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Resumo
Os recursos de água doce da China são estimados em cerca de 2,8 trilhões de m3, no entanto, devido
à elevada população a distribuição dos recursos hídricos per capita é muito limitada. Também a
distribuição desigual dos recursos de água doce e das próprias necessidades de água colocam
algumas partes da China sob stresse hídrico severo. Por esta razão, a recarga artificial de aquíferos
(MAR) tem vindo a ser considerada para maximizar o volume de recursos de água subterrânea
disponíveis no país, diminuindo o abandono da terra e mitigando os riscos de intrusão de água do
mar. O presente estudo utilizou um método de análise multi-critério com metodologias SIG (SIGMCDA) para identificar locais adequados para a implementação de projetos de recarga artificial, em
função de diversas restrições e alternativas. O tipo de aquífero, o uso do solo, a inclinação e as zonas
de reserva nacionais foram utilizados como restrições para identificar os locais indisponíveis. O tipo
de aquífero, a textura do solo, o uso do solo, a inclinação, a qualidade das águas subterrâneas foram
utilizados como alternativas para criar um mapa final dos locais mais adequados. Entre as diferentes
alternativas utilizou-se a função passo a passo para a padronização, a comparação entre pares foi
utilizada para o critério da ponderação e a combinação linear ponderada foi usada como regra de
decisão. Os resultados mostram que 82% da área viável é adequada para a implantação do MAR. As
áreas mais adequadas localizam-se na parte norte da China. A maioria das áreas são apenas
moderadamente adequadas e distribuem-se um pouco por todo o país. As áreas com reduzida
adequabilidade são principalmente na parte norte da China e nordeste da China, devido à limitação
do tipo de aqüífero. 25 locais existentes atualmente com projetos MAR são representados no estudo
atual e 43% deles estão em áreas consideradas como muito adequadas. Os resultados mostram um
bom ajuste entre o mapa dos locais mais adequados e os locais atualmente existentes.

Palavras-chave: Recarga artificial de aquíferos (MAR), SIG, Método de espalhamento, Mapeamento
de adequação.

II

Abstract
China’s freshwater resource is 2.8 trillion m3, however, due to high population water resource per
capita is limited. Also because of the uneven distributed water resource and water demand, some
parts of China are under severe water stress. Based on this fact, managed aquifer recharge (MAR) is
being considered to replenish groundwater storage of the country, slow down land subsidence and
also prevent and retard sea water intrusion. The present study used GIS multi-criteria decision
analysis (GIS-MCDA) method to identify suitable sites for implementing MAR type spreading method.
Suitable sites were identified by constraints and alternatives. Aquifer type, land use, slope and
national reserve zones were used as constraints to single out the unavailable sites. Aquifer type, soil
texture, land use, slope, groundwater quality were used as alternatives to create a final suitability map.
Among different alternatives, step-wise function was used for standardization, pairwise comparison
was used for criterion weighing as well as weighted linear combination was used as decision rules.
The results show that 82% of the feasible area is suitable for implementing spreading MAR. The highly
suitable areas locate in the north part of China. Most areas are moderate suitable and distribute
throughout the country. The areas with low suitability are mainly in North China Plain and northeast
part of China, due to the limitation of aquifer type. 25 existing spreading MAR sites are plotted in
current study and 43% of them are in highly suitable area, the result shows a good fit for the suitability
map and existing sites.

Keywords: Managed aquifer recharge (MAR), GIS, Spreading method, Suitability mapping.
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Introduction

China is located in the eastern part of the Asian Continent and at the west coast of the Pacific Ocean.
With a mean annual precipitation of 660mm and an area of approximately 9.6 million km 2, China has a
total water resource of 2.8 trillion m3 (Ministry, 2016). However water resources are distributed very
unevenly in both time and space.
For the variation of water resources in time, 60% to 80% of precipitation is concentrated in the flood
season, it makes China suffers from drought in spring and floods in summer (Ministry, 2016). With
climate change and greenhouse effect, extreme weather events become more frequent. Scorching
weather may lead to high evaporation and precipitation becomes more variable. Continuously low
precipitation would cause severe drought and enormous rainfall would cause severe floods. The
variation of terrain also partly influences the uneven distributed water resources in space. China
features a three-step distributed terrain which gradually lowers from the southwest to northeast, main
rivers flows towards east. Precipitation decreases from southeast to inland west due to the monsoon
and land-sea structure. In the southeast coastal area, mean annual precipitation reaches about
1500mm, however in northwest area, mean annual precipitation can be as low as 200mm. Available
blue water is the total amount of water available to a catchment before any withdrawal for use (Wang
et al., 2016). It is an index to measure the amount of available water resources. As figure 1.1 shows,
the southeast part has more available water than northwest part of China.

Figure 1.1 Available Blue Water Intensity (2010) (Wang et al., 2016)
Though the total amount of available water resources does not vary a lot among different years owing
to the steady river flow and precipitation, water consumption across the country is continuously
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increasing (National, 2014) and causes a lack of water in many areas. There are three main water
consumption sectors: agricultural water consumption, industry water consumption and domestic water
consumption (Wang et al., 2016, Yuan et al., 2007). The main growth of water consumption in China is
industrial and domestic (Wang et al., 2016). As industrial activities are expanding, industrial water
demand has been increasing across the years. For the increase of domestic water consumption, there
are two main driving forces: in north part of China, the growth of population causes domestic water
demand increase; in the urbanized south part of China the increase in domestic water consumption
per person is the main cause. The influence factor of irrigation water consumption varies a lot: In
Yangtze River delta and Pearl River delta, irrigation water consumption decreases because irrigation
areas have been reduced. In North China plain, the reduction of irrigation quota and the increase of
irrigation efficiency have caused the reduction of irrigation water consumption. In northeast plain and
northwest regions, the increase of irrigation areas has caused the increase of irrigation water
consumption. Overall, the water consumption for irrigation does not vary a lot among the years.
Though there are some positive influence factors such as the increase of irrigation efficiency, the
decrease of industrial water quota and irrigation water quota, the total water consumption is still
increasing due to the development of the country and it causes water stress in most areas.

Figure 1.2 Consumptive use intensity of water resources (2010) (Wang et al. 2016)
There is one more problem that enhances water stress problems, the uneven distribution of water
resources and water consumption in the north and south part of China. In the north part of China, with
58.3% of the arable land and 43.2% of the population, only 14.4% of the water resources are located.
Meanwhile in the south part of China, with 35.9% of the arable land and 54.7% of the population 81%
of the water resources are situated. Comparing the water resources per acre, south China has 4134
2

m3 available while north China has 454 m3. This difference shows the extreme uneven distribution
between population, arable land and water resources. This difference makes the development and
utilization of water resources diverse, too. In south China, water exploitation degree is relatively low
and in north China, with less water resources, the exploitation degree in surface water bodies and
shallow aquifers is comparatively high(Wang et al., 2008). However, high exploitation degree in
groundwater can cause problems, such as land subsidence which already shows in many areas in
China (Figure 1.3).

Figure 1.3 Principle cities in China with land subsidence and areas with identified earth
fissures (Ye et al., 2016)
Land subsidence was first observed in Shanghai in 1921. As a result of over exploitation of
groundwater, land subsidence already occurs in 22 provinces (cities) in China (Ye et al., 2016). The
North China Plain area (including Beijing, Tianjin, Hebei, Shandong and Henan), Yangtze Delta area
(including Jiangsu, Zhejiang and Shanghai) and Fenwei Basin (including Shanxi and Shaanxi) are the
three most severe subsidence areas. The maximum cumulative subsidence in these three areas is
3.44 m in Tianjin (1959-2013), 2.80 m in Wuxi (1955-2013) and 3.14 m in Taiyuan (1956-2007). The
capital city of China, Beijing, is also suffering from severe land subsidence. From 1955 to 2011, the
largest cumulative subsidence in Beijing is 1.49m. Two thirds of Beijing area is affected. As the
greatest land subsidence city, Tianjin was steady subsiding with a rate of 26mm/year from 2011 to
2012. Land subsiding resulted in Tianjin being 1.11 m below average sea level (asl). Land subsidence
is progressing in many areas, still in Yangtze Delta land subsidence is controlled best across whole
China. This is achieved by reducing groundwater withdrawal and implementing artificial recharge for
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aquifer. Subsidence rates have been reduced to less than 10mm/year in most areas. This clearly
shows that implementing MAR system can reduce and control land subsidence.
In Liaoning, Shandong, Hebei Provinces in North China Plain areas, not only land subsidence is
occurring due to groundwater exploitation, as these provinces are coastal provinces, many coastal
cities such as Dalian, Tangshan, Yantai are threatened by seawater intrusion. As groundwater stands
for an important role in water supply for domestic water and agricultural irrigation, seawater intrusion
causes great impact for human life and agricultural productivity.
Due to the water stress caused by the unevenly distributed water resources and the imbalance
between water resources and water consumption, groundwater is being overexploited. Methods to
solve the growing water demand need to be implemented. Managed aquifer recharge (MAR) is being
considered as a possible solution. MAR is a powerful groundwater manager’s tool, which may be
useful for replenishing aquifers to oppose declining yields, saline intrusion or land subsidence (Gale
2005). Hence, managed aquifer recharge, as one possible solution, is discussed in this study.
The purpose of the present study is developing a method to obtain a suitability map for implementing
surface MAR systems in China. To achieve this, geographical information system (GIS) is used as a
tool to get the basic condition maps to generate the suitability map. For MAR systems, only spreading
methods are discussed. Furthermore, the generated suitability map is compared with the existing MAR
sites in China to check the compliance. This study can be used as a reference for MAR site selection
for further research and construction.
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2

Methods

In the methods part, an introduction of all techniques used in this study is provided. It offers a
definition of MAR system, different MAR types, GIS and its benefits; also an introduction to
multicriteria decision analysis (MCDA) and its procedure is discussed.

