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ARTICLE INFO ABSTRACT

Keywords: Hyporheic zone is an important region of nitrogen removal in river systems. Hyporheic exchange generally leads
Hyporheic zone to heterogeneous redox environments, which are conducive to nitrogen transformation. This study seeks to
Nitrogen determine the influence of hyporheic upwelling fluxes on inorganic nitrogen (NH4*, NO3~, and NO, ™) con-
Pore water

centrations in the sediment pore water of the Weihe River, China. The patterns and magnitudes of hyporheic
water exchange on 12 August 2016 were derived by a one-dimensional heat transport model, and inorganic
nitrogen concentrations in the pore water, surface water, and groundwater were obtained. The results indicated
that hyporheic water exchange was characterized by upwelling at each point during the test period. Moreover,
NH,* dominated the hyporheic zone from 0 to 45cm, likely due to organic nitrogen mineralization.
Additionally, a non-linear relationship was observed between NH, " concentrations and upwelling fluxes. This
relationship was derived by analyzing the effect of upwelling on biogeochemical activity and nitrogen trans-
formation. Notably, increasing upwelling fluxes less than 400 mm/d resulted in high NH,* concentrations,
whereas fluxes exceeding 400 mm/d led to low NH4* concentrations. Overall, the variations in inorganic ni-
trogen associated with hyporheic water exchange are of great importance for controlling nitrogen pollution and

The Weihe River
Upwelling fluxes

maintaining sustainable health in river systems.

1. Introduction

The global production and application of fertilizers and fossil fuels
are of great concern due to their significant effects on human health and
the natural environment (Aslyng, 1984; Rankinen et al., 2014). The
amount of fixed nitrogen has doubled over the past several decades
because of the influence of human activities (Cai et al., 2007). Stream
systems are vital to terrestrial transport and the transformation of dis-
solved inorganic nitrogen (including NH,*, NO;~ and NO, ™), which
can lead to increase in nitrogen loading in surface water, the hyporheic
zone, and groundwater (Bardini et al., 2012), especially in arid and
semiarid regions (Wang et al., 2008; Wang et al., 2013; Zhang et al.,
2014). Many ecological and environmental problems, such as algae
blooms, eutrophication, and the extinction of aquatic species, can be
caused by high concentrations of inorganic nitrogen in surface waters

and the hyporheic zone (Wang et al., 2016; Xue et al., 2016).

The hyporheic zone is the location in the streambed bordered by
surface water and groundwater, thus, it is the saturated zone, or kine-
matic zonation, that connects the stream and groundwater systems
(Zarnetske et al., 2012). This zone influences and regulates the biolo-
gical transformation of inorganic nitrogen (Jones and Holmes, 1996;
Boulton et al., 1998; Cardenas, 2015), and it mainly consists of the
porous media, which provide suitable living conditions for hyporheic
invertebrates and an abundant source of biodiversity (Briggs et al.,
2014). In addition, the biological behaviours of hyporheic invertebrates
produce inorganic salts, such as NH," (Ingendahl et al., 2002; Storey
et al., 2004). The invertebrates and microorganisms (including bacteria
and fungi) in the hyporheic zone are collectively known as biofilm.
Thus, the hyporheic zone is an important site of organic matter ab-
sorption and inorganic salt release due to its large internal surface area
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Fig. 1. Map of the study area showing the location of the test site (a), the test points in the study reach (b), and a schematic diagram of the equipment used for temperature measurements

in the streambed sediment (c).

(Van Raaphorst and Malschaert, 1996). Moreover, dissolved oxygen
(DO) in the hyporheic zone is a primary factor that influences nitrogen
transformation and the processes of mineralization, nitrification, and
denitrification (Sheibley et al., 2003; Zarnetske et al., 2011; Zarnetske
et al., 2012). Organic nitrogen is oxidized by ammonifiers to form
NH, " in the process of mineralization, while NH,* is oxidized to NO,~
and transformed into NOs;~ in the process of nitrification (Stoliker
et al., 2016). Both mineralization and nitrification are promoted in
aerobic conditions, while denitrification exhibits the opposite trend.
Denitrification can facilitate the reduction of NO;~ to dinitrogen gas,
which is an important process or reducing the nitrogen content in
aquatic ecosystems (Storey et al., 2004). The dynamics of redox con-
ditions are influenced by the patterns and magnitudes of hyporheic
water exchange (Franken et al., 2001), which further influence the
variability of solute concentrations in the hyporheic zone, including
NH,", NO3;~, and NO,~ levels (Briggs et al., 2014). Hyporheic
downwelling flow can facilitate the movement of surface waters with
high DO concentrations into the sediment, providing abundant DO and
organic matter to hyporheic microorganisms (Franken et al., 2001).
However, shallow groundwater plays a crucial role in the maintenance
and restoration of ecosystems, upwelling flows can facilitate the
movement of groundwater with low oxygen levels into the sediment,
creating a low-oxygen environment in the hyporheic zone (Franken
et al., 2001). Thus, the downwelling and upwelling flow patterns can
further influence the inorganic nitrogen concentrations in the hy-
porheic zone (Storey et al., 2004). Additionally, the water residence
time is affected by the dynamics of hyporheic water exchange, which
influence the variability of nitrogen concentrations in sediment pore
water (Briggs et al., 2014). Overall, the fate and transport of inorganic
nitrogen are spatially and temporally complex, especially in the
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hyporheic zone.

