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Abstract Correct understanding of groundwater/surface-
water (GW—SW) interaction in karst systems is of greatest
importance for managing the water resources. A typical karst
region, Fangshan in northern China, was selected as a case
study. Groundwater levels and hydrochemistry analyses, to-
gether with isotope data based on hydrogeological field inves-
tigations, were used to assess the GW—SW interaction.
Chemistry data reveal that water type and the concentration
of cations in the groundwater are consistent with those of the
surface water. Stable isotope ratios of all samples are close to
the local meteoric water line, and the *H concentrations of
surface water and groundwater samples are close to that of
rainfall, so isotopes also confirm that karst groundwater is
recharged by rainfall. Cross-correlation analysis reveals that
rainfall leads to a rise in groundwater level with a lag time of
2 months and groundwater exploitation leads to a fall within
1 month. Spectral analysis also reveals that groundwater level,
groundwater exploitation and rainfall have significantly simi-
lar response periods, indicating their possible inter-relation-
ship. Furthermore, a multiple nonlinear regression model in-
dicates that groundwater level can be negatively correlated
with groundwater exploitation, and positively correlated with
rainfall. The overall results revealed that groundwater level
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has a close correlation with groundwater exploitation and rain-
fall, and they are indicative of a close hydraulic connection
and interaction between surface water and groundwater in this
karst system.

Keywords Groundwater/surface-water relations -
Hydrochemistry - Groundwater level - Isotope - China

Introduction

Karst systems are characteristically challenging
hydrogeological environments, involving transmissive frac-
tures and conduits, where continual groundwater/surface-
water (GW—-SW) interaction has complex and unique charac-
teristics (Gill et al. 2013; Doglioni and Simeone 2014; Eris
and Wittenberg 2015). Groundwater and surface water are
inseparable components in the hydrological cycle, with one
transforming to the other (Banks et al. 2009; Sun et al. 2013).
In many previous studies, groundwater and surface water have
been treated as independent parts; when building the ground-
water simulation model, surface water will be just generalized
as the upper boundary, and when building the surface-water
simulation model, groundwater will be generalized as the low-
er boundary (Schmidt et al. 2014; Rugel et al. 2016). This
simplification will undoubtedly lose some important informa-
tion, and thus will not fully reflect the physical processes of
the water cycle (Dafny et al. 2010; Charlier et al. 2012; Green
et al. 2014). Identification of the processes involved in
GW-SW interaction can provide a reliable basis to build an
integrated model of the surface water and groundwater.
What’s more, a correct understanding of the GW—SW interac-
tion can contribute to effective water resources management,
identification of the contaminant pathways, and improvement
of the ecological environment; however, due to the complex

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10040-016-1507-7&domain=pdf

576

Hydrogeol J (2017) 25:575-588

hydraulic interconnections of fractures and solution openings,
it is particularly difficult to characterize GW—SW interaction
in karst systems.

Many approaches to characterizing GW—SW interaction
have been studied (Table 1). Numerical simulation is an effec-
tive method for identifying GW—SW interaction. Scibek et al.
(2007) used a three-dimensional (3D) transient groundwater
flow model to simulate three climate-related time periods for
estimating future impacts of climate change on GW-SW
interactions and groundwater levels in Columbia, Canada.
Brunner et al. (2010) examined the simulation accuracy of
GW-SW interaction with HydroGeoSphere, whereas Ward
et al. (2010) coupled near-surface electrical resistivity with
conservative solute tracer transport to predict space and time
dynamics in solute exchange between the river channel and
hyporheic zone; however, numerical modelling requires good
conceptual understanding by field investigation. Field
investigation is the most basic approach, and the main ways
include pumping tests, groundwater velocity monitoring,
direct measurements of water flux and so on. Devito et al.
(1996) conducted field investigations to study GW—-SW inter-
action with detailed measurements of stream discharge at the
upstream and downstream end of their study area, while
Oxtobee and Novakowski (2002) had an understanding of
GW-SW interaction via field and desk-based investigations
in a fractured bedrock environment, including air-photo inter-
pretation, detailed stream surveys, electrical conductivity
measurements, and point measurements of hydraulic head
and discharge. Hydrochemical analysis, isotope analysis and
water level fluctuations were also effective approaches for the
understanding of GW—SW interaction (Owor et al. 2011;
Yang et al. 2014b). Rodgers et al. (2004) used numerous
geochemical and isotopic tracers to study interactions
between groundwater and surface water, and the results
showed that shallow groundwater flow systems at the edge

Table 1

of a braided floodplain are recharged by effluent streams and
hillslope drainage. Kumar et al. (2009) identified the extent of
GW-SW interaction processes in an urban setting by major
ion chemistry and multivariate statistical techniques. Menning
et al. (2015) proves that the interactions between inland hy-
drological conditions and sea level govern the karst estuary
system, via water samples analysis, partial correlation analy-
ses and an isotopic/trace element mass balance tracer method,
with the data of short-term tidal fluctuations, long-term rain-
fall patterns, aquifer groundwater levels, spring discharge, and
multiple geochemical parameters. Martinez et al. (2015) iden-
tified GW—SW connectivity in headwater catchments of
southeast Queensland, Australia, combining long-term
hydrochemical data, hydraulic water level data and isotope
hydrology. There are also other methods, such as the heat
tracer approach, which utilises the difference in temperature
between groundwater and surface water to delineate ground-
water discharge or recharge zones; and the mass balance ap-
proach, which studies GW—SW interactions whereby any
change in the properties of surface water can be related to
the water sources, so the groundwater component can be iden-
tified and quantified (Kalbus et al. 2006; Yao et al. 2015). In
this report, hydrochemical analysis, isotope analysis and water
level fluctuations were integrated with several statistical
methods to more comprehensively and completely identify
the hydraulic relationships between surface water and ground-
water in the study area.

