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Abstract: To simulate long-term groundwater flow within the whole catchment areas of the Yellow 
River basin, a hydrogeological model is formulated.  This model includes the impermeable basement 
defi ned by the brittle-plastic transition, formulation of the depth-dependency of permeability of the upper 
crust, major fault distribution, and an isopach map of the Quaternary System.  The Yellow River basin 
is characterized by fi ve stepwise altitude areas; the Tibet Plateau, the northeastern slope of the Tibet 
Plateau, the northwestern Ordos Plateau, the southeastern slope of the Ordos Plateau and the North China 
Basin.  The structure was formed by tectonics, particularly by the rigid Ordos Micro-Plate block.  When 
adequate permeability and local groundwater consumptions are assumed, the results of the simulation 
are well consistent with the records of the dramatic decline of the water table since 1960s, indicating the 
excess groundwater consumptions as the major factor for the decline.  This simulator enables to forecast 
the future shortage of groundwater in the Yellow River basin.

Keywords:  Yellow River, groundwater, hydrogeological model, permeability, depth-dependency, 
impermeable basement

1. Introduction

The central motif of the Yellow River Groundwater 
Project is to simulate the long-term groundwater 
flow along the whole catchment of the Yellow River 
basin in the past as well as in the future.  For this 
purpose, boundary conditions for the three-dimensional 
permeability structure in the upper crust are critically 
important.  However, the whole catchment areas of the 
Yellow River basin cover a vast area, about 2300 km 
east to west and 1000 km north to south, where geology 
consists of from the Archean to Quaternary Systems and 
is very complicated.  This requires a detailed geological 
model on one hand, but inevitably requires adequate 
simplification of the complicated geological structure 
on the other hand.

This paper describes a model of the boundary 
conditions for the three-dimensional permeability 
s t ructure  for  the s imulat ion of  the long-term 
groundwater flow within the whole catchment areas 

of the Yellow River basin, including the method to 
simplify the complicated geology in the given area.

2. General Model for Permeability

2.1 Defi nition of the impermeable basement
The objective area is here defi ned from the latitude 

33º to 42 º and the longitude 99 º to 121 º as shown in 
Fig. 1.  When we consider such a vast extent of a basin 
into simulation, we should take an adequate extent to 
the vertical dimension into account for permeability 
structure, otherwise the simulation will lose three-
dimensional meaning for fl uid circulation in a too thin 
veneer.  We thus decided to give an adequate extent is 
defi ned by the impermeable basement.

All the rocks will lose the permeability at depth of 
the brittle-plastic transition below which all the fractures 
and pores will be closed by viscous behavior of rocks 
(Fournier, 1991; Muraoka et al., 1998, 1999; Muraoka 
and Ohtani, 2000).  The impermeable basement, thus, 
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is the hydrological basement.  Because fractures can 
only occur in the brittle crust, this also means the non-
fracture basement.

For simplicity, the top of the impermeable 
basement, the brittle-plastic transition, is here defined 
by the temperature of rocks at 380 ºC (Muraoka et al., 
1998).  Strictly speaking, the brittle-plastic transition 
also depends on the strain rate and rock species, 
but these factors are not easily available at a greater 
depth and so it is empirically assumed that the brittle-
plastic transition is most effectively controlled by the 
temperature.

To defi ne the depth of the top of the impermeable 
basement, a geothermal gradient map is necessary.  
Hu et al. (2000) published a heat flow map of the 
continental China as shown in Fig. 2.  A geothermal 
gradient can roughly be estimated from a mean thermal 
conductivity of rocks at 0.004 cal cm－1 sec－1 ºC.  For 
example, geothermal gradients 60 mWm－2, 80 mWm－2, 
100 mWm－2 and 150 mWm－2 are estimated to be 36 

ºC/km, 48 ºC/km, 60 ºC/km and 90 ºC/km, respectively.  
If mean atmospheric temperature at the ground surface 
is assumed to be 10 ºC, we can estimate the depth of the 
top of the impermeable basement Dp in kilometer from 
the contours in Fig. 2 and the following equation;

Dp＝(Tp－Ts)/(Hf 60/100)　　　　　　　　　(1)

where Tp is the temperature of the brittle-
plastic transition 380 ºC, Ts is the mean atmospheric 
temperature at the ground surface 10 ºC, and Hf is 
the heat flow value in the unit mWm－2.  Based on 
the equation, the depth of the top of the impermeable 
basement is estimated to be 4.1 km for 150 mWm－2, 6.2 
km for 100 mWm－2, 7.7 km for 80 mWm－2, and 10.3 
km for 60mWm－2.  Because the most common heat 
flow value along the Yellow River basin is between 
80 mWm－2 and 60mWm－2 (Fig. 2), the most common 
depth of the top of the impermeable basement is 
estimated to be 10.3 km to 7.7 km.

