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Abstract The Zhangye basin is in the middle reaches

of the Heihe River, northwestern China. Heavy

abstraction of groundwater since the 1970s in the area

is for agricultural, industrial and drinking water

supplies and has led to a substantial decline in the

potentiometric surface. A three-dimensional regional

numerical groundwater flow model, calibrated under

transient conditions, has been developed and used to

predict the drawdown for the period from 2000 to 2030

under two different groundwater management

scenarios.
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Introduction

In the arid northwest of China, water resources play a

dominant role in the development of the economy.

Careful management is important for ecological and

environmental protection (Gao and Li 1990; Cheng and

Qu 1992a, b; Feng et al. 2000). The Zhangye basin, in the

middle reaches of the Heihe River (Fig. 1), is an

important center for development of agriculture and

industry (Wang and Gao 2002). For the last few decades,

surface water has been the main water supply for the

development of agricultural and industrial activities.

Water demands have become greater and groundwater

is a secondary source. In the 1970s, the annual exploi-

tation of groundwater was 0.39 · 108 m3 and by 1999,

this had risen to 2.17 · 108 m3. Due to extensive use of

surface water and over abstraction of groundwater, the

local springs dried up and water levels were significantly

lowered. The quality of groundwater was also impacted

(Wang et al. 1999; Tang and Zhang 2001; Ding and

Zhang 2002; Liu et al. 2002).

Increasing demand for groundwater will require

effective management, and the present study was carried

out with that objective by developing a regional

groundwater flow model to predict the behavior of

groundwater levels in the Zhangye basin over the next

30 years.

Study site

The Zhangye basin covers an area of 1.08 · 104 km2,

extending between latitudes 38o30¢–39o50¢N and longi-

tudes 99o10¢–100o52¢E, and including Zhangye city,

Linze County and Gaotai County (Fig. 1). The area has

an arid continental climate with a mean annual tem-

perature of about 3–7�C. The average annual precipi-

tation ranges from 50 to 150 mm. The majority of rain

(~80%) falls from June to September. The average po-

tential evaporation rate is about 2,000–2,200 mm/year

(Gao 1991).

Hydrogeology

The hydrogeological setting was described by Fan

(1981) and Chen (1997), which varies from south to
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north. The southern part of the basin is an area of

extensive faulting, underlain by bedrock. Down-faulted

bedrock (pediments) extends toward the northeast,

overlain by Quaternary sediments. The uplift of the

Qilian Mountains caused the accumulation of several

thousand meters of alluvial fan and fluvial deposits in a

north-south trending basin. This basin is underlain by

Tertiary red molasses, and filled with large volumes of

unconsolidated Quaternary sediments, to depths of

300–500 m (Fig. 2). The Quaternary basins can be

divided into discrete geomorphologic units, including

piedmont alluvial plain, alluvial plain, and desert. The

sediments in the basins from south to north gradually

change from coarse-grained gravel to medium and fine-

grained sand and silt. These sediments along with

aeolian and lacustrine deposits form the main aquifers.

In the southern part of Zhangye basin, the aquifer is

formed from highly permeable cobble and gravel

deposits with a thickness of 300 to 500 m. From the

northern edge of this diluvial fan, the aquifer becomes

confined or semi-confined, with a thickness of

100–200 m, comprising interbedded cobble, gravel, fine

sand and clay. Further north, the groundwater table

becomes shallow (Fig. 2). A NW-SE thrust fault is

present along the foot of the Qilian Mountains. This

produces a steep hydraulic gradient. It is difficult for

mountain groundwater to flow into the basin by lateral

flow and therefore it moves to the surface as springs at

the foot of the mountain (Fan 1981; Chen 1997). The

rivers originating from the Qilian Mountains are the

main source of recharge for the local aquifers.

Groundwater in the basin flows generally from the

piedmont area towards the centre of the basin. The

Longshou and Heli Mountains act as a barrier for

groundwater flow, and groundwater discharges at the

low part of the basin by upward seepage and springs.

