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Abstract

Most landfills in Taiwan locate in the valley or mountain area due to the shortage of available
land. With poor design and operation regulations, and improper maintenance, the clogging of
leachate collection system is quite common and thus might cause the instability of landfill slopes.
The objective of this study is to perform water balance analysis to assess leachate generation and
accumulation by HELP (Hydrologic Evaluation of Landfill Performance) and further evaluate
slope stability by SLOPE/W. For two true landfill cases, Bali landfill and Toufen landfill , the
results of simulation by HELP shows that the increase of evaporative zone depth will cause the
decrease of leachate accumulation, while the leachate head will rise due to the decrease of
leachate permeability. In addition, the permeability of the waste layer will increase the time delay
of leachate collection. The results of slope stability analysis indicate that the factor of safety will
decrease when the cover waste and leachate head increaes. The decrease of shear strength of
leachate collection system will also reduce the factor of safety to be about 50% for elevation of
waste material up to date and 60% after the construction of the designed final cover.

Keywords: Landfill, Leachate, Seepage, Slope Stability, Water Balance, HELP
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ASSESSMENT OF GROUND WATER POLLUTION POTENTIAL OF
KINMEN ISLAND

Hsin-Yu Shan, Department of Civil Engineering, National Chiao Tung University, Taiwan
Ying-Chun Hung, Department of Civil Engineering, National Chiao Tung University, Taiwan

Abstract

In Kinmen district, the rate of ground water usage is very high due to the congenital
lack of surface water resources. The water used for domestic purpose accounts for more
than forty-five percent of total public water supply. Therefore, it is important for the
government agencies to keep track of the ground water quality. In this research, extensive
hydrologic and geologic data of Kin-men district were collected. By using the DRASTIC
model established by United States Environmental Protection Agency (USEPA) in
association with American Well Association, the contamination potential index of ground
water in Kin-men is established. The results could be used as a basis for establishing a
ground water monitoring program. Fifteen locations with highest DRASTIC scores are
suggested as the first-priority sites for installing ground water monitoring wells. In addition,
risk assessment done by incorporating additional information on the land development
conditions could also be used to set up wellhead protection program in the future.

Keywords: groundwater, pollution, monitoring, vulnerability, risk

1. Introduction

In recent years, the importance of groundwater quality protection has been recognized by the central
governments in Taiwan. For the main Taiwan Island, network of groundwater monitoring wells has been in
service for more than 10 years. On the other hand, for the several small islands, among which some are
located near the mainland of China, the groundwater monitoring network has not been fully established.
However, the water supply of these islands is highly dependent on groundwater. Kinmen is an island
located less than 10 kilometers off the coast of mainland China. Approximately 86,000 people lived on the
island of 150 km?. The population consumes 20,000 tons of water daily, of which 9,000 tons comes from
groundwater [1]. Currently, there is no groundwater monitoring wells to monitor regional groundwater quality
of the island.

The purpose of this study is to assess the vulnerability of groundwater by mapping the Kinmen island
using the assessment tool DRASTIC developed by the U.S. EPA. The results will serve as the basis for
zoning development area and allowable activities by the local government in order to protect the
groundwater quality of Kinmen.

2. Background

Although the Kinmen water supply company pumps approximately 9000 tons of groundwater to provide
45% of the domestic water use, there is no groundwater monitoring well network set up to safeguard the
groundwater from being polluted by human activities. The groundwater quality is only examined at the 22
pumping wells of the water supply company. Study of groundwater by investigation on domestic pumping
wells revealed that the turbidity and hardness of the groundwater in Kinmen is low, while no significant signs
of pollution had been observed [2]. For the time being, agriculture and tourism are the two major source of
income of the islanders. Industry, except for the Kaoliang wine production, is limited in number and size. In
addition to the agricultural pollution that caused by the use of fertilizers, herbicides, and pesticides, the



considerable number of military bases and camps used to occupied by around 100,000 military personnel in
the cold war era are potentially the major source of groundwater pollution. BTEX in petroleum products
leaked from the storage tanks and chlorinated solvents used in the maintenance facilities and garages of
the bases and camps are very likely to appear in the groundwater.