Fig. 2　 Heat fl ow map of continental China after Hu et al. (2000). Contour lines are labeled in mWm-2.
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2.2 Model for the depth-dependency of permeability
Little has been published on the geological 

structure along the Yellow River basin at a greater 
depth.  We need, more or less, a general approach on 
the permeability model at a greater depth.  Manning and 
Ingebritsen (1999) proposed a depth-dependency model 
of permeability for the continental crust as shown in 
Fig. 3.  It is obvious that there is a depth- (or pressure-) 
dependency of permeability of rocks at a wider depth 
range (Fig. 3).  As already mentioned, the most common 
depth of the top of the impermeable basement along the 
Yellow River basin is estimated to be 10.3 km to 7.7 
km.  Permeability of rocks is most variable at a depth 
less than 10 km as seen in Fig. 3.  The permeability at 
a depth less than 10 km is thus a main concern in this 
study.

Manning and Ingebritsen (1999) described that 
the permeability-depth curve in Fig. 3 represents the 
maximum attained at mid to lower crustal levels.  In 
the equation of their regression curve, the permeability 
is given by the unit m2 and the depth is given by the 
unit km.  If we convert the depth Z to the SI unit meter 
and the permeability k to millidarcy md, the equation is 
given as follows;

k＝10^(10.6－3.2log10Z)　　　　　　　　　 (2)

The permeability-depth curve in Fig. 3 converges 
on 10－4 md (10－19 m2) at a depth of 35 km.  In addition, 
the smallest value of the error bars is close to 10－5 md 
(10－20 m2).  The permeability value 10－5 md (10－20 
m2), thus, be virtually ascribed into the smallest value 
in the crust.  If we accept this assumption, a general 
pattern of depth-dependency of permeability of rocks 
is represented by the logarithmically proportional 
partitioning between the value 10－5 md (10－20 m2) and 
equation (2) by the following equation;

k＝10^(log10 (10^(-5))
　＋a(log10 (10^(10.6－3.2log10Z))
　－log10 (10^(-5))))　　　　　　　　　　 (3)

where a is the value from 0 to 1 that is the 
coeffi cient of logarithmically proportional partitioning.  
When we substitute a for the value from 0.2 to 1.0, a 
model of the depth-dependency of permeability of rocks 
can be shown in Fig. 4.  When we obtain a permeability 
value at a shallow depth, we can draw a general pattern 
of the permeability-depth curves and can estimate the 
permeability value at a greater depth, using this method.

3. Geological Model for Permeability

Owing to the method for the simplification 
described above, most of deeper geological units can 
come to be generally treated.  Then, we only classifi ed 
hydrogeologically essential geological units: major 
faults, Quaternary System and pre-Quaternary System.  
A topographic base map was composed by the free 
software Kashmir 3D and the free digital topographic 
elevation data SRTM 30 released from the United States 
Geological Survey (USGS) as shown in Fig. 1.  All the 
essential data have been compiled on the three large-
scale maps: western, central and eastern maps bounded 
by latitude 33º to 42 º, longitude 99 º to 107 º: latitude 
33º to 42 º, longitude 106 º to 114 º: and latitude 33º to 
42 º, longitude 113 º to 121 º, respectively.

3.1 Major fault model
To compile the major faults, we have referred to 

many literatures (Molnar and Tapponier, 1975; Darby 
and Ritts, 2002; Jolivet et al., 2001; Liu, 1998; Ritts 
et al., 2001; Shao and Wang, 1989; Tapponnier et al., 
2001; Zhang et al., 1998, 2003).  The resolutions of the 
SRTM topographic data are high enough to extract the 
major fault traces and many faults were also directly 

Fig. 3　 Permeability as a function of depth in the continental 
crust after Manning and Ingebritsen (1999).

