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Abstract. Groundwater is the dominant long-term water resource for
agricultural irrigation and industrial production in the Baiyangdian basin,
North China Plain. Groundwater and pore-water were investigated to
evaluate chemical evolution and geochemical processes in shallow and
deep aquifers. Results show that both shallow groundwater and shallow
pore-water had higher TDS, Ca2+, Mg2+, SO42-, and HCO3- concentrations
than deep groundwater and deep pore-water. Generally, concentrations of
groundwater major ions were higher than those of pore-water in shallow
aquifers, while they were slightly lower in groundwater than in pore-water
from deep aquifers. Water isotopes showed the meteoric origin of
groundwater and pore-water, although evaporation signature was traced in
shallow groundwater. Shallow groundwater also experienced carbonate
dissolution and silicate weathering. Silicate weathering and evaporite
dissolution were the major hydrogeochemical processes in deep aquifers.
This study indicated that deep groundwater has better water quality, but is
vulnerable to contamination from shallow groundwater with high TDS and
NO3- concentrations.

1 Introduction
Groundwater is generally the dominant long-term water resource for agricultural
irrigation and industrial production in arid-semiarid areas [1-3], where groundwater
quantity and quality are very important for ecological maintenance and social sustainability
[4]. The North China Plain (NCP) is the largest alluvial plain in eastern Asia with serious
water shortage, which poses great restrictions on economic development [1, 5]. The
Baiyangdian lake, the largest shallow (mean depth <2 m) freshwater wetland in NCP, plays
an important role in drinking water supply, sustainable agriculture, climate regulation, and
flood control [6]. In recent decades, intensified human activities have deteriorated the
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hydrological conditions of the lake [7]. Therefore, this study is to investigate major
chemical distributions of groundwater and pore-water and evaluate geochemical processes
occurring in different aquifers, which would improve our understanding of chemical
evolution of groundwater and help in sustainably managing water resources.

2 Methods and Materials
2.1 Study area
The Baiyangdian Basin, which belongs to the lacustrine deposits of NCP, is located to the
southwest of Beijing and the east of Hebei province (Fig. 1). It has the largest freshwater
shallow lake wetland (the Baiyangdian wetland) in NCP.
The topography slightly inclines from northwest to southeast, with the land slopes
between 0.10‰ and 0.25‰ [8]. The Quaternary sediment thickness ranges between 500
and 600 m, which is dominated by alluvial deposits interbedded with lacustrine deposits
[9]. Due to the long-term exploitation, groundwater in the Holocene aquifer and the upper
Pleistocene aquifer has mixed, which is assigned as shallow groundwater (0-150 m). For
the same reason, deep groundwater mainly occurs in the remaining two aquifers (from 150
to 600 m) [10]. Regional groundwater flow is from northwest to southeast. The hydraulic
gradients range from 1/750 to 1/2600 [11]. The study area has been divided into Zone 1 and
Zone 2, which represents upstream area and downstream area according to the groundwater
flow, respectively (Fig. 1).

Fig. 1. Study area and sampling locations of groundwater and pore-water
2.2 Groundwater and sediment sampling
One hundred and seventeen groundwater samples were collected from electric-powered
public water supply wells in the study area, including seventy-two shallow groundwater
samples and forty-five deep groundwater samples (Fig. 1).
One representative borehole (ZK1), located in the Zone 1, was drilled to take sediment
samples from different aquifers up to 600 m below land surface (Fig. 1). All sediments
were transported to the laboratory at 4 °C, and were stored at -20 °C in the laboratory until
analysis. Fifty-seven pore-water samples were extracted from sandy sediments of ZK1
using the high-speed centrifugation method, as previously done in many studies [12]. After
centrifuge, suspension was filtered by 0.22 m filter membrane.
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2.3 Sample analysis
Concentrations of major cations and trace elements were detected by ICP-AES (iCAP6000,
Thermo) and ICP-MS (7500C, Agilent), respectively. Major anions, including NO 3-, Cl-,
SO42-, and F-, were determined using ion chromatography (ICS2000, Dionex). Ion charge
imbalances were mostly better than 5%.
Oxygen and hydrogen stable isotopes were analyzed by using L2120-i analyzer
(Picarro, USA). These isotopic ratios of D/H and 18O/16O are expressed as δ notation [δ =
1000 (RSample/RStandard - 1)] with respect to the VSMOW (Vienna Standard Mean Ocean
Water) international standard. Analytical precisions of δ18O and δD were better than ±0.2‰
and ±1‰, respectively.

3 Results & discussion
3.1 Major components
Groundwater was neutral to weakly alkaline, with pH between 6.7 and 9.5 (average 7.7)
and between 7.2 and 8.6 (average 8.2) in shallow and deep aquifers, respectively. Na + was
the dominant cation, and HCO3- was the major anion in both shallow and deep
groundwaters. Shallow groundwater had higher salinity than deep groundwater.
Groundwater showed big variations in total dissolved solid (TDS) in different aquifers, with
the ranges between 264 and 6480 mg/L (average 1000 mg/L) and between 264 and 1340
mg/L (average 444 mg/L) in shallow and deep groundwaters, respectively. Higher SO42concentrations than Cl- was observed in shallow groundwater, while SO42- concentrations
were lower than those of Cl- in deep groundwater (Fig. 2). Nevertheless, from Zone 1 to
Zone 2, we can see a increasing trend in Na+ concentration and a decreasing trend in Ca2+
concentrations.

