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The groundwater level has been continuously decreasing due to climate change and long-time
overexploitation in the Xiong’an New Area, North China, which caused the enhanced mixing of
groundwater in different aquifers and significant changes in regional groundwater chemistry
characteristics. In this study, groundwater and sediment pore-water in drilling cores obtained from a 600 m
borehole were investigated to evaluate hydrogeochemical processes in shallow and deep aquifers and
paleo-environmental evolution in the past ca. 3.10 Ma. Results showed that there was no obvious change
overall in chemical composition along the direction of groundwater runoff, but different hydrochemical
processes occurred in shallow and deep groundwater in the vertical direction. Shallow groundwater (< 150
m) in the Xiong’an New Area was characterized by high salinity (TDS > 1000 mg/L) and high
concentrations of Mn and Fe, while deep groundwater had better water quality with lower salinity. The
high TDS values mostly occurred in aquifers with depth < 70 m and >500 m below land surface. Water
isotopes showed that aquifer pore-water mostly originated from meteoric water under the influence of
evaporation, and aquitard pore-water belonged to Paleo meteoric water. In addition, the evolution of the
paleoclimate since 3.10 Ma BP was reconstructed, and four climate periods were determined by the 6'%0
profiles of pore-water and sporopollen records from sediments at different depths. It can be inferred that
the Quaternary Pleistocene (0.78—2.58 Ma BP) was dominated by the cold and dry climate of the glacial
period, with three interglacial intervals of warm and humid climate. What’s more, this study demonstrates
the possibilities of the applications of pore-water on the hydrogeochemical study and further supports the
finding that pore-water could retain the feature of paleo-sedimentary water.

©2021 China Geology Editorial Office.

1. Introduction

innovative urban development mode with the priority in eco-
environmental protection (Song CQ et al., 2018; Zhu MJ et

On April 1%, 2017, China ’s government statement
reported the plan to set up Xiong’an New Area (also referred
to as New Area), which aims to relieve Beijing of functions
non-essential to its role as China’s capital and to explore an
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al., 2019; Ma Z et al., 2021). The New Area is located in the
semi-arid North China Plain (NCP), the largest alluvial plain
in eastern Asia with serious water shortage problems (Wang
SQ et al., 2009). Groundwater has been used as the major
water source for drinking, agriculture activities, and industrial
productions (Xing LN et al., 2013), and over-exploitation of
groundwater has caused numerous changes in groundwater
flow conditions and groundwater chemistry (Liu HY et al.,
2016), which was caused by the falling groundwater level and
the mixture of groundwater in different aquifers. In addition,
Xiong ’an New Area is home to the NCP’s largest natural
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freshwater wetland, Baiyangdian Lake, which plays an
important role in the region ’s drinking water supply,
sustaining agriculture, climate regulation, and flood control
(Guo W et al., 2014). Groundwater is of great significance in
both maintaining the ecological functions of Baiyangdian
Lake and providing the expected water needs of the New
Area. In recent decades, intensified human activities have
deteriorated the hydrological conditions of the lake (Li X et
al., 2016). So far, researches on hydrogeochemistry of the
study area have focused on the large spatial scale of the entire
NCP (Xing LN et al., 2013; Shi JS et al., 2014; Chen LZ et
al., 2014; Liu HY et al., 2015). In Xiong’an New Area and
surrounding areas, the systematic and further research on
hydrogeochemical characteristics of groundwater in different
aquifers under the influence of human activities has not been
carried out.

Pore-water is an important site for chemical reactions and
frequent material exchanges, which is trapped in particle gaps
in terms of bound water, capillary water, and gravity water
during sediment deposition (Sacchi E et al., 2001). It is of
great significance to identify the hydrogeochemical origin of
pore-water in aquitard for revealing the source of elements in
groundwater (Zhang YQ et al., 2018; Qaisar M et al., 2020).
Sediment pore-water has been used to study the geochemical
characteristics of heavy metals (Sadiq R et al., 2003; Zhu H et
al., 2011) and the occurrence of gas hydrate (Hesse R, 2003;
Cao C and Lei HY, 2012; Sun YB et al., 2012; Valle J et al.,
2018). Moreover, pore-water has been utilized to interpret
paleoclimate changes and geologic events based on the
chemical and isotopic composition (Hendry MJ and
Wassenaar LI, 1999; Ortega-Guerrero A, 2003; Hendry MJ
and Woodbury AD, 2007; Li J et al., 2014; Niu H et al., 2017,
Han DM et al., 2020). As known to all, groundwater plays an
important role in global climate change research as the
paleoenvironmental information carrier. However, due to the
continuous excessive extraction of deep groundwater,
groundwater in different aquifers has been intensively mixed,
and the paleoclimate information recorded by the aquifer
tends to be uniform. The thick clayey layers have the
advantage of preserving pore-water, and the transport is
dominated by molecular diffusion (Bensenouci F et al. 2014;
Hendry MJ and Harrington GA, 2014; Li J et al., 2017).
Therefore, pore-water in low-permeability clayey aquitard
may be reliable proxy records of paleo-environment relative
to aquifer groundwater due to the weaker hydrodynamic
alternation.