Many research works about the groundwater and surface
water have been carried out in Beijing, China. Zhan et al.
(2012) used a hydrological modelling approach to quantify
the impact of human activities and climate variability on
streamflow using data from 1986 to 1998 in Beijing. Xu
etal. (2012a) calculated and analyzed the status of overexploi-
tation of groundwater in the Fangshan plain of Beijing, the
results of which showed that the Fangshan plain was seriously

A review of the approaches used to characterize GW—SW interaction

Approach Measures

Study area Case study

Numerical simulation A 3D transient groundwater flow model
HydroGeoSphere
A fully coupled finite-element model

Field investigation Pumping tests, groundwater velocity,

monitoring, direct measurements of water flux
Air-photo interpretation, detailed stream surveys,

electrical conductivity, point measurements
of hydraulic head and discharge

Piper diagram, principle component analysis,
cluster analysis

Numerous geochemical and isotopic tracers

Hydrochemicalanalysis

Isotope analysis

Water level fluctuations
and spring discharge analysis

Hierarchical cluster analysis, conceptual model

Isotopic/trace element mass, groundwater levels,

Scibek et al. (2007)
Brunner et al. (2010)
Ward et al. (2010)
Devito et al. (1996)

Columbia, Canada
Australia
Hypothesized examples

Canada

Niagara Peninsula, Canada Oxtobee and Novakowski (2002)

Delhi, India Kumar et al. (2009)

Cairngorms, Scotland (UK)
Florida, USA

Rodgers et al. (2004)
Menning et al. (2015)

Southeast Queensland, Australia ~ Martinez et al. (2015)
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over-exploited. Yang et al. (2014a) applied the European
Model to assess karst groundwater vulnerability in
Fangshan, Beijing, and modified the precipitation regime (P
factor) and the concentration of flow (C factor) to adapt to the
specificity of the karst; the results indicated that high vulner-
ability exists near karst caves. The European model provides a
simple, yet sound, conceptual framework for vulnerability as-
sessment and mapping for karst hydrogeological environ-
ments (Daly et al. 2002). Wei et al. (2015) analyzed the dis-
tribution of springs, evaluated the quantity of groundwater
resources in the karst aquifer, and developed the model with
three exploitation scenarios considering the spring discharge
protection; however, little research has been conducted on the
interaction of groundwater and surface water.

Understanding and analysis of the interactive relationship be-
tween surface water and groundwater in karst regions, are of
important theoretical and practical significance for evaluation,
development and use of karst water resources (Naughton et al.
2012; Juki¢ and Deni¢-Juki¢ 2015; Zeng et al. 2015). In this
report, a typical karst region in northern China was selected as
case study, and it is one of most typical carbonated karst regions
in the semi-arid area of northern China, where water resources
supply—demand issues are very prominent. It is an important
water source for the city of Beijing to ensure the stability of water
supply and relieve the supply—demand constrictions. This study
comprised firstly a brief introduction to the study area and col-
lation of previous research about field investigation surveys, and
relevant data were collected. Subsequently the main characteris-
tics of geology and hydrogeology typical of the karst region
were further analyzed. The interaction of groundwater and sur-
face water was considered by studying the recharge sources and
the flow paths, through groundwater level measurement,
hydrochemistry analysis, and isotope data analysis based on
the hydrogeological field investigations.

Study area and data

The study area is located in southwestern Beijing, China, known
as the site of Peking Man at Zhoukoudian and Fangshan Global
Geopark. It is one of most typical karst regions, and karst land-
forms and karst springs form an important part of the Fangshan
landscape. It covers an area of approximately 600 km? between
115°30"-115°55'E and 39°30-39°50'N, within the watershed of
the Juma River (Sun et al. 2014; Wang et al. 2015).

Annual rainfall has varied from the maximum value of
1,037.5 mm in 1959 to minimum value 700 mm in 1965.
The annual rainfall in the mountains is between 700 and
760 mm, which is about 40 mm higher than that of the plain
region. Approximately 95% of the rainfall occurs between
April and October. Estimates of evapotranspiration suggest
an average of about 579 mm/year, and the annual average
temperature ranges from —5.4 to 4.1 °C, with July being the

warmest month and January the coldest (Xu et al. 2012b;
Zhang et al. 2014). Juma River flows through the study area
from north to south with an average flow of about 1.60 m/s
during 2003-2014.

Field investigations began in the mid-20th century.
Hydrogeological maps and geological maps were developed
successively with different scales of 1:100,000, 1:50,000, and
1:25,000 (BGMRBM 1991; Wei 2008). In the 1970s, karst
water resources investigations were conducted in order to de-
velop water sources. By the 2000s, karst spring discharge and
groundwater were continuously monitored in Fangshan. In
2001, karst groundwater samples were analyzed for isotope
and water chemistry. A series of geophysical prospecting tests,
pumping tests, and dynamic observation and water chemistry
and isotope sampling analyses were also carried out succes-
sively from 2000 to 2014. The analysis of geological and
hydrogeological conditions basically established the forma-
tion and structure of Fangshan, and formed a preliminary un-
derstanding of the groundwater recharge, flow and discharge
conditions. A water supply project which exploits karst
groundwater has been in action since 2006 to guarantee water
supply for Beijing. Daily pumping data and groundwater level
data have been obtained. There are two stream gauging sta-
tions named Duya and Zhangfang that have served as control
stations on Juma River in this area. The precipitation data from
four stations (named Shidu, Puwa, Xiayunling and Nanjiao) in
the study area for the last 40 years have been used to analyse
the variability of the precipitation and its relationship with
groundwater level and exploitation.

