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Abstract Rivers and their hyporheic zones play an important role in nutrient cycling. The fate of
dissolved inorganic nitrogen is governed by reactions that occur in the water column and streambed
sediments. Sediments are heterogeneous both in term of physical (e.g., hydraulic conductivity) and chemical
(e.g., organic carbon content) properties, which influence water residence times and biogeochemical
reactions. Yet few modeling studies have explored the effects of both physical and chemical heterogeneity on
nutrient transport in the hyporheic zone. In this study, we simulated hyporheic exchange in physically
and chemically heterogeneous sediments with binary distributions of sand and silt in a low-gradient
meandering river. We analyzed the impact of different silt/sand patterns on dissolved organic carbon,
oxygen, nitrate, and ammonium. Our results show that streambeds with a higher volume proportion of silt
exhibit lower hyporheic exchange rates but more efficient nitrate removal along flow paths compared to
predominantly sandy streambeds. The implication is that hyporheic zones with a mixture of inorganic sands
and organic silts have a high capacity to remove nitrate, despite their moderate permeabilities.

Plain Language Summary With the advent of intensive cultivation and livestock farms, nutrient
contamination has increased in streams. Microbial communities in streambeds reduce nitrate, effectively
removing it from streams. However, quantifying this removal is difficult because it is influenced by many
spatially variable factors, among which sediment type plays an important role. Streambeds can contain
both sandy and silty sediments distributed in complex patterns. The present study employs computer
simulations to analyze how nitrate is removed in a mixture of different streambed sediments.

1. Introduction

Nitrate is a widespread contaminant that contributes to eutrophication of both inland and coastal waters
(Nixon, 1995; Vitousek et al., 1997). Small streams and rivers play an important role in nitrate retention
through biological uptake and removal through denitrification (Alexander et al., 2000; Seitzinger et al.,
2002). Much of the nitrate removal occurs in anoxic areas or microsites near stream channels where surface
water and groundwater mix (hyporheic zones) (Harvey et al., 2013; Hedin et al., 1998; Triska et al., 1993). In
order for the hyporheic zone to effectively remove nitrate from stream water, the flux of nitrate to the
streambed must be high, a source of labile dissolved organic carbon (DOC) must be available (Hedin
et al., 1998; Zarnetske et al., 2011b), and the residence time must be long enough for dissolved oxygen to
be consumed (Marzadri et al., 2012; Sawyer, 2015; Zarnetske et al., 2011a). All these conditions are
influenced by sediment properties (Puckett et al., 2008). Sediment permeability influences the delivery rate
of nitrate from stream water to the hyporheic zone and residence time of stream water within the hyporheic
zone. Organic matter in sediments provides a local source of DOC for denitrification (Baker & Vervier, 2004).

Numerical models have increasingly been used to quantify denitrification within idealized hyporheic zones
across a variety of scales (Briggs et al., 2015; Gomez-Velez et al., 2015; Sawyer, 2015; Trauth et al., 2014).
Most of these models have focused on the role of channel morphology and stream hydrodynamics in
controlling reactant supply from the stream and residence times in the river bed (Bardini et al., 2012;
Kessler et al., 2012; Trauth & Fleckenstein, 2017). Models generally reveal that downwelling zones are
associated with thicker aerobic zones and deeper denitrification fronts (Kessler et al., 2012; Marzadri
et al., 2012). As hyporheic exchange increases, the aerobic zone expands in a predictable way with the
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Damkdhler number (the ratio of the characteristic hyporheic residence time to the oxygen consumption
time). The efficiency of nitrate removal along hyporheic flow paths increases and then peaks with greater
hyporheic exchange rates and shorter residence times (Marzadri et al., 2012). Many models of hyporheic
denitrification lack a sediment source of DOC, so the supply of DOC from surface water or groundwater also
controls nitrate removal (Bardini et al., 2012; Hester et al., 2014). Most models assume homogeneous sedi-
ment properties. Results are therefore representative of hyporheic zones with relatively uniform sediment
composition, where redox conditions are primarily vertically stratified, but reaction fronts undulate beneath
bedforms.