Conceptual model of the groundwater system

The conceptual model of the hydrogeologic system

is based upon the geology from boreholes and water-

Fig. 1 Location map of the
study area

Fig. 2 Hydrogeological cross
section along transect I–I¢
indicated in Fig. 1 (After
Chen et al., 2006). 1 gravel, 2
clay, 3 sand, 4 base rock, 5
fault line, 6 groundwater
table, 7 borehold and depth
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level fluctuation in observation wells. The aquifer is

classified into five hydrogeological layers; however,

only one layer is present throughout the study area. It

is an unconfined aquifer, consisting of gravel interca-

lated with sandstone layers. In the northern part of the

model area, layers two and four consist of sandy clay.

In the middle part of the area, they are interbedded

with impermeable shale and clay beds or lenses, which

cause local or sub-regional confinement of water.

Layers three and five consist of medium and fine-

grained sand and are confined or semi-confined aqui-

fers. Layers two, three, four and five are only present in

the middle part of the basin. The depth of the modeled

area varies between 100 and 500 m (Fig. 3).

Boundary conditions

Groundwater flow in the aquifer is governed by the

boundary conditions of the regional system. Boundary

conditions are shown for layer one in Fig. 1. A no-flow

boundary was defined between points A–E in the

basin, because a groundwater divide is present at this

point. Constant head cells were defined between points

A–B, because it is coincident with the Zhengyixia

reservoir. Along the boundary B–C, the magnitude of

groundwater inflow from the mountains to the plain

cannot be exactly quantified. A previous study

reported that the groundwater inflow is very small and

can be neglected (Fan 1981). This boundary was

therefore represented as a no-flow boundary. At the

boundary D–E, down-faulting occurs and a no-flow

boundary condition was applied. Specified flux condi-

tions were defined along the C–D border as shown in

Fig. 1. The boundary conditions were only applied to

the first layer of the model, while for layers 2–5, the

boundary was considered to be impermeable along all

model edges.

Initial conditions

The calibration period was chosen as 1997–2000,

because of the availability of relatively complete his-

torical records of hydraulic head at a number of

observation wells. To start the calculations, an initial

distribution of groundwater head throughout the area

was determined. A previous study by Fan (1981)

indicated that all the aquifer layers (Fig. 2) were

hydraulically connected. Due to the absence of suffi-

cient monitoring wells in all aquifer layers, it was

assumed that all aquifers had the same potentiometric

surface. An initial spatial distribution of hydraulic head

was obtained from 37 observation wells in January of

1997 and a kriging algorithm was used to interpolate

these values for the five aquifer layers as shown in

Fig. 4.

Groundwater discharge

The discharge from the Zhangye basin occurs as

springs and through evapotranspiration. The annual

volume discharged from the springs is about

7.93 · 108 m3 (Li et al. 2004). Groundwater discharge

from evapotranspiration is neglected when it is deeper

than 4.5 m. The volume of evapotranspiration is about

3.04 · 108 m3 per year (Li et al. 2004). The

annual volume abstracted for agriculture is about

Fig. 3 Cross section along I–I¢
Fig. 4 Initial values used for groundwater levels in the model
(Dots indicate observation wells)
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2.12 · 108 m3 (Li et al. 2004). The volume abstracted

for industrial and domestic activities is about

0.05 · 108 m3 per year (Li et al. 2004).

Groundwater recharge

Recharge to the aquifer varies considerably owing to

land-use pattern, soil type, topography and relief. The

area was divided into 26 zones based on the irrigation

units shown in Fig. 5. Local recharge is inflow from the

Heihe River, irrigation return flow and direct recharge.

Leakage between Heihe River and the aquifer is the

principal source of groundwater recharge. The average

direct annual volume of recharge into the aquifer from

the Heihe River is about 5.82 · 108 m3 (Li et al. 2004).

This value was estimated using the difference between

river and groundwater levels. Considering the contri-

bution of the canal to recharge in the area, the average

direct annual volume of recharge into the aquifer from

the canal is about 3.69 · 108 m3.

