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Abstract:



The Mixing Cell Model (MCM) is a useful tool that can be applied to areas with limited hydrogeological data, such as arid areas in northwest China, to transform available groundwater hydrochemical data into quantitative information about an aquifer. In this study, we used the MCM to quantify water circulation in the study area and to analyze information such as the supply source composition and proportion of the confined aquifer, the main supply aquifer for local drinking water. The MCM simulation results showed that the confined aquifer in the study area is mainly recharged by leakage of water from the upper unconfined aquifer and lateral flow from the eastern and southern tablelands. Unconfined groundwater and lateral flow contributed to 67.69% and 32.31% of the recharge, respectively. The groundwater circulation model of the study area provided quantitative information about water circulation in different parts of the study area, represented by different cells known as A–F. The information from this model provides a scientific basis for the sustainable use and development of water resources in different parts of the study area.
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1. Introduction


Arid areas, which are found on almost every continent, account for 40% of the earth’s land surface and supply food to more than 38% of the world’s population [1]. Arid areas are common throughout, for example, the mid-western United States, China, Algeria, and Australia. Arid areas share some common features, including high temperatures, high evaporation rates, low and irregular precipitation, low surface runoff, and fragile ecological environments. Because of the scarcity and uncertainty of the surface water supply, groundwater contributes a considerable proportion of the total water resource in arid areas, and plays an important role as a water supply for drinking and irrigation [2,3].



The formation and evolution of groundwater supplies in arid areas has always been a topic of considerable interest in international water science. In 1951, the United Nations Educational Scientific and Cultural Organization (UNESCO) began to organize studies of water resource development and conservation in arid areas [4]. The International Association of Hydrogeologists (IAH) raised the profile of theoretical research into groundwater development and evolution in arid areas, and has carried out several large academic projects [5,6]. Various methods have been used to study groundwater circulation, including analysis of hydrogeological structures, hydrodynamic methods [7,8], hydrochemistry, environmental isotopes, and water chemistry kinetics [7,8,9]. Isotopic techniques have been used in studies of groundwater systems to investigate the origin and formation of groundwater, trace groundwater movement, and to determine hydrogeological parameters and groundwater age [10,11]. Since the 1950s, synthetic isotopes and environmental isotopes were used to study hydrological and hydrogeological-related issues [12,13,14,15]. Then a series of studies was carried out to identify recharge sources and to quantify recharge by combining information about hydrology and water chemistry into a groundwater numerical model [16,17,18]. During the 1990s, quantitative research in groundwater circulation progressed rapidly when isotope technology was successfully combined with numerical models [19,20], and the International Atomic Energy Agency (IAEA) launched two coordinated research programs: a mathematical model for quantitative research in hydrology was developed from 1990 to 1993, and an examination of isotope analysis of groundwater migration was completed between 1996 and 1999 [21]. In the meantime, Mixing Cell Model (MCM) was developed [22,23] to use environmental isotopic and water chemistry data to estimate the spatial distribution and the annual recharge rate of a specific aquifer [24]. As well as estimating the quantity of aquifer recharge, the MCM can also evaluate, among other variables, the physical properties of the aquifer, such as the effective porosity and storage coefficient [5]. In recent years, many researchers have combined the MCM with other methods to improve the precision of estimations of aquifer recharge [6,25,26], and for the study of groundwater circulation. Multi-isotope joint applications have been paid more and more attention [27].



The Wu-Ling irrigation area (Figure 1) is in an arid region of northwest China and located in the south of Yinchuan Plain of Ningxia Hui Autonomous Region. In this area, confined water is an important source of domestic drinking water. Since 1958, the Ningxia Bureau of Coal Geological Exploration and Ningxia Institute of Geological Survey had conducted a series of investigations and research projects in the area, and has accumulated a wealth of geological and hydrogeological data [28,29,30]. However, because of different working objectives, a clear picture of the precise patterns of groundwater circulation in the Wu-Ling region is still not available [31]. In the local government action plan, the Wu-Ling area has been designated as an important back-up water supply area for the China Northwest Energy and Chemical Base (CNECB). In-depth studies of the conditions for the formation and recharge of confined water in the study area are therefore urgently needed.