2.1

Managed Aquifer Recharge

Water scarcity can be caused by a shortage in the total amount of water available, or temporal
imbalance between supply and demand. In many areas, periodic water shortage can be alleviated by
storing excess available water during wet period for later use during dry periods (Maliva et al. 2012).
An aquifer is a geological formation or part of it, consisting of permeable material capable to store or
yield significant quantities of water (USGS, 2001). It is a good place to store the excessive water for
later use and can solve the periodic water shortage well. The benefits of using groundwater have been
clearly demonstrated. Aquifers providing a store of water, of which if utilized and managed effectively,
can play a vital role in poverty reduction, increase agricultural yields resulting from reliable irrigation,
distributive equity and reduce vulnerability (Gale, 2005).
Managed aquifer recharge, which is defined as recharge of an aquifer using a source of water
(including recycled water) under controlled conditions to store it for later use or for defined
environmental benefit (Dillon, 2009). MAR types can be divided by two main purposes: one is primarily
to provide excessive storage of water and the other is primarily for water treatment. In this case, MAR
is mainly use to replenish aquifer to store excessive water and slow down land subsidence and saline
intrusion, it is clear that it serves for the first purpose.

MAR types
MAR system often provides the cheapest form of new safe water supply for towns and small
communities (Dillon, 2005). Also as one of the technique to replenish aquifer and slow down land
subsidence, it is the main technique that is being used and discussed in this study. There are different
techniques used in aquifer recharge, such as infiltration ponds, wells or boreholes. Mainly MAR can be
divided in to two major groups and five main MAR types (Figure 2.1):
1. Spreading methods: It is applied in cases where the unconfined aquifer is at or near to the ground
surface, and water infiltrates directly from the ground to the aquifer (Dillon, 2005). This method
needs an allowance in geology and hydrology, large area availability and highly permeable soil. It
can happen in infiltration ponds and basins, or naturally in flooding areas, in irrigation area through
ditch furrow and drains. It is the most commonly used method because it is a simple technique
and low cost.
2. Induced bank filtration: Water infiltrates through rivers or lakes, a pumping well is set hundred
meters away from the river bank. Water quality can be improved by the natural attenuation when
flowing in the subsurface. This type of MAR is commonly used for water quality improvement
purpose. It is widely used in Germany and other countries, more than 300 bank filtration water
works are working and provide 16% of total drinking water in Germany (Schmidt et al., 2003).
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Figure 2.1 MAR techniques and methods (IGRAC, 2007)
3. Well, shaft and borehole recharge: A well, shaft or borehole is constructed, water directly injected
to the deep aquifer through the well shaft or borehole. It has two subtypes: aquifer storage,
transfer and recovery (ASTR) and aquifer storage and recovery (ASR). In ASR, water injects and
abstracts from the same borehole while in ASTR water injects and abstracts from different
borehole. MAR structure of this type happens below ground level and often request high water
quality as the water is directly injected into the aquifer without natural attenuation. It needs less
land availability. It can be used to prevent seawater intrusion, land subsidence or storage water in
wet period for the usage in dry period.
4. In-channel modifications: A construction such as dam is built in channels to intercept water, hold
up stream to enhance groundwater recharge. Different kinds of dams can be implemented for this
purpose: recharge dams, sub surface dams or sand dams.
5. Runoff harvesting: Water from rain and surface runoff are intercepting by applying barriers or
trenches. It is mainly applied in hilly terrain to reduce surface runoff and soil erosion. Roof-top rain
can also harvest and store in settling tanks for further recharge to aquifer through wells or
boreholes.
A sketch of varies MAR type is shown in Figure 2.2 to have a more visualized understanding. Among
all these types, spreading method is one of the most commonly used techniques, due to the fact that
spreading method is the simplest and cheapest way for aquifer recharge, it is widely practiced (Dillon
et al., 2009). Based on the large amount of water needed to be infiltrated and due to the fact that
water quality is rather low in most surface water in China, Spreading method is easier to be implement.
Recharge is achieved by infiltration through permeable material at the surface and the infiltration rates
should be able to maintain (Gale, 2005). Other MAR techniques, such as implementing injection wells,
it requires less area but a higher water quality due to the fact that water is directly injected to the
aquifer which is not taking the advantage of natural purification processes (Rahman, 2012).
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Figure 2.2 Sketches of MAR types (Dillon, 2005 modified by Hannappel et al., 2014)

2.2

Geographical Information System (GIS)

GIS is a computer-based system that integrates the data input, data storage and management, data
manipulation and analysis, and data output for both spatial and attribute data to support decisionmaking activities (Malczewski, 1999). It is a special-purpose digital database in which a common
spatial coordinate system is the primary ways of storing and accessing data and information. It can
link geographically referenced data with non-graphic attributes allowing information to be processed. It
allows the integration of vary geographical technologies, such as remote sensing (RS), global
positioning system (GPS) and computer-aided design (CAD). These geographical technologies can be
later on integrated with decision making techniques. The ultimate aim of GIS is to provide support for
making spatial decisions (Malczewski, 1999).
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A GIS system supports several views for working with geographic information (Figure 2.3): 1. The
geodatabase view: A GIS is a spatial database containing datasets that represent geographic
information in terms of a GIS data model. 2. The geovisualization view: A GIS is a set of maps that
show features and their relations on the earth’s surface. Maps can be constructed and used to
analysis and edit information. 3. The geoprocessing view: A GIS is a set of information transformation
tools that derive new geographic datasets from existing datasets (ESRI, 2014). These three GIS views
are represented in ESRI ArcGIS. Thus, ArcGIS is chosen as the geographical tool for data analyzing
and compositing suitability map.

Figure 2.3 Three views of GIS (ESRI, 2004)

2.3

Multicriteria Decision Analysis (MCDA)

Generally speaking, multicriteria decision making (MCDM) problems contain a set of alternatives that
are evaluated on the basis of conflicting and incommensurable criteria (Malczewski, 1999). Criterion is
a general term that includes both attribute and objective. So MCDM can be divided into two classes:
multiattribute decision making (MADM) and multiobjective decision making (MODM) (Malczewski,
1999). Both MADM and MODM problems can be further distinguished into single decision maker
problems and group decision problems. In present study, the objective is to get suitability map
considering a set of conditions. Based on this fact, it fits in a single objective achieved by evaluating
several attributes. Consequently, MADM by single decision maker suits in this case.
Decision making is a process that contains a series of activates starting with decision problem
recognition and ends with recommendations. First recognize the problem that needed to be solved,
specify the purpose. Once the problem is defined, find the set of evaluation criteria. The criteria should
contain the objectives that reflect all concerns relevant to the decision problem and the measures for
achieving those objectives. Then alternatives are chosen. The MADM approaches assume that the
alternatives are specified and explicitly. The alternatives are represented by a set of pixels in a raster
GIS database or a set of points, lines or/and polygons in a vector GIS. Each alternative is described
by its locational attribute (coordinate data) and attribute data (criterion values) (Malczewski, 1999).
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Constraints are presented by points, lines, polygons and/or rasters characterized by certain attributes
and certain values of attributes. Next, as all the alternatives are not equally important, different weights
should be assigned to them, so the next process is called criterion weighting. At this stage, decision
maker’s preference is expressed by a higher weight for relative high importance and a lower weight for
relatively low importance. Later, all the alternatives should be combined together to get a final map.
The way to combine them is called decision rules. Furthermore, sensitivity analysis should be
performed to determine robustness. Finally recommendations are given for future actions.

Figure 2.4 Procedure for GIS-MCDA used in present study (modified after Rahmen, 2002)
Figure 2.4 shows the procedure that present study follows, method for each part will be discussed
separately.

2.3.1

Selecting Evaluation Criteria

For evaluation criteria, as discussed above, it contains the concept of both objective and attribute. The
way to select evaluation criteria is to specify the objectives and then achieve the objective by specific
attribute. There is no universal technique for selecting evaluation criteria; it is based on specific
problem. However a hierarchical structure of the objectives and associated attribute can help in
explicating the whole problem.

Figure 2.5 Hierarchical structure of the objectives and associated attributes (Modified after
Malczewski, 1999)
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A hierarchical structure for present study has been shown in Figure 2.5, for siting suitable area for
MAR implementation, several objectives are set: 1. Maximize water infiltration for rapid and massive
water infiltration. 2. After infiltration, enough place for water storage should be available, so water
storage in the aquifer should be maximize. 3. Minimize land use conflict, try to reduce the problems
between residential areas, agricultural area etc. 4. Maximize groundwater quality, trying to make the
stored groundwater be able for human consumption and other use after natural purification. Based on
these objects, several attributes are considered, such as geology and hydrogeology to identify the
possibility of recharging, slope, drainage density and lineament density to measure the speed of runoff,
soil texture to evaluate the speed of infiltration and so on. In Jaramillo 2005, 26 papers about MAR site
selection were revised and attributes that are commonly used for selecting MAR sites are listed, the
top often ones are slope, geology, land cover, soil texture and drainage density. For the available
resources, several authoritative maps were found: DEM map, geology map, aquifer type map,
groundwater salinity map, natural reserve zone map, geomorphology map, land use map, soil texture
map and soil type map. All of them are considered first and some of them are selected as criteria.
Table 2.1 Map layers and its information
Information

Source

Type

Resolution

Derived Map

Resolution

DEM

RESDC

Grid file

1km × 1km

Slope

1km × 1km

Sand Percentage

RESDC

Grid file

1:1,000,000

Silt Percentage

RESDC

Grid file

1:1,000,000

Soil Texture

1km × 1km

Clay Percentage

RESDC

Grid file

1:1,000,000

Aquifer Type

CAGS

Shape file

Aquifer type

1km × 1km

National Reserve

RESDC

Shape file

Reserve Zone

1km × 1km

Land Use

RESDC

Grid file

Land Use

1km × 1km

Groundwater

CAGS

Shape file

Zone

Salinity

1:100,000

Groundwater
Salinity

1km × 1km

Slope map and drainage density map can be generated from DEM map, slope is an important factor
that influences runoff speed, so slope is considered as a criteria. For drainage density, though it
influences the infiltration and runoff, however after doing criterion weighing, it contributes very little to
the final map, also due to the resolution problem with both slope and drainage density which will be
discussed later in slope section, one out of two is chosen as a criteria, slope is chosen and drainage
density is discard. Another three maps are considered together: geology map, aquifer type map and
geomorphology map. For geology map, after rearrange the catalogs, it contains the same information
with aquifer type, the rock types of the sites. However aquifer type is more precise as it directly
determines the rock type and fracture of the aquifer, so aquifer type is chosen as a criterion. For
geomorphology map, the legend of geomorphology is too broad and its information can be cover by
slope map, so it is discarded too. Combining with the objectives, also due to the available access for
the resources, six maps are found in good resolution and able to process for this study case, they are
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soil texture, slope, aquifer type, national reserve zones, land use and groundwater salinity. Table 2.6
shows the detail information about the map layers that are used in present study.

