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Sediment-water exchanges of nutrients and oxygen play an important role in the biogeochemistry of
shallow coastal environments. Sediments process, store, and release particulate and dissolved forms of
carbon and nutrients and sediment-water solute fluxes are significant components of nutrient, carbon,
and oxygen cycles. Consequently, sediment biogeochemical models of varying complexity have been
developed to understand the processes regulating porewater profiles and sediment-water exchanges. We
have calibrated and validated a two-layer sediment biogeochemical model (aerobic and anaerobic) that is
suitable for application as a stand-alone tool or coupled to water-column biogeochemical models. We
calibrated and tested a stand-alone version of the model against observations of sediment-water flux,
phosphorus porewater concentrations, and process rates at 12 stations in Chesapeake Bay during a 4—17 year period.
denitrification The model successfully reproduced sediment-water fluxes of ammonium (NH}), nitrate (NO3), phos-
silica phate (PO?{ ), and dissolved silica (Si(OH)4 or DSi) for diverse chemical and physical environments. A root
mean square error (RMSE)-minimizing optimization routine was used to identify best-fit values for many
kinetic parameters. The resulting simulations improved the performance of the model in Chesapeake Bay
and revealed (1) the need for an aerobic-layer denitrification formulation to account for NO3 reduction in
this zone, (2) regional variability in denitrification that depends on oxygen levels in the overlying water,
(3) aregionally-dependent solid-solute POZ’ partitioning that accounts for patterns in Fe availability, and
(4) a simplified model formulation for DSi, including limited sorption of DSi onto iron oxyhydroxides.
This new calibration balances the need for a universal set of parameters that remain true to biogeo-
chemical processes with site-specificity that represents differences in physical conditions. This stand-
alone model can be rapidly executed on a personal computer and is well-suited to complement obser-
vational studies in a wide range of environments.
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1. Introduction Boynton, 1992). In very shallow ecosystems (<5 m), sediments

may be populated by submerged vascular plants and/or benthic

Sediments are important contributors to the nutrient, oxygen,
and carbon cycles of shallow coastal ecosystems. Both autoch-
thonous and allocthonous organic matter deposited to sediments
drive sediment biogeochemical processes and resultant nutrient
fluxes (Jensen et al., 1990), feed benthic organisms (Heip et al.,
1995), and can control sediment oxygen demand (Kemp and
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algal communities, both of which modify sediment biogeo-
chemical reactions via nutrient uptake and sediment oxygena-
tion (Miller et al., 1996; McGlathery et al., 2007). In moderately
shallow systems (5—50 m), sediments are sites of organic matter
processing, leading to nutrient recycling (Cowan et al., 1996),
oxygen consumption (Kemp et al., 1992; Provoost et al., 2013),
and associated sediment-water exchange. Therefore, models of
sediment diagenetic processes that simulate porewater nutrient
concentrations and exchanges of particulate and dissolved sub-
stances between the water column and sediments have been
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developed (Vanderborght et al., 1977a; Boudreau, 1991; Soetaert
and Middelburg, 2009). Such models are valuable tools for un-
derstanding and managing nutrients and aquatic resources
(Cerco and Cole, 1993).

Sediment process model structures range from relatively simple
empirical relationships (Fennel et al., 2006) to more complex pro-
cess simulations that include time-varying state variables
(Boudreau, 1991). Simple model representations include assigning
a constant sediment-water flux of O, or nutrients (Scully, 2010) or
using basic parameterizations of sediment-water flux as a function
of overlying water conditions (Imteaz and Asaeda, 2000; Fennel
et al., 2006; Hetland and DiMarco, 2008). More complex process
models may simulate one or two layers, each of which represent a
particular chemical environment (Di Toro, 2001; Emerson et al.,
1984; Gypens et al., 2008; Slomp et al., 1998; Vanderborght et al.,
1977b). Process models may also resolve depth into numerous
layers, allowing for simulations of pore-water constituent vertical
profiles (Boudreau, 1991; Dhakar and Burdige, 1996; Cai et al,,
2010). Depth resolution in such complex models is usually associ-
ated with a higher computational demand (Gypens et al., 2008),
thus intermediate complexity formulations (in terms of depth
resolution) or simple parameterizations are commonly used when
sediment biogeochemical models are coupled to water-column
models to simulate integrated biogeochemical processes (Imteaz
and Asaeda, 2000; Cerco and Noel, 2005; Sohma et al,, 2008;
Imteaz et al., 2009), although depth-resolved models have been
used for various applications (Luff and Moll, 2004; Reed et al.,
2011).

A sediment biogeochemical model was previously developed
to link with spatially articulated water-column models describing
biogeochemical processes at a limited computational cost (Brady
et al., 2013; Di Toro, 2001). This sediment flux model (SFM)
separates sediment reactions into two layers to generate fluxes of
nitrogen, phosphorus, silica, dissolved oxygen (03), sulfide, and
methane. SFM has been successfully integrated into water quality
models in many coastal systems, including Massachusetts Bay
(Jiang and Zhou, 2008), Chesapeake Bay (Cerco and Cole, 1993;
Cerco and Noel, 2005), Delaware’s Inland Bays (Cerco and
Setzinger, 1997), Long Island Sound (Di Toro, 2001), and the
WASP model widely used by the United States Environmental
Protection agency (Isleib and Thuman, 2011). SFM can also be
used as a stand-alone diagnostic tool in sediment process
studies, especially over seasonal to decadal time scales (Brady
et al., 2013). For example, it has been used to simulate sedi-
ment dynamics in the Rhode Island Marine Ecosystem Research
Laboratory (MERL) mesocosms (Di Toro, 2001; Di Toro and
Fitzpatrick, 1993). Such a stand-alone sediment modeling tool,
when combined with high-quality time series observations, can
be used for parameter optimization, scenario analysis, and pro-
cess investigations.

The purpose of this study is: (1) to calibrate and validate a
stand-alone version of SFM predictions with a multi-decadal
time-series of water-column concentrations and sediment-
water exchanges of dissolved inorganic nitrogen, silica, and
phosphorus, (2) to utilize SFM to analyze sediment process ob-
servations at a range of Chesapeake Bay stations exhibiting
differing overlying-water column characteristics (e.g., organic
matter deposition rates and oxygen, temperature, and salt con-
centrations), and (3) to illustrate how SFM can be used to un-
derstand processes inferred from field rate measurements. A
previous companion paper focused on the ammonium (NH} ), O,
sulfide, and methane modules in SFM (Brady et al., 2013). Here,
we focus our process studies on nitrate (NO3 ), phosphate (POE‘[),
and dissolved silica (Si(OH)4; hereafter DSi) fluxes, as well as
denitrification.

2. Methods

SFM was previously calibrated and validated for Chesapeake Bay
using sediment-water flux measurements, overlying-water
nutrient and O, concentrations, and process rates (e.g., denitrifi-
cation) that were available at that time (1985—1988) for 8 sites
(Chapter 14 in Di Toro, 2001). More than two decades later, this
study used expanded data availability to re-calibrate and validate
SFM, improve its simulation skill for Chesapeake Bay, and demon-
strate its utility as a stand-alone tool available for use in other
aquatic systems. In this paper we describe and analyze SFM per-
formance in the northern half of Chesapeake Bay using data
collected during 4—17 years at 12 stations (Fig. 1). SFM can be run
on a personal computer, executing a 25-year run on the time-scale
of seconds, and a MATLAB interface is available for input genera-
tion, model execution, post-processing, and plotting.

2.1. General model description

The model structure for SFM involves three processes: (1) the
sediment receives depositional fluxes of particulate organic carbon
and nitrogen, as well as biogenic and inorganic phosphorus and
silica, from the overlying water, (2) the decomposition of particu-
late matter produces soluble intermediates that are quantified as
diagenesis fluxes, (3) solutes react, transfer between solid and
dissolved phases, are transported between the aerobic and anaer-
obic layers of the sediment, or are released as gases (CHg, N3), and
(4) solutes are returned to the overlying water (Fig. 2). The model
assumes that organic matter mineralization is achieved by deni-
trification, sulfate reduction, and methanogenesis, thus aerobic
respiration is not explicitly modeled. To model these processes,
SFM numerically integrates mass-balance equations for chemical
constituents in two functional layers: an aerobic layer near the
sediment-water interface of variable depth (H7) and an anaerobic
layer below that is equal to the total sediment depth (10 cm) minus
the depth of H; (Figs. 2—4). The SFM convention is to use subscripts
with “0” when referring to the overlying water, with “1” when
referring to the aerobic layer, and with “2” when referring to the
anaerobic layer. The simulation time-step is 1 h and output is
aggregated at 1-day intervals.