Fig. 4　 Generalized pattern of permeability as a function of 
depth in the continental crust.
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depicted from the topographic base maps.  We have 
also classifi ed these faults into the normal faults, strike-
slip faults and reverse faults based on the literatures and 
observation of the topographic base maps.  The results 
are shown in Figs. 5 to 7.

Dip angles of some of these faults are known 
by detailed studies, but those of many others are not 
known.  For this reason, dip angles of the faults are 
simplifi ed from known data that those of normal faults 
are 70 degree, those of strike-slip faults are vertical, and 
those of reverse faults are 50 degree as shown in Fig. 8.

3.2 Quaternary isopach model
To compile the isopach model for the Quaternary 

System, we have referred to many literatures (Darby 
and Ritts, 2002; Liu, 1998; Ritts et al., 2001; Shao and 
Wang, 1989; Zhang et al., 1998, 2003).  Particularly, 
the isopach model for the Quaternary System in North 
China Basin has been referred to a comprehensive 
published map by Shao and Wang (1989).  The 
compiled results are shown in Figs. 5 to 7.

The maximum thickness of the Quaternary 
System in North China Basin is about 500 m＋ (Shao 
and Wang, 1989).  The data are not available for the 
Tenggar and Badain Jaran Deserts where the thickness 
of the Quaternary System was extrapolated from the 
topography in the surrounding areas and is estimated 
to be 500 m＋ at the maximum.  Loess formations 
are widely distributed in the Ordos Basin where the 
thickness of loess formations is available but that of 
the Quaternary System is not available.  Therefore, the 
maximum thickness of the Quaternary System in the 
Mu Us desert is estimated from the topography to be 
400 m＋ at the maximum.  The Ordos Micro-Plate is 
surrounded by many grabens reflecting the extension 
tectonics where the unusually thick Quaternary System 
was buried (Zhang et al., 1998, 2003).  For example, the 
maximum thickness of the Quaternary System is 2,400 
m＋ in Linhe Trough, 2,000 m＋ in Yinchuan Graben, 
1,800 m＋ in Hohhot Trough and 1,100＋ in Weihe 
Graben (Figs. 5 to 7).  Deep groundwater circulations 
are expected in these areas.

3.3 Allocation of permeability values
Based on the definition and classification 

described above, permeability units are classified into 
four major units: the impermeable basement, pre-
Quaternary System, Quaternary System and major 
faults.  The impermeable basement is defined by the 
zero value in the permeability.  The depth of the top of 
the impermeable basement is less than 7.7 km in the 
shallowest place and larger than 10.3 km in the deepest 
place in the Yellow River basin.  Permeability of the 
pre-Quaternary System, Quaternary System and major 
faults increases in this order and all the permeability 
values are depth-dependent.

We also investigated on the absolute values for 
each permeability unit, but the actual absolute value is 
determined by try and error in the process of simulation.

4. Discussion and Conclusions

This study has been done to formulate the 
boundary conditions for the simulation and is not a self-
completed work.  The results of the simulation will be 
described in this issue by Mori et al. (2008).  According 
to Mori et al. (2008), when adequate permeability 
and local groundwater consumptions are assumed, the 
results of the simulation are well consistent with the 
records of the dramatic decline of the water table since 
1960s.  This simulator enables to forecast the future 
shortage of groundwater in the Yellow River basin.  If 
the simulation succeeds, a goal of this study is attained.  
However, we here discuss general characteristics along 
the Yellow River basin based on the complied maps 
(Figs. 5-7).

In terms of the altitude distribution shown in Fig. 9, 
the Yellow River basin is stepwise classifi ed into three 
fl at areas and two slope areas: the Tibet Plateau as the 
highest fl at, the northeastern slope of the Tibet Plateau 
as the steepest slope, the northwestern Ordos Plateau 
as the middle fl at, the southeastern slope of the Ordos 
Plateau as the middle slope and the North China Basin 
as the lowest fl at (Fig. 9).