The groundwater level in Xiong’an New Area has been
continuously decreasing due to human activities (Shao JL et
al., 2013; Li HT et al,, 2021; Ma Z et al., 2021), resulting in
groundwater mixture and chemical characteristics change.
Therefore, research on hydrogeochemical processes in
different aquifers under the influence of human activities in
the New Area is the top priority. This study focuses on the
sediment pore-water in the Quaternary standard borehole, and
aims to (1) horizontally and vertically identify the chemical
characteristics and hydrogeochemical processes in the multi-
layer aquifer and aquitard system and (2) understand the
paleoclimate changes through the analysis of isotopic
characteristics of pore-water.

2. Regional background

Xiong ’an New Area is located in the east of Taihang
Moutain and the central part of the NCP, about 100 km
southwest of Beijing, and spans the counties and surrounding
areas of Xiongxian, Rongcheng, and Anxin in Hebei
Province, covering 1770 km® with a population of 2 x 10° to
2.5 x 10% in the long term.

Belonged to the continental monsoon zone with a semi-
arid climate, the annual average precipitation and maximum
evaporation of the New Area are 478 mm and 1762 mm,
respectively. The terrain is relatively flat overall, slightly
higher in the west and north, and lower in the east and south.
The ground elevation is between 5 m and 20 m, and the slope
is between 0.2 %o and 0.7 %o. The Quaternary sediments are
dominated by alluvial deposits interbedded with lacustrine
deposits, and the sediment thickness ranges between 500 m
and 600 m (Li HT et al., 2021).

The evolution of palacogeography and palacoenvironment
during the Quaternary has a direct influence on the formation
and evolution of the groundwater system (Zhang ZH et al.,
1997). The regional Quaternary groundwater system in
Xiong’an New Area consists of four aquifer groups vertically,
which is obviously controlled by the lithological distribution
and hydraulic features of deposits, corresponding to the
Holocene, the upper, the middle, and the lower Pleistocene,
respectively (Chen W, 1999; Chen ZY et al., 2003; Shao JL et
al., 2013). The thickness of the sediments in each aquifer
group gradually increases from the northwest to the southeast
of the New Area, and the bottom burial depth of 1%, 2", 37
and 4" aquifer groups is up to 15-35 m, 120—200 m, 280—
400 m, and 380-550 m, respectively. The 1* aquifer group is
relatively thin and there is a close hydraulic connection
between 1% and 2™ aquifer groups. Besides, there are many
mixing pumping wells penetrating the two aquifers, resulting
in the intensive mixture of groundwater in the first two
aquifer groups. Taken together, groundwater in these two
aquifers is integrated and assigned as shallow groundwater,
which is the main source of water supply for agricultural and
industrial usage due to good recoverability. On the other hand,
groundwater in the remaining two aquifer groups is referred to
as deep groundwater, which is mainly used for the
exploitation of domestic water due to good water quality. It is
worth noting that deep aquifers have a better water yield
property than shallow aquifers.

Generally speaking, both shallow and deep groundwater
flow from northwest to southeast under natural conditions
(Shao JL et al., 2013; Li HT et al., 2021). The study area has
been divided into two zones: Zone 1 and Zone 2, which
represent the upstream area and downstream area according to
the flow of groundwater in the region, respectively (Fig. 1).

3. Methods and materials
3.1. Groundwater and sediment sampling

One hundred and eighteen groundwater samples were
collected from electric-powered public water supply wells in
the study area, including seventy-three shallow groundwater
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Fig. 1. Sampling locations and the borehole used to sample pore-water in the Xiong’an New Area, North China.

samples and forty-five deep groundwater samples.

All groundwater samples were collected after pumping for
more than 20 mins, in order to ensure that the collected
groundwater represented water from the aquifer rather than
the borehole. All water samples were filtered through 0.22 pm
membrane filters. Sampling vessels were acid-washed and
deionized water-rinsed thoroughly in the laboratory before the
field sampling. Samples for analyzing major cations and trace
elements were filtered into 100 mL high-density polyethylene
(HDPE) bottles and acidified to pH < 2 by using 6 mol/L
purified-HNO;. Samples for major anions analysis were
collected without acidification. All groundwater samples were
brought to the laboratory within 3 days and stored at 4°C
before analysis.

