
P
os

te
d

on
A

u
th

or
ea

19
N

ov
20

19
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
57

4
18

23
1.

15
22

51
11

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Feasible ways promoting nitrogen removal in riparian zone
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Abstract

Set in the downstream riparian zone of Xin’an River Dam, this paper established a two-dimensional coupling flow and solute

transport and reaction model, and explored the denitriding methods and principles in the riparian zone from the perspective

of hyporheic exchange, which provided a basis for the engineering techniques for river ecological restoration. Our studies have

shown that under the condition of water level fluctuation, biological method such as adding denitrifying bacteria biomass could

greatly increase the denitriding rate in the riparian zone; chemical methods such as adding organic carbon into the surface water

or groundwater could increase the total riparian nitrogen removal and its efficiency to a certain extent; hydrogeological methods

such as silt cleaning of the aquifer surface or local pumping around the contaminated area could increase the total riparian

nitrogen removal to some extent, but correspondingly reduce the denitriding efficiency; physical methods such as designing the

bank form into gentle slope or concave shape could slightly increase the total riparian nitrogen removal and correspondingly

improve the denitriding efficiency. At the application level of river ecological restoration, integratedly adopting the above

methods can make the riparian denitriding effect “fast and good”.

1 INTRODUCTION

In the natural hydrologic cycle, surface water and groundwater are not independent units, but an or-
ganic whole, that is, there is a good hydrological connectivity between them. As early as 1959, Orghi-
dan (1959) realized the ecological significance of the interface between surface water and surrounding ground-
water, and first proposed the concept of the Hyporheic Zone. Up to now, scholars all over the world have car-
ried out a mass of research on hyporheic zone in different research fields, and great progress has been made
not only in the understanding of the hyporheic exchange mechanism, but also in the development of numerical
models, indoor and outdoor testing techniques (Xia et al., 2013). With the maturity of hyporheic exchange
theory, in recent years more and more scholars have concerned more on quantitative study of hydrochemical
process in the hyporheic zone, of which the nitrogen cycle was a hot topic.

Some scholars have found that compared with flat terrain, a fluctuating riverbed structure can better im-
prove the denitriding capacity in the hyporheic zone through numerical simulation. The typical riverbed
structures are dune structure (Bardini et al., 2012), wood structure (Cardenas, 2009) and riffle-deep pool
structure (Daniele and Buffington, 2007). In addition, Hu et al. (2014) further compared the influences of
riverbed staircase structures with and without microtopography on nitrogen cycle in the hyporheic zone.
And found that microtopography increases the hyporheic exchange intensity and produces a series of short
immigration paths on the shallow layer of hyporheic zone, where has a relatively high oxygen content, thus
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promoting nitrification and inhibiting denitrification, furthermore resulting in a decrease in the denitriding
capacity in the hyporheic zone. Compared with the terrain factor, the surface water fluctuation is generally
better for the hyporheic nitrogen removal. Numerical simulation studies from Gu et al. (2012), Shuai et
al. (2017) and Trauth et al. (2018) have concluded that the greater the surface water level fluctuates
and the longer the water level duration is, the stronger the denitriding capacity in the hyporheic zone is.
Liu (2019) found that under the assumed fixed upstream flood volume, the hyporheic denitriding capacity
first increased and then decreased with the duration/amplitude ratio of water level fluctuation, while it in-
creased logarithmically with the pulse frequency of water level fluctuation. This is of great significance for
the ecological restoration of the riparian zone downstream of the reservoir. In addition, Shuai et al. (2017)
further explored the impacts of surface water-groundwater hydraulic gradient, aquifer hydraulic conductiv-
ity and aquifer dispersion coefficient on the hyporheic nitrogen removal under the condition of water level
fluctuation.

