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Geochemical Modeling of Groundwater in
Granitic Terrain: the Yeongcheon Area
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Abstract : We investigated the geochemistry and environmental isotopes of granite-bedrock groundwater in the
Yeongcheon diversion tunnel which is located about 300 m below the land surface. The hydrochemistry of
groundwaters belongs to the Ca-HCO; type, and is controlled by flow systems and water-rock interaction in the
flow conduits (fractures). The deuterium and oxygen-18 data are clustered along the meteoric water line, indicating
that the groundwater are commonly of meteoric water origin and are not affected by secondary isotope effects such
as evaporation and isotope exchange. Trittum dara show that the groundwaters were mostly recharged before pre-
thermonuclear period and have been mixed with younger surface water flowing down rapidly into the tunnel along
fractured zones. Based on the mass balance and reaction simulation approaches, using both the hydrochemistry of
groundwater and the secondary mineralogy of fracture-filling materials, we have modeled the low-temperature
hydrogeochemical evolution of groundwater in the area. The results of geochemical simulation show that the
concentrations of Ca”, Na” and HCQO; and pH of waters increase progressively owing to the dissolution of reactive
minerals in flow paths. The concentrations of Mg’ and K first increase with the dissolution, but later decrease when
montmorillonite and illitic material are precipitated respectively. The continuous adding of reactive minerals, namely
the progressively larger degrees of water/rock interaction, causes the formation of secondary minerals with the
following sequence: first hematite, then gibbsite, then kaolinite, then montmorillonite, then illtic material, and finally
microcline. During the simulation all the gibbsite is consumed, kaolinite precipitates and then the continuous
reaction converts the kaolinite to montmorillonite and illitic material. The reaction simulation results agree well with
the observed, water chemistry and secondary mineralogy, indicating the successful applicability of this simulation
technique to delineate the complex hydrogeochemistry of bedrock groundwaters.
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Introduction Crystalline rocks such as granite and gneiss have been

considered as suitable sites of radioactive waste repository. A

The groundwater chemistry is very important in the perfor- number of hydrogeochemical investigations in crystalline
mance assessment of geological disposal for radioactive waste.  rocks have been performed to determine the suitability for
radioactive waste disposal (Bottomley et al., 1984; Frape et al.,
*Korea Atomic Energy Research Institute, P.O. Box 105, Yusung,  1984; Nordstrom et al., 1989; Grimaud et al., 1990). The
Tacjon 305-600, Rorea(d= A= A7) Korea Atomic Energy Research Institute (KAERI) is conduc-

**Dept. Earth & Env. Sci., Korea University, Seoul 136-701, Korea(112} ) ) . I o
ghw) ting hydrogeological and hydrogeochemical investigations of
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crystalline rocks as a part of Radioactive Waste Management
Research Program. The granite area of the Yeongcheon diver-
sion tunnel area was chosen as a research site for investigaton
of bedrock groundwater geochemistry. The Yeongcheon tunnel
is now constructing after 1994 for water supply to the Yeong-
cheon area, and is about 40 km long between the Yeongcheon
Dam and the Imha Dam of Andong area. The tunneling is
done using Tunnel Boring Machine with a diameter of 2 m.
Geology of the tunnel area is very diverse, consisting mainly of
volcanic and sedimentary rocks in addition to granite. This area
is "adequate for systematic investigations of hydrogeology and
hydrogeochemistry, as both the direct observation of fractures
as groundwater flowing paths and the in-situ sampling of deep
groundwater without sophisticated sampling device are possible.

The Yeongcheon diversion tunnel area in this study is
located in the Kyeongsangbukdo province (Lat. 36°7'-36°10'
and Long. 128°58'-129°5"). Previous studies on groundwater
of the Yeongcheon diversion tunnel area have been underta-
ken for the mineralogy of fracture-filling materials and hydro-
geochemistry in the granite area (Lee et al., 1996; Kim ef al.,
1998a, b). In this paper, we interpret the groundwater geo-
chemistry in more details by applying the multiphase geoche-
mical modeling on water-rock (granite) interaction and explores
the relationship between geochemical evolution of groundwa-
ter system and the formation of secondary minerals. Further-
more, the origin and residence time of groundwaters are in-
ferred from environmental isotope compositions, including
oxygen-18, deuterium and tritium.

Several computer programs, including SOLVEQ and
CHILLER (Reed, 1982), SOLMINEQ.88 (Perkins et al.,
1990), PHREEQE (Parkhurst er al., 1980) and EQ3/6
(Wolery and Daveler, 1992), are available for predicting the
speciation of dissolved constituents, the determination of
saturation states of water with respect to minerals, and the
evolution of water owing to progressive water-rock interaction
at a given temperature and pressure. Various available programs
have been summarized and compared by Nordstrom et al.
(1979) and Melchoir and Bassett (1990). In this study, we used
the program CHILLER with a modification to simulate con-
tinuously the appropriate geochemical evolution path. The
results of geochemical simulation were carefully compared
with the data of in-situ measurements and of water chemistry.

