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Abstract It is important to have both a qualitative and quan-
titative understanding of the hydraulic exchange between
groundwater and surface water to support the development
of effective management plans for sustainable use of water
resources. Groundwater is a major source of surface-water
recharge and plays an important role in maintaining the integ-
rity of ecosystems, especially within wetlands in semi-arid
regions. The Ordos Desert Plateau of Inner Mongolia
(China) is a vulnerable ecosystem that suffers from an extreme
lack of water. The hydraulic exchange between groundwater
and lake water in Dakebo Lake (the largest of hundreds of
lakes on the Ordos Desert Plateau) was evaluated using mul-
tiple environmental methods. Continuous monitoring of the
groundwater and lake-water levels indicated that the lake
was recharged vertically by groundwater. Application of hy-
drodynamic and temperature tracing methods to the western
side of the lake indicated that the rate of groundwater dis-
charge to the lake was about 2 x 10 ®to 3 x 10" m/s in spring,
summer, and autumn, but that there was no recharge in winter
because the hypolentic zone (HZ) was frozen. Mixing ratios of
groundwater and lake water in the HZ, estimated from the 'O
and “H ratios, showed that there were spatial variations in the
hydrodynamic exchange between groundwater and lake water
within the HZ.

>4 Shanghai Du
yoko_sh@yeah.net

Key Laboratory of Groundwater Resources and Environment,
Ministry of Education, Jilin University, Changchun 130021, China

Institute of Water Resources and Environment, Jilin University,
Changchun 130021, China

Published online: 29 June 2016

Keywords Hypolentic zone - Temperature tracing - Stable
isotopes - China - Groundwater/surface-water relations

Introduction

Playa lakes often occur in arid and semi-arid climates and
have significant economic, ecological and cultural value.
They are particularly fragile and sensitive to variations in hy-
drological conditions caused by climate change and human
activities (Rodriguez-Rodriguez et al. 2006; Du et al. 2013;
Su et al. 2015). Studies have shown that various interactions
occur between groundwater and surface water under natural
conditions and in response to human activities via a constant
transmission of water, solutes, nutrients and energy
(Sophocleous 2002; Su et al. 2014a, b).

Wetland ecosystems will form where there is low-lying
terrain and a sustained water source. Lakes, a form of wetland,
are particularly dependent on groundwater discharge in arid
and semi-arid areas because of the high evaporation rates and
limited rainfall (Rodriguez-Rodriguez et al. 2006; Wang et al.
2003). Groundwater flows have a major role in maintaining
the ecosystems of high elevation lakes by providing aquatic
species with oxygen, nutrients, and essential chemical ele-
ments during late winter and early spring (Shaw et al. 2013).
Therefore, it is important to have an understanding of the
interactions between groundwater and lakes to be able to pro-
tect the ecosystems in arid and semi-arid regions (Li et al.
2016).

As a mixing zone of surface water and groundwater dom-
inated by biogeochemical activities, the hypolentic zone (HZ)
can effectively: degrade toxic or harmful substances; purify
surface water or groundwater (Gandy et al. 2007); change the
acidity, redox potential, and dissolved oxygen content of wa-
ter flowing through the HZ; and protect ecosystems from
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interference by external factors (Zalewski 2000). For example,
the temperature gradient in the HZ can provide a heat buffer
for surface water and groundwater exchange and habitats and
shelters for specific creatures (Sedell et al. 1990; Grimm and
Fisher 1984). Therefore, the HZ, as the interface between
surface water and groundwater, is important to ecosystems
and its protection is an issue of increasing importance in many
international scientific research programs.

Energy, materials, and salinity are conveyed via hydrody-
namic exchanges from groundwater to the surface water within
the HZ; hydrodynamic exchanges are therefore important
drivers of the migration and transformation of substances and
biochemical processes (Shaw et al. 2013; Lee et al. 2014;
Elsawwaf et al. 2014; Rautio and Korkka-Niemi 2015).
However, to date, studies of surface-water/groundwater ex-
changes have mainly focused on the HZ in rivers (Keery
et al. 2007; Storey et al. 2003), and there has been a lack of
studies on the HZ of lakes. Because the conditions in the HZ of
lakes and rivers are significantly different, exchanges between
groundwater and lake water need to be explored and defined,
especially in desert plateau lakes with extreme climates.

Currently, three main methods are used to estimate hydro-
dynamic exchanges between groundwater and surface water:
the hydrodynamic method (Kalbus et al. 2006), environmental
isotope tracing method (Carey and Quinton 2005; Yin et al.
2011; Oyarzun et al. 2014), and thermal tracing method
(Hatch et al. 2006; Essaid et al. 2008; Rau et al. 2014).
Isotopes of '*0 and ?H are widely used because their isotopic
compositions differ markedly between water sources and they
are not influenced by other factors during the mixing process
(Marimuthu et al. 2005). The thermal tracing method has
gained popularity as temperature-measuring devices have
been developed and thermal simulation methods have been
advanced (Constantz et al. 2008). As a natural tracer, temper-
ature is an environmentally friendly cost-effective parameter
that is easily measured and provides reliable results. It is now
one of the main methods used to calculate groundwater/
surface-water exchanges. Multidisciplinary theory and
methods can be combined to effectively investigate
groundwater/surface-water interactions and to assess re-
sponses to change at the groundwater/surface-water interface;
to date, a range of studies have been carried out to further
develop this combined approach (Fan et al. 2012).