Figure 1. The location of the study area and hydrogeological zones within it.
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In this study, we constructed a conceptual model of groundwater circulation of the study area from a comprehensive analysis of information about the hydrometeorological conditions, terrain, landscape physiognomy, geology, hydrogeology, hydrodynamic characteristics of the phreatic and confined water, and the distribution of stable isotopes. We then built a MCM of the confined aquifer from the conceptual model of groundwater circulation and water chemistry and stable isotope (D, 18O) data. The simulation results of the MCM provided a quantitative analysis of the recharge sources of confined water and the contributions from different sources in the area. The results of this study can be used as scientific basis for sustainable exploitation and use of confined water in the study area.




2. Methods and Materials


2.1. Samples and Test Data


Forty-one water samples were collected from the study area, including 9 surface water samples, 14 unconfined groundwater samples, and 18 confined water samples. Information about the water temperature, total dissolved solids, electric conductivity, and pH were measured in situ when the samples were collected. Nine hydrochemical constituents (K+, Na+, Ca2+, Mg2+, Cl−, SO42−, HCO3−, deuterium (D), and oxygen-18 (18O) isotopes) of the samples were analyzed in the laboratory.



Concentrations of major cations and anions were analyzed at Testing Center of Jilin University. Concentrations of major cations (K+, Na+, Ca2+, and Mg2+) were measured by inductively coupled plasma mass spectrometry (ICP–MS, Agilent Technologies, CA). Concentrations of major anions (Cl−, SO42−) were measured by ion chromatography (IC). Concentrations of cations and anions were validated using the ionic balance method, and all samples had an ionic balance precision better than 95%.



Stable isotopic composition (D, 18O) was analyzed using a DLT-100 liquid water isotope analyzer (Los Gatos Research, Inc., Mountain View, CA, USA) at the Institute of Geology and Geophysics, Chinese Academy of Sciences. The reference standard for isotope ratios of 18O/16O and D/H was SMOW (Standard Mean Ocean Water). The test precision is 0.05‰ for δ18O and 1‰ for δD.




2.2. Research Method


The MCM [21,22,23] was used to determine the characteristics of the confined aquifer in study area. In the MCM, hydrogeological, hydrochemical, and isotopic data were used to divide the confined aquifer into n homogeneous small cells. Each cell was assigned a set of comprehensive tracer values to denote its water chemistry characteristics. A water conservation equation and a tracer mass conservation equation were established from the possible connections between cells. The recharge or discharge relationships and proportions of each between connected cells were determined by solving the equations. For a steady flow system, the water conservation equation (Equation (1)) and the tracer conservation equation (Equation (2)) of each cell can be combined into a set of K + 1 mass conservation equations (Equation (3)), K is the total number of tracers, and can be solved by minimization of the sum of the squared error J (Equation (4)) [23]:


[image: there is no content]



(1)




where [image: there is no content](L3/T) denotes the time-averaged flow values of the source into cell n, such as injection wells; [image: there is no content](L3/T) is the average value of fluxes discharged from cell n, such as pumping fluxes. In and Jn denote the cell numbers of the inflow and outflow of cell n. [image: there is no content] (L3/T) and [image: there is no content](L3/T) denote the average fluxes from the ith source into cell n and from cell n into cell j, respectively. [image: there is no content] is the deviation from the water balance because of various field errors identified in the fluxes entering or leaving cell n.
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(2)







[image: there is no content] is the average value of the concentration of species k accompanying [image: there is no content]. [image: there is no content] is the average value of the concentration of species k in cell n. [image: there is no content] is the average value of the concentration of species k from cell i into cell n accompanying the [image: there is no content]. [image: there is no content] is the deviation from the mass balance associated with the tracer k in every flow component.
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(3)
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(4)







In Equation (3), [image: there is no content] is a matrix [image: there is no content] of known concentrations. [image: there is no content] is a vector [image: there is no content] of known flux terms, such as the rate of pumping or point injection source. [image: there is no content] is the [image: there is no content] error vector of cell n. [image: there is no content] is the [image: there is no content] vector of the unknown fluxes entering and leaving cell n. In Equation (4) [image: there is no content]denotes transposition, and [image: there is no content] is a diagonal matrix made up of weighting values for each dissolved constituent. It denotes the errors (independent of each other) expected for each of the measured terms in the mass balance of the fluid and the dissolved constituents.



