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HIGHLIGHTS

* An unlined wastewater reservoir caused the deterioration of groundwater quality.

« An evaporation fraction was estimated by Rayleigh distillation theory of isotopes.

* 73.5% of wastewater recharge to groundwater by leakage and irrigation infiltration.
« The region influenced by wastewater was divided into four subzones.

= Mixing, ion exchange, and carbonate precipitation are major geochemical processes.
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Sewage leakage has become an important source of groundwater recharge in urban areas. Large linear wastewa-
ter ponds that lack anti-seepage measures can act as river channels that cause the deterioration of groundwater
quality. This study investigated the groundwater recharge by leakage of the Tanghe Wastewater Reservoir, which
is the largest industrial wastewater channel on the North China Plain. Additionally, water quality evolution was
investigated using a combination of multivariate statistical methods, multi-tracers and geochemical methods.
Stable isotopes of hydrogen and oxygen indicated high levels of wastewater evaporation. Based on the assump-
tion that the wastewater was under an open system and fully mixed, an evaporation model was established to
estimate the evaporation of the wastewater based on isotope enrichments of the Rayleigh distillation theory
using the average isotope values for dry and rainy seasons. Using an average evaporation loss of 26.5% for the
input wastewater, the estimated recharge fraction of wastewater leakage and irrigation was 73.5% of the total
input of wastewater. The lateral regional groundwater inflow was considered to be another recharge source.
Combing the two end-members mix model and cluster analysis revealed that the mixture percentage of the
wastewater decreased from the Highly Affected Zone (76%) to the Transition Zone (5%). lon exchange and
redox reaction were the dominant geochemical processes when wastewater entered the aquifer. Carbonate pre-
cipitation was also a major process affecting evolution of groundwater quality along groundwater flow paths.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

With industrialization and accelerated urbanization, municipal sew-
age leakage has become an important source of groundwater recharge,
resulting in adverse effects on groundwater quality (McArthur et al.,
2012; Schirmer et al., 2013). This is especially true for aquifers located
in arid/semi-arid climate regions in which global warming and
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anthropogenic activities have led to decreased runoff, drying of rivers
and declining groundwater levels. The major non-agricultural sources
of groundwater contamination include leakage from water supply and
disposal networks such as evaporation ponds, on-site sewage disposal,
and contaminated land and rivers (Wakida and Lerner, 2005). Among
these sources, evaporation ponds have been widely used in arid regions
for the storage and disposal of wastewater (Geophysics Study
Committee, 1984; Al-Kharabsheh, 1999). Although these ponds are
often lined, many are unlined and therefore have the potential to impact
groundwater quality via leakage. To effectively manage water resources
within a basin, it is important to investigate the impacts of polluted
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Fig. 1. Location of the study area in Lake Baiyangdian watershed (a) and sampling points in the study area (b).
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rivers and surface wastewater systems on groundwater recharge and to
recognize the geochemical evolution in groundwater.

Groundwater contamination is a major water problem in the Lake
Baiyangdian watershed near Beijing, China (Fig. 1(a)). In this region, riv-
ers are typically polluted, which has greatly threatened the quality of
groundwater resources. Among the eight rivers that flow into Lake
Baiyangdian, the only one that has perennial flow is the Fu River,
which is mainly sourced by municipal sewage with or without primary
treatment from Baoding (Qiu et al., 2009). The Tanghe Wastewater Res-
ervoir (TWR) is a large linear wastewater reservoir located 20 km east of
Baoding in the Lake Baiyangdian watershed. The TWR was constructed
parallel to the Tang River to store industrial effluent from Baoding in
1975. A sluice gate was set in the east end of the channel to prevent
the effluent from flowing into Lake Baiyangdian. Industrial wastewater
drained to this reservoir is not treated, which leads to concentrations of
water soluble chemicals that are much higher than those in other sew-
age and has resulted in the TWR becoming a linear source of regional
groundwater contamination. Therefore, there is an urgent need to in-
vestigate the impacts of the wastewater reservoir on groundwater.

To study the impacts of polluted surface water on groundwater con-
tamination, increasing attention has been paid to the interactions of
groundwater-surface water (Petelet-Giraud et al., 2007; Kumar et al.,
2009; Guggenmos et al., 2011; Al-Charideh and Hasan, 2012). Indirect
methods, based on water balancing and solute balancing, are suitable
methods for larger scale assessments but suffer from a significant uncer-
tainty (Rieckermann et al.,, 2005; Chisala and Lerner, 2008). Direct
methods such as tracer tests are less uncertain and have been applied to
investigate the groundwater recharge sources and determine the migra-
tion pathways of the pollutant (Rieckermann et al., 2005). The most wide-
ly applied tracers include heater, environmental isotopes, and solute
concentrations. In recent years, the multivariate statistical methods com-
bined with geochemical processes of major ions have been testified as the
effective approaches to interpret the present water chemicals characteris-
tics and evolution (Belkhiri et al., 2010). Uncertainties in each approach to
estimating recharge underscore the need for application of multiple tech-
niques to increase reliability of recharge estimates (Scanlon et al., 2002).