The Ordos Desert Plateau, in the Inner Mongolia
Autonomous Region of China, is a very fragile ecosystem char-
acterized by an extreme lack of surface water. Lake wetlands
are the main datum plane of regional groundwater, and are also
an important part of the Ordos Relict Gull National Nature
Reserve. The water quantity and quality of the lake wetlands
in this region play an important role in maintaining natural
resources and ecosystems of the lakes. Therefore, determining
the groundwater discharge to lakes is particularly important for
understanding the supply resources of lake water.
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Many detailed hydrogeological investigations have been
carried out in Dakebo Lake, one of the largest lakes in the
study area, and its surroundings since 2010. For example, Su
etal. (2011) studied the groundwater/lake-water exchange and
the transformation of hydrochemical components of pore
water in the Dakebo Lake region of the Ordos Desert
Plateau using hydrochemistry and isotope tracing. Wang
(2011) identified the characteristics and influencing factors
of groundwater evolution, hydrochemistry, and isotopes of
the Dakebo Lake region in Ordos Basin. In addition, previous
studies divided the study area into three groundwater flow
systems—namely local, intermediate, and regional (Cao
2009). Dakebo Lake is in a typical local groundwater flow
system, but no detailed observed data have confirmed these
findings and there have been few in-depth studies of the
amount of flow from each system. Accordingly, no clear strat-
egy has been developed to protect these lake wetlands.

In this study, the sources of pore water, and the pattern and
intensity of the hydraulic exchange within the HZ of Dakebo
Lake were identified from the stable isotopes of different
sources of pore water. The various measured values of the
deuterium and oxygen isotopic compositions of pore water
within the HZ were used to identify the hydraulic exchange
pattern, calculate the mixing ratios of different water bodies at
different depths below the lakebed, and separate the hydrody-
namic exchange zones. In addition, the amount of exchange
between groundwater and lake water was quantified by the
hydrodynamic method. Specifically, the exchange was calcu-
lated using the temperature tracing method and Darcy’s Law
with dynamic data that described the temperature and water
levels of groundwater and lake water.

Hydrogeological setting

The study area is a small basin in Etuokeqi Territory of the
Inner Mongolia Autonomous Region, in the center of the
northern part of Ordos Basin that has an elevation between
1,330 and 1,505 m above sea level (Fig. 1). Dakebo Lake is in
the center of the basin and because it has the lowest elevation,
it accepts groundwater discharge from the surrounding area.
Analysis of meteorological data from the Etuokeqi
Meteorological Station showed that the average annual pre-
cipitation in the study area is only 265 mm, most of which
occurs from June to September of each year. The average
annual evaporation reaches 2,506 mm, and evaporation is
most intense from April to August. The groundwater is mainly
stored in the Quaternary aquifer, which contains lacustrine and
aeolian deposits of sand, and the Cretaceous aquifer, which
contains sandstone, mudstone, and conglomerate. The main
landforms include wind-accumulated landforms, lake beaches,
and a bedrock platform. The lithological properties and aquifer
media indicate that the groundwater bodies can be roughly
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Fig. 1 Location map of the study area

divided into shallow groundwater, middle groundwater, and
deep groundwater. The horizontal and vertical zonation charac-
teristics of the lithology of Dakebo Lake and the proximal lake-
shore sediment were determined from shallow boreholes
(Fig. 2). There are horizontal areas comprised mainly of sandy
loam on both sides of the lake, while there is a layer of silty loam
below the lakebed that gradually thickens from east to west. The
arca below the lakebed is mainly composed of silty loam; how-
ever, there is a thin layer of clay loam spreading at the center of
the lake. This silty loam layer is underlain by sandy loam.
Because of ongoing deposition of wind-blown sand from the
nearby dunes, a thin sand layer has developed at the western side
of'the lake. Groundwater in the study area is generally recharged
by infiltration of precipitation, seepage of agricultural irrigation
and lateral flow. There is a layer of loose Quaternary sediments
in this area that is conducive to recharge by precipitation.
Agricultural irrigation seepage mainly occurs about 1 km away
from Dakebo Lake, and shows an annular distribution; however,

the agricultural irrigation seepage has become negligible be-
cause of population migration out of the region. Groundwater
flow is mainly controlled by the terrain. Groundwater flows
from the surrounding watershed to Dakebo Lake because sur-
rounding topography slopes toward the lake (Fig. 3).
Groundwater is recharged by precipitation in peripheral areas
of the lake where there is enhanced permeability, and then the
lake water is recharged by groundwater, driven by the hydraulic
gradient. Groundwater flow shows vertical discharge at the cen-
ter of the lake and vertical and lateral discharge to the lakeshore.