2.3.2

Decision Constraints and Alternatives

Constraints are the criteria that limited by nature or by human where certain actions are not permitted
to be taken (Keeney, 1980). The setting of constraints is mainly based on available resources or
regulations set by human with certain consideration such as soil water conservation. Constraints
stipulate the limitation, so it should be the first one to determine.
Based on available resources and regulations, among six chosen criteria: soil texture, slope, aquifer
type, national reserve zones, land use and groundwater salinity, four are chosen as constraints. They
are national reserve zones, aquifer type, land use and slope.
Alternatives are used for suitability mapping, they are the heart of decision making because
alternatives are the aspects that decision maker needs to consider for the final goal. In GIS,
alternatives can be shown in raster files. For current study, five out of six criteria is chosen for
suitability mapping, they are slope, soil texture, aquifer type, land use and groundwater salinity.
2.3.2.1

National Reserve Zones

Figure 2.6 National key ecological function areas (RESDC, 2014)
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For national reserve zones, it refers to National Key Ecological Function Areas. It means the areas
that are in charge of water conservation, soil and water conservation, windbreak and sand fixation,
flood water storage, marine ecological protection and biodiversity maintenance. They are set after
“National Key Ecological Function Area Planning Outline” (MEP, 2007). These areas are restricted
development zones. Mainly they are ecologically vulnerable or have a large ecological importance.
Due to this fact, these areas should be excluded from the whole map as they are restricted for
developing activities. Therefore national reserve zone was set as one of the constraints. The map
used in current study was provided by Data center for resources and environmental sciences
(RESDC), Chinese Academy of Sciences (http://www.resdc.cn).
2.3.2.2

Slope

Figure 2.7 Slope map of China
Slope is one of the important criteria for MAR site selection, as slope influences water infiltration. A
higher slope will lead to rapid water flow, less time for water infiltration, less amount for water
infiltration. On the contrary, gentler slope will lead to higher water infiltration. Also, higher slope with
the rapid water flow may cause soil erosion. According to this, slope was chosen as both constraint
and alternative. As stated in “Technical Specification for Investigation of Land Use Status” (NARC,
1984), slope grade for cultivated land is divided into five grades, they are based on the influence for
soil water conservation: ≤ 2°, normally no water and soil loss would happen; 2° to 6°, mild soil erosion
12

would happen, attention should be paid to soil and water conservation; 6° to 15°, moderate soil
erosion would happen, building terraces, contour planting and other measures should be considered
before using, soil and water conservation should be strengthen; 15° to 25°, severe soil erosion would
happen, engineering, biological and other comprehensive measures must be taken to prevent soil
erosion; > 25° is set as land reclamation limit slope in “Soil and Water Conservation Law” (P.R.C,
2010), as it is not allowed to reclamation for arable land.
The slope map (Figure 2.7) was generated from the Digital Elevation Model (DEM) map which was
acquired from RESDC. With DEM map, by using “Slope” tool in ArcGIS, Slope map was created.
Currently, there are two main ways to represent slope, one by degree and one by percentage. It is
simple to transfer them by equation:

Percentage = 100% × tan(degree)

(2.1)

In China, slope is mainly shown in degree; however internationally, slope is mostly shown in
percentage. Consequently, current study transferred degree into percentage for a better
understanding.
In current study, the division of slope gradient is based on the state before, the constraint for slope is
25° which is 46.6%, as an alternative, slope is divided into 4 grades: ≤ 2°, 2° to 6°, 6° to 15°, 15° to 25°
which is ≤ 3.5%, 3.5% to 10.5%, 10.5% to 26.8%, 26.8% to 46.6%.
2.3.2.3

Soil Texture

(a)
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(b)

(c)

Figure 2.8 Percentage of sand (a), silt (b) and clay (c) of soil texture in China (RESDC, 2014)
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Soil is the upper layer of earth where plants grow. Soil texture refers to the weight proportion of the
diameter of the separates for particles less than 2mm (USDA, 2017). The sizes separate for fine-earth
fraction can be defined into three major groups: the smallest particles are clay particles which having
diameters of less than 0.002mm, second smallest particles are silt which have diameters between
0.002mm to 0.05mm, the third are the largest particles which are sand having the diameters between
0.05mm to 2mm (USDA, 2017). Soil texture is the part of soil that mostly influences water infiltration. If
the soil is more clayey, it means that soil particle sizes are smaller, water infiltrates slower. On the
contrary, if the soil is sandier, the soil particle sizes are larger, water infiltrates faster.
In present study, soil texture data was got from RESDC, and the data is presented in percentage of
sand, silt and clay. It is assumed that the definition of the particle size for sand, silt and clay consists
the same with the data used in soil texture map and USDA.
Saturated hydraulic conductivity (Ksat) is a measure for the ability of a saturated soil to transfer water
referring to a specific hydraulic gradient (Malczewski, 1999). It can be understood as the difficulty that
water moves through the pores of a saturated soil. As for spreading method MAR sites, soils are
mainly saturated. The way to express easiness of water infiltration can be described as saturated
hydraulic conductivity. Malcewski (1999) provided a method for estimating Ksat class based on soil
texture and bulk density. Approximate Ksat were shown in three soil texture triangle based on three
bulk density in Soil Survey Manual (Soil, 1993). However in current study, there was no information
about bulk density for soils, a medium bulk density was considered for all soils. The estimation of Ksat
for medium bulk density is shown in Figure 2.9:

Figure 2.9 Saturated hydraulic conductivity classes based on soil texture relationship
(Malczewski, 1999)
Saturated hydraulic conductivity is divided into four groups: The first group which contains mostly sand
has a high Ksat between 10 to 100 µm/s; the second group which contains mainly loam, silt and silty
loam has a moderate high Ksat between 1 to 10 µm/s; the third group mainly covers clayey loam and
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silty clay loam with a moderate low Ksat between 0.1 to 1 µm/s and the last group which is mainly clay
or silty clay with a low Ksat between 0.01 to 0.1 µm/s.
Soil texture was used as an alternative in current study as water can infiltrate through all kinds of soil
texture, the only matter is speed. Therefore this problem belongs to suitability not constraint, so it is
set as an alternative.
While inputting soil texture data into ArcGIS, the grouping or reclassify of soil texture needed to be
done with a clear expression. A graph as Figure 2.9 is not clear for ArcGIS to operate; therefore
estimation of Ksat has been done as follows:
Table 2.2 Classes of saturated hydraulic conductivity and its estimated equations
Class

Ksat (µm/s)

Estimated Equations

High

10 to < 100

Moderately high

1 to < 10

silt + 1.33 × clay ≤ 40

Moderately low

Low

0.1 to < 1

0.01 to <0.1

silt + 1.33 × clay > 40 and
sand + 0.61 × silt ≥ 55

sand + 0.61 × silt < 55 and
sand + 0.75 × silt ≥ 45
sand + 0.75 × silt < 45

Three equations are estimated to express better: while the percentage of silt plus 1.33 times the
percentage of clay is no more than 40, Ksat is estimated to be between 10 to 100 µm/s; while the
percentage of silt plus 1.33 times the percentage of clay is more than 40 and the percentage of sand
plus 0.61 times the percentage of silt is no less than 55, Ksat is estimated to be between 1 to 10 µm/s;
while the percentage of sand plus 0.61 times the percentage of silt is less than 55 and the percentage
of sand plus 0.75 times silt is less no than 45, Ksat is estimated to be between 0.1 to 1 µm/s; while the
percentage of sand plus 0.75 times silt is less than 45, Ksat is estimated to be between 1 to 10 µm/s.

Figure 2.10 An estimation of Ksat based on soil texture (modified after Malczewski, 1999)
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2.3.2.4

Aquifer Type

Aquifer type as part of hydrogeology profile is also an important aspect that influences groundwater
recharge. Current Aquifer type map (Figure 2.11) was gained through the website of data integration
and services in the groundwater resources, Institute of Hydrogeology and Environmental Geology
(IHEG), Chinese Academy of Geological Sciences (CAGS). In the map legend, mainly two types of
information are shown: aquifer materials and groundwater types. For aquifer material, it is described
as the type of water-bearing permeable rock, rock fractures or unconsolidated materials (gravel, sand
or silt). For groundwater types, it is described as confined or unconfined.

