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Abstract
Infiltration from natural rivers or streams is the most important source of aquifer recharge at riverbank filtration (RBF) sites. Due
to the influence of river hydrological processes and changes in suspended solids in rivers, riverbed sediments often undergo
significant flushing and clogging processes, which lead to obvious spatial and temporal changes in riverbed sediment perme-
ability. Moreover, the lithology, structure, and thickness of natural riverbed sediments change with time, influencing the bank
infiltration rate into groundwater. At present, how riverbed-sediment flushing and clogging influences the sediment hydraulic
conductivity is not fully understood, which results in high uncertainty about the amount of water involved in RBF. AnRBF site in
the middle reach of the Second Songhua River, northeastern China, was studied, and continuous time series data of riverbed-
sediment hydraulic conductivity were obtained for the first time. By identifying the hydrological conditions, using field moni-
toring, laboratory experiments and field tests, the mechanisms of change associated with sediment lithology, infiltration rate, and
hydraulic conductivity during flushing and clogging processes were revealed.
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Introduction

Pumping groundwater from the banks of perennial rivers (riv-
erbank filtration, RBF) is a highly efficient way to increase
groundwater resources, by inducing the recharge of ground-
water via river water. Owing to the advantages of easy
groundwater extraction and management, effective purifica-
tion of surface water, and stability of water supply, RBF has
become an important way to develop and utilize water re-
sources (Ahmed and Marhaba 2016; Farnsworth and Hering

2011)—for example, RBF along the rivers Rhine and Elbe in
Germany has been operated for hundreds of years (Schubert
2003; Fischer et al. 2005; Ray et al. 2002). In addition, the
proportion of RBF water accounts for 50 and 45% of drinking
water in Slovakia and Hungary, respectively (Farnsworth and
Hering 2011; Bourg and Bertin 1993). Additionally, RBF is
also a common groundwater resource management strategy in
Northern China; for example, it is performed at filtration sites
along the Yellow River at Jiuwu Beach in the city of
Zhengzhou (Liao et al. 2004), the Songhua River in the city
of Jiamusi (Wang et al. 2006), and the Liao River in the city of
Shenyang (Su et al. 2017a; Su et al. 2018).

Revealing the river infiltration rate is crucial when evalu-
ating the groundwater resources of the RBF site, and the per-
meability of riverbed sediments is a key parameter determin-
ing the amount of river-water infiltration (Crosbie et al. 2014;
Harvey and Gooseff 2015). Riverbed sediments are the key
layer for river-water infiltration and groundwater recharge,
which can not only affect the amount of infiltration (Jolly
et al. 2008; Frei et al. 2009; Anibas et al. 2011), but also
change the retention time of filtrated river water, nutrient flux,
and groundwater acid-base and redox conditions, further af-
fecting the biogeochemical reactions in riverbed sediments
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and the extent of removal of pollutants from the river water
during RBF (Su et al. 2017b).

As well as the hydraulic gradient between the river stage
and water table, the infiltration rate of river water is signifi-
cantly affected by the permeability of riverbed sediments,
which depends mainly on the sediment lithology, structure,
and thickness. Generally, studies have shown that along the
flow direction, the river flow velocity continuously decreases,
kinetic energy is continuously lost, and transported particles
vary in type and size from the source of the river to the estuary
(Gurnell et al. 2012; Nosrati 2017; Mueller and Pitlick 2013).
Therefore, the changes along a river in terms of regulation,
flow path, erosion and sedimentation also affect the composi-
tion, structure, and thickness of the riverbed sediment,
resulting in strong spatial variability in the riverbed sediment’s
permeability. The flushing and clogging processes of riverbed
sediments in different seasons, associated with incoming and
outgoing sand movement, will cause the permeability of the
riverbed to vary with time (Leonardson 2011; Stewardson
et al. 2016; Grischek and Bartak 2016). This spatial and tem-
poral variability in riverbed sediment permeability, which is
often up to 1–2 orders of magnitude, directly affects the tem-
poral and spatial variation in the bank infiltration rate. Existing
studies mainly focus on the influence of riverbed clogging,
which has been defined as the process of permeability reduc-
tion. Riverbed clogging is caused by: the infiltration or depo-
sition of sediment particles, organic solids and inorganic
solids in surface water; the precipitation of carbonate, iron,
and manganese hydroxides or oxides; and a series of biolog-
ical processes that lead to the formation of a silt layer on the
surface of the riverbed (Datry et al. 2015; Grischek and Bartak
2016; Zhang et al. 2011; Blaschke et al. 2010; Nogaro et al.
2010). Clogging is classified into four types: physical clog-
ging (precipitation, infiltration of suspended solid particles),
mechanical clogging (gas entrapment), biological clogging
(bacterial growth and reproduction; Battin and Sengschmitt
1999; Baveye et al. 1998), and chemical clogging (precipita-
tion, complexation reaction) (Stéphanie et al. 2000). The type
of clogging and the influencing factors have been explored
through sediment sample collection and analysis, resistivity
imaging, physical simulation experiments, and soil column
experiments (Danczak et al. 2016; Febria et al. 2010;
Goldschneider et al. 2007; Pholkern et al. 2015; Seifert and
Engesgaard 2007; Engesgaard et al. 2006; Ulrich et al. 2015);
however, it is rarely reported how the flushing process affects
the permeability of riverbed sediments.