Between 2006 and 2012, 52 water-quality samples were
collected from the area of Fangshan for hydrochemical analy-
sis: 4 from the Quaternary aquifer, 13 from surface water, and
35 from springs (karst groundwater). The sampling locations,
shown in Fig. 1, correspond with some of the most representa-
tive springs of the Fangshan area. Water samples were collected
and analyzed for pH, total dissolved solids (TDS), CI , SO427,
HCO; ", Na*, Ca®* and Mg>*. Additionally, the isotope ratios of
5'80 and 5°H were analyzed using a Finnegan MAT252 mass
spectrometer. Data on the main springs discharge, monthly
rainfall and groundwater level were collected from January
2004 to December 2014. These data, and the amount of
groundwater exploited from December 2006 to December
2014, are shown in Table 2.

Geology and hydrogeology of the study area
Geology

Geologically the study area is mainly composed of sedimen-
tary and metamorphic rocks (Fig. 1). From old to new, the

strata include Changcheng System (Ch), Jixianian System,
Qingbaikouan System (Qn), Cambrian system (&),
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Fig. 1 Hydrogeological map of Fangshan, China

Ordovician system (O), Carboniferous System (C), Permian
System (P), Jurassic System (J), Cretaceous system (K), and
Quaternary (Q) (Table 3). The Changcheng (Ch) system is
only distributed in the east of the study area, where the lithol-
ogy is quartz sandstone and siliceous dolomite. Quaternary
deposits are scarcely distributed in the southeastern hills, val-
ley, and piedmont plain. The Quaternary distribution area is
small, with a thickness of less than 20 m; the upper strata are
clay and sand, and the lithology of the lower strata is gravel.
Quaternary deposits are zoned, as the lithology changes
from the piedmont to the plain. It consists of gravelly sand
and loam sand in the piedmont zone, and it consists of gravelly
sand, loam sand, occasionally with discontinuous imperme-
able thin layers of clay, and silty clay in the transition zone;
thus it consists of gravel in the plain (Figs. 1 and 2).
Wumishan group (Jxw) dolomite is exposed in the whole
area on a large scale. It outcrops widely in the mountain re-
gion, and is overlain by Quaternary in the area between the
piedmont zone and the plain, and is also overlain by
Carboniferous (C)-Permian (P) and Jurassic (J) strata to the
southeast of Niukouyu-Changgou thrust fault. In the sur-
rounding village of Shimen, contact metamorphism has

@ Springer

occurred, explaining the mineral composition and structure
of limestone near the contact zone, and forms the crystalline
limestone. There is a distinct channel for groundwater migra-
tion, which crosses a set of NE 60-80° fractures and a set of
NW 10-25° fractures.

Beiling syncline, Dashihe anticline and Xiayunling-
Longmentai synclinorium are shown in Fig. 3. Beiling syn-
cline is located in the east of the study area. The core stratum is
comprised of Jurassic, forming the high mountain, and around
the edge of Beiling syncline Jurassic strata are followed by
Permian and Carboniferous, Ordovician and Cambrian. There
are magmatic rocks on the eastern side of the syncline, and
Beiling syncline formed the shape of a “crescent moon” due
to its compression. Dashihe anticline is located in the north of
the study area. The core stratum is comprised of Wumishan
(Jxw) in the west and Qingbaikou system (Qn) in the east, and
Hongshuizhuang (Jxh) and Tieling (Jxt) strata lies around the
edge of Dashihe anticline. The core of the anticline was cut by
a river, forming a deep valley. Xiayunling-Longmentai
synclinorium is located in the west of the study area; the core
stratum is comprised of Tieling (Jxt), Qingbaikou system
(Qn), and Cambrian (€), and Wumishan (Jxw) lies around
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the edge of the synclinorium. In addition, there is a special
anticline named Sanzuo’an anticline, and it is developed only
in the Wumishan (Jxw) group at the center of the village of
Sanzuo’an.The faults in the study area are mainly grouped
into northeast (NE) and northwest (NW) trending fractures.
Niukouyu-Changgou fracture is located in the southeast of the
study area, with fault strike of NE30°, as the reverse fault.

Hydrogeology

The aquifer system in this region is formed from Quaternary
(Qp3) deposits and dolomite with a total thickness of about
300-500 m. The aquifer system consists of three layers: firstly,
the Quaternary aquifer, which plays an important role in re-
ceiving and passing downward precipitation recharge. The
second layer is the karst aquifer with dissolutionally devel-
oped fractures, in which the aquifer medium is nonporous
but contains fractures and joints which function as groundwa-
ter conduits. The third layer has limited dissolutional develop-
ment of fractures and is an aquitard. In more detail:

The Quaternary aquifer, the first layer, has a thickness of
10-20 m, and the exploitation potential for water supply is
limited. The hydraulic conductivity (K) of the aquifer is 0.5—
20 m/day and well productivity is in the range 500—1,000 m*/
day.