Geology and Mineralogy

The topography and geology of the Yeongcheon diversion
tunnel area have been described in detail in previous studies
‘Oh and Jeong, 1975; Chang et al., 1977; Kim, 1992; Lee et
al., 1996). The geology of the tunnel area consists of sedi-
mentary, volcanic, and plutonic rocks in the Cretaceous
Kyeongsang basin (Figure 1). The Daegu Formation forms
“he oldest unit in the study area, and consists mainly of shale,
sandy shale and mudstone. Volcaniclastic rocks consist of tuff
and andesitic to rhyolitic breccias, and were intruded by
dacite. Biotite granite represents the youngest rock unit in the
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Figure 1. Geologic map and geologic section of the Yeongcheon
diversion tunnel area, showing water sampling sites.

area, and is composed mainly of quartz (25%), plagioclase
(31%), K-feldspar (30%) and biotite (6%). Accessory minerals
include hornblende, perthite, zircon, apatite and opaque
minerals. The plagioclase belongs to albite-oligoclase (Oh and
Jeong, 1975). Basic dykes ubiquitously intrude the biotite
granite,

This study is restricted in the area of biotite granite within
the tunnel area. Calcite and pyrite occur as products of
hydrothermal fracture filling in the granite. X-ray diffraction
analyses of fracture materials by Lee et al. (1996) indicate the
occurrence of illite, laumontite, stilbite, quartz, smectite and
calcite. KAERI (1995) identified the presence of rectorite,
laumontite, stellerite, calcite, smectite and quartz as fracture-
filling minerals. However, the calcite is thought to be a
hydrothermal origin (see WATER CHEMISTRY). It is also
probable that the observed zeolites, including laumontite,
stilbite and stellerite, are hydrothermal alteration products.
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Water Chemistry

Sampling of waters including tunnel seepage waters and
surface waters was carried out from totally thirteen localities
between 1995 and 1996 (Figure 1). The pH, Eh, temper-
ature, and electrical conductivity were measured in-situ with
portable meters (Orion 290A and 190). Measurement of
alkalinity was performed in the field by acid titration. After
filtering with 0.45 um cellulose membrane filters, the samples
for cation analysis were acidified to pH of <2.0 by adding few
drops of 50% ultra-pure HNO;. Concentrations of major
cations were measured by the atomic absorption spectrometer
(AAS) and inductively coupled plasma atomic emission spec-
trometer (ICP-AES). Anions were measured by ion chromato-
graphy (IC). Oxygen and hydrogen isotope compositions of
water were determined through the conventional CO, equi-
libration method (at 25°C) and the reduction with Zn metal
(at 450°C), respectively. Relative errors of analysis are +0.1%
for oxygen-18 and +1.0% for deuterium. Tritium contents
(TU) of water were measured by the liquid scintillation
counting during 500 minutes after the electrolytic enrichment
of the sample from 600 g to 20 g. The precision of tritium
analysis is about 1.0 TU.

Physiochemical data of water samples are summarized in
Table 1. The measured pH and Eh values of groundwater
range from 7.1 to 8.3 and from +15.4 to -56.2 mV, respec-
tively. Major dissolved cations and anions are Na” (9.5 to 15.4
mg/L) and Ca® (12.2 to 26.8 mg/L) and HCO; (45.3 to
88.5 mg/L) and SO;” (12.3 to 29.3 mg/L), respectively.
Trilinear equivalence plots show that the waters are all of Ca
(-Na)-HCO; type (Figure 2).

The Na' and Ca™ in natural waters are commonly derived

o Surface water
« Groundwater

Figure 2. Trilinear compositional diagrams showing chemical com-
positions of water samples from the Yeongcheon div-
ersion tunnel area.
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from dissolution of plagioclase. The albite composition of
plagioclase in granite of the Yeongcheon area ranges from
Abyg to Abgy. The Na’" concentration in groundwaters range
from 0.4 to 0.7 mmole, and is similar to the Ca®>* concentra-
tions (0.3~0.7 mmole). In order to explain the enhanced Ca”™
concentrations in waters, we consider the dissolution of calcite
in addition to plagioclase (albite-oligoclase). In fact, hydro-
thermal fracture-filling calcites are ubiquitously observed along
the groundwater flowing paths within the tunnel. Therefore,
calcite dissolution acts as a main cause of Ca® enrichment in
water. The K* and Mg” contents are related to the incon-
gruent dissolution of K-feldspar and biotite. Chemical wea-
thering of silicate minerals in granite to kaolinite consumes H",
resulting in gradual increase of pH of groundwater.

The concentrations of major ions in waters are plotted with
respect to pH (Figure 3). The Na® content tends to be
increased with increasing pH, whereas no relationships of K,
Mg” and Ca™ concentrations to pH are noticeable. Although
the granite in the tunnel area contains abundant K-feldspar
(30%) and biotite (6%), the K* and Mg™ concentrations in
waters are relatively low. This fact can be explained by con-
sidering the dissolution rates of silicate minerals. According to
Walther and Wood (1986), however, the dissolution rates of
silicate minerals do not differ by one order of magnitude.
Therefore, we consider that the observed low contents of K
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Figure 3. pH versus Na', Mg”, Ca™, K', Pco,, and Eh diagrams
for water samples from the Yeongcheon diversion tun-
nel area. Symbols are the same as in Figure 2.
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and Mg” may be explained by the removal through precipita-
tion of clay minerals and/or illtic material. Similarly, the Ca®
concentrations also may be controlled by the formation of Ca-
bearing minerals such as Ca-montmorillonite.