A number of field studies have focused on the importance of hy-
porheic water exchange on nitrate transformations in the hyporheic
zone (e.g. Hester et al., 2016; Briggs et al., 2014; Stelzer et al., 2011).
However, few studies analysed the effect of hyporheic water exchange
on inorganic nitrogen concentrations in pore water. Moreover, many
river systems are controlled by human beings, such as dams and water
transform project, which can cause the fluctuating of hyporheic water
exchange flux (Zachara et al., 2016). These systems commonly exist so
that stream-groundwater exchange flux is easily influenced by human
activities (Liu et al., 2017). Hence, it is important to determinate of the
influence of hyporheic water exchange on inorganic nitrogen con-
centrations in the pore water, which is crucial to estimate stream-
groundwater interaction as well as being highly effective and beneficial
for water quality management.

The patterns and magnitudes of hyporheic water exchange can be
measured by several methods, including head piezometers (Nowinski
et al., 2011), seepage metres (Zhu et al., 2015), differential discharge
gauging (Lowry et al., 2007), thermal methods (Hatch et al., 2006), and
other methods (Wei et al., 2012). Hatch et al. (2006) noted that heat
tracers can be effectively used to determine the patterns and magni-
tudes of hyporheic water exchange in rivers at various spatial scales.
Recently, heat has been increasingly used as a natural tracer to evaluate
and quantify hyporheic water exchange (Anderson, 2005; Arriaga and
Leap, 2006; Cranswick et al., 2014; Briggs et al., 2016). In addition, the
methods of measuring temperature data are convenient and relatively
inexpensive. Therefore, heat transport has been increasingly applied to
evaluate hyporheic water exchange in different scenarios and simula-
tions (Boano et al., 2014). Stallman (1965) evaluated the temporal and
spatial distributions of water exchange at various scales using a one-
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dimensional heat transport model (Anderson, 2005). Based on the
steady-state thermal assumption, a one-dimensional steady-state heat
model was proposed by Bredehoeft and Papaopulos (1965) and further
confirmed by Anibas et al. (2009). This model can be used to determine
the patterns and magnitudes of hyporheic water exchange at various
temporal and spatial scales.

The objectives of this study are (1) to determine the spatial varia-
bility in the magnitudes and patterns of hyporheic water exchange at a
test site, (2) to investigate the spatial distributions of solute con-
centrations (NH, ", NO;~, and NO, ") in sediment pore water, and (3)
to further explore the effects of hyporheic water exchange on inorganic
nitrogen concentrations in sediment pore water.

2. Materials and methods
2.1. Study area

The study was conducted in the Weihe River, the largest tributary of
the Yellow River (Fig. 1). The Weihe River originates in the Niaoshu
Mountains in Weiyuan County, Ganshu Province, and flows through
Ganshu, Ningxia, and Shaanxi Provinces, with a total length of ap-
proximately 818 km. In addition, the drainage area of the Weihe River
Basin is approximately 1.34 x 105 km?, ranging from 104°00"28” E to
108°56’17” E and from 34°20°57” N to 34°23’17” N. The elevation of the
river ranges from 325 to 3485 m above sea level, which is a warm, semi-
humid continental monsoon climate zone. The annual mean tempera-
ture and rainfall range from 7.8-13.5 °C and 558-750 mm, respectively
(increasing from north to south). The weather is hot and rainy in
summer and cold and dry in winter. Precipitation varies seasonally,
with the majority of floods occurring between July and October. In
addition, the river basin is mostly covered with loose loess grains that
can cause serious siltation in the river channel (Zhang et al., 2017).