In addition to the aforementioned topography and hydrogeological factors, there are many biochemical fac-
tors influencing nitrogen cycle in the hyporheic zone, for example: 1) denitrifying bacteria. Adding deni-
trifying bacteria, like Thiobacillus denitrificans and Micrococcus denitrificans, can effectively accelerate the
denitriding process (Hou et al., 2015). 2) Dissolved oxygen. Dissolved oxygen has an inhibitory effect on
denitrification, and it is generally controlled at 1mg/L (Zhang et al., 2014). Duff and Triska (2011) studied
the effect of dissolved oxygen concentration on the nitrogen cycle, and confirmed that the nitrogen cycle in
the hyporheic zone is mainly based on the redox process of biological effect. 3) Organic carbon source. The
electron donors (hydrogen donors) in the denitrification process are a variety of organic substrates (carbon
sources). For example, if methanol is taken as an organic carbon source, not only can NO2-N and NO3-N
be reduced, but also oxidative decomposition of organics can be promoted. In consideration of an additional
consumption of dissolved oxygen for organic carbon source, the dosage of organic carbon is generally 3 times
of NO3-N. Hu et al. (2014) pointed out that the increase of organic carbon concentration in surface water
can effectively promote aerobic respiration and cause the attenuation of nitrification for the consumption of
dissolved oxygen. However, due to the existence of microtopography, denitrification is basically unaffected.

In summary, the researches on nitrogen cycle in the hyporheic zone have made great achievements, but there
are still some deficiencies. Firstly, although there have been some studies on the effects of chemical factors
on surface-subsurface nitrogen flux (e.g., Hu et al., 2014), quantitative studies involving nitrogen transfor-
mation in the hyporheic zone are not sufficient, especially under the condition of water level fluctuation.
Secondly, the researches on nitrogen cycle driven by the bank form are still insufficient, such as the effects of
bank slope, concave and convex shapes on the riparian nitrogen cycle. Finally, there is still a lack of compar-
ison among the impacts of the above mentioned hydrological, chemical and physical factors on the hyporheic
denitriding capacity.

In addition, although the hyporheic zone plays an unneglectable role in the maintenance of river ecological
health, which has been gradually proved and accepted by the global community of scholars, the practice
of incorporating the hyporheic zone into designing schemes and engineering measures for the ecological
environment protection and restoration of the whole river is still lagging behind. The focus of many projects
such as reservoir operation, aeration, aquatic plant restoration, sediment dredging, ecological revetment,
constructed wetlands, chemical remediation is only limited to the surface water, while the hydrodynamic
exchange process and ecological significance between surface water and nearby shallow groundwater are
not considered, which makes it impossible for the river to maintain effective long-term self-purification
capacity. Therefore, to coordinate and consider the basic elements of the river system, and to carry out river
ecological restoration from the level of hyporheic exchange should be one of the important contents of river
ecological restoration and management.

Therefore, this paper discussed the influence principles of various factors on the hyporheic nitrogen re-
moval from the perspective of biochemistry, hydrogeology and topography. Under the premise of surface
water fluctuation, the following aspects are discussed: 1) the impacts of denitrifying bacteria and dissolved
organic carbon on the hyporheic denitriding capacity. 2) The impacts of hydrological connectivity and surface
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water-groundwater hydraulic gradient on the hyporheic denitriding capacity. 3) The impacts of river bank
slope and convex and convex forms on the hyporheic denitriding capacity. Furthermore, this paper narrated
the corresponding feasible engineering measures, aiming at providing technical support for the current river
restoration.

2 METHODS

2.1 Study site

The field site is located in the riparian zone (29°24’N, 119°21’E) downstream of the Xin’an River Dam, Jiande,
China (see Liu et al. (2018) for details). The river water level at the site has been often affected by the
upstream reservoir discharge for years, with the amplitude up to 1m. Three water-level monitoring wells
were arranged along the cross section of the riparian zone. The horizontal line 699.3cm below the bottom of
well #1 (Liu et al., 2018) was set as the baseline (i.e., 0m). In each well an HM21input liquid level transmitter
that is accurate up to 0.1cm was installed. The data were automatically recorded every 5 minutes through a
real-time automatic acquisition system to the computer via a remote terminal. There were large amount of
gravels in the riparian zone, of which the maximum gravel size exceeded 10cm. Hence, it was inconvenient
to conduct slug tests. By sampling the soil at different depths around the monitoring wells, and conducting
particle diameter analyses and indoor Darcy Penetration tests, the effective porosity of the aquifer was
measured to be 0.4 and the average saturated hydraulic conductivity (K ) was measured to be 137.2m/d
(Table 1).

Table 1 should be here

2.2 Modeling

2.2.1 Conceptual model

Based on the field tests, a two-dimensional cross-section coupling flow and solute transport and reaction
model was constructed in the riparian zone. The domain was 200m long and 10m high, and the slope of the
bank was 45° (Fig. 1). The assumptions and simplifications of the model were the same as the model of Liu
et al. (2019). The flow and chemical boundary conditions of the model were shown in Fig. 1. Due to the lack
of groundwater level data and the fact that groundwater level at the long distance from the river was nearly
not affected by river fluctuation (Siergieiev et al., 2015), the right boundary of the model was set as no flow
boundary. The initial hydraulic head distribution of the study domain was obtained by steady simulation on
a given type of boundary condition, while the initial concentration distribution of each solute was directly
assigned according to the measurements.