The second layer consists of Wumishan group (Jxw) dolo-
mite, which is the main layer to supply water in the study area.
The water-rich area can be divided into four zones:

HCO;™ 150-350 mg/L, Na* 5.5-8.5 mg/L, Ca®* 35-75 mg/L, Mg 20-35 mg/L

Twice (in 2006 and 2012) 5'0 —11 to —8%., §*H —70 to —60%., *H 3.2 to 26.3 TU

1 month

0-1 x 10* m*/day, 07 x 10* m*/day, 0-6 x 10> m*/day, 0-3 x 10* m*/day

Cl” 3-38 mg/L, SO,* 25-70 mg/L,

Other information
10-500 x 10* m*/month

0400 mm/month

80-200 m
0-30 m/s

Twice (in 2006 and 2012) pH 6.7-8.4, TDS 100-500 mg/L

1 month
1 month
1 month
1 month

1. Near the contact zone between the limestone of
Wumishan group (Jxw) and the impermeable shale.
Ganchi spring is caused by karst groundwater encounter-

Observation period (year.month) Sampling interval

[\
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g g 3 g g g g g the ascending sprmg formed where karst groundwater
2 = SSS S S 3 encounters granite and overflows to the surface through
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study area to understand the relationship between the ground-
water system of the study area and the regional geological
structure, surface water and groundwater.

Beiling syncline hydrogeological unit

The aquifer is rich in water in the piedmont zone. The
average groundwater depth is 20-30 m, and the average
drawdown for wells in the area is 0.75-1.78 m. The flow
of a single well at Caijawu is 668—1,334 m>/day, and
groundwater depth is about 10 m; when the well is pumped
creating a drawdown of 2.65 m, the flow of the single well
is 1,556 m*/day. The village of Nanjiao has a high ground-
water level, and the water level decreases from Beiling
syncline in both outward directions. The water level in
the north of this hydrogeological unit is significantly
higher than that of the south. Groundwater level has a de-
clining trend in Cijiawu, with a groundwater-level eleva-
tion of 93 m above sea level in 1980 and 83 m in 2010.

Springs are natural discharge points of karst aquifers.
Wanfotang spring and Mapao spring are the two main
springs located in this hydrogeological unit. Wanfotang
spring is located to the north of Beiling syncline, and the
spring discharge is mainly influenced by rainfall, with a
significant fluctuation. Mapao spring is located to the
south of the Beiling Syncline with a flow rate of 1,000—
40,000 m>/day. The Cambrian and Ordovician aquifer sys-
tem is recharged; the recharged groundwater flows along
the Beiling syncline to the piedmont, finally discharging at
Mapao spring and Wanfotang spring.

The Ordovician limestone has a wide outcrop area near
Dashi River at Cijiawu, and Dashi River leaks a large amount
to groundwater. Karst groundwater in the Beiling syncline has
aweak hydraulic connection with Dashi River; the water level
of Dashi River is higher than that of the karst groundwater.
This difference is obvious, for example, the water level of
Dashi River has an elevation of 178 m (above sea level), but
100 m in a nearby cave, a difference of 78 m. The water level
of Heilongguan spring has an elevation of 145 m, but 104 m in
another cave, a difference of 41 m.

hydraulic conductivity, 2,000 m*/day well yield

First aquifer: 0.5-20 m/day hydraulic conductivity,
500-1,000 m*/day well yield

Second aquifer and one aquitard: 0.5 ~ 50 m/day

Hydraulic properties

Main rocks

Clay, sand and gravel
y distributed Sandstone, siltstone and shale
y distributed Sandstone, shale

y distributed Sandstone, siltstone
y distributed Limestone

y distributed Clastic rocks
y distributed  Slate, limestone

dely distributed Shale and slate

flapapafafalia

B ]

Dolomite
Not widely distributed Quartz sandstone and siliceous dolomite —

Thickness (m)
de
de
de
de
de
de

10-20
Not w
Not wi
Not w
Not wi
Not w
Not w
Not w

Dashihe anticline hydrogeological unit

In the south of Dashihe anticline hydrogeological unit,
groundwater in the mountains is recharged by rainfall.
Groundwater flows from west to east, turning to the south
at the barrier of Xiamaling shale, and overflows to the ground
surface, discharging at Heilongguan spring. Heilongguan
spring is considered as the main source of Dashi River. The
spring discharge is 1,556 m*/day. The chemical characteris-
tics indicate that although Heilongguan spring discharges
from Tieling Formation (Jxt) strata, most of its recharge orig-
inates from groundwater in the Cambrian and Ordovician

Tieling (Jxt), Hongshuizhuang (Jxh), Wumishan, (Jxw), Yangzhuang (Jxy) 300-500

Late Pleistocene (Qps), Holocene (Qh)
Hongmiaoling (P,h), Shihezi (P;sh)

Carboniferous (C) —
Ordovician (O)
Cambrian (€)

Jingeryu (Qbj), Xiamaling (Qbx)

Formations

Summary of stratigraphic units in the study area

Changcheng (Ch) Gaoyuzhuang (Chg)

Cretaceous (K)
Jurassic (J)
Permian (P)
Qingbaikou (Qn)
Jixian (Jx)

Table 3

System

Quaternary
Q
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Fig. 2 Hydrogeological cross
section of Fangshan, China

limestones. In the east of this hydrogeological unit, the strata
is comprised of Cambrian limestone; groundwater flows from
the north to the south, and forms Hebei spring to the north of
Dashi River. Hebei spring flow is relatively stable, with a rate
of 4,000-6,000 m3/day. In the north of Dashihe anticline
hydrogeological unit, the surface strata are comprised of
Tieling Formation (Jxt) and Wumishan (Jxw) in the upstream
section of Dashi River and exhibit the features of groundwa-

ter in dolomitic limestone.
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Xiayunling-Longmentai synclinorium hydrogeological unit

The region is divided into two parts by the lamprophyre dyke
at the village of Zhangfang-Ma’an. To the west of the dyke is a
mountainous region, where groundwater is recharged by rain-
fall and flows to Juma Valley as the main source of the base
flow. To the east of the dyke, the area includes mountains and
piedmont; the Xiamaling shale is the unit’s northern and east-
ern boundary, the lamprophyre dyke is the western boundary,
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and the Niukouyu-Changgou overfault is the southern
boundary.

