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Abstract China is one of the countries suffering severely from water shortage.
Its water availability per capita is only 25% of the world average. According
to new statistics for 2000-2002, the fresh groundwater resource is about 883.7
billion m’, which amounts to 33% of the total water resources in China.
Moreover, groundwater plays an important role in water supply. Nearly 20%
of the total water consumption is from groundwater, especially in northern
China where the percentage of supply from groundwater exceeds 50%, and in
some cases even up to 80%. With such a great degree of exploitation, as well
as excessive development, many environmental problems have been caused,
such as groundwater pollution and overexploitation, which greatly affect
humans. In order to further understand the characteristics of groundwater
quantity and quality, and to protect groundwater resources, a research
assessment of groundwater vulnerability for the whole of China was carried
out during the second Comprehensive National Water Resources Planning
(CNWRP) exercise that commenced in 2002. Based on abundant data and GIS
technology, an integrated assessment model was developed and applied to
evaluate the groundwater vulnerability. The results show trends of increasing
groundwater vulnerability from north to south, as well as from west to east.
Terrain slope, shallow groundwater depth and aquifer media are the three most
dominant factors influencing groundwater vulnerability in China as a whole.
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INTRODUCTION

China is one of the countries that suffer severely from a shortage of water resources,
with only 25% of the world average water availability per capita. According to the
results of the newest water resources survey in China, 2000-2002, the fresh
groundwater reserve is about 883.7 billion m’® (Jiang et al., 2004), which accounts for
33% of the country’s total water resources. Moreover, groundwater plays an important
role in water supply in China; nearly 20% of the total water consumption depends on
groundwater. In the north of China, including Beijing City, Hebei, Shanxi, Henan,
Shandong and Liaoning provinces, the percentage of groundwater supply exceeds
50%, and sometimes up to 80%. With such high rates of exploitation and excessive
development, many environmental problems, such as groundwater pollution and
overexploitation, have been caused. Therefore, it is crucial to understand further the
characteristics of groundwater quantity and quality, and then to adopt reasonable
strategies for sustainable development of groundwater resources.

Copyright © 2007 IAHS Press



The assessment of groundwater vulnerability in China 279

Groundwater vulnerability refers to the potential for pollution due to some
unexpected factors (Fritch ef al., 2000; Jiang Guihua, 2002). It results from the
complicated influences of geomorphology, geology, climate, etc. The assessment of
groundwater vulnerability involves the delineation of areas that are more susceptible to
contamination, and supports good decisions to inform sustainable groundwater
development. Based on the Second Comprehensive National Water Resources
Planning (CNWRP) exercise, which began in 2002, an assessment of groundwater
vulnerability in China was carried out for groundwater protection.

METHODOLOGY AND DATA
Integrated assessment model

Based on the DRASTIC (Aller, 1987) model and ArcView GIS, and also taking into
account data availability, an integrated assessment model was developed to evaluate
the groundwater vulnerability scores (GVSs) for the whole of China.

The integrated assessment model is combined with GIS technology, because the
vector or grid format provides an appropriate unit of assessment for groundwater
vulnerability. At the same time, the classification and overlying analysis processes
provide a suitable means of index gradation and weighting-summation (Gogu &
Dassargues, 2000; Insaf et al., 2005). In ArcView GIS software, the ModelBuilder
facility was very convenient for building the integrated assessment model (Lei Jing,
2002). The assessment flow chart is shown in Fig. 1.

Index system There are many factors which affect groundwater vulnerability (Sun
Caizhi & Pan Jun, 1999). Taking account of actual conditions and characteristics in
China, data availability, and the need to develop a system that is representative,
comparable and includes essential information, eight key variables were used in the
index system. These included terrain slope, soil type, aquifer properties, groundwater
enrichment, depth to shallow groundwater, infiltration recharge, a groundwater
exploitation coefficient, and soil organic content.

Data sources The data on aquifer properties, and groundwater enrichment were
extracted by digitizing the HydroGeological Map of the People’s Republic of China.
Recharge by infiltration, depth to shallow groundwater, and exploitation coefficient
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Fig. 1 Assessment flow chart in ModelBuilder.
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were obtained from the results of CNWRP. Terrain slope, soil type and organic content
data were obtained from the Global Soil Data Products CD-Rom (IGBP-DIS) which
was provided by the Oak Ridge National Laboratory Distributed Active Archive
Center for Biogeochemical Dynamics, Tennessee, USA.

