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ARTICLE INFO ABSTRACT
Keywords: Understanding the mechanisms that control seasonal groundwater recharge at local and intermediate scales is
Recharge processes critical for understanding contaminant transport. The recharge mechanism of seasonal precipitation and irri-

Seasonal hysteresis
Stable isotopes
Wastewater leakage
Alluvial aquifer

gation, companied with legacy wastewater in porewater in alluvial aquifer were complicated due to the seasonal
variation of multiple recharge sources. In this study, a long-term wastewater leakage and irrigation region along
the Tanghe Wastewater Reservoir (TWR) in the alluvial plain area of North China Plain to investigate the
recharge mechanism from unsaturated zone to the upper shallow groundwater affected by multiple water
sources. Water chemical ions and stable isotopes of water (H and '20) of 30 m deep sediment profiles and
groundwater boreholes were used to trace the recharge processes. The porewater stable isotopes of the sediment
profiles revealed vertical recharge rates ranging from 0.63 to 1.09 m/year for the layered unsaturated zone with
silt and silty clay. Due to the matrix flow through unsaturated zone, the legacy wastewater in the unsaturated
zone affected the variation of groundwater quality in long term. However, fast flow (i.e., preferential or lateral
flow) occurred in sand layers of alluvial aquifers lead to significant precipitation contributions (44 to 61 %) to
the upper shallow groundwater (USGW) recharge, resulting in the seasonal variation of stable isotopes and water
chemical ions. Affected by the fast flow with seasonal variations and matrix flow with legacy wastewater in the
unsaturated zone, the §2H and 'O relationship of the USGW showed two types of hysteresis loops in the dual
isotope space: 1) groundwater in regions affected by the TWR wastewater leakage shows narrow loops and a
nearly straight line with end-members of precipitation that recharged to groundwater by fast flow, and evapo-
rated porewater plotting along the TWR evaporation line; and 2) groundwater in irrigated farmlands with low
and high irrigation amounts and intense evaporation shows stronger hysteresis with loops overlapping with
shallow porewater, suggesting the impact of legacy wastewater of the unsaturated zone on groundwater. The
residual pollutants in soil and the type of fast flow determine the different seasonal variation of groundwater
quality. Preferential flow in alluvial aquifer regions can increase the proportion of seasonal recharge from
precipitation, resulting in the rapid introduction of contaminants from surface or shallow soils into the alluvial

aquifer.
1. Introduction rapidly expanding water requirements, including urban, industrial, and
agricultural production. Groundwater is particularly important in allu-
Groundwater is the primary water supply in many regions with vial aquifers, where groundwater renewal rates are generally high (Ma
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et al.,, 2019; Sun et al., 2021), and serves as potable water sources in
arid, semi-arid, and semi-humid areas. However, these aquifers are also
susceptible to depletion and contamination, with recharge rate and
dominant flow processes determining their level of vulnerability (de
Vries and Simmers, 2002). Complex hydrological processes controlled
by geology, meteorology, morphology, and vegetation influence
groundwater recharge. Therefore, identifying recharge sources and
mechanisms is essential to develop strategies to prevent groundwater
pollution (Jasechko, 2019).

Precipitation or other recharge sources show seasonal characteristics
in these areas, which result in seasonal variations of recharge rates,
fluxes, and thus the transport of potential contaminants (Tweed et al.,
2020). Understanding recharge rates at seasonal timescales can help
improve the accuracy of predicting long-term changes in annual
recharge rates under changing climate conditions (Niraula et al., 2017;
Raihan et al., 2022; Yang et al., 2021). The seasonal timing and relative
efficiency of recharge between seasons can be determined using stable
isotopes (2H and 18O) of groundwater (Sanchez-Murillo and Birkel,
2016; Stahl et al., 2020). However, the seasonal stable isotopic signal of
natural recharge disappears in groundwater as the water moves through
the thick and low-conductivity vadose zone to the aquifer due to intense
mixing (i.e., dispersion) along the flow path (Chen et al., 2017; Wright
and Novakowski, 2019). But, when water travels through a thin and
coarse size stratum, or preferential flow occurs in the unsaturated zone,
the natural recharge maintains the isotopic signals characteristic of
seasonal variation, which can also be detected in the groundwater.

Non-natural recharge from leaking infrastructure, stormwater
drainage, or dry season irrigation also contributes to groundwater
recharge at local and intermediate scales (Grande et al., 2020). While
the recharge amount may not be necessary for assessing groundwater
quality, it is critical for tracking contaminant transport, as concentrated
recharge and preferential flow allow contaminants to migrate rapidly
through the unsaturated zone to underlying aquifers. Industrial and
domestic effluents are often recharged to aquifers through wastewater
treatment plants (McCance et al., 2020), sewage reservoirs, polluted
rivers (Beckers et al., 2020), sewage-irrigated farmland (Wu et al.,
2015), or broken drainage (Ishii et al., 2021). Long-term wastewater
infiltration can cause a degradation of the groundwater quality.
Particularly, unlined wastewater reservoirs or ponds can deteriorate
regional scale groundwater quality (Gal et al., 2009; Wang et al., 2014).

Stable isotopes of water are effective tracers for describing and
quantifying groundwater recharge rates, water flow pathways, response
times, and mechanisms under natural and non-natural conditions
(Beddows et al., 2016; McGuire et al., 2002; Tekleab et al., 2014; Tipple
et al., 2017; Vystavna et al., 2019). The isotopic composition of pre-
cipitation varies seasonally, reflecting seasonal shifts in moisture sour-
ces, air mass trajectories, and cloud processes (Craig, 1961; Dansgaard,
1964; Rozanski et al., 1993). Stable isotope coupling of precipitation
time series with the dynamics of soil water (Garvelmann et al., 2012; Lee
et al., 2007; Sprenger et al., 2016) or groundwater (Ma et al., 2017;
Wright and Novakowski, 2019) have been used to investigate season-
ality and residence time of soil water and groundwater. The processes
involved in groundwater recharge, such as mixing and preferential flow,
have also been thoroughly researched (Lee et al., 2007; Ma et al., 2017).