Figure 1 should be here

2.2.2 Governing equations

The model coupled the variable saturated flow (Voss, 1984) based on Richards’ Equation and solute transport
and reaction process based on Advection-Dispersion-Reaction Equation (1). Richards’ Equation considered
the poroelastic response of aquifer media that caused by changing hydrostatic loading, which was the same
as that of previous studies (e.g., Reeves, 2000; Gardner and Wilson, 2006; Boutt, 2010).

∂
∂t (θCj)−∇ • (θD∇Cj) +∇ • (qCj) = Rj (1)

3



P
os

te
d

on
A

u
th

or
ea

19
N

ov
20

19
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
57

4
18

23
1.

15
22

51
11

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Where Cj is the concentration of solute j ;θ is the water content; q is the Darcy velocity vector; D is the
hydrodynamic dispersion coefficient tensor; Rj is the reaction rate of solute j .

Multicomponent reactions involved in the model included aerobic respiration (AR), nitrification (NI) and
denitrification (DN). The organic matter (DOC) was represented by the chemical formula ”CH2O”. All the
reaction equations are as follows:

CH2O + O2- H2O + CO2 (2)

NH4+ + 2O2-NO3-+ H2O + 2H+ (3)
5CH2O + 4NO3-+ 4H+-7H2O + 5CO2+ 2N2 (4)

By using the Multiple-Monod kinetics model to represent the aforementioned reactions (Molz, et al, 1986),
the reaction terms in Eq. (1) are expressed as following:

RO2 = −θVARXARyO2

(
CDOC

KDOC+CDOC

)(
CO2

KO2+CO2

)
− θVNTXNT(1− yO2)

(
CNH4

KNH4+CNH4

)(
CO2

KO2+CO2

)
(5)

RNH4 = −θVNTXNT

(
CNH4

KNH4+CNH4

)(
CO2

KO2+CO2

)
(6)

RNO3 = θVNTXNT

(
CNH4

KNH4+CNH4

)(
CO2

KO2+CO2

)
− θVDNXDN

(
KI

KI+CO2

)(
CDOC

KDOC+CDOC

)(
CNO3

KNO3+CNO3

)
(7)

RDOC = −θVARXARyO2

(
CDOC

KDOC+CDOC

)(
CO2

KO2+CO2

)
− θVDNXDN

(
KI

KI+CO2

)(
CDOC

KDOC+CDOC

)(
CNO3

KNO3+CNO3

)
(8)

where C O2, C NH4,C NO3 and C DOC is the concentration of dissolved oxygen (O2), ammonium (NH4+),
nitrate (NO3-) and dissolved organic carbon (DOC), respectively; R O2,R NH4, R NO3 andR DOC is the
reaction rate of O2, NH4+, NO3- and DOC, respectively;V AR, V NT,V DN is the maximum specific
uptake rates of the substrate of AR, NT and DN, respectively; X AR,X NT and X DN is the biomass of the
functional microbial group of promoting AR, NT and DN, respectively; K O2, K NH4,K NO3 and K DOC
is the half-saturation constants of O2, NH4+, NO3- and DOC, respectively;K I is the inhibition constant;
yO2 is the O2 partition coefficient;U AR, U NT andU DN (U = VX ) is the lumped specific maximum
microbial reaction rate of AR, NT and DN, respectively.

2.2.3 Numerical Model and its verification

The numerical modelling code FEFLOW 7.0 (Diersch, 2014) was used to simulate the variably saturated
flow and solute transport and reaction by using the PARDISO solver (Schenk and Gärtner, 2004). The
model domain was discretized through triangular grid generator, with finer mesh (dx =0.1m) around the
surface water-groundwater interface (0 <x <20m) and water-level sensors, medium mesh (dx =0.5m) wi-
thin 20 <x <100m region and larger mesh (dx =2m) within 100 <x <200m region. The total number
of model grid cells was 46679 and the total number of nodes was 23767. In order to keep the computatio-
nal time within reasonable limits, the automatic time-step control was adopted by setting the initial time
step of 0.001d and maximum time step of 0.5d. The model was calibrated by mainly adjusting K through
comparing the calculated and measured values of groundwater level and temperature, with the other flow
and thermal parameters being the empirical values of sandy loam described by Carsel and Parrish (1988).
The calibration and verification periods were respectively Oct 26, 2014-Dec 26, 2014 and Oct 1, 2015-Oct
21, 2015. The solute transport and reaction model was not calibrated and the biochemical parameters were
assigned by empirical values too.