The general forms of the equations are presented in Table 1 (Egs.
(1) and (2)). For example, one can replace Crq with NO3 (1) to
compute the change in NO3 concentration in the aerobic layer (Eq.
(1) in Table 1). The governing expressions are mass balance equa-
tions that include biogeochemical reactions (Q%Cﬂ), burial
(w2Cry), diffusion of dissolved material between the aerobic sedi-
ments and overlying water column (Kyo1 (fgoCro — f41Cr1)) and be-
tween sediment layers (K;12(fi2Cr2 — f41Cr1)), and the mixing of
particulate material between layers; (w1 (f2Cr2 — fp1Cr1)). Please
refer to Eqs. (1) and (2) in Table 1.

2.2. Aerobic layer depth and surface mass-transfer

The thickness of the aerobic layer, Hq, is solved numerically at
each time step of the simulation by computing the product of the
diffusion coefficient (Dp,) and the ratio of overlying-water O
concentration ([O,(0)]) to sediment oxygen demand (SOD):
Hy = Do, [%zo(g)]' This relationship has been verified by measure-
ments (Jergensen and Revsbech, 1985; Cai and Sayles, 1996). The
inverse of the second term on the right hand side of Equation (1) is
the surface mass transfer coefficient (Eq. (5) in Table 1), which is
used as the same mass transfer coefficient for all solutes since
differences in the diffusion coefficients between solutes are sub-
sumed in the kinetic parameters that are fit to data (Brady et al.,
2013; Di Toro, 2001). It should be noted that in the time varying
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Fig. 1. Map of northern Chesapeake Bay, on the east coast of the United States (inset), showing the locations where Sediment Flux Model (SFM) simulations were compared to

Sediment Oxygen and Nutrient Exchange (SONE) observations.

solution, Hy and H, are within the derivative since the depths of the
layers are variable, where dynamic entrainment and loss of mass
can be quantified (see Chapter 13 in Di Toro, 2001). The depth of the
anaerobic layer (H,) is simply calculated as the difference between
total sediment depth (10 cm) and Hj.

2.3. Dissolved and particulate mixing

Dissolved and particle mixing between layers 1 and 2 (K} 1, and
w12, EQs. (6) and (7) in Table 1) are modeled as a function of passive
transport and proxies that reflect the activities of benthic organ-
isms. K;1, enhancement due to benthic faunal activity is parame-
terized directly, that is, the dissolved mixing coefficient (Dy) is fit to
values that typically increase K;, to 2—3 times molecular diffusion
(Tables 2 and 3; Gypens et al., 2008; Matisoff and Wang, 1998). The
rate of mixing of sediment particles (wq2; Eq. (7) in Table 1) by
benthic animals is quantified by estimating the apparent particle
diffusion coefficient (Dp; Chapter 13 in Di Toro, 2001). In the model,
particle mixing is controlled by temperature (first term in Eq. (7) in
Table 1; Balzer, 1996), carbon input (second term in Eq. (7) in
Table 1; Robbins et al., 1989), and oxygen (third term in Eq. (7) in
Table 1; Diaz and Rosenberg, 1995). To make the model self-
consistent, that is to use only internally-computed variables in

the parameterizations, the model assumes that benthic biomass
and therefore, particle mixing is correlated with the amount of
labile carbon (i.e., POCy) present in the sediment, an assumption
that is supported by the literature (Tromp et al., 1995). However, if
excess carbon loading creates unfavorable oxygen conditions that
reduce macrofaunal density and therefore, bioturbation (Baden
et al.,, 1990), particle mixing is reduced by a term called “benthic
stress” (Sin Eq. (7) in Table 1). As O, decreases, (1 — ksS) approaches
zero. After the stress has passed, the minimum is carried forward
for the rest of the year to simulate the observation that benthic
communities do not recover until recruitment occurs in the
following year (Diaz and Rosenberg, 1995). The mixing parameters
used in this model are compared to literature values in Table 3.

2.4. Diagenesis

Diagenesis of particulate organic matter (POM) is modeled by
partitioning the settling POM into three reactivity classes, termed
the “G model” (Westrich and Berner, 1984). Each class represents a
fixed portion of the organic material that reacts at a specific rate
(Burdige, 1991). For SFM, three G classes represent three levels of
reactivity: Gy is rapidly reactive (20 day half-life & 65% of settling
POM), G, is more slowly reactive (1 year half-life & 20% of settling
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Fig. 2. Generic schematic diagram of the Sediment Flux Model (SFM), including state
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the depths of the aerobic (H;) and anaerobic (H;) layers vary over time.
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POM), and G3 (15% of settling POM) is, for this model, non-reactive
(see Table 2 for parameters associated with diagenesis and Table 3
for literature ranges). The diagenesis expression is as follows
(similar equations govern diagenesis of particulate organic nitrogen
and phosphorus):

dPOC;
dr

H, = —kpoc,iﬂég’cﬁO)POCin — wPOGC; + froci Jpoc (1)
where POC; is the POC concentration in reactivity class i in the
anaerobic layer, kpoc; is the first order reaction rate coefficient,
bpoc; is the temperature coefficient, w, is the sedimentation ve-
locity, Jpoc is the depositional POC flux from the overlying water to
the sediment, and fpoc; is the fraction of Jpoc that is in the ith G
class. The aerobic layer is not included, due to its small depth
relative to the anaerobic layer: H; = 0.1 cm, while H, = 10 cm.
Deposition rates for particulate nitrogen (Jpon), phosphorus (Jpop),
and silica (Jpsj) are proportional to Jpoc based on Redfield stoichi-
ometry (Table 2).

Organic matter deposition rates (including particulate biogenic
C, N, P, and Si) for each year and station were estimated using a
Hooke-Jeeves pattern search algorithm (Hooke and Jeeves, 1961) to
minimize the root mean square error (RMSE) between modeled
and observed NH; flux. These estimates of deposition matched
well with observations made using several methods and a detailed
discussion of this approach is included in a companion paper
(Brady et al., 2013).

2.5. Reaction rate formulation

Rate coefficients for aerobic-layer reactions (e.g., nitrification,
denitrification, sulfide oxidation, etc.) are relatively similar (Eq. (1)
in Table 1). These reactions are modeled to be dependent on the
depth of H;y. For example, the nitrification rate expression in the
mass balance equations for NH is a product of the aerobic layer
nitrification rate (kNHQ 1) and the depth of the aerobic layer (Fig. 3a):

Dy kg 1

k H; = 2
NHz 171 Kio1 )
IpoN AMMONIUM NH4*(0) NO37(0) NITRATE ISYESY |
WATER COLUMN WATER COLUMN H
Kro1 Kro1 :
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Fig. 3. Schematic representation of nitrogen transport and kinetics in the Sediment Flux Model (SFM). Panels a & b represent the dynamics of the NH; and NO3 models,
respectively. Note: (1) there is no diagenesis (ammonification) in layer 1 (panel a). (2) there is no source of NO5 in the anaerobic layer, as no O, is present (Panel b).
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Fig. 4. Schematic representation of the phosphorus and silica transport and kinetics in the Sediment Flux Model (SFM). Panels a and b represent the processes within the
phosphorus and silica models, respectively. Note: (1) there is no source of PO?{ or DSi in the aerobic layer and (2) both PO?{ and DSi are partitioned between particulate and
dissolved phases in both layers, and (3) solubility control for silica dissolution (Panel b).

The product Dy kny; 1 is made up of two coefficients, neither
of which is readily measured. The diffusion coefficient in
a millimeter thick layer of sediment at the sediment water
interface may be larger than the diffusion coefficient in the bulk
of the sediment due to the effects of overlying water shear. It is
therefore convenient to subsume two relatively unknown pa-
rameters into one parameter that is calibrated to data, called
Kknuzq (Fig. 3a):

KNHp1 = /D Rneg (3)

Kknp;,1 1s termed the reaction velocity, since its dimensions are
length per time. Squared reaction velocities are then incorporated
in the reaction term of the mass balance equations (Table 1).

2.6. Ammonium flux

NHj concentrations are computed for both aerobic and anaer-
obic layers via mass balances of biogeochemical and physical pro-
cesses. Fig. 3a shows the sources and sinks of NH; in the model.
NH; is produced by organic matter diagenesis (Jy, in Fig. 3a, Eq.
(10) in Table 1) in the anaerobic layer, while in the aerobic layer,
NHj is converted to NO3 via nitrification using a reaction velocity,
KNH; 10 (Fig. 3a) with Michaelis—Menten kinetics (Eq. (8) in Table 1).
Mass-transfer coefficients are employed to model diffusion of NH;
between the anaerobic and aerobic layers (K;12) and between the
aerobic layer and the overlying water (Kip1). A more extensive
treatment of the NH; model is given in a companion publication
(Brady et al., 2013).