One representative borehole, located in Zone 1, was
drilled to take sediment samples from different aquifers, up to
600 m below land surface. The sampling interval was
dependent on lithological settings, and additional samples
were collected near lithological boundaries. Eighty-six
sediment samples were collected. After sediment removal
from the borehole, the internal center parts of the sediment
cores were collected to prevent possible contamination. Fresh
sediment samples were wrapped in foil and sealed in an N,-
filled plastic bag immediately after sediment sampling. All
sediments were transported to the laboratory at 4°C and stored
at —20°C in the laboratory until analysis.

3.2. Pore-water extraction

Fifty-seven pore-water samples were extracted from the
sediments taken from the borehole in Zone 1 with a depth of
600 m below land surface. The high-speed centrifugation
method had been chosen, which was the most widely used
technique to obtain pore-water. Compared with squeezing,
suction filtration, and dialysis, centrifugation is more accurate
and precise for evaluating water chemistry in pore-water
(Bufflap SE and Allen HE, 1995; Chapman PM et al., 2002;
Zhang Z et al., 2018; Guo HM et al., 2020).

Special Teflon centrifuge tubes were used to extract pore-
water by centrifuge under a high speed of 9000 rpm.
Specifically, around 25 g of sediment was put in the tube and
centrifuged at 9000 rpm for 30 mins at 5°C with a high-speed

refrigerated centrifuge (GL21M, Kaida).

After centrifuging, the suspension was filtered by 0.22 um
filter membrane. Samples for analyzing major cations and
trace elements were filtered into 10 mL tubes and acidified to
pH < 2 by using 6 mol/L purified-HNO;. The samples for
major anions analysis were stored without acidification and
all pore-water samples were stored at 4°C before analysis.

3.3. Sample analysis

Groundwater electrical conductivity (EC), temperature
(7), pH, and oxidation reduction potential (ORP) were
measured in situ using a multiparameter probe meter (In-Situ,
SMARTROLL MP) with an inline flow cell under minimal
atmospheric contact. Concentrations of major cations and
trace eclements were detected by ICP-AES (iCAP6000,
Thermo) and ICP-MS (7500C, Agilent), respectively, with an
analytical precision of 0.5%. Major anions, including NO; ",
Cl, SO427, and F, were determined using ion
chromatography (ICS2000, Dionex) with an analytical
precision of less than 3.0%. lon charge imbalances were less
than 10% for all samples.

The oxygen and hydrogen stable isotopes were performed
by using L2120-ianalyzer (Picarro, USA). These isotopic
ratios of D/H and '*0/'°0 are expressed as J notation [0 =
1000 (Rgample/Rstandara=1)] with respect to the VSMOW
(Vienna Standard Mean Ocean Water) international standard.
Analytical precisions of §'%0 and JD were +0.2%o and =1%o,
respectively.

4. Results and discussion
4.1. Major components of groundwater and pore-water

Groundwater in the Xiong’an New Area was neutral to
weakly alkaline, with the pH between 6.7 and 9.5 (median,
7.7) and between 7.2 and 8.6 (median, 8.2) in shallow and
deep aquifers, respectively (Table 1). Na* was the dominant
cation, and HCO;~ was the major anion in both shallow and
deep groundwater. The total dissolved solids (TDS) varied
greatly in different aquifers, with the ranges between 264
mg/L and 6478 mg/L (median, 1003 mg/L) and between 264
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Table 1. Statistic results of physiochemical parameters of groundwaters in the Xiong’an New Area, North China.

Unit Shallow groundwater in Zone 1 ~ Shallow groundwater in Zone 2 Deep groundwater in Zone 1 Deep groundwater in Zone 2
(n=45) (n=28) (n=12) (n=33)
Max Min Mean Max Min Mean Max Min Mean Max Min Mean