2.2.4 Quantification of biogeochemical reaction

Under the water level fluctuation, the consumption of solute j (i.e., O2, NH4+, NO3 – and DOC) at any

4
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time can be obtained by the following (M rem-j ):

Mrem−j =
∫ T

0

∫
Ω
θR

j
dΩdt (9)

where C 0 is the initial concentration of solutej in surface water, tF is the infiltration time andq denotes the
exchange flux between the surface water and groundwater that obtained by integrating the normal velocity
(vn ) along the stream-aquifer interface:

q =
∫ l

0
vndl (11)

where l is the length of the stream-aquifer interface.

The consumption efficiency (Nrem−j) of solute j can be further calculated:

Nrem−j =
Mrem−j

Min−j
(12)

2.2.5 Model scenarios

The verified model was used to study the nitrogen cycle in the riparian zone under the coexistence of water
level fluctuation and other factors at the site. The amplitude and duration of the water level fluctuation
are A =0.6m, T =3d respectively. The initial groundwater level (7.74m) was assigned of the average base
flow water-level at the site from 2014 to 2015. This paper aims to explore the methods and principles of
improving the denitriding capacity in the riparian zone from many aspects. For example, biological method
such as adding denitrifying bacteria into the aquifer; chemical methods include increasing DOC concentration
of surface water and groundwater; hydrogeological methods include enhancing hydrological connectivity and
initial surface water-groundwater hydraulic gradient; topography methods include changing the slope and
concave and convex shape of the bank. All the numerical test cases are shown in Table 2.

Table 2 should be here

3 RESULTS

3.1 Model test

The numerical modelled and measured hydraulic heads were shown in Fig. 2(a). On the whole, the assigned
parameters were basically in line with the actual situation. The established numerical model could basically
recreate the groundwater flow field at the site. The overall trend of modelled temperature was consistent
with the measured values (Fig. 2b). The reason for the fluctuation of measured temperature might be
that the monitoring well was not sealed, resulting in the measured values being greatly affected by the air
temperature. All the input parameters of the model are shown in Table 3. Since the aquifer contains a large
amount of gravel, the longitudinal dispersivity of the model was set to 1m. Biochemical parameters were set
according to the empirical values that obtained by comparing multiple literatures.

Figure 2 should be here

Table 3 should be here
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3.2 Biochemical methods for denitriding

Fig. 3 showed the concentration distribution of O2, NO3- and DOC at typical moments of water level
fluctuation under the conditions of different surface water DOC concentrations. In the surface water in-
filtration period (t <1.5d), the concentration distribution of NO3- (or O2) was almost unchanged in all
cases. It was because the dominant factor affecting the concentration distribution of each solute was its
infiltration capacity from surface water, by comparison, the change of DOC concentration in surface wa-
ter had relatively small impact on AR, NI and DN during this period, namely, the solute reactivity was
much smaller than the infiltration capacity. During the groundwater backflow period (t >1.5d), the con-
centration distribution of NO 3- (or O2) varied greatly under different cases, mainly due to the riparian
zone no longer receiving the solute recharging from the surface water, and the chemical reaction was the
dominant factor in the change of solute concentration distribution. Comparing the different cases in Fig. 3,
with the increase of DOC concentration in surface water, the NO3 - plume shrunk obviously in the water level
descending period, and the low-concentration-zone of O2 expanded significantly, which indicated that in-
creasing the DOC concentration in surface water could strengthen the AR and DN and thereby enhance
the denitriding effect. During the whole water level cycle, when the DOC concentration of surface water
increased from 5mg/L to 15mg/L (namely, raise twice), the denitriding amount (M rem-NO3) increased
from 6.34g to 22.70g (namely, raise 2.6 times), correspondingly, the maximum denitriding rate increased
from 1.58g /d to 3.39 g/d. Since the total amount of NO3– infiltrating into the riparian zone (M in-NO3
=40.90g) was a constant, the denitriding efficiency (N rem-NO3) increased from 15.5% to 55.5 % (Table 4).