The hydraulic conductivity (K) of the riverbed sediment is
closely associated with its permeability. From the 1990s, re-
searchers began to pay attention to the spatial variability in
riverbed-sediment hydraulic conductivity and proposed a va-
riety of methods to measure it, including laboratory analysis,
numerical modeling, tracing, and direct field measurement
methods (Cey et al. 1998; Lee 1979; Springer et al. 1999;

Rosenberry 2000; Su et al. 2004; Hart et al. 1999). Among
them, the heat-tracing method is environmentally friendly,
simple, rapid, reliable, and economical, and it is easy to ac-
quire related parameters (Su et al. 2016, 2002). Therefore, the
heat-tracingmethod was selected for this study to calculate the
infiltration rate of river water, and combined with the vertical
pore-water head difference, the hydraulic conductivity of the
riverbed sediments is calculated.

The Second Songhua River is a perennial river in north-
eastern China, whose basin covers a wide area. There are
many groundwater abstraction sites along the Second
Songhua River corridor, which are important water supply
sources for industrial and domestic uses in the coastal areas.
Due to the changes in river hydrodynamic conditions, there
are obvious spatial variations in the composition, structure,
and thickness of riverbed sediments from upstream to down-
stream areas. The Gaojiadian groundwater source site, adja-
cent to the Dacheng Dehui Industrial Park in Changchun, is a
typical RBF site along the Second Songhua River. Since the
current groundwater exploitation plan can no longer meet the
industrial production needs, the scale of groundwater exploi-
tation needs to be expanded. However, whether there is suffi-
cient supply resource when increasing the extraction amount,
and consequently changing the river infiltration rate, is still not
understood. For this reason, this study has two objectives: (1)
to analyze the influence of river hydrological conditions on
the river-bed sediment lithology and bank infiltration rate and
(2) to obtain time series data of riverbed-sediment hydraulic
conductivity. Therefore, it is necessary and urgent to study the
influence of sediment flushing and clogging on the river infil-
tration rate, since it can provide an important scientific basis
for evaluating the groundwater resources at the RBF site and
for rational planning of the groundwater extraction.

Materials and methods

Study area

The Gaojiadian groundwater source site is located on the east
side of the village of Gaojiadian approximately 8 km northeast
of the town of Caiyuanzi, Dehui City, Jilin Province (Fig. 1),
at geographical coordinates 125°52′00″–125°54′20″E, 44°47′
00″–44°48′40″N.Monitoring and sampling stations in the riv-
erbed are shown in Fig. 1.

The stage and flow hydrograph obtained from the Songhua
River Hydrological Station located in the Second Songhua
River main stream from September 2012 to September 2017
is shown in Fig. 2. The target river of this study, which ranges
from 240 to 700 m wide, is located 2.5 km downstream of the
Songhua River Hydrological Station, and the average annual
runoff is 156 × 108 m3/year (Songhuajiang Hydrological
Station). The river runoff in the study area varies greatly

552 Hydrogeol J (2021) 29:551–565



during the year through effects of precipitation, snowmelt
runoff, and reservoir storage (Fengman Reservoir is 178 km
upstream of the study area). Most flooding occurs in July,
August, and September, which accounts for 60–70% of the
total annual runoff. Spring floods often occur in May and
June, and account for approximately 20% of the total annual
runoff, while winter runoff is generally less than 5% of the
total. Usually, at the end of March or the beginning of April
every year, the snow and ice melt, and the river stage begins to
rise, starting with a long spring flood. After the spring flood,
due to only a small amount of precipitation in the late spring,
the river stage is temporarily low. In the summer and autumn,
the rainfall is concentrated, causing the summer and autumn
floods. By the end of November, the river begins to freeze,
and during the study period the ice thickness increased to
about 0.9 m at the end of January in each year.