In order to establish the priority of locations to install groundwater monitoring wells, systematic
approaches must be employed. The monitoring well can be installed according to their spatial distribution or
the potential impact of various regions on the groundwater quality. When available financial resource is very
limited, the effectiveness of the monitoring well network to serve as early warning system becomes the
critical issue. As a result, vulnerability assessment of the groundwater resources by mapping the recharge
regions provides the most reasonable approach to determine the location for installing monitoring wells.
DRASTIC is a standardized system for evaluating groundwater pollution potential using parameters that
represent the hydrogeologic settings. DRASTIC was developed by the U.S. Environmental Protection
Agency in collaboration with the American Well Association [3]. DRASTIC stands for Depth to water table,
Net recharge, Aquifer media, Soil media, Topography, Impact of vadose zone, and Conductivity of the
aquifer. DRASTIC uses index values derived from the 7 key aquifer properties to generate an overall
vulnerability distribution for the aquifer.

The D parameter represents the depth of the water table below ground surface. As potential
contaminants must cross this distance before reaching the groundwater, greater water table depth implies
lower vulnerability.

The R parameter represents recharge to the aquifer. Recharge is the principal means for leaching and
transporting contaminants to the water table; therefore greater recharge increases the likelihood that
contaminants will reach the groundwater. Recharge from precipitation was added to recharge from irrigation
to obtain the total recharge.

The A parameter represents the nature of the aquifer medium. The larger the grain size, the higher the
permeability, and thus wvulnerability, of that aquifer. Material data was converted to A-Rating on a
well-by-well basis.

The S parameter represents the influence of soil material on the overall infiltrability of the ground. In
general, the less clays shrink and swell, and the smaller the grain size of the soil, the less permeable the
soil will be and the less likely contaminants will be to reach the water table.

The T parameter represents the effect that the slope of the land surface has on infiltration. On steeper
slopes, runoff is typically greater and a given pollutant has an increased chance of being incorporated into
that runoff. This reduced likelihood that a contaminant will enter an aquifer in areas with steeper topography
therefore implies reduced aquifer vulnerability in such areas.

The | parameter represents the impact of the vadose (unsaturated) zone material on the overall
infiltrability of the ground. The texture of this material influences the ease with which contaminants may
pass through it. Finer-grained vadose zone material generally inhibits this movement and therefore implies
lower aquifer vulnerability.

The C parameter represents the hydraulic conductivity (K) of the aquifer medium. This corresponds to
the ease with which water (and contaminants) may flow and disperse through the aquifer. Therefore, a
medium having greater hydraulic conductivity (permitting higher flow) implies increased aquifer vulnerability.

The final DRASTIC score is determined by calculating a weighted sum of the individual aquifer attribute:

DRASTIC score =Dwp + Rwg + Awa + Swg + Twy + 1w, + C we Q)
where D, R, A, S, T, |, C are index ratings and wp, Wg, Wa, Ws, W, W;, W are weighting factors. Weighting
factors for general cases and agricultural purpose are listed in Table 1.

Table 1 Weighting Factors of DRASTIC [3]

Index General Agricultural
D (Depth to Water Table) 5 5
R (Net Recharge) 4 4
A (Aquifer Media) 3 3
S (Soil Media) 2 5
T (Topography) 1 3
| (Impact of Vadose Zone) 5 4
C (Hydraulic Conductivity of the aquifer) 3 2

3. Determination of DRASTIC Index Rating
Kinmen is an island of granite formation. The Taiwu Mountain with highest altitude of 253 meters above
mean sea level locates in the eastern part of the island, which has a hilly terrain of granite formation (Fig. 1).
The unconfined aquifer consists of materials from sandy soil, residual soils, to weathered rocks. On the
other hand, the western part of the island is relatively flat and the unconfined aquifer primarily consists of
sand. The unconfined aquifers underneath the eastern part and western part of the island are hydraulic
independent. Groundwater in Kinmen basically flows following the terrain. In east Kinmen, groundwater
flows from Taiwu Mountain towards the coast in all directions. In west Kinmen, groundwater generally flow
from east to west and towards the sea.

