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Abstract
As an increasingly important aspect of water management, historical dry river-channels, ponds or lakes are operated for the 
storage of reclaimed water as a landscape with the need for reuse of water. However, the percolated reclaimed water may have 
an adverse effect on groundwater quality. The aims of this work are to evaluate the potential for using various groundwater 
constituents or characteristics as tracers of percolated reclaimed water, to clarify the groundwater hydrochemical process 
with the effect of the reclaimed water recharge, and to estimate the degree to which the infiltrated reclaimed water has mixed 
with the native groundwater. Results obtained by comparing analysis between the dry season and wet season are presented 
based on multivariate statistics analysis, correlation of hydrochemical elements, and stable isotopes. The groundwater with 
the impact of reclaimed water was clustered together with higher Cl, K and  NH4–N concentrations, lower Ca concentra-
tions and more enriched heavy isotopes using unprecedentedly 3D-biplot; The water types of the groundwater change 
from Ca–Mg–HCO3–Cl, via Ca–Na–Mg–HCO3–Cl to Na–Ca–Mg–Cl–HCO3 with increasing reclaimed water percolated 
into the groundwater; the most useful tracers for evaluation of the fate and mixing of reclaimed water are chloride ion and 
oxygen-18 and chloride ion is more accurate than oxygen-18 to quantify the recharge source of the groundwater from the 
reclaimed water; using a two-end-member mixing model to calculate the reclaimed water discharged into the groundwater, 
the proportion of reclaimed water in groundwater is up to 94% near the unlined riverbed and up to 43% far from it. These 
results demonstrate the potential of the combined application of multivariate statistics analysis, traditional hydrochemical 
analysis and isotopes to assess the percolated reclaimed water in the groundwater, especially using 3D-biplot to determine 
the spatial water quality changes defined by the different factors.

Keywords Reclaimed water · Groundwater · Multivariate statistics analysis · Tracer · Isotope · 3D-biplot

Introduction

In Beijing (Northern China) as in other parts of the world, 
water scarcity is a serious concern. Groundwater is one of 
the main sources of drinking water and there are increas-
ing demands for water of suitable quality and quantity for 
other purposes. In order to alleviate the shortage pressure on 

water resources, reclaimed water (recycled water or treated 
wastewater) has been used for agriculture irrigation, heavy 
industry, landscape water and preventing seawater intrusion 
in coastal regions (Kass et al. 2005; Katz and Griffin 2008). 
With the economic and social development and population 
rapidly increasing in recent years and foreseeable increasing 
amount of treated wastewater from municipal wastewater 
treatment plants in future, there is a growing interest in using 
recycled water for landscape water in large cities. Percola-
tion of the landscape water into subsurface will replenish the 
local groundwater, however, in some parts of the world, it 
may not be economically feasible to treat recycled water to 
drinking standards prior to recharging groundwater aquifer, 
and where lower quality recycled water recharges groundwa-
ter, information is needed regarding the migration and fate of 
contaminants present in the recycled water, especially where 
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groundwater is near the source of drinking water. There are 
several Beijing examples involving the discharge of second-
ary treated wastewater into the historical dried river chan-
nels for landscape purposes (Zheng et al. 2015). Public con-
cern has been raised about the complexity of predicting the 
effects of natural processes on reclaimed water recharged to 
an aquifer (Candela et al. 2007; Lapworth et al. 2012; Este-
vez et al. 2016). The impact of injected recycled water on the 
groundwater quality has thus become a research focus over 
the recent years (Bekele et al. 2019; Vanderzalm et al. 2013; 
Vodyanitskii and Yakovlev 2016). Large uncertainties exist 
in determining the key processes controlling hydrochemical 
transformations in groundwater in the recharge area; there-
fore, there is keen interest in clarifying the mechanisms con-
trolling water quality changes to obtain a safe and efficient 
supply of reclaimed water.

The main processes controlling contaminants during 
migration of reclaimed water into groundwater are sorption, 
ion exchange, and microbial degradation or transformation 
(Page et al. 2010; Ginige et al. 2013) and the combined 
effects of these controlling factors on groundwater qual-
ity are very complicated and uncertain (Burg and Guttman 
2019; Narr et al. 2019). Multivariate statistical analysis and 
conventional graphical techniques are commonly used to 
study the spatio-temporal characteristics of groundwater 
chemistry and identify their key controlling factors (Masoud 
2014; Liu et al. 2017; Moeck et al. 2016). Q-mode hierarchi-
cal cluster analysis (HCA) is used to identify the recharge 
sources, pollution sources, water–rock interaction and ion 
exchange reactions (Yidana et al. 2012; Singh et al. 2013), 
factor analyses (FA) is applied to compare the variations 
of principal water quality component among these clus-
ters (Huang et al. 2010; Gbolo and Gerla 2013) and biplot 
method was constructed to determine the spatial water qual-
ity distribution defined by the different factors (Ceschin et al. 
2012; Mohamed et al. 2015). Graphical techniques are used 
to infer the factors impacting water quality, such as the inter-
relationship plots of different parameters (Srinivasamoorthy 
et al. 2008; Rao et al. 2013), Gibbs plot (Redwan et al. 2016) 
and Piper/Stiff diagrams (Charles and Belitz 2003). Several 
tracers or indicators are used in combination to provide sup-
porting or independent lines of evidence for reclaimed water 
fluxes in groundwater (Quiers et al. 2014; Bajjali et al. 2017; 
La Salle et al. 2005; Engelhardt et al. 2014), as reclaimed 
water may contain different tracers’ constituents than does 
native groundwater.