It should be noted that the altitude distribution is 
formed by the tectonic activity during the late Cenozoic 
age (Figs. 5 to 7).  As pointed out by Tapponnier et al. 
(2001), the Tibet Plateau is still growing northeastward.  
This effect caused uplift of the Lanzhou area, resulting 
in that the Yellow River once changed its course from 
the present Wei River, a short-cut course, to the present 
Yellow River, a long detour, at about 8 million years 
ago (Lin et al., 2001).  On the other hand, the Ryukyu 
arc is known to be moving southeastward and forming 
an extensional subduction zone (Ito et al., 1999).  As 
a result, the Yellow River basin is subjected to typical 
compression tectonics in the upper reach and typical 
extension tectonics in the lower reach.  This regional 
tectonic situation is well illustrated by the current GPS 
data as shown in Fig. 10 (Wang and Ye, 2006).

Among the tectonic gradation from the west to 
east, particularly important is the role of the Ordos 
Micro-Plate which is an isolated rigid block and is free 
from the surrounding block.  Combining Figs. 7 to 8, a 
fault map covering the whole area is obtained (Fig. 11).  
As shown in this map, areas of normal faults and reverse 
faults are clearly distinguished as an extension tectonic 
fi eld and a contraction tectonic fi eld, respectively.  This 
refl ects the tectonic gradation from the west to east (Fig. 
10).  Here, the eastern border of the Ordos Micro-Plate 
should be defi ned by a series of grabens rather than by 
the Yellow River as shown by the thick purple line in 
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Fig. 5　 Compiled major faults and the Quaternary isopach map in the western part of the Yellow River basin.
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Fig. 6　 Compiled major faults and the Quaternary isopach map in the central part of the Yellow River basin.
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Fig. 7　 Compiled major faults and the Quaternary isopach map in the eastern part of the Yellow River basin.
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Fig. 8　 Simplifi ed dip angles of major faults.

Fig. 9　Altitude and the Quaternary distribution along the Yellow River basin.
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Fig. 11.  This is actually demonstrated by the seismicity 
in Fig. 12 (Gao et al., 1995).  Because of the role of the 
isolated rigid block, compression tectonics completely 
cease at the western boundary of the Ordos Micro-
Plate and extension tectonics initiate from the boundary 
to the east.  Thus many extensional deep grabens are 
developed in the surroundings of the Ordos Micro-Plate, 
particularly at the foot of the northeastern slope of the 
Tibet Plateau.  The foot of the northeastern slope of the 
Tibet Plateau not only has the extensive provenance for 
the sediments supply on the upper reach but also has the 
deep tectonic basins for their deposition.  This tectonic 
setting provides the unusually thick Quaternary System 
as extensive groundwater reservoir in the northwestern 
Ordos Plateau (Fig. 9).  A similar role of the rigid 
Ordos Micro-Plate is again observed at the southeastern 
boundary of the Plate (Fig. 9).  

The Quaternary System in the North China 
Basin is not as thick as that of the Ordos Basin, but 
is characterized by its width and high precipitation.  
Therefore, in terms of hydrogeological point of view, 
the Yellow River basin is blessed with extensive natural 
groundwater storage systems.  Recent serious shortage 
of surface and groundwater is solely ascribed to 
excessive consumption as compared to their renewable 
amounts.
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長期的地下水シミュレーションのための黄河流域の地質学的モデル

村岡洋文・森　康二・玉生志郎・石井武政・内田洋平

要　旨

　黄河流域の全集水域における長期的地下水流動をシミュレートする目的で，水理地質学的モデルを構築した．このモ
デルは脆性－塑性境界によって定義される不透水性基盤，上部地殻の浸透率の深度依存性の定式化，主要断層分布，お
よび第四系の等層厚線図を含む．黄河流域は次の5つの階段状標高分布域に特徴づけられる．すなわち，チベット高原，
チベット高原北東斜面，オルドス高原北西部，オルドス高原南東斜面，および華北盆地である．その構造はテクトニク
ス，とくに剛体的なオルドスマイクロプレートのテクトニクスに支配されている．適切な浸透率と局地的な地下水消費
を仮定すれば，シミュレーションの結果は1960年代以降の地下水位の劇的な低下の記録とよく対応し，過剰な地下水
消費がこの低下の主要な要因であることを示している．このモデルは黄河流域における地下水の将来の枯渇を予測する
ことに使えるだろう．
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