Depth  m 150 50 84 120 15 73 500 200 312 580 180 287
pH 9.5 6.7 7.6 9.4 6.7 7.8 8.4 7.6 8.2 8.6 7.2 8.4
TDS mg/L 4502 269 977 6478 264 1045 480 280 387 1342 264 465
K* mg/L 249 <0.5 2.1 3.7 <0.5 1.2 1.7 <0.5 1.0 1.9 <0.5 0.4
Na* mg/L 753.0 18.8 151.2 1096.0 27.4 213.6 105.3 39.1 83.3 223.0 86.5 133.0
Ca®" mg/L 198.2 11.4 79.6 4229 3.2 69.9 41.9 8.9 18.5 89.4 32 11.1
Mg mg/L 348.8 8.8 69.2 429.1 1.0 57.1 20.0 2.0 10.8 60.6 <0.5 4.3
Clr mg/L 526.3 5.6 100.5 843.8 11.3 146.3 46.6 5.6 27.3 177.8 15.5 50.3
SOF mg/L 2503.0 11.5 240.7 3235.0 22.4 298.4 43.4 26.8 32.4 268.9 23.6 49.5
NO;~ mg/L 75.5 <0.5 14.6 13.7 <0.5 32 19.2 <0.5 10.2 3.9 <0.5 0.7
HCO; mg/L 799.2 84.7 481.8 893.8 120.0 417.7 284.7 162.3 217.9 625.6 188.2 235.2
mg/L and 1342 mg/L (median, 444 mg/L) in shallow and Cations meq/L Anions
deep groundwater, respectively. Shallow groundwater had a 10 ? , , ? , ? 10
higher value of TDS relative to deep groundwater, including
all major ions except K'. The concentration of K in
groundwater was low and remained stable throughout. For the
major anions, SO,>~ concentrations were comparable to those
of CI” in shallow groundwater, while SO,>~ concentrations 1 deep
were lower than those of Cl™ in deep groundwater. Relatively
higher NO; concentrations (median, 3.51 mg/L) were
observed in shallow groundwater compared to deep
groundwater (median, 0.84 mg/L), but around 30% of deep
groundwater samples had NO;  concentrations greater than . Lo
5.0 mg/L.

Along the direction of groundwater runoff, there was no Na”- -S0&
obvious change overall. Nevertheless, there was an upward Mg* - - -HCO;
trend in Na" concentration and a downward trend in Ca>" and Cat A -NO;
Mg?" concentrations in both shallow and deep groundwater

from Zone 1 to Zone 2 (Fig. 2), indicating the occurrence of
ion exchange processes along the flow path in the aquifers. In
addition, the concentrations CI~ and SO,> increased along
with the groundwater runoff due to the leaching effect.

The major components of pore-water samples were listed
in Table 2. Pore-water was near-neutral to weak alkaline
(7.50 —=8.36 in shallow aquifers and 7.49 —8.53 in deep
aquifers). The pore-water samples had TDS values from 267
mg/L to 868 mg/L (median, 413 mg/L) and from 243 mg/L to
662 mg/L (median, 387 mg/L) in shallow and deep aquifers,
respectively. The high TDS wvalues mostly occurred in
aquifers with a depth around 50—70 m and >500 m below land
surface. In general, shallow pore-water had fewer Na*, but
more Ca’" and Mg?", compared with deep pore-water. Na*
was the dominant cation with a range of 38.16 mg/L to 397.47
mg/L (median value: 124.12 mg/L) and 72.12 mg/L to 263.38
mg/L (median value: 148.17 mg/L) in shallow and deep
aquifers, respectively. Meanwhile, HCO;~ was the major
anion in both shallow and deep pore-water, with
concentrations up to 587.21 mg/L and 41591 mg/L,
respectively. Besides, low NO; concentrations (<20 mg/L)
were observed in pore-water from both shallow and deep
aquifers.

Fig. 2. Stiff plots of groundwater in the Xiong’an New Area, North
China. 1 shallow—shallow groundwater in Zone 1; 2 shallow—shal-
low groundwater in Zone 2; 1 deep—deep groundwater in Zone 1; 2
deep—deep groundwater in Zone 2.

The parameters of pore-water were compared with those
of groundwater in Zone 1 because of the location factor.
Although both Na“ and CI” concentrations were higher in
deep pore-water than in coexisting groundwater,
concentrations of Ca®’, Mg®", SO,%", and HCO; in deep
pore-water were similar to those in coexisting groundwater. In
contrast, the concentrations of all major ions in shallow
groundwater were much higher than those in shallow pore-
water. For example, shallow pore-water had NOj;
concentrations between 3.38 mg/L and 9.92 mg/L (median,
6.11 mg/L), which were mostly lower than the coexisting
shallow groundwater.

As shown in Fig. 3, the distribution of major components
of pore-water and groundwater in Zone 1 at different depths
was approximately consistent. Furthermore, the scatter points
of major components of pore-water in different aquifers were
clustered in or close to the box-whisker plot of the
groundwater in Zone 1 at the corresponding depths through
further analysis.
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Statistic results of physiochemical parameters of pore-water in aquifer sediments of ZK-1 borehole in the Xiong’an New

Shallow pore-water (n = 16)

Deep pore-water (n = 41)

Unit - -
Max Min Mean Max Min Mean
Depth m 143.0 225 81.6 557.4 151.0 365.3
pH 8.36 7.50 8.06 8.53 7.49 8.27
TDS mg/L 868 267 413 662 243 387
K* mg/L 14.54 1.59 4.16 3.46 0.78 1.92
Na* mg/L 397.47 38.16 124.12 263.38 72.12 148.17
Ca** mg/L 88.27 22.66 38.99 38.76 5.49 16.48
Mg% mg/L 36.50 13.14 22.94 22.52 2.20 8.22
Cr mg/L 352.08 38.88 97.32 196.94 22.90 78.87
S04 mg/L 217.50 210.78 76.34 67.27 26.08 41.66
NO;~ mg/L 9.92 3.38 6.11 20.38 <0.50 8.36
HCO;™ mg/L 587.21 90.81 296.90 415.91 171.06 288.53
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Fig. 3. Box-whisker plots of major ions in shallow and deep groundwater in Zone 1 and depth-dependent concentrations of major components

of pore-water in the Xiong’an New Area, North China.