The effects on groundwater quality of the aquifers of dif-
fering lithology or degree of confinement and the infiltra-
tion of reclaimed water into groundwater are very complex 
and ambiguous. Due to the handful of groundwater samples 
collected and analytes analyzed and the real hydrological 
data containing outliers, a multivariate statistical method 
offers several advantages over other methods of providing 

a representative and reliable estimation of the water quality 
based on any number of variables, and these variables can 
be of any type (chemical, physical, biological; distributed 
or non-distributed). Three-dimension biplot (3D-biplot) can 
thus provide a more holistic approach to sample comparison 
than most other methods and explain the correlation amongst 
a large number of variables in terms of a small number of 
factors without losing much information. The output of the 
3D-biplot can be displayed unambiguously as a relationship 
of any given site or sample to any group, to assess spatial 
variability and to detect subtle changes in hydrochemistry 
simultaneously in a more clear format than that of two-
dimension biplot used usually by former researchers. The 
results of the multivariate statistical analysis conjunct with 
hydrochmical graphical diagrams and isotopic tracing can 
thus be more readily interpreted in the geological or hydro-
chemical context than the solitary method.

The combination of multivariate analysis, ion relation-
ships and stable isotopes is used to achieve the following 
main aims of this study: (1) to determine the geochemical 
factors and mechanisms controlling the chemical composi-
tion of groundwater in the study area, (2) to evaluate the 
effect of percolated reclaimed water mixed with the ground-
water, (3) to quantitatively estimate multi-recharge resources 
in groundwater based on ionic constituents and isotopes. 
Observation wells were built around river channels by water 
managers to monitor the percolation of reclaimed water. The 
present study will obtain a deeper insight into hydrogeo-
chemical changes in groundwater and provide significant 
information on the quantity, fate, or impact of the reclaimed 
water. The results are needed by water managers, especially 
in the study area where groundwater is the main source of 
drinking water and there are increasing demands for suitable 
quality water.

Material and methods

Study site

Beijing is located at 39°26′–41°03′ N and 115°25′–117°30′ 
E in the northwest part of the North Plain of China, consist-
ing of mountainous areas and the Beijing Plain (Fig. 1). The 
Beijing Plain is partly surrounded in the northeast, north 
and northwest by the Yanshan Fold and the Taihang swell 
to the west. Local precipitation occurs largely in summer 
from June to September, which accounts for 70–80% of the 
annual amount. Mean annual precipitation ranges from 500 
to 600 mm and mean potential evaporation ranges from 1100 
to 1800 mm (Liu et al. 2011).

The study area is on the foot plain of Yanshan Mountains 
and located in the alluvial and proluvial fan of the Chaobai 
River, which is one of the main river fan deposits in the 
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Beijing Plain. The Chaobai River has two tributaries (the 
Chao and Bai River) in the study area and was dry from 
1999 to 2006 due to the continual dry weather and impound-
ment of the Miyun Reservoir. Since 2006, the Chaobai River, 
with no water from upstream, is mainly fed with reclaimed 
water introduced from Miyun Wastewater Treatment Plant 
(MWTP), where wastewater is treated in a membrane bio-
reactor (MBR). Reclaimed water, 26,000–70,000  m3/day, is 
released into the river channel and was stored in river-chan-
nel reservoir as landscape water by inflatable fabric dams 
(3 m high) built across the channel. The bottom of the chan-
nel was covered with impermeable materials (the perme-
ability coefficient K of  10–8–10–11 cm/s) between the dams. 
However, any overflow released into the down-gradient natu-
ral river channel all year around infiltrates into subsurface 
from the last dam and almost disappears at the surface water 
(SW) sampled site (Fig. 1). Thus, the groundwater is prob-
ably bound to be affected by the infiltration of reclaimed 
water from these natural river channel and riverbanks.

In the mountainous area, Cambrian and Ordovician lime-
stone, Proterozoic dolomite and granulite-amphibolite facies 
metamorphite of the Archean group are the most widespread 
rock types, and Jurassic andesite and Proterozoic–Mesozoic 
rapakivi granite are the main igneous rock types. Especially 
the igneous rocks are much richer in alkali and potassium 
than in other area of the world (Yu 1990). In the Beijing 
Plain, the Quaternary alluvial–pluvial plain of the Chaobai 
River mainly consists of sandy gravel with a thickness from 
100 to 400 m (Cai et al. 2009a, b). In the study area, river 
sediments are mainly composed of cobble and boulder with 
the hydraulic conductivity larger than 100 m/day. There are 
three aquifers (sand and gravel) separated by aquitards (silty 

and slightly sandy clay) with different depths in the plain 
area of the Chaobai River Basin (Fig. 1). The first aquifer is 
similar to the river bed sediments with a layer thickness from 
0 to 40 m and overlies a semi-confined aquifer consisting of 
gravel and rubble with a layer thickness from 50 to 80 m. 
The confined aquifer is mainly composed of sandy gravel 
and coarse sand and located at a depth greater than 120 m, 
even up to 400 m. However, in the study area, which is in 
the piedmont of the Chaobai River Basin, there is usually 
only one aquifer above 80 m, and only in a few places that 
are 1000 m away from the river channel in the vertical direc-
tion, where there are two aquifers as in the plain area due 
to the presence of the lenses of aquitards. The groundwater 
level of each aquifer is greater than 20 m below the surface 
in the study area. As shown in Fig. 1, the contours of the 
phreatic water table in September 2008 indicate that regional 
groundwater flows from north and northwest to south and 
southeast, but changes near the Beijing Eighth Waterworks, 
which lies to the south of the study area and uses ground-
water as its main source of water supply. As a consequence 
of groundwater overexploitation, there is a large-scale cone 
of depression around the waterworks (Fig. 1).