2.7. Nitrate flux

There are two sources of NO3 in SFM: (1) NO;3 enters from the
overlying water column as controlled by surface mass transfer
(Kio1) and the concentration gradient, and (2) NH; is oxidized in
the aerobic layer (i.e., nitrification; Eq. (13) in Table 1, Fig. 3b; see

Chapter 4 of Di Toro, 2001). In turn, NO3 can be returned to the
overlying water column as NOj flux (J[NO3]) or converted to ni-
trogen gas (i.e., denitrification, Eqgs. (11) and (12) in Table 1). There is
no biogeochemical NO; source in the anaerobic layer (Fig. 3).
Although it is conventional to confine denitrification to the anaer-
obic layer (Gypens et al., 2008), denitrification is modeled in both
the aerobic and anaerobic layers in SFM (Fig. 3b). The close coupling
between nitrification and denitrification has been suggested by
some authors (Blackburn et al.,, 1994) and there is evidence for
denitrification in the oxic layer within anoxic microsites (Jenkins
and Kemp, 1984).

2.8. Phosphate flux

The PO;~ model differs from the nitrogen models in two impor-
tant ways: (1) there are noreactions for PO?{ onceitisreleased during
diagenesis (Eqs. (14) and (15) in Table 1) and (2) the PO?{ model in-
cludes both organic and inorganic phases (Fig. 4a). There are two
sources of PO?{ to SFM: (1) PO?{ produced by organic matter
diagenesis (ap ¢Jc in Fig. 4a, Eq. (16) in Table 1) in the anaerobic layer
and (2) PO?{ thatis sorbed onto particles and deposited to sediments
(Jpp)- Observations of the latter source are scarce, so we initially
assumed that sorbed PO?{ deposition is equivalent to (Jpop), which is
supported by the observation that POP is roughly 50% of the partic-
ulate phosphorus pool in Chesapeake Bay (Keefe, 1994). Because Jpjpis
likely to be spatially-variable (Keefe, 1994), we optimized Jppp to the
sediment-water POZ’ flux (see below).

Models of phosphorus in marine sediments have traditionally
focused on predicting the interstitial concentration of PO?{ (Van
Cappellen and Berner, 1988; Rabouille and Gaillard, 1991), as well
as the PO;~ flux (Slomp et al., 1998; Wang et al., 2003). Because
SFM is used to predict sediment-water PO}~ fluxes, it accounts for
the fact that a fraction of the PO?{ released during diagenesis is
trapped in sediments in particulate form via precipitation or
sorption to amorphous iron oxyhydroxides (Sundby et al., 1992;
Wang et al., 2003). The model also accounts for the dissolution of
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iron oxyhydroxides under low oxygen conditions and subsequent resulting in iron oxyhydroxides dissolution and subsequently

release of POz‘ into porewater (Conley et al., 2002). Thus, the large sediment-water PO?{ fluxes (Lehtoranta et al., 2009; Testa

model can account for the temporary storage of PO;~ near the and Kemp, 2012). SFM distinguishes between solid and dissolved

sediment water interface until oxygen is seasonally-depleted, pools of POZ’ using partition coefficients specific to both layer 1
Table 1

The model equations are listed below. The solutions are found by numerically integrating the equations (Di Toro, 2001). *Parameter definitions are

located at the bottom of this table.

Mass balance equations (these are the general equations for Cr; and Crp):

10

11

12

13

14

15
16

17

18

19

20
21

d 2
QEC) —g=Cr1 + Kio1 (faoCro — fa1Cr1) + 012(fpaCra2 — fp1 Cr1) + Kuaa (f2Cra — fr Cr1) — 02Cr1 +

% = —k2Cr2 — 012(fp2Cr2 = f1Cr1) — Kp2FaCr2 — fa1 Cr1) + 02(Cr1 — Cr2) +Jr2
where fy = s i=1,2

foi = 1—Jai

_ Do, _ sop
Kior = ¢ = 10,0y

(T-20)
Daf,

Kz = gzt

Dy 0{17720] POC .

12 = —H|TPFF POC,L MINeach year) (1 —ksS)
ds _ K p,

where g = —ksS + i, 0:0772

The kinetic and source terms for the ammonium, nitrate, phosphate, and silica systems are listed next.

Ammonium (NH})

Ky 0 22
K% = K2 + 0(7—7\20) T 20\ ) <K [02(0)0/20 2)
NHLTNHE | Ky HKMNH; +INH; (1)] | \ Kty 0, +102(0)17

Ky =0
Jr1 = 0 and
2 -
Je = i; —kpoc,ff?{,f)ci‘”POCin
Jr2 = andJe

Nitrate (NO3)

2 _ 2 (T—20)
K = "No;.lf)No;

(T-20)
K2 = Kno; 20no;

T—20)[NH; (1 KM”“ZO:‘Zi:: 0,(0)]/2
Jrp = K2, 620 NH: (1) . 4 [0:(0))/
NH; ,1”NH; Kol KMNH; 07 > [NH; (1)] KMNHA 0, T0:2(0)]/2

v
Jr2 =0
Phosphate (PO3~)
k2 =0
Ky =0

Jri = 0andJr; = apcJc +Jpip
Particulate Silica (Ps;)
AHPsl)l — —SqiHy — w3 [Psi(2)] + Jpsi + Jpewrtal

Ssi = ks;'eg&o)%(Sisat‘zoggfm) — fa2[Si(OH)4(2)])
Jpsi = GsicJe

Jpetry = Non—algal particulate Jpg;flux

Silicate (Si(OH)4)

k2 =0
Ky =0
Jri =0

T-20 i " T-20 .
Jra = kst 2 e BB (Sicar 005 % — faa [Si(OH)4(2)]Hy)
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Table 1 (continued )

Mass balance equations (these are the general equations for Cr; and Cp):

Partitioning: PO nd Si(OH),

22 If102(0)([O2)criepo; i :

Tpoz-si1 — ™

If102(0)] > [O2]yigpop- s :

PO;~.Si,2= PO} Si 1

Tpo si1 = Tpoi si2 Apo sit

AT [02(0)]
OZ.cmPoi’ si

3 Hy, Hy = depth of layer 1 and 2 (cm); Cro, Cry, Crz = total (dissolved + particulate) concentration in layers (mmol m~3); POC; = Layer 1 particulate
organic carbon concentration (mmol m~3), POCg = reference particulate organic carbon concentration (0.1 mg C g solids—"); fy1, fuz = dissolved fraction
of total concentration in each layer; f,1, fp2 = particulate fraction of total concentration in each layer; K}, = mass transfer coefficient between layers 1
and 2; K;o; = ratio of SOD to overlying water dissolved O,, or mass transfer coefficient between layer 1 and the overlying water-column; K;, = mass
transfer coefficient between layer 1 and 2 (m d—'); w, = sedimentation velocity (cmy~'); w;, = particle mixing velocity between layers 1 and 2 (md~");
ks = first-order decay coefficient for accumulated benthic stress (d~'); S = benthic stress term (d); J;; = source of solute to layer 1 (mmol m—2 d~');
Jr2 = source of solute to layer 2 (mmol m2 d~'); k, ko = reaction velocity for first-order removal reaction rate constant in layer 1 and 2 (m d~'); m;,
m; = solids concentration in layer 1 and 2 (kg L™"); 7;, 7, = partition coefficient in layer 1 and 2 (L kg~"); D, = diffusion coefficient of particulate
solutes due to particle mixing (cm? d~'); D, = diffusion coefficient of dissolved solutes (cm?d™'); '9Dpa = temperature coefficient for Dp or Dg; Ky ; = half
saturation coefficient (i = relevant parameter or variable, in concentrations units of relevant variable); ay ¢ = stoichiometric ratio of NH; released to
POC mineralized (mol N mol C'); ag; ¢ = stoichiometric ratio of Si(OH,) released to POC mineralized (mol O, mol C~'). Where specific solutes are shown
(e.g, [NO3 (i))), i = layer). Parameter values listed in Table 2. Cry and Cr, were computed for NH;, NO3, PO?( (=dissolved + particulate phosphate), and

Si(OH4) (=dissolved + particulate silica). [Ol]critpoi Si

and 2 (Egs. 3 and 4 in Table 1). The partition coefficient in layer 1 is
larger than in layer 2 under oxic conditions, representing the higher
concentration of oxidized Fe and allowing for PO?{ trapping. Once
oxygen falls below a critical concentration (Eq. (22) in Table 1,

Table 2
Sediment flux model parameters.

Variable Value Units Variable Value Units

Recycle fractions Benthic stress

frocnp1 0.65 ks 0.03 a'

feoca 020 Kniop 62.5 uM 0"

fron2 0.25 Ammonium

frop2 0.20 KN 1 0.131 md!

froc3 0.15 O 1.123

fron3 0.10 Kyt 52.0 uM N

frop.3 0.15 %Nﬁg 1.125

Diagenesis Kyvinh; 0, 115 uM O,

kpocnpq 0.017  d7! Ao, NHE 2.0 mol 0, mol~' N
Opocnp1 1.10 Nitrate

kpocnpz 0.0018 d! KNO; 1 0.10-0.30" md~!