Dissolved silica results from the chemical weathering of
silicate minerals, and is controlled either by kinetic factors in
the dissolution process or by precipitation of secondary minerals
such as one of the less organized forms of silica rather than the
direct precipitation of quartz (Hem, 1973). The measured
silica concentrations of groundwater (15.0~27.7 mg/L) are
higher than the solubility of quartz (6.0 mg/L at 25°C).
According to Hem et al. (1973), an amorphous clay mineral
with the halloysite composition may be produced by the
weathering of igneous minerals and may control the aluminum
and silica concentrations in natural waters. Paces (1978) also
suggested that aluminum and silica concentrations in ground-
water are controlled by a metastable aluminosilicate mineral
with a variable composition between gibbsite and kaolinite,
which allows higher silica concentrations in water.

$O,” in waters is likely to be deduced from oxidation of
pyrite formed during hydrothermal alteration in fractures of
granite. Preliminary sulfur isotope data of groundwaters
(8*Scpr=+2.6+4.5%) in granite area indicates that sulfate is
originated from hydrothermal fracture-filling pyrites (8*Scpy =
+4.2+5.3%; Yun et al., in prep.). Compared with most fresh
waters containing F~ of less than 1 mg/L (Hem, 1989), the
Yeongcheon groundwaters are relatively enriched in F~ (0.9~

2.6 mg/L). Both F~ and Cl” can be derived from dissolution
of biotite and apatite (Savage et al., 1987; Nordstrom et al.,
1989). According to Tsusue et al. (1981), apatite and biotite
from Korean Cretaceous granites typically contain appreciable
amounts of F~ and CI".

Partial pressures of CO, (Pco,) in water were calculated
from measured pH and alkalinity data using the program
SOLVEQ (Reed, 1982) and are shown in Table 1 and Figure
3. Calculated log Pco, (atm) values range from -3.4 to -2.2
(Table 1). The origin of carbon in groundwaters includes: (1)
atmospheric CO,, (2) dissolution of carbonate minerals, and
(3) microbial oxidation of organic carbon and/or carbon
dioxide from plant respiration. Relatively higher Pco, values
(up to 1077 atm) for Yeongcheon groundwaters possibly
indicate the role of sources (2) or (3) in addition to atmo-
spheric CO, (Plummer, 1977). However, it is unlikely that
source (2), a carbonate carbon, cannot be an adequate
explanation in this area, because ion speciation calculations
using the program SOLVEQ show that all of water samples
examined are undersaturated with respect to calcite. Fur-
thermore, hydrothermal calcites in the tunnel area have 8
BCyppg values around -7% (Yun et al., in prep.). These carbon
isotope values are unlikely to form isotopically very light
carbon in groundwater (-17.1 to -17.9%; Yun et al., in prep.).
Therefore, we consider the contribution of carbon from either
the microbial oxidation of organic matter or carbon dioxide
from plant respiration. The 8“C values of CO, generated by

Table 1. Physicochemical data of water samples collected from granite area within the Yeongcheon diversion tunnel

Sample Water Dis. from Sampling Temp. Eh EC TDS log feo,* Nao K Ca* Mg” Cl HCO.*S0,> 8i0, NO Al
no. Type Portal (m) Date (°C) pH (mV) (uS/cm) (mg/L) (atm) (mg/L)
Y1l S W Feb-796 15 652 47.3 47.6 46 248 44 022 31 10 50 105 8.0 120 1.4 0.11 0.0001
Y-1' S. W. Oct-1095 203 693 12 46.5 53 290 47 020 43 13 47 103 109 152 09 0.11 0.0002
Y2 S W Feb-7-96 1.5 7.05 17.1 55.6 52 299 44 031 57 12 53 112 97 111 29 0.14 0.0004
Y-2' S W. - Oct-10-95 282 6.77 -16.7 48.1 44 278 36020 23 05 23 95 6.1 193 0.1 0.12 0.0001
Y-3 G.W. 4270 Feb-796 18.7 826 -56.2 145.3 135 -341 122 021 161 1.0 36 705 150 150 0.6 0.89 0.0047
Y4 G W. 4673 Feb-796 199 802 -423 1495 139 -3.18 134 027 173 02 22 693 187 167 0.0 1.07 0.0024
Y4 G W. 4673 Oc-10-95 157 7.87 -203 1397 130 -316 134 032 148 04 22 503 277 199 0.0 142 0.0014
Y5 G W. 5040 Feb-796 19.6 782 -304 166.0 154 -294 113 032 200 14 24 754 20.7 203 0.0 1.88 0.0012
Y5 G W. 5040 Oct-1095 145 793 217 1353 124  -322 109 026 145 14 25 507 201 213 0.0 195 0.0015
Y6 G W. 5505 Feb-796 194 819 -52.3 1675 150 -3.39 154 033 210 02 29 625 248 197 1.3 2.03 0.0030
Y6 G.W. 5505 Oct-10-95 153 7.95 -187 1452 130 -327 145 020 142 02 25 472 24.8 250 0.0 1.07 0.0014
Y7 G W. 5560 Feb-796 19.6 8.13 -53.3 1592 140 -3.35 125 027 199 03 19 607 223 212 0.0 1.37 0.0024
Y7' G W. 5560 Oct-10-95 16.3 8.15 -275 1231 124 -349 132 020 140 03 22 453 232 235 0.0 1.78 0.0023
Y-8 G . W. 5575 Feb-796 198 744 -74 1678 150  -2.58 9.8 026 232 07 19 71.7 223 185 0.0 1.58 0.0006
Y9 G W. 5650 Feb-7-96 19.8 743 -68 169.2 149 256 154 022 162 0.1 17 738 174 224 0.0 1.53 0.0005
Y9 G W. 5650 Oct-10-95 152 8.02 -19.7 1495 125 -329 159 0.31 122 0.1 2.1 527 16.6 238 0.0 1.81 0.0017
Y-10 G. W. 6140 Feb-7-96 18.1 7.72 -243 2256 184 280 121 0.23 268 2.7 3.6 827 293 232 22 159 0.0009
Y-10' G.W. 6140 Oct-1095 154 798 -22.3 159.3 168  -3.10 11.3 0.30 247 23 41 763 209 267 0.0 1.08 0.0014
Y-11 G. W. 6150 Feb-7-96 16.3 7.86 -32.8 1904 184  -291 112 0.21 263 2.7 35 885 256 227 1.6 1.89 0.0012
Y-11' G. W. 6150 Oct-1095 179 772 -98 1804 159 286 107 0.32 216 2.3 3.7 715 194 277 0.0 1.92 0.0007
Y-12 G.W. 7700 Feb-796 19.1 7.30 -55 1345 144 241 95 031 194 06 17 758 123 21.3 0.0 2.62 0.0004
Y-13 G.W. 8000 Feb-7-96 209 7.06 154 1458 151 217 111 024 183 13 33 774 128 242 1.0 098 0.0002