Methods
Monitoring wells

To carry out comprehensive monitoring of the hydrodynamics
within the hypolentic zone of Dakebo Lake, three monitoring
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Fig. 2 Hydrogeologic profile of the shallow aquifer below the lakebed and the sectional view of monitoring wells

sites were established: at the center (No. HX), and on the 3, BJ2, BJ3, BJ4; Fig. 3). Wells of different depths were
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different depths (Fig. 2). To take account of the decreasing
vertical gradient in the mixing ratios of the different water
bodies, and the hydrochemical composition and other envi-
ronmental indicators within the HZ (Guo 2012), the depth
intervals of the wells vary in different ranges, thereby contrib-
uting to a well cluster system at the three main monitoring
sites (HB1, HX, HB2). The main parameters of the monitoring
wells are shown in Table 1. The casing diameter of all the
wells is 10 cm.

Water level and temperature monitoring

To analyze and evaluate the amount of groundwater/lake-
water exchange, and to monitor the surrounding groundwater
and pore water at different depths within the HZ, seven self-
recording water level loggers (dipperLog, Heron Instruments
Inc., Ontario, Canada) were placed at the center (HX) and on
the western side (HB2) of the lake in September 2012. More
specifically, two of these loggers were positioned in the center
of the lake at HX-14 (1 m deep) and HX-4 (5 m deep), one

was placed on the western side of the lake at HB2-15 (0.9 m
deep), and four were placed on the boundary of the western
side of the lake at sites BJ2-2 (3 m deep, 200 m from the lake),
BJ*-1 (2 m deep, 10 m from the lake), BJ*-2 (2 m deep, 15 m
from the lake), and BJ*-3 (2 m deep, 20 m from the lake).

A temperature monitoring profile was also established at
HB2 to obtain continuous water temperature data automatical-
ly with water-temperature-data loggers (TidbiT v2, UTBI-001
Onset INC., USA). Temperatures were recorded every 15 min
at depths 0f0,0.1,0.2,0.3,0.4,0.6,0.8,1,1.2, 1.6, 2, 2.5 and
3 m below the surface at a precision of 0.02 °C (Fig. 4).

Isotope sampling

Sixty-six samples of groundwater and lake water were collect-
ed in July 2013 for water quality and isotopic (5°H, §'%0)
analysis with a water pump (Mega-Typhoon, Proactive
Environmental Products, Bradenton, FL., USA). The pump is
equipped with a professional ECT (electronic control trans-
mission) controller and can achieve stable low-flow sampling

Table 1 Well depths and

construction details Well No. Hole depth (m) Depth of screen sections (m) Seal depths (m)
Bottom seal Top seal

HB2-3 7.5 6.5-5.5 7.5-6.5 5.5-4.5
HB1-4 7 6.0-5.0 7.0-6.0 5.0-4.0
HX-4 6 5.04.0 6.0-5.0 4.0-3.0
HB2-4 5.5 4540 5545 4.0-3.5
HBI-6\HX-6 4.5 3.5-3.0 4535 3.0-2.0
HBI1-7\HB2-7\HX-7 4 325 4-3.0 2.5-1.5
HBI1-8\HB2-8\HX-8 35 2520 3.5-25 2.0-1.0
HBI1-9\HB2-9\HX-9 3 2.0-1.8 3.0-2.0 1.8-0.8
HBI-10\HB2-10\HX-10 2.8 1.8-1.6 2.8-1.8 1.6-0.6
HBI1-11\HB2-11\HX-11 2.6 1.6-14 2.6-1.6 1.4-0.4
HB1-12\HB2-12\HX-12 24 1.4-12 24-14 1.2-0.2
HB1-13\HB2-13\HX-13 22 1.2-1.0 22-12 1.0-0
HBI1-14\HB2-14\HX-14 2 1.0-0.9 2.0-1.0 0.9-0
HBI1-15\HB2-15\HX-15 1.9 0.9-0.8 1.9-0.9 0.8-0
HBI-16\HB2-16\HX-16 1.8 0.8-0.7 1.8-0.8 0.7-0
HB1-17\HB2-17\HX-17 1.7 0.7-0.6 1.7-0.7 0.6-0
HBI-18\HB2-18\HX-18 1.6 0.6-0.5 1.6-0.6 0.5-0
HBI-19\HB2-19\HX-19 1.5 0.5-0.4 1.5-0.5 0.4-0
HB1-20\HB2-20\HX-20 1.4 0.4-0.3 1.4-0.4 0.3-0
HBI1-21\HB2-21\HX-21 1.3 0.3-0.2 1.3-0.3 0.2-0
HB1-22\HB2-22\HX-22 1.2 0.2-0.1 1.2-02 0.1-0
HB1-23\HB2-23\HX-23 1.1 0.1-0 1.1-0.1 0-0.1
BJ1\BJ2-2 3 3.0-1.0 - -
BJ2-1 7 7.0-6.0 - 6.0-5.0
BJ3-1\BJ4-1 3 3.0-2.5 - 2.5-1.5
BJ3-2\BJ4-2 1.5 1.5-0.5 - -
BJ*-1\BJ*-2\BJ*-3 2 2.0-0 - -
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Fig. 4 Profile of temperature monitoring equipment