The riverbed sediments are mainly medium-fine sand. The
main stream of the Second Songhua River mainly receives

water from precipitation and snow melt which forms surface
runoff. The suspended solids content in the river water is low,
and the sediment particles are mainly transported by traction
or saltation. According to the measured data of Songhua River
Hydrological Station from 2007 to 2010, the average
suspended solids content is 0.051 kg/m3 during the dry season
and 0.115 kg/m3 during the wet season.

The studied land area belongs to the river valley plain land-
form type, and the elevation range is 147.85–154.38 m above
sea level (asl). The river valley of the study area alternates
between the river floodplain and the meandering river valley.
The upstream stretch is a wide and straight riverbed (shallow
water zone), and the downstream is a narrow curved riverbed
(deep water zone; Fig. 3). The water depth of the main channel
is generally 2–8.5 m. In recent years, due to sand mining
activities in the downstream portion of the study area, the
water depth can reach 12 m; however, the sand quarry, which
was located in the deep zone approximately 2,000 m from the

Fig. 1 Location of the study area and monitoring and sampling stations
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starting point downstream, was closed in 2016. The riverbed
landforms are mainly erosional landforms (deep troughs) and
accumulation landforms (beach, channel bars, and sandbanks;
Fig. 1).

Water level and temperature monitoring

Five monitoring points (T1–T5) were installed to continuous-
ly monitor the water temperature and pore-water heads of
riverbed sediments at different depths under different hydro-
logical conditions during several water-inflow and runoff-
recession events fromMay 16th to Aug. 14th, 2018, allowing
estimation of the hydraulic conductivity of riverbed sediments
(Fig. 4). Point T1 is located at the edge of the sandbar, T2 is
located at the junction of the main channel and the sandbank,
T3 and T4 are located at the upper and lower reaches of the
channel bar respectively, and T5 is located in the main channel
of the river. Three self-recording temperature loggers
(TidbiTv2, UTBI-001 Onset Inc., USA) and two self-
recording water level loggers (U20–001-04 Onset Inc.,
USA) were placed at each monitoring point. The
cross-sectional schematic diagram of the monitoring
points is shown in Fig. 4. Temperatures were recorded
every 15 min at depths of 0, 20, and 80 cm below the
riverbed surface at a precision of 0.02 °C. Pore-water
heads were recorded every 15 min at 20 and 80 cm below the

riverbed surface, and the river stage was recorded at the same
frequency at point R1.

Heat tracing

The infiltration rate of the river was calculated by the one-
dimensional (1D) steady-flow heat transport model
established by Stallman (1965), as follows:

λe

ρc
∂2T
∂z2

−q
ρwcw
ρc

∂T
∂z

¼ ∂T
∂t

ð1Þ

where T is the temperature (°C), t is the time (day), z is
the thickness of the sediments (m), q is the water flow rate
(m3/day), ρw is the density of water (kg/m3), and λeis the
effective thermal conductivity of the saturated sediment
(Stallman 1965). Physical parameters such as thermal con-
ductivity and specific heat of water and solid media were
measured using a BRR specific heat capacity tester on the
riverbed sediments and sediment pore-water samples at the
study site.

The calculation of infiltration rate of the river water was
realized by the MATLAB-based VFLUX module developed
by Gordon et al. (2012). For a given set of temperature-time
series from a single vertical sensor profile at a specific depth,
the VFLUX program will (1) format and synchronize all the

Fig. 2 Stage and flow hydrograph
from September 2012 to
September 2017 at the Songhua
River Hydrological Station

Fig. 3 Bed bottom elevation of
the longitudinal section
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time series to a single vector of sampling times, (2) run a low-
pass filter and resample the time series, (3) isolate the
fundamental signal (the signal of interest, typically di-
urnal) using dynamic harmonic regression (DHR), (4)
extract amplitude and phase information for the funda-
mental signal using DHR, (5) identify pairs of sensors
based on one or more sliding analysis windows, and (6) cal-
culate vertical water flux rates between the identified sensor
pairs (Gordon et al. 2012).

Riverbed sediment sampling

Riverbed sediments were collected during the dry season
(May 20th), the water inflow period of the first flood pro-
cess (July 20th) and the runoff recession period of the
second flood process (October 30th; Fig. 5). The sediment
was collected using a Beeker sampler in the river by boat.

Markers were inserted in the sediments at the collection
point so that the positions of multiple collection campaigns
were exactly the same. The sampling depth was 0–50 cm
below the riverbed surface, at intervals of 0–10, 10–30,
and 30–50 cm below the riverbed surface. After the sample
was collected, it was quickly placed in a PVC tube for
particle size analysis in the laboratory using the sieving
method and a laser particle size analyzer (Bettersize2000)
to obtain the sediment lithology change information during
flooding.