*Calculated from alkalinity and pH using SOLVEQ (Reed, 1982)

“*Calculated values in equilibrium with kaolinite from SOLVEQ (Reed, 1982)

195



Yong - Kwon Koh, Chun - Soo Kim, Dae - Seok Bae and Seong —Taek Yun

microorganisms generally range from -30 to -20% (Deines,
1980; Drever, 1988). The preliminary §"°C values of ground-
water (-17.1 to -17.9%) also may reflect the important role
of organic carbon in the groundwater in this area.

The mean annual evapotranspiration in Korea has been
reported to be about 600 mm (540-647 mm; KWRC, 1993).
According to Brook et al. (1983), mean log Pco, value in soil
under the annual evapotranspiration (AET) of 600 mm is
about -2.26. This log Pco, value is equivalent to 0.17 mmole
of aqueous CO, at 25°C. The dissolution of silicate minerals
consumes large amounts of CO, and H'. If albite and
anorthite were dissolved, 1 and 2 moles of CO, are consumed
for unit mole of Na and Ca, respectively, through the follow-
ing reactions.

2NaAlSi,Oq + 11H,0 + 2CO,— 2Na' + ALSi,O5(OH),
+4H,Si0, + 2HCO;

CaALSi, Oy + 3H,0 + 2C0O, — Ca* + AL,SL,O5(OH),
+2HCO;

As an example, the release of 0.67 mmole Na* (15.4 mg/L)
and 0.52 mmole Ca* (21.0 mg/L) for a water sample (No. 6
in Table 1) owing to the incongruent dissolution of albite
and anorthite requires the consumption of CO, by about 1.71
mmole. This calculation indicates that if dissolution of albite
and anorthite is proceeded under the CO, closed system, the

Table 2. Isotopic compositions of water samples collected from
granite area within the Yeongcheon diversion tunnel

Sample Sampling Dis. from  §°0 3D Tritium
no. Date Portal (m) (%) (%) (TU)
Y1 Feb-7-96 - -9.05 622 9.6
Y-1'  Oct-1095 7.20 -46.0 8.5
Y-2 Feb-7-96 - -8.88 61.0 9.1
Y2 Oct1095 - -7.35 482 7.6
Y-3 Feb-7-96 4270 959 662 1.1
Y3 Oct1095 4270 952 662 0.9
Y-4 Feb-7-96 4673 951 623 14
Y4  Oct-1095 4673 -9.54 65.3 0.7
Y-5 Feb-7-96 5040 -9.50 -66.0 1.1
Y-5'  Oct-1095 5040 -9.56 678 02
Y-6 Feb-7-96 5505 941 6338 1.6
Y6 Oct1095 5505 -9.44 659 1.0
Y-7 Feb-7-96 5560 -9.44 63.7 3.1
Y7'  Oct-1095 5560 951 659 24
Y-8 Feb-7-96 5575 -9.48 637 41
Y-8  Oct-1095 5650 959 -66.1 32
Y-9 Feb-7-96 5650 -9.66 70.0 02
Y9 Oct-1095 5650 9.62 -66.5 0.9
Y10  Feb-7-96 6140 9.16 625 3.0
Y100 Oct-1095 6140 -9.30 662 2.0
Y11  Feb-7-96 6150 918 632 3.3
Y-11'  Oct-1095 6150 9.36 -65.5 1.6
Y12 Feb-7-96 7700 9.38 -66.1 45
Y13 Feb-7-96 8000 937 64.8 L7
Y13'  Oct-10-95 8000 - - 1.1
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amounts of CO; required for the dissolution is larger than the
amounts of CO, generated from biological process. Therefore,
we should consider the geochemical evolution of ground-
water under partially open system in which CO, is supplied
continuously.