Evaporation causes an enrichment of heavy isotopes in water, which
differs from meteoric waters (e.g., infiltrating snowmelt or rainfall). The
signals from the evaporation distillation of stable isotopes in water can
be used to trace the processes of groundwater recharge. Benettin et al.
(2018) reported that the reference of the original composition of a water
source according to the evaporation line should be valid if the evapo-
rated samples all originate from a single water source. And, for differ-
ences between the seasonal cycle of evaporation fractionation and the
seasonal cycle of the isotopic composition of water sources, numerical
experiments based on established isotope fractionation theory have
suggested that residual water samples show a hysteresis loop (Benettin
et al., 2018). It has also been suggested that the width of the hysteresis
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loops depends on the amplitude of the seasonal cycle of evaporation and
the extent to which it differs from the seasonal cycle of precipitation
isotopes. However, not only are there seasonal differences in water
sources and evaporation in field studies, but for groundwater in agri-
cultural areas, it is still unclear how multiple water sources, such as
precipitation, irrigation, wastewater leakage, and water held in unsat-
urated zones, affect the hysteresis loops.

Previous research has identified seasonal recharge (Ma et al., 2017)
and seasonal contamination (Vystavna et al., 2019) in alluvial aquifers
in temperate climates using a combination of stable isotopes and
hydrochemical methods. In some alluvial aquifers, pumping of irrigation
water from groundwater sources leads to a decrease in groundwater
levels, and irrigation return flows may then experience strong seasonal
evaporation effects, altering the hydrological cycle. Intensive irrigation
and wastewater leakage accelerate infiltration and recharge of water
and transport of solutes to groundwater (Gal et al., 2009). Under the
impact of multiple water sources (precipitation, wastewater leakage,
and irrigation), little is known about the seasonal effects of these mul-
tiple water sources on the evaporation of soil water and groundwater
and therefore on groundwater recharge.

In this study, a linear wastewater reservoir in the Xiong’an New
Area, in the Baiyangdian Lake watershed of the North China Plain
(NCP), was selected as a case study. The reservoir is unlined and was
built along a river channel for storing industrial wastewater from 1977
to 2015. Over-pumping groundwater for irrigation has led to ground-
water decline in the alluvial aquifer of the NCP (Wang et al., 2008).
Therefore, the wastewater was stored in the reservoir and lost as evap-
oration, leakage, and agricultural irrigation. The impact of the waste-
water reservoir on shallow groundwater has been studied by using an
evaporation and recharge model based on isotope fractionation theory
(Wang et al., 2014). However, the recharge process with varying and
multiple recharge sources was still unclear. Due to evaporation, the
isotopes in the wastewater have a strongly enriched signal which can be
used to trace which processes are occurring during groundwater
recharge.

This research applied a multi-tracer method to investigate the sea-
sonal mechanisms of groundwater recharge as affected by long-term
wastewater leakage under a complex system of natural and non-
natural recharge sources (sewage irrigation and groundwater irriga-
tion). This paper aims to understand the mechanisms and hysteresis
loops that control seasonal groundwater recharge in alluvial aquifers
affected by multiple recharge sources.

2. Materials and methods
2.1. Study site

Our study site was located in the middle of the Tanghe Wastewater
Reservoir (TWR) in the Xiong’an New Area of the Baiyangdian Lake
watershed, 9.5 km west of Baiyangdian Lake (BL) (Fig. 1a). A conti-
nental monsoon climate with a strong seasonality characterizes the site.
Based on 42-year climate data from 1977 to 2019 (Fig. 1b), the mean
annual temperature is 13.3 °C, and the mean annual precipitation is 504
mm. Summer months (June-August) are relatively hot and humid, with
an average monthly temperature of 26.3 °C and precipitation of 115
mm. The winters (December - February) are cold and dry, with an
average monthly temperature of —1.0 °C and precipitation of 3 mm. The
potential evapotranspiration is 1208 mm/year, and the evaporation
from March to June is higher than during other months.

The reservoir is unlined and was built along the northern part of the
Tanghe River Channel (Fig. 1c) for storing untreated industrial waste-
water with high sulphate concentrations from Baoding City for almost
38 years (from 1977 to 2015). It was connected to the BL by a sluice gate
in the east, which severely affected the water quality of the BL. The TWR
has a total length of 17.5 km, a water surface width of about 100 m, and
a storage capacity of 7.2 x 10® m3. The northern embankment of the
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Fig. 1. Geographical location of the Tanghe Wastewater Reservoir (TWR) and soil sampling sites. (a) Position of the TWR in the Baiyangdian Lake watershed. (b) The
mean monthly precipitation (P) and potential evapotranspiration (ET},) over the study period (1977-2019). (c) Position of the study transect in the middle of the TWR
and the flow map of the unconfined aquifer around TWR in November 2018. (d) Sampling sites along the transect.

TWR was the original Tanghe River embankment, constructed in 1966,
while the southern embankment was compacted from the silty sediment
excavated from the TWR channel, both embankments being about 180
m apart. The Tanghe River has been drying up for several decades due to
the interception of the reservoir upstream in the mountains, and the
over-pumping of groundwater in the plain, and a large amount of
wheat/maize is planted in the channel. After the TWR started to store
wastewater in 1977, the impacts of anthropogenic activities on the TWR
varied greatly (Fig. 2). The amount of wastewater entering the reservoir
was reduced and stopped in the middle part of the channel in 2010. The
effluent inflow was intercepted entirely in 2015. Due to the development
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of the Xiong’an New Area in 2017, the wastewater that remained in the
reservoir was removed in 2018.