with a minimum sampling rate of 0.95 L/min, effectively
avoiding changes in variable indexes such as oxidation-
reduction potential (Eh) and dissolved oxygen (DO) that result
from severe disturbances during the sampling process. The
sample collection was finished when the indicators (Eh, DO)
stabilized after the well was flushed. Samples were immedi-
ately poured into polyethylene bottles that had been pre-
cleaned with deionized water, after which the bottles were
preserved with a sealing membrane. The isotopic composi-
tions of the samples were determined using a liquid water
isotope analyzer (Picarro L1102-i) in the Laboratory of
Water Isotope and Water Rock Reactions, at the Institute of
Geology and Geophysics, Chinese Academy of Sciences.

Calculation of the mixing ratio of the different
end-member water bodies

The hydrodynamic intensity and range of the hydrodynamic
exchange zone of pore water within the HZ can be
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determined by calculating the mixing ratio of groundwater
and lake water. Depending on the isotope mass balance
principle, the composition of isotopes in the water composed
of mixtures of two samples with different isotope values can
be determined by:

{51n1+52n2:5(n1 +ny) (1)
ny+n =1
where d; refers to the isotopic values in one end member, d,
refers to the isotopic values in another end member, and
refers to the isotopic values in the mixing end member; 7,
and 7, are the mixing ratios of the different end-member water
bodies in the pore water.

Hydraulic conductivity and hydraulic gradient

The hydraulic conductivities of the HZs in the area were ob-
tained from 36 slug tests in wells of different depths (Table 2),
while the hydraulic gradient (/) was calculated from the pore
water, surrounding groundwater and lake-water level data. An
isotropic HZ medium was assumed during the calculation. A
vertical equivalent hydraulic conductivity was applied be-
cause there were vertical and horizontal differences in the
lithologies of the HZ.

The vertical hydraulic conductivity (m/s) was calculated

by:

n
i:lMi
e )

Zi:lfi

where K; and M; are the hydraulic conductivity (m/s) and
the thickness (m) of the i-th layer. The vertical equivalent
hydraulic conductivities of HB2 and HX were 54.34 and
6.33 cm/day, respectively.

K, =

Conversion of the freshwater head of variable-density
groundwater and deformation of Darcy’s Law

The classical form of Darcy’s Law, defined in terms of the
hydraulic head, and hence, the intuitive field method, does
not apply to groundwater of variable density. Density varia-
tions can result from differences in temperature or pressure but
more often are caused by differences in solute concentration.
To calculate the vertical flux from groundwater to lake water,
the point water head, which is obtained by measuring the level
of the water—air interface in a groundwater observation well,
should be corrected into the freshwater head (Post et al. 2007):

he; = &hi—MZi 3)
- Pr Pt
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Table 2 Results of slug tests

Well No. Media thickness (m) Hydraulic conductivity (m/s)
HBI1-10 0.2 6.44E-06
HBI1-12 0.2 4.35E-07
HBI1-13 0.2 2.65E-06
HBI1-15 0.1 2.53E-06
HBI1-16 0.1 4.57E-06
HBI1-17 0.1 1.71E-06
HBI1-18 0.1 1.80E-06
HBI1-19 0.1 1.91E-06
HB1-20 0.1 1.42E-06
HB1-21 0.1 1.02E-05
HB2-10 0.2 2.10E-06
HB2-11 0.2 3.66E-06
HB2-12 0.2 1.23E-05
HB2-13 0.2 1.42E-05
HB2-14 0.1 9.48E-06
HB2-15 0.1 5.83E-06
HB2-16 0.1 1.41E-05
HB2-17 0.1 4.55E-06
HB2-18 0.1 4.95E-06
HB2-19 0.1 8.36E-06
HB2-21 0.1 5.88E-06
HB2-22 0.1 1.18E-04
HB2-7 0.5 2.57E-07
HB2-9 0.2 3.70E-06
HX-06 0.5 1.05E-07
HX-07 0.5 6.07E-06
HX-08 0.5 5.43E-07
HX-09 0.2 1.10E-05
HX-11 0.2 4.18E-07
HX-12 0.2 1.13E-07
HX-13 0.2 1.30E-07
HX-14 0.1 4.16E-07
HX-15 0.1 5.63E-07
HX-16 0.1 5.50E-07
HX-18 0.1 1.50E-06
HX-20 0.1 6.55E-06

where £, is the freshwater head of point 7, 4, is the point water
head of point , p; is the water density of point i, pr is the fresh-
water density, and z; is the level of the well screen at point i.

The vertical flow component of Darcy’s Law should be
converted into:

=g (50 ®

where ¢, is the vertical flux, K is the freshwater hydraulic
conductivity, and the difference between Ky and the field-

measured values of hydraulic conductivity is much smaller
than the uncertainty associated with this parameter. Hence,
no special corrections of existing hydraulic conductivity infor-
mation are normally required.