Collection and analysis of water samples

To assess the factors controlling the regional groundwa-
ter chemistry for the study area, historical head data from 
observation wells were provided by the Department of Water 
Resources, Beijing Water Science and Technology Institute, 
and a series of monitoring bores screened over different 
depths from a monitoring network were sampled monthly 
from January to September in 2010 for a range of chemical 

Fig. 1  The location and sampling sites of the study area in Beijing, China
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and isotopic constituents (Fig. 1). The monitoring network 
is composed of two water quality monitoring sections, one 
of which (GW07–GW11) is along the groundwater flow 
direction and the other (GW02, GW04, GW05 and GW06) 
crosses the river channel. The monitoring wells with a depth 
less than 60 m are screened in the shallow aquifer. Tak-
ing the possible evaporation influence of river water into 
account, the reclaimed water (RW) from the discharge outlet 
was collected at the same time and surface water (SW) was 
also sampled in February and August 2010 only for isotopes 
analysis. For the sake of contrastive analysis, three wells 
(GW03, GW12 and GW13) with depth more than 120 m 
were also sampled in February and August 2010. The water 
sample (GW01) from the metamorphic bedrock aquier was 
synchronously collected from a well with 20 m depth in a 
mountain area as the background groundwater (unaffected 
groundwater) for hydrochemical analysis (the GW01 sam-
ple in August for hydrochemistry analysis was lost). All the 
wells with inner diameter of 25 cm were pumped by a sub-
mersible pump using the low-flow purging technique. The 
physical parameters measured in situ before sample collec-
tion included pH, electrical conductivity (EC) and tempera-
ture (T) using a portable multisensory meter, whose sensor 
was installed in the flow cell. Water was pumped through 
the flow cell at a flow rate which ensured that a smooth, 
non-turbulent flow of water passed across the sensors. The 
depths water purged from range from 5 to 10 m below 
groundwater level. Results were recorded once the readings 
stabilised after 15–45 min, and then groundwater samples 
were collected. Measuring physical parameters before sam-
ple collection ensured that the pump was well-flushed with 
sample water, and the samples collected were representative 
of current groundwater conditions from within the aquifer 
(Bekele et al. 2009).

Precipitation samples were collected after each rainfall 
event since 12 January 2006 for deuterium and oxygen-18 
isotopes analysis at the Institute of Geographic Sciences and 
Natural Resources Research(IGSNRR, 116.38° E, 40.00° 
N), Chinese Academy of Sciences (CAS), Beijing, China. 
The rainfall was recorded automatically by a rain gauge at 
the same time and the sampling procedure is described in 
detail in a previous study (Liu et al. 2011). The precipitation 
samples in 2010 were also used for hydrochemical analysis 
including  Cl−,  SO4

2−,  K+,  Na+,  Ca2+ and  Mg2+.
The concentration of bicarbonate  (HCO3

−) was deter-
mined by titration under the addition of sulfuric acid 
(0.02 mol/L), and endpoint titration with methyl orange as 
an indicator. All water samples were filtered through a 0.45-
μm Millipore membrane filter. Total dissolved solid (TDS) 
content is determined by evaporating to dryness at 180 °C. 
The major cations including  K+,  Na+,  Ca2+ and  Mg2+, were 
determined using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, PerkinElmer Optima 5300DV, 

USA). Major anions including  Cl−,  SO4
2−, and  NO3–N were 

determined by ion chromatography (IC, Shimadzu LC-
10ADvp, Japan). The detection limits of ICP-OES and IC 
were 1 μg/L and 0.1 mg/L, respectively.  NH4–N,  NO2–N 
and total nitrogen (TN) were determined by UV spectro-
photometry (HACH DR5000, USA). The detection limits 
of  NH4–N,  NO2–N and TN, respectively, were 0.02, 0.001 
and 0.1 mg/L. Analytical precision was within 1%, and ion 
balance errors were < 5% for samples. An isotopic liquid 
water and continuous water vapor analyzer (LGR, USA) 
was used to carry out the isotopic composition measure-
ments at the IGSNRR, CAS. The δ18O and δD values are 
reported as per mil (‰) deviations from the international 
standard V-SMOW (Vienna Standard Mean Ocean Water). 
The measurement accuracy was consistently ± 1% for δD 
and ± 0.1% for δ18O.

Data analysis

The isotopic data from 12 January 2006 to 23 November 
2015 of precipitation was used for the local meteoric water 
line (LMWL). The rainfall-weighed average isotopic and 
ionic constituents in rain were also used for the following 
analysis along with this sampling campaign and the precipi-
tation data from November to April is characterized as dry 
season and that from May to October as wet season.