By comparing case 4, 5 and 6, the AR and DN processes in the riparian zone were obviously enhanced with
the increase of DOC concentration in groundwater, which was corroborated by the decrease of overall O2
concentration, significant increase of low-value area of DOC concentration and obvious shrink of the NO3-
plume during the water level descending period (concentration distribution picture was omitted). During the
water level cycle, when the groundwater DOC concentration increased from 0mg/L to 10mg/L, M in-NO3
increased from 6.34g to 22.23g, and the maximum denitriding rate increased from 1.58g/d to 4.89g/d corre-
spondingly.M in-NO3 =40.90g kept no change, resulting in N rem-NO3 increased from 15.5 % to 54.5 % (Ta-
ble 4). Thus, when the DOC concentration of surface water or groundwater increased to the same extent
(10mg/L), the increase of maximum denitriding rate induced by surface water was smaller than that of
groundwater (3.39g/d <4.89g/d), but the final denitriding amount was larger (22.70g >22.23g). This was
because that the increase of groundwater DOC concentration could ensure the riparian zone with a relatively
high DOC concentration in a short time, thereby improving the denitriding rate. However, the total DOC
involved in the DN process was relatively small, resulting in a small denitriding amount.

Denitrifying bacteria mainly affected the DN process, while had little effect on AR. Comparing case 7, 8
and 9, the DOC and NO3- plumes involved in the DN process decreased with the increase of X DN, while
the O2 plume had no significant change (concentration distribution picture was omitted). During the water
level cycle, whenX DN increased from 2mg/L/d to 6mg/L/d , M rem-NO3 increased from 6.34g to 11.38g, the
maximum denitriding rate increased from 1.58g/d to 4.61g/d correspondingly, while M in-NO3 =40.90g kept
no change, resulting in N rem-NO3 increased from 15.5% to 7.8% (Table 4 ). WhenX DN increased 2
times, the denitriding amount and maximum denitriding rate increased about 5g and 3g/d respectively.
By comparison, when the surface water DOC concentration increased 2 times, the denitriding amount and
maximum denitriding rate increased about 16g and 1.8g/d respectively. Therefore, increasing X DN could
speed up the denitriding process, but the denitriding process would be limited to the infiltration amount of
DOC from the surface water, causing the denitriding amount by increasing X DN was smaller than that by
increasing the DOC concentration in surface or groundwater.

Table 4 should be here

Figure 3 should be here
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3.3 Hydrogeological methods for denitriding

Fig. 4 showed the concentration distribution of O2, NO3- and DOC at typical moments of water level
fluctuation under different K . When the hydrological connectivity was enhanced, the AR and DN reaction
areas were significantly enlarged, which was corroborated by that all the solute plumes increased with
the increasing K at any moment during the water level cycle. In Table 5, the corresponding denitriding
amounts under different Kwere shown, which quantitatively indicated that the larger K was, the greater the
denitriding capacity was. This was because the better hydrological connectivity could increase the maximum
aquifer water storage (Q max) (Table 5). AndM in-NO3 has positive correlation with Q max (e.g., Gu et al.,
2012). During the water level cycle, when the K increased from 43.2m/d to 129.6m/d, M in-NO3 increased
from 40.90g to 66.75g, the range of reaction (lateral coordinate) increased from x =10m to x =12m, M
rem-NO3 increased from 6.34g to 8.46g, the maximum denitriding rate increased from 1.58g/d to 2.57g/d,
while N rem-NO3 decreased from 15.5% to 12.7% (Table 5).

By comparing case 13, 14 and 15, the range of each solute plume increased with the increase of i . During the
water level regression period, each solute plume did not shrink, but continued expanding (concentration dis-
tribution picture was omitted), which indicated that the consumption of solute through chemical reactions
was smaller than solute being carried from the river induced by the hydraulic gradient between surface water
and groundwater. During the water level cycle, the range of reaction (lateral coordinate) increased from
x =10m to x =16m,M rem-NO3 increased from 6.34g to 35.89g, the maximum denitriding rate increased
from 1.58g/d to 2.18g/d, whileN rem-NO3 reduced from 5.5% to 13.6% (Table 5 ). It could be found that
the maximum denitriding rate had no significant change with the change of i , and the influence of i onM
in-NO3 , M rem-NO3 and the reaction range were much greater than that of K on them.

