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Abstract Kinmen Island is principally composed of low

permeable granitoid and covered by a very thin sedimen-

tary layer. Both surface and groundwater resources are

limited and water demand is increasing with time. The

groundwater in the granitoid has been surveyed as an

alternative water source for daily use. Two to five highly

fractured zones in the granitoid aquifer for each site were

first determined by geochemical well logging. Accord-

ingly, ten samples were collected from three sites. Using

environmental isotopes and geochemical modeling, geo-

chemical processes occurring due to water–rock interaction

in the granitoid aquifer can be quantitatively interpreted.

The stable isotopes of oxygen and hydrogen in ground-

waters cluster along Taiwan’s local meteoric waterline,

indicating evaporation does not have considerable effect on

groundwaters. Given such a high evaporation rate for

Kinmen Island, this result implies that infiltration rate of

groundwater is high enough to reduce retention time

through a well-developed fracture zone. NetpathXL is

employed for inverse geochemical modeling. Results

determine gypsum as being the major source of sulfate for

deep groundwaters. The contribution from pyrite is minor.

In addition, the weathering of albite to kaolinite is the

dominant water–rock interaction characterizing geochem-

ical compositions of deep groundwater in Kinmen Island.

Keywords Granitoid aquifer � Environmental isotopes �
Geochemical modeling � Factor analysis � Kinmen Island

Introduction

Kinmen is an island located approximately 10 km east of

Xiaman City, China and 200 km off the western coast of

Taiwan (Fig. 1). It has a population of about 50,000 and the

land area is 150 km2. Generally, the climate of Kinmen

Island is semi-arid. Annual precipitation and evaporation

are 1,072 and 1,661 mm, respectively. Evaporation nor-

mally exceeds rainfall in 9 months of the year; therefore,

the seven creeks on the island are all ephemeral and the

reservoirs are not able to provide a stable water supply for

daily usage of residents and agricultural irrigation. Con-

sequently, the island has shown an increase in the amount

of groundwater annually pumped for decades. The pro-

portion of groundwater used in general water supply is

about 50%; 16 small reservoir lakes provide the rest.

Overpumping of groundwater has caused significant drop

in groundwater level and subsequent seawater intrusion is

increasingly degrading groundwater quality. In more recent

years, the county government has supported sustainable

tourism business development; however, tourism numbers

are compounding the problem. Therefore, the long-term

protection of groundwater resources is of high-priority

concern. Since 2000, the government has undertaken fun-

damental investigations of the hydrogeological system. The

granitoid aquifer is being considered first as a potential
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water resource; however, it is very costly to perform

hydrogeological surveys in fractured rock aquifers. Fortu-

nately, Taiwan Power Company has provided full financial

support to construct deep monitoring wells and all related

geophysical and geochemical investigations.

Study area

Hydrogeological background

The geology of Kinmen Island is characterized by exten-

sive Yanshanian magmatism, which is commonly regarded

as an active continental margin related to subduction of the

Kula or Izanagi plate under Eurasia in the periods of

Jurassic and Cretaceous. These granitoids of Yanshanian

magmatism formed the basement of the island. Since

100 Ma, the area has been subjected to a geodynamic

extension. The upwelling of lithospheric mantle promoted

mafic magmatism instead of granitic magmatism during

Yanshanian. At this stage, high-angle extensional fractures

and faults developed; and gabbro dikes intruded the

Mesozoic granitoid basement along these pathways. The

western part of Kinmen Island subsequently became a

graben receiving sediments mainly from SE China. The

topographic elevation remained relatively high in the

eastern part of the island. Therefore, the thickness of

overlying Tertiary and Quaternary sedimentary fills ranges

from more than 150 m in the west to less than a few meters

in the east. The simplified stratigraphic sequence is tabu-

lated in Table 1 (Lin et al. 1997).