Due to severe groundwater overexploitation, most of the
groundwater samples collected in the piloted wells were
strongly mixed in the NCP, which could lead to confusing
components. However, the pore-water accurately
corresponded to the specific aquifer, eliminating the influence
of groundwater mixture from different depths during
pumping. The aquifer pore-water was more accurate and
representative than the groundwater collected in the region.
Therefore, the pore-water is recommended to analyze the
hydrochemistry characteristics relative to groundwater, which
is more helpful to the fine description of the
hydrogeochemical process in the study area.

4.2. Hydrogeochemical characteristics of groundwater and
pore-water

As seen from the Piper plot in Fig. 4a, the type of water
chemistry did not change obviously along the direction of
groundwater runoff (from Zone 1 to Zone 2), which might
result from a short runoff path. However, the types of
groundwater chemistry in deep and shallow aquifers were
quite different. From the shallow aquifer to the deep aquifer,
the milligram equivalent percentage of Na+K increased to
about 90%, and the chemical type of groundwater changed
from mixed type to HCO;-SO4-Na type. The samples of
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Fig. 4. Piper plots of groundwater (a) and pore-water (b) in the Xiong’an New Area, North China.

shallow groundwater
hydrochemical facies,
HCO;-Cl-Na(Mg).

Similarly, the same vertical variation characteristics of
groundwater chemical types could be obtained more clearly
from the Piper plot of pore-water in Fig. 4b. The shallow
pore-water samples were located in the middle of the Piper
plot, which represented the mixed type of water chemistry.
However, the deep pore-water samples for N, sediments were
located in the lower right corner, which represented the
HCO;-SO,-Na type. As the depth increased, the pore-water in
the middle layer transited to the lower right in turn. It is worth
noting that the change process of cations in different layers
with depth was particularly significant. The content of Na
ions gradually increased with the increase in depth, which
caused the position of pore-water samples on the Piper plot to
shift gradually from the middle to the lower right. In addition,
it can be seen from Fig. 4b that the pore-water samples
extracted from different lithological sediments at the adjacent
depth were located in similar positions in the Piper plot,
indicating that there was no significant difference in their
water chemistry types.

were
such as

characterized by multiple
HCO;°SO4-Na(Ca) and

4.3. Hydrogeochemical processes in different aquifers

As an indispensable method, the Gibbs plot is widely used
to qualitatively analyze the hydrogeochemical processes in a
certain area (Gibbs RJ, 1970). The water chemistry data of
groundwater and pore-water samples were respectively placed
on the Gibbs plot according to depth and runoff, as shown in
Fig. 5. The samples of groundwater and pore water were
distributed in the zone between rock weathering and
evaporation-crystallization, indicating that the major
components of groundwater and pore-water did not possess
the hydrogeochemical characteristics of meteoric water. After
receiving the replenishment of meteoric water to the aquifer,
it experienced a long time of water-rock interaction.

As shown in Fig. 5a, the distribution of groundwater in
Zone 1 and Zone 2 in the Gibbs plot was basically the same,

indicating that the hydrogeochemical process of groundwater
was consistent along the direction of groundwater runoff.
However, the distribution of shallow and deep groundwater
was quite different. Shallow groundwater was distributed in
the upper middle part of the Gibbs plot, and the value of
Na/(Na+Ca) was between 0.4 and 0.8. The TDS value was
slightly higher than that of the deep water, indicating that the
shallow groundwater was mainly affected by evaporative
crystallization and rock weathering. Whereas, deep
groundwater was distributed in the middle right part of the
Gibbs plot, and the value of Na/(Na+Ca) was close to 1,
representing the combined influence of the three effects of
evaporation-crystallization, rock weathering, and atmospheric
precipitation. Furthermore, in the Gibbs plot of Fig. 5b,
shallow groundwater in Zone 1 was distributed at the upper
left of the shallow pore-water, indicating that shallow
groundwater was more concentrated by evaporation than
pore-water. Meanwhile, both deep groundwater and pore-
water were distributed in the middle right part, indicating
similar hydrogeochemical processes.