The alluvial plain of the Weihe River is a traditional agricultural
region, but it has become a typical industrial and residential region due
to rapid economic development (Wang et al., 2016). Numerous middle-
and large-sized cities exist near the main channel, and many industrial
plants, including food factories and paper mills, are located in the
downstream reaches of the Weihe River Basin (Xue et al., 2016). In
addition, domestic and industrial wastewater input from nearby cities
introduces large amounts of nitrogen contaminants into the Weihe
River and influence the water quality of the riverine system (Cai et al.,
2009; Xue et al., 2016).

The test site is located in Caotan County at the north of Xi’an City,
which is in the downstream portion of the Weihe River Basin (Fig. 1a).
Field measurements were conducted on 12 August 2016, and a riffle
(water depth ranging from 10 to 80 cm) near the south bank of the river
was selected for analysis due to equipment limitations. The river width
ranges from 135 to 160 m. The materials in the streambed sediment
mainly consisted of silt and fine sand. A total of 15 test points at this site
were established near the south bank along five transects perpendicular
to the flow direction (Fig. 1b). In addition, the distances between each
cross section were approximately 10 m. Each transect included 3 test
points, and the distance between the points was approximately 5 m.

2.2. Measurements of sediment temperature

This field study was conducted along a 70-m stretch near the south
bank of the river in August 2016 (Fig. 1b). The temperatures in the
vertical layers of the sediment at the 15 test points were measured using
a 2-m long instrument equipped with five thermistors at specific depths
(0.00m, 0.10m, 0.20m, 0.30m, and 0.45m) (Fig. 1c). The one-di-
mensional heat transport model required additional temperature data
to obtain more accurate hyporheic water-exchange fluxes. Hence, five
thermistors at specific depths were installed inside the instrument. The
thermistors in different sediment layers began operation after the in-
strument was inserted into the sediment. A data logger with logging and
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storage functions was connected to the instrument. This logger was
calibrated to ensure that the thermocouples maintained an accuracy
of + 0.05°C. The measurements ended after a stabilization period of
15min at each location. Then, the temperature data were further
analysed using the one-dimensional heat transport model provided by
Bredehoeft and Papaopulos (1965) to obtain the corresponding patterns
and magnitudes of hyporheic water exchange.

2.3. Determination of the magnitudes and patterns of hyporheic water
exchange

Considering the processes of water exchange in the hyporheic zone,
i.e., both convection and conductive transport, the solution developed
by Stallman (1965) was applied to determine the magnitudes and
patterns of water exchange between surface water and groundwater.
Eq. (1) assumes that simultaneous non-steady heat and fluid flow
through isotropic, homogeneous, and saturated porous media.

PT  @T  PT _ Gf[omT) , ST  80T)] _ %fs oT
ox? 9y 97 k dx dy oz k ot

(€]
where

T-temperature at any point at time t (°C)

crspecific heat of the fluid (Jkg 'K~

pr-density of the fluid (kgm™?)

cs-specific heat of the solid-fluid complex (Jkg™'K™1)

ps-density of the solid-fluid complex (kg m~%)

k-thermal conductivity of the solid-fluid complex (J sTim™IK™Y)

Ve, Vy, V;components of the fluid velocity in the x-, y-, and z-di-
rections (ms™ 1)

X, ¥, 2-Cartesian coordinates (m)

t-time (s)

When heat and fluid transport are one-dimensional (in the vertical
direction) and steady, the differential Eq. (1) can be reduced.

o5 )
505\ 3 @

Bredehoeft and Papaopulos (1965) analysed the vertical steady
anisothermal groundwater flow through a semiconfining bed and found
that temperature variations at different depths over time could be ig-
nored. Therefore, an analytical solution was derived for an aquifer
system of thickness L.

ST ()
= fsazz fpfq iz

T=1T z=0 3
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Lz @

Thus, the general differential Eq. (2) was simplified to Eq. (5) as
follows.

T-T _ efl—1
T.— T ef—1 (5)
_ crppqL
ks (6)
where

T-temperature at any depth (°C)

To-measured uppermost temperature (°C)

T;-measured lowermost temperature (°C)

L-vertical distance between the measured uppermost and lowermost
temperatures (m)

B is a dimensionless parameter, and it can be positive or negative
depending on whether q is downward or upward, respectively. Based
on the practical ranges of parameters, Bredehoeft and Papaopulos
(1965) provided values of the function f (B8, 2z/L)=I[¢
(B(z/L))—11/(e"B—1) and a series of type curves for different 3 values.
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Table 1
The input parameters of physical properties used in the one-dimensional heat advection-
diffusion equation (Eq. (8)) in the study area.