Because the granitoid basement has low hydraulic

conductivity, sedimentary aquifers are the major reservoirs

of groundwater. As shown in Fig. 2, the sedimentary

aquifer gradually thins out from west to east. Generally,

sedimentary aquifers can be divided into three areas by the

largest outcrop of granitoid basement named as Taiwu

Mountain, which is the highest summit located in the mid-

eastern island. The groundwater in the western island (area

A) flows radially from the central area to the coastline. The

other two smaller areas (B in the southeast and C in the

Fig. 1 Geological map of

Kinmen Island showing the

three sampled sites (K1–K3)

Table 1 Stratigraphic column of Kinmen Island (Lin et al. 1997)

Age Lithology

Quaternary Holocene Conglomerate with mud and sand

beds

Pleistocene Lateritized conglomerate

Tertiary Pliocene

Miocene Lateritized basalt and underlying fresh

basalt

Oligocene Sandstone with mud and

conglomerate bedsEocene

Cretaceous Cretaceous Granite and granitic gneiss with

abundant gabbro dikes

Jurassic Jurassic Quartz schist and quartzite
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northeast) in the eastern part of the island are generally

recharged around Taiwu Mountain and discharged along

the coastline (Liu et al. 2006). However, sedimentary

aquifers in areas B and C are much thinner than those in

area A. According to the results of pumping and slug tests

from Rechang Consulting Company (2002), the hydraulic

conductivities of sedimentary aquifers are in the range of

10-2 to 10-3 cm/s in areas A and B, and 10-3 to 10-4 cm/s

in area C.

According to an investigation and numerical simulation

of Liu et al. (2006), from May 2002 to April 2003, the

annual infiltration rate is 15.40 Mm3 (9106 m3), which is

7% of total precipitation, while total loss of groundwater is

17.91 Mm3 including 15.13 Mm3 withdrawn from pro-

duction wells and 2.78 Mm3 outflowing to the coastline.

Therefore, the aquifers demonstrate a negative balance on

storage and observed average groundwater level has

decreased about 0.237 m during this period. Based on this

information, an alternative water resource is a very

important issue to Kinmen Island.

Groundwater quality of sedimentary aquifers

Liu et al. (2008) have performed a detailed survey for

characterizing groundwater quality using multivariate

analysis and geochemical modeling. The groundwaters

collected from May 2002 to April 2003 show typical

characteristics of freshwater with low TDS ranging from 66

to 602 mg/l (Fig. 1). Information regarding alkalinity is not

available; hence, the geochemical type of water cannot be

identified. However, Liu et al. (2008) found a salinization

factor, which explains 42.33% of the total variance in

factor analysis. There are strong positive loadings on

electric conductivity (EC), TDS, SO4, Cl, Ca, Mg, Na and

K, which are all major components in seawater; and Na is

highly correlated with Cl (r2 = 0.82). It is considered the

result of mixing with leachate of marine sediments because

the groundwater level is not lower than seawater level and

the spatial distribution of the scores of the salinization

factor does not demonstrate considerable correlation to

seawater intrusion. Factor 2 is an indicator of a redox

environment. It explains 23.74% of the total variance with

strong absolute loadings of Eh, pH, NO3, dissolved oxygen

(DO), Fe, and Mn. The groundwaters of sedimentary

aquifers in Kinmen Island are under highly oxidizing

conditions with Eh values ranging from 393 to 507 mV,

implying retention times may be short.

Groundwaters in sedimentary aquifers have lower pH

values (4–5) than precipitations (5.5). Liu et al. (2008)

proposed a geochemical water–rock interaction system in

weathered granitoids with mineral assemblage of alumi-

num oxide (Al2O3), kaolinite (Al2Si2O5(OH)4), quartz

(SiO2) and magnetite (Fe3O4) to interpret the situation

whereby pH value decreases while Eh value increases in

Fig. 2 Contour map of

sedimentary aquifer in Kinmen

Island (Liu et al. 2006)
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sedimentary aquifers (Chen et al. 2004; Lin et al. 1997;

Parkhurst and Appelo 1999).