This study investigated the TWR and the groundwater surrounding
it in the Lake Baiyangdian watershed, China using multiple techniques.
The specific goals of this paper were to: (1) evaluate the influences of
the TWR on groundwater (i.e., extent and range), (2) estimate the quan-
tity and percentage of groundwater recharge from the TWR and (3) elu-
cidate the hydrogeochemical evolution along the water flow path.

2. Site description and hydrogeological characterization

The study area is located in the plains area of the Lake Baiyangdian wa-
tershed (Fig. 1(b)). The topographic features of the region include the lake
and related depressions. The TWR is an unlined wastewater reservoir and
with a length of 17.5 km and a width of 100 m, giving a maximum storage
capacity of 8 x 10° m>. An alluvial flood plain and ancient river channels
are distributed in the south and west of the study area (Wu, 2008). The
region is characterized by a temperate continental monsoon climate
with an annual average rainfall of 510 mm (Cui et al., 2010) and evapora-
tion of 1369 mm (Liu et al., 2006). The majority of precipitation (75%) falls
from June to September, while the majority of evaporation (54%) occurs
from May to August. The mean annual air temperature is 13.8 °C and
the mean absolute humidity is 61% based on data obtained from the Bao-
ding weather station of China meteorological data sharing service.

The main stratigraphy of the plain area is composed of unconsolidat-
ed sediments of Quaternary Q4. Silt clay and clay are widely distributed
in the aquifer (Fig. 2), which can be divided into four groups according
to its stratigraphic features (aquifer groups I, II, Ill and IV). Groups I and
Ilinclude the Holocene Qy, upper Pleistocene Qj and mid Pleistocene QZ,
while groups Il and IV include the Lower Pleistocene Q) and the Tertiary
Q,, stratigraphy, respectively. The shallow groundwater aquifer is com-
posed of groups I and II, while the deep groundwater aquifer is

composed of groups Il and IV (Wang et al., 2008). Drilling data provided
by China Geological Survey indicate that feldspar, mica and montmoril-
lonite are major minerals in the aquifer.

3. Methods
3.1. Sampling and analytical procedures

A field survey and sampling were mainly conducted in June, 2009.
Two wastewater samples were collected from the TWR in Sept., 2008.
Water table, pH, electrical conductivity (EC) and temperature (T) were
measured in situ using a portable meter (WM-22EP) (DKK, TOA Corpora-
tion, Japan). Groundwater is divided into shallow groundwater (SGW)
with depth less than 100 or 120 m and deep groundwater (Deep GW)
with depth greater than 100 or 120 m (Wang et al,, 2013). Water samples
were also collected from the shallow aquifer upstream of Baoding (Up-
stream SGW) and the deep aquifer (Deep GW). Samples of the study
area included wastewater from the TWR (T1-2, T2-T6) and shallow
groundwater (S1-S23) (Fig. 1(b)). The industrial wastewater of Baoding
is concentrated in a channel southeast of the city, where sample T1-1
was collected. The wastewater is then transported from site T1-1 into
the TWR via an underground channel. All water samples for analysis of
major water chemicals and stable isotopes (6%H, 5'0) were collected in
air-tight 100 ml polyethylene vials and sealed with adhesive tape to re-
duce evaporation. Water samples for analysis of the concentrations of
Fe, Mn, Al and Si were acidified to a pH of less than 2 using HCL.

Near sites S13 and S14, two soil profiles were drilled from the surface
to a depth of 200 cm and soil samples were collected at 10 cm intervals.
Water leached from these soil samples using the method described by
Scanlon et al. (2006) were analyzed for water chemical parameters as de-
scribed below.

All water samples were passed through 0.2 um filters before analysis.
Samples were analyzed for major ions (Na™, K™, Ca®*, Mg?™, Cl~, SO3 ™
and NO3") by ion chromatography (Shimadzu LC-10 AD, Japan). Freeze
and Cherry (1979) recommend that 5% was a reasonable error limit of
percentages of ion balance for accepting the analysis as valid. The con-
centrations of Fe, Mn, Al and Si were determined by ICP-MS. SiO, was
calculated according to the measured Si concentration. Stable isotopes
(8%H, 5'80) were measured by Isotope Ratio Mass Spectrometry
(Finnigan MAT-253) at the Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences (CAS). The §%H and
5180 values were expressed in the standard 6-notation as the per mil
(%0) difference from standard-VSMOW (Vienna Standard Mean Ocean
Water). The 62H and 6'80 measurements were reproducible to an accu-
racy of +0.2 and =+ 1.0%., respectively.

3.2. Cluster analysis

Hierarchical cluster analysis (HCA) is an efficient method of analyzing
and displaying complex relationships among a considerably large number
of samples. This technique has been used in a number of studies to distin-
guish water quality characteristics (Kumar et al., 2009; Belkhiri et al.,
2010; Zhang et al., 2012). Cluster analysis can be run in Q-mode, in
which clusters of samples are sought, or in R-mode, where clusters of var-
iables are desired. In the present study, the Euclidean distance, which
gives the similarity between two samples, was used to compare samples
(Otto, 1998). When combined with Ward's linkage method (Ward,
1963), cluster classification was performed on a normalized data set to
produce the most distinctive groups in which each member of the
group is more similar to its fellow members than to any member outside
the group. R-mode HCA was used to classify parameters with similar fea-
tures for all samples in the study area. Q-mode HCA was used to classify
the samples influenced by the TWR into different groups according
to eleven water quality variables (pH, EC, Na™, K, Ca?™, Mg?™, CI~,
SOZ~, NO5, HCO3 and SiO,). The water chemical data of the samples
was statistically analyzed using the STATISTICA (1998) software.
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Fig. 2. Section profile and flow path along the profile of E-E’ in Fig. 1 (modified according to Zhang et al. (2009)).