Parameters Value Unit

Thermal conductivity, ks 1.765 Js Im 1K!
Specific heat capacity of water, c¢ 422400 Jkg 'K™!
Density of water, py 1000 kgm™3
Vertical distance, L 0.45 m

That  was related to the curvature of a temperature-depth profile at
several depths ranging from z = 0 to z = L. The values of § obtained
from the type curves matched those based on field data. Boyle and
Saleem (1979) used a computer program to obtain the values of f.
These temperature data were used to calculate the ratios of
(T — Ty)/(T, — Ty) based on the change in z from 0 to L. Eq. (7) was
developed to calculate the sum of squares of the deviations between
these ratios, as well as the theoretical values of f (8, z/L) for0 <z <1L
and for specified values of Ty, Ty, Land .

z=L 2

T-T, eRl_1

F®=2 |7 ;3—571]
bl R @

When the objective function f(8) is minimized, the optimum value
of B can be determined (Saleem, 1970). In addition, the flux of the
hyporheic water exchange (q) can be directly determined as follows.

kg B

Cfpr

®

The physical parameters obtained during the test period and used as
inputs in Eq. (8) are shown in Table 1. A positive or negative flux (q)

(a)

meters
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indicates downwelling or upwelling flow, respectively.

2.4. Sampling and laboratory analysis

A 160-cm long PVC pipe was inserted into the sediment next to the
temperature pipe, and sediment cores were obtained from approxi-
mately 45 cm depth beneath the sediment-water interface. The sedi-
ment samples were collected via plugging the top of the pipe and in-
serting it into the riverbed. Then, sediment samples were retained in the
pipe when the pipe was removed from the riverbed. The plug can
prevent sediments from exiting the bottom of the pipe. Pore water
samples were extracted from three depths beneath the sediment inter-
face (0-15cm, 15-30 cm, and 30-45 cm) to obtain enough pore water
every 20 min, in total three pore water samples were obtained at each
depth for each test point in an hour, thus creating 1-h average samples.
In addition, surface water and groundwater samples were collected at
the site. Finally, the samples (including water and sediment samples)
were placed in sampling bags or bottles and immediately transported in
cold conditions to the laboratory, where they were preserved in a cold
environment.

In the laboratory, the pH, electrical conductivity (EC), dissolved
oxygen (DO) and oxidation-reduction potential (ORP) of the water
samples were measured using a portable multiparameter water quality
analyser (HACH HQ40d. Loveland, Colorado, USA). The concentrations
of NO3~, NH4*, NO,~ in pore water, surface water, and groundwater
were determined using an Auto Discrete Analyser (Clever Chem 200,
Hamburg, Germany). The average concentrations were calculated at
each point. Moreover, the sediment samples were air-dried, and the
particle size was categorized into 17 grades using a sieving method. The
coarsest particle size was 12mm, while the finest particle size was
0.075 mm. The particle size was classified into four groups: silt or clay

Fig. 2. Streambed elevation above sea level
(a) and the spatial distribution of hyporheic
water exchange fluxes (b).
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less than 0.075mm, fine sand ranging from 0.075mm to 0.2 mm,
coarse sand ranging from 0.2mm to 2mm, and gravel larger than
2 mm. Additionally, the cumulative percentage weights of the sediment
samples were calculated to analyse the sediment properties.

2.5. Data analysis

The Kolmogorov-Smirnov test was applied to verify whether the
hyporheic upwelling fluxes were normally distributed at a 95% con-
fidence level. Statistical correlation and regression analyses involving
the solute concentrations in pore water (NH; ", NO;~, NO, ™, and DO)
and the hyporheic fluxes were assessed using Pearson’s r in SPSS 17.0 to
determine whether these correlations were significant (P value, the
correlation was significant at the 0.05 level).