Methods

Groundwater sampling and geochemical analysis

Groundwater collected from an unlined borehole, which

filters the whole aquifer, generally gives an average

groundwater concentration and does not permit good com-

prehension of possible vertical distributions of geochemical

properties. On the other hand, the multi-level sampling

method with a double-packer system allows for withdrawing

groundwaters which are representative of chemical compo-

sitions from multiple target depths. The double-packer

equipment used in this study consists of two rubber sheaths

linked by aluminum perforated pipe, in which the pumping

module and geophysical well logger are installed. The

pumping module is operated by a programmable logic con-

troller (Mitsubishi AL-10MR-D PLC system) and a 2-HP air

compressor (TIGER). The equipment can collect water

samples from down to 700-m depth. Water that remains in

the well between sampling periods is unrepresentative of

water in the aquifer formation. Prior to collecting samples,

the wells were purged for at least 10 days, which was

equivalent to over 40 well volumes of stagnant water. A

drainage system was constructed to prevent purged stagnant

water from flowing back into well. During well purging,

water qualities were monitored by Hydrolab Minisode 4a.

Geochemical logging was performed both before and

after purging wells with an Idronaut Ocean Seven 320

multiparameter CTD (Conductivity, Temperature, Depth)

probe, which measures: temperature, pH, DO, EC, and

redox state. Downhole log data were recorded at 5-m depth

intervals.

Comparing geochemical logs before and after well

purging, allows for highly fractured zones to be identified.

Then, the double-packer system was applied to seal a 2-m-

thick interval at the target depth. Representative formation

water samples in the isolated portions were subsequently

collected after purging at least three volumes of stagnant

water and the fundamental geochemical properties of:

temperature, pH, DO, EC, and the redox state were

simultaneously measured by Idronaut Ocean Seven 320.

The extracted groundwater was filtered through 0.45 lm

glass fiber paper and collected by HDPE bottles to avoid

boron contamination from borosilicate-glass containers.

Filtered water samples underwent anion analysis measured

by HACH spectrophotometer. For cation analysis, samples

were preliminarily acidified with ultrapure nitric acid to

pH 4 and measured by Induced Coupled Plasma-Atomic

Emission Spectroscopy (ICP-AES).

Some water samples were also collected for determi-

nation of stable isotopic compositions of oxygen and

hydrogen. Oxygen-18 (d18O) was determined using CO2

gas that has equilibrated with water at a constant temper-

ature (Epstein and Mayeda 1953). The equilibrated CO2

gas was measured by a VG SIRA 10 isotope ratio mass

spectrometer. Hydrogen gas was produced by reduction of

water with zinc metal. The dD value of the hydrogen was

then measured using a dual-inlet isotope ratio mass spec-

trometry (VG MM602D) (Coleman et al. 1982). Both

analyses were conducted at the Isotope Hydrology Labo-

ratory of Academic Sinica, Taipei, Taiwan.

Geochemical modeling

Geochemical modeling is a powerful technique for char-

acterizing geochemical phenomena and predicting their

evolution in time as well as in space when coupled with

flow modeling. Many programs have been developed to

perform a wide variety of aqueous geochemical calcula-

tions. NETPATH, designed by the USGS, is one of the

most popular softwares for aqueous geochemical modeling

(Plummer et al. 1994). A revised version, NetpathXL, is

designed to work with EXCEL spreadsheet (Parkhurst and

Charlton 2008). The code is based on an ion-association

aqueous model and has capabilities for speciation, satura-

tion-index calculations, isotope fractionation, and inverse

modeling. In this study, NetpathXL is employed to calcu-

late the chemical mass transfer that has occurred during the

interaction between groundwater and granitoid.