TWR is located in the floodplain with flat terrain, and the surface
elevation of the profile at the study site is 6-10 m. According to the
regional hydrogeological survey, the 30 m depth range consists of
Quaternary Holocene and Late Pleistocene alluvial sediments with a
high level of permeability and heterogeneity, in which the unsaturated
zone is interlayered with silt and silty clay, and the saturated zone
comprises silt and sand with local inclusions of thick layers of silty clay.
The Tertiary-Quaternary aquifers are usually divided into shallow and
deep groundwater at the study site. Still, our present study is concerned
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Fig. 2. Impact of anthropogenic activities on the TWR over the past four decades.
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with groundwater below 30 m, which we refer to as the upper shallow
groundwater (Fig.S1). During the wastewater storage period of TWR,
the upper shallow groundwater flows from north to south, and the
groundwater level inside the reservoir is higher than that outside the
embankments (Wang et al., 2013). On a regional scale, the over-
pumping of groundwater has led to the drying up of natural rivers and
lakes and the lowering of groundwater levels. However, artificial water
recharge to the BL has raised the water table around the lake, and the
groundwater levels around TWR are higher in the east and lower in the
west (Yuan et al., 2020; Yuan et al., 2017). Groundwater flows from the
northeast to the southwest with a hydraulic gradient of 0.5 %o—1.3 %o in
the middle of TWR in Fig. lc (by kriging interpolation with the
groundwater level data measured in November 2018). The average
groundwater depth along the profile is 12.7 m and the permeability of
the upper shallow aquifer is 4.66 m/d. The primary land use around the
TWR is wheat/maize, which refers to the rotation of wheat sown in
winter and maize sown in summer (Fig. 1 ¢ and d). The wastewater from
the TWR was mainly used for agricultural irrigation during the past
several decades. In recent years, shallow groundwater (80-120 m depth)
has been used for irrigation. In addition to the irrigation return flow of
wastewater and shallow groundwater, wastewater infiltration is another
primary groundwater source along the TWR. It was estimated that 76 %
of the wastewater recharges to the groundwater through leakage and
irrigation, and the area of influence was approximately 3 km around the
TWR and down to 150 m depth of the aquifer (Wang et al., 2014).

Our study area was located in the middle of the TWR, which has a
large industrial factory near the observation profiles north side (Fig. 1d).
Additionally, there were many small factories in the north of the TWR
according to the field investigation. Crops are cotton and wheat/maize
in the north and south, respectively. In April 2018, cotton was converted
into woods, and grass was planted in the TWR channel (Fig.S2). To
distinguish from the shallow groundwater in the region, the upper
shallow groundwater (USGW) is used in this paper to represent the
groundwater at 30 m depth. Also, the references to shallow groundwater
(SGW, 80-120 m) and deep groundwater (DGW, 120-300 m) refer to
groundwater samples collected at 80-120 m and 120-300 m, respec-
tively, for identifying the proportion of groundwater irrigation.

2.2. Fieldwork and sampling

This study focused on a 480 m long transect perpendicular to the
TWR, where we sampled the sediment and groundwater. Seven 30 m
deep sediment profiles were drilled along the transect with an air flush
rotary drill during 8th to 19th June 2017. From south to north, the
profiles are referred to as C0, C1, C2, C3, C4, C5, and C6 (Fig. 1c). The C3
profile was located in the middle of the TWR channel, which was
essentially dry at the time of sampling, with only a small amount of
effluent present in a low-lying area to the west of C3. C1 and C5 were
located outside the north and south embankments of the TWR, respec-
tively, immediately adjacent to the embankments. Profiles CO and C6
were about 150 m from the reservoir embankments and located in
agricultural fields growing wheat/maize and cotton, respectively.

Sediment samples from five profiles (excluding C2 and C4) were
collected at 0.1, 0.2, 0.3, 0.5, 0.7, and 1.0 m, at 0.5 m intervals from 1 to
10 m depth, and at 1.0 m intervals from 10 m to 30 m depth, with
additional sediment samples taken at depths where the texture changed.
Sediment samples collected using aluminum boxes were primarily used
to determine the gravimetric moisture content. Sub-samples of the
sediment samples were collected and sealed in small brown glass vials
and stored in a —20 °C refrigerator until the stable isotopic compositions
of the porewater were analyzed. Sub-samples of the sediment samples
were packed into Ziploc bags to analyze major water chemical ions. In
addition, the vertical and horizontal undisturbed 0.1 m sediment cores
were collected with ring samplers and used to determine the porosity
and saturated hydraulic conductivity.

After collecting the sediment samples, 30-meter polyvinyl chloride
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(PVC) pipes were installed in the borehole to construct groundwater
monitoring wells. The screen depths were at 15-25 m depth. Ground-
water samples from the monitoring wells (CO, C1, C3, C5, and C6) were
collected monthly from October 2017 to June 2019. In addition,
wastewater was sampled at the study site in June 2017, and both
shallow groundwater (80-120 m) and deep groundwater (120-300 m)
were sampled over a 2.5 km area along the Tang River.

All water samples were collected in PVC bottles (50 mL) and taken to
the laboratory for storage at 4 °C. The groundwater level was deter-
mined at each sampling using a water level measuring ruler. The pH,
electrical conductivity (EC), oxidation-reduction potential (ORP), and
temperature were measured in situ using a portable meter (WM-22EP,
DKK, TOA Corporation of Japan).

2.3. Chemical and isotope analysis

We derived the gravimetric sediment moisture content via oven
drying (105 °C, 12 h) and converted this to sediment moisture content
based on the measured bulk weight. Sediment bulk density was esti-
mated by relating the oven-dried sediment weight to the sediment
sample core volume.