The relationship between Eh and pH data (Figure 3) shows
that Eh is decreased with increasing pH. Although it is
intrinsically difficult to measure accurate redox potential in
the field (Stumm and Morgan, 1981), this reladonship may
indicate the progressive reduction of Fe* with deeper
circulation and associated pH increase. Because there is no
clear relationship between redox potential and iron concentra-
tions (Table 2 in Lee et al., 1996), however, it is possible that
the iron contents in water are controlled by organic com-
plexation.

The chemical compositions of surface water and ground-
water in the Yeongcheon area are plotted in mineral stability
diagrams for the systems of Na,0-ALO;-Si0,-H,0 and CaO-
ALO;-8i0,-H,0 at 25°C (Figure 4). Groundwaters seem to
be equilibrated with kaolinite and montmorillonite, indicating
that silica and aluminum in water are largely conserved by
the formation of kaolinite and montmorillonite through
incongruent dissolution of silicate minerals. Figure 4 also
shows that waters in the Yeongcheon tunnel area are
undersaturated with respect to calcite.

Environmental Isotopes

The environmental isotopic compositions of waters sampled
twice between Oct. 1995 and Feb. 1996 are summarized in
Table 2. The 80 and 8D values of surface waters range from
-9.1 to -7.2% and -62.2 to -46.0%, respectively. Groundwa-
ters have 8'°0 and 8D values ranging from -9.7 to -9.2%, and
-70.0 to -62.3%,, respectively. Relationships between oxygen
and hydrogen isotope compositions are plotted in Figure 5.
All samples studied closely follow the worldwide meteoric
water line (Craig, 1961), indicating that groundwaters flow-
ing into the Yeongcheon tunnel have been recharged as local
meteoric waters under present climate conditions. Surface
waters also tend to show seasonal isotopic variation. It is no-
teworthy that isotopic compositions of tunnel groundwaters
are lighter than those of surface waters. This likely indicates
that groundwaters were recharged from the area of higher
elevation than local land surface. .

Tridum contents (TU) of water samples are listed in Table
2. Based on tritium contents, groundwaters discharged into
the tunnel can be grouped into two types: one with TU
values near 0.0, and the other with TU values of 1.6 to 4.5.
The former group with TU values of less than 1.6 is
dominant. Based on the long-term monitored tritum con-
tents of rain waters from Pohang and Taejon (IAEA, 1992;
Koh et al., 1996), these remarkably low trittum contents
suggest that most of tunnel groundwaters represent the old
meteoric waters recharged during pre-thermonuclear periods
before 1953 (IAEA, 1992).
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Dashed lines represent the saturation of calcite at Pco, values of 10** and 10?% atm. Thermodynamic data used are listed in
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Figure 5. 3°0 versus 8D diagram for water samples from the
Yeongcheon diversion tunnel area. Meteoric water line
from Craig (1961).

Some local tunnel groundwaters belonging to the second
group possibly were recharged during the post-bomb age. In
other words, these waters have the residence time of less than
45 years (likely 10 to 40 years). The excavation of tunnel
since 1994 would disturb the groundwater flow system, result-
ing in fast groundwater flow toward the tunnel, especially at
highly fractured zones. Therefore, it is reasonable that the
second group groundwaters with higher tridum contents re-
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present the mixing with rapidly downward flowing surface
waters (about 10 TU).

Geochemical Simulation

Geochemical modeling for low-temperature groundwater-
rock systems has been carried out by a number of geoche-
mists (Grimaud et al., 1990; Kenoyer and Bowser, 1992;
Wolery and Daveler, 1992), in order to understand the water-
rock interaction and related hydrogeochemical evolution.

In this study, we used the geochemical reaction program
CHILLER (Reed, 1982) with adoption of thermodynamic
data from EQ3/6 Version 7.2 (Wolery and Daveler, 1992).
Table 3 summarizes the thermodynamic data for some miner-
als, which were used for the reaction simulation. The
CHILLER is a Fortran program for computing multicom-
ponent heterogeneous chemical equilibria among solids, gases
and an aqueous phase (Reed, 1982), and applies a Newton-
Raphson numerical method to solve a series of mass-balance
and mass-action equations, together with a heat balance
equation if needed (Reed, 1982; Reed and Spycher, 1984;
Spycher and Reed, 1989). The CHILLER provides stepwise
incremental changes in temperature, pressure, enthalpy, or
composition to a system. Following each step, both the
equilibrium phase assemblage and the mineral and aqueous
compositions are recalculated. This process is repeated until
the calculated assemblage is truly equilibrated. After this
process, we can conduct particular model calculation includ-
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Table 3. Dissociation-speciation reactions and corresponding equilibrium constants for some representative minerals and CO,