Characterization of the groundwater/surface-water
interaction

Water chemistry

During long-term interaction with the surrounding environ-
ment, karst water develops its unique chemical characteristics.
Water cycle information can be recorded to a certain extent,
including water storage conditions, seepage flowpaths, re-
charge sources, and so on (McCoy et al. 2007; Nguyen et al.
2014; Martos-Rosillo and Moral 2015; Menning et al. 2015).

Water samples were taken from various sources, including
surface water, Quaternary strata pore water, karst groundwater
and springs. In the northwestern mountains, the concentration
of total dissolved solids (TDS), hardness, Cl , and NOs in
bedrock groundwater are relatively low, but concentrations in
groundwater in the piedmont region are higher. The hardness
of Juma River is less than 250 mg/L, but the concentrations in
samples from other places are greater than 250 mg/L, and the
variation of TDS and hardness is similar to bedrock water. The
chemical composition of the karst groundwater is similar to
that of the surface water. According to the chemical quality
data of karst groundwater and Juma River in 2006 (Table 4), it
can be seen that the water-quality index parameters such as
Ca**, Mg**, HCO; ", NO5, TDS and hardness, have higher
concentrations in the karst groundwater than in the river, but

other index concentrations are basically similar. The water
quality data for 2012 also show the same trend. The similarity
of chemical composition for Juma River and the karst ground-
water indicate that they have a close recharge—discharge
relationship.

The TDS concentration of the karst water in the drainage
area is lower than that in the surrounding area; this can be seen
by comparing the results of groundwater analyses between
Ganchi spring, Gaozhuang spring and the nearby groundwater.
The TDS concentrations of Ganchi spring and Gaozhuang
spring are significantly lower than those of bedrock groundwa-
ter samples from the northern spring group (Fig. 4). The two
springs are located in the southeast of the study area, namely
the groundwater discharge region. There is much dissolutional
enlargement of fractures near the two springs, forming a good
underground karst fracture channel and facilitating conditions
for groundwater recharge-flow-discharge. The concentrations
of HCO; ", Ca®*, Mg?" and other insoluble ions are higher here,
but the TDS and hardness of groundwater are low.

According to the analytical data, the regional groundwater
quality maintains stability, and the concentration of some
components, such as hardness and TDS, are slightly higher
than in the study area. The hardness of Ganchi and Gaozhuang
spring waters in 1980 were about 248 and 220 mg/L, respec-
tively. The hardness of Ganchi and Gaozhuang spring waters
in 2000 were about 251 and 222 mg/L, and the hardness
concentrations in 2012 were about 275 and 240 mg/L, respec-
tively. The main reason for the increasing trend of groundwa-
ter TDS and hardness is that regional groundwater exploita-
tion has increased dramatically since 2000, which has caused

Table 4 Water quality data of

karst groundwater and Juma Water-quality 2006 2012
River samples index parameter
Surface Karst Difference ~ Surface Karst Difference
water (mg/  groundwater (mg/L) water (mg/  groundwater (mg/L)
D (mg/L) D (mg/L)
K* 1.81 0.78 1.03 2.54 1.36 1.18
Na* 7.15 8.02 —0.87 8.03 5.71 2.32
Ca®* 39.1 70.7 -31.6 57.85 55.19 2.66
Mg** 20.7 31.6 -10.9 22.25 26.43 —4.18
St 0.14 0.11 0.03 0.26 0.11 0.15
NH,* 0.03 0.02 0.01 0.13 0.12 0.01
HCO;~ 167 327 -160 201.0 232.75 =31.75
Cr 8.2 113 =31 11.83 10.16 1.67
S0,% 30.9 30.8 0.1 60.48 3725 23.23
NO;~ 23 24.1 -21.8 14.18 22.93 —-8.75
F 0.2 0.35 —0.15 0.32 0.17 0.15
CO, 0 6.6 —6.6 2.85 224 0.61
TDS 293 505 -212 394.00 407.75 —-13.75
Hardness 183 307 —124 236.00 246.63 —-10.63
pH 8.36 7.64 0.72 7.38 7.23 0.15
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Fig. 4 The distribution of total dissolved solids (TDS) in the karst
groundwater

groundwater dynamic field and hydrogeochemical environ-
ment changes.

The concentrations of TDS, hardness, and chloride ions in
the karst groundwater broadly increase from northwest to
southeast, coincident with overall regional groundwater flow
direction. The karst aquifer is mainly comprised of carbonate
rocks in Wumishan, Tieling Formation, Ordovician, and
Cambrian formations. The groundwater in dolomite rocks
has a Mg**/Ca** ratio of between 0.611 and 0.87 with a F
concentration of 0.05-0.31 mg/L, whilst Sr is generally less
than 0.05 mg/L. The groundwater in the limestone rocks has a
SO427 content of 10-50 mg/L, a F concentration of less than
0.05 mg/L, and a Sr content of 0.28—1.68 mg/L. The dolomite
of Wumishan formation (Jxw) has a high level of Mg and F,
and the limestone of Ordovician and Cambrian rocks has high
Sr and sulfate, which may explain the differences in ground-
water chemical composition.