Results and discussion

Identification of highly fractured zone

Three deep wells were constructed in the eastern part of

Kinmen Island, which is relatively high in elevation and

covered by thin sedimentary aquifers (Fig. 2). Prior to

sample collection, the highly fractured zone in the granit-

oid rock must be identified. Traditionally, geophysical

methods are used to image contrast rock properties relating

to fracturing. However, fracturing alone does not neces-

sarily indicate an increase in permeability. In this study, the

geochemical well logs measured before and after well

purging were utilized to identify the permeable layers. The

dewatering of formation water due to pumping may

enhance the geochemical contrast, which indicates the

position of a highly permeable zone. Accordingly, a few

highly permeable zones are identified as shown in Fig. 3.

The subsequent double-packer pumping test demonstrates

that the hydraulic conductivities in these fractured

zones are in the range of 2.2 9 10-4 to 1.2 9 10-3 cm/s,

1578 Environ Geol (2009) 58:1575–1585

123



which can be considered as permeable layer (Fig. 3). In

addition, geophysical well logs and downhole video images

(not shown here) also help to distinguish highly fractured

zones, which are potentially enriched with water resources

(Fig. 3). Ten groundwater samples were collected for

geochemical analysis from these identified intervals at

three sites. The samples are coded by a ‘‘K’’ (for Kinmen)

followed by one-digit site number and one-digit screening

number; for example, K1-1. The lower the screening

number, the shallower the sample is.

Geochemical interpretations

The results of geochemical analysis of ten groundwater

samples from three sites are listed in Table 2. Samples both

from sedimentary aquifers (Liu et al. 2008) and granitoid

aquifers (this study) are included in the subsequent multi-

variate statistical analysis. Factor analysis extracts four

factors (eigenvalue [ 1) to account for 88.33% of the total

variance as shown in Table 3 and the rotated loadings of

varimax normalized factor matrix for the four-factor model

are given in Table 4. As with the aforementioned results

from sedimentary aquifers (Liu et al. 2008), there are two

major factors representing seawater salinization and redox

states. In the results from all groundwaters, factor 1 and

factor 2 can be combined into seawater salinization factor

and factor 3 and factor 4 are equivalent to the redox factor.

These differences demonstrate that the geochemical inter-

action between groundwater and granitoid has considerable

effect on water quality if the sedimentary aquifer and

granitoid aquifer were recharged by local precipitations

having similar chemical compositions. This requires fur-

ther discussion.

Table 4 shows that factor 1 has high positive loadings

on EC, SO4, Ca, and Na, but very low loadings on Cl and

K. On the contrary, the values of EC of groundwaters in

Fig. 3 Well logs of three sites:

a K1, b K2 and c K3. The

dashed line and solid line
denote the well logs before and

after well purge, respectively.

The shadow zone represents the

range with considerable change

of well logs before and after

well purge. The arrow symbol
indicates the sampling depth

and hydraulic conductivity is

shown next to arrow
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sedimentary aquifers present good linear relationship both

with SO4 and Cl (Liu et al. 2008). However, Cl and K are

relatively enriched and conserved components in seawater.

It is less possible to consider a factor (factor 1) without a

high loading of Cl and K as seawater mixing. In addition,

the highest loadings in factor 1 are 0.94 for EC and SO4.

This can be explained by EC values of groundwaters being

controlled by SO4 content. Therefore, factor 1 for

groundwaters from the granitoid aquifer should be desig-

nated as being SO4 sourced but not seawater mixing. Under

this situation, factor 2 should be interpreted as halite

(NaCl) dissolution. Although Na and Cl do not belong to

the same factor (Table 4), this can be explained by pre-

senting an additional Na source other than halite. The Na

source will be discussed in the following inverse geo-

chemical modeling.

As mentioned earlier, the redox state factor for

groundwaters from the sedimentary aquifer is split into

factor 3 and factor 4 in this study (Table 4). Liu et al.

(2008) concluded that redox state factor is caused by

nitrogenous fertilizers for agricultural uses, and, the sub-

sequent water–rock interaction in granitoid involve mass

transfer of the components in factor 3 to complicate the

redox state factor.