3. Results and discussion
3.1. Patterns and magnitudes of hyporheic water exchange

The temperatures at five depths beneath the sediment-water inter-
face were measured at 15 test points during the test period. Based on
the analyses of the temperature distributions from on-site tests, the
patterns and magnitudes of hyporheic water exchange were determined
using the one-dimensional heat transport model (Eq. (8)). The fluxes of
hyporheic water exchange were obtained at each point, and their spa-
tial variability was illustrated using a visual contour map of the test site
(Fig. 2b). The magnitudes of water exchange fluxes at these 15 points
was negative, indicating that upwelling hyporheic flow was pre-
dominant at the test site during the test period (Fig. 3). The regional
groundwater discharged into the river dominated the upwelling flow in
the study area. The magnitudes of water exchange at the test site were
estimated to range from —50mm/d to —802mm/d. Based on the
water level data of study area during 8-14 August 2016 (the ground-
water level obtained in monitoring well nearby the study site as well as
surface water level at the test site) (Fig. 4), it is evident that the
groundwater level was higher than surface water level, generally in-
dicating that groundwater discharging into the river at the study site
during the test period. Therefore, the relatively high range of upwelling
fluxes at the test site was probably driven by groundwater flowing into
the river regionally (Song et al., 2017). The mean value was —360 mm/
d, reflecting significant spatial variability. Additionally, the Kolmo-
gorov-Smirnov test result of the fluxes fit a normal distribution at the
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study site (p = 0.193). Along channel cross-sections, large upwelling
fluxes generally occurred in the vicinity of the south bank, which was
shallower than other areas of the cross-sections (Figs. 2 and 3). The
streambed elevation reflects the water depth at the test site (Fig. 2a),
and a significant negative correlation was observed between the fluxes
and water depth (Figs. 2 and 3). Song et al. (2016) suggested that the
high pressure head in deep areas likely hindered groundwater discharge
through the hyporheic zone into surface water. However, poor corre-
lations were observed at points 4 and 7, and these findings may be
related to the sediment grain size. Grain size plays an important role in
hydrological processes (Wang et al., 2008; Song et al., 2010). The
average cumulative percentage of the sediment grain size by weight
was measured at each test point, and the weight percentages of dif-
ferent materials (including gravel, coarse sand, fine sand and clay) were
determined at the 15 points (Fig. 5). Additionally, large amounts of clay
and less gravel were observed at point 4 and 7 (Fig. 5). Clay layers in
the sediment can hinder vertical hyporheic flow into surface water.

3.2. Chemistry of surface water, groundwater, and pore water

The concentrations of NH,;*, NO,~, NO3;~, and DO, as well as the
EC and ORP levels, in surface water, pore water, and groundwater
significantly varied (Table 2). At the test site, high NO; ™ concentrations
(mean of 6.49 mg/L) and low NH,* concentrations (mean of 1.01 mg/
L) were observed in surface waters with high concentrations of DO
(mean of 9.6 mg/L), namely, an oxic environment (Table 2). The values
of EC and ORP were 559 ps/cm and 65.3 mv, respectively, which in-
dicated that oxidation was occurring in the surface water. Low NO3;~
concentrations (mean of 0.55mg/L) and high NH4* concentrations
(mean of 1.39mg/L) were obtained in groundwater samples with low
concentrations of DO (mean of 4.28 mg/L) (Table 2). The values of EC
and ORP were 778 pus/cm and —28.1 mv, respectively, indicating a
reduced, low-oxygen environment within the groundwater during the
test period. Moreover, the concentrations of NO, ™~ were low in surface
water and groundwater (Table 2).

Considering the risks to environment and human health, the World
Health Organization (WHO) regulates the maximum contaminant levels
(MCLs) of NH,* (MCL < 1.0 mg/L in surface water and MCL < 0.2 mg/
L in groundwater), NO,~ (MCL < 0.2mg/L in surface water and
groundwater) and NO3~ (MCL < 10mg/L in surface water and
groundwater). At the study site, the NO3;~ and NO,~ concentrations in
surface water and groundwater were below the MCLs, while the NH,*

Test p0| ntS Fig. 3. Patterns and magnitudes of hyporheic water exchange
at the test site as well as the water depth at different test
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 points.
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Fig. 4. Groundwater and river levels at the study area from 8 to 14 August
2016.
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Table 2
Mean water chemistry values in pore water, surface water, and groundwater on 12 August
2016.

Parameters Depths in pore water Surface water ~ Groundwater
0-15cm  15-30cm  30-45cm

NH,* (mg/L) 13.94 15.64 4.17 1.02 1.39

NO;~ (mg/L) 1.99 3.10 3.16 6.49 0.55

NO,~ (mg/L) 0.06 0.04 0.04 0.03 0.01

DO (mg/L) 6.88 6.29 5.62 9.60 4.28

EC (us/cm) 830.73 759.13 673.27 559 778

ORP (mv) 119.95 118.41 119.07 65.3 -28.1

concentrations in surface water and groundwater exceeded the MCLs
during the test period. In addition, a high NH, " concentration existed
in groundwater, and the degree of pollution was higher in groundwater
than in surface water. Groundwater may have been influenced by ni-
trogen pollution from the investigated sewage treatment plants in up-
stream (Ingendahl et al., 2002), meanwhile, irrigated agriculture has a
significant impact on groundwater at the study site (Zhang et al., 2004).