In order to make readers to understand Equations (1), (2) and (4), we have done a simplified example to show the calculated process. In Figure 2, cell n have two discharge items and two recharge items, it means the both number of In and Jn is 2, [image: there is no content] and [image: there is no content] denote the average fluxes from the ith (i = 1, 2) source into cell n and from cell n into cell j (j = 1, 2), and cell n have a source_[image: there is no content] and a sink_[image: there is no content]. Then, we get Equations (5) and (6) by the above assumptions.


Figure 2. A schematic for the mass conservation equation construction.
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If we suppose that K is 9, we can get 10 equations through Equations (5) and (6). [image: there is no content], [image: there is no content], [image: there is no content] and [image: there is no content] are unknown, [image: there is no content] and [image: there is no content] are known in the equations. By solving the equations, we can determine the values of [image: there is no content], [image: there is no content].


[image: there is no content]



(5)






[image: there is no content]



(6)









3. Hydrological and Hydrogeological Characteristics of the Study Area


The study area (Figure 1) is in the northwest of China, and has an arid continental climate. The average annual rainfall and average annual evaporation, are 170 mm and 1819 mm, respectively, according to the Water Resources Bulletin of the Ningxia Hui Autonomous Region from 2007 to 2011 [28]. The Qingshui river and Shanshui river in the study area discharge the unconfined groundwater. Three diversion canals, the Qin, Han, and Donggan Canals, were constructed to channel water from the Yellow River at the Qingtong Gorge into the study area for irrigation.



The elevation of the study area terrain gradually decreases from east to west, and tilts to the northwest at a gradient of about 4‰. The geomorphology can be divided into three types, namely the gently sloping tableland, alluvial-diluvial sloping plain area, and alluvial-lacustrine plain. In the tableland area, the strata are mainly composed of bedrock formed before the Quaternary. In the plain area, the strata are composed of Quaternary loose sediments. The study area can be divided into three hydrogeological units: (1) pore water zone of the alluvial-lacustrine plain; (2) pore water and pore-fissure water zone of the alluvial-diluvial sloping plain; and (3) the bedrock fissure water zone of the gently sloping tableland (Figure 1 and Figure 3).


Figure 3. The hydrogeological profile of the study area.
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The bedrock fissure water zone of the gently sloping tableland is mainly composed of Mesozoic strata, and is comprised of thick layers of sandstone, sandy mudstone, and glutenite. Fractures are abundant in this zone, and the ground is often covered by aeolian sand that provides optimal conditions for infiltration. This zone mainly stores bedrock fissure water. The individual well water yield is less than 100 m3/d.



The alluvial-diluvial sloping plain mainly consists of partially cemented Tertiary strata, and its lithology consists of sand, gravel, and glutenite interbedded with cohesive soil. Fractures are abundant, and water is stored in the matrix pore and fissures. The water yields from individual wells range from 100 to 1000 m3/d. Generally, the aquifer is within 150 m of the surface. The surface of this area is often covered with aeolian sand, alluvial-diluvial sandy gravel, and clay sand. The area near to the alluvial-lacustrine plain has been transformed into farmland. There is a high permeability in this zone. The alluvial-lacustrine plain is mainly composed of loose sediments from the quaternary and tertiary. Its lithology consists of sand, sandy gravel, and clayey soil. The typical depth of unconfined groundwater is 0.5–6 m. Discontinuous aquitards, ranging from 3 to 10 m in thickness, are distributed in the upper and lower sections of the Quaternary strata. In some local areas, the aquitard is missing and hydrogeological windows have formed. In the alluvial-lacustrine plain zone, pore water can be divided into two types: the single structure phreatic zone and the multilayer structure zone. The multilayer structure zone can be subdivided into the Quaternary phreatic aquifer, Quaternary confined aquifer, and the Tertiary confined aquifer. Because of the lack of a continuous aquiclude between the Quaternary and Tertiary confined aquifers, they are well hydraulically connected. In this study, they are treated as one confined aquifer group.