The density of high-salinity groundwater can be calculated by:

Py = 62.368 + 0.438603 x 107*S + 1.6007410
x 107 (105)° (%)

where p,, is the density of groundwater (kg/m?) and S is the
total dissolved solids (TDS) content of groundwater (mg/l;
Mccain 1991). The water densities of wells HX-14, HB2-15
and BJ2-1 are 1.04 x 10° kg/m?, 1.10 x 10® kg/m® and 1.00 x
10% kg/m® respectively, which are used in later calculations
and analysis.

Temperature tracing

Groundwater movement is accompanied by energy transfer. The
combination of hydrogeological conditions and other external
factors results in spatial and temporal variations in groundwater
temperature that can support characterization of the groundwater
movement. An understanding of the spatial and temporal distri-
bution of temperature in the bottom of rivers, lakes, wetlands,
and canals will facilitate definition of the exchange processes
between groundwater and other water bodies. As a natural tracer,
heat (represented by temperature) can be used to determine the
direction and velocity of groundwater flow.

Because the HZ of Dakebo Lake is only several meters thick
below the lake, and to account for the influence of the Earth’s
rotation and revolution, the surface temperature is assumed to
comply with sinusoidal variation with time (Stallman 1965).
The mathematical model of heat transport within the HZ was
based on the one-dimensional (1D) steady-flow heat transport
model established by Stallman (1965), as follows:

A T pyey 0T _ 0T
pc 0z Ot

e o (6)

where T is the temperature (°C), ¢ is the time (d), z is the
thickness of the sediments (m), ¢ is the water flow rate (m*/day),
pw is the density of water (kg/m®) and )\ is the effective thermal
conductivity of the saturated sediment (Stallman 1965).

The flow rates were calculated by the VFLUX program with-
in MATLAB (Gordon et al. 2012). The following equation for
temperature amplitude attenuation was used (Keery et al. 2007):

H’D\ 5 (SH’D? 2, 2HD? L (mer Dt 0
4z )¢ 4z )¢ 2 )4 A7)
(7)

A ) -
where D = In (ﬁ), H =% 4,, A, and 4y, are, re-

i
e

spectively, the amplitudes of the oscillations of the single

@ Springer



Hydrogeol J

frequency at a depth z and time 7+ A¢, and at a depth 0 and
time ¢, where At is the time lag between oscillations at depths z
and 0. The distance is z, ¢ is positive in the z direction,
p is the density of the saturated sediment, p,, is density
of water, c¢ is the specific heat capacity of the saturated
sediment, ¢, is the specific heat capacity of water, A is
the effective thermal conductivity of the saturated sedi-
ment, and 7 is the time period.

For a given set of temperature time series from a single ver-
tical sensor profile at a specific depth, the VFLUX program will
(1) format and synchronize all the time series to a single vector of
sampling times, (2) low-pass filter and resample the time series,
(3) isolate the fundamental signal (the signal of interest, typically
diurnal) using dynamic harmonic regression (DHR), (4) extract
amplitude and phase information for the fundamental signal
using DHR, (5) identify pairs of sensors based on one or more
sliding analysis windows, and (6) calculate vertical water flux
rates between the identified sensor pairs (Gordon et al. 2012).

Results and discussion

5'%0 and 8”H of precipitation, lake water
and groundwater

The hydrogen-oxygen stable isotope composition of precipi-
tation varies between regions because of meteorological fac-
tors, latitude, altitude, precipitation, and evaporation condi-
tions. Previous studies (Wang 2011) have shown that the
hydrogen-oxygen stable isotope composition of precipitation
in the Ordos Dakebo Lake region varies seasonally (Fig. 5). In
this study, precipitation became more enriched with heavy
hydrogen-oxygen stable isotopes from April to July, when
the 5'®0 value ranged from —6.8 to —5.4 %o and the 5?H value
ranged from —40 to —24 %o. Conversely, they showed a rela-
tive loss from January to March and from August to October
of each year, when the §'®0 value ranged from —10.2 to
—7.1 %o and the §°H value ranged from —79 to —60 %o.

The local meteoric water line, shown in Fig. 6, is plotted from
the stable isotope data of 23 collected precipitation samples. As
shown in Fig. 7, the §'%0 values of pore water in the HZ of HX

Fig. 5 Monthly variation in
average 6'%0 and 5°H values of
precipitation in the Dakebo Lake
region
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increased from deep to shallow, indicating mixing between pore
water and lake water. At HB1 and HB2, the §'%0 values of deep
pore water were close to those of the surrounding groundwater,
which indicates that the pore water came from the surrounding
groundwater. As shown in Fig. 8, the §'®0 values peaked, and
TDS reached 87 and 136 g/L, at depths of 0.7 and 1.2 m in HB1
and HB2, respectively, indicating that there were brine layers at
these two depths. In HB1 and HB2 the water below the brine
layer was a mixture of deep pore water and brine, while the water
above the brine layer was a mixture of lake water, surrounding
groundwater, and brine. At HX, the shallow groundwater was a
mixture of lake water and deep groundwater.