Sediment samples for analysis of major ions (Na*, KT, Ca®*, Mg?*,
Cl, SO%’, and NOg3) were dried and ground, and chemicals in solution
were determined by extraction of soluble salts using a mass ratio of
sediment to ultrapure water of 1: 5. The extracted water, wastewater,
and groundwater were filtered through 0.45 pm and 0.2 pm filters,
respectively. The major ions were then measured by ion chromatog-
raphy (ICS-2100, Dionex, U.S.A.).

Sediment porewater was extracted by the automatic water extraction
system (LI-2100, LICA, China) for 3 h, separated by evaporation at
125 °C, and collected by condensation at —94 °C with a system pressure
of 1000 pa. We analyzed the extracted porewater, wastewater, and
groundwater for their oxygen and hydrogen isotopes at the Key Labo-
ratory of Agricultural Water Resources, Chinese Academy of Science via
a laser absorption water—vapor isotope analyzer (Picarro-i2120, CA, U.S.
A.). The stable isotope ratios are expressed in delta (§) units and a per
mil (%o) notation relative to the Vienna Standard Mean Ocean Water
(VSMOW). The reported analytical errors for oxygen and hydrogen
isotope ratios are + 0.1 %o for 5'80 and + 1 %o for 52H, respectively.

2.4. Data analysis

2.4.1. Spectrum analyses and groundwater response time

The spectrum of a signal is a typical way of investigating the fre-
quency distribution of a time series. Fundamental work on spectral
analysis of groundwater systems was carried out by Gelhar and Wilson
(1974). Recently, this method has often been used to study groundwater
recharge, recharge timescales, and spatial scale variability (He and
Guan, 2020; Houben et al., 2022). Spectral analysis of stable signals
often uses the sine wave method to convert the signal into a regular
trigonometric form (Beddows et al., 2016; Das et al., 2021). We esti-
mated the response time based on the sine wave approach fitting the
seasonal signal of water isotopes in rainwater and groundwater (Bed-
dows et al., 2016).

(t—10)2m
T

8 = 8 + S,8in (@D)]

At =ty — to1 +n7 ()

where § is either §°H or 6180, & is the sine offset on the & axis, §, is the
amplitude of the sine function, t = date, ty = date where the sine phase
equals zero, and 7 is the period of the sine function, ty; and toy are the
dates where the sine phase equals zero for precipitation and ground-
water, respectively, n is the number of periods of the actual response
time of the precipitation and groundwater signals.
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2.4.2. Exponential model and groundwater residence time

The seasonal variability of stable isotopes in the precipitation is often
reflected in the isotopic variability of river- and groundwater (Grande
etal., 2020; Zhou et al., 2021). The composition of outflows at any time,
Sout(t), is made up of past inputs lagged, i, (t —1), according to their
residence time distribution, g(4).

Sout = /w g(ﬂ)‘sin(t_l)d}” &)
0

where 4 is the lag times between input and output tracer composition.
In previous studies, the transfer function g(1) was often generalized
as an exponential model (Rodgers et al., 2005; Zhou et al., 2021).
_exp(3)

8(1) =—% 4

where T is the residence time.

Based on spectral analysis and the exponential model, the mean
groundwater residence time can be expressed as (McGuire et al., 2002;
Tekleab et al., 2014):

U LTI
T727Z (5,42) ! (5)

where, 541 and 45 are the amplitudes of the sine function for precipi-
tation and groundwater, respectively.

3. Results
3.1. Subsurface characterization

Geologic borings revealed multiple layers of silt, silty clay, and sand
of varying thicknesses (Fig. 3). The elevation of the transect ranged from
6 to 10 m above sea level. There were two sand layers within 30 m
depth. The depth of the first sand layer ranged from 8 to 12 m and was
thickest beneath the TWR (Fig. 3). The depth of the second sand layer
ranged from 22 to 28 m, with a thickness of about 2 m. Silty clay layers
under the TWR channel constituted a weakly permeable aquifer that
connected the wastewater to the TWR. A field survey found that black/
brown sediments extended along this silt layer from north and south,
suggesting a possible lateral pathway of wastewater transport due to the
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Fe or Mn contained wastewater. In the unsaturated zone, the porosity of
silt and silty clay layers are 0.41 and 0.40, and the vertical saturated
hydraulic conductivity of the silt and silty clay layers are 1.5 x 1072 and
6.8 x 10~ m/d. The thickness of the silty clay layer in the north is less
than that in the south, indicating that the permeability of the vadose
zone in the northern farmland is higher than that in the south. In the
saturated zone, the horizontal permeability coefficients of the sand, silt,
and silty clay layers were 4.66, 1.1 x 1072 and 8.9 x 10~ m/d,
respectively. The northern farmland location is mainly sand and silt
layer. In contrast, the southern farmland is primarily sand and thick silty
clay layers, and the thickness of the upper sand layer is small, indicating
that the hydraulic conductivity of the aquifer (<30 m) on the north side
is higher.

3.2. Stable isotopes and major ions in wastewater
The stable isotopes of water and major ions of wastewater in the

TWR at different times are presented in Fig. 4. The stable isotopes of
wastewater in the TWR showed §°H and 5'80 compositions of —50.9 and
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Fig. 4. Variation of stable water isotopes and major ions in wastewater of the
TWR. All data are from our actual historical monitoring, among which data for
2008 and 2009 have been published in previous works (Wang et al., 2014).
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—6.9 %o in September 2008, respectively, and —48.3 and —5.6 %o in June
2009. As there was no wastewater inflow after 2015, the wastewater
progressively evaporated, whereby the 5°H and 8'®%0 compositions
enriched to —34.8 and —2.6 %o, respectively, by June 2017. The high
concentrations of Na™ and SO were indicative of wastewater in the
TWR. The Na*™ and SO~ concentrations increased from September 2008
to June 2011 (i.e., SO concentrations increased from 1528.3 to 3171.0
mg/L). After the TWR interception in 2015, the concentration of Na*
and SO3™ decreased to 280.9 and 369.1 mg/L, respectively, in June 2017
(Fig. 4).