Opocnp2 1.15 KNO; 2 0.25 md-!

ksi 0.5 d! fno, 1.08

Os;i 1.10 ao, No; 1.25 mol O, mol~ ' N
ao, ¢ 1.0 mol O, mol~! C Silica

anc 0.167 mol Nmol™! C  Sigag 1390 mmol Si m—>
apc 0.009 molPmol™' C 4y 1.023

asic 0.171 mol Simol™' C Ky ps; 3560 mmol Si m—3
Solids A4 5-15% Lkg™!

Wy 0.7 cmy! iz 15-50° Lkg!

m 050 kgL' Ipetrg 1.8 mmol Sim=2d~!
m; 050 kgL! [O]crits; 625 uM 0,

Mixing Phosphate

Dqg 50 cm?d! Ampgs o 100-300° Lkg

0pa 1.08 Tpod 2 50—-100° Lkg'

D, 0.6 cm?d! [Ozleritpoy- 62.5 uM 0,

Opp 1.117 Dimensions

POCg 0.1 mg C g solids™! Hj + H 10.0 cm

= Indicates that units are in O, equivalents.

T Value was 0.035 in the original calibration.

* Denitrification reaction velocity range reflects the range of values from the
original calibration and optimization routine.

§ Partitioning coefficient range reflects the range of values from the optimization
routine.

is the O, concentration below which the aerobic layer partition coefficient is a function of O,.

Table 2), a larger fraction of the total PO}~ is transitioned to the
dissolved pool.

2.9. Dissolved silica flux

The DSi model includes the same partitioning formulation
(including O,-dependency) as the PO?{ model (Eq. (22) in Table 1)
and also has no reactions in layer 1 and 2 (Eqs. 17 and 18 in Table 1,
Fig. 4b). Similar partitioning formulations are absent from previous
silica models Vanderborght et al., 1977a, but are present in more
recent formulations (Rabouille and Gaillard, 1990), based upon
evidence for DSi sorption to Fe oxyhydroxides (Sigg and Stumm,
1981), which hereafter will be referred to as FeOOH.

Unlike phosphorus, nitrogen and carbon, silica diagenesis is a
dissolution reaction rather than a microbially-mediated respiratory
process. The particulate silica deposited to sediments that may be
dissolved originates from two sources: (1) biogenic silica in diatom
algal material (Jps;) and (2) detrital silica associated with
terrestrially-derived particles (Jpesr;» Eqs. (17) and (18) in Table 1,
Table 2). Silica dissolution has been found to be a function of the
degree of undersaturation, pH, temperature, particulate silica
concentration, salinity, and the nature of the surfaces of the solid-
phase silica (Conley et al., 1993; Van Cappellen and Linging,
1997b; Yamada and D’Elia, 1984). In SFM, the diagenesis of partic-
ulate silica is a function of a first-order rate constant (kg;) with a
temperature dependency (fs; ), a Michaelis—Menten dependency
on particulate silica (Ps;), and a first-order dependency on the de-
gree of undersaturation (Eq. (18) in Table 1, Table 2). The original
calibration of SFM considered silica solubility to be independent of
temperature (Di Toro, 2001). In this analysis, a temperature de-
pendency on silica solubility was added (Eq. (18) in Table 1), as has
been suggested in the literature (Lawson et al., 1978; Van Cappellen
and Linqing, 1997a). Comparisons of the other model silica pa-
rameters with associated literature values are provided in Table 3.

2.10. Overlying water concentrations

Data for overlying water-column nutrient and O, concentrations
nearest the sediment-water interface in Chesapeake Bay, which are
required boundary conditions for the stand-alone SFM simulations,
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Table 3
Comparison of sediment flux model parameters to literature parameters.
SFM parameter  Units SFM value Literature range  Citations
Diagenesis
kpoc.np1 d! 0.01-0.035 0.019—0.066 (a)
BpocN.p12 1.10 1.052—1.166 (b)
kpocN.p2 d! 0.0018 0.0012-0.0088  (c)
Ammonium
e 1.125 1.125 (d)
KNHZ 1 md! 0.131 nja (e)
Ons 1.123 1.076-1.127 ()
Kyt uM N 52 24-85 (g)
MNHLO; UM 0, 115 1.0-62.5 (h)
Silica
ksi d-! 0.5 0.02—0.2" (i)
Osi 1.10 1.059—1.084 G)
Sicat 20 mmol Sim~3 1390 946—1560
Ky psi mmol Sim~> 3560 707-3571 )
Nitrate
KNO; 1.2 md! 0.1-0.3 n/a (m)
KNO; 1g md! 0.2 n/a (n)
Ono, 1.08 1.056—1.20 (0)
Transport
w2 cmy! 0.7 0.02—1.0 (p)
Dg cm?d™! 5.0 0.6—8.64' (q)
Opa 1.08 1.08 (r)
Dy cm? d™! 0.6 <0.001-0.5* (s)
Bp 1.117 1.07-1.117 (1)

(a) Soetaert et al., 1996a, Westrich and Berner, 1984, Roden and Tuttle, 1996,
Burdige, 1991; (b) Klump and Martens, 1989, Wheatland, 1954, Kaplan and
Rittenberg, 1964, Nedwell and Floodgate, 1972, Vosjan, 1974, Goldhaber et al.,
1977, Jergensen, 1977), Abdollahi and Nedwell, 1979, Westrich and Berner, 1988;
(c) Grill and Richards, 1964, Otsuki and Hanya, 1972, Westrich and Berner, 1984,
Turekian et al., 1980, Billen, 1982, Roden and Tuttle, 1996; (d) all reported values
are the same; Stevens et al., 1989, Young et al., 1979, (e) comparable parameters not
reported in literature; (f) Antoniou et al., 1990, Argaman and Miller, 1979, Painter
and Loveless, 1983, Stevens et al., 1989, Warwick, 1986, Young et al., 1979,
Henriksen and Kemp, 1988; (g) Argaman and Miller, 1979, Cooke and White,
1988, Gee et al., 1990, Shieh and LaMotta, 1979, Stevens et al., 1989, Young et al.,
1979, Henriksen and Kemp, 1988; (h) Soetaert et al, 1996a, Stenstrom and
Poduska, 1980; (i) Vanderborght et al., 1977a, Di Toro, 2001, Ullman and Aller,
1989, Lawson et al., 1978; (j) Di Toro, 2001, Conley and Schelske, 1989, Lawson
et al., 1978; (k) Di Toro, 2001, Ullman and Aller, 1989, Lawson et al., 1978, Rickert
et al., 2002; (1) Di Toro, 2001, Conley et al., 1986; (m-n) comparable parameters
not reported in literature; (o) Argaman and Miller, 1979, Lewandoswki, 1982,
Messer and Brezonik, 1984, Nakajima et al., 1984; (p) Vanderborght et al., 1977a,
Jahnke et al., 1982, Wang et al., 2003; (q) Wang et al., 2003, Krom and Berner,
1980, Vanderborght et al., 1977a, Emerson et al., 1984, Billen, 1982, Soetaert et al.,
1996b — note that this value may be depth-dependent; (r) Wang et al., 2003,
based on Di Toro, 2001; (s) Wang et al., 2003, Beauchard et al., 2012, Balzer, 1996; (t)
Gerino et al., 1998, Wang et al., 2003.

* Some reported values are much lower (see discussion).

 Range includes measured and computed rates; molecular diffusion coefficients
for SFM variables range from 0.66—1.97.

 Range reflects measured values that include the effects of temperature and
benthic biomass.

were retrieved for each station and date from the Chesapeake Bay
Program (CBP) Water Quality database (http://www.chesapeakebay.
net/data_waterquality.aspx). Measurements of bottom water
salinity, dissolved O,, NH;, NO3, and PO~ made as part of the
Sediment Oxygen and Nutrient Exchange (SONE) experiments
(Boynton and Bailey, 2008) were augmented by CBP data by
combining the time series and using piecewise cubic hermite inter-
polation (PCHIP) to derive daily overlying water-column values. DSi
data were only available in the CBP dataset. The fine temporal reso-
lution of the combined SONE and CBP monitoring time series insures
that the onset of hypoxia and winter temperature regimes (not
measured in the SONE dataset) were properly simulated. To calculate
initial sediment nutrient conditions, the time series of POM deposi-
tion and overlying water concentrations were repeated until there
was 15 years of input. The synthetic 15 year time series was used as

the model input, followed by the years with observations. This insures
that the initial conditions for SFM particulate and dissolved constit-
uents are consistent with the depositional fluxes and parameters.