Empirical formula calculation

Odong (2007) compared a variety of empirical formulas for
determining the hydraulic conductivity of particles ranging in
size from gravel to fine sand. The Kozeny-Carman equation is
one of the most widely accepted and most commonly

Fig. 4 Schematic diagram of the monitoring-point cross section

Fig. 5 River stage hydrograph of
the study area and periods of the
bed-sediment sample collection
campaign (blue column)
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employed derivations of hydraulic conductivity as a function
of the characteristics of the soil medium. This equation was
originally proposed by Kozeny (1927) and was then modified
by Carman (Carrier 2003) to become the Kozeny-Carman
equation. For gravel sand, compared with the Breyer and
Hazen formula, the Kozeny-Carmen formula more accurately
estimates sediment hydraulic conductivity in this study.
Therefore, the Kozeny-Carmen formula was used to estimate
the riverbed sediment hydraulic conductivity in this study.
The formula is as follows:

K ¼ g
v
� 8:3� 10−3 � n3= 1−nð Þ2

� �
� d210 ð2Þ

where K is the hydraulic conductivity, g is the gravitational
acceleration, v is the kinematic viscosity, n is the porosity, and
d10 is the grain diameter (mm) by which 10% of the sample
has grains of finer diameter than this value. The results were
also compared to that calculated based on the following stand-
pipe experiment method.

Standpipe experiment

The standpipe experiment was used to directly measure the
sediment hydraulic conductivity of different thicknesses be-
low the sediment surface. Relevant experimental data were
recorded and the sediment hydraulic conductivity in the range
of 0–10, 0–30, and 0–50 cm below the surface of the riverbed
was calculated according to the formula by Hvorslev (1951):

Kv ¼
πD
11m

þ Lv

t2−t1ð Þ ln h1=h2ð Þ ð3Þ

Kv2 ¼ L2=
L
Kv

−
L1
Kv1

� �
ð4Þ

where Lvis the thickness of the sediment in the vertical pipe, h1
and h2 are the water levels in the pipe at time t1 and t2, respec-
tively, and D is the diameter of the pipe. According to Chen’s
(2004) findings, m = 1 represents isotropic deposits and m =
10 represents anisotropic deposits. In this calculation, m is
defined as 10.

Results

Hydrodynamic conditions

The main driving factor of riverbed flushing and clogging is
the temporal and spatial variation in hydrodynamic conditions
(Gorman et al. 2007; Simpson and Meixner 2010).

Hydrodynamic conditions mainly include flow velocity, flow
flux, and river stage. It can be seen from the stage-velocity-
flux diagram (2007–2010) of the Songhua River Hydrological
Station based on historical data (Fig. 6) that there is a signif-
icant positive correlation among flow rate, flow flux, and river
stage. Combined with the riverbed elevation changes in Fig.7,
riverbed sediment clogging occurred continuously from 2007
to 2010 at the riverbed 220 m from the west bank, and the
flushing effect dominated from 2007 to 2010 at the riverbed
400m from the west bank. The significant differences in clog-
ging and flushing process at different locations of the riverbed
indicate that the flow velocity, flow flux, and river stage differ
drastically along the hydrological monitoring section.

During the monitoring period of this study (fromMay 17th
to Nov. 1st, 2018), the river stage of the Second Songhua
River showed obvious changes affected by the seasons, pre-
cipitation, and the regulation of the upstream Fengman
Reservoir. The river stage data at the monitoring point in the
study area are shown in Fig. 6. It can be seen that from
May 2018 to November 2018, the river experienced two dis-
tinct flood events (from June 16th to August 15th, and from
August 22nd to October 30th), whereby the river stage varia-
tion reached 2.4 and 2.2 m, respectively.

Variation in sediment lithology during flushing
and clogging processes

Temporal variation

It can be seen from the trend in Fig. 8 that the arithmetic
average particle size at different depths of riverbed sed-
iment changes with time from the main channel and
from the edge of the sandbank, to the edge of the
downstream channel bar.

At the edge of the sandbank (Fig. 8a), the particle size of
sediment 0–10 cm deep varies greatly; it is 0.406 mm in the
wet season and 0.269 mm in the dry season, varying by
0.137 mm. While the particle size range is smaller at 10–
30 cm deep, the variation is 0.064 mm. The particle size is
almost stable at 30–50 cm deep with a difference of
0.022 mm, which indicates that the hydrodynamic conditions
(shear stress and shear flow rate) are weak at this location, and
it is only affected by flushing and clogging of the surface
sediments.