Table 5 should be here

Table 6 should be here

Figure 5 should be here

4 DISCUSSION

4.1 Deficiency of the model

The two-dimensional, variably saturated and multispecies reactive transport model in this paper has many
shortcomings. First of all, the flow model was based on a series of assumptions, which could be seen for details
from the model of Liu et al. (2019). Secondly, the calibration of the flow model was determined by mainly
adjusting the hydraulic conductivity of the aquifer. Because the hydraulic conductivity was very sensitive to
the model, and there were many deviations of the indoor Darcy Penetration tests in obtaining the hydraulic
conductivity. Thirdly, the biogeochemical parameters of the model were set according to the empirical
values as the previous studies (e.g., Shuai et al., 2017), which had non-ignorable influences on the model
results. Lastly, in the nitrogen cycle of the chemical model, process like anaerobic ammoxidation (DNRA)
was not taken into consideration, which had a certain impact on the transformation of nitrogen (Zarnetke et
al., 2012). In summary, the calculations of the denitriding amount in the riparian zone of this model under
various cases might be just estimated values, however it did not affect our exploration to the denitriding
methods and principles in the riparian zone of a regulated river.

4.2 Implications

4.2.1 Principles of biochemical denitriding and engineering measures

7
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In general, the influence principles of surface water and groundwater quality and denitrifying bacteria on
riparian denitrifying amount were the same, that is to say, they all increased the denitrifying capacity by
enhancing chemical reactivity. However, there were some differences. Increasing DOC concentration of
surface water and groundwater improved the denitriding capacity by increasing the electronic donors in the
denitrification process, while increasing denitrifying bacteria biomass was equivalent to the catalyst function
on denitrification. Therefore, the formers had greater impacts on the denitriding amount in the riparian
zone, while the latter mainly had a greater impact on the denitriding rate.

Hence, in the heavy nitrate contaminated riparian zone, appropriate waste wood materials can be piled up
at the interface between surface water and groundwater according to local conditions, which can be provided
as the carbon source for DOC being infiltrated into the aquifer from surface water, thereby promoting the
removal of nitrogen. Furthermore, some tree branches and leaves can be put or some green plants can be
planted on the surface of the riparian zone, so that the rain will carry a certain amount of DOC into the
aquifer to increase the groundwater DOC concentration and promote the removal of nitrogen. In addition,
Mycobacterium szulgai and Pseudomonas fluorescens can be directly put into the aquifer to increase the
biomass concentration of denitrifying bacteria. This method cannot greatly increase the denitrifying amount
in the riparian zone, but it can effectively speed up the denitrifying process and improve the denitrifying
efficiency.

4.2.2 Principles of hydrogeological denitriding and engineering measures

The influence principle of K or i on the riparian denitriding amount was different from that of the biochemi-
cal factors. The latters increased the riparian denitriding amount by enhancing the chemical reactivity, while
the former increased the denitriding amount by enhancing the hyporheic exchange and increasing the total
amount of solute infiltration. Compared with the previous studies (e.g., Shuai et al., 2017), the influences
ofK and i on M in-NO3, M rem-NO3 and N rem- NO3 are the same, which also indicates the rationality
of this model. In addition, although increasing K or i could increase M rem-NO3 to some extent, butN
rem-NO3 was decreased correspondingly. This is because that N rem-NO3 is the ratio ofM rem-NO3 toM
in-NO3. When K or i increased, the increase extent of numerator was smaller than denominator. For
example,M in-NO3=5g and the corresponding M rem-NO3 =2g, then N rem-NO3 =40%. Increasing K to
makeM in-NO3 be 10g, and assuming 10g is the sum of the total infiltration in two periods. During the
previous period, NO3- infiltration amount is 5g and the corresponding M rem-NO3 is 2g. During the latter
period, NO3- infiltration amount is also 5g, but the corresponding M rem-NO3 is less than 2g. This is be-
cause the concentration of DOC in the riparian zone is lower than that of O2 after the asymmetric chemical
reaction in the previous period (nitrification consumes less O2 while denitrification consumes more DOC),
causing O2 being relatively surplus in the latter period, thereby inhibiting the denitrification to a certain
extent. Therefore, the total denitriding amount becomes smaller (<4g) and finally N rem-NO3 becomes
smaller overall (<40%).