2.11. Calibration and validation datasets

Observed sediment-water fluxes of NHJ, nitrite + nitrate
(NO3 + NO3), PO3~, and DSi were estimated from time-course
changes in constituents during incubations of intact plexiglass
sediment cores (Boynton and Bailey, 2008). Although not presented
in this paper, the organic matter deposition rates used in this
analysis were validated against available observations, as were
rates of sediment oxygen demand, sulfate reduction, and porewater
concentrations (Brady et al., 2013). Cores for the measurement of
sediment denitrification were collected by box coring in both the
upper Chesapeake Bay (“Still Pond”) and in the mid-bay (“R-64");
the methods for core incubation are described in detail elsewhere
(Kana et al., 2006). Briefly, triplicate cores from each site that had
aerobic overlying water conditions were bubbled with air for ~2 h
while submersed in a temperature controlled bath. Tops caps with
suspended magnetic stirrers were attached and time courses of
solute (NH,, NO; + NOj3 ) and gas (02, N3, Ar) concentrations were
determined. The rate of gas flux was determined from high preci-
sion Ny:Ar or O:Ar ratios using membrane inlet mass spectrom-
etry. While the fluxes of N, are referred to as denitrification, they
are actually the summation of all gaseous N transformation pro-
cesses and may include processes such as anammox (Rich et al.,
2008) or N fixation associated with sulfate reduction (Bertics
et al.,, 2013); fluxes of N,O were not measured.

2.12. Error metrics and parameter optimization

Model-data comparisons were facilitated using multiple skill
assessment metrics (Stow et al., 2009). RMSE, mean error (sum of
residuals divided by the number of observations), and reliability
index (RI) were computed for each flux/station combination. Mean
error is a measure of aggregate model bias while RMSE takes into
account the magnitude of model-data discrepancies. Finally, the RI
quantifies the average factor by which model predictions differ
from observations. An RI of 2, for instance, would indicate that SFM
predicts the observation within a factor 2, on average (Stow et al.,
2009).

We first ran SFM at 12 stations for all years where observations
of sediment-water fluxes were available using the parameter set
from the original calibration of SFM in Chesapeake Bay (Di Toro,
2001). We then calibrated several components of the model to
optimize model-data fits. Specifically, we ran 50 simulations with
50 different values for 10 parameters to find the minimum root
mean square error (RMSE) between modeled and observed solute
fluxes for the nutrient flux (NO3, PO3~, and DSi) associated with
each parameter. This optimization routine requires the range of
potential parameter values and the number of simulations to be run
using parameter values equally spaced between the range. The
pattern search range for each parameters was centered around the
parameter value from the original model calibration (Di Toro,
2001). This process is repeated for each station and the RMSE for
each variable (e.g., JINO3]) and parameter (e.g., kno;,1) is saved
after each run. Parameter ranges were constrained in each case
based on published values and chosen after careful consideration of
model-data residuals. Optimization simulations were performed
for 10 parameters, which is a subset of the total parameter set,
including: (1) the aerobic and anaerobic layer denitrification reac-
tion velocity («no;.1, Knoj2), (2) the PO?{ and DSi partition co-
efficients in layer 1 and 2 (Aﬁpof,*,r Tpo3- 2» AT, Tsi2), (3) the
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particulate inorganic PO?[ and DSi depositional fluxes, (4) the half-
saturation constant for Ps; dependency of silica dissolution (Kp ps;),
and (5) the first-order silica diagenesis rate constant (kg;).

3. Results
3.1. Sediment-water nitrogen fluxes

Using the original model calibration, which was based on
measurements made during 1985—1988, SFM sediment-water NO3
fluxes matched observations at three sites with similar character-
istics (e.g., Still Pond in Fig. 5a), but under-estimated net influxes to
sediments at other sites (e.g., R-64 in Fig. 5b, Table 4). Specifically,
SFM simulated NO3 fluxes well at sites with low salinity, in close
proximity to freshwater discharges from major river, and relatively
high (normoxic) O, levels throughout the year (Windy Hill, Still
Pond, and Maryland Point; Table 4). However, at the other nine
sites, which are generally deeper and experience seasonal hypoxia
and anoxia, the original SFM calibration was unable to capture the
large spring NO3 fluxes into the sediment that occurred in years
after 1988 (e.g., Fig. 5b, Table 4).

The parameter optimization routine to minimize the RMSE be-
tween observed and modeled NO3 fluxes yielded different results
for the aerobic and anaerobic denitrification velocity (kno,,1 and
KNoj 2)- Although model results were relatively insensitive to
changes in the anaerobic-layer denitrification velocity (data not
shown), alterations of the aerobic-layer denitrification velocity
resulted in substantial improvements in the NO3 flux predictions
across the nine relatively hypoxic sites (Fig. 5¢, Table 4). The value of
Kno;,1 from the original calibration (0.1 m d~!) resulted in the

lowest RMSE at Windy Hill, Still Pond, and Maryland Point (low
salinity, normoxic), while higher values of kno; 1 reduced RMSE at
the other sites (higher salinity, seasonally-hypoxic; Fig. 5c, Table 4).
Increasing the denitrification velocity 2—4 times more than the
original calibration resulted in a 38% reduction in RMSE across
hypoxic sites (Table 4). Importantly, the optimized value of kyo; 1
correlated significantly (r = —0.81, p = 0.002) with the model-
computed depth of the aerobic layer (Fig. 5c inset).

We restructured the formulation for denitrification to make it
uniform across varying environmental conditions. The strong cor-
relation between H; and optimized ko, ;1 (Fig. 5¢ inset) indicates
that the depth-dependence of aerobic layer NO3 removal (via
denitrification) is responsible for the station specific optimization
of kno, 1. In the NO3 mass balance, the squared aerobic layer
denitrification velocity («no; 1) is divided by the surface mass-
transfer coefficient (Kio;; Eq. (1) in Table 1). Because

= /Dno; d Kipy = 2, the NO3 1 i
KNo;,1 = NO; Knoj;,1 al 01 = H_l't e 5 removal term is

(Dnoj; knoj 1) <D;’1?3
kno;,1-Hq+[NO3 (1)]. This formulation implies that denitrification is
occurring uniformly over the depth of the aerobic layer, yet if
anaerobic microsites are unequally distributed, or denitrification
occurs only at the interface of the aerobic and anaerobic layers, this
implication would not be valid. Thus, we executed a second opti-
mization without the depth dependence, where aerobic-layer
denitrification is simply kno;,1-[NO3 (1)]. The results of this second
optimization indicated that a spatially invariant denitrification ve-
locity of 0.2 m d~, which we call kno; 1g, resulted in an overall 33%
decrease in RMSE across all observations at all sites (Fig. 6, Table 4).

-1
> [NO3(1)], or in a more simplified form,
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Fig. 5. Modeled (lines) versus observed (circles) sediment-water NO3 flux at Still Pond (a) and R-64 (b), where aerobic-layer denitrification was modeled using a layer 1 deni-
trification velocity (kNO3, 1) of 0.1 m day ™' from the original calibration. (c) Comparison of RMSE values for modeled NO3 flux across all stations at varying values of the aerobic-
layer denitrification velocity, where the optimized value for kNO5, 1 is highly correlated to model-computed aerobic-layer depth across stations (inset).



Table 4

Root mean square error (RMSE), reliability index (RI), and mean error (ME) for model-data comparison of sediment-water nitrate, phosphate and silicate fluxes. Station depth (m), mean annual salinity, and summer (June—

August) O, (uM) in bottom-water included for each station. Refer to text for model and parameterization schemes and to Brady et al. (2013) for station location details.

Sites JINO3 | (umol Nm~2 h™1) JIPO3~] (umol P m~2 h~1) JISi] (umol Sim—2h~1)
Metric Original KNO; .1 kno; 1g Original ATtPO?{ Optimized Original Temperature Partitioning
calibration optimized optimized for calibration optimized model calibration dependent reduced
by station all stations by salinity solubility