Compared with the main channel (Fig. 8d), the surface
sediment particle size changed more clearly at the junction
of the main channel and the edge of the sandbank (Fig. 8b),
where the difference was 0.045 and 0.1 mm, respectively. At
the same time, the particle size of sediment 30–50 cm deep in
the main channel (Fig. 8d) was significantly larger in July than
in the dry season from May to November, indicating that it is
affected by river hydrodynamics. The thickness of sediment
flushing and clogging in the riverbed could reach 50 cm in the
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wet season, and the lithology of sediments 0–50 cm below the
sediment surface was completely changed under the influence
of flushing and clogging. At the edge of downstream channel
bar (Fig. 8c), the grain size of the sediments at different depths
showed an increasing trend with time, indicating that the chan-
nel bar moved downstream gradually.

Spatial variation

According to the results of the standpipe experiments, the
relationship of the sediment hydraulic conductivity (K) and
the arithmetic average particle size along the river longitudinal
section (section 6 in Fig. 1) in November 2018 is shown in
Fig. 9.

The K value of riverbed sediments ranges from 4.0 to
52.4 m/day from upstream to downstream, showing a fluc-
tuation of first decreasing, then increasing, and decreasing
again, which is consistent with the trend of the average
particle size of the sediment, indicating that K is greatly
affected by the sediment lithology. The K value is the

largest in the middle reaches (S6) at 52.4 m/day and de-
creases sharply in the middle and lower reaches (S7, S15).
This is due to the weaker hydrodynamic force and slower
flow rate caused by the influence of the flow resistance
near the sandbank (S7), and deposition of fine particles
in the river water leads to reduced hydraulic conductivity
of the sediment. The main channel (S15) is narrowed and
curved where the riverbed flushing is strong, resulting in a
sudden drop in the riverbed elevation (slope increase), in-
creased shear stress on the surface of the riverbed, and an
increase in water depth; the deposition of fine sand or clay
results in reduced hydraulic conductivity of the sediments
(Fig. 9).

Using the third cross-section (section 3 in Fig. 1) as an
example, the relationship between bed sediment hydraulic
conductivity (K) and average particle size along the river
cross-section in November 2018 is shown in Fig. 10. The
trend of the K value is consistent with that of the average
particle size. The K values of the deep groove of the west
bank and the central main channel are larger, 31.0 m and

Fig. 6 Stage-velocity-flux
diagram from Songhua River
Hydrological Station

Fig. 7 Riverbed elevation
changes from 2007 to 2010
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52.4 m/day, respectively, and significantly higher than the
channel bar (4.1 m/day), sandbank (9.0 m/day), and the
edge of the river bank (0.0016 m/day), showing that the
effects of riverbed topography on sediment hydraulic con-
ductivity are significant. The weak hydrodynamic condi-
tions at the island, the sandbank, and the edge of the riv-
erbank lead to the formation of finer-sediment particles
and the deposition of a layer of silty clay, resulting in
reduced K value. However, coarser particles deposit in
the deep groove and the main channel under the influence

of stronger hydrodynamic conditions, resulting in larger K
value of the sediments (Fig. 10).

Variation in bank infiltration rate during flushing
and clogging processes

The test results of relevant parameters with the heat tracing
method were as follows: the effective thermal conductivity
was 1.88 W/m·K; the density and specific heat of the water
were, respectively, 11,030 kg/m3 and 4,063 J/kg·K, and of the
sediment medium they were 1,400 kg/m3 and 1,495 J/kg·K.

Fig. 8 Changes of arithmetical mean grain size of riverbed sediments at different depths and positions (a edge of sandbank, b junction of the main
channel and the edge of sandbank, c channel bar and d main channel)

Fig. 9 Variation in sediment
hydraulic conductivity along the
river longitudinal section
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The characteristics of the spatial and temporal variation of
the river-water infiltration rate (seepage velocity of shallow
riverbed sediments) calculated by temperature signals at dif-
ferent riverbed sediment depths, and the dynamic change
curve of the river-water level are shown in Fig. 11 (where
May 16, 2018, was the starting point).

Using May 16, 2018, as the starting point, it can be seen
from Fig. 11 that the maximum and minimum stage of the
river are 151.618 and 149.229 m, respectively, with a differ-
ence of 2.389 m within 0–90 days. The range variation of
river-water infiltration rate at the sandbank (T1, T2) was
−1.2–3.0 × 10−6 m/s and 0.8–6.5 × 10−6 m/s, respectively,
while it was −1.4–3.0 × 10−6 m/s and − 0.7–4.0 × 10−6 m/s
at the channel bar (T3, T4), and –1.1–6.0 × 10−6 m/s at the
main channel (T5).