Figure 2.11 Aquifer type of China (CAGS, 2011)
Aquifer type data was used both as constraint and alternatives. For constraint, aquifers that are not
able to recharge, such as aquifers containing permafrost layer were set as constraints. This is
because water cannot transfer through frozen layers. For alternatives, hydraulic conductivity was used
for grading. Hydraulic conductivity, also called permeability, is the ability of the aquifer to transmit
water. As it is discussed previously, for top soil, saturated hydraulic conductivity was considered
important as it influences water infiltration; for aquifer, hydraulic conductivity of aquifer materials is
also considered significant as it influences water transmission through the aquifer. Hydraulic
conductivity of the aquifer is partly controlled by the nature of fracturing and also partly controlled by
intergranular porosity.
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Freeze and Cherry (1979) showed a range of values for hydraulic conductivity for different geological
materials and it is presented in Figure 2.12.
As there is no more detailed information about fracture, a lowest value for all rocks and
unconsolidated deposits are considered. Based on Figure 2.12, alternatives are graded into six
catalogs by the scale of hydraulic conductivity: 1.Confined and unconfined sand-gravel aquifer with the
highest hydraulic conductivity; 2. Confined and unconfined sedimentary aquifer/ Unconfined karst
aquifer/ Confined and unconfined basalt fissure aquifer; 3. Unconfined sandy aquifer/ Confined and
unconfined sandy aquifer; 4. Unconfined metamorphic fissure aquifer/ Unconfined igneous fissure
aquifer; 5. Unconfined silty aquifer. 6. Confined sandy aquifer/ Confined sand-gravel aquifer.

Figure 2.12 Range of values for hydraulic conductivity and permeability (Freeze and Cherry,
1979)
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2.3.2.5

Land Use

Hydrologic condition is affected by land use and it represents the surface conditions in relation to
infiltration and runoff (Prasad et al., 2006). In present study, land use data was gained through
RESDC. Land use data was considered both as constraint and alternative. For constraint, industrial
area such as oil field, salt field, mining area; all water bodies; gobi; saline and alkaline land; wet land;
exposed rock land and ocean were excluded as these areas are not suitable for water infiltration due
to human activity and nature condition. The rest were generalized into five groups: pasture land,
cultivated land, forest, unused land and residential area. Results are shown in Figure 2.13.

Figure 2.13 Land use map of China (RESDC, 2005)
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2.3.2.6

Groundwater Salinity

Figure 2.14 Groundwater salinity map of China (CAGS, 2011)
Groundwater salinity was set as one of the criteria, and used as an alternative (Figure 2.14). Since
artificial recharge can happen in all groundwater salinity level, it doesn’t influence artificial recharge
speed or amount, the only matter is the water quality and further use of the water, so it was set as an
alternative. The groundwater salinity map was gained though CAGS, and data was originally
generated into three catalogs: saline water, brackish water and fresh water.

2.3.3

Constraint Mapping

Constraint, as discussed before, sets the limitation for all decision alternatives (Malczewski, 1999).
Constraint mapping is the procedure that set the feasible areas for further suitability mapping. To be
specific, constraint mapping is the procedure that use Boolean logic to modify each criteria map,
assigning value 1 for the areas that are satisfied with its constraint conditions and assigning value 0
for the areas that are unfeasible. As several constraint conditions are set, using AND logic to overlay
all the single constraint maps together. After gaining the constraint map, areas that are finally
assigned 1 are the feasible areas for further suitability mapping.
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2.3.4

Standardizing Criterion Maps

As all the criteria for the alternative are described in its own way and in a linguistic way, they are not
able to compare with each other. For ArcGIS, it is not possible to do overlay on different raster layers
without values. Therefore, standardizing the alternatives and assign values for each catalog are
needed for further steps. Step-wise and linear functions are the two standardization methods (Bonilla,
2016). In current study, step-wise function was used for standardization. In each criterion, the most
satisfied alternative catalog is assigned 1, and the rest catalogs are assigned between 0 and 1
according to their satisfactory level. So far, the criteria map is transferred into a digital map that
ArcGIS can do further operation.

2.3.5

Criterion Weighing

As different criterion has different importance to the final objective, relative importance of the criteria is
required. The procedure of distributing relative importance to different criteria is called criterion
weighing. It can be achieve by assigning a value, a weight, to a criterion, indicating its importance
comparing to other criteria (Malczewski, 1999). The larger the weight, the more important the criterion
is. However, this step also depends and varies according to different decision makers.
There are several methods to do criterion weighing. In Malczewski (1999), four methods are
introduced: ranking methods, rating methods, pairwise comparison method and trade-off analysis
method. Later on four methods are discussed and compared. Finally pairwise comparison method was
chosen for current study, as it is hierarchical, easy to use, high trustworthiness and quite precise.
Pairwise comparison method was developed by Saaty (1980). This method involves pairwise
comparisons by creating a ratio matrix. It takes the ratio matrix as input and the relative weights as
output (Malczewski, 1999).
The procedures for pairwise comparison are: 1. Develop pairwise comparison matrix. 2. Compute
criterion weights. 3. Estimate consistency ratio.
As the procedure is better to be explained in an example, the whole procedure will be discussed in
result part.

2.3.6

Decision Rules

The aim of multicriteria analysis is to get the most preferred alternative, to rank the alternatives from
best to worse. There are many decision rules that can be used to solve multiattribute decision making
(MADM) problems. The aim for decision rules is to find a procedure to overlay all the alternative maps
together considering their relative importance. In Malczewski (1999), several methods are explained:
the simple additive weighting method, value/utility function approaches, the analytic hierarchy process,
ideal point methods and concordance methods. Also the comparison between them is shown. Simple
additive weighting (SAW) also called as weighted linear combination (WLC) or scoring method is the
most commonly used method. It is simple to understand and operate. Based on this fact, current study
considered weighted linear combination method for decision rules.
WLC is based on the concept of a weighted average (Malczewski, 1999). In criterion weighing, the
weight of relative importance of each criterion has assigned, multiplying the value of the standardized
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criterion map, added all the criteria together, a total score is obtained. The higher the total score, the
more preferred the alternative is.
The WLC can be simply described by formula:

𝐴𝐴𝑖𝑖 = ∑𝑗𝑗 𝑤𝑤𝑗𝑗 𝑥𝑥𝑖𝑖𝑖𝑖

(2.2)

where xij is the weighing value of the ith alternative regarding the jth attribute, wj is the standardized
weight (Malczewski, 1999). The most preferred alternative is identified by the maximum value of Ai (i =
1,2,…,m).
The GIS based WLC method can be achieved by the following steps: define the evaluation criteria
(map layers) and feasible alternatives; standardize each criterion map; define criterion weights; create
weighted standardized criterion maps by multiplying standardized criterion map by its corresponding
weights; compute overall score of each alternative by adding (overlay) all the weighted standardized
criterion maps; finally rank all the alternatives according to the overall score, the alternative with the
highest overall score is the best.
Figure 2.15 shows the whole procedure of WLC, it is explained in the way of an example which is
easier to understand.

Figure 2.15 Weighted linear combination (WLC) method (Malczwski, 1999)
In current study, all these steps were achieved by ArcGIS tool “raster calculator”, the standardized
criteria map and the weights of the criteria was the input, and the equation (2.2) was input through
“raster calculator”, the output file of “raster calculator” was the overall score for all the alternatives.

2.3.7

Sensitivity Analysis

Many applications of multicriteria decision analysis method neglect the errors of the input data.
However it can be argued that errors may significantly influence the values of the alternatives
(Eastman et al., 1993). The aim for multicriteria spatial sensitivity analysis is to measure the influence
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of the errors caused by input criterion maps and the decision maker’s preferences on the decision
outcomes (Malczewki, 1999).
For present study, sensitivity analysis was done by ignoring one of the criteria, as some of the criteria
are with unsatisfied result or less importance. The procedures for this step are, firstly abandon one of
the criteria, recalculate the pairwise comparison matrix of the rest to reallocate criteria weights, use
WLC to get new overall values for all alternatives. Comparing the new values with the old values,
estimate the percentage of the alternatives that has changes and its changing range, finally do
analysis with the results.

2.4

Comparison with Existing MAR Sites

As there are already existing MAR sites in China, based on literature review, several spreading MAR
sites are pointed out on the map, comparing the site of existing MAR with the suitability map, analyze
the adaptation of the suitability map.
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3

Results and Discussions

3.1

Constraint Map

The constraint map contains four constraint criteria: slope, land use, natural reserve zone and aquifer
type. Constraint mapping was achieved by ArcGIS. Generate four raster layers, assigning value 0 for
constraint areas and value 1 for other areas, then added four layers together using “raster calculator”
tool. The final constraint map was conducted by giving 0 for constraint areas and 1 for feasible
alternatives.

3.1.1

Slope

Figure 3.1 Slope map modified for constraint mapping
Slope is set as one of the constraint since as higher slope will cause more runoff, less infiltration and
more soil erosion. The constraint of slope was set by “Technical Specification for Investigation of Land
Use Status” (NARC, 1984). It stated that higher than 25° is the limit slope for land reclamation. When
slope is higher than 25°, severe water soil erosion will happen with water flushing the area. So 25°
was also chosen as the constraint for MAR site selection. After transform degree to percentage, 25°
equals to 46.63%, the constraint was done by “reclassify” tool in ArcGIS. Areas with slope higher than
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46.63%, a value of 0 is assigned On the contrary, area of slope lower than 46.63%, value 1 is
assigned. The final slope constraint map is shown in Figure 3.1.
The figure shows that only 0.78% of the total area has a slope higher than 46.63% and the maximum
slope is 109.93% (47.7°). This cannot reflect the fact as the highest slope and the percentage of high
slope are all being gentled. The problem is mainly caused by the large scale of resolution. Following
an example is shown to explain this problem. Google Earth is use as a tool for help.
A valley area in Shalihe, Xichuanxiang, Lijiang City, Yunnan Province is chosen for example. The
location of the valley is shown in Figure 3.2. A path from 27°05’56.71’’N, 100°39’26.06’’E to
27°05’59.24’’, 100°40’02.43’’ is sketch in Google Earth, using the elevation profile tool in Google Earth,
the elevation profile along the path is shown in Figure 3.3. The whole path is 1km.