The solute concentrations and parameters, including NH,*, NO, ™,
NO3; ™, DO, EC, and ORP, in pore water at the three sediment depths
beneath the sediment-water interface (0-15cm, 15-30cm, and

13
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Fig. 5. Average cumulative percentage of the sedi-
ment grain size by weight at each test point, in-
cluding four groups (clay, fine sand, coarse sand, and
gravel) based on sediment grain sizes.
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30-45 cm) were determined at the 15 test points. The concentrations of
NOs~ and NH,™ in different pore water layers spatially varied during
the test period (Fig. 5a and b). The NO3; ™ concentrations in pore water
ranged from 0.10 to 9.98 mg/L, while the NH,* concentrations ranged
from 0.17 to 32.83 mg/L (Table 2). The mean concentrations of NO3 ™~
in pore water were 1.99 mg/L, 3.10 mg/L, and 3.16 mg/L at 0-15cm,
15-30cm, and 30-45cm, respectively (Table 2). Additionally, the
mean concentrations of NH,* in the three layers were 13.94 mg/L,
15.64 mg/L, and 4.17 mg/L, respectively (Table 2). NH;* dominated
the hyporheic zone compared to NO;~ and NO, ™ at the test site. Duff
and Triska (2000) suggested that until sufficient NO3~ is produced via
nitrification, NH,* will dominate rivers. Additionally, significant ver-
tical spatial variability in the solute concentrations of pore water was
observed during the test period (Fig. 6). The mean concentration of
NO3 ™ in pore water increased as the sediment depth increased from 0
to 45cm, and the NO3~ concentration increased by 30% in the
30-45 cm layer (Fig. 6b). This increase may be the result of nitrification
(Storey et al., 2004). However, the mean concentration of NH,* in pore
water exhibited a slight increase in the 15-30cm layer and then
trended to decrease at the lower layers (Fig. 6a). This increase may have
been caused by nitrogen mineralization, via which the organic matter in
surface water can enter the sediment via deposition and be transformed
into NH,* by ammonification (Lafreniére and Lamoureux, 2008).
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Moreover, the excreta of invertebrates is a source of at depths of
0-30 cm, where invertebrates are mainly concentrated (Xu et al., 2012).

3.3. Effect of hyporheic water exchange on nitrogen concentrations

Precipitation varies seasonally in the Weihe River Basin, with the
majority of floods occurring between July and October. The floods had
significant effects on stream ecosystems (Cai et al., 2011). Under high-
flow conditions, Gu et al. (2012) suggested that decreased groundwater
input to streams and increased surface water residence time promote
nitrogen removal in the hyporheic zone. Under minimum-stage condi-
tions, surface water enter into the hyporheic zone is minimal, and the
hyporheic water exchange fluxes are not enough to promote abundant
groundwater-surface water mixing. Therefore, nitrogen removal is
weak in the hyporheic zone (Briody et al., 2016). The primary goal of
this study is to investigate the effect of upwelling fluxes on inorganic
nitrogen concentrations in the pore water. The field work was con-
ducted on 12 August 2016 to avoid the influence of river flow fluc-
tuation on hyporheic nitrogen concentrations and unstable hyporheic
water exchange because both surface water level and groundwater level
were approximately steady around the day (Fig. 4). The upwelling
fluxes and pore water concentrations of inorganic nitrogen (including
NH4*, NO3~, and NO, ") in the 0-45 cm layer were obtained at dif-
ferent test points (Fig. 7a and b) to analyse their spatial distributions in
a visual manner. A negative correlation between NO;~ and NH, ™" at
many points is shown in Fig. 7. This correlation reflects the fate of ni-
trogen in pore water sediments. NH," dynamics were an intimate
component of NO3~ cycling (Zarnetske et al., 2012), and NH;" was
easily converted to NOs3;~ by nitrification under oxic conditions
(Lafreniere and Lamoureux, 2008). In this study, the NO3~ con-
centrations were relatively low compared with NH,* concentrations in

the pore water, and the increase of the NO;~ with sediment depth was
not significant. This result suggests that nitration process is slow at
depths of 0-45cm in the sediment. Additionally, the NO,  con-
centrations in pore water were low at all other test points except point 4
(Fig. 7c). This phenomenon at most points may have been caused by the
unstable transformation of NO, ™~ into NO3;~ (Schullehner et al., 2017).