Fig. 2. Stiff plots of groundwater and pore-water in the study area (1 shallow: shallow groundwater in
Zone 1; 2 shallow: shallow groundwater in Zone 2; 1 deep: deep groundwater in Zone 1; 2 deep: deep
groundwater in Zone 2).

The pore-water had pH values from 7.5 to 8.36 and from 7.49 to 8.53 in shallow and
deep pore-waters, respectively. The pore-water TDS had a range of 267 to 868 mg/L and
243 to 662 mg/L in shallow and deep aquifers, respectively. HCO3- was the major anion in
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both shallow and deep pore-waters, with concentrations up to 587 and 416 mg/L,
respectively. Meanwhile, Na+ was the dominant cation with ranges of 38.2 to 397 mg/L and
72.1 to 263 mg/L in shallow and deep aquifers, respectively. Shallow pore-waters had more
Ca2+ and Mg2+ but less Na+, compared with deep pore-waters. Deep pore-water samples
showed similar major chemistry to the deep groundwater, while shallow pore-water had the
distinct major chemistry with shallow groundwater (eg. shallow groundwaters had higher
SO42- concentrations).
Groundwater and pore-water had similar concentrations of major components.
Concentrations of NO3-, SO42-, Mg2+ and Ca2+ in pore-water were identical to the
groundwater, although concentrations of K+ of pore-water were higher than groundwater
both in shallow and deep aquifers, which may be the result of the release of adsorbed K + on
clay minerals during the high speed centrifugation. Furthermore, concentrations of HCO3-,
Cl- and Na+ showed a decrease-increase pattern along the depth in pore-water, which were
not discovered in groundwater.
3.2 Hydrochemical processes in different aquifers
Bivariate mixing diagrams have been used to understand the sources of major ions of the
groundwater and pore-water in different aquifers [13]. The plots of Na-normalized Ca2+
versus Na-normalized Mg2+ and Na-normalized HCO3- were developed to examine the
relative contribution of the three major weathering mechanisms (silicate, carbonate and
evaporite) to solute concentrations in groundwater [14].
According to these plots (not shown), deep groundwater samples were within or close to
the global-average evaporite dissolution domain. In contrast, shallow groundwater samples
were plotted between the global-average carbonate dissolution and silicate weathering.
Meanwhile, pore-water had a similar trend to the groundwater in Zone 1, indicating the
similar hydrochemical processes in pore-water and groundwater.
3.2.1 Hydrochemical processes in shallow aquifers
Shallow groundwaters were enriched in heavier H and O isotopes, which indicated that
shallow groundwaters were subject to evaporation. Carbonate dissolution and silicate
weathering contributed to the major components of groundwater and pore-water in shallow
aquifer. The shallow groundwater in Zone 1 mostly fell along the 1:2 trend line on the
bivariate plot of HCO3- versus Ca2+ and Mg2+, which confirmed calcite
weathering/dissolution. Some of the groundwater samples of Zone 1 fell along the 1:2 trend
line on the bivariate plot of HCO3- versus Na+ and K+, which showed that Na+ and K+ were
primarily derived from weathering of micas and of plagioclase.
The ratio of Na+ and K+ to total cations tends to be the lowest for shallow groundwater
in Zone 1 (median 0.57 for shallow groundwater in Zone 1, 0.77 for shallow groundwater
in Zone 2, 0.88 for deep groundwater in Zone 1 and 0.91 for deep groundwater in Zone 2).
The predominance of Ca2+ and Mg2+ for the shallow groundwater in Zone 1 showed that if
silicate weathering was the primary mechanism of introduction of the bivalent cations, the
sediment provenance would have to be dominated by alkaline earth silicates [15].
3.2.2 Hydrochemical processes in deep aquifers
In addition to silicate weathering, evaporite dissolution played an important role in the deep
aquifers, as revealed by the bivariate plot (not shown) of Cl/Br versus Cl-. The deep
groundwater samples clustered nearly along the trend line of evaporite dissolution,
suggesting that groundwater in deep aquifer were more primarily affected by the evaporite
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dissolution than that in shallow aquifer. Meanwhile, pore-water samples were consistent
with groundwater in Zone 1, which means pore-water had similar hydrochemical processes
with groundwater.

4 Conclusions
This paper studied the similarities and differences of pore-water and groundwater in
Baiyangdian lake basin. In the study area, groundwater was neutral to weakly alkaline, with
Na+ and HCO3- being the dominant components. Shallow groundwater had higher TDS than
deep groundwater, and there was an increasing trend and a decreasing trend of
concentrations of Na+ and Ca2+ along the groundwater flow, respectively. Concentrations of
HCO3-, Cl- and Na+ showed decrease-increase patterns along the depth in pore-water, which
were not discovered in groundwater. Different hydrochemical processes occurred in
shallow and deep groundwater. Shallow groundwater were influenced by evaporation,
carbonate dissolution and silicate weathering, while evaporite dissolution and silicate
weathering played an important role in deep aquifer. Cation exchange occurred as well in
all aquifers.
The study was financially supported by National Natural Science Foundation of China (Nos.
41222020 and 41825017) and the Geological survey project of China (No. 121201014000150013).
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