Figure 3.2 Location of the example valley
The example is used to calculate the slope difference between different resolutions. The slope shown
by Google Earth along the whole path varies from 0.2% to 44.1% within 1km; this can already explain:
within 1km resolution, slope can varies a lot. However as there is no explanation about the resolution
that Google Earth use, a manual calculation is done as follows.
First calculate the slope with resolution of 1km. The percentage of slope can be calculated by vertical
change divided by horizontal change. The beginning elevation of the path is 2500m and the ending
elevation of the path is 2663m, slope can be calculated as:
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Slope =

2663 − 2500
× 100 = 16.3%
1000

This result calculated by ArcGIS in Figure 3.2 should be the same.
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Figure 3.3 Elevation profile of the path
Next, calculate slope with resolution of 250m. The path is divided into four 250m profiles. Four
different slopes are calculated:

2530 − 2500
× 100 = 12%
250
2530 − 2522
𝑖𝑖2 =
× 100 = 3.2%
250
2591 − 2522
𝑖𝑖3 =
× 100 = 27.6%
250
2663 − 2591
𝑖𝑖4 =
× 100 = 28.8%
250
𝑖𝑖1 =

The four slopes of 250m resolution are 3.2%, 12%, 27.6% and 28.8%. Slope can vary a lot within 1 km.
However, as a resolution of 1km, the slope is gentled as a medium value of 16.3%. This can cause the
inaccuracy of the percentage of steep slope. Numerous steep areas are neglected due to the
resolution of the slope. This cause the final result of slope higher than 46.63% only has 0.78%. The
actual amount should be more than 0.78%. Further research can be done with smaller scale with a
smaller resolution, a better result will get. In current study, constraint is set and used based on 1km
resolution.

3.1.2

Natural Reserve Zone

As discussed before, national reserve zones were fully set as constraint. All six types of reserve zones:
water conservation, soil and water conservation, windbreak and sand fixation, flood water storage,
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marine ecological protection and biodiversity maintenance are set as constraint since all of them are
ecological vulnerable or ecological important.
The original data form of natural reserve zone is shape file. As constraint layers needed to be raster
file, first a transform was done in ArcGIS through “Feature to Raster” tool, all the places that are
natural reserve zones were given values from 1 to 50 as there are 50 natural reserve zones. Create a
background map of China from DEM map by setting all the pixels that have values to 0. Next add the
two layers together using “raster calculator”. Then a map of China is created with natural reserve
zones having value while other places with 0. Use “Reclassify” tool to give all natural reserve zones a
value of 1. The distinction between natural reserve zones and other area has done. Finally converse 0
and 1 with “reclassify”, to give 0 to all the constraint area and 1 to all the alternatives.
National reserve zones locate across the whole country and stands 22.39% of the total area
(Figure3.4).

Figure 3.4 Natural reserve zones modified for constraint mapping

3.1.3

Land Use

Land use was also set as one of the constraints since some kinds of land are not suitable for artificial
recharge. These areas mainly include three major types: all water areas, some of construction areas
and some of unused land. Water surface areas contain river, lake, reservoir, ice and snow, shoaly
land and mudflat. These areas cannot be used for spreading method purposely. For construction
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areas, special construction lands are excluded. These contain mining area, dense industry area,
saltern, oil field, quarry and airport. In these areas, soil surfaces are mainly in use, otherwise water
infiltration will cause safety problems for the work underground. Therefore all of these areas were
excluded too. For unused land, gobi, wetland, saline and alkaline land, bare rock land, tundra and
alpine dessert were excepted since these areas are not suitable for infiltrating.
17.94% of the total areas are excluded by the constraint of land use. Areas are mostly located in west
part of China, mainly northwest part in Xinjiang Province, as they are mainly barren land. In east part,
the exclusions are mainly because of water surface.

Figure 3.5 Land use map modified for constraint mapping

3.1.4

Aquifer Type

Aquifer type was set as constraint as the aquifers are with frozen layers. All types that are with
permafrost layers were excluded as water cannot infiltrate while they are frozen.
Aquifer type is raster file, therefore constraint map can be generate directly using “reclassify” tool,
giving 0 to permafrost layers and 1 to all the others.
From the constraint map, it is clear to see that there are mainly two parts being constrained, one in the
southwest Tibetan Plateau, and another in northeast China. For southwest Tibetan Plateau,
permafrost layers are mainly caused by the high altitude. The higher the altitude, the colder the
temperature is. For areas with temperature below zero annually, permafrost layers exist all the time.
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For northeast China, permafrost layers are caused by the high latitude. In the area above 30°N, less
people inhabit in these area. Also these areas are mainly forest. Forests normally have lower
temperature than residential areas, these cause permafrost layer existing in these areas. The area
being constrained by aquifer type is 19.95%, the rest of the areas are all suitable as alternatives for
further steps. Results are shown in Figure 3.6.

Figure 3.6 Aquifer type modified for constraint mapping

3.1.5

Final Constraint Map

Final constraint map was conducted by overlaying four sub constraint maps together. It is shown in
Figure 3.7. 48.44% of the whole areas are constrained. Most of the constrained areas lie in the west
part and northeast part. In central part and southeast part, the constraint areas are mainly caused by
natural reserve zones. After making the constraint map, it was also converted to a mask, using “raster
calculator” tool to set null for all areas with 0 values, which are the constraint areas, and leave the
area with value 1 as mask. Next use “extract by mask” tool in spatial analysis, select the mask layer
created before, extract all the maps that are going to use in suitability mapping. Then all the maps are
well prepared for suitability mapping.
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Figure 3.7 Constraint map for MAR suitability mapping in China

3.2

Suitability Map

Suitability mapping, as discussed before, contains following steps: standardizing criterion maps,
weighing all the criteria, then set decision rule for overlaying the criterion maps. Use ArcGIS to
achieve all the procedures and create final suitability map.

3.2.1

Standardizing

Five criteria were chosen for suitability mapping, therefore five map layers need to be standardize.
They are aquifer type, soil texture, land use, slope and groundwater salinity.
3.2.1.1

Aquifer Type

In chapter 2.3.2.4, it is explained by detail the grouping of aquifer types, alternatives were graded into
six catalogs by the scale of hydraulic conductivity: 1.Confined and unconfined sand-gravel aquifer with
the highest hydraulic conductivity; 2. Confined and unconfined sedimentary aquifer/ Unconfined karst
aquifer/ Confined and unconfined basalt fissure aquifer; 3. Unconfined sandy aquifer/ Confined and
unconfined sandy aquifer; 4. Unconfined metamorphic fissure aquifer/ Unconfined igneous fissure
aquifer; 5. Unconfined silty aquifer; 6. Confined sandy aquifer/ Confined sand-gravel aquifer.
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Figure 3.8 Aquifer type modified for MAR suitability mapping
Scores from 10 to 0 was assigned to class 1 to 6. The class with the highest hydraulic conductivity —
Class 1, was assigned value 10. Conversely, the class with the lowest hydraulic conductivity was
assigned value 0. In between the classes were assigned based on the difference of their hydraulic
conductivity. The final standardized map is shown in Figure 3.8. From the map it is clear that highest
coverage is unconfined metamorphic or igneous fissure aquifers, they distribute all across China with
an assigned value of 8. Most areas are quite suitable for MAR implementation. Details about assigned
values and the coverage of different groups are shown in Table 3.1.
Table 3.1 Standardization and classification of aquifer type for MAR suitability mapping

Groups

Values

Coverage

Confined and unconfined sand-gravel aquifer

10

6%

Confined and unconfined sedimentary aquifer/ Unconfined karst aquifer/

8

46%

Unconfined sandy aquifer/ Confined and unconfined sandy aquifer

7

11%

Unconfined metamorphic fissure aquifer/ Unconfined igneous fissure aquifer

5

22%

Unconfined silty aquifer

4

1%

Confined sandy aquifer/ Confined sand-gravel aquifer

0

13%

Confined and unconfined basalt fissure aquifer
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3.2.1.2

Soil Texture

Figure 3.9 Soil texture modified for MAR suitability mapping
The method for grading soil texture has already been explained in chapter 2.3.2.3. It was graded into 4
classes by saturated hydraulic conductivity. The class with the highest saturated hydraulic conductivity
which is between 10 – 100 µm/s, was assigned value 10. The class with the lowest saturated hydraulic
conductivity which is between 0.01 - 0.1µm/s, was assigned value 1. The other two classes are evenly
distributed between 1 and 10. Value 4 and 7 is given. The results are shown in Figure 3.9 and Table
3.2.
The result map shows that most of the land drops into the group of Ksat between 1 to 10µm/s, which
means China mostly contains the soil texture of silt, loam, silty loam, sandy loam. Value 7 shows a
fairy good condition for MAR application. The best soil texture for MAR lies in the north, mainly
northwest part of China, as the soil contains more sand. In northwest China, especially Xinjiang
Province covers three largest deserts of China. The worse soil texture locates mainly in south part of
China. It may because of the natural condition, the hilly region with heavy precipitation cause soil
erosion, also related with massive cultivation, century by century, soil texture becomes finer.
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Table 3.2 Standardization and classification of soil texture for MAR suitability mapping
Groups