All wastewater isotopes plotted closely around the TWR evaporation
line (8°H = 4.93 x 8'%0 — 20.99, R? = 0.99), estimated from the iso-
topes of wastewater collected by previous work (Wang et al., 2014).
Wang et al. (2014) reported that the wastewater stored in the TWR was
enriched in heavy stable isotopes due to evaporation. As Na* is easily
absorbed in clay or silt clay, the indicative ions of SO~ companies with
the enriched isotopes of wastewater will be applied as tracers to inves-
tigate the impact of the wastewater on porewater and groundwater.

3.3. Stable isotopes in porewater

The variations of §?H and §'®0 in porewater throughout the sedi-
ment profiles of CO, C1, C3, C5, and C6 are presented in Fig. 5. The stable
isotopes of different sites show gradual enrichment (CO, C1, C6) or
depletion (C3) trends with depths due to the infiltration of different
water sources. To identify the stable isotopes characteristics, the depth
profiles were divided into three groups (Fig. 5): (I) The top silt layer
(above the first silty clay layer, where there was little evidence of the
wastewater leakage); (II) From the top of first silty clay layer to the top
of first sand layer, where wastewater might penetrate the silt and silty
clay reaching the first aquifer; and (III) Depth from the top of the first
sand layer to the bottom of the second sand layer. The stable isotopes in
the upper of Group II in the C3 profile (0-3.0 m, excluding 0.6 m) were
most enriched and were less variable, with 5°H ranging from —49.1 to
—47.2 %o and §'®0 ranging from —5.2 to —4.1 %o. Then the stable iso-
topes showed a depleting trend from 3.0 to 6.5 m with peak values of
—61.9 and —7.4 %o for 5°H and 5'%0, respectively (Fig. 5). These
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variations are consistent with the variations in the progressively
enriched isotopes in the wastewater of TWR from 2011 to 2017 (Fig. 4),
the average recharge rate of wastewater was estimated to be 1.09 m/
year. Differing from the C3 profiles, the stable isotopes in CO and C6
increased from the surface (Group I) with increasing depths (Group III),
except for the silty clay depths deeper than 22.5 m. This was consistent
with the increasing variation in isotopes from irrigation water with SGW
at present (mean §°H: —62.5 %o; mean 5180: —7.9 %) and with waste-
water (mean §%H: —46.0 %o; mean 5'%0: —5.4 %o) historically, we esti-
mated recharge rates of 0.63 and 0.75 m/year for CO and C6,
respectively. The ranges in isotopes in C6 (from —88.3 to —43.9 %o and
from —10.6 to —2.25 %o for 8°H and %0, respectively) were more
extensive than in CO (from —70.4 to —45.7 %o and from —8.8 to —2.9 %o
for 5°H and 6180, respectively).

The mean isotopic values in Group I and IIl in C6 were greater than in
CO. This discrepancy can be attributed to the different infiltration
mechanisms for irrigation water in the cotton and wheat/maize, the
evaporation in the cotton land with less irrigation (100 mm/a (Min
etal., 2018)) caused the isotopes in sediment water to get more enriched
than those in the wheat/maize cropping system with more irrigation
(320-360 mm/a (Sun et al., 2006; Zhang et al., 2018)). The C1 and C5
profiles were located outside of the TWR embankment. The stable
isotope distributions in C1 and C5 had greater enrichment with greater
depth, also observed in C6 and CO, excluding the isotopes in the silt clay
layers at deep depths. This is consistent with the impact of precipitation,
which has a more depleted isotopic signature than wastewater.

There were similarities in sediment profile porewater 5°H and 520
trends in C1, C3 and C5, and in CO and C6 (Fig. 6). All profiles showed
isotopic values that plotted in the dual isotope space beneath the
evaporation line of the TWR (Fig. 6). The slope of the fitting line for the
porewater isotopes of C3 and C1 were similar to that of TWR, with slopes
of 4.87 and 4.65, respectively (C3: §2H = 4.65 x 5180 — 25.68, R? =
0.95; C1: 52H = 4.87 x 5180 — 25.54, R% = 0.95), suggesting the impact
of partly evaporated wastewater on porewater. There were few samples
in the sand layers where C1 showed extreme deviation from the TWR
evaporation line (labeled in Fig. 6a). The samples taken from C5 were
clustering in a similar location in the dual isotope space as Group III of
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(Craig, 1961). The local meteoric water line (LMWL) was obtained from the precipitation data for Shijiazhuang City near the study area. The TWR evaporation line is

&%H = 4.93 x 50 — 20.99, R? = 0.99 (Wang et al., 2014).

C3, and Groups II and III of C1 (solid purple line in Fig. 6a). This
excluded several samples from the deep silt clay layers (purple dashed
line in Fig. 6a). Samples from CO and C6 were not distributed close to the
TWR evaporation line (Fig. 6b). Samples from C6 showed greater de-
viation from the evaporation line than CO (C6: 52H = 2.60 x 5180 —
41.72, R? = 0.79; CO: 82H = 4.13 x 8180 — 30.90, R? = 0.83). All of
these samples deviated far from the LMWL and the TWR evaporation
line, suggesting the influence of strong evaporation before and during
the infiltration of wastewater irrigation on farmlands. We further found
that the porewater samples from the sand aquifers at each site were most

isotopically enriched, and samples from deep silt clay layers were most
depleted in heavy isotopes.