Windy Hill RMSE 23.44 19.34 38.88 18.11 14.18 13.27 276.55 275.48 166.52
Salinity = 1.0 RI 1.29 1.27 1.33 1.88 1.78 1.82 1.66 1.69 1.29
0, =183.1 ME 5.62 -7.67 27.59 9.01 1.42 -2.65 159.23 161.34 50.35
Maryland Point RMSE 3232 32.21 4391 10.24 10.24 10.24 206.66 207.73 183.59
Salinity = 1.9 RI 1.22 1.22 1.33 1.38 1.38 1.38 1.43 1.43 1.39
0, = 196.8 ME 1.98 5.62 28.02 -1.11 -1.11 -1.11 45.46 43.26 35.46
Still Pond RMSE 23.32 21.89 33.53 3.20 3.20 3.20 144.12 144.99 148.29
Salinity = 4.8 RI 1.18 1.18 1.30 1.21 1.21 1.21 1.78 1.78 1.76
0, =1674 ME 10.75 3.71 23.85 -0.62 —-0.62 -0.62 84.51 83.81 11.59
Horn Point RMSE 21.06 15.01 13.04 42.44 32.71 27.08 394.40 391.92 216.21
Salinity = 11.1 RI 1.21 1.15 1.15 1.62 1.76 1.83 1.62 1.65 1.27
0, = 1504 ME -11.83 2.71 1.08 -7.31 -11.04 -12.86 282.60 279.96 118.01
Buena Vista RMSE 20.67 10.11 9.38 34.28 28.52 26.05 419.70 411.15 225.46
Salinity = 11.5 RI 1.21 1.12 1.13 1.33 1.30 1.32 1.49 1.48 1.25
0, =107.6 ME —14.16 2.59 -2.73 19.22 9.24 3.86 345.67 341.94 124.18
Marsh Point RMSE 20.61 10.54 11.06 48.73 39.41 34.00 306.66 306.01 179.15
Salinity = 13.2 RI 117 1.11 113 1.47 1.56 1.84 1.86 1.85 1.23
0, = 54.8 ME -14.43 0.29 -2.89 1.55 1.84 1.42 153.42 151.64 14.51
St. Leonard Creek RMSE 18.13 14.76 12.42 11.89 12.22 12.98 346.03 345.33 211.19
Salinity = 13.6 RI 1.17 1.15 1.12 1.29 1.44 1.47 1.85 1.87 1.29
0, = 94.2 ME -10.09 0.88 0.71 227 -2.85 -5.96 268.37 267.81 108.48
Broome Island RMSE 24.79 11.32 13.34 52.58 35.13 26.17 309.26 307.91 188.14
Salinity = 13.8 RI 1.25 1.15 1.18 1.70 1.62 1.58 1.67 1.68 1.34
0, =757 ME —19.00 1.12 -6.21 —5.06 —6.82 -8.02 204.26 202.50 58.75
Ragged Point RMSE 19.67 12.73 11.59 23.91 18.92 14.86 204.50 198.99 124.76
Salinity = 15.6 RI 1.23 1.19 1.16 1.38 1.48 1.68 1.78 1.77 1.22
0, =275 ME -11.07 -0.36 -1.52 —6.08 -5.07 —4.64 80.12 79.41 —14.65
R-78 RMSE 11.76 11.26 9.02 11.70 11.33 11.05 158.14 158.14 107.86
Salinity = 17.0 RI 1.46 137 1.20 148 1.76 1.75 1.77 1.77 1.28
0,=175 ME -3.26 2.32 2.08 224 1.68 141 107.14 107.14 4142
R-64 RMSE 20.10 12.48 10.84 20.27 16.64 12.84 267.94 267.98 183.32
Salinity = 19.3 RI 117 1.13 1.13 1.32 1.42 1.42 1.73 1.72 1.24
0, =149 ME -12.17 0.74 —4.22 -6.35 —4.48 -3.81 188.37 187.82 109.21
Point No Point RMSE 14.04 8.38 7.08 13.38 10.56 9.42 260.48 260.48 173.13
Salinity = 20.6 RI 1.25 1.14 1.15 1.27 1.29 1.29 1.96 1.96 1.36
0, =36.9 ME -10.10 -0.70 -3.36 -5.18 -5.24 —5.54 224.56 224.56 114.17
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Fig. 6. Modeled (lines) and observed (circles) time series of NO3 flux from four stations in Chesapeake Bay (a: Windy Hill, b: Still Pond, c: R-64, d: Point No Point). Gray dashed lines
represent model output using a layer 1 denitrification velocity of 0.1 m day~! from the original calibration, while black solid lines represent model output using the depth-

independent, aerobic-layer denitrification model of 0.2 m day~".

3.2. Denitrification

In addition to model-data comparisons of NO3 fluxes, it was also
possible to validate model-computed denitrification rates (using
the depth-independent formulation) with observations made at
several stations within Chesapeake Bay (Fig. 7). Denitrification has
been measured across a wide range of conditions (i.e., overlying-
water NO3, salinity, Oz, and depth) in Chesapeake Bay over the
past several decades (Kemp et al., 1990; Kana et al., 1998) using a
variety of methods. A collection of measurements made in the
Choptank River estuary over a large gradient (3—300 pM) of
overlying-water NO; (Kana et al,, 1998) demonstrated a strong
dependence of denitrification on NO3 availability in the overlying
water (Pifia-Ochoa and Alvarez-Cobelas, 2006). When seasonally-
averaged, modeled denitrification rates for each station are
plotted against overlying-water NOj3, the overall relationship and
rate magnitudes compare favorably to observations (Fig. 7a).

At stations R-64 and Still Pond, denitrification rates estimated
over an annual cycle in 2000 and 2001 match the seasonality and
magnitude of SFM predictions (Fig. 7b and c). In general, two
different seasonal patterns of denitrification were predicted by SFM
for two distinct environmental types; at stations with high NO3
and no seasonal hypoxia, denitrification followed the annual tem-
perature cycle (e.g., Still Pond), whereas stations with low summer
NO3 and seasonal hypoxia or anoxia, denitrification displayed a
bimodal cycle (e.g., R-64; Fig. 7b).

3.3. Phosphate flux

Unlike NO3, the original model calibration resulted in sediment-
water POZ‘ fluxes that agreed with the data reasonably well (Fig. 8,

Table 4), as evidenced by a reliability index of 1.41 (well below 2).
However, model estimates of PO;~ fluxes were particularly high
during the summer at anoxic stations compared with observed
fluxes (Fig. 8b). Optimization routines suggested station-specific
values for the aerobic (AT Po3- 1) and anaerobic (Ttpos ,) layer
partition coefficients 51gn1ﬁcant1y improved model fit durmg this
important seasonal period of internal phosphorus loading. Model-
observation fits resulted in an overall RMSE reduction of 25% when
ATCP03 4 and Tpoy o Were higher at low salinity sites in close
pr0x1m1ty to river inputs (Still Pond, Maryland Point; Fig. 8c,
Table 4) and when ATCPO3 1 and Tpg3-, Were lower at most other
sites (Fig. 8c, Table 4). In some cases (e g., R-78, Point No Point), the
model was insensitive to changes in the partitioning coefficients.
Station-specific values of Anpog . were related to the amount of
oxalate-extractable Fe observed in the top 3 cm of sediments
(Cornwell and Sampou, 1995) at four sites in Chesapeake Bay
(Fig. 8c inset). Where Fe concentrations were higher, the aerobic
layer partitioning coefficient optimized at higher values (Fig. 8c
inset). When the optimized parameters were included in SFM
simulations, the model better represented the observed sediment-
water fluxes, particularly during summer (Fig. 9, Table 4). When the
PO;~ flux was optimized to Jpp, RMSE was slightly improved
(Table 4), with Jpjp contributing between 25% and 50% of total
phosphorus deposition (data now shown).

3.4. Nitrogen and phosphorus recycling

0O, concentration exerts strong control over nitrogen and
phosphorus cycling in sediments. To explore the role overlying
water O, in the removal of nutrients by sediments, sediment-water

fluxes of NH; and PO;~ were plotted against the deposition of
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organic N and P (Fig. 10). Between 25% and 50% of the deposited
nitrogen was removed (via burial or denitrification), while in gen-
eral, 25% of the phosphorus was removed (via burial or storage).
Nitrogen removal was higher at stations where summer O, con-
centrations generally do not become anoxic (Fig. 10). At Still Pond
and Maryland Point, where O, concentrations are above 95 puM
year-round and partitioning coefficients (i.e., Fe concentrations) are
high (Fig. 10), phosphorus removal was >50%. Another method of
assessing O, effects on nitrogen cycling is to compute the “nitrogen

I
J[NH}JH[NJH[NO;}) from the model

nitrogen fluxes (Boynton and Kemp, 2008), which represents NH}
recycling relative to the total efflux of inorganic N solutes. This

recycling efficiency” (NRE =

index, computed from model simulations, was negatively corre-
lated to overlying water O, concentrations at all sites in Chesapeake
Bay (r > 0.95, p < 0.001; Fig. 10, inset).

3.5. Dissolved silica flux

The original calibration of the silica model generally resulted in
an underestimation of the sediment-water DSi flux, especially
during warmer months (Fig. 11). SFM originally considered silica
solubility to be constant in time. However, when SFM was run at all
stations with silica solubility formulated as an exponential function

of temperature Sisyy = Sisat;oﬁgJO) (Lawson et al., 1978), the
model improved slightly (Table 4). Optimizations indicated that the
model was insensitive to changes in Ky ps; and ks; (data not shown),
where values were applicable to all Chesapeake Bay stations.
Optimization routines suggested that the inorganic (i.e., non-
biogenic) silica deposition rate (Jpes,) of 1.8 mmol Si m—2 d~!
was 22%—46% of biogenic silica fluxes at all stations except R-78
(where it was 67%).

SFM includes an O,-dependent sorption of DSi onto particles
(partitioning), which represents DSi binding onto FeOOH under
oxygenated conditions (as with PO?{ ). The anaerobic-layer parti-
tion coefficient, s; 5, was similar to PO;~ in the original calibra-
tion, yet there is a limited literature to suggest strong binding of
DSi to FeOOH under the conditions found in most estuarine sed-
iments. Thus, we optimized the model for Atg;; and 75, and
found that RMSE, ME, and RI of DSi flux were uniformly reduced
across all stations when the partition coefficients were reduced
from 10 to 5 (A7s; 1) and from 100 to 15 (7g; ) at the anoxic sites
(Table 4), with a 36% reduction in RMSE across sites. The opti-
mized values or Atg; 1 (15) and T7;, (50) were higher at the oxic,
low-salinity sites (Still Pond, Maryland Point; Tables 2 and 4). The
resulting seasonal pattern of DSi more closely fit that of the ob-
servations (Fig. 11).