4. The Hydrodynamic Characteristics of the Unconfined and Confined Groundwater


In different seasons, the values of groundwater gradient have a little fluctuation but the shapes of the contours of the water level are relative steady. So the contour maps of the unconfined groundwater and confined water level were drawn from groundwater level monitoring data of the study area from July 2011 (Figure 4 and Figure 5).


Figure 4. Unconfined groundwater contour lines.
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Figure 5. Confined water contour lines.
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In the study area, the unconfined groundwater is controlled by changes in topography, and mainly flows from the southeast to northwest and discharges into the Yellow River (Figure 4). As there is a relative steep topographic gradient and the groundwater gradient is closed to 0.008 in the eastern gently sloping tableland area, the groundwater runoff is rapid in this area. In contrast, the topography is almost horizontal and the groundwater gradient is closed to 0.0005 in the alluvial-lacustrine plain, so the groundwater runoff is very slow in this zone. The phreatic contours in the study area suggest that the groundwater from the gently sloping tableland can provide recharge to the groundwater of the Big Spring area if geological conditions permit.



The shape of the confined water flow field in the study area is nearly consistent with that of the unconfined groundwater, and the overall flow direction is from the southeast to the northwest (Figure 5). The Big Spring area is an important water source in the study area. Because of excessive exploitation, a depression cone has formed. The Changliushui River penetrates into the ground when it flows from east to west at the valley mouth (Figure 1). The location of the undercurrent belt corresponds with the southeast expansion of the Big Spring depression cone.




5. Isotopic Temporal and Spatial Distributions of Unconfined Groundwater and Confined Water


The δD and δ18O contour lines of July 2011 were shown in Figure 6 and Figure 7. The average values of δD and δ18O in Yellow River water samples collected at the outflow of Qingtong Gorge were −71‰ and −10.5‰, respectively. The average values of δD and δ18O of local atmospheric precipitation were −61.8‰ and −8.6‰, respectively. The values of δD and δ18O in water (S01) collected from the Donggan Canal in July 2011 were −65.13‰ and −9.36‰, respectively. Because the local precipitation has nearly no impact on the groundwater recharge for its limited amount, the irrigation water of study area mainly diverted from the Yellow River at the location of Qingtong Gorge. At Qingtong Gorge, the diverted Yellow River water is transferred into three canals; (1) Donggan Canal; (2) Qin Canal; and (3) Han Canal. According to the values of δD and δ18O from Yellow river and Donggan Canal, we can roughly confirm the value ranges of δD and δ18O of irrigation water are −71‰ to −65.13‰ and −10.5‰ to −9.36‰, respectively. In Figure 8, values of δD and δ18O from Yellow River and Donggan Canal are located in the upper left corner of GMWL, which are the combined action results of water mixing, evaporation, and human activities [32]. The average values of δD and δ18O of local atmospheric precipitation are located in the lower right corner because of evaporation.


Figure 6. Contour lines of groundwater δ18O (‰).
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Figure 7. Contour lines of groundwater δD (‰).



[image: Water 08 00354 g007 1024]





Figure 8. Changes in the values of δD and δ18O (‰).
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The δD and δ18O contour lines (Figure 6 and Figure 7) from July 2011 indicate that the distribution and the variations in these two isotopes were very similar, and decreased gradually from the southeast to the northwest of the study area. In the gently sloping tableland, the δD and δ18O values were higher and were close to those of local atmospheric precipitation, which indicates that local atmospheric precipitation was the main recharge source of groundwater. From the eastern tableland to the western plain area, the groundwater values of δD and δ18O decreased gradually because of continual recharge of irrigation water from the diversion channel. The δD and δ18O values of confined water and unconfined groundwater were very similar in some parts of the alluvial-lacustrine plain, which reflects the close hydraulic connection between the confined and phreatic aquifers in these areas.