In order to identify the dominant water type of the study
area all the samples were plotted in a Piper diagram (Fig. 5).
All the water samples may be categorized as HCO;—Ca-Mg
and HCO;-SO,—Ca-Mg types. The Piper diagram also shows
that most samples contain Ca®*+ Mg”* as the predominant
cations, the concentration of Ca*tis obviously higher than
that of Mg®*, and the concentration of K™+ Na* is low.
Besides, HCO5; and SO427 are the dominant anions in the
water samples, and the concentration of CI™ is low. Some
surface water samples show higher K™+ Na* than groundwa-
ter, but overall there is a similarity with the groundwater com-
position. In general, the water chemistry type of the karst
groundwater shows consistency with that of Quaternary pore
water and surface water, and the results imply that they are
hydrochemically similar and related, and probably have a
close transformation relationship and hydraulic connection.

Legend + Karst groundwater &) Quaternary pore water

O Surface water

Fig. 5 Piper diagram for the Quaternary pore water, karst groundwater,
and surface water samples

Isotopes

The stable isotopes of oxygen-18 (‘*0) and deuterium (°H or
OD) can help to identify potential flow paths from rainfall
infiltration to groundwater, and to study the interaction of
surface water and groundwater as conservative tracers
(Lamban et al. 2015; Martinez et al. 2015; Lee et al. 2016).
Twenty-nine groundwater samples were collected for isotope
analysis, and the sampling positions are shown in Fig. 1.

The groundwater samples present an isotopic composition
ranging from —10.20 to —8.75%o (average —9.34%o) for 5'*0
and from —69.6 to —62.2%0¢ (average —65.48%o0) for 6D. In
Fig. 6, the stable isotope data are shown together with the local
meteoric water line (LMWL) for rainwater (Song et al. 2007;
Wen et al. 2010), clearly showing that all samples plot close to
the LMWL, thus indicating that the groundwater is recharged
by the local rainfall. From the northwest and northeast moun-
tain regions to the piedmont zone in the southeast, 5'%0 and
OD of karst water generally showed an increasing trend. The
LMWL is given by 8D =7.35"%0 + 9.7; most of groundwater
data points fall below this line, and one equilibrium line for
groundwater is given by 6D =5.16'%0 — 18.2 (Fig. 6), which
may indicate that evaporation of falling raindrops has hap-
pened before groundwater recharge has taken place. The
values of §'%0 will change under the effect of average global
elevation (0.15-0.50%0/100 m), thus groundwater of different
regions receives recharge from different rainwater sources. If
the values of '%0 and 8D are relatively low, the elevation of
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Fig. 6 Deuterium vs oxygen-18 for selected sampling points

the groundwater source region is high, and if the values of
§'80 and 8D are high, the elevation of the groundwater source
region is low. For this study, the deuterium excess value, grad-
ually decreasing from the northwest to southeast, is in agree-
ment with the observed direction of groundwater flow.

Twenty-nine samples of groundwater and four samples of
surface water were also collected for the analysis of tritium
(H), a radioactive isotope. Groundwater sample locations
were the same as the locations used for 5'%0 and &D analysis;
the four samples of surface water for tritium (H) analysis are
also shown in Fig. 1. The surface-water samples were taken
from Dashi River and Juma River, and the groundwater sam-
ples were taken from Quaternary groundwater and karst water.
The concentrations of *H in Dashi River and Juma River are
18.4 and 21.7 TU, respectively, which is close to the value of
rainfall. The concentration of *H in the karst groundwater
ranges from 3.2 to 26.3 TU; tritium concentration ranges from
16 to 22 TU for most groundwater samples, but ranges from
13.2to 16.1 TU for the samples of Ma’an spring and Shuitou
spring, and ranges from 3.2 to 13.5 TU for the southeast of the
study area.

The spatial variation characteristics of *H concentration
can reflect the relationship for the karst groundwater of differ-
ent regions. The concentration of *H is about 16-24 TU in
groundwater to the north of Juma River, and 12.2 TU to the
south of Juma River, which implies that a channel from the
north to the south exists in the bedrock aquifer. The concen-
tration of *H is about 12.7-15.1 TU for Gaozhuang spring, but
about 19.1-22 TU for Huinanzhuang spring to the south of
Gaozhuang spring, which shows that there is an aquitard com-
prised of interbedded phyllite, marble and sandstone to the
south of Gaozhuang spring. The concentration for *H in the
southeast of the study area is low. This shows that the karst
groundwater in this area has been in circulation for a long
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distance and at large depth, and the main recharge source is
the rainfall infiltration in the northern mountainous area.

Groundwater level

Zhangfang water source was developed to ease the pressure of
urban water supply in Beijing, and the water supply capacity
at Zhangfang has reached 2 x 10° m*/day. The groundwater
exploitation of Zhangfang water source plays a pivotal role in
the drainage of the karst groundwater system in the Fangshan
region.

Groundwater level, groundwater exploitation and rainfall
time-series data over eight hydrological years have been used
for identifying their relationship and the patterns of exploita-
tion since 2006. The monitoring well named W216 was se-
lected on the basis of the most continuous dataset. It shows a
smooth and seasonal change between recharge and recession
periods with an annual water-level variation of 8-10 m, and
the lag responses to rainfall events have been determined.
Groundwater level is highest in the rainy season (August
and September), and the lowest level is in the dry season
(May and June).