To identify the significant groundwater chemical char-
acteristics, hydrogeochemical classification diagrams and 
some graphical methods have been used to help in under-
standing the origin and evolution of groundwater chemis-
try in the aquifer flow system. The physical and chemical 
parameters were standardized using the mean and standard 
deviation (z-scores) to avoid the effect of dimensions of val-
ues prior to the multivariate analysis (Lanzante 1996). Kai-
ser–Meyer–Olkin (KMO) index was proposed for a measure 
of sampling adequacy (Cerny and Kaiser 1977) and Bartlett 
test of sphericity (Jackson 1991) were conducted to ensure 
the relevance of the results and usefulness of the FA (Parinet 
et al. 2013). After data screening, they met the conditions 
required in FA with KMO index of 0.71 and the Bartlett’s 
test significance probability of 0.003 in this study, indicat-
ing that FA could be considered appropriate and useful 
tool to provide significant reduction in the dimensionality 
of the data. HCA was used to identify the spatial variation 
between the sampling sites based on the level of physio-
chemical parameters. Cluster analysis was performed by 
Ward’s method using Euclidean distance as a similarity 
measure. Q-mode HCA was used to classify the different 
samples into clusters according to the similarity of multiple 
parameters among samples, FA was used to simplify the 
number of variables into groups of variables (factors), which 
may represent different sources and a biplot allows to visual-
ize the magnitude and sign of each variable’s contribution 
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to the different principal component factors, and how each 
observation is represented in terms of those components. 
The use of variables that have specific relationships (directly 
related) can cause undesirable redundancies in HCA and 
FA (Guler et al. 2002). To graphically clarify the correla-
tion among variables and factors more clearly in 3D-Biplot, 
Na, Mg, TN, EC and δD were excluded from HCA and FA 
without a significant impact on the results, because these 
analytes varied strongly with others, for example, roughly 
90% of the variation in Na could be explained by variation 
in Cl (r = 0.95, p = 2.44E−07) and roughly 95% of the vari-
ation in Mg could be explained by variation in Ca (r = 0.97, 
p = 6.11E−09) with Pearson correlation and Student’s t test 
(Hirsch et al. 1982). The factor analysis was performed with 
Matlab R2012a software. In addition, graphical techniques 
such as Piper diagram and different parameters’ relationship 
chart/table were used to clarify the characteristics of physio-
chemistry and the hydrochemical processes.

Hydrochemistry and water stable isotopes were always 
used to quantify recharge from different sources in multi-
aquifer systems via mixing analyses (Yamanaka et al. 2011; 
Peng et al. 2014; Filippini et al. 2015; Murgulet et al. 2016). 
The contributions from different sources to a mixture were 
quantified using a end-member mixing model based on the 
following mass balance equations for water and tracers:

where C—tracer concentration, f—fraction of dif-
ferent mixing source, subscript m—mixture, subscripts 
i = 1,2,3,…e, represent different end-member and subscripts 
j = 1,2,3,…n, refers to the different tracers.

(1)

⎧
⎪⎨⎪⎩

e∑
i=1

fi = 1

e∑
i=1

Cijfi = Cmj(j = 1, 2, 3,… , n, and j ≥ i − 1)

,

Results and discussion

Multivariate statistical analysis

All water samples from monitoring wells were classified into 
four statistically significant groups as shown in the dendro-
gram in Fig. 2. The water from the metamorphic bedrock 
aquifer in the mountain area (GW01) and the reclaimed 
water (RW) are respectively clustered in Group IV and 
Group III entirely different from the other two groups. Water 
samples from wells near and along the raw riverbed (GW08, 
GW09, GW10, GW11) are clustered together in Group II. 
However, the water samples near the lined riverbed (GW05 
and GW06) are in Group I together with the samples far 
from the riverved (GW02, GW04 and GW07) and the deep 
groundwater samples (GW03, GW12 and GW13), although 
those from deep wells are clustered tightly together.

The factor loadings coefficient matrix, maximum likeli-
hood estimates of the specific variances (Spv), the percent-
age of the total variance (Prop) explained by each principal 
component factor and its cumulative percentage (Cum) are 
listed in Table 1, and biplot of variable/factor coefficients 
and scores (observation and biplot axes) of the three fac-
tors are presented in Fig. 3. As shown in Table 1, the three 
principal factors are cumulatively enough to describe 88.3% 
of the total variability in the original data and the pH and T 
are relatively weak to estimate the physio-chemical variance 
among these samples as all their Spv were larger with 0.25.

The correlation pattern between different variables (biplot 
vectors) is displayed in the biplot by the product of the 
lengths of the corresponding arrows and the cosine of the 
angle between them (Fig. 3). Thus, the correlation is positive 
if the angle is sharp, negative if the angle is obtuse, and zero 
if the arrows are perpendicular, and the level of correlation 

Fig. 2  Dendrogram generated 
from HCA of water physico-
chemical data
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with a variable tend to be lower if the variable is closer to the 
origin of the plot. One can therefore obtain the approximate 
order of the correlations of one sample (biplot point) with 
a particular variable or factor (biplot axis) from the scalar 
product between them, which is the length of the projection 
of the sample point (biplot point) onto the variable (biplot 
vector) or the factor (biplot axis) and their projections, mul-
tiplied by the length of the corresponding biplot vector or 
axis (Braak 1990; Beh 2012). The above rules were provided 
for interpreting the 3D-biplot graphically.

Using these above rules, we see from Fig. 3 that in the 
approximation used, three groups of variables are seen to be 
highly positively correlated (the angles between them are 

small): the group of pH, Ca and  HCO3 (Group A), the group 
of  NH4–N and δ18O (Group B) and the group of T, K, Cl 
and  SO4 (Group C). Group B means that isotope enrichment 
and denitrification occurred during the rapid replenishment 
of groundwater by reclaimed water. Group C indicates that 
compared with groundwater, the enrichment of Cl,  SO4, and 
especially K in reclaimed water is more typical than other 
hydrochemical ions, although other groundwater samples are 
enriched with K due to geogenic purposes. Because T,  SO4 
and  HCO3 are closer to the origin of the plot, the correlations 
between these three variables and the other variables tend 
to be small. Group A showed more negative correlation to 
Group B than to Group C, and a significant positive correla-
tion is revealed between Group B and Group C. There are 
some differences in analytes between the principal factors 
and the spatial analytes’ groups as shown in Table 1 and 
Fig. 3. Factor 1 shows strong positive loadings of analytes 
in Group B and Group C, Factor 2 shows strong positive 
loadings of analytes in Group A, and Factor 3 shows strong 
positive loading of  NO3–N.