We combined values of δD and δ18O from five points, P1, P2, C1, C2, and C3, sampled in September 2003 (Figure 6 and Figure 7) [33], with values of δD and δ18O calculated by linear interpolation from the July 2011 isotope data (Figure 6 and Figure 7), the multi-year average value of δD and δ18O of the Yellow River water at the Qingtong Gorge outflow, local atmospheric precipitation, and of the Donggan Canal water sample, and compiled a schematic diagram to show changes in the values of δD and δ18O from 2003 to 2011 (Figure 8). The δD and δ18O values of unconfined groundwater (P1 and P2) and confined water (C1, C2, and C3) gradually approached the values of irrigation water from the Donggan Canal and the Yellow River water (Figure 8), but not the values of local atmospheric precipitation, which indicates that unconfined groundwater and confined water have been impacted more by irrigation recharge than by local precipitation recharge. We took no account of the isotopic seasonal effects because sampling points (P1, P2, C1, C2, C3) were collected at the same time and local precipitation had nearly no impact on groundwater recharge.




6. Construction of the Quantitative Groundwater Circulation Model by MCM


6.1. Construction of a Conceptual Model of Groundwater Flow Unconfined Groundwater


Based on the above results and the conditions of groundwater exploitation, we constructed a conceptual model of groundwater flow, and the constructed conceptual model was basically same as the research results of other scholars [28,31].



In gently sloping tableland, fissure water system receives recharge from precipitation, surface water, and lateral runoff. There are not extraction wells in this zone, and the discharge of groundwater is lateral runoff to surface valley, such as Dahezi River and Changliushui River (Figure 1), and to alluvial-diluvial sloping plain area downstream. In alluvial-diluvial sloping plain, porous unconfined groundwater receives recharge from precipitation and irrigation water, and then recharges the down confined water. The discharge of groundwater in this zone mainly consists of pumping from wells and moving downward to alluvial-lacustrine plain. In alluvial-lacustrine plain, the groundwater is dived into three types: the single structure phreatic zone, unconfined aquifer, and confined aquifer. Unconfined groundwater receives recharge from precipitation, surface water and irrigation water, and then downward recharge the confined water beneath. In the lateral direction, both of the unconfined aquifer and confined aquifer receive recharge from single structure phreatic zone. Discharge of unconfined groundwater consists of evaporation, draining to ditches and exploitation from wells, and discharge of confined water is mainly pumping from wells. Figure 9 shows the general water flow relations between different geological units and hydrogeological partitions.


Figure 9. Qualitative groundwater circulation in the study area.
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6.2. Mixing Cell Model Construction


The confined aquifer of the study area was divided into eight cells based on the following criteria: (1) Along groundwater flow paths and the contour shapes; dividing the study area into cells along groundwater flow paths, it will help to decrease unknown parameters; (2) As far as possible, cells did not span different hydrogeological units; different hydrogeological units store different types of ground water, and the ionic compositions are different. If a cell spans two or more hydrogeological units, the simulation error of the MCM model will be amplified; (3) There were available water sampling points in each cell; (4) The depression cone was only in one cell; if a depression cone span different cells, unknown parameters and items will increase in model.



The confined aquifer was distributed in the alluvial-diluvial sloping plain and the alluvial-lacustrine plain. The confined aquifer cells obtained by applying the above criteria are shown in Figure 10, and are labeled as A, B, C, D, E, F, G, and H. Cell B was in the alluvial-diluvial sloping plain, and the other cells were in the alluvial-lacustrine plain. Cells E and F were close to the southern alluvial-diluvial sloping plain. Cell F was a single phreatic zone and, in this study, was regarded as a recharge source for the confined aquifer. Cells G and H, adjacent to the Yellow River, were discharge cells. The recharge/discharge relationships among the aquifer cells are shown in Figure 11.


Figure 10. Cells in the confined aquifer and the distribution of the water chemistry sampling points.
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Figure 11. Relationships between the cells.
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Confined water cells A, B, C, D, E, G, and H receive recharge from the overlying upper unconfined groundwater, and the corresponding source water cells have been labeled as a, b, c, d, e, g, and h. The hydrochemical and isotopic compositions of each cell are shown in Table 1.