Minerals Reactions Log K (25°C)  References
Gibbsite Al(OH);+3H+=A"+3H,0 7.756 1
Kaolinite ALSi,O5(OH),+6H'=2A1*+28i0,(aq)+5H,0 6.8101 1
Chalcedony Si0,=8i0,(aq) -3.7281 1
Albite NaAlSi;Og+4H+=Na'+Al*+38i0,(aq)+2H,0 2.7645 1
K-feldspar KAISi,O¢+4H =K +AP"+38i0,(aq)+2H,0 -0.2753 1
Muscovite KALSi;014(OH),+10H =K' +3A1*'+35i0,(aq)+6H,0 13.5858 1
Laumonite CaAl,Si,0,,(4H,0)+8H+=Ca+2A1*+48i0,(aq)+8H,0O 13.6667 1
Pyrophyllite ALSi,O\(OH),+6H'=2A1* +48i0,(aq)+4H,0 0.4397 1
Montmorillonite-Mg  Mgp 405Al, 6,51,0,10( OH),+6H'=0.495 Mg?+1.67A1* +48i0,(aq)+4H,0 2.3879 2
Montmorillonite-Ca  Cag165Mgo.33Al, 6791:010( OH ), +6H'=0.165 Ca®+0.33 Mg +1.67A1*+48i0,(aq)+4H,0 24952 2
Montmorillonite-K Ko‘asMgO.uAllﬂSi‘tOm(OH)2+6H‘=0.33K’+0.33Mg2*+l.67A13*+4H20+4Si02(aq) 2.1423 2
Montmorillonite-Na  Nag ;Mg 55Al 651,010(OH),+6H =0.33Na"+0.33Mg?" +1.67AI +4H,0+4Si05(aq) 2.4844 2
Analcime Naygo6Aly.965.0406:H,0+3.84H=0.96. 3++().96Na'+2.04065i02(aq)+2.92H2O 6.1396 3
Chlorite MgALSi;0 o OH)p+16H =2A1*+38i0,(aq)+5Mg™+12H,0 67.2391 1
Quartz §i0,=8i0,(aq) -3.9993 1
Beidellite-K K0,33A12_33Si3_57010(OH)2+7.32H+=0.33K*+2.33A13++3.67Si02(aq)+4.66H20 5.3088 4
Beidellite-Mg Mg 166AL, 3385, 6/010( OH),+7.32H'=0.165Mg 5.5537 4
Beidellite-Na 2'4+2.33A1+3.67Si0,(aq)+4.66H,0 5.6473 4
Beidellite-Ca Nag AL 3381, /010(OH)247.32H+=0.33Na"+2.33A1* +3.678i0,(aq)+4.66H,0 5.5914 4
Calcite Cag16AL, 331557010 OH),+7.32H"=0.165Ca” +2.33A13++3.67810,(aq) +4.66H,0 1.8487 1
CO, (g) CaCO,+H"=Ca®”+HCO; -7.8136 1

1) Johnson et al., 1992; 2) Wolery and Daveler, 1992; 3) Johnson et al., 1982; 4) Wolery, 1978

Table 4. Saturation indices of representative secondary minerals of water samples collected from granite area within the Yeongcheon di-

version tunnel

Sag(‘)Pk albite anorthite calcite chalce clino K-feld gibbsite illite

[aumon mont-Ca mont-K mont-Na mont-Mg musco phlogo quartz

Y-1 -397  -1089 -327 003 -21.15 -246 -065 -273
Y1 -333 994 274 013 -1641 -189 -075 -2.16
Y-2 -351 958 246 -0.01 -1554 -186 -062 -2.08
Y-2' -339 -1051 -3.18 023 -1990 -184 -086 -231
Y-3 -1.65  -675 -050 010 -391 -061 -0.72 -0.76
Y4 -174 -719 -026 016 976 -062 -078 -1.07
Y4 173 756 062 024 969 -054 -086 -101
Y-5 -1.83 754 037 025 -747 -057 -087 -092
Y-5' -170 -744 056 027 -630 -051 -089 -083
Y-6 -1.38 678 -0.07 022 -805 -024 -084 -075
Y-6' -142 -742 -058 033 -1028 -047 -096 -101
Y-7 -l46 692 016 02 -770 -032 -088 -078
Y72 -133 702 -041 030 -742 -034 -092 -078
Y-8 235 823  -071 021 -12.82 -111 -084 -151
Y9 -199 -840 085 030 -17.01 -1.03 -092 -168
Y9 135 734 -053 031 -1106 -025 -093 -092
Y10 -1.79 762 -032 031 -707 -070 -093 -098
Y-10' -145 -713 012 036 470 -021 -099 -057
Y1 171 735 016 029 569 -062 -092 -087
Y-11' -168 -770 -046 038 -726 -040 -1.01 -082
Y12 -237 -858 -089 027 -1443 -1.05 -090 -1.56
Y-13 -243 909 -115 033 -1510 -1.29 -095 -1.74

-5.38  -1.13 -1.83 -1.07 -l.66 211 -14.39  0.30
422  -043 -1.16 -0.37 097  -175 -11.04 040
-4.14  -0.62 -1.31 -0.59 -1.200 -144 -1040 026
459  -0.52 -121 -048 -1.06  -190 -13.14 0.51
-1.09  0.86 0.04 0.80 036 -040 -224 037
-142 053 -0.26 0.35 0.03 -053 -579 043
-1.63  0.65 -0.10 0.53 017 -061 -572 051
-1.59  0.82 0.05 0.78 030 -066 -442 0.52
-146 096 0.18 093 045 -064 -368 054
-0.88 0385 0.08 0.66 037 -028 -442 049
-1.29  0.86 0.04 0.69 039 -073 -6.06 061
-095 093 0.14 0.77 042 -042 -431 053
097  1.03 022 0.90 055 -053 -419 057
235 028 -0.53 0.17 -0.28 -1.13  -815 048
235 016 -0.65 -0.06 -0.31 -1.21 -10.63 057
-1.26 076 0.02 0.56 032 -047 -63 0.58
-1.55 0.97 0.13 0.95 0.44 -091 -434 058
-0.95 1.33 0.54 131 079 -053 -247 063
-1.31 1.08 0.23 1.06 053 -081 -343 057
-1.48 112 0.34 1.10 058 -076 42 0.66
-2.57 026 -0.52 0.15 030 -1.19 9.09 055
297 026 -0.55 0.21 027 -154 976 0.60

Abbreviations: chalce=chalcedony, clino=clinochlore, feld=feldspar, laumon=laumontite, mont=montmorillonite, musco=muscovite, phlogo=phlogopite

ing cooling, heating, boiling, condensation, mixing, water-
rock titration, and evaporation under either open or closed
system conditions.