3.4. Stable isotopes in USGW

The stable isotopes in precipitation and the upper shallow ground-
water showed seasonal variation from October 2017 to July 2019
(Fig. 7). The isotopes in the rainfall in the North China Plain were
isotopically depleted in the summer and the winter due to the differing
effects of air moisture sources (Yamanaka et al., 2004). The input signal
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Fig. 7. Variations of 8°H in rainwater (a) and the upper groundwater(b) from November 2017 to June 2019. C1 was not shown in this figure due to the bad
fitting coefficient.
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of isotopes displays the two peaks with high isotope values during the s -

irrigation season (spring and autumn) (Fig. 7a). SGW (at 80-120 m 3 «» AR A
depth) used for irrigation also had a relatively depleted isotopic signa- 2

ture (mean §%H: —62.5 %o; mean 5'%0: —7.9 %o). Corresponding to this, g «;9 R % I
the peaks of depleted isotopes in USGW occurred in April during spring 8

irrigation and in October after the rainy season (Fig. 7b). The seasonal 7“)‘ '

variation of recharge sources had an impact on USGW. k=

When comparing the USGW of the five sites, USGW at C3 was more % 2 Neow S
enriched in heavy isotopes than at the other sites, with C3 having mean 5
values of —49.2 and —5.4 %o for 6°H and 8'80, respectively. This indi- 2lElosls 88% !
cated a more significant impact of isotopically enriched wastewater on E
USGW under the TWR channel. The ranges of stable isotopes in CO, C1, g '
and C3 sites were more extensive than in C5 and C6, suggesting the E
USGW at the south sites were more easily affected by changing surface H & - § N
condition than the north sites. :‘:@

Each site’s response time and residence time of USGW was calculated 2lol .~ el
using Egs. (1)-(5) and presented in Table 1. There was a large discrep- § flagia=an=
ancy between the results calculated from 52H or 5'%0. Since §'%0 is more o |
affected by evaporation fractionation (Filippini et al., 2015), the 8°H o
results were used to investigate the residence and response times to 2 i LRI
precipitation or irrigation signals. The residence time for USGW from C6 g
to CO decreased from 382 to 97 days. Similarly, the response time for é clogl28,8
USGW from C6 to CO increased from 266 to 118 days. C6 had a longer A
groundwater response time than CO, which seems to contradict each §
other with the description of the permeability of the hydrogeologic unit g I
in part 3.1. In fact, the latter is the description of the thickness and g n W o~
distribution of the weakly permeable layer (silty clay layer), which 2 a S33aa
represents the permeability of the unsaturated zone as a whole, and is E)
consistent with the permeability rate of matrix flow calculated in part Eo Ol FloRBRT
3.3 (C6 > CO0). And the phenomenon that the response of CO ground- E SleEToeed
water level to precipitation is preferred over C6 (Fig. S3) can verify the B \
accuracy of groundwater response time, which can further prove that g
the development rate of preferential flow is higher in wheat and maize g - IR
farmland (CO) than cotton farmland (C6) on the outside of the beo &l === om0
embankment in the river channel zone. The discussion on the effect of =
preferential flow on groundwater recharge will be continued in Section g | .3 E % E f E
4.2, Sl lee =

<
1
3.5. Sulphate and nitrate in USGW ]
. . N ) 5| |, |8%%298

Fig. 8 shows the monitoring results for indicative ions of SOz~ and ] 2 SRSECRS
NO3 concentrations in USGW affected by wastewater. The SO% con- g
centrations tended to decrease over the monitoring period (Fig. 8a). g ol = 585833
Mean SO3 concentrations decreased over time with maximum and gl | E|THTTTY
minimum values of 1420.9 mg/L and 496.1 mg/L, respectively. Sul- ,%0
phate concentrations were slightly higher during the dry season than in £ :
the wet season. Spatially, the SOF~ concentrations at C3 and C5 sites £ o —
were higher than at farmland sites CO and C6 before June 2018, when g g |[23922
wastewater in the TWR was cleaned. The variation in concentrations for %
these sites reversed after that time. However, NO3 concentrations g F I N S
differed significantly, showing a sudden increase and decrease in o | .3 Ngand
response to precipitation and irrigation, with a maximum value of 40.8 gﬁ Shesp e
mg/L (Fig. 8b). The high concentration peaks were observed in June or E .

July after intense rainfall and in May or June after spring irrigation of GEV’)
farmland, and there is also a slight increase in NO3 from January to = © |N 85933
March. The mean NO3 concentrations in USGW at different sites were g|- = ececee°
related to the land surface conditions, with the highest value at the TWR é |
channel (C3), the second highest value in wheat/maize crop at CO, and 8
the third highest value in corn crops (C6), and the lowest value at the 2 Ot N O
two sides of the TWR embankment (C1 and C5). E & | -2 33333
E
4. Discussions % g
2 g
4.1. Infiltration processes affected by multiple recharge sources - 38 N 2
= 8|8 2%
_ _ 23| 88888
As Fig. 5 and Fig. 6 show, the stable isotopes in the five sediment =
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Fig. 8. Variations of major ions in the upper shallow groundwater in boreholes along the section from November 2017 to June 2019. (a) SO3; (b) NO3; (c) mean

values for EC, SO3~ and NOj3 of all boreholes (the error bars indicate the ranges).

profiles indicated differences in infiltration processes and water sources
in porewater when wastewater remained in the TWR channel. All pro-
files had an obvious isotopic peak point showing the vertical variation in
sources. These points were located at 9, 4.5, 6.5, 8.8, and 7.5 m for C6,
C5, C3, C1, and CO, respectively (Fig. 5), suggesting infiltration and
mixing of different sources. For example, the C3 profile contained
wastewater from the TWR and the enrichment of 5°H and 5'%0 from
deep to shallow depths indicates infiltration and mixing of the more
enriched wastewater in the TWR after 2011 with previously recharged
wastewater (Fig. 3). The enrichment of stable isotopes in deep layers
(>6.5 m depth) and the quickly enriched isotopes in shallow layer (<6.5
m depth) of the C3 profile were in accordance with the stable isotopes in
the wastewater of the TWR before 2011 and the greater enrichment from
2011 to 2017, respectively. These recharge rates range from 0.41 to
2.00 m/year, as evaluated by previous research in the alluvial plain of
the North China Plain (Min et al., 2018; Wang et al., 2019). Due to the
high sediment moisture under wastewater (Fig. 5), the recharge rate of
C3 was higher than the cropped fields of CO and C6. The relatively
greater recharge rate in the cotton field of C6 compared to the wheat/
maize field of CO can be attributed to the somewhat thinner silt layer in
C6.