As shown in Fig. 9, 5'®0 and 5°H values of the two lake-
water samples (—4.45 %o, —49.1 %o and —4.54 %o, —49.4 %o)
were both distributed on the right side of the regional precipita-
tion line, and were much higher than the values of precipitation
in the region, reflecting the strong evaporation in the study area.
The 530 and 5°H values of the HZ pore water ranged from —5
to —10 %o and from —40 to 70 %o, respectively, and were also
distributed on the right side of the regional precipitation line.
These values were evenly distributed on the line that connected
the values of deep groundwater, lake water, and brine within the
HZ, reflecting a mixing process between the different end-
member waters. The values of the surrounding groundwater
were on the regional precipitation line, which indicates that the
surrounding groundwater was mainly recharged by precipitation.

Mixing ratio of groundwater and lake water within the HZ

The results of isotope studies support the idea that pore water in
the HZ is formed by mixing of the different types of end-member
water, and that differences in hydrodynamic and end member
water at each location lead to different mixing patterns and ratios.

In particular, when calculating the mixing ratio of the end
members HB1 and HB2, lake water and the surrounding
groundwater were considered as one end member to mix with
brine. The vertical distributions of the ratios of different end-
member water bodies at different depths are shown in Fig. 10.
The groundwater/lake-water interaction zone at HX ranges
from the surface of the lakebed to about 1 m deep, with a lake
water-mixing ratio of about 30 %.
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Fig. 6 Relationship between the
5'%0 and &°H values of
precipitation. (GMWL: global
meteoric water line, LMWL: local
meteoric water line)

The interactions were different at HB1 and HB2 because of
lateral recharge from surrounding groundwater to pore water
and mixing of residual brine and the overlying lake water. At
HBI, the ratio of lake water and the surrounding groundwater
at a depth of 0.7 m reached between 67 and 72 %, while the
ratio of brine varied from 10 to 80 % at depths of between 0.7
and 2.5 m, and showed an increasing trend with proximity to
the brine layer. At HB2, the ratio of lake water and surround-
ing groundwater increased from 20 to 98 % from 1.2 to 0 m
deep to the surface of the lakebed, and the ratio of brine varied
from 30 to 96 % between 1.2 and 3 m depth.

This analysis shows that the hydrodynamic intensity of pore
water and the hydrodynamic exchange zones within the HZ at
each location profile are determined by calculating the mixing
ratio. The extent of the hydrodynamic exchange zone in the
study area varied in the study area (Fig. 10). In this study, the
hydrodynamic exchange zone ranged from the surface of the

Fig. 7 Distribution of §'30 and
TDS in pore water within the lake
HZ
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lakebed to 1.2 m below the lakebed surface at HX. This range
increased on both sides of the lake, and extended from the
lakebed surface to 2.5 m and to 4.5 m at HB1 and HB2, respec-
tively. The difference in the ranges mainly reflects differences
in hydrodynamic conditions. At the center of the lake, there is a
lower hydraulic gradient, denser sediment media and weaker
hydrodynamics than at either side of the lake, which leads to a
smaller hydrodynamic exchange range.

Monitoring results of water level and temperature

Natural and human factors such as the annual ice period, strong
evaporation, pumping, and brine evaporation, have strongly in-
fluenced the fluctuations in the lake-water and pore-water levels
(Fig. 11). During winter, the pore water and lake water are
frozen, which leads to large errors in the data from pressure-
sensing automatic water-level recorders, resulting in disordered
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Fig. 8 Vertical distribution of '0 and TDS values of pore water within the HZ at the monitoring sites

data fluctuation. During the summer, water is frequently
pumped from the lake into a pool by an alkali factory, so that
the lake water heats up, with the result that alkali remains in the
pool after the water evaporates. This process drains some parts
of the lake and has an effect on the natural variation of the pore-
water level within the HZ. Some lake-water-level data are miss-
ing because parts of the lake dry up during this process; there-
fore, the amount of exchange between groundwater and lake
water during these two periods has been ignored.

At HB2, temperature fluctuations showed significant var-
iation up to a depth of 1 m and the differences in ampli-
tude between the sequences of adjacent depths were such
that the amplitude method proposed by Hatch et al. (2006)
could be used to calculate the flow rate within this range.
Conversely, there was almost no fluctuation in temperature
below 1 m and the amplitude was small, indicating that the
exchange calculation method was not suitable for this range
(Fig. 12).

5H (%0)
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0 Shallow pore water within HZ of HX
A Brine of HB1
Pore water below the brine layer of H31
¢ Pore water above the brine layer of HB2
O Surrounding groundwater of HB1
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Lake water
® Deep pore water within HZ of HX
Pore water above the brine layerof HB1
* Brine of HB2
+ Pore water below the brine layer of HB2
Surrounding groundwater of HB2

Fig. 9 Relationships between 5'®0 and 6°H in lake water, pore water, and surrounding groundwater at different monitoring sites within the saline lake
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Fig. 10 Mixing ratios of different end-member water bodies in pore water at the monitoring sites of the Dakebo Lake region. (Range / is a mixture of
pore water and lake water, range // is a mixture of surrounding groundwater, lake water, and brine, range /I/ is a mixture of pore water and brine)

Groundwater/lake-water exchange flux

Based on the water level data, groundwater recharges the lake
vertically at HX, with a hydrodynamic interaction zone rang-
ing from the lakebed surface to a depth of about 1 m in the HZ.
Therefore, the groundwater/lake-water exchange rate was cal-
culated from the groundwater level data of HX-14 holes (1 m
deep) and lake-water level data (Fig. 13).