Chemical speciation of groundwater samples was calculated
using the aqueous speciation program SOLVEQ (Reed,
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1982), in order to eliminate the reactions which are invalid
thermodynamically. Table 4 shows the calculadons of the
degree of saturation of groundwater with respect to various
minerals. Within the uncertainties of £1 in log K values, it is
clear that groundwater in the Yeongcheon tunnel area is
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Table 5. Composition of the reactant minerals used for geochemical modeling of evolution of groundwater in granite area

Minerals Compositions Vol.% Chemical Formula Formula weight Wt.%
QuartzBiotite SiO, 25.2 Si0, 60.08 3
K-feldsp Anng,Phy, 59 KMg, sFe, sAlSi;0,(OH), 464.59 7
Plagioclase KAISi;,O4 30.6 KAISi;O4 278.33 9
Opaques Abg;Angg 30.7 NaAlSi;Og 262.22 47
Accessory* - 3.6 CaAly(Si0,), 27821 9
pyrite - 40 - - -
calcite FeS, - - - -
CO,(aq) CaCO; - FeS, 119.98 4

*Accessory minerals include chlorite, sphene, apatite, zircon, sericite and iron oxides

Table 6. Chemical composition of rainwater used as an initial solution of water/rock (granite) interaction (after Berner and Berner, 1987)

(unit: mg/1)
pH* Na' K Ca™ Mg” Si0,** Al** cl SO HCO,*
5.67 1.1 0.26 0.97 0.36 0.001 0.001 1.2 4.5 0.76

*Calculated values when water is in equilibrium with air
**Assumed values for geochemical modeling
undersaturated with respect to most igneous rock-forming Mi l Log Grams
minerals. Major rock-forming minerals in granite, such as inara 5 4 -3 2 - 0
quartz (25%), feldspar (30%), plagioclase (30%) and biotite )

(6%), are probable reactants in the reaction simulation. Hematite T ——
Additionally, we included calcite and pyrite in the model Gibbsite ———
calculation, because they are commonly present :15 ﬁ*acturez- Kaolinite -
filling minerals and contribute significantly to the Ca™ and SO,”

concentrations in groundwater (see WATER CHEMISTRY). Mg-Mont, -

The dissolution of quartz is so slow that it shows little Ca-Mont. )
tendency for weathering (Garrels and Mackenzie, 1967; [llitic material -
Cleaves et al., 1970; Freeze and Cherry, 1979; Siegel and Microciine

. . -
Pfannkuch, 1984). Although the mineralogy of granite is well Rock/water ratio increase

documented, however, it is difficult to determine the exact
reactant minerals owing to uncertainties in dissolution rates of
silicate minerals. Though dissolution and precipitation rates of
silicate minerals have been estimated by a number of scientists
(Gislason and Eugster, 1987; Schnoor, 1990; Velbel, 1992),
the data are very inconsistent. Moreover, discrepancies of up
to four orders of magnitude between field estimates and
laboratory measurements have been documented (Brantley,
1992). In this study, we fitted the reactant minerals in the
geochemical simulation (Table 5), based on considerations of
mineral abundance, saturation states, and reaction kinetics.

In order to simulate the geochemical evolution of Yeongcheon
groundwater, rain water (see Table 6 for the chemistry) was
reacted with granite. In this calculation, the CO, concentra-
tion in reactant water was set to be 1077 arm (see WATER
CHEMISTRY). The results of simulation are plotted in
Figures 6 and 7.

The continuous adding of granite (reactant minerals) to
rain water causes precipitation of minerals in the following
sequence: hematite, then gibbsite, then kaolinite, then
montmorillonite, then illiic material, and then microcline
(Figure 6). The solution first equilibrates with hematite and
gibbsite, after only 10™ grams of reactant minerals are added.
By adding 10° grams of reactant minerals, the solution
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Figure 6. A diagram showing the formation sequence of secon-
dary minerals in groundwater during progressive water/
rock(granite) evolution, Line width correspond to re-
lative abundance. See text for explanation.

becomes undersaturated with respect to gibbsite and is
saturated with kaolinite. Then, the equilibrium phase is
changed to illitic material if 10" grams of reactant minerals is
added. It is noteworthy that the kinds of precipitating
minerals correspond well with the observed mineralogy in
fractures (Lee et al., 1996).