In field observations of more heterogeneous streambeds, redox conditions vary strongly over small spatial
scales associated with changes in lithology or sediment composition (Krause et al., 2013; Lewandowski &
Nutzmann, 2010; Puckett et al., 2008). Complex reaction fronts can occur that are influenced by both bed-
form morphology and streambed sediment composition. For example, Claret et al. (1997) showed that
patches of fine sediments in gravel bars contained more total organic matter and bacteria and had lower con-
centrations of dissolved oxygen and nitrate. Krause et al. (2013) observed a depletion of dissolved oxygen and
nitrate near peat and clay lenses. These studies suggest that finer, organic-rich sediments are sites of efficient
respiration because they are relatively immobile zones with a local source of DOC. While some hyporheic
studies have sought to represent this sediment heterogeneity, many have only considered the associated het-
erogeneity in permeability and not DOC supply (Bardini et al., 2013; Gomez-Velez et al., 2014; Pryshlak
et al., 2015; Zhou et al., 2014). Permeability is a key parameter because it varies by orders of magnitude in
riverbed deposits (Calver, 2001). Residence times are significantly longer within impermeable zones, allow-
ing more time for chemical processing. However, few studies have explored the effects of heterogeneity in
chemical parameters such as organic matter content. In natural streambed sediments and floodplain aqui-
fers, organic matter content varies widely and has been shown to influence potential respiration rates
(Arango et al., 2007; Puckett et al., 2002; Stelzer et al., 2011; Stelzer et al., 2014). Models that lack a local
and heterogeneous source of organic carbon may not represent observed trends in respiration.

Given that the supply of organic carbon often limits denitrification in the subsurface, it is important to
understand the effect of heterogeneity in both permeability and local DOC sources on nitrate removal in
the subsurface (Bradley et al., 1992; Korom, 1992; Starr & Gillham, 1993). Fine-grained organic matter
can locally relieve a DOC limitation on denitrification. It also increases the time available for denitrification
by slowing the advection process. The structure of organic-rich sediments may be particularly important
(Sawyer, 2015), since DOC is supplied from relatively immobile zones, while terminal electron acceptors
(dissolved oxygen and nitrate) are supplied from relatively mobile zones connected to the channel. Our goal
was to test the effects of this heterogeneity on hyporheic zone denitrification using a numerical sensitivity
study based on a synthetic, heterogeneous hyporheic zone and floodplain aquifer. In all simulations, we pre-
scribed two lithologies that are internally uniform: a low-permeability silt with more organic matter and a
high-permeability sand with negligible organic matter. We maintained the same channel morphology but
varied the structure of sand and organic-rich silt. Our results showed that in heterogeneous sediments,
the nontrivial interactions between hyporheic exchange flux, residence times, and organic carbon availabil-
ity have different effects on carbon, oxygen, and nitrogen transported in the hyporheic zone and control the
overall rate of nutrient transformation in streambed sediments.

2. Methods

A three-dimensional (3-D) domain was created to simulate hyporheic flow through a single meander repre-
sentative of those found in low-gradient meandering streams (Figure 1). The riverbed planform and bathy-
metric profiles are both described by the same sinusoidal functions that are reported in Boano et al. (2010).
The channel width was 30 m, channel depth was varying between 0.8 and 1.2 m, sinuosity was low (1.03),
and average down-valley slope was 2.06 X 10~ [—]. This idealized channel geometry allowed us to compute
the spatial distribution of hydraulic head on the sediment-water interface, which represented the upper
boundary condition for the groundwater flow model. The 3-D subsurface domain was 471-m long, 140-m
wide, and 3-m tall (Figure 1). We chose 3 m as vertical dimension of the model because it was found to be
enough to minimize the influence of the lower boundary on flow and particle tracking. The influence of
streambed topography on hyporheic exchange is indirect, that is, topography induces variations in surface
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Figure 1. (a) Top view of elevation in the channel and surrounding floodplain (b) Transverse cross section.

water elevation, which drive hyporheic exchange through the streambed surface. Indeed, the water
exchange we considered is not driven by flow separation at the downstream side of bedforms (Elliott &
Brooks, 1997), which is typical of small dunes and ripples. Instead, the head distribution that drives
exchange is here due to the influence of large-scale bars and meanders on the elevation of the stream
water surface. Therefore, streambed topography was not explicitly represented in the shape of the domain
(the top face of the model is planar, but a spatially varying head is prescribed to it), similar to many
hyporheic models (Elliott & Brooks, 1997).