To evaluate the effect of cation exchange, the bivariate

plot of Ca ? Mg–SO4–HCO3 as a function of Na ? K–Cl

is used (Jalali 2005, 2007). The value of Ca ? Mg–SO4–

HCO3 represents the amount of Ca and Mg gained or lost

from gypsum, calcite and dolomite, while that of Na ?

K–Cl is related to the amount of Na and K gained or lost

from halite. If dissolution and precipitation of these min-

erals are the only significant processes determining

chemical composition, the data should be clustered around

the original point. Furthermore, a linear relation with a

slope of -1 will develop when cation exchange between

Ca/Mg and Na/K has considerable effect on chemical

composition. Figure 4 demonstrates that samples with low

SO4 content are plotted around the cation exchange line,

and the samples with high SO4 content are located below

the line, which means that there is an additional source

providing excess SO4.

The oxidation of pyrite (FeS2) and dissolution of gypsum

(CaSO4�2H2O) are generally considered the major source of

SO4 in groundwater if no mixing of seawater and geothermal

water is involved (Stober and Bucher 1999; Beaucaire et al.

1999). It has been also proposed that Cl and SO4 may orig-

inate from fluid inclusions in quartz that are released by

fracture formation, weathering or other processes (Peters

1986; Gascoyne 1994). However, Cl and SO4 do not have

high loading on the same factor (Table 4) and there is no

report to demonstrate a SO4 source from fluid inclusion in

Kinmen granitoids (Chen 1984; Lan et al. 1997). Therefore,

pyrite in granitoid and/or gypsum precipitated in topsoil is

the most likely sources of SO4.

Isotope geochemistry

The stable isotopes (d18O and dD) of four groundwater

samples from K1 were also analyzed and the results are

Table 3 Extracted factors (eigenvalue [ 1) in the factor analysis;

and their eigenvalue, percentage of variance and cumulative per-

centage of variance

Factor Eigenvalue Percentage of

Total variance

Cumulative

eigenvalue

Cumulative

percentage

of variance

1 4.86 40.49 4.86 40.49

2 3.02 25.18 7.88 65.67

3 1.62 13.52 9.50 79.19

4 1.10 9.14 10.60 88.33

Table 4 Varimax rotated factor loading matrix

Variables Factor 1 Factor 2 Factor 3 Factor 4

EC 0.94 0.19 0.13 0.20

pH 0.29 0.01 0.07 0.91

Eh -0.36 0.17 -0.12 20.86

SO4 0.94 -0.10 0.11 0.26

NO3 -0.07 -0.04 0.38 20.74

Cl 0.38 0.81 -0.01 -0.29

Fe -0.10 -0.09 20.91 -0.07

Ca 0.91 0.03 0.14 0.29

Mg -0.06 0.73 0.16 -0.57

Na 0.88 0.33 0.16 0.03

K 0.06 0.89 0.06 0.30

Mn -0.25 -0.03 20.82 0.16

Significant loadings are underline

Fig. 4 Relation between Ca ? Mg–SO4–HCO3 and Na ? K–Cl in

the groundwaters from the granitoid aquifer. The straight line with a

slope of -1 shows cation exchange between Ca ? Mg and Na ? K
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listed in Table 2. This information provides more detailed

interpretation on geochemical evolution. Generally, the

variation of stable isotopes with depth is not distinct except

in shallow groundwater (K1-1), which contains heavier

isotopic compositions. It can be considered as the result of

seasonal variation; and the mixing process gradually

reduces seasonal variation of isotopic composition with

depth (Clark and Fritz 1997). The values of stable isotopes

also demonstrate that there is no considerable effect on

geochemical property from seawater (d18O = 0% and

dD = 0%). The derivation is similar to that from general

geochemical interpretations.

Figure 5 demonstrates that the values of stable isotopes

located on Taiwan’s local meteoritic water line (LMWL)

(Liu 1984). Evaporation did not make considerable frac-

tionation between d18O and dD during infiltration;

otherwise, the isotopic compositions would evolve off the

LMWL to another line with gentle slope (Craig et al. 1963).