The variation trend of the river-water infiltration rate in the
riverbed sediments has some correlation with the river stage
fluctuation; that is, each fluctuation will cause an obvious
change in infiltration rate. With a sudden increase in river
stage, flow velocity and flux changes occur, the fine riverbed
sediment particulates on the surface are washed downstream
under the strong hydrodynamic action, and the coarser parti-
cles deposit simultaneously, resulting in a higher vertical hy-
draulic conductivity of the sediment. Under the drive of larger

hydraulic gradient and sediment hydraulic conductivity, the
river-water infiltration rate increased significantly.With a sud-
den drop of the river stage, flow velocity and flux changes
occur, and the suspended load drops out of suspension to form
silt layers of varying thickness that eventually form the bed
sand, resulting in a decrease in vertical hydraulic conductivity
of the sediment. When the hydraulic gradient is small and
sediment hydraulic conductivity is low, the river-water infil-
tration rate decreases significantly. The water flow direction
recorded by riverbed sediments will alternate from top to bot-
tom and from bottom to top under the influence of changes in
the hydrodynamic condition and the groundwater exploitation
plan at the groundwater source site.

Variation in sediment hydraulic conductivity
during flushing and clogging processes

Calculation and verification of riverbed sediment hydraulic
conductivity

Based on Darcy’s Law (Domenico and Schwartz 1997):

q ¼ K � J ð5Þ
where q represents the infiltration rate, K represents the river-
bed sediment hydraulic conductivity, and J represents the hy-
draulic gradient within a certain depth of the sediment
(Fig. 12). The hydraulic conductivity (K) of riverbed sediment
(Fig. 13) at all monitoring points can be calculated from time
series data of infiltration rates (q) (Fig. 11) and hydraulic gra-
dient (J) obtained from the sediment pore-water head within
the riverbed sediment. The fluctuation range of the sediments’
hydraulic conductivity in each layer at each monitoring point
is shown in Table 1. At some monitoring points such as T2,
the temperature sensor was exposed to the river water due to
strong flushing during flooding, which resulted in the distor-
tion of temperature data and the absence of hydraulic conduc-
tivity data.

Sediment hydraulic conductivity was calculated by heat
tracing, a standpipe experiment, and the Kozeny-Carmen em-
pirical formula, and the results are compared in Fig. 14, which

Fig. 10 Variation in sediment
hydraulic conductivity along the
river cross section

Fig. 11 Variation in bank infiltration rate and river stage
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shows that the results of the heat tracing are close to those of
the standpipe experiment. Both methods employ in-situ mon-
itoring and testing in the riverbed, so the data are reliable.
However, the results from the empirical formula method are
higher than from other methods due to the disturbance of the
sediment particles during sample collection. Nevertheless, the
variation trend of the empirical formula method is consistent
with the other two methods.

Time-varying characteristics

Figure 11 shows that the hydraulic conductivity (K) of sedi-
ments of each layer at each monitoring point has the same
trend, and the K value of bed sediments in the surface layer
(0–20 cm) is smaller than that in the deep layer (20–80 cm).
The results are discussed here for each monitoring point:

The edge of the sandbank (T1) The K value of each layer
fluctuates violently. The K value of surface sediment (0–
20 cm) fluctuates from 8.5 × 10−3 to 10.3 m/day, while that
of the deep sediment (20–80 cm) fluctuates from 9.3 × 10−2 to
1.7 × 102 m/day. The difference between the surface layer and
deep layer reaches two orders of magnitude at the same in-
stant. The K value of surface sediments shows an obvious
upward trend after each flood peak, while it shows a down-
ward trend after the flood retreat.

The junction to the main channel and the sandbank (T2) The
fluctuation of the K value of each layer is relatively flat in the
1st–10th day with an average value of 1.0 m/day in the surface
layer (0–20 cm) and 18.0 m/day in the deep layer (20–80 cm).
The river stage rises gradually after the 10th day and the fluc-
tuation of the K value of sediments becomes more
pronounced.