The 3-D steady state groundwater flow equation was solved using the finite difference approach in
MODFLOW (Harbaugh & McDonald, 1996). The model bottom and lateral valley sides were represented
as no-flow boundaries. The top boundary condition for hydraulic head within the channel was derived from
the solution of a mathematical model that links Exner's equation to shallow water equations (Boano et al.,
2010). The linear solution for the hydraulic head in the stream and for the bed topography was provided by
the recent theory of Zolezzi and Seminara (2001). The idealized channel geometry and hydraulic river head
were the same as in Boano et al. (2010). In order to determine the upper boundary condition in the flood-
plain, we solved for the hydraulic head in a two-dimensional (2-D) groundwater flow model using only
the upper layer of cells. In this 2-D model, we prescribed values of hydraulic head along the channel edges
and no-flow boundaries along valley edges as in the 3-D model. We also assumed that hydraulic head values
along the upstream and downstream edges of the model were uniform and equal to the hydraulic head
values at the left and right sides of the channel banks. The resulting 2-D solution for hydraulic head can
be thought of as representing the water table elevation under neutral stream flow conditions (no net ground-
water inflow or outflow along the reach). We applied this hydraulic head value as the upper boundary con-
dition in the floodplain zones of 3-D models. No flow conditions were imposed over bottom and lateral
boundaries. Finally, hydraulic head along the upstream and downstream faces of the model was held con-
stant vertically, to yield no vertical component of flow across these faces.

PESCIMORO ET AL.
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Table 1

Indicator Correlation Length, Variance of Log Conductivity, and Correlation
Length of Conductivity for Each Silt to Sand Ratio in the

Downstream Direction

The domain was discretized with 1 m by 1 m cells with a height of 0.25 m,
for a total number of 471 columns, 140 rows, and 12 layers. The cell height
is small compared with mean length for silt and sand facies in vertical

Silt to Silt
sand volume

Sand
volume
ratio proportion proportion

direction (minimum 1 m), and therefore, the model resolves vertical flow

0.25 0.2
0.5 0.33
1 0.5
2 0.67
4 0.8

0.8
0.67
0.5
0.33
0.2

lerﬁfﬁzr Correlation at the length scale of facies transitions.

sand (m) Variance length (m) There is a lack of comprehensive field observations on physical character-
120 0.85 2u istics of sediments (mean lengths and volume proportions) in stream beds,
60 1.17 20 but Kennedy et al. (2009) have shown that this heterogeneity can exert a
30 13 15 strong control on nitrogen transport. Similar to Pryshlak et al. (2015),
E s (1)';; 12 we chose to investigate the effects of large-scale variations in a binary dis-

tribution of sand and silt facies on hyporheic flow and transport. In our

simulations of heterogeneity, we used mean lengths for the silt facies of
30 m in the downstream direction, 10 m in the cross-stream direction, and 1 m in the vertical direction.
Using the fixed length for silt facies, we created sets of different heterogeneity simulations with silt/sand
ratios of 0.25, 0.5, 1, 2, and 4. For example, a silt/sand ratio of 0.25 simply means silt and sand have volume
proportions of 20% and 80%, respectively, in the computed domain. The five ratios we chose have been
observed in a range of fluvial deposits (Engdahl et al., 2010; Ritzi et al., 2004; Weissmann et al., 1999;
Weissmann & Fogg, 1999) but are not derived from any one field study.

We assigned heterogeneity in lithology and hydraulic conductivity using two steps. First, we represented
spatial distribution of strata types (silt or sand). Second, we populated each cell with a hydraulic conductivity
value for each strata type. Following the example of Pryshlak et al. (2015), we used a Markov Chain model
and indicator simulation with quenching in Transition PRObability GeoStatistical software (TPROGS)
(Carle, 1999) in order to simulate the structure of silt occurring within sand (Zhou et al., 2014). We used sand
as a background strata. The Markov Chain model represents the length of silt strata in each direction using a
transition probability structure having transition rate of —1/L, where L is the mean length (Soltanian et al.,
2015a, 2015b). The quenching step helps to guarantee that the volume proportions for each strata type
are honored.

In the second step, we assigned different hydraulic conductivity values (K) to sand and silt strata types across
all grid cells (Kgji; = 107> m/s,Kganq = 10~* m/s; Domenico & Schwartz, 1990). Heterogeneity in organic car-
bon content of sand and silt facies was also considered, as described below in section 3. Specifically, a sedi-
ment source of dissolved organic carbon was applied in the silt facies but not the sand facies.

Pryshlak et al. (2015) showed that statistics of hyporheic metrics, such as residence time ranges, become
stable for a given silt/sand ratio when the number of simulations is higher than 20. Thus, here we chose
30 simulations for each silt/sand ratio. Each simulation represents a unique arrangement of sand and silt
facies. It is known that the volume proportion controls facies connectivity (Harter, 2005). In a binary system,
such the one here, the mean length is also an indicator for connectivity due to its relation to volume propor-
tion (Guin & Ritzi, 2008). Thus, given a fixed mean length of silt facies, sand facies connectivity decreases as
silt/sand ratio increases (Table 1). Note that the correlation lengths of the sand facies (Table 1) and silt facies
(30 m) specified in TPROGS are mathematical representations of heterogeneity that embody the relative pro-
portions of sand and silt and mean lengths of the sand and silt bodies (Soltanian, Ritzi, Dai, et al., 2015;
Soltanian et al., 2017). The correlation lengths should not be expected to exactly resemble the typical length
of each strata type. Examples of K fields resulting from TPROGS are showed in Figure 2.