In order to perform the DRASTIC analysis, the island is divided into 96 1 km x 1 km cells. Cells 1 to 44



and cells 45 to 96 cover the west and the east Kinmen, respectively (Fig. 2).
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Fig. 1 Satellite Photograph of Kinmen Fig. 2 Division and Numbering of Cells

The ratings of the DRASTIC indices are determined by examining existing data of the hydrogeologic
settings. Range of values of the data and the rating were chosen to distinguish the characteristics of the
island aquifer and the resultant vulnerability.

For determining ratings of index D, the depth to water was taken directly from the static water level data
of 1179 domestic wells [4]. The locations of the public and domestic pumping wells are shown in Fig. 3. The
groundwater table of west Kinmen, where groundwater is the major source water supply, changes
significantly from dry to wet seasons every six months. The groundwater table near the western coast of
Kinmen is approximately 10 m below ground surface. The depth of groundwater table of the central part of
west Kinmen, where groundwater is most abundant, ranges from 15 to 20 m. On the other hand, the
groundwater table of east Kinmen, where reservoirs serve as the major source of water supply, ranges from
20 to 30 m and remains fairly constant throughout the year. The contour map of depth of groundwater table
of March 1998 is shown in Fig. 4. The rating of index D corresponding to the depth to groundwater table is
listed Table 2.
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Fig. 3 Locations of Pumping Wells Fig. 4 Depth to Groundwater Table

Since there is only one official weather station in Kinmen and no experimental data of the infiltration rate
of Kinmen, it is difficult to estimate the net recharge into the aquifer accurately. Rational formula is thus used
to estimate the runoff and the net recharge:

R=P-Q=(1-CR)IA 2

where R = Net recharge; Q = Peak runoff discharge, cfs; Cgr = Rational method runoff coefficient; I= Rainfall
intensity, inch/hour; A = Drainage area. The land use pattern of the 96 cells was investigated and Crg values
are assigned to each cell. Net recharge is computed with the average rainfall of 1047 mm/yr. Runoff
coefficients specified in ASCE/WPCF Manual of Design and Construction of Sanitary and Storm Sewers
[5] was adopted in this study.

The boring data of 437 boreholes were collected from the boring records of public and private
constructions kept by the Construction Bureau of Kinmen County Government. Locations of boreholes
whose boring logs were used to determine rating of indices A, S, I, and C are shown in Fig. 5. As shown in
Figs. 3 and 5, both the pumping wells and the boring logs are well distributed and covers most of the island,
only very limited number of cells do not have wells or borings located within.

Based on the soil data from the boreholes, the aquifer media in Kinmen are divided into six categories.
The aquifer media of a large part of the aquifer in east Kinmen is weathered sandstone. On the other hand,



west Kinmen aquifer composed of granular soils in most cases. The rating of index A for each type of
aquifer media is listed in Table 4. The soil types found at the ground surface are more diverse such that they
are divided into ten categories. The ratings of index S assigned to each category are listed in Table 5.

Table 2 Ratings of Index D Table 3 Ratings of Index R
Range of depth of Rating Range of net recharge Rating
groundwater table (m) (cm)
0~1.5 10 0~30 1
1.5~4.5 9 31~40 3
4.5~9.0 7 41~50 4
9.0~15 5 51~60 6
15~22.5 3 61~70 7
22.5~30 2 71~80 8
30+ 1 81~100 9
Slope Score
(%)
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Fig. 5 Locations of Boreholes Fig. 6 Contours of Slope of Kinmen Island
Table 4 Ratings of Index A Table 5 Ratings of Index S
Aquifer Media Rating Soil Media Rating
Gravel 10 Gravel with Sand 10
Medium to Coarse Sand 8 Medium to Coarse Sand 9
Fine Sand 5 Fine Sand, Loamy Sand 8
Sandy Silt 3 Sandy Loam 7
Clay 2 Very Fine Sand 6
Weathered Sandstone 1 Loam 5
Silty Loam, Sandy Clay 4
Silty Loam, Clayey Loam 3
Silty Clay 2
Clay 1