In practical measures, K can be increased by clearing the sedimentary silt along the interface between
river and bank. In general, the hydraulic conductivity of the silt in aquifer surface is about two orders of
magnitude lower than that of the aquifer. Hence, silt cleaning will greatly increase the hyporheic exchange
during the water level fluctuation, and improve the riparian denitriding capacity correspondingly. As for the
increase of i , it can be achieved by local pumping measures in the bank. In order to reduce the workload,
local underground pumping can be carried out near the seriously contaminated riparian zone.

4.2.3 Principles of topography denitriding and engineering measures

The influence principle of the bank form on the riparian denitriding capacity during the water level fluctuation
was basically the same asK or i , all of them increasedM in-NO3 and M rem-NO3 by enhancing the hyporheic
exchange. However, the bank form was a factor that influenced the hyporheic exchange by influencing the
exchange scope, while K or i was a factor that influenced the hyporheic exchange by influencing the exchange
intensity. This result has been proved by the previous studies (e.g., Siergieie et al., 2015). The influence
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principles of the bank forms such as bank slope, concave and convex shape on the riparian denitriding
capacity were similar. The convex bank essentially had the same effect on the riparian denitriding capacity
as the increase of the bank slope, both of which reduced the length of the river-bank interface, and thus
reduced the scope of hyporheic exchange, thereby resulting in the corresponding decrease of Q max, M in-
NO3 and M rem-NO3. Similarly, when the bank was concave, it had the same effect as the decrease of the
bank slope, resulting in the increase of M rem-NO3. Compared the impacts of bank forms with that of the
above biochemical and hydrogeological factors on riparian denitriding capability, it could be found that the
influence degree of changing bank form on the riparian denitriding capability was relatively much smaller.
This is due to the little effect of changing bank form on the hydrodynamic exchange between surface water
groundwater, which results in a small amount of the solute infiltration.

Comparing to the concave or convex shape, the bank slope has a relatively greater impact on the riparian
denitriding capacity, but it has some limitations in the application of engineering measures. It is impossible
to make the bank slope unrestrictedly small, so in practical applications the bank can be designed as a gentle
slope with a concave shape, which will improve the riparian denitriding capacity in a good way. The previous
studies (e.g., Bardini et al., 2012) have shown that riverbed dune morphology has a positive impact on the
vertical hyporheic exchange and hypoeheic denitriding effect. Therefore, this paper has also calculated and
compared the denitriding capacity in the riapqian zone with flat and undulated bank (calculation process
omitted). However, the undulating shape of the bank had no obvious effect on the riparian denitriding
capacity. The possible reason is that a bank form with a certain undulating shape is equivalent to the
combination of a series of concave and convex shapes. As mentioned above, the effect of the concave and
convex shape of the bank on the riparian denitriding capacity was opposite, which made the undulating
shape of the bank had a mutual offset on riparian denitriding capacity.

5 CONCLUSIONS

The main conclusions were summarized as follows:

(1) Increasing the DOC concentration of surface water and groundwater could largely increase the denitriding
amount in the riparian zone and accordingly increase the denitriding efficiency. By comparison, adding
denitrifying bacteria biomass had a smaller impact on the denitriding amount, but it could improve the
denitriding rate to a great extent. The combined applications of these methods can make the denitriding
effect in the riparian zone “fast and good”.

(2) Enhancing the hydrological connectivity of the aquifer surface could increase the denitriding amount in the
riparian zone to a certain extent, but the denitriding efficiency was reduced correspondingly. By comparison,
increasing the surface-groundwater hydraulic gradient had a much greater impact on the denitriding amount,
with the denitriding efficiency reducing too. In practical applications, through pumping the groundwater in
the heavily polluted reach and cleaning the surface sedimentary sludge can effectively improve the denitriding
capacity in the riparian zone.

(3) Designing the bank form into a concave shape could slightly increase the denitriding amount in the
riparian zone, and correspondingly improve the denitriding efficiency. By comparison, reducing the bank
slope could largely increase the denitriding amount, and also improve the denitriding efficiency. In practical
applications, designing the bank form into a gentle slope with concave shape can improve the denitriding
capacity in the riparian zone to a certain extent.
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Data Availability Statement

The data that support the findings of this study are available from the authors, including the measured
and modelled water level and temperature and some concentration distributions that not provided in the
manuscript, which can be seen in the following links (extraction code: mtzc):https: // pan. baidu. com/
s/ 1zchXqUTZ8risA5y1fUG4eg . The data of M in-NO3, M rem- NO3 and N rem-NO3 in each case are not
included, because they are processed by the model and shown in Tables.
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