Group IV displays lower concentrations of almost all 
analytes compared to the other groups. This indicates that 
samples assigned to Group IV are generally more dilute 
and have lower total dissolved solids than samples assigned 
to other groups. Group III as reclaimed water has higher 
concentrations of  NO3–N, K, Cl,  SO4 and lower concentra-
tions of Ca and  HCO3 than Group II. Group II shows posi-
tive weighting of  NH4–N and negative loading of  NO3–N 
indicating the importance of redox potential in the samples, 
positive weighting of K, Cl,  SO4 similar to Group III with 
higher dissolved solids (reclaimed water) indicating their 

Table 1  Principal component factor and coefficient matrix

The bold identifies the characteristic variable

Variables F1 F2 F3 Spv

Cl 0.91 0.06 0.38 0.02
SO4 0.88 0.26 0.16 0.13
HCO3 0.22 0.94 0.00 0.06
K 0.71 − 0.22 0.63 0.05
Ca − 0.18 0.93 0.22 0.06
NH4–N 0.89 − 0.13 − 0.16 0.17
NO3–N 0.03 0.20 0.93 0.09
pH − 0.64 0.33 0.48 0.25
δ18O 0.92 − 0.15 − 0.21 0.09
T 0.81 0.25 0.18 0.25
Prop (%) 48.82 21.28 18.20
Cum (%) 48.82 70.10 88.30

Fig. 3  Biplot of correlations 
among samples and variables 
for the first three factors identi-
fied by factor analysis
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close relation, and stronger positive weighting of δ18O than 
Group III suggesting the more concentrated waters with 
evaporation. Group I have a strong positive loadings of Ca 
and  HCO3 and negative loadings of K, Cl and  SO4 indicating 
the water types of aquifer lithology, and the sample GW06 
in this group is distinguished from the other samples by its 
higher  NO3–N concentration implying the effect of a point 
pollution source, whereas GW02 is more pristine with the 
lowest  NO3–N and Cl concentration except the water from 
the metamorphic bedrock aquifer in mountain area (GW01).

Hydrochemical characteristics and processes

Hydrochemical characteristics

The physical and chemical characteristics of groundwater 
in the shallow aquifer vary mainly as a function of location 
relevant to the groundwater flow system (recharge-discharge 
zone) and the aquifer lithology. These characteristics are 
derived from the dissolution of minerals and decomposi-
tion of organic material in the soil and phreatic zones by 
hydrogeochemical processes such as solution–precipitation, 
sorption–desorption, ion exchange, and organic degradation.

The hydrochemical data of groundwater were plotted on 
a Piper trilinear diagram, which is commonly used for dis-
playing the main groundwater components at a glance and 
providing a basis for the descriptive classification of water 
type (Piper 1944). The Piper plot and water types were ana-
lyzed on the base of the results from the software AquaChem 
3.70. As seen from Fig. 4, groundwater samples in Group 
I are very similar to the bedrock groundwater of Group 

IV as they are positioned in the same area at the left hand 
corner of the diamond diagram. Groundwater constituents 
of deep groundwater (with transparent symbols) in Group 
I in dry season are identical to those in wet season with 
Ca–Mg–HCO3. Although shallow groundwater (with solid 
colored symbols) in Group I in dry season have the same 
water types as those in wet season, GW02, GW06 and GW07 
with Ca–Mg–HCO3 are different from GW04 and GW05 
with Ca–Mg–HCO3–Cl. Groundwater samples in Group II 
resemble highly to the reclaimed water of Group III because 
they are positioned in the same area in the middle of the 
diamond diagram in both seasons. Water type of GW08 
and GW09 in dry season is Na–Ca–Mg–Cl–HCO3 differ-
ent from Na–Ca–HCO3–Cl in wet season, but GW10 and 
GW11 have the same water types of Ca–Na–Mg–HCO3–Cl 
in both seasons. Water types of Group III and Group IV 
are Na–Ca–Cl–HCO3 (RW) and Ca–Mg–Na–HCO3–SO4 
(GW01), respectively.

The shallow aquifer lithology may produce a 
Ca–Mg–HCO3 water, as the lithology derived from decom-
posed Cambrian–Ordovician limestone and Proterozoic 
dolomite. Water types changing from Ca–Mg–HCO3 to 
Ca–Mg–HCO3–Cl of the superficial groundwater near 
the lined riverbed are caused by the less mixing with the 
chloride-type reclaimed water. Along the flow lines from 
the lined riverbed towards the raw riverbed, the change in 
water type can be seen clearly from Na–Ca–Mg–Cl–HCO3 
to Ca–Na–Mg–HCO3–Cl indicating that the mixing of 
reclaimed water is decreasing along the flow lines. The 
same water type change from Na–Ca–Mg–Cl–HCO3 to 

Fig. 4  Piper diagram of water showing the relative proportions of major ions
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Ca–Na–Mg–HCO3–Cl also is found from dry season to wet 
season implying the key role of the rainwater in wet season.

Stable isotopic composition

Stable isotope data from groundwater, reclaimed water in 
dry season and in wet season and amount-weighted aver-
age rainwater from 2006 to 2015 for Beijing are plotted in 
Fig. 5a, a′, showing the local evaporation line (dashed line 
with equation) in comparison to the local meteoric water line 
(LMWL with equation). The ‘deuterium excess’ used as the 
index of the evaporation effect on water (Dansgaard 1964), is 
plotted against TDS to clarify the change of hydrochemistry 
because of evaporation, dilution and other effects (Fig. 5b, 
b′). More intense evaporation in groundwater in dry season 
results in the local evaporation line much farther from the 
LMWL in dry season than that in the wet season. The water 
from the metamorphic bedrock aquifer (GW01) is located 
on the LMWL in both seasons indicating less evaporation 
(Dansgaard 1964).