3.3. Rayleigh evaporation model of stable isotopes

Craig and Gordon (1965) developed the Craig-Gordon (CG) model to
describe the isotopic composition of an evaporative flux of water. There
are several parameters that are needed to use this model, including ‘the
free-atmosphere’ of the water body and the equilibrium and kinetic frac-
tionation (Horita et al., 2008). A simple model of stable isotopes of hydro-
gen and oxygen can be developed incorporating both the equilibrium and
kinetic enrichment factors of water that has undergone evaporation
(Butler, 2007). The general form of a Rayleigh distillation equation states
that the isotope ratio of the reactant in a diminishing reservoir is a func-
tion of its initial isotopic ratio (Rp), the remaining fraction of that reservoir
(f) and the fractionation factor (¢, € = o, — 1) for the reaction, which
incorporates both equilibrium (&,_y) and kinetic fractionation (Ag,_p,)
(Clark and Fritz, 1997).

R = Rof(®1), (1)

After converting the isotope ratios to 6 values, Eq. (1) can be given as:

—1000. )

5= exp[In(f) x (£)/1000] x (6, + 1000)
The equilibrium isotope fractionation factor is strongly dependent
on the temperature (T, in Kelvin degree) of the reaction, which can be
determined at different temperatures through experimentation
(Majoube, 1971; Horita and Wesolowski, 1994). In this study, the fol-
lowing equations were adopted to calculate the equilibrium fraction-
ation factors of %0 and 2H between water and vapor (expressed as
10%Ina'®0,._,, and 10*Inc?H,_,y) (Majoube, 1971):
10’ Ina'®0 = 1‘137(106/T2)—0.4156(103/T> —2.0667 3)
10° In’H — 24.844(10°/7°) ~76.248 (10°/T) + 52.612. )

Kinetic effects are influenced by the surface temperature, wind
speed, salinity and most importantly, humidity (Clark and Fritz, 1997).

Gonfiantini (1986) described the kinetic effects in terms of humidity
(h) using the following relationships:
2¢"0 =

142(h—1) (5)

Ag’H = 12.5(h—1) (6)
where, Ag'®0,_p, and A&g?H,_p, are kinetic fractionation factors of 120
and ?H between vapor and boundary layer in the evaporation interface.

3.4. Channel water balance

The channel water balance is described as (Lerner, 1997):

AS

R= Qup_Qdown + Z Qin_z Qout_Ea_ E’ (7)

where R is the recharge rate, Q is the flow rate, Q,;, and Qqown are flows at
the upstream and downstream ends of the reaches, Q;, and Q. refer to
tributary inflows and outflows along the reach, E, is the evaporation
from surface water or stream beds and AS is the change in storage in
the channel and unsaturated-zone with time (At). The key issue for es-
timation of recharge is determination of the residual items. It should be
noted that this approach is limited in that the accuracy of the recharge
estimate depends on the accuracy of the residual items of a water bal-
ance. This limitation is critical when the magnitude of the recharge
rate is small relative to that of the other variables, especially evapora-
tion. However, averaging over longer time periods tends to reduce the
impact of extreme precipitation events that are most responsible for re-
charge events (Scanlon et al., 2002).

As a case study of the TWR, it is assumed that the features of the
channel bed are homogeneous. Q,,,, is the inflow rate (Q) of wastewater
at the west end. Qo is equal to zero because outflow is stopped by a
sluice gate. It is also assumed that AS / At = 0 because this study is
not concerned with seasonal variation. Wastewater inflows, Y _ Q;,, are
equal to precipitation (P) because there is no inflow along the channel.
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Since the TWR is an artificial reservoir with a river levee along two sides
of a linear reservoir channel, the catchment for precipitation is limited
to the water surface area. Y Qqy equals to the summation of evapora-
tion (E) and irrigation water (I). Thus, the channel water budget of the
TWR can be written as:

R+I1=Q+P—E. (8)

In this case, the summation of direct leakage and wastewater used
by irrigation (R + I) was estimated, because it is difficult to investigate
the quantity of irrigation water that is pumped directly from the TWR.

3.5. Mixing and geochemical models
Groundwater has many recharge sources. In this study, a simple ma-

terial balance model was applied to partition the amount of water
recharged into the shallow groundwater:

m
MgCy = MG 9
i=1
m
> oM =1, (10)

where M and C represent the mass and concentrations of the solute per
volume of each water body; g represents groundwater; i = 1, 2, ..., m,
represent the different mixing sources.

Geochemical processes will modify the water chemical content
along a flow path. The potential for a chemical reaction can be explained
by the saturation index (SI) of a mineral, which reveals the chemical
equilibrium of water with mineral phases. The SI of a mineral is calculat-
ed by:

SI = log(IAP/K) (11

where K is the equilibrium constant and IAP is the ion activity product.
SI = 0 indicates equilibrium between the mineral and the solution; SI <
0 reflects subsaturation when dissolution is reached, and SI > 0 repre-
sents supersaturation, suggesting precipitation. The SI can be calculated
by using the geochemical model of PHREEQC 2.15.0 (Parkhurst and
Appelo, 1999).