MODPATH (Pollock, 2012) was used to determine flow paths and residence times of 14,591 particles that
were released at the streambed surface. Each cell of the streambed was set as the starting position for one
particle, thus the overall number of particles. The subset of particles located in downwelling zones that
entered the domain was used to determine the flux-weighted residence time distribution for
each simulation.

3. Biogeochemical Model

Reactive transport along flow paths was treated with the streamtube approach. This approach does not
account for diffusion as MODPATH computes particle tracking only by considering the advective term
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Bottom
( a) Elevation [m]

B 3.00

2.74
2.49

2.23

q 1.98
L1172
1.47
11.22

0.96
0.71

140 m

471 m

3m

(b)

Om
140 m

Figure 2. Examples of conductivity fields from simulations with opposite ratio: (a) silt/sand = 0.25 (b) silt/sand = 4.

of the flow. Aerobic respiration, nitrification, and denitrification are respectively expressed by reactions

(1) to (3):

{DOC + 0,~CO, + H,0 @
{DOC + NO3;—=CO; + N, + H,0 )

We used the residence times along flow pathways in order to solve the transient ordinary differential equa-
tions below for each species concentration (equations (4)—(7)) using the explicit ode23 solver implemented in
Matlab (Shampine & Reichelt, 1997). We mapped the resulting concentrations back to the flow pathways,
following the approach by Frei et al. (2012). Mass conservation equations are solved for four chemical species
of dissolved oxygen (O,), ammonium (NH4*), nitrate (NO57), and dissolved organic carbon (DOC):

{dc;l%oc = —KpocCpoc(f1 +12) + 5%“(P0C—chnoc) €
{dg;)z = —a02KpocCpocf1—bo2Knrrr CnaaCoz )
{dC('ip;m = —ano3KpocCpoc [ + bnosKnitr CnusaCoz ©)
{% = —bNuaKnitr Cnia Coa @

where Cpoc,Cos,Cnosz.-and Cnpy represent concentrations of the dissolved species, aps,bo2,8n03,Dn035
and bypg4 are stoichiometric coefficients (i.e., ratios between moles of transferred electrons per mole of oxi-
dized compound and moles of electrons per mole of reduced compound), Kpoc and Kyrr are first- and
second-order kinetic coefficients for heterotrophic and autotrophic reactions, respectively, Ky is the distribu-
tion coefficient of organic carbon between sediment and water, « is the mass transfer coefficient for organic
carbon exchange between sediment and water, p and ¢ represents soil density and porosity, and § is an index
that is equal to 1 or O if the particle is in a silt or sand cell, respectively. The use of § differentiates the
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Table 2

List of Parameter Values Adopted in the Biogeochemical Model

chemical properties of silt facies (rich in particulate organic carbon [POC]

and acting as a potential source of DOC) from those of sand units that are

Parameter Value Source primarily composed of mineral elements with negligible POC content (no
aoy 1 Stoichiometric balances source of DOC).
bo2 o8 gto%cﬁ%ometr}c Ea}ances The variables f; and f, determine concentration-dependent reaction
(OE : OIChIOmELric ba ances kinetics for aerobic and anaerobic respiration. When the concentration
bnos 1 Stoichiometric balances ] o
Bramn Sidirmere belhness of oxygen is greater than the limit Coziim, fi €quals 0, and the rate of aero-
Kpoc 10;7 ) Hunter et al. (1998) bic respiration in equations (4) and (5) becomes independent of oxygen
Knitr 5x10 9(L/ (r{lg -s)) Hunter et al. (1998) concentration. When oxygen concentration is less than Coyim, fi becomes
a 1007 (s ) Gu et al. (2007) li .
inearly proportional to Co;.
POC 0.01 (mg/mg) Peterson and Hayden (2018) y prop 02
Ky 0.002 (L/mg) Gu et al. (2007) 1 if Co2>Cozlim
(0] 0.25 (L/L) This work _ C (8)
= 02 .