4. Discussion

This paper illustrates the simulation skill and flexibility of
application for the stand-alone version of SFM with a focus on
analyzing sediment-water fluxes of NH}, NO3, Ny, PO?{, and DSi.
Here we have demonstrated a range of ways that the model can
complement field measurements to estimate unmeasured pro-
cesses and simulate inter-annual variations in biogeochemical
processes.

4.1. Nitrogen cycling

After model reformulation and parameter optimization, SFM
simulated NO3 fluxes that agreed well with observations across
many stations with varying salinity, O, and organic matter depo-
sition rates. The same is true for NH; fluxes, which are described in
detail in a companion publication (Brady et al., 2013). For NO3
simulations, it was clear the original value of ko, 1 and the asso-
ciated NO3 flux were underestimated for the majority of stations
we tested in Chesapeake Bay. This “missing” NO3 uptake could
result from an under-prediction of denitrification rates or a result of
the fact that SFM does not include dissimilatory nitrate reduction to
ammonium, or DNRA (Kelly-Gerreyn et al., 2001; An and Gardner,
2002). Because we lack sufficient information to model DNRA in
Chesapeake Bay, but have access to denitrification measurements,
we explored how under-estimated denitrification rates might be
contributing to the “missing NO3 uptake. Optimized values for
KNo,,1 Were inversely correlated to the depth of the aerobic layer
across the stations in our analysis; that is, where the aerobic layer
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depth was large, kno,,; was low. Because SFM assumes that deni-
trification is occurring uniformly throughout each layer, the NO3
loss rate associated with denitrification will be larger for a given
value of kno, 1 as the aerobic layer depth increases. Thus, we
removed the depth-dependence from the aerobic-layer denitrifi-
cation formulation.

Although denitrification is considered to be a strictly anaerobic
process, evidence exists for denitrification within the aerobic zone
associated with “anoxic microsites” in organic aggregates
(Jorgensen, 1977; Jenkins and Kemp, 1984). The inclusion of
aerobic-layer denitrification in SFM, although absent from con-
ventional sediment diagenesis models (Vanderborght et al., 1977b;
Jahnke et al., 1982), has been included in more recent work
(Brandes and Devol, 1995). If the aerobic-layer denitrification is
occurring in anoxic microsites, we have no reason to assume that
these sites would not be equally distributed. Denitrification may be
active in sections of sediments where there is close spatial coupling

between the anoxic zone and the high-NO3 zone, which is nearly
always aerobic (Blackburn et al., 1994). If this was the case, modeled
denitrification would only occur in a relatively thin section of the
sediment at the interface of the aerobic and anaerobic layer, and
thus the denitrification loss term in SFM should be depth-
independent. We applied such a formulation in SFM and found
good model-data agreement across sites at a single value for the
aerobic layer denitrification rate (Fig. 6, Table 4). It should be noted
that sediment models that resolve porewater profiles with high
vertical resolution do not need such a formulation, as interfaces
within strong, opposing concentration gradients are well-
represented.

Modeled denitrification rates agreed well with observations
(Kana et al.,, 1998) and indicate the potential to model seasonal
cycles of an important process that is effort intensive to measure
(Fig. 7). Measurements of sediment denitrification were found to
be strongly tied to overlying-water NO3 in the Choptank River
(Kana et al., 1998), as well as many other locations (Seitzinger
et al,, 1993; Pelegri and Blackburn, 1995; Dong et al., 2000).
SFM simulations fit this pattern across all sites in Chesapeake Bay
and during three seasons (Fig. 7a). The intercept of a linear model
fit of overlying-water NO3 and denitrification rates indicates the
degree of nitrification (Kana et al., 1998). We compared this
intercept (as derived for each station and month) to SFM-
modeled nitrification rates and found that the intercept value
was highly correlated (r > 0.8) with the modeled rates (Di Toro,
2001). From a seasonal perspective, denitrification appears to
have two maxima at seasonally-hypoxic stations (Fig. 7b), one in
April-June and another in October—November (Kemp et al,,
1990). This has been observed in other systems as well
(Jergensen and Segrensen, 1988) and primarily results from NO;3
limitation during periods of the year (i.e., summer) when sedi-
ment nitrification is limited by low O, and high sulfide concen-
trations (Henriksen and Kemp, 1988). Conversely, at stations with
ample NO3 concentrations in overlying water year-round (e.g.,
Maryland Point, Still Pond), high denitrification rates were
maintained throughout summer and followed the annual tem-
perature cycle (Fig. 7c).

Previous studies have used cross-system comparisons to esti-
mate the fraction of external nitrogen loading that is lost to the
atmosphere via denitrification as roughly 50% (Seitzinger, 1988). An
analysis of SFM data indicated that between 50% and 75% of the
PON flux to sediments was released as NH; (Fig. 10), indicating that
25%—50% of the depositional flux was either lost to the atmosphere
via coupled nitrification-denitrification or it was buried in sedi-
ments. For the majority of sites in Chesapeake Bay, denitrification
on average accounted for 25% of the PON flux, while burial of PON
has been reported to be 15%—25% of PON deposition (Kemp et al.,
1990; Boynton et al., 1995). Interestingly, the JINHj]/Jpon ratio
was higher at 8 of the 12 stations we modeled that experienced
seasonal hypoxia or anoxia relative to those that did not; this in-
dicates that hypoxia-driven summertime declines in denitrification
resulted in a larger fraction of Jpon being released as NH} (Fig. 10) as
has been observed previously in many other coastal ecosystems
(Seitzinger and Nixon, 1985; Kemp et al., 1990).

Recent research has indicated that previously under-
appreciated aspects of the nitrogen cycle maybe be important in
marine ecosystems (Burgin and Hamilton, 2007). These include,
but are not limited to, dissimilarity reduction of nitrate to
ammonium (DNRA), anaerobic ammonium oxidation (anammox),
and nitrogen fixation associated with sulfate reduction (Bertics
et al, 2010; Brunet and Garcia-Gill, 1996; Dalsgaard and
Thamdrup, 2002; Gardner et al., 2006; Rich et al., 2008). SFM does
not include these processes, primarily because we do not yet have
the data to support model formulation and validation of these
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processes, especially in Chesapeake Bay. Some of these processes
may be indirectly modeled; for example, N, production due to
anammox may be “parameterized” in the modeled denitrification.
It is clear from our experience here that future modeling studies
may add equations and parameters to simulate these processes
explicitly as more information on controlling processes becomes
available.

Despite the reasonable model performance with respect to NO3
flux (Table 4), it is clear that in some years, the model over-
estimated NO3 influxes at some stations (Windy Hill, Still Pond),
but under-estimated influxes at others (R-64, Pint No Point, Fig. 6).
At shallow, oxic stations (e.g., Still Pond), these high NO3 influxes
were the result of slightly over-estimated denitrification rates
(Figs. 6 and 7). The reasons why NO; influxes were under-predicted
at deeper, seasonally anoxic sites (e.g., R-64) were less clear.
Considering that denitrification rates tended to agree with obser-
vations at these stations, it may be that DNRA was active and
consuming NO3 in larger quantities than predicted, leading to
larger sediment-water NO3 gradients and associated fluxes. How-
ever, NH} fluxes are accurately simulated at these stations (Brady
et al, 2013), suggesting that any process that would generate
additional NHj is not the cause of the discrepancy. Because pore-
water distributions of NO; may be more complex than would be
simulated with a two-layer model (Vanderborght et al., 1977b;
Soetaert et al., 1996b), the discrepancies could simply illustrate a
limitation of the simplified model domain.

4.2. Phosphorus cycling

SFM-simulated POz~ fluxes agreed well with observations
across many stations, but the comparisons were slightly more

complex due to solute—particle interactions. The adsorption of
POZ‘ onto FeOOH (as well as manganese oxides) is an important
mechanism of temporary phosphorus storage in marine sediments
(Sundby et al., 1992; Slomp et al., 1998), which can dominate dis-
solved PO~ dynamics near the sediment-water interface (Krom
and Berner, 1981) and control seasonal cycles of sediment-water
POZ’ fluxes (Cowan and Boynton, 1996). Optimization routines
indicated a spatial-dependence of the optimal aerobic-layer parti-
tioning coefficients and the strong relationship between these co-
efficients and observed oxalate-extractable Fe availability
illustrates elevated PO3~ sorption within Fe-rich sediments near
the land—water interface (Upchruch et al., 1974; Spiteri et al., 2008).
Lower PO~ retention via sorption (i.e., lower partitioning coeffi-
cient) is also consistent with the removal of Fe via precipitation
with sulfides in more saline regions of the estuary (Caraco et al.,
1989; Jordan et al., 2008), although these dynamics are not spe-
cifically modeled in SFM. Although the incorporation of site-
specific parameters into models is not ideal, we justify spatially-
varying partition coefficients because Fe is not modeled explicitly
and because partition coefficients could potentially be predicted
from known Fe concentrations.