The water-rock interaction plays an important role in the
evolution of major solute compositions in groundwater.
Because Cl and Br are ubiquitous in natural water, as well as
their conservative behavior and high solubility, processes
such as ion exchange reaction and mineral surface adsorption
cannot significantly change the concentration of CI and Br.
The water-rock interaction generally causes the dissolution of
halite (NaCl) in sediments, which would directly lead to an
increase in the concentration of chloride ions, thereby causing
a rapid increase in the Cl/Br ratio. In contrast, the evaporation
process can change the absolute concentration of Cl and Br in
the groundwater, but not the CI/Br ratio before the
groundwater reaches the saturation of halite. Therefore, the
concentration of chloride ions and Cl/Br ratio are frequently
used to identify and distinguish the evolution process of
lixiviation and evaporation (Cartwright I et al, 2006; Deng
YM et al, 2009; Xing LN et al, 2013; Taheri M et al, 2017).

It is seen from Fig. 6 that the CI/Br ratio of deep
groundwater in Zone 1 and Zone 2 increased rapidly with the
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increase of chloride ion concentration, and the deep
groundwater samples clustered nearly along the trend line of
halite dissolution. However, the change of the CI/Br ratio was
not obvious in shallow groundwater. The above results
suggested that halite dissolution and evaporative
concentration played a greater role in the hydrogeochemical
process of the deep and shallow aquifer, respectively.
Meanwhile, pore-water had basically the same changing law
as groundwater in Zone 1, and the difference was mainly in
the deep pore-water samples for N, sediments. Due to the
relatively dry and hot climate conditions in the Neogene
period, pore-water in the N, layer was more affected by
evaporation, which could be confirmed by the results of stable
oxygen and hydrogen isotopes.

4.4. Characteristics of stable oxygen and hydrogen isotopes

Stable oxygen and hydrogen isotope relationships of pore-
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water in different lithological sediments in the study area are
shown in Table 3 and Fig. 7. Aquifer pore-water had §'30
between —11.4 %o and —7.6 %o (median, —10.6 %o) and 6D
between —84.0 %o and —59.6 %o (median, —77.0 %0), while
aquitard pore-water had 5'30 between —10.6 %o and —6.5 %o
(median, —10.0 %o) and 6D between —80.2 %0 and —52.6 %o
(median, —74.2%o).

The 60 and oD values of aquifer pore-water were
associated with the global meteoric water line (GMWL), and
the fitting equation was JD = 6.160'°0 —12.37 (R’=0.95).
According to the general-purpose diagram of dD versus 6'%0
with total 13 trend lines to trace the water origin and reveal
the various processes (Pang ZH et al., 2017), aquifer pore-
water mostly originated from meteoric water under the
influence of evaporation. Meanwhile, the 6'%0 and 6D values
of most shallow pore-water were more positive than those of
deep pore-water, which coincided with previous studies on the
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Fig. 7. Stable isotopic composition of aquifer pore-water (a) and aquitard pore-water (b) in the Xiong’an New Area, North China. The solid
line marks the global meteoric water line (GMWL).

Table 3. Stable isotopic composition of pore-water in sediments of ZK-1 borehole in the Xiong’an New Area, North China