4. Results and discussion
4.1. Water chemical characteristics

The means of field observations, major ions, heavy metals and isoto-
pic components of water samples from different water bodies are listed
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in Table 1. An increasing trend in EC value and SO%~, Ca® ™, Fe and Al
ions was observed as follows: deep groundwater < upstream SGW <
downstream SGW < TWR. The low concentrations of major ions (except
Na™) and smaller isotope components of deep groundwater verified the
existence of an aquitard, which reduces the hydraulic connection be-
tween shallow and deep aquifers. Since it has been affected by polluted
surface water, the water quality of the downstream SGW is worse than
that of the upstream SGW and deep groundwater. Therefore, the means
of the water chemical values of the upstream SGW and deep groundwa-
ter were referred to as the background value to investigate the impact of
the TWR on the shallow groundwater downstream. The values based on
field observations and major ions of the TWR and shallow groundwater
in the study are listed in Table A.1 of Supplemental section. The chang-
ing patterns of concentrations of Si, Al, Mn and Fe were mainly used to
discuss possible geochemical processes.

The results of HCA are illustrated in Fig. 3. The dendrogram of R-
mode cluster analysis for all samples downstream divided the major
variables into two main groups. The first group (group I) contains EC
and SOZ ™ in close association. The electrical conductivity (EC) is posi-
tively correlated with the concentration of ions, the close association be-
tween EC and SO3 ~ suggests that the concentration of SOZ ™~ has a large
contribution to the total ion concentration. There are two subgroups in
the second group (group II). Subgroup (1) comprises Na* and HCO3.
Since the major water chemical type of the wastewater in the TWR is
Na-SQ,, the close similarity between Nat and HCO3 indicated that
HCOs3 is very closely associated with geochemical processes related to
wastewater pollution. Subgroup (2) comprises other water chemicals
such as Ca? " and Mg?* which have close similarity. The Q-mode cluster
analysis classified water samples into four groups (Fig. 3(b)). (I) Sample
S22 has the same linkage distance as sample T1-1, which indicates that
it is a pollution source. The EC value and SO3~, Na™ and CI™ concentra-
tions at S22 are high. The field survey revealed that S22 were collected
from area in which there were wells used to reject wastewater from a
local factory. (II) Samples collected within 100 m of the TWR (54, S20,
S14), S23 and wastewater (T1-2 to T6) belong to the same group,
which indicates these groundwater samples have a close connection
to the TWR. Although S23 was located far from the TWR, it is believed
that direct wastewater irrigation has influenced the water quality. The
high occurrence of cancer in local residents of the village from which
S23 was collected also suggests that there is poor water quality in this
area. (III) Samples in this group can be further divided into two sub-
groups, one comprised of samples with medium connection to the
wastewater (S3, S13, S15, S16 and S19), and another composed of sam-
ples with low connection to the wastewater (512, S18 and S21). (IV)
Samples in this group have little connection to the wastewater (S1, S5,
S6, S9, S10, S11 and S17). Among these samples, only S10 and S11 are
located on the south side of the TWR, which represents the edge of
the TWR contamination. Other samples were collected from regions
near the contaminated surface water or from the region irrigated by

Table 1

Means of field observation, major ions, heavy metals, and isotopes of different water bodies in Lake Baiyangdian Watershed.
Item pH T EC Na* K ca?t Mgt - NO; SO~  HCO;  Si Al Mn Fe H/'H  5'%0/'°0

(O (pSfem)  (mg/l) (%)

TWR* 7.7 268 4553 836 22 202 47 232 71 2383 242 598 056 03 058 —41 -39
Downstream SGW° 8.2 159 2309 308 29 89 104 184 16 736 421 545 036 034 035 —60 —-72
Upstream SGW* 80 155 710 21 55 83 30 30 41 70 285 722 022 015 016 —59 -75
Deep GW¢ 84 194 517 77 13 31 15 36 10 59 250 628 012 028 015 —74 —9.6
BYD® 85 283 1129 142 7.5 52 45 128 4 174 283 113 008 002 012 —26 —-09

Note:

2 Tanghe wastewater reservoir.

Downstream shallow groundwater.
Upstream shallow groundwater.
Deep groundwater.

Lake Baiyangdian.

o an o
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domestic sewage, where it is assumed that the TWR has no impact on
groundwater quality. The remainder of this paper focuses on groundwa-
ter samples that were influenced by the TWR.