As shown in Fig. 5, the bedrock groundwater of Group 
IV is depleted with heavy isotopes in the dry season and 
enriched with heavy isotopes in the wet season and its 
seasonal isotopic characteristic is similar to that of the 

precipitation (Liu et al. 2011). The water from the metamor-
phic bedrock aquifer has lower TDS and approximate ‘deu-
terium excess’ of the rain which reflects rainwater since it 
has undergone little changes. The reclaimed water of Group 
III has a similar isotopic composition in the dry season and 
wet season. The reclaimed water has the largest TDS and 
lower ‘deuterium excess’ resulting from the evaporation and 
the biochemical reaction in the process of sewage treatment. 
The groundwater in Group II is more enriched with heavy 
isotopes than the other water samples only except the surface 
water (SW), which was sampled from the intensively evapo-
rated reclaimed water with highly enriched heavy isotopes. It 
suggests that the groundwater in Group II is mixed with the 
reclaimed water, thus, the group also has the highest TDS 
and the lowest ‘deuterium excess’, and the increasing ‘deu-
terium excess’ in the wet season results from the increas-
ing ‘deuterium excess’ of the reclaimed water and more 
dilution by rainwater. The isotopes of the groundwater in 
Group I are clustered together with the bedrock groundwater 
of Group IV in dry season except GW07 but are scattered 
entirely in the wet season. Both TDS and ‘deuterium excess’ 
in Group I are scattered entirely whether in the dry season 
or in the wet season. The distributions of the isotopes, TDS 
and ‘deuterium excess’ indicate the groundwater’s different 

Fig. 5  Isotopic composition and relationship between TDS and ‘deuterium excess’ in different water
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recharge sources and the influence of different degrees of 
evaporation in Group I. There are almost no discrepancies of 
isotopic composition in GW02 between dry season and wet 
season, and GW02 is far from the river and has lower TDS 
and higher ‘deuterium excess’ in both seasons, so GW02 
is not affected by the reclaimed water during both seasons. 
GW04 is located on the LMWL in the dry season and it is 
clustered together with the reclaimed water completely devi-
ating far from the LMWL in wet season, and it has higher 
TDS and lower ‘deuterium excess’ in the wet season than in 
the dry season. The recharge of the aquifer (GW04) by the 
river is more intense during the wet season and the effect of 
recharge and reclaimed water is seen further in the aquifer 
than during the dry season. GW05 and GW06 deviate little 
from the LMWL in dry season and are located on it in the 
wet season implying the key role of rainwater recharging, 
which also causes the small decreasing TDS and increasing 
‘deuterium excess’. GW07 has the same isotopic composi-
tion and much lower ‘deuterium excess’ in both seasons in 
Group I, indicating steady source of groundwater recharge 
from highly evaporated water. In addition, GW07, as located 
up hydraulic gradient of the reclaimed water reservoir, has 
a similar isotopic composition to Miyun Reservoir (− 7.1‰ 
of δ18O and − 51‰ of δD) (Wu et al. 2012) and therefore 
is recharged mainly by the piedmont surface runoff coming 
from the occasional discharge of the reservoir. The change of 
isotopes and TDS are quite limited between the dry and wet 
seasons for the three deep wells (GW03, GW12 and GW13) 
as these wells are located in a confined sand and gravel aqui-
fer with a depth greater than 120 m. Little changes are due 
to the depth of these boreholes which smooth the changes. 
The results of isotopic analysis are in agreement with those 
provided by biplot and Piper diagram analysis.

Geochemical processes of groundwater

To see the relation between the aquifer materials and the 
chemical composition of the groundwater within the aqui-
fer, especially with the effect of mixtures of different waters 
(enrichment by reclaimed water and dilution by rainwater 
or a fresher groundwater), absolute values of concentra-
tions of the different water constituents is of marginal use in 
the interpretation of water quality data. To compensate for 
dilution and other effects, the use of ratios is recommended 
(Hounslow 1995). Some methods of plotting ratios are used 
graphically to visualise the hydrochemical processes and to 
discern the source of ions (Kass et al. 2005).

In dealing with ratios it is often useful to compare them 
with a standard and seawater is probably the best choice as 
the standard for many investigations (Hounslow 1995). In 
the study area, the K/Na ratios of groundwater are larger 
than the K/Na ratio of seawater with a constant of 0.02 
(Fig. 6a, a′) and all the (K/Na)Sample/(K/Na)Seawater ratios of 