Pore-water Sample No. Depth/m  6'80/%  dD/%o IPore-water Sample No. Depth/m  6'%0/%  dD/%o
Aquifer pore-water ZK-1-14 22.5 —8.66 —63.50 7ZK-1-284 445.0 —-10.73 —75.60
ZK-1-20 29.0 —-9.65 —69.56 ZK-1-287 450.4 -11.25 —=79.00
ZK-1-29 37.8 —8.91 =71.07 ZK-1-313 500.3 —-10.64 —74.39
ZK-1-33 41.9 -9.78 =73.71 ZK-1-315 505.0 -10.75 —75.81
ZK-1-35 43.1 -11.02 —81.09 ZK-1-317 509.0 —8.64 —64.86
ZK-1-61 77.1 -10.08 —=76.03 ZK-1-319 515.0 —8.50 —64.63
ZK-1-74 92.7 —-11.40 —84.00 ZK-1-326 527.0 —7.98 —62.46
ZK-1-80 98.1 -11.23 —83.85 ZK-1-329 532.0 —8.83 —65.69
ZK-1-84 104.8 -10.63 —78.49 ZK-1-331 535.0 -=7.70 —60.83
ZK-1-96 117.9 -11.14 —82.59 ZK-1-333 539.0 —8.81 —66.75
ZK-1-98 120.7 -11.13 —81.15 ZK-1-336 544.0 —=7.61 —59.62
ZK-1-101 124.9 -10.84 —79.99 ZK-1-338 547.5 —9.60 —-71.05
ZK-1-104 131.2 -10.79 —=79.35 ZK-1-343 557.4 -9.87 —73.56
ZK-1-113 143.5 -11.07 —81.53 IAquitard pore-water ZK-1-06 9.7 —7.41 —52.60
ZK-1-127 158.3 -11.33 —82.92 ZK-1-10 15.9 —7.64 —56.30
ZK-1-134 169.1 —-10.73 —78.36 ZK-1-16 24.8 —10.20 —74.25
ZK-1-148 187.0 —10.20 -77.43 ZK-1-44 54.3 —10.36 —78.71
ZK-1-164 215.3 -10.34 —76.96 ZK-1-67 84.5 —10.48 —80.18
ZK-1-167 2213 -10.85 —80.63 ZK-1-100 123.5 -10.34 —79.68
ZK-1-176 237.6 —9.40 —68.94 ZK-1-110 139.6 —6.51 —77.85
ZK-1-200 279.3 -10.89 —80.53 ZK-1-132 165.0 —-10.09 —74.20
ZK-1-207 293.5 —-10.64 =79.01 ZK-1-142 179.2 —-10.62 —78.40
ZK-1-211 301.9 -10.33 —74.31 ZK-1-169 225.5 -10.19 -79.73
ZK-1-214 306.2 -10.59 —71.87 ZK-1-183 2482 -10.22 —78.56
ZK-1-219 314.6 —10.84 =79.24 ZK-1-189 258.6 —6.74 —78.64
ZK-1-225 326.5 -10.85 —=79.56 ZK-1-221 319.2 —-10.02 —74.91
ZK-1-231 3385 -10.96 —80.04 ZK-1-251 379.8 —10.00 —74.01
ZK-1-235 346.0 -10.55 —76.87 ZK-1-263 406.5 —-10.03 —72.86
ZK-1-238 353.0 -10.89 —78.60 ZK-1-272 424.5 —10.00 —74.01
ZK-1-247 371.4 —-10.81 —78.16 ZK-1-285 447.0 -9.80 —74.10
ZK-1-254 388.0 -10.31 =76.57 ZK-1-307 487.2 -9.70 —74.03
ZK-1-258 395.0 -10.31 —75.32 ZK-1-356 589.8 —9.96 —72.85
ZK-1-259 396.5 -10.58 —76.96 ZK-1-358 595.3 —9.54 =72.15
ZK-1-276 429.5 -10.48 —76.38 ZK-1-359 598.0 -10.26 —74.99
ZK-1-282 440.7 -11.14 —78.26 ZK-1-360 599.6 -9.97 —73.69
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stable oxygen and hydrogen isotopes of groundwater in the
North China Plain (Xing LN et al., 2013). This implies that
either (1) groundwater recharge into the deep aquifer took
place in a higher altitude zone with lower 6'%0 and D in
precipitation, and deep groundwater was mainly recharged
from high altitudes of the Taihang Mountains in the
northwest; or (2) deep groundwater reflects older groundwater
from in situ recharge during times of higher precipitation
and/or lower temperature (Guo HM et al., 2020). In addition,
the 0'%0 and 6D values of N, pore-water were obviously
positive, which was consistent with the warm climate of the
Pliocene.

For aquitard pore-water, the fitting line was almost
parallel to the GMWL, and the fitting equation was dD =
8.220'%0 + 7.46 (R* = 0.95), suggesting that aquitard pore-
water belonged to Paleo meteoric water. The ¢'°0 and JD
values of some shallow aquitard pore-water were lower than
those of deep aquitard pore-water. This might be caused by
the relatively mild and humid climate at that time, and the
heavy rainfall made the oxygen and hydrogen isotope values
depleted.

4.5. Response of pore-water
paleoclimate changes

isotope characteristics to

The isotope characteristics can show the change of the
research area as a climate and environment index. The 6'*0
profiles of pore-water for different lithological sediments
were used to analyze the response to paleoclimate changes in
this manuscript, which was shown in Fig. 8. It is worth noting
that the geological age at the depth of 600 m at the bottom of
the representative borehole was inferred from the comparion
between sediment paleomagnetic data and standard
geomagnetic polarity time scale, which was a relative age of
circa 3.10 Ma BP. Based on the 6'%0 profiles of pore-water
and sporopollen records from sediments at different depths,

the characteristics of paleoclimatic zoning in the study area
were comprehensively inferred as follows.

(i) Paleoclimatic Zone I, (600490 m): The §'%0 values of
pore-water fluctuated significantly, with an average value of
—9.93%o. At the same time, the numbers of sporopollen grains
were generally low, and the herbal and woody sporopollen
appeared alternately during this period. Both 5'%0 values and
sporopollen records reflected a climate change process of dry
and cold to warm and humid.