4.2. Evaporation and infiltration of the TWR

4.2.1. Evaporation model of the TWR based on Rayleigh distillation of
isotopes

In this study, 8°H and 5'80 values measured by combustion are re-
ported as concentrations. Since only the free water molecules interact
with the atmosphere, isotopic components in water with high salinity
should be expressed as activities when modeling evaporation
(Cartwright et al., 2009). Though the TDS of the TWR ranges from
3000 to 4500 mg/I, the differences between §2H activities and concen-
trations ranged from — 0.10 to — 0.12%. and there was almost no differ-
ence between §'80 activities and concentrations according to the
calculation method of Horita (1989). Fig. 4 shows the relationship be-
tween 62H and 6'20 activities in wastewater of the TWR and nearby
groundwater. The isotope components of samples collected during dry
season (June, 2009) were larger than those collected in the rainy season
(Sept., 2008). When water flowed along the river channel, the isotopes
of the water that remained in the channel increased because of evapora-
tion. The low slope (s = 4.93) of the evaporation line of the TWR sug-
gests a semi-arid climate. The variation of isotopes from the initial
point (T1-2) to the east point (T6) of the channel displays the isotopic
features of Rayleigh distillation of an open system.

The average annual temperature of Baoding (13.8 °C) was plugged
into Eqs. (3) and (4) to calculate the equilibrium fractionation
factors. Correspondingly, the vapor-water isotope enrichment factors
were —84.7 and — 10.2%. for §°H and 6'20, respectively. The evaporation
line of the TWR extended backward to the intersect point (P,) with
GMWL and LMWL at —67 and — 9.5%. for 5°H and §'20, respectively
(Fig. 4). The 6°H values ranged from — 100.2 to —2.39%. and the 5'20
values varied from —12.6 to — 0.15%,, respectively, at an experimental
site upstream of the watershed during 2008 and 2009 (Yuan et al.,
2011). Therefore, it is reasonable to consider the isotope values as the ini-
tial average values for wastewater of the TWR. The slope of the evapora-
tion line of the TWR, 4.93, was used to find the best-fit line when using
varying humidity values. The best-fit line was obtained when the humid-
ity value was 50%, which is close to the average minimum humidity of
53% during the dry season. It should be noted that this model has several
assumptions. Specifically, it is assumed that the reservoir is a steady state
system with fixed inflow-outflow rates. Additionally, it is assumed that
the water is fully mixed, and that all water is available for evaporative en-
richment. To verify the assumption, two samples collected in surface and
bottom of the middle part of TWR in 2011. Little difference of isotopes
was found in water of different depth. The 6°H of surface water and bot-
tom water are —51.8 and —49.2%., respectively. The 630 of surface
water and bottom water are —5.93 and — 5.67%., respectively. Finally,

Table 2

Horita et al. (2008) pointed out that the environmental parameters of
the C-G evaporation model constantly change over a short period of
time. In this study, the evaporation during a year was based on the aver-
age values calculated in two time periods, the rainy season (September)
and the dry season (June).

To understand the effects of the evaporation loss on wastewater in the
TWR, the wastewater flowing into the TWR channel and aquifer was con-
sidered as one unit and the TWR was divided into six cells (Cell I to Cell
VI). A conceptual model of evaporation and leakage can be described by
parameters listed in Table 2, which shows the variation of isotopes and
fraction of evaporation loss (f,) and water remaining in the TWR and
groundwater reservoir (f;) in two seasons. When water flowed from the
first cell to the second cell, a certain percentage of water was removed
from the reservoir by evaporation, while additional water was lost via
leakage and irrigation. Due to evaporation, isotope components
have the linear increasing trends with the increasing distance along the
channel (8°H = 0.50-7.4, R?> = 0.963; 6'0 = 2.5x-57.9, R? = 0.966,
where X is the distance from T1-2). This linear relationship indicates
that the evaporation and leakage discharge is uniform. Evaporation also
leads to an increase in the concentration of stable ions such as Na* and
Cl™. The results showed that there was a 26.5% evaporation loss from
T1-2 to T6 in the dry season and 20% in the rainy season. Owing to the sea-
sonal variation of the surface water, the mean evaporation loss (26.5%) of
the dry and rainy season represents the annual evaporation loss of the
TWR. Correspondingly, 73.5% of wastewater was recharged into ground-
water by direct leakage and wastewater irrigation.

Influenced by the recharge from the TWR, the 6°H and 6'30 in ground-
water are distributed in the lower part of the LMWL (Fig. 4). Among these
points, isotopes of site S5, which is located in the east of the TWR near
Lake Baiyangdian, are larger than the other points. Water table loss
from well abstraction in the study area not only has limited groundwater
discharge into the lake, but has also accelerated lake leakage into the un-
derlying aquifer systems (Moiwo et al., 2010). In addition, S5 contains
Na-Mg-HCOs-Cl type water, which is same as that of Lake Baiyangdian,
but different from that (Na-Mg-SO4-HCOs3) of groundwater influenced
by the TWR. Taken together, these findings indicate that the water quality
at S5 is more strongly influenced by Lake Baiyangdian than the TWR. The
evaporation line of shallow groundwater has a similar slope (4.97) to that
of the TWR (4.93), suggesting that evaporated wastewater has impacted
the groundwater around the TWR.

4.2.2. Estimated evaporation based on the water balance of the river
channel

The annual mean precipitation (510 mm, Cui et al., 2010) and evap-
oration (1369 mm, Liu et al., 2006) in the region of Lake Baiyangdian
were used to calculate the items of Eq. (8). Therefore, the annual precip-
itation (P) input of TWR was calculated using the mean precipitation
(P)): P=P,xA=510x 1073 x 100 x 17.5 x 10> = 0.89 x 10°
m>/a. The evaporation of TWR was calculated as: E = E; x A =

Estimated fractions of evaporation loss and wastewater remained in the TWR in dry and rainy season.