Assessment units The basic unit of assessment was a 1 km x 1 km grid the data
from which were aggregated for statistics and analysis into the third-class water
resources sub-areas. According to the CNWRP results, there are a total of 214 third-
class sub-areas in China, and 212 sub-areas were used in the present study. Areas in
the Taklamakan Desert and islands in the Southern Sea were excluded.

Assessment steps The detailed assessment steps were as follows:

1. The whole country was divided into 1 km x 1 km grid cells by ArcView GIS
software. The grid cell is the basic cell for assessment.

2. The score for each individual variable was calculated for each grid cell.

3. An integrated GVS for each grid cell was obtained and mapped by overlaying the
map layers for the scores of the eight indices, which were multiplied by different
weights.

4. The GVSs for the grid cells were aggregated into the third-class sub-areas for
statistical analysis.

The weights for each index were determined by experts and then normalized from 0 to

1. The integrated groundwater vulnerability score (GVS) was calculated as follows.

GVI =Y BxW, (1)
i=1
where, P;is the individual score for index i; W; is the weight for index i; i is the order
of each index; and 7 is the number of indices (8).

RESULTS AND ANALYSIS

The map of integrated vulnerability scores derived from the integrated assessment
model is presented in Fig. 2 and illustrates the regional differences in groundwater
vulnerability in China. The GVSs for individual grid cells ranged from 14.2 to 19.6. In
order to distinguish the relative differences more clearly, the scores were divided into
three classes as following:

1. high vulnerability (GVS > 55),
2. medium vulnerability (GVS 40-55),
3. low vulnerability (GVS < 40).

The GVSs in third-class sub-areas are shown in Fig. 3, where the high, medium and
low vulnerability classes are further subdivided into three grades, with smaller scores
indicating lower vulnerability.

From Figs 2 and 3, and from Table 1, some primary observations can be drawn.
Firstly, regarding the characteristics of regional distribution of GVS:

1. The general trends of variation in GVS are an increase from north to south, and
also from west to east.

2. Areas with low vulnerability (GVS < 40) are mainly located in the eastern plateau
of inner Mongolia, as well as in the areas adjacent to the Taklamakan Desert. The
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Fig. 3 The classification of GVSs in third-class sub-areas.

hydrogeological and climate conditions are probably the main reasons for low
vulnerability. In general, the groundwater table is deeper in these areas, and
infiltration recharge is smaller and has weaker effects on groundwater quality.
Sub-areas with high vulnerability are scattered mainly along the southeastern
seaboard, in the north of China and in southwestern regions, with different factors
contributing to higher vulnerability in different areas.
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Fig. 5 The relative scores of the soil type index in higher vulnerability sub-areas.
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Table 1 The distribution of GV Ss based on sub-area.

Vulnerability grade =~ Number Area Proportion Areaand  Proportion Accumu-
s (km?) of number (%) proportion ©of area (%) lation (%)
Low Isub-grade 0 0 0.00 242796  0.00 0.00
GVSs  2sub-grade 0 0 0.00 2.74%  0.00 0.00
3sub-grade 2 242796 100.00 2.74 2.74
Medium Isub-grade 29 1737736 20.76 8370263 19.61 22.35
GVSs  2sub-grade 91 4480318 53.53 94.47%  50.57 72.92
3sub-grade 71 2152209 25.71 24.29 97.21
High Isub-grade 13 179 000 72.44 247 104 2.02 99.23
GVSs  2sub-grade 6 68 104 27.56 2.79% 0.77 100.00
3sub-grade 0 0 0.00 0.00 100.00
Total 212 8 860 163

Groundwater vulnerability of medium status is typical of most of China; 90% of
the sub-areas (191 out of 212) have medium groundwater vulnerability and occupy
94.47% of the total area of China. In contrast, the two sub-areas with low vulnerability
occupy 2.74%, and the 19 sub-areas with high vulnerability occupy 2.79%, of the total
area. Among those areas with medium GVSs, there are 71 sub-areas with higher
vulnerability (belonging to the third sub-grade); 91 sub-areas belonging to the second
sub-grade, and 29 sub-areas belonging to the first sub-grade.