Fig. 12 Variations of hydraulic gradient at each monitoring point (blue, red and green dots represent the hydraulic gradient of sediments in the ranges of
0–20, 20–80, and 0–80 cm below the bed surface, respectively)
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Fig. 13 Variations of sediment
hydraulic conductivity at each
monitoring point (K1, K2, and K3

represent the hydraulic
conductivity of sediments in the
ranges of 0–20, 20–80,
and 0–80 cm below the bed sur-
face, respectively)
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Upstream of the channel bar (T3) The K value of each layer
shows obvious periodic fluctuations. The K values of the sur-
face layer (0–20 cm) and the deep layer (20–80 cm) fluctuate
periodically from 3.1 × 10−4 to 1.3 × 10−1 m/day and from
7.3 × 10−2 to 1.7 × 102 m/day, respectively. The values of
the surface layer and deep layer differ greatly with a maximum
difference of four orders of magnitude at the same time. The
fluctuations lag behind the variation in the river stage to some
extent during the flood process.

Downstream of the channel bar (T4) The K values of each
layer are close to each other and show no obvious correlation
with the change of river stage during the flood process. The
lowest K value occurs on days 14 and 19, which are 1.8 ×
10−2 m/day and 2.3 × 10−1 m/day in the surface layer (0–
20 cm), and 2.6 × 10−2 m/day and 1.4 × 10−1 m/day in the
deep layers (20–80 cm), respectively.

The main channel (T5) The fluctuation of the K value of each
layer is relatively flat. On the 25th day, the K value of sedi-
ments decreases significantly from 16.4 to 6.0 m/day in the
surface layer (0–20 cm) and from 49.3 to 13.4 m/day in the
deep layer (20–80 cm) in an obvious flood retreat process, and
rises again when the flood returns.

The preceding results indicate that the hydraulic conduc-
tivity of riverbed sediments has a strong spatio-temporal
variation, and has some correlation with the river stage
fluctuation during different parts of the flood process,
but it does not completely depend on the river stage

changes. It is helpful to quantify and predict the hydrau-
lic conductivity of riverbed sediments by understanding the
characteristics of the hydrodynamic conditions and the river-
bed morphology.

Discussion

Comparison of methods

The riverbed is a key factor controlling river–groundwater in-
teraction, and the composition of the riverbed is continuously
affected by sedimentation and erosion (Coleman 1969; Levy
et al. 2011) and chemical and biological processes (Du et al.
2013; Smith and Lerner 2008). At present, there are many
methods for evaluating the transience of riverbed sediment
properties—for example, traditional methods include the use
of seepage meters (Rosenberry 2008; Woessner and Sullivan
1984), permeameters (Landon et al. 2001; Lee et al. 2015),
laboratory measurements of streambed samples (Rosenberry
and Pitlick 2009; Schälchli 1992), and thermal methods
(Hatch et al. 2010; Mutiti and Levy 2010). Some emerging
methods such as a floodwave responsemodel, which only needs
data of time series of stream stage and near-stream hydraulic
head as input (Gianni et al. 2016), and the fully integrated hy-
drological model HydroGeoSphere, were also applied for the
same objective (Tang et al. 2018). Opportunities for new re-
search within the coupled framework of different disciplines
such as sedimentology, hydrology, and hydrogeology have also
been discussed (Partington et al. 2017). Although the integration
of various approaches and disciplines is advancing, major re-
search gaps remain to be filled to allow more complete and
quantitative integration across disciplines (Brunner et al.
2017). The thermal method is a new and reliable method that
has been employed in recent years. Although it can calculate the
exchange flux between surface water and groundwater within
the riverbed, it cannot obtain the hydraulic conductivity of the
sediment without continuous monitoring of hydraulic gradients.
Therefore, this study used heat as a tracer, combined with mea-
sured river stage and pore-water heads at different depths in the
sediment, to calculate the variation of the hydraulic conductivity
of the riverbed sediment. To the authors’ knowledge,

Fig. 14 Comparison of calculation results of sediment hydraulic
conductivity

Table 1 Fluctuation range of
sediment hydraulic conductivity
at each monitoring point

Point number Hydraulic conductivity, K (m/day)

Depth 0–20 cm Depth 20–80 cm Depth 0–80 cm

T1 8.5 × 10−4–10.3 9.3 × 10−2–168.2 3.5 × 10−3–74.0

T2 5.2–31.4 13.4–104.5 9.6–65.8

T3 3.1 × 10−4–1.3 × 10−1 7.3 × 10−2–167.9 1.3 × 10−3–5.2 × 10−1

T4 1.8 × 10−2–32.6 2.6 × 10−2–96.8 2.4 × 10−2–59.6

T5 1.8 × 10−2–7.78 2.2 × 10−1–49.3 6.1 × 10−2–6.4
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representation of time-series data of riverbed sediment hydraulic
conductivity by point monitoring during the riverbed sediment
flushing and clogging has not been reported in other related
studies.