Cell number ID Dry season (June, 2009) Rainy season (Sept., 2008)
A 2 Distance ~ &°H 5'%0 Na* a- 5 P o’H 6'%0 Na* a-
(%) (%) (km) (%) (%) (mg/1) (mg/1) (%) (%) (%) (%) (mg/1) (mg/1)

PO 100 0 —67 —-95 100 0

[ (P9 — T1-2) T1-2 87 13 0 —57 —7.0 695 192 87 13 —58 —78

11 (T1-2 > T2) T2 80 20 3 —47 —55 659 243 85.5 145 —51 —69 420 214

1 (12 — T3) T3 79 21 6 —48 —5.6 725 241

IV (T3 — T4) T4 69.5 30.5 9 —37 —3.0 769 266

V (T4 — T5) T5 59.5 40.5 13 —22 —04 812 231

VI (T5 — T6)¢ T6 54 46 17.5 —14 14 810 253 67 33 —34 —22 626 261

@ fr —is the fraction of wastewater remained in the TWR.
b f, — is the fraction of wastewater lost by evaporation.

€ The fractions in cell VI delegate the average values of the whole TWR for dry and rainy season, respectively.
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1369 x 1072 x 100 x 17.5 x 10® = 2.40 x 10° m>/a, where A is the
surface area of the TWR. A field survey revealed that the TWR primarily
accepted effluent from a particular company that reportedly released
0.03 x 10° m>3/d of treated wastewater in 1995. Therefore, the annual
mean input of Q was deduced, which left 10.95 x 10° m?/a as the input
of TWR. Thus, the percentage of evaporation loss of the total wastewater
is 21.9%. Though a pan evaporation experiment with an area of 20 m? in
an experimental site in Hengshui showed an annual evaporation of
1206 mm, which is close to the evaporation of this study area, the uncer-
tainty exists when the pan evaporation is apply to natural water bodies
(Lowe et al., 2009). The major limitation of the water balance calculation
is that the accuracy of the recharge estimate depends on the accuracy
with which the other components in the water budget equation are mea-
sured (Scanlon et al., 2002). Besides the evaporation, the input compo-
nent was estimated by the effluent discharge in 1995. As groundwater
is the major water supply in this region and it was reported that the
groundwater development changed little from 1990s to 2005 (Bai and
Ning, 2007), we assumed that the input component (effluent discharge)
is unchanged after 1995 in this case. So the uncertainties should be con-
sidered in the leakage percentage estimated by the water balance meth-
od. Comparison of the results of the water balance and the isotope
methods revealed a 4.6% difference. Of these two methods, the input
component is unnecessary in the isotope method. Therefore, the evapo-
ration loss based on the theory of isotope enrichment provides another
method for estimation of the evaporation of water.

4.3. Impacts of the TWR on groundwater quality

4.3.1. Variation of major ions in the TWR

Generally, evaporation and dilution lead to an increase and decrease
of solute concentration, respectively. If the evaporation process is domi-
nant, assuming that no halite mineral is precipitated, the Na/Cl ratio
would be unchanged (Jankowski and Acworth, 1997). Only the concen-
trations of Na™ and Cl~ increased along the TWR (Table A.1). Specifically,
the Na/Cl ratio varied around 5 and the SI of halite mineral was around
— 5.5 along the TWR, indicating that the evaporation process is dominant.
Concentrations of HCO3™ and NO3™ tended to decrease along the river
channel of the TWR. Denitrification might be the only effect resulting in
the decreasing NO3™ concentration because there is no dilution along
the TWR. According to our unpublished organic matter data (e.g.,
nonylphenol and octylphenol), there is abundant organic material in
the TWR. Nitrate reduction via organic matter oxidation is an important
process in aquifers that is bacterially catalyzed and can be written as:

5/4CH,0 + NO; —1/2N, + 5/4HCO; + 1/4H" + 1/2H,0, (12)

where, CH,0 is used as a simplified representation of organic matter.
However, additional processes that affect HCO5 include carbonate precip-
itation induced by increasing H* and HCO5™ during nitrate reduction. In
addition, the increasing Ca> ™ and Mg?™ concentrations caused by evap-
oration resulted in the calcite and dolomite and solution remaining nearly
in equilibrium from T1-2 to T4 as indicated by SI values of calcite and do-
lomite of approximately 0 (— 0.5 to 0.46 and — 1.1 to 0.03, respectively).
When water flows to point T5, the SI values become larger than 1.1, sug-
gesting supersaturation and precipitation of calcite and dolomite. Precip-
itation removes some of the Ca>™ and Mg?™" from the wastewater,
resulting in decreasing Ca®>*, Mg?* and HCO3 concentrations from T5
to T6. A calcium core was found in some drilling data of the study area re-
ported by the China Geological Survey, providing evidence of calcite or
dolomite precipitation. This process can be described by the following re-
action:

2Ca>" + Mg™" 4 3HCO; + 30H  —CaCO; + CaMg(CO,),
+ 3H,0. (13)

4.3.2. Two-end members mix model

Since the regional groundwater flow direction is NW-SW toward
Lake Baiyangdian, the lateral regional groundwater from upstream is
another recharge source in addition to the TWR. The mixture of the dif-
ferent water sources is the dominant effect leading to changes in the
components of the groundwater.