Statistical correlation and regression analyses involving the solute
concentrations in pore water (NH;", NO3~, NO,~, and DO) and the
hyporheic fluxes were conducted (Fig. 8). Notably, a favourable
quadratic polynomial fit was observed between NH," and the fluxes,
indicating a non-linear relationship (p = 0.018). For upwelling fluxes
less than approximately 400 mm/d, NH,* concentrations exhibited a
well-defined increasing trend as the fluxes increased. When the up-
welling fluxes reached approximately 400 mm/d, the NH," con-
centrations began to decrease with increasing fluxes. These trends can
be affected by ammonifiers in the hyporheic zone and the DO level and
hyporheic water residence time during the test period (Franken et al.,
2001; Ingendahl et al., 2002; Lin et al., 2015). The types and levels of
microbial activity were easily determined by the distinct patterns of
physical and chemical conditions in the hyporheic zone (Claret and
Boulton, 2009). The river water was slightly acidic (pH = 6.37), while
groundwater was slightly alkaline (PH = 9.63) at the test site. The large
upwelling fluxes (groundwater significantly discharged into the river)
during the test period created a comfortable living environment for
ammonifiers. An optimum pH of approximately 7.5 was created
(Dewes, 1996), and abundant ammonifiers easily mineralized organic
nitrogen, which caused NH4* concentrations to increase (Lin et al.,
2015). However, when upwelling fluxes are more than approximately
400 mm/d, the DO of pore water can be the primary factor that influ-
ences NH,* concentrations and controls the mineralization of organic
nitrogen into NH4* (i.e., a redox-sensitive species) (Lin et al., 2015).
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Under the oxic conditions, NH," easily accumulated in the hyporheic
zone due to nitrogen mineralization of dissolved and buried organic
material that released NH, " (Storey et al., 2004). Based on the analyses
of the ORP and DO concentrations in the hyporheic zone and ground-
water (Table 2), groundwater with a low oxygen concentration was
readily discharged into the hyporheic zone via upwelling flows. This
process decreased DO levels in the hyporheic zone (Fig. 8b). Moreover,
a significant negative correlation was observed between the fluxes and
DO of pore water in the hyporheic zone at the test site during the test
period (p < 0.01) (Fig. 8b). This result indicates that the upwelling
fluxes decreased the DO concentration of pore water. Upwelling
transports low-oxygen groundwater into the hyporheic zone, creating a
low-oxygen environment that leads to decreased NH,* concentrations.
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Fig. 7. Spatial distributions of hyporheic

N NH,4" concentrations (a), NO;~ concentra-
A tions (b) and NO,~ concentrations (c) of
pore water in the sediment.
Legend

o Test points
¢ NH;* (mg/L)
I 0.45 - 4.50
[ 4.50 - 7.97
[ 797-11.03
11.03 - 13.72
13.72 - 16.08
[ 16.08 - 18.16
I 18.16 - 19.98
I 19.98 - 21.60

N

A

Legend

o Test points

¢ NOs™ (mg/L)
B 1.05-1.21
W 1.21-1.44
[ 1.44-182
. 1.82-2.41
2.41-3.34
3.34-3.93
. 393-431
[ 4.31-454
I 454 -4.69
I 4.69-4.79

N

A

Legend
o Test points

¢ NO2 (mg/L)
I 0.021 - 0.022
[ 0.022-0.025
[ 0.025 - 0.029
0.029 — 0.035
0.035 - 0.043
0.043 — 0.054
| 0.054 —0.071
[ 0.071-0.095
I 0.095 - 0.129
I 0.129 - 0.153

This finding is opposite that reported by Briggs et al. (2014), who found
that hyporheic NH,* concentrations were negatively correlated with
DO concentrations in the Little Popo Agie River of the United States.
This difference may be associated with the pollution status of each
river. Specifically, the study site in the Weihe River is subjected to or-
ganic matter pollution, especially from domestic sewage (Li et al., 2013;
Wang et al., 2016). The ammonification was dominant in the hyporheic
zone from 0 to 45 cm, and most of the DO in the hyporheic zone was
consumed via this process, which led to the release of NH,* (Storey
et al., 2004).