Obviously, groundwater should suffer evaporation during

infiltration, as the mean annual evaporation is 1,235 mm,

which is much higher than the mean annual precipitation

(977 mm in the same period). Under these constraints, the

groundwaters from granitoid aquifers should be involved

with the evaporation process under high humidity whilst the

infiltration rate should be high enough to reduce retention

time in vadose zone. This can be characterized by fast

infiltration through well-developed fractures in hard-rock

provinces like the granitoid in the study area.

Inverse geochemical modeling

According to the derivation from geochemical interpreta-

tions, inverse geochemical modeling can be utilized to

quantitatively simulate hydrochemical evolution of

groundwater. Mineral stability diagrams are first used to help

define reactions controlling water chemistry (Tardy 1971).

Figure 6 demonstrates mineral stability fields for a weath-

ering albite system (Na2O–Al2O3–H2O–SiO2) (Fig. 6a) and

K-feldspar system (K2O–Al2O3–H2O–SiO2) (Fig. 6b),

which are two major mineralogical components in grani-

toids. Three groups of groundwater can be categorized in the

figure. For Group 1, shallow groundwaters from K1 (K1-1,

K1-2 and K1-3), albite and K-feldspar are all weathered into

kaolinite. The reactions can be described by:

2NaAlSi3O8þ2Hþ þ9H2O $ 2Naþ þ4H4SiO4þAl2Si2O5ðOHÞ4
Albite Kaolinite

ð1Þ

2KAlSi3O8þ2Hþ þ9H2O $ 2Kþ þ4H4SiO4þAl2Si2O5ðOHÞ4
K� felspar Kaolinite

ð2Þ

For Group 2, deep groundwaters from K1 (K1-4 and K1-

5), albite and K-feldspar alter to gibbsite and muscovite,

respectively. The simplified geochemical reactions to

describe these processes are

NaAlSi3O8þHþþ7H2O $ Naþ þ3H4SiO4þAlðOHÞ3
Albite Gibbsite

ð3Þ
3KAlSi3O8þ2Hþþ12H2O $ 2Kþþ6H4SiO4þKAl3Si3O10ðOHÞ2
K� felspar Muscovite=Illite

ð4Þ

The groundwaters with high SO4 content are all in Group

3. Kaolinite is the most stable phase for the albite system as

reaction (2); and, for the K-feldspar system, the stability field

locates along the boundary between kaolinite and illite

(Fig. 5b). The illite-producing reaction can be also described

by reaction (4). In addition, oxidation of pyrite is one of the

possible sources of SO4. Although the formation of iron

hydroxide is dependent on the pH and redox state, a

completed oxidation of pyrite can be described by

2FeS2 þ 7H2Oþ 7:5O2 ! Fe OHð Þ3þ 4SO2�
4 þ 8Hþ

Pyrite Iron hydroxide

ð5Þ

All of these phases are included in the inverse

geochemical modeling but gibbsite is excluded because the

information of Al content in groundwater is not available.

In this study, NetpathXL is used to model the potential

sources of SO4 in K2 and K3. Therefore, a geochemical

reaction system is established concentrating on the mass

balance of SO4. Based on the geochemical interpretations

and phase stability, four categories of phases are consid-

ered to be involved in rock–water interaction:

1. Evaporitic minerals include gypsum, calcite, dolomite

and halite, which are highly soluble and can enter and

exit groundwater system in the model.

Fig. 5 Plot of dD versus d18O of groundwater. The straight line

represents Taiwan’s local meteoric water line (Liu 1984)
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2. Major mineral assemblages in granitoid include pyrite,

quartz, K-feldspar, albite and biotite, which are forced

to dissolve. Quartz (or aqueous silica) is a potential

product in the alteration of albite and K-feldspar;

therefore, both dissolution and precipitation processes

are allowed for SiO2.

3. Products of weathered granitoid include kaolinite, illite

and iron hydroxide, which are precipitation only in the

simulation. Muscovite, the stable phase in Group 2, is

excluded from the model because the chemical com-

position of muscovite is similar to illite.