The results show seasonal variation, and the flow rate
ranged from 1.7 x 1077 to 2.3 x 1077 m/s during spring and
autumn because of the low evaporation rates. Conversely,
there were sharp declines in pore-water and lake-water levels
during summer because of intense evaporation, water extrac-
tion, and brine evaporation processes, the flow rate then de-
creased to less than 0.5 x 1077 m/s because there was almost

05 +

Change in water level (m)

Ice period YVater extractiof

no means of recharging the lake from the groundwater. During
winter, the recharge was weak because of the ice period.

The hydrodynamic characteristics at HB2 differed from
those at HX. At HB2, the lake is recharged by both vertical
and lateral groundwater flow. The vertical flow rate was esti-
mated using the groundwater level data from HB2-15 (0.9 m
deep) and the lake-water level data, while the lateral flow rate
was estimated using the groundwater level data of BJ2-1 (200 m
from the lakeshore) and the lake-water level data (Figs. 14 and
15). The lateral groundwater flow rate at HB2 varied gradually
during the year and ranged from 2 x 10™" to 3 x 107" my/s.

Conversely, the vertical groundwater flow rate varied in-
tensely during the year, and was around 3 x 10~® m/s occurring
around spring and autumn, but was only 2 x 10~ m/s during
summer because of the great decline in pore-water level and

Ice period

s Dry line
===HB2-15
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=——BJ*.1
m—DBJ*-2
o~ w—BJ*-3

2012-8-29 2012-12-7 2013-3-17 2013-6-25
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2013-10-3 2014-1-11 2014421

Fig. 11 Variations in lake-water level and pore-water level within the Dakebo Lake region (water heads of groundwater have been corrected to

freshwater heads)
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Fig. 12 Temperature fluctuations at different depths at HB2

lake-water level caused by natural and human factors, includ-
ing strong evaporation and water extraction.

Groundwater discharge to Dakebo Lake varied throughout
the year. During late spring and early summer, snowmelt
recharged groundwater, which increased the surrounding wa-
ter table and the hydraulic gradient. As a result, the recharge
intensity increased under a hydraulic gradient of around 0.2—
0.3. Conversely, the recharge intensity declined under a hy-
draulic gradient of around 0.01-0.1 in late summer, which was
caused by water extraction and strong evaporation. In autumn,
as evaporation weakened and precipitation recharged the
groundwater during the rainy season of late summer (around
August), the recharge intensity increased under a hydraulic
gradient of 0.2—0.3. The recharge intensity became extremely
weak in winter during the ice period when the water of the
lake and the groundwater within a depth of 3 m were frozen.

There was considerable variation in the intensity of
groundwater/lake-water exchange. The hydrodynamic condi-
tions at the western side of the lake were stronger than in the
center. The rate of the groundwater/lake-water exchange was
about 10 times greater on the western side than at the center.
This was caused by the finer sediments, lower hydraulic con-
ductivity and lower hydraulic gradient at the center of the lake.
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2013/12/30
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2014/2/18 2014/4/9 2014/5/29

The results based on VFLUX are shown in Fig. 16.
With proximity to the lakebed, the flow rate decreased
because the mixing ratio of groundwater became smaller
as groundwater moved closer to the lakebed. Additionally,
differences in the flow rate at different depths reflected the
heterogeneity of the sediment media. The flow rate calcu-
lated by the temperature tracing method therefore reflects
the combination of various factors, including heterogene-
ity, anisotropy, groundwater density, specific heat of sed-
iment media, and thermal conductivity. Examination of
temporal variations showed that the groundwater flow rate
varied from 0.5 x 107 to 3 x 10® m/s in summer and au-
tumn. As shown in Fig. 16, there was almost no exchange
between groundwater and lake water during winter. This
was because the frozen soil in the study area extended to
about 1.2 m, meaning that both the lake and the HZ were
frozen. Therefore, the flow rate calculated for this period
may not reflect the actual situation. In spring, the flow rate
remained between 0.5 x 107¢ and 4 x 10°® m/s.