Cross-correlation analysis was used to investigate the rela-
tionship between groundwater level, groundwater exploitation
and rainfall (Panagopoulos and Lambrakis 2006). Figure 7
presents the cross-correlation functions (CCF) results; the ver-
tical coordinates represent the correlation between groundwa-
ter level and rainfall (or groundwater exploitation). The
correlation coefficient is greater than zero if it is positively
correlated with groundwater level, but the correlation
coefficient is less than zero if it is negatively correlated with
groundwater level, and the horizontal coordinates represent
the response time of the groundwater level in relation to dif-
ferent rainfall or groundwater exploitation events. The time
when the absolute value of the correlation coefficient reaches
the maximum represents the lag time. It can be seen that the
absolute value of correlation coefficient between groundwater
level and rainfall reaches the maximum at a lag time of
2 months, and the absolute value of correlation coefficient

1.0 mmm CCF(W216-R)
mmm CCF(W216-EX)
95% Upper confidence limit
0.5 I . 95% Lower confidence limit

0.0

CCF

Lagtime (months)

Fig. 7 Cross-correlation functions (CCF) between groundwater level at
well W216, and groundwater exploitation (£X) and rainfall (R)
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between groundwater level and groundwater exploitation
reaches the maximum at a lag time of 1 month.

Rainfall infiltration is the main recharge source of the
groundwater, and it has a significant effect on the groundwater
level (Allocca et al. 2015; Cai and Ofterdinger 2016). The lon-
ger response time (2 months) for a peak value of CCF between
rainfall and groundwater level may indicate that the groundwa-
ter infiltration process is complex and influenced by the vadose
zone and shallow bedrock. When the exploitation is large, and
groundwater level decreases sharply, but when the exploitation
is stopped, groundwater level can recover to a certain extent.

Spectral analysis is complementary to correlation analysis.
The spectral density functions (SDF) of groundwater level,
groundwater exploitation and rainfall are presented in Fig. 8.
The peaks of the SDF at a frequency of 0.16 month "' were
found both in groundwater level and rainfall data; the period
equals to the reciprocal of frequency, which means that
groundwater level and rainfall data have the same period of
6 months. This is consistent with the cross-correlation analysis
indicating that groundwater level has a close correlation with
rainfall and groundwater exploitation under the appropriate
conditions of rainfall infiltration and frequent human activi-
ties. The aquifer is comprised of dolomitic limestone in the
northwest part of the study area and most of the area is directly
exposed at the ground surface and is highly fractured, so the
conditions for rainfall infiltration are good.

A multiple non-linear regression (MNR) model was also
constructed to reflect the relationship between groundwater
level depth and impact factors (groundwater exploitation and
rainfall). The MNR results are shown in Fig. 9 with the 3D
plots of groundwater level depth versus groundwater exploi-
tation and rainfall. The MNR model can be written as:

y = —0.79-0.00571,—0.076,~0.0002773—0.00003713

where y, x1, x,_are groundwater level depth (m), rainfall (mm),
and groundwater exploitation (10* m*/day), respectively.

400
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i 200 z
>< <
= &
Z [£5
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Fig. 8 Spectral density functions (SDF) of groundwater level at well
W216 versus groundwater exploitation (£X) and rainfall
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Fig.9 Three-dimensional plot of groundwater level against groundwater
exploitation and rainfall

The statistical term correlation coefficient (R?) was selected
to evaluate the fitting ability of the MLR model. R* equals
0.75, which means the MNR model can reflect the relation-
ship between groundwater level and rainfall and groundwater
exploitation. The coefficients also confirm the direct relation-
ships between groundwater level and rainfall, and there is a
remarkable nonlinear correlativity between groundwater level
and groundwater exploitation. On increasing rainfall, ground-
water level will increase, but groundwater level will decrease
with increasing groundwater exploitation. The results indicate
groundwater level will be negatively correlated with ground-
water exploitation, and positively correlated with rainfall.

Juma River is the only perennial river in the study area, and
has a close interaction with groundwater. According to water-
level investigations, Juma River receives recharge from
groundwater above Zhangfang station with the exchange rate
of about 132 x 10* m® in the form of springs and base flow,
such as Ma’an spring. However, Juma River discharges to
groundwater below Zhangfang station with the exchange rate
of about 130 x 10* m*, where the stream gradient is large and
the groundwater depth is big. Here, the groundwater (of mixed
groundwater and surface-water origin) becomes the main sup-
ply source for Huinanzhuang.

The amount and area of agricultural irrigation in the study
area are both small. In most areas, agricultural irrigation main-
ly occurs in the spring and autumn, and the irrigation is
sourced from groundwater and Juma River. Whilst well irri-
gation leads to falling groundwater levels, river irrigation
leads to rising groundwater levels.

The heaviest daily rainfall in Beijing since 1951 occurred
on 21 July 2012, known as the “7.21” event, when the rainfall
continued for nearly 16 h. Whereas the average rainfall of
Beijing is 170 mm during this one rainfall period of 16 h,
the maximum value of 460 mm was reached in Fangshan
District (Xie et al. 2016). This event occurred during a period
of falling groundwater levels. The groundwater responded
rapidly to individual rainfall events on 21 July 2012, rising
at three different sites by 2, 8, and 11 m, respectively.
Groundwater level has a lag of 5-10 days behind rainfall in
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the mountainous region (such as the villages of Ma’an,
Dayugou, Guangluzhuang, Fig. 10). The results suggest
groundwater is closely correlated with rainfall.

Discussion of the results

Water chemistry data show that the groundwater flow system
has unified recharge and discharge conditions, and karst
groundwater and Quaternary pore water quality are consistent
with that of surface water. However, the salinity of the karst
water in the spring discharge regions is lower than the sur-
rounding regions, so there may be a number of relatively in-
dependent smaller-scale hydrogeological units.

