 2016). Future
effort to include the calcium carbonate cycling in the model would be useful for applying the model over systems
where it is important for benthic DIC and TAlk fluxes.

5.3.3. Effects of Coupled Sulfate Reduction and Iron Sulfide Burial

The reduction of 1 mol SO, and Fe oxides can produce 2 mol TAIk. The reoxidation of 1 mol Fe** and $** can
remove 2 mol TAIk. Thus, there is no net TAlk generation when the reductions of SO,>~ and Fe oxides are
coupled with the reoxidation of the reduced species. However, the SO,>~ reduction can lead to a net TAIk
production when the produced sulfide reacts with Fe>™ to form FeS and get buried as Fe sulfide minerals (Hu &
Cai, 2011). The coupling between SO,*~ reduction and Fe sulfide burial is reported to generate a TAlk flux of
44 Gmol/yr in the Baltic Proper, which accounts for up to 26% of the missing TAlk source in this basin (Gus-
tafsson et al., 2019).

Fe and S are not explicitly represented in the current model presented. Part of the reason is that the measurements
of S, Fe and SO,>~ for model calibration are not available. Thus, we didn't explore the possible impact of Fe
sulfide deposition on TAlk generation in this study. However, the formation of the solid-phase species from
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2+ 2+ 2+
, Fe S

oxygen demand units (ODU: Mn and ) are considered using the parameter PB following Soetaert
et al. (1996). PB represents the proportion of ODU that forms as solids (Table 3). This process affects the cal-
culations of ODU concentration (Equation 16), and TAlk production (Equation 18) due to ODU reoxidation
(Figure 1) in the model.

5.3.4. Site-Specific to Regional Scale

Upscaling the site-specific simulation to regional scale is important for quantifying the benthic fluxes at system
scales. Previous studies have documented the coupling between site specific sediment models with regional
models. In Gustafsson et al. (2019), the benthic TAlk flux due to S burial at a specific site that is computed by a
1-D sediment reactive-transport model RTM (Reed et al., 2016) was upscaled to the whole basin by multiplying
simulated TAIk flux by the total muddy sediment area of the basin. The assumption is that the RTM calculated
benthic TAIk flux is representative for the muddy sediment area. In Archer et al. (2002), the Muds model was
used to simulate the global sedimentary carbon cycle. In the application, the overlying water chemistry and
organic carbon flux into the sediment were extracted from global gridded water column data sets and imposed
as boundary conditions for the seabed diagenetic model. Remineralization rates were parameterized as func-
tions of organic carbon flux. An oxygen-differentiated hypsometry of the seabed was used to consider the
contributions of seabed with different overlying water oxygen concentrations and depth to global carbon burial.
These approaches do not simulate the three-dimensional hydrodynamics and do not account for its effect on the
benthic fluxes.

Other approaches have used sediment diagenetic models within the framework of a three-dimensional hydro-
dynamic ocean model (e.g., Testa et al., 2014). In fact, HydroBioSed has been used this way within both
Chesapeake Bay and the NGoM (Moriarty et al., 2018, 2021). HydroBioSed can be applied in 3-D to realistically
represent the spatial-temporally varying hydrodynamics, water column biogeochemistry, seabed diagenesis and
the benthic-pelagic interactions. While these previous implementations of HydroBioSed did not account for TAlk
or DIC, they did account for the diagenetic processes in addition to particulate matter resuspension, transport, and
deposition. In the present study, HydroBioSed was applied in 1-D (vertical) at two sites in NGoM hypoxic zone.
Results from the 1-D model quantified the contribution of benthic fluxes in acidifying the bottom water at these
two sites with reasonable accuracy and provided guidance for the role of benthic fluxes in ocean acidification over
the NGoM hypoxic zone. However, to realistically simulate the benthic-pelagic interaction over the NGoM
hypoxic zone and quantify the role of benthic flux in ocean acidification at regional scales would require a 3-D
application of HydroBioSed. This motivates future work to run the 3-D implementation of HydroBioSed at
regional scale now that it accounts for changes in TAlk and DIC. Finally, HydroBioSed has been developed
within widely used community ocean models, COAWST and ROMS. This facilitates scaling from the one-
dimensional (vertical) site-specific implementations shown in this paper to the regional scales within three-
dimensional implementations that account for hydrodynamics, sediment transport and resuspension, and
biogeochemical processes (e.g., Moriarty et al., 2018, 2021).

6. Summary and Conclusions

This paper describes a coupled benthic-pelagic model for estimating the exchanges of particulates and solutes
between the seabed and the water column. This model, HydroBioSed, was initially developed by Moriarty
etal. (2017, 2018, 2021). As described in this paper, we subsequently expanded the model functionality by adding
algorithms to represent benthic DIC and TAlk. In addition, the representation of the anaerobic remineralization in
the seabed was improved by including manganese- and iron-oxides reduction, and sulfate reduction. Thus, the
model presented in this paper can simulate the exchange of particulate organic matter, O,, NO5, NH,, DIC, TAlk
between the seabed and the water column. Test cases for two locations in the NGoM hypoxic zone demonstrated
the capability of the model to reproduce both the porewater concentrations and benthic fluxes of the solutes
mentioned above.

With the newly added formulae for DIC and TAlk dynamics in the coupled benthic-pelagic model, this paper
explored the potential role of benthic fluxes in acidifying the bottom water during both quiescent and episodic
resuspension periods over the NGoM hypoxic zone. During fair weather periods, factors affecting the relative
availability of oxygen in the seabed had a large control on the modeled DIC/TAIk ratio of benthic fluxes; these
factors included bio-diffusion, labile material input and sediment porosity. Scaling up to the NGoM hypoxic zone,
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we believe benthic fluxes to play an important role in acidifying bottom water over the transition area of the
previously classified Zone 2 and Zone 3 of the NGoM hypoxic zone, where water depth ranges from ~20 to
~30 m (Lehrter et al., 2012 or Rowe & Chapman, 2002). Temporally, considering the development of primary
production, bottom water concentration as well as benthic fauna abundance, the role of benthic fluxes in acidi-
fying the bottom water likely peak at the early stages of hypoxia or during post-hypoxia periods. When the model
was run to represent periods of resuspension, we calculated a small decrease in DIC production, but a large
increase in the DIC/TAIk ratio. This confirmed the role of resuspension in enhancing bottom water acidification.
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