3.2.1.3

Values

Coverage

Ksat between 10 – 100 µm/s

10

17%

Ksat between 1 – 10 µm/s

7

65%

Ksat between 0.1 – 1 µm/s

4

18%

Ksat between 0.01 – 0.1 µm/s

1

0%

Land Use

The original land use map was divided into 7 groups: cultivated land, pasture land, forest, urban rural
industrial and mining area, unused land, water area and ocean. All the water area and ocean have
already been discarded by constraint and partly urban rural industrial and mining area, unused land
were excluded by constraint too. The rest are 5 groups: cultivated land, pasture land, forest, urban
rural industrial and mining area and unused land. Standardize was done based on the 5 groups.
Pasture land is considered to be the best alternative for MAR implementation as it normally has good
infiltration rate and there is less economy loss to occupy pasture land. The second best alternative is
considered to be cultivated land since they are mainly in good condition such as good access to water
and good soil condition for plants to grow which includes good infiltration rate. However removing
cultivated land may cause economic loss, therefore it is set as the second best. Next, forest is
considered. There would be less groundwater problems due to the fact that forest is mainly away from
human activities and it would be hard to deal with macrophyte. However forest always have good
infiltration and access to water. Following, unused land is taken into account. After partly removed by
constraint, the rest of unused lands are sand land including deserts and bare land. Though these
areas are mainly free using, the soil condition is fairly bad; they are less suitable for water infiltrating.
The last group to be considered is urban rural industrial and mining area. After removal by constraint,
the rest of this group only contains urban and rural residential areas. Due to the high population in
China, there is less possibility to find large access to the land in residential areas. Also in residential
areas, lands are mainly constructed, and water infiltrates less in these areas. The five groups are
ranked as described above.
As shown in Figure 3.10, pasture lands mainly locates in middle to northwest part of China, less
people live in these area comparing to southeast part. It is suitable for grazing. East part of China
mainly contains cultivated land and forest. Forest lies in middle to south part and cultivated land lies in
middle to north. In north China and northeast part of China, there are mainly plain regions which are
more easy and suitable for cultivation. South parts are mainly hilly and basin region which are harder
for cultivate. Most of the unused land is in northwest part of China. As unused land contains sand land,
desert and bare land, most of the desert lies in northwest part of China. There is only 3% of residential
area distributed across whole China.
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Figure 3.10 Land use modified for MAR suitability mapping
Table 3.3 Standardization and classification of land use for MAR suitability mapping
Groups

3.2.1.4

Values

Coverage

Pasture land

10

28%

Cultivated land

8

29%

Forest

6

29%

Unused land

3

11%

Residential area

2

3%

Slope

The way of grading slope is explained in 2.3.2.2. It is graded into four groups by its influence to soil
erosion. The less influence the better. Results for standardizing slope are shown in Figure 3.11 and
Table 3.4.
57% of China has a slope lower than 3.5% which is the best for MAR sites. They are mainly located in
northeast, northwest and southeast part of China. In north China and northeast part of China, the
geomorphology is mainly plain. The areas with higher slope distribute in southwest part. This follows
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the terrain of China where southwest has the highest elevation. There are also some hilly regions in
southeast part as it is shown in the map with higher slope. These are less suitable for MAR sites.

Figure 3.11 Slope modified for MAR suitability mapping
Table 3.4 Standardization and classification of slope for MAR suitability mapping

3.2.1.5

Groups

Values

Coverage

≤ 3.5%

10

57%

3.5% to 10.5%

7

25%

10.5% to 26.8%

4

16%

26.8% to 46.6%

1

2%

Groundwater Salinity

Groundwater salinity map is used as origin (Figure 3.12). Three groups are fresh water, brackish water
and saline water. As all groundwater salinity can implement MAR, a lower range is given for the values.
Table 3.5 Standardization and classification of groundwater salinity for MAR sites
Groups

Values

Coverage

Fresh water

10

89.8%

Brackish water

7

2.7%

Saline water

4

7.5%
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90% of groundwater in China is fresh water. Some areas with brackish water are located in the coastal
region, especially near Beijing and Shanghai. They are caused by over exploitation of groundwater
while sea water intrusion happened. The area in inner land may be natural brackish water. Areas with
saline groundwater are deserts. In these desert areas, evaporation is extreme high but almost no
precipitation. Also the natural recharge of groundwater is very low in the northwest part. These cause
the groundwater to be saline water in this area.

Figure 3.12 Groundwater salinity modified for MAR suitability mapping
Until now, all the criterion maps are done with standardizing and can be generated for final suitability
map.

3.2.2

Criterion Weighing

As discussed before, pairwise comparison method was chosen and the results are as follows:
1. Develop pairwise comparison matrix.
First, each two criteria is compare with each other, and a relative important weight, a value from 1
to 9, is assigned for it. The meaning for each value is explained in Table 3.6.
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Table 3.6 Scale for pairwise comparison (Malczewski, 1999)
Intensity of Importance

Definition

1

Equal importance

2

Equal to moderate importance

3

Moderate importance

4

Moderate to strong importance

5

Strong importance

6

Strong to very strong importance

7

Very strong importance

8

Very to extremely strong importance

9

Extreme importance

The final filled in matrix is set as follows:
Table 3.7 Pairwise comparison matrix of the evaluation criteria
Aquifer

Soil

Land

Type

Texture

use

Aquifer Type (AT)

1

1

2

4

5

2

Soil Texture (ST)

1

1

2

3

4

3

Land use (LU)

1/2

1/2

1

2

3

4

Slope (SL)

1/4

1/3

1/2

1

2

5

GW Salinity (GS)

1/5

1/4

1/3

1/2

1

Rank

Criterion

1

Slope

GW
Salinity

The matrix is filled in from upper left corner to the lower right corner above value 1 cells. The
upper right part is filled in based on decision maker’s idea. For instance, aquifer type is considered
equal important to soil texture, as both of them controls saturated hydraulic conductivity but in
different layers, so a 1 value is assigned. Aquifer type is considered equal to moderate importance
to land use, so a score of 2 is assigned. Comparing aquifer type with slope, normally slope should
be in a relevant equal position than land use. However due to the resolution explained before,
slope raster is not in good position. Therefore slope has assigned a lower value for it. A score of 4,
meaning aquifer type is moderate strong important to slope. For groundwater salinity, as it is not
directly influencing the procedure of MAR, so it considered the lowest value. Aquifer type is
considered strong important to groundwater salinity, a score of 5. The remaining upper right cells
are determined like this. Next, it is assumed that the comparison matrix is reciprocal. That is, if
criterion A is twice preferred than criterion B, then criterion B is half preferred than criterion A. To
be more specific, if criterion A has a score of 2 comparing to criterion B, criterion B has a score of
1/2 compared to criterion A. Use this logic, the lower left of the matrix is filled in. Until now, the
whole matrix is complete.
2. Compute criterion weights.
This step involves three operations: (1) sum the value of each column; (2) divide each cell of the
matrix by its column total got in step (1); (3) compute the average value of each row. All the results
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of the operations are shown in Table 3.9. Until now, the weights of the criteria are assigned and it
is clear to see the importance of each criteria. The criteria weights are 0.344, 0.312, 0.179, 0.101
and 0.064 for aquifer type, soil texture, land use, slope and groundwater salinity. This means that
aquifer type and soil texture are the most important criterion, followed by land use slope and
groundwater salinity.
3. Estimate consistency ratio.
This step is to verify if the comparison results are consistent. It involves the following steps: (1)
multiplying the weight for the first criterion (AT weight in Table 3.3 Step 3) times the first column of
the original pairwise comparison matrix (Table 3.2 column 3), then multiply the weight for the
second criterion ST times the second column of the original pairwise comparison matrix. Do the
same for the five and then sum the five values over the row. Next, divide the value by the criterion
weights determined in Table 3.3 Step 3. The result is called consistency vector. The steps and
results of above are shown in Table 3.8.
Table 3.8 Determination of consistency vector
Step 1

Step 2

AT

0.344 × 1 + 0.312 × 1 + 0.179 × 2 + 0.101 × 4 + 0.064 × 5 = 1.739

1.739/0.344 = 5.055

ST

0.344 × 1 + 0.312 × 1 + 0.179 × 2 + 0.101 × 3 + 0.064 × 4 = 1.574

1.574/0.312 = 5.049

LU

0.344 × 1/2 + 0.312 × 1/2 + 0.179 × 1 + 0.101 × 2 + 0.064 × 3 = 0.902

0.902/0.179 = 5.045

SL

0.344 × 1/4 + 0.312 × 1/3 + 0.179 × 1/2 + 0.101 × 1 + 0.064 × 2 = 0.509

0.509/0.101 = 5.017

GS

0.344 × 1/5 + 0.312 × 1/4 + 0.179 × 1/3 + 0.101 × 1/2 + 0.064 × 1 = 0.321

0.321/0.064 = 5.012

Criterion

After getting consistency vector, lambda (λ) and consistency index (CI) and consistency ratio (CR)
are the three more terms that needed to be calculated.
Lambda is the average value of the consistency vector:

λ =

0.344 + 0.312 + 0.179 + 0.101 + 0.064
= 5.036
5

The calculation of CI is based on λ and n, n is the number of the considered criteria:

CI =

λ − 𝑛𝑛
5.036 − 5
=
= 0.009
𝑛𝑛 − 1
5−1

After getting CI, CR can be calculated based on CI. CR can be simply calculated by:

CR =

𝐶𝐶𝐶𝐶
0.009
=
= 0.008
𝑅𝑅𝑅𝑅
1.12

where RI is called random inconsistency indices, the random index, it is related with the number of
elements that being compared. The value of RI is given in Table 3.10.
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Table 3.9 Computation of criterion weights
Step 1

Step 3

Step 2

Weight

Criterion

AT

ST

LU

SL

GW

AT

ST

LU

SL

GW

Aquifer Type (AT)

1

1

2

4

5

0.339

0.324

0.343

0.381

0.333

(0.339 + 0.324 + 0.343 + 0.381 + 0.333)/5 =

0.344

Soil Texture (ST)

1

1

2

3

4

0.339

0.324

0.343

0.286

0.267

(0.339 + 0.324 + 0.343 + 0.286 + 0.267)/5 =

0.312

Land use (LU)

1/2

1/2

1

2

3

0.169

0.162

0.171

0.190

0.200

(0.169 + 0.162 + 0.171 + 0.190 + 0.200)/5 =

0.179

Slope (SL)

1/4

1/3

1/2

1

2

0.085

0.108

0.086

0.095

0.133

(0.085 + 0.108 + 0.086 + 0.095 + 0.133)/5 =

0.101

GW Salinity (GW)

1/5

1/4

1/3

1/2

1

0.068

0.081

0.057

0.048

0.067

(0.068 + 0.081 + 0.057 + 0.048 + 0.067)/5 =

0.064

∑

2.95

3.083

5.833

10.5

15

1.000

1.000

1.000

1.000

1.000

1.000
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Table 3.10 Random inconsistency Indices (RI) for n = 1, 2, . . . , 15 (Saaty, 1980)
n

RI

n

RI

n

RI

1

0.00

6

1.24

11

1.51

2

0.00

7

1.32

12

1.48

3

0.58

8

1.41

13

1.56

4

0.90

9

1.45

14

1.57

5

1.12

10

1.49

15

1.59

The value of CR can be explained as: if CR < 0.10, the result shows a reasonable level of
consistency in the pairwise comparisons. On the contrary, if CR ≥ 0.10, the values are inconsistent
and the values of the original pairwise comparison matrix should be reconsidered and revise from
the beginning. In present case, a consistency ratio of 0.008 is much smaller than 0.10,
consequently the ratio indicate a reasonable level of consistency in the pairwise comparison.