DISCUSSION

In order to find out the major causes of high vulnerability, an analysis of key indices in
the 90 sub-areas with higher GVSs was carried out. Relative scores (the ratio between
the unweighted individual index score and the total score for all unweighted indices in
each sub-area) were used to reflect the effects on groundwater vulnerability. Figures 4
to 11 illustrate the relative score of the eight indices in the 90 sub-areas with higher
GVS:s.

The results (Table 2) indicate that terrain slope (relative score of 0.21),
groundwater depth (relative score of 0.193) and aquifer properties (relative score of
0.144) have the three most significant effects on groundwater vulnerability.

If the weight for each index is considered, different results are obtained (Table 3)
and the depth to shallow groundwater and aquifer properties become the most and
second-most important variables, respectively. Soil organic content is the third most
significant variable while terrain slope becomes only the seventh most important.

CONCLUSION
An integrated assessment model for groundwater vulnerability in China has been

developed using eight key indices; the results demonstrate vulnerability is at medium
or higher levels for most of the country. In general, vulnerability increases from north
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Table 2 The average ratio for each index using equal weighting.

Index Terrain Soil  Soil Shallow Aquifer Enrichment Infiltration Exploitation
slope type  organic groundwater media  of aquifer recharge coefficient
content depth
Relative 0.210  0.128 0.135 0.193 0.144 0.080 0.067 0.042
score
Order 1 5 4 2 3 6 7 8

'Relative score is the average value for the 90 sub-areas.

Table 3 The averaged relative score for each index using different weights.

Index Terrain Soil  Soil Shallow Aquifer Enrichment Infiltration Exploitation
slope type  organic groundwater media  of aquifer recharge coefficient
content depth
Relative  0.075 0.091 0.096 0.344 0.153 0.086 0.095 0.060
score
Order 7 5 3 1 2 6 4 8

to south and from west to east across China, and sub-areas with high GVSs are
scattered along the southeastern seaboard, in the north of China and in southwest
regions; while those with low GVSs are mainly located in inner Mongolia and some
areas adjacent to the Taklamakan Desert. With equal weighting of indices, the
dominant factors affecting groundwater vulnerability are terrain slope, groundwater
depth and aquifer properties, while these change to groundwater depth, aquifer
properties and soil organic content, if unequal weighting is employed. The results of
this research will provide useful information for groundwater protection and
sustainable groundwater development in China.

REFERENCES

Aller, L., Bennet, T. & Lehr, J. H. (1987) DRASTIC: A standardized system for evaluating groundwater pollution potential
using hydrogeologic settings. EPA6002-87-036, US Environmental Protection Agency, Ada, Oklahoma, USA.

Gogu, R. C. & Dassargues, A. (2000) Current trends and future challenges in groundwater vulnerability assessment using
overlay and index methods. Environ. Geol. 39(6), 549-559.

Insaf, S., Babiker, Mohamed, A. A. M., Hiyama, T. & Kato, K. (2005) A GIS-based DRASTIC model for assessing
aquifer vulnerability in Kakamigahara Heights, Gifu Prefecture, central Japan. Sci. Total Environ. 345, 127—-140.

Jiang Guihua (2002) The development of study on groundwater vulnerability. World Geology 21(1), 33-38.

Jiang Wenlai, Tang Qu & Lei Bo (2004) Water Resources Management Study Theory. Chemical Industry Press, Beijing,
China.

Lei Jing (2002) Study on groundwater vulnerability. MSc Thesis, Tsinghua University, Beijing, China.

Sun Caizhi & Pan Jun (1999) Concept and assessment of groundwater vulnerability and its future prospect. Adv. Water
Sci. 10(4), 444-449.

Fritch, T. G., Mcknight, C. L., Yelderman, J. C. Jr & Arnold, J. G. (2000) An aquifer vulnerability assessment of the
Paluxy aquifer, central Texas, USA, using GIS and modified DRASTIC approach. Environ. Manage. 25(3),
337-345.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.276 841.890]
>> setpagedevice