Although Cl™ is considered a conservative ion that can be used to
demonstrate mixing processes (Panno et al., 2006), it was not applied
in this study. This is because complex fertilizer (N/P/K/Cl) application
in the farmland of the study area can disturb the mixing calculation. Ad-
ditionally, the water type of the TWR is Na-SO,4 and the concentrations
of Na* and SO~ are about 4 and 10 times larger than that of Cl~, re-
spectively. Consequently, the error associated with mixing calculated
based on the CI™ concentration will be enlarged. In our previous
study, the SO~ mass balance was used to calculate the mixture per-
centage of wastewater in groundwater recharge by using Eqgs. (4) and
(5) (Wang et al., 2013). Combining the wastewater percentage of
groundwater recharge with the groups identified by Q-mode analyses
enables the study area to be divided into four regions (Table 3). (1)
The Highly Affected Zone consisted of samples S4, S20 and S14 within
group II, where the percentage of wastewater ranges from 61 to 76%.
These samples were collected within 100 m of the TWR. Groundwater
in this region is closely connected to the TWR; therefore, the water qual-
ity in this area is influenced by wastewater directly. (2) The Medium Af-
fected Zone consisted of samples S3, S13, S15, S16 and S19 in one
subgroup of group III, where the percentage of wastewater ranges
from 29 to 45%. These samples were collected from a distance greater
than 100 m but still close to the TWR (S3 and S19), or from areas in
which the hydraulic conductance was high (S15 and S16). For example,
S15 and S16 are located in the south of the TWR, where the river chan-
nel and alluvial sediments of the Tang River has a high permeability. (3)
The Low Affected Zone consisted of samples of S18, S21 and S12 in an-
other subgroup of group III, where the percentage of wastewater ranges
from 9 to 30%. These samples were collected far from the TWR. (4) The
Transition Zone consisted of samples S10 and S11, which were collected
from an area in which the TWR has little impact on the groundwater
quality (5%). The percentage of wastewater could be affected by point
source pollution with a high level of SO7 . For example, some pesticide
bottles were found near well S20, which could lead to increased SOZ .

4.3.3. Geochemical evolution along wastewater movement paths

The ion ratios may be used to indicate the possible geochemical re-
action during the processes of wastewater leakage and recharge to
groundwater. The plot of Na versus SO, shows that the points of
groundwater (except for S22 and S23) are located around the mixing
line between the TWR and upstream SGW, which shows that the
groundwater was diluted along the flow path (Fig. 5(a)). However,
some samples fell above or below the mixing line, indicating that
other processes also affect the ion concentrations.

4.3.3.1. From TWR to the Highly Affected Zone. The soil and aquifers con-
tain abundant materials capable of absorbing chemicals from water
(Appelo and Postma, 1994). The aquifers of the study area are dominat-
ed by silt clay and clay (Fig. 2). When the Na-enriched wastewater en-
ters the aquifer, ion exchange occurs in which Na™ is adsorbed onto
clay minerals while Ca®? " and Mg?™" are released to the liquid phase
(Appelo and Postma, 1994) as follows:

4Na® + Ca-X, + Mg-X,-4Na-X + Ca’" + Mg"" (14)

where X is the clay mineral. The potential adsorption and desorption for
the soil mineral can be demonstrated by the water leached from soils at
two profiles near the TWR. The soil profile is featured by the high Na™
concentration and the low Ca?™ and Mg? ™ concentrations (Fig. 6).
The plot of Na versus Mg (Fig. 5(b)) also provides evidence of the ion ex-
change between the TWR and groundwater of the Highly Affected Zone.
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Table 3
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Samples in different wastewater-affected zones based on percentage of wastewater contributions to groundwater (modified from Wang et al., 2013).

Influencing range Highly Affected Zone Medium Affected Zone Low Affected Zone Transition Zone
D S4 S14 S20 S3 S15 S16 S13 S19 S18 S21 S12 S10 S11
Percentage (%) 76 64 61 45 41 43 32 29 30 20 9 5 5

First, the Mg?* concentration increases as the Na™ concentration de-
creases. Additionally, the mean Na/ClI ratios decrease from 4.9 to 4.1
on the north side and 3.9 on the south side, while the mean Mg/Cl ratios
increase from 0.3 to 1.7 on the north side and to 1.8 on the south side
(Table A.1). Although ion exchange reaction causes Ca>* to be released
to the water, a plot of Na versus Ca revealed no obvious change in Ca®™
concentration (Fig. 5(c)) or Ca/Cl ratio, which is assumed to indicate the
precipitation of calcite and dolomite. Calculation of the SI values of the
major minerals in the shallow aquifer indicated that the groundwater
is close to saturation or supersaturated with respect to all carbonate
phases (calcite and dolomite), suggesting the precipitation of carbonate
phases (Fig. 7). According to Eq. (13), the Ca/Mg mole ratio of the re-
moved concentration should be 2:1 throughout the process of calcite
and dolomite precipitation; therefore, the concentration of Ca®* that
remained in the aqueous phase is smaller than that of Mg?+.