The average slope of each cell was determined by averaging the slope of four sides, which, in turn,
were computed with the elevations of the four corners of each cell obtained from the topographic map of
Kinmen. East Kinmen has steeper slopes while west Kinmen is relatively flat. The ratings of index T
corresponding to the slope of the ground surface are listed in Table 6.

The soils of the vadose zone in Kinmen are mostly sand and sandy loam. The central part of Kinmen
used to be mine quarry of Kaolinite such that shallow zone near the ground surface is still mostly clay. The
ratings of index | for various types of vadose zone soil are listed in Table 7.

Table 6 Ratings of Index T Table 7 Ratings of Index |
Slope (%) Rating Vadose Zone Soil Rating

0~2 10 Gravel with Sand 10

2~6 9 Coarse Sand 7

6~12 5 Medium Sand 6

12~18 3 Fine Sand 4

18+ 1 Silty Sand, Silt 3

Clay 1

Due to the lack of experimental data of hydraulic conductivity of aquifer media in Kinmen, ratings for
index C are assigned to each cell were assigned based on types of soils identified in the boring logs and
their corresponding range of hydraulic conductivity [6].

The weighting factors for general cases in Table 1 were adopted for this study. Therefore, the final
DRASTIC score is calculated with the following equation:



DRASTIC score =5D +4R+3A+2S+ 1T +51 +3C (©)]
where the highest possible DRASTIC value calculated is 230 while the lowest is 23.

Table 8 Ratings of Index C for Soils of Various Hydraulic Conductivity

Type of Soil Hydraulic Conductivity (cm/s) Rating
Gravel 10%-1 10
Coarse Sand 10°-10" 9
Medium Sand 10°-10" 8
Fine Sand 10°-107 6
Sandy Silt 10°-10" 4
Sandy Clay 10°-10” 2
Clay, Weathered Sandstone 10°-10° 1

4. Results and Discussion

The distribution of ratings of index D is shown in Fig. 7. The depth to groundwater is shallower, i.e. 10 to 20
m, in west Kinmen such that most cells are rated 3 or 5; while the depth of groundwater table is
considerable deeper, i.e. 20 to 30 m, for the hilly east Kinmen, the corresponding ratings are 1 and 2 for
most cells.

As determined by using Eg. (2), the net recharge near the coastal area which is mostly sandy farmland
or undeveloped zone ranges 80 — 100 cm per year and the index R was rated 8 to 9 (Fig. 8). The net
recharge of agricultural zones with loamy soils that occupy the most area of central parts of east and west
Kinmen is estimated to be around 50 — 70 cm. The rating of R of these area ranges from 6 — 7. Furthermore,
for the townships where the a large portion of the ground surface is covered by concrete buildings or
asphalt concrete, the net recharge is less than 40 cm so that the R rating is 4.
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Fig. 7 Distribution of Ratings of Index D Fig. 8 Distribution of Ratings of Index R

The boring logs collected in this study show the porous media of the west Kinmen aquifer are alluvial
sands deposited by the streams that changed their courses numerous times in the past. The aquifer media
ranges from medium to coarse sands and silty sands with rating of index A of 8 and 5, respectively (Fig. 9).
The aquifer of east Kinmen near the Taiwu Mountain consists of weathered sandstone and granite with a
low A-rating of 1. The aquifer materials of the other part of east Kinmen are often sandy silt and sandy clay
which correspond to a rating of 3.
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Fig. 9 Distribution of Ratings of Index A Fig. 10 Distribution of Ratings of Index S

The soil within less than 1 m below the ground surface of Kinmen is largely sands and silty loam. In the
central part and coastal zones of east Kinmen the top soil is sand. The relatively high potential to allow



pollution to infiltrate into the aquifer leads to a high rating of index S of 9 (Fig. 10). The central-east of
Kinmen are farmlands and protected natural reserve areas with sandy top soils of an S-rating of 8. The
center of Kinmen with clay top soils was rated 1 for index S.