Table 1. Hydrochemical and isotopic data of each cell.







	
Name

	
Constituent

	
K+

	
Na+

	
Ca2+

	
Mg2+

	
Cl−

	
SO42−

	
HCO3−

	
D

	
18O






	
A

	
Average value

	
0.08

	
5.35

	
4.22

	
5.05

	
4.35

	
3.92

	
5.43

	
−63.15

	
−8.04




	
Square error

	
0

	
9.68

	
1.68

	
2.19

	
2.68

	
2.72

	
3.89

	
11.8

	
1.79




	
B

	
Average value

	
0.06

	
4.24

	
2.84

	
2.86

	
2.7

	
3.43

	
4.05

	
−60.78

	
−7.58




	
Square error

	
0

	
5.95

	
2.91

	
0.05

	
0.18

	
1.15

	
2.38

	
4.15

	
0.07




	
C

	
Average value

	
0.082

	
4.41

	
4.65

	
3.52

	
2.53

	
3.29

	
5.98

	
−67.17

	
−8.57




	
Square error

	
0

	
1.47

	
1.03

	
0.11

	
0.46

	
0.56

	
0.16

	
8.59

	
0.01




	
D

	
Average value

	
0.041

	
3.76

	
2.54

	
3.37

	
2.34

	
2.28

	
3.6

	
−72.14

	
−9.45




	
Square error

	
0

	
0.39

	
8.24

	
0.78

	
0.17

	
1.25

	
5.75

	
/

	
/




	
E

	
Average value

	
0.07

	
4.51

	
3.88

	
4.11

	
2.41

	
2.97

	
6.41

	
−67.33

	
−7.38




	
Square error

	
0

	
0.09

	
3.83

	
8.02

	
0.55

	
2.34

	
5.82

	
/

	
/




	
G

	
Average value

	
0.07

	
4.48

	
3.04

	
3.3

	
3.08

	
3.21

	
6.87

	
−77.57

	
−10.54




	
Square error

	
0

	
0.72

	
0.4

	
1.53

	
0.28

	
1.37

	
1.41

	
/

	
/




	
H

	
Average value

	
0.07

	
5.32

	
4.01

	
5.2

	
3.58

	
4.12

	
5.81

	
−73.26

	
−9.15




	
Square error

	
0

	
0.81

	
3.94

	
0.69

	
0.02

	
2.3

	
0.78

	
/

	
/




	
a

	
Average value

	
0.08

	
7.25

	
5.58

	
6.96

	
5.25

	
5.85

	
7.54

	
−75.32

	
−9.61




	
Square error

	
0

	
10.25

	
4.14

	
3.34

	
7.73

	
4.14

	
1.76

	
23.64

	
0.1




	
b

	
Average value

	
0.07

	
6.91

	
3.25

	
4.5

	
5.98

	
6.07

	
3.17

	
−66.57

	
−7.96




	
Square error

	
0

	
0.02

	
1.29

	
2.08

	
7.86

	
0.13

	
0.21

	
4.14

	
0.22




	
c

	
Average value

	
0.09

	
5.75

	
3.78

	
4.25

	
5.5

	
5.14

	
8.34

	
−79.57

	
−9.85




	
Square error

	
0

	
2.65

	
5.33

	
4.45

	
7.95

	
2.82

	
2.66

	
0.03

	
0.02




	
d

	
Average value

	
0.06

	
6.31

	
4.81

	
3.08

	
3.14

	
3.5

	
7.69

	
−79.06

	
−10.16




	
Square error

	
0

	
5.38

	
1.28

	
3.73

	
0.76

	
1.94

	
8

	
23.77

	
1.41




	
e

	
Average value

	
0.09

	
6.01

	
3.73

	
3.53

	
3.1

	
3.26

	
8.64

	
−76.38

	
−9.8




	
Square error

	
0

	
6.46

	
1.13

	
1.54

	
0.13

	
0.51

	
0.99

	
/

	
/




	
f

	
Average value

	
0.09

	
3.34

	
4.11

	
3.34

	
2.26

	
2.78

	
5.86

	
−80.94

	
−10.96




	
Square error

	
0

	
0.76

	
2.95

	
2.58

	
0.22

	
0.87

	
3.04

	
/

	
/




	
g

	
Average value

	
0.1

	
6.02

	
4.79

	
5.93

	
3.53

	
4.3

	
8.68

	
−81.87

	
−11.28




	
Square error

	
0

	
0.17

	
0.52

	
1.11

	
0.06

	
0.48

	
1.07

	
/

	
/




	
h

	