Irrigation return flow replenishes groundwater

based on rock and soil types, and occurs only in the

regions where the groundwater depth is shallower than

10 m. The average direct annual volume of recharge

into the upper aquifer from irrigation return flow is

about 2.47 · 108 m3 (Li et al. 2004). For recharge val-

ues based on rock and soil types, the average direct

annual recharge into the upper aquifer from rainfall is

about 0.54 · 108 m3 (Li et al. 2004). The remaining

water withdrawn from the aquifer is taken from

groundwater storage rather than groundwater re-

charge. This is estimated as 0.62 · 108 m3 annually and

has resulted in the steady decrease in groundwater

levels in the basin.

Groundwater flow model

Numerical modeling

The anisotropic and heterogeneous three-dimensional

flow of groundwater with constant density can be de-

scribed using the partial differential equation given by

Rushton and Redshaw (1979). This equation was used

to model groundwater flow in this study. The numerical

model for the regional groundwater flow was devel-

oped using FEFLOW software (Dierch 1998a, b).

Model structure

Spatially, the 3-dimensional model domain is coinci-

dent with the study area and covers a surface area of

5,024.4 km2. The domain was discretized into 35,760

triangular prismatic mesh elements with 22,758 nodes

in the horizontal orientation. The thickness of the

aquifer varied from 200 to 500 m. The finite element

grid was generated automatically with moderate

refinement along the model boundaries and stream

nodes.

Model inputs

The model inputs include the hydrogeological param-

eters hydraulic conductivity (K), transmissivity (T) and

storativity (S). The aquifer properties, such as

horizontal hydraulic conductivity (Kh) and vertical

hydraulic conductivity (Kv), used in the model were

derived from pumping tests. An initial spatial distri-

bution of hydraulic conductivity was obtained from the

available data (47 measurements obtained from layers

1 and 2). Data were spatially interpolated using kriging

and the corresponding results were divided into arbi-

trary zones. The hydraulic conductivity in layer 1 was

obtained from the available data (35 measurements)

and divided into 21 zones of different K value, ranging

from more than 120 m/day in the south of the plain,

and decreasing towards the north of the aquifer to less

than 1 m/day. The hydraulic conductivity of layer two

was obtained from the available data (12 measure-

ments) and divided into 8 zones, with K values greaterFig. 5 Recharge zones
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than 7 m/day in the south of the plain, and decreasing

towards the middle and north parts of the aquifer to

less than 0.05 m/day. Pumping test data were not

available for layers three, four and five. Therefore the

hydraulic conductivity data of layer two were applied

to layer four, as both layers are sandy clay. The

hydraulic conductivity of layers three and five were

based on the data of layers one and two. The hydraulic

conductivity of layer three and five were divided into

ten zones. In layers three and five hydraulic conduc-

tivity is greater than 5 m/day south of the plain, and

decreases towards the northern parts of the aquifer to

less than 0.15 m/day. As sedimentary rocks are gener-

ally much more permeable in the horizontal direction,

a vertical anisotropy factor of Kh/Kv = 10 was assumed

for all layers (Freeze and Cherry 1979). Specific yield

(S) and specific storage were also assigned to the

model. The values of specific yield ranged from 0.01–

0.28 and were obtained from pumping tests; a value of

10–5 was assigned to specific storage.

Model calibration

Before the model was used to forecast future ground-

water levels, calibration was carried out using historical

groundwater-level data. A transient simulation was

undertaken for the four-year period from January 1997

to December 2000 with a monthly time step. The

hydraulic conductivity values incorporated in the tran-

sient model were modified during calibration, obtaining

31 final zones of hydraulic conductivity in layer 1

(Fig. 6). This final zonation was in agreement with the

observed ranges of the hydraulic conductivities and

followed the spatial trend of the initially interpolated

values (Figs. 6, 7, 8). The spatial distribution of specific

yield was also modified during calibration. The tran-

sient models were calibrated satisfactorily (Fig. 9),

based on the close agreement between computed and

observed heads from January 1997 to December 2000 at

18 observation wells (Fig. 4) distributed throughout the

aquifer.