The wastewater contains a number of organic materials. The redox
reaction shown in Eq. (12) is considered to be the dominant process re-
sponsible for the decreased NO3 concentration and the increased HCO3
concentration. This redox reaction was demonstrated in our previous
research (Wang et al., 2013) based on the nitrate isotopes. The nitrate
isotope (8!°N) increased from the TWR to groundwater, indicating
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denitrification. This reaction also caused the increasing HCO3/Cl ratios
from the TWR to the groundwater of the Highly Affected Zone (from
0.6 to 1.9 on the north side to 2.5 on the south side).

4.3.3.2. Along the groundwater flow path in the aquifer. Fig. 7(a) shows
that all samples are under-saturated (SI < 0) with respect to minerals
of anhydrite and gypsum. The SI variation of these minerals has a de-
creasing trend along the flow path in accordance with variations in
the mixing percentage, indicating a small effect of evaporate minerals
and a significant contribution of wastewater to the groundwater.
The groundwater is close to saturation or is supersaturated with
respect to all carbonate phases. Calcite, dolomite and chlorite have
been found in the lake and depression sediments of the North China
Plain (data provided by China Geological Survey). As the distance
from the TWR increases, the carbonate precipitation plays a dominant
role in the variation of major ions instead of ion exchange. Owing to
the carbonate precipitation, some percentage of Ca®>*, Mg?* and
HCO53 is removed from the aqueous phase, which causes the concentra-
tions to decrease along the flow path (Fig. 5(b) and (c)). In Fig. 5(d),
points of the HCO3/(Ca+Mg) ratio are distributed around the 1:1 line,
which suggests the calcite and dolomite precipitation occurs as
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Fig. 5. Plots of Na/SO4 (a), Na/Mg (b), Na/Ca (c) and HCOs/(Ca + Mg) showing ion variations caused by dilution, ion exchange, carbonate precipitation and silica weathering.
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Fig. 6. Variations in ion concentrations in water leached from soil profile samples. (a) Soil profile of the area north of the TWR. (b) Soil profile of the area south of the TWR.

described by Eq. (13). Several exceptions (S11, S15 and S16) deviate
from the 1:1 line in the plot of HCO3 versus (Ca + Mg), indicating that
these locations have been influenced by the content of organic matter
in the local soil or aquifer.

5. Conclusions

The impacts of a man-made wastewater reservoir channel on the
local shallow groundwater were revealed by comparing the characteris-
tics of the wastewater reservoir channel to those of groundwater. When
the cluster analysis was combined with the mixture percentage of
wastewater identified in a previous study, the local groundwater
could be further divided into a Highly Affected Zone, Medium Affected
Zone, Low Affected Zone and Transition Zone, which had wastewater
contributions ranging from 76 to 5%. The isotopic relationship of 6°H
and 5'80 suggested a strong evaporation effect for wastewater of the
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Fig. 7. Saturation indices showing carbonate precipitation and evaporate dissolution (a)
and silicate weathering (b). PS indicates samples affected by point source pollution.

TWR and groundwater. Using the theory of the Rayleigh distillation
based on the isotopic components of §*H and 680 activities, an average
of 26.5% of water in the TWR was lost by evaporation. These findings in-
dicate that an average of 73.5% of wastewater in the TWR was recharged
into groundwater via leakage and irrigation infiltration. It should be
noted that there are some limits to the accuracy of the estimation of iso-
topes. Specifically, the average annual evaporation was represented by
the mean of the dry season and rainy season. Although this percentage
is larger than the calculated channel water balance (21.9%), it provides
an approach to estimate evaporation when the items of the water bal-
ance are unknown or large uncertainties exist in the residual items.

The ion ratios and calculated saturation of major minerals revealed
that geochemical processes can change the water quality and the mixing
effect. lon exchange occurs in the TWR to the Highly Affected Zone via ad-
sorption of Na onto clay minerals, while Ca and Mg are released to the
groundwater. However, the carbonate precipitation removes much
more Ca from the groundwater, which results in variations in the Ca con-
centration that is not obvious. A redox reaction led to a dramatic decrease
of NO3™ and increase of HCO3". When water flows into an aquifer, carbon-
ate precipitation becomes the dominant process to change the concentra-
tions of major ions. However, it is difficult to quantify the extent to which
different processes influence these variations because the depth of
groundwater differs and does not follow the same flow path.

In summary, the results of this study showed that anthropogenic ac-
tivities (urban lifestyles) have caused considerable damage to the
groundwater quality downstream of the watershed. The natural evolu-
tion of groundwater chemicals has been considerably altered by input
from the contaminated river and wastewater irrigation. In addition,
sources of industrial pollution (TWR) have threatened groundwater
quality to a greater extent. This study may help raise awareness regard-
ing environmental impacts of wastewater reservoirs and stabilization
ponds. Since groundwater is the major water supply for anthropogenic
activities, especially in arid/semi-arid regions, measures should be
taken to prevent linear pollution sources from impacting local ground-
water. The results of the present study indicate that nitrate might not
be a threat to groundwater owing to a redox reaction throughout the
study area. Groundwater located within a distance of 100 m from the
wastewater should be closely monitored because there is a direct hy-
draulic connection between this groundwater and the wastewater.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2014.02.130.
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