3.2.3

Decision Rules

As discussed in 2.3.6, weighted linear combination (WLC) was chosen as decision rule, with map
layers, it is clearer explained by Figure 2.15. In ArcGIS, WLC can be simply achieve by “raster
calculator”, using standardized map layer multiply its weight, then simply added all layers together,
final map is gained after this.

3.2.4

Final Suitability Map

After all the procedure above, final suitability map was created with value ranging from 2.13 to
10.0. The higher score the alternative gains, the better it suits for MAR site. All the alternatives
were then divided into four groups based on the final value: 2.13 – 4 is very low suitable, 4 - 6 is
low suitable, 6 - 8 is moderate suitable and 8 – 10 is high suitable.
Table 3.11 Distribution of the classes for final MAR suitability map
Groups

Values

Coverage

High

8 - 10

25.0%

Moderate

6-8

56.8%

Low

4-6

17.5%

2.13 - 4

0.7%

Very Low

Table 3.11 shows that about one fourth of the total area is highly suitable for MAR implementation,
most of the area drops into the class of moderate suitable area. Almost no area is very low
suitability for MAR sites.
From Figure 3.13, it is clear to see that areas with high suitability locate in northwest part of China.
Areas with moderate suitability locate in middle part of China and area with low suitability locates
in the east part of China.
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Figure 3.13 MAR suitability map of China
Comparing with the single criteria maps, some results can get. In northwest part of China, the
highest value is gained through highly sandy soil texture, sandy aquifer, pasture land lower slope
and fresh groundwater. In most of the area in China, MAR is moderate suitable which means MAR
can be investigate to implement in most of the areas. The most obvious low suitability areas locate
in the middle east part of China and part of northeast China. The criteria that leads to low value is
aquifer type, areas with only confined aquifer lead to a value of 0 for aquifer type layer. This make
these areas directly drop into low suitability class. In south part of China, there are also areas with
low suitability. These areas are caused by clayey soil texture forestry land use and higher slope.

3.3

Comparing with Existing MAR Sites

Based on literature review, 25 locations are found with existing MAR sites (Figure 3.15). Most of them
are experimental sites, to study the influence of spreading MAR method, and see the respond of the
aquifer, mainly as a measure to solve groundwater depletion problems.
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Table 3.12 Locations of the existing MAR sites
Number

longitude (°E)

latitude (°N)

1

Location
Qingyang, Gansu

Class
No

107.5887

36.6096

2

116.9069

36.5235

Jinan, Shandong

1

3

113.7715

34.8326

Zhengzhou, Henan

1

4

114.4400

38.1000

Shijiazhuang, Hebei

1

5

115.3300

38.9300

Yimuquan, Baoding, Hebei

1

6

116.1030

38.9750

Xiongxian, Baoding, Hebei

3

7

116.5700

39.8330

Tongzhou Dist., Beijing

1

8

116.2090

39.9350

Xihuangcun, Beijing

2

9

116.2212

39.8369

Daning Reservoir, Beijing

2

10

116.1599

39.8950

Yongding River, Beijing

2

11

120.3680

36.7400

Laixi, Shandong

1

12

116.5352

39.8944

Gaobeidian, Beijing

1

13

116.7120

35.5750

Jining, Shandong

2

14

116.0774

39.0107

Xiongxian, Baoding, Hebei

3

15

118.3074

37.1228

Binzhou, Shandong

3

16

118.4687

37.0775

Yanxuxiang, Guangrao, Shandong

3

17

118.4796

37.0385

Dongzhuyingcun, Guangrao, Shandong

3

18

118.3648

37.1101

Dayaocun, Guangrao, Shandong

3

19

120.1167

36.4010

Jiaozhou, Shandong

1

20

120.6220

22.5195

Taiwan

2

21

data

Shenyang, Liaoning

No

123.4777

41.7898

data

22

101.5120

36.7120

Xinachuan, Qinghai

2

23

116.7193

40.3943

Chaobai River, Beijing

1

24

116.7083

40.3840

Chaobai River, Beijing

1

25

116.7078

40.3620

Chaobai River, Beijing

1

Table 3.13 Distribution of existing sites in suitability map
Grade

Number of sites

Percentage

High suitability

11

42.3%

Moderate suitability

6

24.0%

Low suitability

6

24.0%

Very low suitability

0

0%

No data

2

8.0%

Table 3.12 gives detailed information about 25 points, their coordinate is shown in decimal degrees.
Also the classes that these points belong to on the suitability map are shown in the last row. From
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Table 3.13 is clear to see that, 11 sites are located in high suitability areas, covering 42.3% of all the
sites; almost half of the areas are in the best range. 24% of the sites locate in moderate suitability
areas and 24% locate in low suitability area. No sites are in very low suitability area. There are two
sites that are not in suitability area.
Comparing the sites closely with the suitability map, the two sites that are not in suitability area, one is
in Shenyang, the other is in Qingyang, Gansu. The site in Tianjin is not an alternative because there is
no data of soil texture. From the literature and local map, the site is an experiment basin. As soil
texture was gained by investigation, it is possible to have no data about a long term experimental
basin. For the site in Qingyang, it is constraint by natural reserve zone. It locates in soil and water
conservation zone, however the literature is about consider transforming existing ditch into artificial
wetland to do spreading MAR. Experiment is done in existing ditch to calculate the amount of
groundwater that can be recharge. Therefore it is also reasonable.
Considering about the six sites that locates in low suitability range, two of them are in Hebei Province
and the rest four are in Shandong Province. Six sites are quite close to each other and they all get low
values because of aquifer type, confined sandy aquifer. However according to Jia (2012) and Liu
(2006), both sites in Hebei and Shandong, unconfined aquifers were found and the top soils were
partly found with gravel, cobble, and coarse rock which are suitable for MAR. All sites are
experimental sites with cautious investigation. This leads to a conflict between actual site and aquifer
type map. The resolution of aquifer type map is considered to be responsible.

Figure 3.14 Hydrogeological section of Yimuquan (modified after Jia, 2012)
Figure 3.14 is the hydrogeological section of Yimuquan, Hebei. Unconfined aquifer is found in the top
layer near Beiwuhou, the aquifer is formed up by gravel cobble, sand gravel and sand from
Quaternary Holocene series. The thickness is between 5 to 15 m underground. It is clear to see from
the figure that the geology and hydrogeology varies a lot in different location. This is local investigation
and a map with small resolution. However in the aquifer map used in current study, the resolution is 1
km, not a lot of details are given. The whole area near Yimuquan was wholly marked as confined
aquifer. There are confined aquifers, but locally unconfined aquifers also exist. The error caused by
resolution like this can be reduced by using smaller scale and research on local suitability maps.
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There are also six sites that are in moderate suitability range, four of them are in Beijing. By checking
criterion maps, the criteria cause the reduction of value is land use. All the four sites are assigned as
residential areas with a value of 2. These sites are in rural part of Beijing, as Beijing is suffering from
land subsidence, measures are taken to slow down this problem. MAR is one of the measures.
The rest of the sites are all in high suitability area and they covers the most, meaning that the
suitability map is in good fit with the reality.
Among 25 points, 8 of them locate in Shandong Province, 8 locate in Beijing, 4 locate in Hebei
Province, and other 5 locates in other provinces in China. The sites are too much concentrated in
three areas which will cause the result no much representative. However, MAR is still not fully
developed in China. There are not much existing sites and mainly all the sites are not in actual use,
but in experimenting stage. This may also lead to inaccuracy when comparing with the suitability map.
More literature reviews should be done to find more existing sites and hopefully more spreading MAR
will be carried out in China.

Figure 3.15 Locations of Existing MAR sites in China
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3.4

Sensitivity Analysis

Sensitivity analysis is used to measure the influence of the errors caused by the input criterion maps
and the decision maker’s preferences on the decision outcomes (Malczewki, 1999). Current study
focuses on influence of the criteria. Sensitivity analyses were done by removing the criteria one by one
and check the changes in the final suitability map. To be more specific, do pairwise comparison again
with new criteria and reassign the weights. The standardizing of the criteria remain the same. Use
WLC to get new suitability maps. Use original suitability map minus new suitability maps to see the
percentage of the alternatives that have changed and check their changing ranges.