The karst groundwater has a similar characteristic in terms
of the stable isotopes of §'*0 and D to that of rainfall. Karst
features develop readily at the ground surface in the moun-
tainous region, so conditions for vertical infiltration are suit-
able, and groundwater is quickly recharged by rainfall. In
addition, the spatial distribution of the concentration of H
also shows that there is a distal groundwater source from
northern mountainous areas, a distance of about 10 km away.
Groundwater flow has stratified characteristics; the groundwa-
ter flow paths are closely related to surface water, that is, the
interaction of surface water and groundwater is very strong.

The discovery of stratified groundwater flow can contrib-
ute to the understanding of pathways of GW—SW interaction,
which reflects the following:

1. Geological structure. There are fold and thrust structures,
forming the deep fracture zone. Water yield is not good
above 100-m depth in the strata in the Baidai area, but the
strata are fractured and water-saturated below 100-m
depth. The Sanzuo’an anticline has obvious resistance to
groundwater flow. If the Gaozhuang springs catchment
was delimited by the Sanzuo’an anticline, the springs
would not reach the current discharge volume, so the
baseflow catchment of Gaozhuang springs must reach to
the north of Sanzuo’an anticline, and groundwater can
discharge to Gaozhuang spring in the form of a deep-
layer flowpath that bypasses the anticline (Fig. 1).

2. The concentration of cations in the groundwater recharge
area and the discharge area of springs is low, but that of
the area which is located between the recharge area and
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the discharge area is high. This phenomenon can be ex-
plained by stratified groundwater flow, that is, groundwa-
ter originating in the recharge area flows via deep-layer
flowpaths and reaches the discharge area in the piedmont
plain bypassing the shallow layers (Fig. 4).

3. Springs. The average discharge at Gaozhuang springs is
1,700 x 10* m3/year, and over the same period (2004—
2014) the average annual rainfall is 530 mm; the surface
watershed area is 42 km” and the permeability is 0.35 m?,
so the infiltration recharge is 780 x 10* m*/year, which is
less than the spring discharge. Thus, the catchment of the
spring group is greater than the surface watershed area.

The cross-correlation analysis reveals that groundwater
level is mainly affected by rainfall and groundwater exploita-
tion with a more rapid response to groundwater exploitation
than rainfall (Fig. 7). For rainfall, the cross-correlation func-
tions show a good correlation (peak CCF 0.60) between rain-
fall and groundwater level for two wells within a time delay of
2 months, and a good correlation (peak CCF 0.57) was also
found between groundwater exploitation and groundwater
level with a time lag of 1 month. The spectral analysis result
also reveals that groundwater level, groundwater exploitation
and rainfall respond to each other within the same significant
periods, which indicates their possible internal relationship.
Furthermore, the MNR model indicates that groundwater
levels are negatively correlated with groundwater exploita-
tion, and positively correlated with rainfall. It was also found
that there is a direct relationship between groundwater exploi-
tation, rainfall and groundwater level. This fact is in agree-
ment with the aforementioned studies reported by cross-
correlation functions and spectral analysis. Some other evi-
dence also suggests groundwater is in close correlated to rain-
fall and surface water.

Conclusion

The study area, Fangshan in northern China, is known as a
typical karst landscape, which is mainly composed of sedi-
mentary and metamorphic rock; the Wumishan group (Jxw)
dolomite is exposed over the entire area. The aquifer system
consists of three layers: Quaternary aquifer, karst aquifer with
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developed fractures, and karst aquifer with undeveloped frac-
tures. The karst groundwater system can be divided into three
major hydrogeological units with different characteristics,
named in association with Beiling syncline, Dashihe anticline,
and Xiayunling-longmentai synclinorium. The main karst
aquifer is comprised of many fractures, leading to water re-
sources that are comparatively abundant.

The interaction of groundwater and surface water is strong
in the karst aquifer. Hydrochemical, isotope and groundwater
level data analysis were conducted to characterize the interac-
tion of groundwater and surface water. Water chemistry data
show that chemistry type and the concentrations of parameters
in the karst groundwater show consistency with that of the
surface water. Stable isotope ratios of all samples show prox-
imity to the local meteoric water line. *H data show the range
18.4-21.7 TU in surface water and the range 16.1-22.3 TU in
groundwater, which are both close to the background value of
*H in the rainfall. Stable and radio-isotopes also confirm karst
groundwater is recharged by rainfall.

Cross-correlation analysis and spectral analysis were used
to investigate the relationship between groundwater level and
groundwater exploitation vs. rainfall. The cross-correlation
analysis showed that groundwater level is mainly affected by
rainfall and groundwater exploitation, with more rapid re-
sponse to groundwater exploitation than rainfall. A similar
periodic response is evident with regard to the groundwater
level and groundwater exploitation. Furthermore, MNR
modelling indicates that groundwater levels will be negatively
correlated with groundwater exploitation, and positively cor-
related with rainfall. The results revealed that groundwater
level has a strong correlation with rainfall. These findings
are important in that they are indicative of a close hydraulic
connection and interaction between surface water and ground-
water in the study area. Characterization of GW—SW interac-
tions can greatly assist with a better understanding of hydro-
logical connectivity between surface water and groundwater,
and it can provide more information to modelers and engi-
neers for the development of conceptual and numerical
models, which will improve the accuracy of the models with-
out the repeated consideration of the exchange fluxes between
groundwater and surface water in the calculation process. A
good understanding of hydrogeological characteristics and
GW-SW interaction provides a reliable basis for managing
water resources, and it also has important practical signifi-
cance for the rational utilization of karst water and relieve
the supply—demand contradictions.
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