groundwater are larger than two indicating that K enrich-
ment has occurred, so there is enriched with potassium in 
groundwater because of the higher  K2O in aquifer rocks (Cai 
et al. 2009a, b). The K/Na ratio is negatively correlated with 
Cl concentration indicating that potassium is more easily 
sunk by plants or clays while the Cl is very conservative 
(Fig. 6a, a′). The common clay reaction for potassium is 
clay + K+ → illite. The Na/(Na + Cl) ratio of the groundwa-
ter in Group IV has the largest value greater than 0.5 and 
the (Na + K − Cl)/(Na + K − Cl + Ca) ratio is greater than 
0.2 and less than 0.8, showing that the sodium and potas-
sium sources are from plagioclase weathering rather than 
halite. Group II has a similar ratio of Na/(Na + Cl) (> 0.5) 
and (Na + K − Cl)/(Na + K − Cl + Ca) (> 0.2 and < 0.8) with 
the Group IV, however, the sodium and potassium sources 
are from mixing of the reclaimed water (Fig. 6b, c). The 
groundwater Group I have the Na/(Na + Cl) ratio lower than 
0.5 (Fig. 6b, b′) and the TDS greater than 500 mg/L (except 
GW02 in wet season) (Fig. 5b, b′) indicating regeneration 
or reverse ion exchange happens as the following reaction 
of  Na2-clay + Ca2+ ↔ Ca2+-clay + 2Na+. The reverse ion 
exchange also results in a negative correlation between 
Na/(Na + Cl) ratio and Ca as shown in Fig. 6b, b′. GW02 
has the Na/(Na + Cl) ratio (0.44 in dry season and 0.47 in 
wet season) almost closest to that of seawater (0.46) and 
local rainwater (0.49), the highest ratio of Na/(Na + Cl) to 
Ca concentration (Fig. 6b, b′) and the highest ratio of Mg/
(Mg + Ca) in Group I, indicating that little ion exchange 
happens in GW02 between sodium and calcium. The Mg/
(Ca + Mg) ratio of all groundwater samples is less than 0.5, 
the Ca/(Ca + SO4) ratio is larger than 0.5, and the TDS is 
greater than 500 mg/L (Table 2 and Fig. 5), indicating the 
calcium and magnesium sources are from limestone–dolo-
mite weathering leading to the positive correlation between 
Ca and  HCO3 (Fig. 6d). The discrepancies of the ion ratios 
in groundwater between the dry season and wet season are 
similar to that of isotopic composition, which results from 
the same reason as discussed in hydrochemical characteris-
tics and isotopic composition analysis.

Groundwater recharge estimates using tracers

Groundwater recharge and discharge patterns in the study 
area are interpreted by synthesizing results from all of the 
above analysis. The direction of groundwater flow in the 
study area is generally from northeast to southwest (Fig. 1). 
Groundwater in Group II has higher  NH4–N, TDS and Cl 
concentration (Figs. 3, 5), the same water types with the 
reclaimed water (Fig. 4), more enriched heavy isotopes 
and lower ‘deuterium excess’ (Fig. 5), which indicate that 
the groundwater mainly comes from the penetration of the 
reclaimed water. GW02 has the lowest  NO3-N, TDS and 
ions concentration in Group I (Figs. 3, 5, 6), the highest 
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 HCO3/(HCO3 + SO4 + Cl) (Fig. 6c), and similar Na/(Na + Cl) 
ratio to seawater and rainwater, which only could be found 
where the shallow groundwater flow system originating near 

the direct rainfall recharge areas. This is further supported 
by the little discrepancies of hydrochemical and isotopic 
signature between the dry season and wet season (Figs. 5, 

Fig. 6  Diagram of comparison between ion concentration and ion ratios
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6). It is suggested that GW02 comes completely from the 
local infiltrated rainfall and its hydrochemical and isotopic 
constituents could be used as the end-member of the infil-
trated rainwater at other sites. GW04 and GW05 are partially 
replenished by the reclaimed water because the abnormal 
chloride ion content (Fig. 6a, a′) and the seasonal change 
of ‘deterium excess’ (Fig. 5b, b′) and water types (Fig. 4) 
between dry season and wet season. GW06, located in a 
livestock farm, is probably contaminated by the point pol-
lution source with the highest  NO3–N and lower  NH4–N 
in groundwater which is distinct from the groundwater in 
Group II (Fig. 3). GW04, GW05 and GW06 are very little 
influenced by the reclaimed water and they plot at the same 
place in the Piper with no changes in composition (Fig. 4). 
The isotopic and hydrochemical constituents of the deep 
groundwater (GW03, GW12 and GW13) indicate that the 
groundwater comes from different recharge sources such as 
the metamorphic bedrock aquifer, the seepage of Minyun 
reservoir and local precipitation infiltration (Wu et al. 2012). 
Overall, the outcome of isotopic analysis is in agreement 
with the interpretations based on comparisons of ions.

Although the distinctly difference of the Ca, Na (signifi-
cant correlation with Cl) and K concentrations between the 
reclaimed water and background groundwater (unaffected 
groundwater) as revealed in Fig. 3, because there are a sink 
of K, dolomite dissolution and reverse ion exchange dur-
ing groundwater recharge process in the study area, the 
above three non-conservative ions are only used as qualita-
tive indicators of the presence or absence of the reclaimed 
water other than quantitative tracers (Rueedi et al. 2009). 
With no halite solution or other sources, Cl could be used 
as a conservative tracer to quantitatively estimate the per-
centage mixing of the reclaimed water in combination with 
oxygen-18. Therefore, a two-end-member mixing model of 
reclaimed water and rainwater is applied with Eq. (1) using 
Cl and δ18O as quantitative tracers. The rainwater end-
member Cl refers to amount-weighted average Cl concen-
tration in rainwater for Beijing in this sampling campaign. 
The rainwater end-member δ18O refers to amount-weighted 
average δ18O in rainwater for Beijing since 2006. Because 
the isotope fractionation and Cl enrichment always hap-
pen during the processes of precipitation infiltrated into the 
groundwater with a depth greater than 20 m, the isotopic 
and Cl signatures of GW02 are also used instead of that of 
precipitation for contrast. Taking into account the effect of 
evaporation on isotopic composition, δ18O of SW is used as 
that of the reclaimed water. The secondary evaporation effect 
on groundwater Cl and δ18O concentrations is assumed neg-
ligible with groundwater depth larger than 20 m. The end-
member signatures used in the mixing model and the calcu-
lated percentage of reclaimed water in affected groundwater 
are given in Table 2.