For west Kinmen with a rather flat terrain, the rating of index T is either 9 or 10 for most cells (Fig. 11).
For east Kinmen, the steeper slopes around Taiwu Mountain result in lower ratings of T.

Approximately 70% of the vadose zone of Kinmen consists of medium to coarse sands and weathered
sandstone with considerable ability to allow vertical migration of pollutants with little retardation. These
areas are assigned with a rating of index | of 6 (Fig. 12). The areas near the central part of Kinmen with silty
or clayey soils in the vadose zone are assigned a low I-rating of 1 and 2.
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Fig. 11 Distribution of Fiatings of Index T Fig. 12 Distribution of Ratings of Index |

The majority of the aquifer media in northern west Kinmen is sandy or silty soils of medium hydraulic
conductivity ranging from 10° to 10™ cm/s. As a result, the cells in these areas were given rating of index C
from 4 to 6 (Fig. 13). For southern part of west Kinmen, the aquifer material is mostly medium to coarse
sand, the I-rating is significantly higher and range from 8 to 10. For Taiwu Mountain region in east Kinmen
whose aquifer consists of porous media of lower hydraulic conductivity, such as clayey soils or weather rock,
the C-rating ranges from 1 to 2.

The total DRASTIC score of the 96 cells are shown in Fig. 14. There are 10 cells with DRASTIC score
less than 90 all located in the region of Taiwu Mountain which extends towards the center of the island.
There are 13 cells given DRASTIC scores higher than 140, among which 5 higher than 160. Among the
cells of top 15 DRASTIC score, only 2 are in east Kinmen. The frequency distribution of the DRASTIC score
is shown in Fig. 15.
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The southwestern part of the island obtained the highest scores. It happens to be the most developed
area of Kinmen where the county government and business dictrict are located. The pumping wells of the
water treatment plant are all located in this region. The Kinmen Liquor Company near the southwestern tip
of Kinmen also draws groundwater from this aquifer. On the other hand, since the ground surface is steeper,
aquifer material is less permeable, and the groundwater table is deeper, the vulnerability of aquifer to
pollution of east Kinmen is significantly lower.

In addition to the vulnerability of aquifer to pollution due to hydrogeological settings, various types of
human activities also give rise to potential of groundwater pollution of different degrees. The density of
population and economic activities in southwestern Kinmen further increases the risk of groundwater
pollution.
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Fig. 15 Frequency Distribution of DRASTIC Score