Although many previous models of POz~ have emphasized
diagenetic production and the resultant vertical porewater profiles
(Van Cappellen and Berner, 1988; Rabouille and Gaillard, 1991),
other models have examined the influence of PO;~ sorption and
desorption on the availability and sediment-water fluxes (Slomp
et al, 1998; Wang et al., 2003). The evolution of seasonal in-
creases in sediment-water PO?{ fluxes in Chesapeake Bay often
lags by a month or more after NHj increases (Cowan and Boynton,
1996). This phenomenon has been explained by the adsorption of
diagenetically-produced PO?{ to FeOOH in the aerobic layer under



260 J.M. Testa et al. / Estuarine, Coastal and Shelf Science 131 (2013) 245—263

oxic conditions, which buffers porewaters and results in low con-
centrations and sediment-water fluxes. Similar interactions do not
limit NH; sediment-water fluxes, thus diagenetically-produced
NHj is free to diffuse to the overlying water. Under reduced oxy-
gen conditions characteristic of several regions of Chesapeake Bay,
iron is reduced, thereby releasing the stored PO?{ to the water
column later in summer (Testa and Kemp, 2012). The use of oxygen-
dependent partitioning coefficients allows for the representation of
these processes; when such coefficients are removed, the annual
PO;~ flux cycle closely resembles that of NH; (data not shown).
Because the partitioning coefficients are sensitive to O, the model
suggests large PO?{ effluxes when O, is first depleted in late spring
(Fig. 9). Although these large effluxes are not always reflected by
the observations, this may simply be a result of the observations
being too sparse to capture these short-lived events. Because this
formulation otherwise represents an instantaneous partitioning
between solid and dissolved PO3~, where other formulations
consider different adsorption rates as a function of the crystalline
structure of the FeOOH (Slomp et al., 1998), a more detailed
formulation in SFM may improve model-data agreement. We lack
the data necessary to represent such detailed FeOOH structure in
the model.

An analysis of SFM data indicated that roughly 75% of the POP
flux to sediments was released as POi‘ (Fig. 10), indicating that 25%
of the depositional flux was either buried or stored in the active
sediment. The ][PO?{ 1/Jpop ratio was lower at 2 of the 12 stations we
modeled and these two stations were where partitioning co-
efficients were higher and overlying-water O, concentrations
remained above 100 uM year-round. This indicates that burial
processes are similar across sites and that relatively high Oy can
maintain PO3~ in sediments.

4.3. Silica cycling

The calibration process for the silica sub-model in SFM resulted
in simulated DSi fluxes that agreed well with observations across
many stations and provided insights on key processes affecting
sediment silica biogeochemistry. First, the addition of a
temperature-dependent silica solubility formulation is consistent
with experimental work (Lawson et al., 1978; Van Cappellen and
Linging, 1997a) and removed the constraint on porewater DSi
accumulation imposed by the fixed solubility (900 mM) in the
original model. In turn, model porewater DSi concentrations
increased in warmer periods to generate the sediment-water con-
centration gradient necessary to better match observed DSi fluxes
(Fanning and Pilson, 1974; Schink et al., 1974). Such controls
contribute to the strong temperature-dependency on sediment-
water DSi fluxes in Chesapeake Bay (Yamada and D’Elia, 1984).

Porewater DSi accumulation is also strongly dependent on the
dissolution rate constant (ks;), but reported values of this parameter
vary between 107 and 10~° s~! (Vanderborght et al., 1977a; Wong
and Grosch, 1978; Rabouille and Gaillard, 1990). Such variation is
due to differences in the diatom species being dissolved, the resi-
dence time of the algal cells in the water column prior to deposi-
tion, alterations of the siliceous material within the sediment
(Schink et al., 1975; Rabouille and Gaillard, 1990), and other factors.
Considering the temperature dependence for this first-order reac-
tion constant in SFM, the optimized value for kg; in SFM varies from
43 x 1077 to 7.5 x 107% over the course of the year, which is
somewhat faster than other values reported in the literature during
warm months (Table 3). However, SFM considers the deposition of
relatively fresh organic matter, which may explain the faster
dissolution rates compared to natural samples of diverse siliceous
material from less productive regions (Schink et al., 1975). The
faster dissolution rate may also represent enhanced silica

dissolution due to bacterial activity (Bidle and Azam, 1999), which
is generally high in productive, eutrophic estuaries.

The major improvement to the silica model in SFM, however,
resulted from reducing the solid-solute partitioning coefficients that
represent the sorption/desorption of DSi with FeOOH. O,-depen-
dent partitioning allows for the storage of diagenetically-produced
PO;~ and DSi in sediments until low O, conditions lead to FeOOH
dissolution and PO?{ [DSi release. Although sorption dynamics be-
tween POf{ and FeOOH are well-described (Sundby et al., 1992),
silica is less affected by these interactions than PO?{ (Mayer and
Gloss, 1980) and DSi fluxes have been found to be relatively insen-
sitive to O, (Yamada and D’Elia, 1984). Indeed, most sediment silica
models do not include sorption of DSi to FeOOH (Schink et al., 1975;
Wong and Grosch, 1978). When we reduced the partitioning co-
efficients at all sites, the model representation of DSi fluxes
improved substantially, with a more representative seasonal cycle
(Fig.11). With the partitioning formulation active, SFM predicts large
and short-lived peaks in DSi flux in late spring at stations where O,
reaches anoxic and hypoxic levels (e.g., R-64, Point No Point). This is
due to temporary storage of DSi sorbed to FeOOH during spring
followed by abrupt and large sediment-water effluxes of DSi when
O, declines below 62.5 uM (data not shown). With the removal of
this temporary storage mechanism for SFM, DSi is stored in lower
quantities during spring and is released gradually through summer
as it dissolves, and the resulting fluxes better match observations
(Fig. 11, Table 4). Despite this improvement, the model does not
capture some dynamics of the DSi flux in certain years. This may be a
result of uncertainty in seasonal and interannual variations in par-
ticulate silica deposition to sediments, which vary as a function of
freshwater input (Conley and Malone, 1992), the dominant phyto-
plankton species (Parsons et al., 1961), as well as other controls on
dissolution (Michalopoulos and Aller, 2004).

4.4. Model improvements

There are some limitations of the SFM sub-models described
here that could be improved in the future. Although SFM’s two-
layer vertical resolution limits its ability to simulate fine scale,
vertically distinct processes, its simplicity adds to the model’s
flexibility as a linked component in 3D biophysical models and as a
tool in stand-alone applications (Vanderborght et al., 19773, b). SFM
now includes a benthic algal sub-module (Cerco and Setzinger,
1997) that considers the interactions between benthic algae and
sediment-water fluxes. This addition allows the use of SFM in
shallow-water ecosystems where light reaches the sediments.
Although the denitrification formulations in SFM originally lacked a
limitation by organic carbon (Di Toro, 2001), we have added this
dependency to SFM, thereby improving its applicability in more
carbon-limited systems. We related the regional-specificity in the
optimized phosphorus partition coefficients to the concentration
(and thus availability of sorption sites) of FFOOH. A more mecha-
nistic alternative is to explicitly model iron (e.g., Wang and Van
Cappellen, 1996; Reed et al., 2011); an iron model has been devel-
oped within the SFM framework (Chapter 21 in Di Toro, 2001) and
could be integrated with the nutrient and O, sub-modules of SFM
in the future. The parameter optimization scheme described here
allows for relatively fast (i.e., less than 1 h) sensitivity tests and
parameter adjustment for applications in new systems is straight-
forward. Finally, an explicit representation of aerobic respiration
could be included, as well as recently emphasized pathways within
the nitrogen cycle, such as DNRA and anammox.

An important goal in the calibration and development of any
model is the balance between generality, realism, and precision
(Levins, 1966). Because SFM is ideally applicable to a wide-variety of
ecosystems, it occasionally became necessary to sacrifice precision
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in any one environment to develop a more general set of equations
to represent a given suite of key processes (e.g., Imteaz et al., 2003).
Beyond these key processes, there are many reactions we know
exist in reality, but to date have not been sufficiently studied and
cannot be meaningfully represented in a model. Thus, although all
models necessarily simplify a complex-ecosystem into a set of
mathematical formulations that can practically represent system
behavior, it is advantageous to develop general models with the
flexibility to add realism as the state-of-the-science progresses.
Although calibration exercises can result in parameter sets that
enhance model precision while sacrificing generality (as in this
study), ultimately some level of human judgment must be involved
in evaluating trade-offs (Cerco and Noel, 2005) and exploring the
potential to gain biogeochemical insight from the modeling
process.
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