3.4.1

Criterion weighing

Pairwise comparison was still used to evaluate the new weights. The weights given between each two
criteria remain the same with origin. Following are the pairwise comparison matrix for new criteria.
Table 3.14 Pairwise comparison matrix of criteria without considering aquifer type
Criterion

ST

LU

SL

GS

Weights

1

2

3

4

46.6%

Land Use (LU)

0.50

1

2

3

27.7%

Slope (SL)

0.33

0.50

1

2

16.1%

Groundwater Salinity (GS)

0.25

0.33

0.50

1

9.6%

Soil Texture (ST)

Consistency ratio is 0.011 < 0.1, the ratio indicate a reasonable level of consistency in the pairwise
comparison.
Table 3.15 Pairwise comparison matrix of criteria without considering soil texture
Criterion

AT

LU

SL

GS

Weights

1

2

4

5

50.6%

Land Use (LU)

0.50

1

2

3

26.4%

Slope (SL)

0.25

0.50

1

2

14.3%

Groundwater Salinity (GS)

0.20

0.33

0.50

1

8.7%

Aquifer Type (AT)

Consistency ratio is 0.008 < 0.1, the level of consistency is reasonable.
Table 3.16 Pairwise comparison matrix of criteria without considering land use
Criterion

AT

ST

SL

GS

Weights

Aquifer Type (AT)

1

1

4

5

41.7%

Soil Texture (ST)

1.00

1

3

4

33.3%

Slope (SL)

0.25

0.33

1

2

16.7%

Groundwater Salinity (GS)

0.20

0.25

0.50

1

8.3%

Consistency ratio is 0.012 < 0.1, the level of consistency is reasonable.
Table 3.17 Pairwise comparison matrix of criteria without considering slope
Criterion

AT

ST

LU

GS

Weights
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Aquifer Type (AT)

1

1

2

5

37.3

Soil Texture (ST)

1.00

1

2

4

35.4

Land Use (LU)

0.50

0.50

1

3

19.6

Groundwater Salinity (GS)

0.20

0.25

0.33

1

7.6

Consistency ratio 0.006 < 0.1, the level of consistency is reasonable.
Table 3.18 Pairwise comparison matrix of criteria without considering groundwater salinity
Criterion

AT

ST

LU

SL

Weights

Aquifer Type (AT)

1

1

2

4

37.0%

Soil Texture (ST)

1.00

1

2

3

34.5%

Land Use (LU)

0.50

0.50

1

2

18.5%

Slope (SL)

0.25

0.33

0.50

1

10.0%

Consistency ratio 0.004 < 0.1, the level of consistency is reasonable.
After calculating all the new weights, a boxplot diagram is created to see the change of range for
different criteria. The line with purple is the original criteria weights, and the new weight for the criteria
gained by removing different criteria is presented by the box, and the major effect is shown by the
whiskers. The result is shown in Figure 3.16.
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Figure 3.16 Range of weights for criteria
From the figure it is clear to see that by removing one of the criteria, other criteria are all gaining
weights. This can be simply explained that the weight for the losing criterion is proportionally divided
and gained by other criteria. The boxes also show that the maximum change of range is aquifer type
and soil texture, this is also reasonable because these two criteria have the highest weight, when
rearranging weights, the more weights are also allocated to them.
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c) LU -

b) ST -

a) AT -

d) SL -

e) GS -

Figure 3.17 Range of change for the sensitivity analysis on the criteria weights
Figure 3.17 is an overview for the changes of alternatives by the change of criteria. In the figure, ATmeans removing the criterion of aquifer type, ST- means removing the criterion of soil texture, LUmeans removing land use, SL- means removing slope and GS- means removing groundwater salinity.
The procedure of this is to use the original suitability map minus the new suitability map after removing
one criteria, then get a value less than 10 and more than -10, reflecting the intensity of the change for
the values. The value can be either positive or negative. It means that the removed criterion has a
positive or negative effect on the alternative. However in decision making, it is not an absolute
meaning, so the sign is ignored and absolute value is taking into consideration. The classification for
low, moderate, high and very high is based on the percentage of its change in value. Low is
considered as less than 1% of change in its value, in the map means a change in value of 0.1 out of
10. Moderate is less than 5% of change, high is less than 10% of change and very high is more than
10% of change in its value.
A change of 1% in value is considering as almost no change since very less amount of change
happens comparing to its whole value. Removing aquifer type has the largest impact on alternatives
while removing groundwater salinity has the smallest impact. The largest change in value shows the
importance of the criteria and the distribution of the change shows the grouping of the criteria.
Removing aquifer type and soil texture, more than 20% of the alternatives have very high change and
only about 10% of the alternatives that have very low change. It shows that aquifer type and soil
texture has the most important impact on suitability mapping. It consists with the weight for the criteria.
For removing aquifer type, 23% has very high change, 28% has high change, 37% has moderate
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change and 12% has low change. Almost all the alternatives are changing in varies degrees. It reflects
that the alternative is distributed roughly even in different groups while standardizing and the score for
each group in standardizing is also evenly distributed across the whole range. After removing slope
and groundwater salinity, no alternative has very high change, and very less alternatives have high
change, most of the alternatives have changes lower than 5%. For groundwater salinity, all
alternatives change lower than 5% and 93% has changed between 1% and 5%. It corresponds to the
weight given to slope and groundwater salinity which is relatively small. Almost all the alternatives has
the same change range illustrating two facts, one is that all of them are in the same group while
standardizing, or two groups that assigned similar scores, for slope, 82% of the sites are with a slope
less than 10.5% and for groundwater salinity, almost 90% of the sites are with fresh water. The other
fact is that the weight assigned to the alternative is too small, the change in value can hardly been
shown.
Figure 3.18 to figure 3.22 are the spatial distribution maps of five sensitivity analysis scenarios. Figure
3.18 is the scenario without aquifer type. The sites that have very high change locate in north China
and northeast part of China. These are the area that assigned 0 values for aquifer type with confined
aquifer. It shows that after removing aquifer type, these areas can gain a better score in suitability map.

Figure 3.18 Spatial distribution of sensitivity analysis scenario without criteria aquifer type
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Figure 3.19 shows the scenario without soil texture. The highest change happens in northwest part of
China and south part of China. Northwest part has a very sandy soil texture, which helps gaining a 10
score in soil texture, removing soil texture will highly lower its grade in suitability mapping. For south
part, soil texture are more clayey, which lead to a 1 score for most of the area. Removing soil texture
will allow it to get higher score in final suitability map.

Figure 3.19 Spatial distribution of sensitivity analysis scenario without criteria soil texture
Figure 3.20 represents the scenario without considering land use. Very few areas have very high
change. The areas that have high change concentrate in northwest part of China and north China.
These areas are all assigning low values for land use, for northwest part of China, because of unused
land, deserts and bare land, for north China, most of the population concentrates here and residential
area leads to low score in land use. Most of the areas have a moderate change and mainly locates in
south China. Cultivated land and forest are the main land use in these areas which are assigned
median values.
For criteria without considering slope in Figure 3.21, no area is having very high change. The areas
that having high change concentrate in southwest part of China , northeast part of China and middle
part of China. These areas are with low scores for slope as higher slopes are found with dramatic
change in altitude.
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Figure 3.20 Spatial distribution of sensitivity analysis scenario without criteria land use
For the last scenario without considering groundwater salinity criteria, almost even no area is having
high change, most are having moderate change. These are areas with freshwater assigning the
highest value 10 for groundwater salinity. On the contrary, the areas that are having lower change is
the area assigning low weights in this criteria. Areas in northwest part of China are having saline water
and brackish water. These are the areas with low value. This indicates that for areas with saline and
brackish water, removing groundwater salinity criteria, a slightly higher score will be gained in the final
suitability map. While in fresh water area, the removal of groundwater salinity will cause a moderate
drop in final value for suitability mapping.
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Figure 3.21 Spatial distribution of sensitivity analysis scenario without criteria slope

Figure 3.22 Spatial distribution of sensitivity analysis scenario without criteria GW salinity
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4

Conclusions and recommendations

The selection of suitable sites for implementing spreading MAR sites is based on five criteria: aquifer
type, soil texture, land use, slope and groundwater salinity. The results gained in this study can be
used as an auxiliary for other similar study or other country. However, a lower grade does not mean
that the area is totally unsuitable for conducting MAR. Further investigation should be done in actual
site survey. And with different criteria, different results can be gained. A higher score in final suitability
map only means that it has a higher possibility for better infiltration process in the site.
The areas that are suitable for MAR implementation take up to 82% of the total feasible areas, and the
areas locate throughout the country. The suitable areas consist of two groups, the group with high
suitability and moderate suitability. 62% of the areas are moderate suitable and they are widespread in
the country. The areas that are with high suitability mainly lie in north part of China.
Among five criteria, aquifer type and soil texture take most of the proportion, the two of them take up
to 65% of the total weights. As aquifer type limits quite a few areas in north China and northeast part
of China, and these areas are with high groundwater needs, also conflict happens in these areas with
aquifer type in local scale and general scale, further more information of aquifer type should be gained
and future study can focus in these areas. Slope and groundwater salinity take less proportion, as the
resolution of slope is relatively large and the result generated from slope map is not satisfied. A better
scale can also be applied in the future. Groundwater salinity is not influencing a lot for the final map as
it just influence the quality not the procedure of implementing spreading MAR, also the groups (fresh,
brackish and saline) obtained for groundwater salinity are relatively rough, this leads to a rough result
in groundwater salinity layer. This criterion can be replaced by others in future studies.
Suitability map shows a good fit with the existing spreading MAR sites. 11 out of 25 sites of existing
MAR sites drop in to high suitability area. The two criteria that limit most of the other sites are aquifer
type and land use. However, the founded existing MAR sites are too much concentrated in three
provinces. This may cause the results not too much representative. More research should be done to
find more spreading MAR across China.
In China, most of the population concentrates in the east and south east part of China and main water
scarcity happens in these areas. Meanwhile based on the result, there are also sites with high
suitability and a lot with moderate suitability stand in water scarcity areas. Spreading MAR can carry
out in these areas to better solve or reduce water scarcity problems.
The suitability map can also be considered as one aspect, combining with other aspects, such as
population, water demand, and access to water resources, to choose priority for implement MAR sites.
Therefore, current study can be used as a general guidance of choosing suitable spreading MAR sites.
However for realistic practice, further investigation should be done and more local and detailed
information should be gained. Further study can focus more on a local scale with a smaller resolution.
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