Table 9 Cells of High DRASTIC Scores and Other Critical Concerns

Cell DRASTIC | Land Use Groundwater Related Priority for
Number Score Characteristics Monitoring Well
1 165 Harbor Groundwater downstream zone, ®
Coastal zone
2 138 Harbor Groundwater downstream zone,
Coastal zone
9 145 Protected Coastal Zone Groundwater downstream zone,
Coastal zone
11 73 Liquor Factory, Residential Area | Groundwater upstream zone, O}
Coastal zone
16 108 Business District Major groundwater pumping zone O]
20 170 National Park Groundwater middle-stream zone, ®
Coastal zone
21 133 Agriculture, Residential Area Major groundwater pumping zone
23 140 Agriculture, Residential Area Major groundwater pumping zone O]
24 142 Business and Residential Area Major groundwater pumping zone
25 152 Business and Residential Area Major groundwater pumping zone
26 172 Agriculture, Residential Area Major groundwater pumping zone
27 172 Agriculture, Residential Area Groundwater upstream zone, ®
Coastal zone
28 164 National Park Groundwater middle-stream zone,
Coastal zone
29 138 Agriculture, Residential Area Groundwater downstream zone,
Coastal zone
32 147 Liquor Factory, Agriculture, Groundwater downstream zone ®
Government Agencies
33 150 Cemetery, Agriculture, Groundwater downstream zone, ®
Residential Area Major groundwater pumping zone
34 138 Agriculture, Residential Area Groundwater downstream zone,
Coastal zone
35 147 Agriculture Groundwater upstream zone, ®
Coastal zone
37 101 Liquor Factory, National Park No groundwater use
40 81 Air Port, Scenic Area No groundwater use ®
54 145 Agriculture, Public Pumping Groundwater upstream zone, ®
Wells Coastal zone
60 152 Residential Area, Public Groundwater upstream zone
Pumping Wells
64 85 Agriculture, Residential Area No groundwater use
66 120 Agriculture, Public Pumping Groundwater middle-stream zone
Wells
70 67 Business District Groundwater upstream zone
78 110 Industry, National Park Groundwater middle-stream zone
86 107 Industry Groundwater downstream zone
93 135 Harbor, Agriculture Groundwater downstream zone,
Coastal zone
96 134 Agriculture Coastal zone ®

Based on the result of DRASTIC analysis, regions of high vulnerability of groundwater to human impact




could be identified. However, when selecting locations to install groundwater monitoring wells, the direction
of groundwater flow and the nature and intensity human activities must also be taken into account. Among
the cells with highest DRASTIC scores, the cells in which pumping wells of water supply companies are
located, the cells with potential source of pollution or important groundwater use, and the cells of major
recharge area are listed in Table 9. The cells determined to have priority for installing groundwater
monitoring wells are also indicated. A total of 15 groundwater monitoring wells are proposed to be installed
to establish the groundwater quality monitoring network (Fig. 16).

Out of the 15 proposed monitoring wells, 10 are located in west Kinmen where groundwater is the major
source of water supply, to safeguard the quality of water for public and private use. On the other hand, the
other 5 monitoring wells are proposed to be installed in east Kinmen to establish long-term groundwater
quality database. The cells where groundwater is extracted in a large amount, such as 16, 21, 22, 23, 24, 25,
26, 33, 54, 60, and 66, groundwater monitoring wells are proposed to be installed in cells upstream, such as
16, 23, 32, 33, 54, and 66.
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Fig. 16 Locations of Fifteen Proposed Groundwater Monitoring Wells

5. Results and Discussion

In this study, hydrogeologic data of the aquifer of Kinmen were collected and mapped to obtain ratings
corresponding to the seven DRASTIC indices. The resultant total DRASTIC scores reveal that the aquifer of
west Kinmen, where groundwater is the major source of water supply, is also more vulnerable to pollution
induced by human activity than east Kinmen. Since Kinmen is very limited in size and its terrain is rather flat
there is no clearly defined upstream recharge zone of groundwater. In other words, the entire west Kinmen
is simply the recharge zone. It is thus even more critical to regulate land use and human activities in order to
prevent pollution infiltrating into the aquifer.

A total of 15 groundwater monitoring wells are proposed as an initial effort to establish a groundwater
quality monitoring network. The locations are selected not only based on DRASTIC score but also taking
into account the direction of groundwater flow, the land use pattern, and the potential of pollution by human
activities.

Furthermore, the study also shows that DRASTIC is a very simple and straight forward tool for
evaluating vulnerability of aquifer. The rating of indices based on relative magnitude of the hydrogelogic
parameters is a very powerful tool. Even without accurate experimental data on properties such as
hydraulic conductivity, their values can still be obtained by using general values for the basic soil types.
Ratings based on these data can still yield discrete ratings ready to be used to compute the total score. If
coupled with more detailed data on the potential of discharge of pollutants into the aquifer, a risk
assessment and management system for aquifer can be developed based on DRASTIC.
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