Average value

	
0.09

	
5.71

	
5.18

	
5.92

	
4.75

	
4.15

	
8.9

	
−80.05

	
−10.51




	
Square error

	
0

	
19.43

	
2.69

	
3.41

	
12.06

	
2.92

	
4.51

	
/

	
/




	
Northeast tableland

	
Average value

	
0.06

	
4.03

	
0.53

	
0.08

	
3.01

	
3.55

	
4.9

	
−65.5

	
−7.96




	
Square error

	
0

	
5.95

	
2.91

	
0.05

	
0.18

	
1.15

	
2.38

	
4.15

	
0.07




	
Southeast tableland

	
Average value

	
0.03

	
3.19

	
0.89

	
2.13

	
2.36

	
2.8

	
4.19

	
−62.28

	
−8.65




	
Square error

	
0

	
0.17

	
0.52

	
1.11

	
0.06

	
0.48

	
1.07

	
/

	
/




	
South tableland

	
Average value

	
0.07

	
4.21

	
5.7

	
4.56

	
2.54

	
3.4

	
6.26

	
−65.61

	
−9.83




	
Square error

	
0.02

	
4.33

	
0.78

	
0.06

	
2.21

	
3.05

	
3.9

	
−58.72

	
−6.95








Notes: (1) Concentrations are in meq·L−1 unless otherwise indicated, Deuterium (‰), Oxygen −18 (‰); (2) “/” means that we have only one sampling point and the Square error cannot be calculated.








The main discharge of confined water was pumping from wells distributed throughout the study area. The quantity of confined water extracted was calculated as 0.41 × 108 m3/a based on information from the Water Resources Bulletin of the Ningxia Hui Autonomous Region. The amount of confined water consumption of each cell was calculated from the area ratio of each cell (Table 2). Cells G and H were the final lateral discharge cells, and the lateral outputs of G and H were calculated by Darcy’s Law (Table 3). The groundwater hydraulic gradient and the width of aquifer from cell G and H were measured on the vector map, and the conductivity and thickness of aquifer from cell G and H were consistent with relevant research [31].



Table 2. Water consumption of each cell.







	
Cells

	
A

	
B

	
C

	
D

	
E

	
G

	
H






	
Area (km2)

	
21.94

	
40.32

	
43.82

	
15.64

	
28.6

	
35.61

	
24.59




	
Consumption (106 m3/a)

	
4.27

	
7.85

	
8.53

	
3.05

	
5.57

	
6.94

	
4.79








Note: “a” stands for per annum.








Table 3. Lateral groundwater discharge of Cells G and H.







	
Cell Code

	
Width of Aquifer (km)

	
Thickness of Aquifer (m)

	
Hydraulic Conductivity (m/d)

	
Hydraulic Gradient

	
Consumption (106 m3/a)






	
H

	
5.25

	
121.5

	
7.9

	
1/1500

	
1.23




	
G

	
8.5

	
14.6

	
1/1000

	
5.50








Note: “d” stands for per day.









6.3. Analysis of the Modeling Results and Construction of the Quantitative Water Circulation Model


The results of the MCM model indicate that the total water recharge to the confined aquifer was 40.73 × 106 m3/a and the actual amount extracted from confined aquifer was 45.12 × 106 m3/a. These results show that the confined aquifer is overexploited by 4.39 × 106 m3/a.