(ii) Paleoclimatic Zone I, (490—387 m): The §'%0 values
of aquitard pore-water remained basically stable, with an
average value of —9.88 %o. The aquitard pore-water was
slightly enriched in 630 relative to the corresponding aquifer
pore-water and the aquitard pore-water in Zone I,. In the
meanwhile, the total number of sporopollen grains in this
period had an increasing trend relative to Zone I,, indicating
the warm and humid climate conditions in Pliocene.
Specifically speaking, the numbers of herbal sporopollen
decreased, while those of woody sporopollen increased.

(iii) Paleoclimatic Zone II (387—15.8 m): Overall, the 6'%0
values of aquitard pore-water were a bit more negative than
those in Zone I, with an average value of —10.3%o (excluding
the abnormal points at 258 m and 139 m). Also, the numbers
of sporopollen grains were generally low, and the pollen
content of herbaceous plants was much higher than that of
woody plants, reflecting the relatively low temperature and
arid climate since the Quaternary Period. It is worth noting
that the §'°0 values had two obvious rises under the overall
negative condition, corresponding to the peaks at 258 m and
139 m, respectively, indicating the warm and dry climate in
the Quaternary interglacial period. Furthermore, there were
also two higher 6'%0 values at 237 m and 77 m in the aquifer
pore-water. The response magnitude was not obvious and the
depth was shifted relative to the aquitard pore-water, which
might be caused by the mixing of pore-water in different
aquifers under the condition of groundwater overexploitation.
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] 0 — T T T T T 7]
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Fig. 8. The 6'®0 profiles of pore-water and paleoclimate significance in the Xiong’an New Area, North China.
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(iv) Paleoclimatic Zone III (15.8-0 m): The 6'%0 values of
aquitard and aquifer pore-water significantly increased, and
the corresponding average values were —7.53 %o and —8.66%o,
respectively. This is consistent with the warm and humid
climate of the Holocene reflected by the apparent increase in
the total number of sporopollen grains and the appearance of a
large number of woody and fern plants.

As can be seen from the above, due to the mixing of pore-
water in different aquifers, the isotope values of aquifer pore-
water are not timely and accurate to respond to climate
changes as the same as groundwater in the groundwater over-
extracted area. Compared with aquifer pore-water and
groundwater, aquitard pore-water had a more closed
environment and slower hydrodynamic conditions, so that
aquitard pore-water could more completely retain the feature
of paleo-sedimentary water (Harrington GA et al., 2013; Li J
et al., 2014; Han DM et al., 2020). As a direct record, the
isotope of aquitard pore-water can intuitively respond to
paleoclimate changes.

5. Conclusions

This study focuses on the analysis of the similarities and
differences between groundwater and sediment pore-water in
Xiong ’an New Area, as well as the 0'%0 profiles of pore-
water and sporopollen records from sediments at different
depths, and the main conclusions are as follows:

(i) Both groundwater and pore-water were neutral to
weakly alkaline, with the dominant components of Na" and
HCO;. The major components and chemical type of
groundwater did not change significantly along the direction
of groundwater runoff but obviously changed with depth.
Deep groundwater was predominantly HCO5-SO,4-Na type,
whereas shallow groundwater was characterized by multiple
hydrochemical facies. Shallow groundwater (<150 m) had a
higher value of TDS than a deep one, including all major ions
except K. The high salinity and elevated NO;~ in the shallow
groundwater suggest modern recharge with some
anthropogenic contamination (e.g., agricultural irrigation). In
comparison, deep groundwater has better water quality but is
vulnerable to contamination from shallow groundwater with
high TDS and NO; concentrations.

(ii)) Different hydrochemical processes occurred in
shallow and deep groundwater. Shallow groundwater was
influenced by evaporation, carbonate dissolution, and silicate
weathering, while evaporite dissolution and silicate
weathering played an important role in the deep aquifer.
Cation exchange occurred as well in all aquifers. Moreover,
pore-water  has  similar major components and
hydrogeochemical processes with groundwater in Zone 1,
which demonstrates the possibilities of the applications of
pore-water on the hydrogeochemical study.

(iii) The values of pore-water oxygen isotope are positive
in the warm climate, and aquitard pore-water has a more
significant response to climate change relative to aquifer pore-
water. The evolution of paleo-vegetation and paleo-climate
since 3.10 Ma BP was reconstructed by analyzing the results
of sporopollen and isotope: (1) The climate in the Neogene
Pliocene (2.58—3.10 Ma BP) was relatively warm and humid;

(2) the Quaternary Pleistocene (0.78 —2.58 Ma BP) was
dominated by the cold and dry climate of the glacial period,
with three interglacial intervals of warm and humid climate;
(3) the climate has become significantly warmer since the
Holocene (<0.78 Ma BP).
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