Uncertainty and limitations

It is assumed that the shallow layer of the riverbed is domi-
nated by vertical flow. This report does not discuss the anisot-
ropy of the sediment hydraulic conductivity, but only focuses
on the vertical. Nevertheless, the simplification of the riverbed
properties will result in deviation of the calculation or simula-
tion of the interaction between surface water and groundwater
in the RBF system. Anisotropy has also been strongly sug-
gested as an additional calibration parameter when performing
hydrogeological simulations (Gianni et al. 2019).

This study considered the vertical heterogeneity of the sed-
iment by calculating the hydraulic conductivity at different
depths, on which scale the results can achieve a certain accu-
racy according to comparison of the results of the standpipe
experiment and empirical relations (Kozeny-Carmen).
However, the apparent horizontal heterogeneity of the river-
bed sediment caused by the flushing and clogging process is
difficult to evaluate based on the point monitoring method.
This may require simulation and prediction through numerical
models (Tang et al. 2018)—for example, by simulating and
predicting the transience of the particle-size distribution of
riverbed sediment and quantifying the relationship between
particle size and hydraulic conductivity, it is possible to sim-
ulate and predict the horizontal heterogeneity of the riverbed.

Characteristics of the aquifer adjacent to the river also
strongly influence the interaction between surface water and
groundwater. When the hydraulic conductivity of riverbed
sediments is lower than that of the aquifer, an unsaturated
zone can develop under the riverbed, resulting in the weaken-
ing or disappearance of the connection between surface water
and groundwater (Fox and Durnford 2003; Su et al. 2007;
Lamontagne et al. 2014). As part of this work, sediment sam-
ples were collected from 18 points of the riverbed within the
study area in different seasons. It was found that the sediment
of the Second Songhua River bed is generally dominated by
sand, and lenses with very low permeability appear very in-
frequently on or below the sediment surface. In this case, due
to the effect of lateral flow, the river bed may still remain
saturated (Schilling et al. 2017). In addition, the amount of
groundwater extraction is only 5,900 m3/day and previous
measurements of groundwater level on the river bank showed
that river water and groundwater are continuously connected.
Therefore, in this study, it was assumed that the medium under
the riverbed is saturated.

The variation of hydraulic gradient (Fig. 12) indicates that
there is a phenomenon of alternating recharge of surface water
and groundwater. Research shows that upward infiltrating

groundwater may cause an unclogging of the riverbed
(Gianni et al. 2016), but this is minimal compared to the im-
pact of river-water flushing, because the erosion caused by
river-water flushing may wash away a certain thickness of
sediments, while the infiltration of groundwater can at most
only drive fine particles away from the sediment pores.

Conclusions

The infiltration rate of river water in riverbed sediments fluc-
tuates and there is a significant positive correlation between
the infiltration rate and the river stage. The temporal and spa-
tial variation in the riverbed sediment hydraulic conductivity
is not entirely related to the river stage fluctuation, but also
subject to hydrodynamic conditions, riverbed topography, riv-
erbed sediment lithology, and other factors during the process
of sediment flushing and clogging. The hydraulic conductivity
of the sediment in the main channel is significantly higher than
that of the channel bar, sandbank, and riverbank.When affect-
ed by the clogging process under weak hydrodynamic condi-
tions, the sediment hydraulic conductivity is relatively low,
especially at the riverbank where the presence of a relatively
thick silt layer makes the sediment almost impermeable.

Heat tracing and water-level monitoring can obtain data on
the dynamic changes in hydraulic conductivity of the riverbed
sediment. Sediment particle-size analysis, combined with
point measurements, innovatively revealed the response of
bank infiltration rate and riverbed properties to changes in
river hydrological conditions. However, the method may not
be applicable to riverbeds with larger or smaller particles such
as pumice stones in the upstream of rivers and silt in the
downstream of rivers, because it may cause the piezometer
and temperature sensors to be damaged and the filter screen
to be blocked during the downward drilling. Nevertheless, for
sandy riverbeds, this method still has great application value.
When the standpipe experimental approach and the empirical
formula calculation are used, the measuring points of each
campaign need to be consistent and the measuring frequency
should be increased. Understanding the variation in bank in-
filtration rate and sediment hydraulic conductivity during sed-
iment flushing and clogging is the basis for the evaluation of
groundwater resources in this RBF site and provides a scien-
tific framework for calculating river recharge to groundwater
during flooding. This work can inform future RBF projects
along the Second Songhua River where water resource man-
agement may be critical for both domestic and industrial use.
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