0 2,237 (kg/mS) This work I Core if C02<Co21im
Co2lim 1 (mg/L) Bardini et al. (2012) 0O21im
CNO3lim 5 (mg/L) Bardini et al. (2012) 1 if Crno3>CNOs lim

fo=0-f Cnos . 9

2= (1)) Cnos if  Cn03<Cno3lim
Cnoslim

It is important to consider that oxygen is a limiting factor for the rate of nitrification and that it also plays a
relevant role in denitrification and in DOC consumption. With a structure similar to f;, the purpose of f; is to
regulate the rate of denitrification (see equation (6)). Nevertheless, f, includes the factor (1 — f1) in order to
inhibit denitrification (f, = 1 — f; = 0) when oxygen concentration is higher than a given threshold; denitri-
fication is allowed to occur when oxygen concentration drops and anaerobic conditions exist. The rate of
denitrification, after passing a certain threshold, becomes linearly proportional to the concentration of the
electron acceptor, which in this case is nitrate.

Possible sources of DOC in the model are stream water and sediment. Release of DOC from sediments is
often represented as a reversible equilibrium process (e.g., associated with reversible sorption of DOC on
organic matter; Gu et al., 2007). Because the sand facies is considered low in organic matter, the term for
DOC production in the sediment is only included during time periods when the flow path passes through
the organic-rich silt facies (§ = 1). Due to the unique interaction of each flow path with sand and silt bodies,
reactions along each path are unique, and equations (4)-(7) must be solved for each path in each simulation.

We specified initial concentrations at the downwelling zones characteristic of stream water with high nitrate
concentration. Specifically, the nitrate concentration was 8 mg/L, ammonium was 0.1 mg/L, dissolved oxy-
gen was 10 mg/L, and DOC was 1 mg/L (Warner et al., 2009). Values for other biogeochemical parameters
are listed in Table 2. The value for Kpoc was chosen to represent natural organic matter with relatively low
lability (Hunter et al., 1998) that degrades over typical residence times of the system. The variety of organic
matter existing in nature covers a wide range of slightly different substances, leading to Kpoc values that

(@)

Sand (10 m/s)
Silt (10° m/s)

(b)

Sand (10* m/s)
Silt (10° m/s)

140 m

471 m

Figure 3. Concentration dynamics of dissolved organic carbon (DOC), oxygen, ammonium, and nitrate along a particle
flow path (silt/sand = 1). The time spent in silt facies is denoted by shaded areas.
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10 —_—

Ssilt vary by ten magnitude orders from the most labile organic matter
—sand (Kpoc = 107 7/year = 0.3/s) to the most refractory (Kpoc = 107/
NO, year= 10'"/s). In this low-gradient stream, residence times are long com-
pared with high-gradient gravel streams, and we chose a value of Kpoc

DOC

concentration [mg/L]
[6)]

NH

< representative of more refractory DOC to ensure that modeled oxygen

similar to observed oxygen concentrations from other parafluvial systems

\ concentrations would span a range of high and low values in sand and silt,

4

(Malard & Hervant, 1999). We neglected the influence of temperature on
~—_ reaction kinetics, since the aim of the present work was that of analyzing

4

6 8 10 the reactive behavior of hyporheic sediments in response to sediment

residence time [years] properties.

Figure 4. Flow paths for one simulation with silt/sand = 1. For NO3 ™, the
uniform color is due to the fact that particle paths with variable concentra- 4. Results
tion are hidden by the most superficial ones. DOC = dissolved organic

The combination of low permeability in a low-gradient meander resulted

in long residence times over which nutrient concentrations evolve at dif-

ferent rates. An example of predicted nutrient dynamics along a single
flow path is presented in Figure 3 for a simulation with silt/sand ratio of 1. As soon as water enters
organic-rich silt sediments, the DOC concentration quickly equilibrates with soil POC (Figure 3). The result-
ing DOC equilibrium concentration (5 mg/1) remains constant along portions of the flow path in silt because
the release of DOC occurs at much faster rates than DOC consumption by heterotrophic microorganisms.
This is realistic at our length scale of investigation because the organic matter is slowly degradable and
DOC replenishment is hence faster. DOC concentration decreases during flow through sand facies. For
example, in the flow path shown in Figure 3, the limited amount of sand leads to minor drops in DOC con-
centration (<1 mg/1). Dissolved oxygen is progressively consumed, and the ensuing anaerobic conditions
allow for denitrification to occur and progressively remove nitrate from pore water. For example, in the flow
path shown in Figure 3, nitrate concentration declines after 6 years. Note that NH, ™" is quickly converted to
nitrate by nitrifying bacteria in aerobic conditions as soon as stream water enters hyporheic sediments. Due
to its low concentration in stream water, NH, " plays a minor role in nitrogen cycling in this study.

Residence times are a primary control for nutrient concentrations, and the
net effect of hyporheic exchange on nutrient cycling will depend on the

: range of residence times experienced along different flow paths, as exem-
plified in Figure 4. For this reason, we chose kinetic parameters that
would yield reaction rates on the order of our residence times. The results
are presumably relevant for any system with similar Damkohler numbers.