Analysis of the model output (Table 4) shows that leakage from the upper unconfined groundwater (Table 5) accounted for 65.43% of the recharge of the confined aquifer, and was the main source of recharge. By adding the recharge of cells A and B, we estimated that 14.83% of the recharge was from the eastern tableland (Table 4). We also found that, by adding the recharge amounts from cell E and G, 19.74% of the recharge was from the southern tableland and alluvial−diluvial plain (Table 4). Out of all the confined aquifer cells, cell B had the smallest unit area recharge from the above unconfined groundwater. With the exception of cell B, all of the cells were in the crop irrigation area, and therefore received more irrigation water. Cell B was in the alluvial−diluvial sloping plain area, and because of the depth to the water table, the irrigation water barely reached the groundwater.



Table 4. Quantity of recharge from external systems received by the confined aquifer (106 m3/a).







	
Cells

	
A

	
B

	
C

	
D

	
E

	
G

	
H

	
Total

	
Proportion






	
Unconfined groundwater inflow

	
3.60

	
3.12

	
5.97

	
1.86

	
3.1

	
4.78

	
4.22

	
26.65

	
65.43%




	
East tableland−inflow

	
0.92

	
5.12

	

	

	

	

	

	
6.04

	
14.83%




	
South tableland−inflow

	

	

	

	

	
3.08

	
4.96

	

	
8.04

	
19.74%










Table 5. Unit area recharge quantity from the upper unconfined aquifer.







	
Cells

	
A

	
B

	
C

	
D

	
E

	
G

	
H






	
Unconfined groundwater inflow (106 m3/a)

	
3.60

	
3.12

	
5.97

	
1.86

	
3.10

	
4.78

	
4.22




	
Area (km2)

	
21.94

	
40.32

	
43.82

	
15.64

	
28.6

	
35.61

	
24.59




	
Inflow of unit area (106 m3/a·km2)

	
0.16

	
0.08

	
0.14

	
0.12

	
0.11

	
0.13

	
0.17










The quantitative flow scheme of confined water, derived from the results of the water balance and the model output, shows that the unit width flux between the cells is apparently influenced by the water source exploitation (Figure 12). For example, the lateral recharge from cell B to cell C is 0.05 × 106 m3/(a·km), but there is no water exchange from cell C to cell G. This is because the Daquan water supply area in cell C (Figure 10) transforms the flux that should flow into next cell in an exploited quantity. Because of over extraction, the difference between the inflow and outflow to cell C is −1.63 × 106 m3/a. The difference between the inflow and the outflow for cell C was the largest for the study area.


Figure 12. Quantitative water circulation model of the confined aquifer cells.



[image: Water 08 00354 g012 1024]








7. Conclusions


A qualitative model of water circulation was constructed from geological and hydrogeological information from the study area. The MCM was used to construct a quantitative water circulation model, which provided quantitative information about the confined aquifer, the main water supply aquifer for domestic drinking water in the study area.



Leakage from the upper unconfined groundwater and lateral flow (from the eastern and southern tablelands) were the main sources of recharge to the confined aquifer in the study area. Unconfined groundwater and lateral flow contributed 67.69% and 32.31% of the recharge, respectively. It is therefore very important to protect the phreatic aquifer of study area, as the confined aquifer is the main source of drinking water.



The quantitative groundwater circulation model provided us with quantitative information about water circulation in different parts (represented by cells A–F) of the study area. This information provides a robust scientific basis for sustainable water resource development and use in different parts of the study area.



Our study demonstrates that, in areas where there is insufficient hydrogeological data, such as arid areas in northwest China, the MCM is a useful and effective tool that can transform limited groundwater chemical data into quantitative information about an aquifer.



Compared with previous research in the area [28,29,30,31], we identified the recharge sources and their relative contributions to the confined aquifer at the first time. We are encouraged by the fact that the results of MCM are supported by geological, hydrogeological, irrigated, and extracted information from the study area. However, because the pumping information from individual extraction wells and water source areas in the study area are unavailable, the simulated results might have some deviation from the actual values. Once the pumping data of the wells are available and be input into MCM of the study area, the quantitative water circulation model will give more reasonable and reliable results.
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