The flow rate calculated by the hydrodynamic and temper-
ature tracing methods approached each other and showed sim-
ilar temporal variations, indicating that groundwater always
recharges the lake water (Fig. 17).
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Fig. 13 Variation in vertical flow rate at point HX-14
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Fig. 14 Variation in lateral groundwater flow rate at point BJ2-1

As shown in the hydrogeological profile of the shallow
Dakebo lakebed (Fig. 2), the sediment is mainly silty loam
except for a 1-m thick layer of sand on part of the surface on
the western side. Therefore, the lake should be divided into
areas of different recharge rate so that the recharge quantity
can be calculated more accurately. Dakebo Lake covers an
area of 4 km?, and the lakeshore covers 0.3 km?, accounting
for about 7 % of the total lake area. A rough average amount
of groundwater discharge to the lake during 2012-2013, ex-
cluding the ice period from December to March, was estimat-
ed from the series data of groundwater flow rate in the west
area of the lake at 1.0 x 10’ m>. The storage capacity of
Dakebo Lake during 2012-2013 remained stable at about
0.1 x 107 m®. These findings indicate that groundwater is an
important source of recharge for Dakebo Lake. The water
budget equation for Dakebo Lake is as follows:

O+ A0 =0, + R0, (8)

where Q; is the storage capacity of Dakebo Lake
(0.1 x 10" m?), AQ is the change in the lake water, O, is the
amount of precipitation recharge (0.1 x 10’ m®), R is the
amount of groundwater recharge (1.0 x 107 m®), and Q. is
the amount of evaporation from the lake (1.0 x 10’ m®). The

9.00E-06

2013/8/14 20131122

calculated AQ, was 0 m3, which indicates that the estimates of
groundwater discharge to Dakebo Lake are reliable.

Conclusions

Hydrodynamic exchange characteristics within the HZ were
determined from the hydrogen-oxygen stable isotopes in dif-
ferent water bodies. When the standard method for determin-
ing the HZ range is applied (Triska et al. 1993), water from the
hydraulic exchange zone at the center of the lake (HX) at
depths of 0—1.2 m below the lakebed is mainly a mixture of
lake water and deep pore water. On the eastern and western
sides (HB1, HB2) of the lake, the water of the hydraulic ex-
change zone , from the lakebed to depths of 2.5 and 4.5 m
respectively, is a mixture of brine, lake water, and surrounding
groundwater, below which there is a brine layer, then a mix-
ture of deep pore water and brine. It is obvious that the differ-
ence in the range of the hydraulic exchange zone is caused by
differences in the sediment structure and hydrodynamic con-
ditions. The surface of the site HX is mainly composed of silty
loam and a thin layer of clay loam with low permeability,
while the surfaces at HB1 and HB2 mainly comprise sandy
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Fig. 15 Variation in vertical flow rate at point HB2-15
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Fig. 16 Variation in vertical flow rate based on the temperature tracing method

loam and sand with reasonably high permeability. The ex-
change rate is higher at HB2 than at HX, which indicates that
the hydrodynamic conditions are stronger at the lakeshore
than in the center of the lake. These factors help to explain
why the ranges in the hydraulic exchange zones are larger at
HBI1 and HB2 than at HX.

The groundwater/lake-water exchange rate was estimated
from the hydrodynamic and temperature tracing methods.
Results from the hydrodynamic method indicated that the ver-
tical groundwater recharge rate at the center of the lake ranged
from 1.7 t0 2.3 x 10”7 m/s in spring and autumn, and was less
than 0.5 x 107 m/s during summer. At the western side of the
lake, the vertical rate increased to around 3 x 10 ° m/s in
spring and autumn, and was 2 x 10”® m/s in summer and the
lateral groundwater recharge rate ranged from 2 x 10773 x
1077 m/s. The recharge rate at the boundary of the lake
was significantly greater, about 10 times greater than that at
the center of the lake. The groundwater recharge rate
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estimated by the temperature tracing method varied from
0.5% 107 to 4 x 10°® m/s during spring, summer, and au-
tumn. The traditional approach, based on Darcy’s Law, was
compared with three other non-traditional methods for mea-
suring groundwater flow (stable isotope mass balance, tem-
perature profile modeling, and numerical water balance
modeling) in a groundwater-dominated natural and construct-
ed wetland in southwestern Wisconsin, USA. Values obtained
by methods other than Darcy’s Law generally compared fa-
vorably and showed that there was groundwater flow from the
deeper groundwater system at all three sites at rates of between
0.1 and 1.1 cm/day. Because of the error associated with some
of the estimates, the groundwater inflow rates were thought to
be slightly smaller, and ranged from 0.2 to 0.8 cm/day.
The rate of groundwater inflow was generally greater at
sites near the river regardless of the method (Hunt et al.
1996). As a form of wetland, the estimates of ground-
water recharge rate for Dakebo Lake calculated in this

2014-1-11 2014-3-2 2014-4-21

Fig. 17 Comparison between the hydrodynamic and temperature tracing methods (//B2-15 represents the results of the hydrodynamic method and the
other lines represent the results of the temperature tracing method at different depths)
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study are similar to the results calculated by Hunt et al.
(1996) using similar approaches.

The average amount of groundwater recharge in the lake
during 20122013, excluding the ice period from December
to March, was estimated at approximately 1.0 x 10”7 m”.
Conversely, the storage capacity of Dakebo Lake remained
stable at around 0.1 x 10" m® from 2012 to 2013. The ground-
water recharge quantity was 10 times greater than that of the
lake storage capacity, indicating that groundwater is an impor-
tant source of water recharge in Dakebo Lake.
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