The distribution of residence times (Figure 5) is influenced by the specific
spatial arrangement of silt and sand facies. Even for a constant silt/sand
ratio, the distribution of residence times varies across different simula-
tions due to the positions of sand units within the riverbed and along flow
paths (Pryshlak et al., 2015).

This variability in residence times due to sediment heterogeneity affects
modeled nutrient concentrations (Figure 6). DOC concentrations exhibit
some variability across simulations, with temporary decreases in
concentration—when water flows through sand—followed by an abrupt
recovery in silt. Terminal electron acceptors exhibit a relatively smooth
decline as oxygen and then nitrate are consumed. The consistency in
consumption of O, and NO;~ concentrations among different

carbon.
1
i
>
&)
C
()
3
3
T 05t
()
=
kS
>
£
3
(©)
0
0

Figure 5. Residence time distributions for 30 simulations with silt/sand = 1.

5

residence time [years]

10 15 simulations with the same silt/sand ratio arises because the rate of
heterotrophic respiration primarily depends on available DOC concen-
trations (see equations (2) and (3)), which hover near the equilibrium
value. This implies that concentrations of oxygen and nitrate are well

The gray lines denote individual simulations with the same silt/sand ratio, ~ described by the ensemble average of simulations with the same
while the black line represents the ensemble average of the 30 simulations. ~ silt/sand ratio.
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(o]

(o2}

DOC [mg/l]
N

8
Eo|
24|

5|

%0 4 8 1

residence time [years]

Figure 6. Profiles of dissolved organic carbon (DOC; blue), dissolved oxygen
(green), and nitrate (red) for the 30 simulations with silt/sand = 1. Black line
indicates average for the ensemble, colored lines represent single simula-
tions, but they overlap. For this reason oxygen and nitrate look almost like a
thicker line (especially for nitrate). NH, ™" is not represented because of its
extremely fast depletion.

Because ensemble averaged quantities effectively describe the relation-
ship between concentrations and residence time for different simulations,
they are hereinafter used to analyze the role of silt/sand ratio on nutrient
transport and reaction. Residence times increase with the silt/sand ratio
(Figure 7). Due to large volume fraction of sand for silt/sand ratios below
0.5, there are fully connected flow pathways in sand bodies that span the
domain. Therefore, the residence time distributions for these cases are
quite similar. For high silt/sand ratios, there are no fully connected flow
pathways through sand bodies that span the domain. Therefore, flow
paths experience longer residence times.

Due to variations in residence time distributions and the different organic
content of silt and sand facies, nutrient dynamics are highly affected by
subsurface heterogeneity. Figure 8 shows the ensemble averaged concen-
tration profiles for two contrasting values of the silt/sand ratio of 4 and
0.25 residence times of 0 to 9 years. As silt/sand ratio increases, average
DOC concentration approaches the equilibrium value more quickly. The
other solutes exhibit a similar behavior regardless of the silt/sand ratio
value. Notice that NH,* is rapidly nitrified to NO5~, but due to its scarce
presence in the considered system, it has little influence on the overall
nitrogen balance. It should be emphasized that the overall variations of
ensemble concentrations along flow paths derive from the combination
of variations in both residence times (Figure 7) and reaction
kinetics (Figure 8).

As expected, the analysis of the average exchange flux through the
streambed reveals a progressive reduction in the exchange flux as the
silt/sand ratio increases (Figure 9a). Variability among simulations also
decreases with increasing silt/sand ratios (Figure 9a). For each nutrient,
reaction efficiency can be calculated as the percentage of solute that is pro-
duced or consumed in the hyporheic zone relative to the influx. An effi-
ciency of 0% indicates no net removal or production (solute outflow
equals inflow), —100% indicates full removal, and 100% indicates a dou-
bling of the solute outflow relative to inflow. Results show that exchanged
water is always enriched in DOC, whose average concentration increases
(up to a factor of 4) with increasing silt/sand ratio (Figure 9b). Oxygen
decreases by 36.9% (silt/sand = 0.25) to 74.3% (silt/sand = 4) (Figure 9c).
For nitrate, the behavior shifts from very slight net increase along flow
paths (+0.8%) due to nitrification for silt/sand = 0.25 to strong net
decrease (—31.8%) for higher silt fractions (Figure 9d). This shift with
higher silt content is caused by lower oxygen availability, which favors
denitrification and enhances removal of NO5;~. Because ammonium is
completely consumed by nitrification, its efficiency (not shown) is always
equal to —100%.