4. CO2 is a very common phase in geochemical reactions

of groundwater system. In addition, the redox state is a

factor that must be included in the redox reactions as

suggested by Plummer et al. (1994).

The elements involved in these modeled phases,

including: S, Ca, Mg, Na, K, Fe, Si, C and Cl are desig-

nated as mass balance constraints.

The model simulates phase transfer by assuming that

groundwater flow from K2-1 to K2-3. Sample K2-3 has the

highest concentration of SO4 and is considered as the final

solution. K2-1 is the shallow groundwater at the same site

and may represent the recharging source of K2-3. The

simulation obtains 12 possible models as shown in Table 5.

There are some findings that can be further examined to

obtain a better model for geochemical evolution of

groundwater:

1. The amount of pyrite dissolution is small in all models

and no model can be obtained if gypsum was removed

from the phase list of the simulation. Therefore,

gypsum dissolution is the dominant process for the

groundwater with high SO4 concentration (Model 1-6)

and pyrite oxidation can be ignored (Model 7–12).

2. In Models 5 and 6, calcite must be removed from the

groundwater if dolomite is dissolved. It is less possible

because calcite and dolomite are similar in geochem-

ical properties and they are usually associated with

each other.

3. The resultant models demonstrate that kaolinite is

incompatible with SiO2, which means the major product

of weathered granitoid is either kaolinite (Model 1 and

2) or SiO2 (Model 3 and 4). However, the mineral

stability diagram shows kaolinite is the stable phase for

K2-1 and K2-3 (Fig. 6). It supports Models 1 and 2 as

being more plausible than the others.

4. The difference between Models 1 and 2 is not

considerable.

According to these discussions, the conceptual model of

the geochemical reactions governing the mass transfer of

water–rock interaction can be described by

K2� 1þ Gypsumþ Albiteþ ðK� feldsparÞ þ Halite

þ ðBiotiteÞ þ CO2

! K2� 3þ Calciteþ ðDolomiteÞ þ Kaolinite

þ ðIlliteÞ þ ðIron hydroxidÞ ð6Þ

where the amount of the bracketed phases are relatively

minor. This result also confirms that there is an additional

source of Na (albite weathering) other than halite to

separate Na and Cl into two factors in factor analysis.

Conclusions

According to geochemical well logging, highly fractured

zones were identified in granitoid aquifers and ten

groundwater samples were collected for isotope and

Fig. 6 Phase diagrams showing the aqueous geochemical conditions

for a Na2O–Al2O3–H2O–SiO2 system, and b K2O-Al2O3–H2O–SiO2

system. Group 1 shows that kaolinite is the most stable phase for

shallow groundwater; Group 2 demonstrates that albite and K-

feldspar in granitoid are weathered into gibbsite and muscovite,

respectively, and Group3 represents groundwaters from K2 and K3

containing high SO4
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geochemical analysis. Based on the concept of water–rock

interaction, geochemical interpretation is an effective way

to evaluate groundwater resources in a fractured rock

aquifer. The stable isotopes of hydrogen and oxygen cluster

along Taiwan’s LMWL, which reveals an evaporation

process under high humidity. However, the amount of

precipitation in Kinmen Island is 30% less than evapora-

tion; therefore, infiltration must be fast enough to prevent

considerable evaporation. This means the fractured gran-

itoid could be a potential water source for Kinmen Island.

The geochemical properties of groundwaters in the gran-

itoid aquifer are principally characterized by SO4 content.

Seawater mixing is first excluded because SO4 and Cl do

not have a linear relationship. NetpathXL is employed to

simulate the predominant geochemical reactions control-

ling chemical evolution of the groundwater. The results

demonstrate that the major source of SO4 is gypsum dis-

solution rather than pyrite oxidation and the alteration of

albite to kaolinite is the dominant reaction characterizing

the geochemical properties of deep groundwater.
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