The contribution of reclaimed water is based on a mass 
balance approach refined by examining the contribution of 
various end-members to groundwater samples using Cl and 
δ18O. In refining the water balance, Cl is proved to be better 
tracer than δ18O to quantify penetration of the reclaimed 
water into the groundwater because oxygen-18 fractionation 
happens most likely under the influence of evaporation dur-
ing the replenishment process in semi-arid and arid areas. 
As shown in Table 2, the contribution of the reclaimed water 
recharge is significant in the shallow groundwater down-
hydraulic gradient from the river-channel reservoir, espe-
cially in the wet season, more reclaimed water overflow the 
last dam of the reservoir which results in a higher propor-
tion of reclaimed water in the wet season than that in the 
dry season. The reclaimed water contributes up to 94% in 
groundwater near the natural river channel and to 43% in 
groundwater (GW04) far from it. Thus, the importance of 
reclaimed water to recharge in the groundwater appears to be 
considerable and will do threat to the drinking water safety 
without strictly controlling the discharge reclaimed water 
quality. The groundwater monitoring wells originally were 
established by the Water Administrative Department in order 
to provide a national perspective on groundwater quality, 
and to identify spatial and temporal trends in groundwater 
chemistry. However, the existing groundwater monitoring 
wells are inadaptable or not enough to ascertain the con-
taminant plume of the infiltrated reclaimed water, so more 
wells along the river channel section and new cross sections 
are suggested to be established down-gradient of the SW 
site, and new wells extending to the deeper semi-confined 
aquifer should be drilled close to the shallow groundwater 
wells impacted by the reclaimed water.

Conclusions

As a component in the management of water resources in 
Beijing, China, reclaimed water is discharged into the his-
torical dried river-channel for landscape purposes. Although 
the landscape engineering of the reclaimed water was fin-
ished in 2006, the amount of water percolating and its effect 
on groundwater quality are not well understood. A ground-
water assessment of an area of Chaobai River Basin in dif-
ferent aquifers adjacent to river-channel fed up reclaimed 
water on hydrochemistry and water table data showed the 
recognizable reclaimed water source. The severely affected 
groundwater is characterised by the largest TDS and the low-
est ‘deuterium excess’ that are consistent with the signature 
of evapoconcentrated reclaimed water. These results are sup-
ported by multivariate statistical analysis (HCA) and stable 
isotope data. The analysis of groundwater level contours and 
hydraulic gradient provided further support for the ground-
water vectors in and around the study area.
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The classification of hydrochemistry data using Piper 
diagram and ion ratios’ correlation plot and the identifi-
cation of statistically significant clusters using HCA were 
largely to obtain a qualitative understanding of the water 
sources as a starting point for doing the mixing calculations. 
Groundwater hydrochemistry in Group I is controlled by the 
aquifer lithology (Factor 1), groundwater hydrochemistry in 
Group II is affected by the reclaimed water (Factor 2), and 
groundwater hydrochemistry in Group IV is not contami-
nated by any nitride. The contribution of reclaimed water is 
up to 94% in groundwater near the natural river channel and 
43% in groundwater about 1.7 km far from it. The amount 
of reclaimed water percolating and its effect on groundwa-
ter quality are considerable. Near the study area, a unique 
hydraulic setting arises due to the groundwater withdrawal 
of the Beijing Eighth Waterworks and the flow-through of 
regional groundwater, which accelerates the flow of regional 
groundwater such that developmental level with need for 
mor water is maintained in Beijing. Greater knowledge of 
the spatial extent of the contaminated groundwater inter-
cepted by the reclaimed water is needed to determine. More 
wells along the river channel section and new cross sections 
of monitoring groundwater wells are proposed down-gradi-
ent of the raw riverbed to better delineate the contaminant 
plumes of the infiltrated reclaimed water.

The groundwater mostly replenished by reclaimed water 
is clustered together into one Group with higher Cl (Na), K 
and nitirde concentrations. With increasing percentage of the 
reclaimed water percolating into the groundwater, the water 
types of the groundwater change from Ca–Mg–HCO3–Cl, 
via Ca–Na–Mg–HCO3–Cl to Na–Ca–Mg–Cl–HCO3. Due to 
the downgradient location, the Beijing Eighth Waterworks’ 
groundwater source faces an uncertain future. It should need 
careful planning and water quality control when implement-
ing the storage of reclaimed water to avoid adverse effects 
on groundwater quality. Impacts on groundwater quality 
from reclaimed water recharge are rapid salinization due to 
increased concentrations of sodium and chloride, and ele-
vated concentrations of organic micropollutants, dissolved 
organic carbon, nitrate and heavymetals, and high numbers 
of pathogenic microorganisms (Bekele et al. 2019). How-
ever, the water sampling program for this study does not 
include micropollutants because of the prohibitive costs and 
resources required to analyse routinely for micropollutants. 
The study demonstrates the benefits of applying different 
qualitative and quantitative methods to support proposals 
to effectively manage reclaimed water for sustainable water 
use, such as standard graphical and multivariate statistical 
methods to provide an understanding of water sources as a 
starting point for mixing calculations, and powerful trac-
ers to calculate the different sources of water. However, the 
hydrodynamics is complex and should be further investi-
gated to optimally manage and prevent degradation of the 

water quality. For example, cost-effective methods of adap-
tive sampling based on real-time monitoring data are being 
developed for nutrients and could be extended to micropol-
lutants (Schmidt 2018), and a less cost for a well calibrated, 
flow and contaminant transport modelling method could be 
developed to determine how many years the effect of mixing 
with recalimed water going on and its trend impacting on the 
Beijing Eighth Waterworks in the future.
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