Because the magnitude of the reaction efficiency increases with silt/sand
ratio (Figures 9b-9d) but hyporheic fluxes decrease (Figure 9a), it is
important to examine reaction rates for the streambed bioreactor in units
of mass per time, where positive and negative values indicate production
and consumption, respectively. On average, the net reaction rate of
ammonium due to nitrification decreases with increasing silt/sand ratio
(Figure 10d). Because all NH," delivered to the streambed is completely
nitrified, the lower hyporheic flux leads to a lower NH," supply to the

streambed and hence to lower reaction rates. Meanwhile, DOC and oxygen production or consumption rates
remain roughly constant up to a silt/sand ratio of 0.5 then decline (Figures 10a and 10b). This behavior indi-
cates that at low (<0.5) silt/sand ratio, the higher reaction efficiency induced by the increasingly higher POC
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abundance compensates or dominates over the decrease in hyporheic flux
in less permeable silty sediments. This behavior is reversed for silt/sand
ratios larger than 0.5, for which the lower hyporheic fluxes dominate
the reaction rates. Nitrate exhibits a different behavior, with a monotonic
increase in consumption rates with higher silt/sand ratio (Figure 10c). We
do not expect this trend to continue indefinitely, since a pure-silt bed
Silt/Sand - would have an even lower hyporheic exchange rate that could limit the

— ().25 nitrate supply. At the opposite extreme, a pure-sand bed might have

0.5 removal rates that are limited by short residence times as well as a lack

—_— of DOC supply from local organic matter. Apparently, the highest NO;™

_—0 consumption efficiency (i.e., more negative values) occurs in siltier

_— sediments, even though hyporheic exchange is lower. This implies that

0 . . . when the silt/sand ratio increases, a larger portion of the (decreasing)
0 5 10 15 20 amount of NO;~ supplied to the streambed is denitrified. Considerable
residence time [years] variability exists among different simulations, as denoted by whiskers in

Figure 7. Variations of ensemble average of residence time distributions for

different values of silt/sand ratio.

i
o

Figure 10. This variability is particularly evident for oxygen and nitrate.
For the case of DOC, the variability in reaction rates is highest for low
values of silt/sand ratio. It also notable that oxygen removal efficiency
trends toward 100% with more silt (Figure 9c) but the reaction rate will
be limited by the supply rate with more silt (Figure 10c). That is also likely the reason of the local minimum
in Figure 10b.

5. Discussion

Our study shows that siltier streambeds with less hyporheic exchange (Figure 9a) can remove as much or
even more nitrate than sandier ones (Figure 10c). This result stems from the fact that the overall denitrifica-
tion rate in our model streambed was reaction limited, while DOC, oxygen, and NH,* showed an opposite
flux-limited behavior (Figures 10a, 10b, and 10d). Interestingly, our results differ from those of the simula-
tions of homogenous streambeds presented by Marzadri et al. (2012), who found that net nitrate removal
increased with higher hydraulic conductivity (see their Figure 7a for streams with NH," <« NO;™).
Because in our study the range of Damkdhler number values (defined as the ratio between the median resi-
dence time and the timescale for oxygen depletion, shown in Figure 7 and Figure 8b, respectively) is compar-
able with those of Marzadri et al. (2012), the difference in nitrate dynamics must be largely due to the
influence of hydraulic heterogeneity. A possible explanation is that the variations in the shape of the resi-

dence time distribution among individual realizations of the K-field

(Figure 5) are not fully represented by a single median residence time

and affect the sensitivity of overall removal rate of NO3;~ to changes in

QE Silt/Sand . average hydraulic conductivity. It should also be noted that we found
e 5 o 2-25 cases of net nitrate production at low silt/sand ratio (Figure 10c), which
= 1 were not predicted by Marzadri et al. (2012) for streams with similar
Eo . . " Z ) )
39 stream water chemistry (in terms of NH,"/NO3™~ concentration ratio).
0 O > 4 6 8 10 Another important feature of our models is the steep concentration gradi-
residence time [years] ents that develop between adjacent flow paths, particularly for oxygen and

dissolved organic carbon (Figure 4). These concentration gradients

b) develop along facies boundaries, where sand bodies remain more
oxygen-rich and are depleted in DOC, while silt bodies become depleted
in oxygen but enriched in DOC. Similar concentration gradients have

been observed in streambeds due to the presence of peat or clay lenses
(Krause et al., 2013), or beneath floodplain areas due to buried organic

concentration [mg/l]

4
residence time [years]

matter (Lewandowski & Nutzmann, 2010). These steep concentration gra-
dients have been reproduced in other modeling studies with binary sedi-
mentary facies (Sawyer, 2015), while smooth concentration distributions