In addition, the water residence time also played a crucial role in the
retention of nutrients and organic matter and influenced the nitrogen
cycle processes (Valett et al., 1996). Weak surface water-groundwater
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Fig. 8. Relationship between the hyporheic upwelling fluxes and NH,* (a), DO (b), NO3~ (c), NO,~ (d) concentrations in the pore water of the sediment during the study period.

exchange indicates a long water residence time (Briggs et al., 2014). In
this study, over large water exchange fluxes resulted in short water
residence times and low DO concentrations (Storey et al., 2004; Briggs
et al., 2014; Heppell et al., 2014). The changes in hydrochemistry and
hydrodynamics caused transitions from increase to reduction of NH,™*
concentration in pore water (Fig. 7a).

However, significant correlations did not exist between upwelling
fluxes and NO3;~ or NO, ™~ concentrations (Fig. 8c and d). High con-
centrations of NO;~ were generally observed in surface water com-
pared to those in pore water (Table 2). In addition, the NO3 ™ in surface
water can potentially influence the NO3; ™~ concentration in pore water
in the hyporheic zone, as dynamic hyporheic water exchange occurred.
Moreover, low NO,~ concentrations were observed at the test site,
except at point 4, where the minimum upwelling flux was observed
(—50mm/d) (Figs. 2b and 7c). In addition, the weak water exchange
reflected a long water residence time in the hyporheic zone, indicating
that hyporheic microorganisms had more time to mineralize organic
nitrogen and consume DO in the hyporheic zone (Briggs et al., 2014).
High concentrations of NH, " and NO, ™ and a low NO; ™~ concentration
were observed at point 4 under low DO conditions (Fig. 8). These re-
sults suggest dissimilatory nitrate reduction to ammonium (DNRA) was
occurred at point 4 (Cheng et al., 2016). Cheng et al. (2016) found that
the DNRA measured at some study points contributed to 50% of nitrate
reduction. Additionally, the largest concentration of NH,* in pore
water was observed at point 4 (21.59 mg/L), which had the most clay
(Figs. 7a, 5). This clay readily hinders the upwelling to generate the
interception of NH," in pore water (Van Raaphorst and Malschaert,
1996).

4. Conclusions

In this study, the spatial variability of hyporheic water exchange
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and inorganic nitrogen concentrations in the pore water at Xi’an section

of the Weihe River, China, were analysed and discussed. The solute

concentrations in pore water (NH4*, NO3~, NO,~, and DO) and the

hyporheic flux data were collected in the field on 12 August 2016.
The study results are as follows:

(1) Hyporheic water exchange was characterized by upwelling flows at

all test points, and the fluxes ranged from —50mm/d to

—802 mm/d during the test period. The low fluxes occurred at deep

test points, and the grain size played a crucial role in water ex-

change processes. Notably, more clay contents led to low water
exchange fluxes.

NH,* dominates the hyporheic zone from 0 to 45cm, and large

spatial variations in nitrogen concentrations, including NH,* and

NO;~, were observed. The NH;* concentrations decreased and

NO3~ concentrations increased with sediment depth.

(3) A non-linear relationship between NH4* concentrations and up-
welling fluxes was found in the hyporheic zone. When the upwel-
ling flux was less than approximately 400 mm/d, the NH,* con-
centrations increased with the flux. This trend may be related to the
pH, which slightly increased as the upwelling flux increased. This
process created a living environment with a pH suitable for am-
monifiers. The abundant ammonifiers mineralized organic nitrogen
and increased the NH4* concentrations. Additionally, the water
residence time had a significant effect on nitrogen transformation
when the upwelling flux was greater than approximately 400 mm/
d. A short water residence time weaken organic nitrogen miner-
alization, which led to low concentrations of NH,*. Moreover,
decreases in DO concentrations also led to decrease in NH,* con-
centrations.

(2)

This study investigated the spatial distribution of inorganic nitrogen
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in pore water and determined the interaction of groundwater and sur-
face water in the Weihe River, further analysed the influence of hy-
porheic upwelling fluxes on inorganic nitrogen concentrations in the
pore water. The results that we obtain from this study can provide
important information to adjust hyporheic water exchange by hydro-
logic controls for nitrogen removal in hyporheic zone as well as being
efficient for water resource management. However, this study only il-
lustrates the vertical characteristics of hyporheic water exchange. In
future studies, the water exchange in other directions and additional
hydrological parameters should be considered. To better understand the
effects of hyporheic water exchange on inorganic nitrogen concentra-
tions in the pore water of the Weihe River, further the abundance and
diversity of microorganisms must be assessed.
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