Profiles C1 and C5 were located outside of the TWR embankment. A
T-test showed that isotopes in the C1 and C5 profiles were similar to that
of C3. This indicated that the local lateral flow of TWR wastewater
through the vadose zone affects the stable isotopes of porewater in C5

and C1. This was verified by a field survey that found the polluted sludge
distributed along the silt clay layer under 4.5 and 8.8 m for C5 and C1,
respectively, which also supported the lateral flow of wastewater in the
unsaturated zone (Fig. 3a).

The infiltration and mixing processes are very similar to previous
research conducted in the deep vadose zone when affected by an unlined
wastewater pond (Asaf et al. 2004, Gal et al. 2009). Gal et al. (2009)
found that the recharge rate decreased after the wastewater discharge
ceased due to the decreasing sediment moisture. Additionally, variation
of surface conditions resulted in different distributions of isotope
enrichment at vertical depths (Gal et al. 2009). Most 5°H isotopes of C6
and CO were greater than the average 52H (-49.7 %o) in wastewater from
September 2008 to June 2011. During extensive evaporation from the
unsaturated zone, kinetic effects by vapor diffusion were greater than
those of evaporation from open surfaces (Balugani et al., 2021).
Therefore, stable isotopes throughout the C6 and CO profiles enriched
more than wastewater in TWR and porewater in C3. When comparing C6
and CO, the fractionation effect from soil evaporation beneath cotton
crops was more robust than for soils beneath wheat/maize, with the
slopes of the evaporation lines being 2.60 and 4.13, respectively
(Fig. 6b). This can be attributed to differences in water balances in the
different land uses. The cotton field receives 100 mm of irrigation
annually (Min et al., 2018), and the wheat/maize cropping system re-
ceives 320-360 mm of irrigation annually (Sun et al., 2006; Zhang et al.,
2018). The dryer soil conditions resulted in more substantial
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evaporation fractionation, while more irrigation at the wheat/maize
fields diluted the isotopic fractionation signal.

4.2. Seasonal recharge and recharge flow paths of USGW

The observed §%H vs 880 relationship of porewaters (USPW), the
upper shallow groundwaters (USGW) of CO, C3, C5 and C6, and the
calculated 5%H vs 5'80 relationship of the sine wave fitting curves of
different seasons for these sites were shown in Fig. 9. The hysteresis loop
was found in the observed data and the fitting data of USGW based on
the spectral analysis and the exponential model (Table 1). Benettin et al.
(2018) reported that residual water samples affected by evaporation
show a hysteresis loop and the width of the hysteresis loop depends on
the amplitude of the seasonal cycle of evaporation and the extent to
which if differs from the seasonal cycle of the isotopes in precipitation.
This hysteresis loop was testified by using numerical experiments based
on established isotope fractionation theory. The input source of isotopes
in precipitation showed sine or cosine curves with semi-annual cycle
(Yamanaka et al., 2004) and the variation of isotopes in USGW also
showed the semi-annual period correspondingly affected by the seasonal
precipitation and irrigation recharge. Fig. 9 displayed the distribution of
two loops with a mean hysteresis time of three months. The contribution
of each seasonal recharge source determines the loop’s shape. As for
USGW at C3 influenced by TWR wastewater, the loop is narrow with a
nearly straight line of precipitation, and evaporated porewater end-
members plot beneath the TWR evaporation line. Samples during sum-
mer and winter overlapped with porewaters at shallow depths sug-
gesting a significant contribution of isotopically fractionated porewater
on USGW at those times, while samples during fall and spring indicate a
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contribution to USGW recharge occurred during all seasons at C6, but
the contribution of precipitation and SGW increased at CO site, which
resulted in larger loops at the CO site compared to the C6 site. USGW in
irrigated farmlands with low amounts of irrigation and intense evapo-
ration at C6 (cotton lands) had a stronger hysteresis with a loop that
overlapped with shallow porewater suggesting a major contribution of
porewater.

According to the contribution ratios of different sources (Fig. S5),
precipitation also contributed significantly (44 to 61 %) to USGW
recharge besides the residual water in the porewater. However, ac-
cording to the estimation of recharge rates of matrix flow (0.65~1.09
m/year) from the distribution of porewater isotopes, it is impossible for
surface water sources to reach the water table in one year. Consequently,
the 3-month average response time indicates that there must have been
preferential flow to the USGW (Esit et al., 2021; Zhang et al., 2014). The
abrupt changes in porewater isotopes in the sand layers (Fig. 5) suggest
that preferential or fast flow (such as lateral groundwater recharge)
included re-mobilized evaporated water sources. Many studies con-
ducted on soil water or groundwater in the North China Plain have
supported preferential flow, particularly for irrigated farmlands (Ma
etal., 2017; Song et al., 2009; Zheng et al., 2020). According to the field
survey, preferential flow traced by pollutants was also found in the silt
layer and silt clay above 20 m depth (Fig. 3b-d). Therefore, it may be
possible that preferential flow contributes to seasonal variation in USGW
isotopic signals. Unlike C6, CO-C5 are located in the Tanghe River
Channel, and the higher permeability of the preferential flow in the
unsaturated zone possesses a shorter mean USGW response time of
100-118 d. Eventually, the USGW downstream is affected by the rapid
lateral flow of the sand layer. To facilitate understanding, we synthe-
sized the above discussion of USGW recharge and drew a conceptual
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diagram of the TWR upper shallow groundwater recharge model
(Fig. 10).