6 8 10

Figure 8. (a) Cumulative residence time for silt/sand ratio of 4 and 0.25 (b) have been reported in the model study by Bardini et al. (2013). Beside
ensemble averaged concentration profiles. DOC = dissolved organic carbon. ~ our slightly higher degree of heterogeneity (U%n(K) = 0.85-1.3, Table 1,
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Figure 9. Average (markers) and standard deviations (whiskers) of (a) hyporheic exchange flux across the streambed and
reaction efficiency for (b) dissolved organic carbon (DOC), (c) dissolved oxygen, and (d) nitrate. Positive and negative
values of reaction efficiency indicate solute production and consumption, respectively.

compared to 0.15-0.94 for Bardini et al., 2013), the most relevant factor that explains the presence of sharp
concentration gradients in our results is the supply of DOC from silt facies rich in particulate organic carbon.
This feature, which was not included in the simulations of Bardini et al. (2013), results in high DOC
concentrations (Figure 6a) that provide heterotrophic bacteria with the required carbon source for
denitrification. Our study thus indicates the importance of considering heterogeneity in chemical
composition of sediments when microbial reactions are expected to be limited by substrate availability.
This effect can be even more important in highly heterogeneous sediments (e.g., Laube et al., 2018, with
U%H(K) up to 6.7) comparted to our moderate degree of heterogeneity.

The present work did not consider the effect of solute dispersion (Kessler et al., 2012), which would cause
mixing among different flow paths and further enhance supply of nutrients to otherwise depleted zones.
Dispersive transport is expected to be important particularly at small spatial scales, as exemplified by studies
of denitrification within low-permeability microzones where long residence times enhance development of
anaerobic conditions (Briggs et al., 2015) and DOC release supports denitrification (Sawyer, 2015).
Dispersive transport is commonly considered to be less important at larger (>1 m) scales as those considered
in this study, even though it could still foster mixing of water with different chemistry at the boundaries
between different facies (Hester et al., 2014). As for reaction and transport timescales in our models, it is true
that reactions can occur much faster than those we are simulating (Zarnetske et al., 2011a). Note, however,
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Figure 10. Average (markers) and standard deviations (whiskers) of net reaction rates for (a) dissolved organic carbon
(DOC), (b) dissolved oxygen, (c) nitrate, and (d) ammonium. Fluxes and reaction rates are integrated across the
streambed area which is 14,130 m”.

that residence times in that system are also much shorter than ours; thus, we chose kinetics that would be on
the order of our residence times. Finally, it should be recalled that shallow hyporheic exchange caused by
streambed topography (Boano et al., 2014) was not included in the present model, which focuses on
exchange at the length scale of the meander wavelength.

6. Conclusions

Heterogeneity in streambed sediment influences both hyporheic residence times through permeability and
respiration rates through the supply of DOC from organic matter, but both effects are seldom included in
hyporheic reactive transport models. In our numerical modeling study of a low-gradient, meandering river
with sandy and silty sediment, we analyzed 150 binary arrangements of salt and silt across five different
silt/sand ratios. For a given silt/sand ratio, nutrient concentrations are fairly consistent across different
flow paths for a given residence time, regardless of whether that flow path has spent more time in silt or
sand. Thus, residence time exerts a stronger control on removal than organic matter content for the para-
meters chosen in our study. However, different simulations with the same silt/sand ratio can have a range
of residence time distributions driven by differences in permeability fields (e.g., location of sand bodies),
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and these different residence time distributions affect average nutrient concentrations that return to
the stream.

When sediments with different silt/sand ratios are compared, more substantial variations in hyporheic flux
and residence times emerge. On one hand, exchange flux with the hyporheic zone decreases with increasing
silt/sand ratio, reducing the supply of stream-borne nutrients to microbially active sediments. On the other
hand, the progressive shift toward longer residence times with higher silt/sand ratio allows more time for
nutrient removal along flow paths. The reduction of hyporheic exchange governs the total rate of aerobic
respiration in the hyporheic zone. Aerobic respiration is maximized at intermediate silt/sand ratios, where
residence times are sufficiently long but DOC supply from sediments is moderate. The total rate of denitri-
fication tends to increase more consistently with silt/sand ratio. The streambed progressively switches from
a slight source to a strong sink of nitrate. We emphasize that these results apply to low-gradient, silty to
sandy streambeds and may differ for higher gradient, gravel streambeds. Our simulations emphasize the role
of hydraulic and chemical heterogeneity and suggest the importance to refine as much as possible the
description of heterogeneous sediment properties in modeling studies. Additional work is also needed to bet-
ter characterize typical scales of heterogeneity in streambeds.
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