The sensitivity of the model to input parameters was

tested by varying only the parameters of interest over a

range of values, and monitoring the response of the

model by determining the root mean square error of

the simulated heads compared to the measured heads.

These analyses showed that the model is most sensitive

to recharge.

Contour maps (Fig. 10) of simulated groundwater

levels versus observed groundwater levels indicate

fairly good agreement. Time series of computed and

observed heads in wells 1, 4, 9 and 15 are shown in

Figure 11. Well 1 is north of the basin in a highly

irrigated area near Heihe River. Infiltration of irri-

gation water causes a rise over time in the local

groundwater table. In the southern part of the basin,

the abstraction of surface water has increased and

recharge of groundwater has decreased. The ground-

water table has therefore gradually declined (wells

Fig. 6 Hydraulic conductivity distribution in layer 1

Fig. 7 Hydraulic conductivity distribution in layers 2 and 4
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9 and 15) over four years. In the middle part of the

basin (well 4), the groundwater levels have remained

approximately constant.

Assessment and evaluation of planned groundwater
development

The calibrated model was used to evaluate two plans

for potential exploitation of groundwater in the

Zhangye basin, with the objective of predicting aquifer

drawdown. Simulations were made for the period

2000–2030. Scenario 1 assumed that the present

exploitation rates were steady for the period

2000–2030. Scenario 2 entailed a reduction in ground-

water abstraction year by year for irrigation over the

entire basin. The annual volume of groundwater

abstraction was assumed to be 1.4 · 108 m3 by the year

2030 (Li et al. 2004), with a decrease each year of

0.025 · 108 m3 from the current annual value

of 2.17 · 108 m3. Figures 12 and 13 show the contours

of drawdown for scenarios 1 and 2 for the end of the

simulation period, i.e., 2030. The pattern of drawdown

is similar for both scenarios, with a drawdown of less

than 10 m present far northwest of the basin and along

the northeastern edge, following the course of Heihe

River. In scenario 1, the maximum drawdown in the

south is 30 m by 2030. For scenario 2, a large ground-

water drawdown also occurs by 2030 (Fig. 13). In sce-

nario 2 the value and range of the hydraulic head

drawdown is less than scenario 1, reaching a maximum

of 24 m in the south. In the middle part of the basin,

the groundwater head is stable under the scenario 2

pumping rate. This suggests that reduction of the

abstraction rate may reduce the drawdown of overall

hydraulic head in some areas of the basin.

Fig. 8 Hydraulic conductivity distribution in layers 3 and 5
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transient-state calibration

Fig. 10 Comparison of computed and observed groundwater
levels in 2000
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Conclusion

The sedimentary aquifers of the Zhangye basin were

investigated using FEFLOW to simulate three-dimen-

sional groundwater flow under transient conditions.

The results of the model calibration show reasonable

agreement between observed and calculated water

levels for the observation wells.

The calibrated model was used to predict the

drawdown for the period from 2000 to 2030 under

two different abstraction scenarios. In scenario 1, the

groundwater abstraction remains steady until 2030; in
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Fig. 12 Contours of groundwater drawdown for 2030, scenario 1 Fig. 13 Contours of groundwater drawdown for 2030, scenario 2

Environ Geol (2007) 53:77–84 83

123



scenario 2, the groundwater abstraction is reduced

over the same period. Under scenario 1, the pre-

dicted maximum drawdown south of the basin in

2030 is 30 m. Under scenario 2 the value and range

of the hydraulic head drawdown is less than in sce-

nario 1, reaching a maximum of 24 m south of the

basin in 2030. In the middle part of the basin, the

aquifer system is stable under the scenario 2 pump-

ing rate. This suggests that reduction of the

abstraction rate may reduce the drawdown of overall

hydraulic head in some areas of the basin.
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