4.3. Impact of preferential flow or lateral flow on USGW quality

Understanding the processes of local groundwater recharge is vital to
identify the solute transport in porewater and contamination in
groundwater. Besides stable isotopes, major ions in groundwater are
good indicators for verifying groundwater processes. Sulphate was the
major water ion in wastewater of the TWR, which contributed to vari-
ation in water quality (as EC) (Wang et al., 2014). As Fig. 8 shows, the
SO% was relatively stable due to the infiltration of wastewater with high
SO?{ concentrations before June 2018 (Fig. 4). There were large varia-
tions after the 2018 rainy season since the SO~ source was cut off. The
dilution effect caused by preferential flow or fast flows of precipitation
recharge might be the primary cause of this variation. This is in accor-
dance with the contribution ratio of precipitation (Fig. S5). However,
the increased SO%~ concentrations after fast flow recharge indicated the
contribution of matrix flow or remobilization of porewater, which had a
high SO%" content (Fig. S6). Similarly, winter and spring irrigation with
shallow GW had a similar impact on USGW quality.

The impact of preferential flow and slow matrix flow on NOj3 in
USGW is different from SO3™. A conceptual model of recharge mecha-
nisms of USGW and transportation of pollutants (i.e., NO3) is presented
in Fig. 10. During the infiltration processes of multiple water sources,
evaporation, mixing, and recharge rate of matrix flow determine the
vertical distribution of isotopes in porewater. Isotopes in aquifers differ
from upper layer porewater, but are similar to shallow depth porewater,
suggesting the mixing of fast flow. We found that the fast flow signifi-
cantly contributed to the USGW recharge and increase in NOs. Past
research has pointed out that NO3 accumulates in soils to 2 m depth
(Chun-Sheng et al., 2011; Ju and Zhang, 2017; Wang et al., 2019), and
the amount accumulated decreases with increased depth toward the
saturated zone. Generally, NO3 accumulates during the winter wheat
season and leaches into the soil profile during the summer maize season
(Lu et al., 2019). In our study, leaching occurred not only in summer but

&%H
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also in the winter, showing elements of seasonal leaching. This can be
attributed to several factors. First, the preferential flow induced by flood
irrigation carries the N-fertilizer in surface soil into aquifers. Second,
there were many factories around the TWR, and these operations dug
seepage pits to store or leak wastewater, as was noted during our field
investigations. Farmland was the primary land use type in the study area
and also on the plains of the Baiyangdian watershed. NO3 gets easily
transported from the root zone to SGW in farmland. Min et al. (2018)
reported for the North China Plain that NO3 concentrations in peaks
above 2 m soil depth ranged from 550 to 812 mg/L for a wheat/maize
cropping system and ranged from 260 to 760 mg/L for cotton, and dif-
ferences between crops were due to different N-application levels. This
could also explain why the NO3 concentrations in the USGW of the
wheat/maize crop (CO) were higher than that in the USGW of cotton
(C6).

5. Conclusions

We investigated recharge and transport pathways of major pollutants
(S0% and NO3) from the surface to the upper shallow groundwater
(USGW) in an alluvial aquifer as affected by a long-term unlined
wastewater reservoir (the TWR). The variation in contributions from
many sources created a complex groundwater recharge system. Pore-
water stable isotopes of sediment profiles recorded the infiltration and
mixing processes of different water sources, including precipitation,
wastewater leakage, wastewater irrigation, and shallow groundwater
irrigation. Matrix flow’s average vertical recharge rate ranged from 0.63
to 1.09 m/year. The stable isotopes in sand aquifers were similar to
those in porewater at shallow depths in the sediment profiles, suggesting
the existence of fast preferential flow pathways.

Shallow groundwater above 30 m showed the seasonal contribution
of evaporated water sources, including precipitation, porewater in
sediment, and irrigation water from shallow groundwater from 80 to
120 m depths. The preferential flow pathways and lateral flow along the
TWR lead to significant precipitation contributions (44 to 61 %) to the
USGW recharge for most sites. Hysteresis loops in the dual isotope space
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response time. Nitrate concentrations are shown on yellow background (mg/L).

Fig. 10. Conceptual model of the upper shallow groundwater recharge

Groundwater flow direction from east to west
(outwards perpendicular to the layout).

O)

and transport of nitrate affected by multiple sources with seasonal variation.
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of seasonal USGW recharge reflected the seasonal variation in different
water sources. We found two types of hysteresis loops in the §2H and
5180 plot of USGW: 1) USGW in regions influenced by TWR wastewater
had narrow loops and a nearly straight line between the end member of
precipitation and evaporated porewater TWR leakage; 2) USGW in
irrigated farmlands with low and high amounts of irrigation and intense
evaporation (i.e., cotton fields and wheat/maize fields) had a stronger
hysteresis with loops that overlapped with shallow porewater suggesting
all three water sources contributed to the groundwater recharge. The
deviation from the LMWL showed differences in the magnitude of
evaporation. Therefore, we hypothesize that the shape of the hysteresis
loop in the 52H vs 8'0 plot for USGW was determined by the varying
dominance of different recharge sources. This novel interpretation is
transferrable and could identify other groundwater aquifers under
threat of contamination.

The seasonal recharge also contributed to the seasonal variation of
the USGW quality. The SO%~ concentrations slightly decreased due to
dilution. However, the NO3 concentrations increased after precipitation
and irrigation when preferential flow carried nutrients from the shallow
soil depths into the aquifer. Therefore, long-term wastewater leakage
and irrigation affected local recharge and sediment pollutants, and these
measures should receive greater attention. Action is needed to prevent
pollutant transport by preferential and fast flow in alluvial aquifers, as
these systems are highly susceptible to contamination.
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