Figure 7 shows the changes of dissolved ions with decre-
asing water/rock ratios. Progressive water/rock interaction,
namely the decreasing water/rock ratios, results in progressive
increase of Na', Ca® and HCOj; in solution. The pH is
constant (buffered) at initial stage of water/rock interaction,
but increases steeply when about 10° grams of reactants are
added. The alteration of albite to kaolinite and/or gibbsite
consumes protons, whereas the alteration to montmorillonite
consumes less acid. The increased aqueous silica causes the
precipitation of kaolinite. The Mg”" and K* concentrations in
solution increase slowly with increasing water/rock interac
tion, but then decrease with precipitation of montmorillonite,



Yong - Kwon Koh, Chun - Soo Kim, Dae - Seok Bae and Seong — Taek Yun

-2
3 HCOy
e // ca?
- — =~ 5i0,
4
Na' P ™~
0 - = «
Q2
=
i e E— '
g
g -8
- ///
7 &
-8
-9
5 -4 -3 -2 -1 0

Log grams of reactants

Figure 7. Results of geochemical simulation, showing composi-
tional variations (in molalities) of major dissolved ions
and SiO; in groundwater during the progressive water/
rock(granite) interaction. See text for explanation.

illitic material and K-feldspar (Figure 7). Dissolved silica in-
creases as a whole due to the dissolution of silicate minerals,
but decreases slightly in response to the successive precipit-
ation of montmorillonite, illitic material and microcline. The
results of simulation match well with measured physico-
chemical data (as an example, see Table 7). However, com-
puted potassium values are slightly higher than measured
values. We consider that potassium smectite may precipitate
from the solution (although the model calculations indicate
the undersaturation with respect to any smectite; this may be
related with the large uncertainty in thermodynamic data of
smectites), resulting in actual lower concentrations of potas-
sium.

In the simulation, chemical evolution of groundwater is
modeled under both the closed CO, and the fully open CO,
conditions (Table 7). Under closed CO, conditions, the pH
rapidly rises far above the measured values, while Pco, and
ion concentrations are much lower. Under completely open
CO, conditions, on the other hand, the simulated pH is too
low and Pco, high. Therefore, we consider that the evolution

Table 7. Camparison between actual physicochemical data (sample

no. 6) and simulated data (unit: mg/L)
Actual Simulated data
Compositions -
Y-6 partially CO, CO, close Fully CO,
pH 8.19 8.16 9.11 8.25
Temp. (°C) 194 25.0 25.0 25.0
Na* 154 15.1 15.5 15.6
K 0.33 2.37 0.56 3.8
Ca” 21.0 214 7.8 22.1
Mg™ 0.2 0.5 0.01 05
SiO, 19.7 18.2 1.54 19.0
HCO; 62.5 76.8 23.7 96.3
SO.” 24.8 24.5 25.1 25.1
PCOZ 10~3A39 10-3.32 10»4.81 10'3.50
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Figure 8. Stability diagrams for some minerals in the system
Ca0-ALO;-8510,-H,O at 25°C, showing the probable
path (thick solid line) of groundwater evolution due to
water/rock (granite) interaction. Solid circles=ground-
waters discharged into tunnel; open circles=surface wat-
ers discharged into the tunnel.

of groundwater in the Yeongcheon tunnel area occurs under
the partially open CO, conditions.

The result of simulated geochemical reaction path is plotted
on a mineral stability diagram in the system CaO-Al,0;-SiO,-
H,O at 25°C (Figure 8). Water in reaction with granite
would first equilibrate with gibbsite and then kaolinite. In
kaolinite field, the evolution path is accompanied with
increasing silica concentration. Figure 8 shows that the
evolution path of groundwater by the simulation is valid and
reasonable geochemical process in the granite area, even
though the complexities of natural processes could not be
duplicated.

Conclusions

The bedrock groundwaters discharged into the Yeongcheon
diversion tunnel in biotite granite chemically belong to Ca-
HCO,; type, and are controlled by the water/rock interaction.
The hydrogeochemical evolution of groundwater occurs as a
result of progressive reaction with the silicate minerals and
hydrothermal fracture-filling calcite under partially CO, open
conditions. The 80 and 8D data of waters indicate their
derivation from meteoric waters. Trittum contents of ground-
waters are mostly very low (0.2~1.6 TU), indicating that the
waters have been recharged during pre-thermonuclear period
(before 1953). However, some groundwaters with higher
tritium contents (up to 4.5 TU) include the mixing of younger
superficial water.
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Geochemical reaction modeling using CHILLER is under-
taken to identfy the processes which control the chemical
evolution of groundwater. The pH, Na' and Ca® concen-
trations increase progressively due to the progressive dis-
solution of silicate minerals and calcite, whereas the K and
Mg®* concentrations first increase but decrease later through
the precipitaton of illitic material and microcline and Mg-
bearing minerals such as clay. The results of modeling
approximate to actual pH, alkalinity, and major ion concen-
trations of waters. By fitting some reactant minerals on the
basis of mineral abundances, saturation states and dissolution
kinetics, model calculations were conducted under partial CO,
open conditions, and could trace the chemical evolution of
groundwater. Under either fully open CO, or closed CO,

conditions, on the other hand, the results do not match the -

measured pH and chemistry data.

Calcite and some zeolites have been reported to occur in
fractures acting as conduits of groundwater flow, and are
unlikely to have formed by water/rock interaction. Both the
ion speciation calculation and the carbon isotope values in-
dicate that calcite is not precipitated from groundwater and is
of hydrothermal origin. Zeolites also have formed from
ancient hydrothermal fluids, because the groundwaters are
undersaturated with respect to zeolites.

Calculated K* concentrations based on geochemical model-
ing of water/rock interaction are higher than actual analytical
data. This discrepancy may be due to uncertainties of clay
minerals such as montmorillonite. If K-bearing mont moril-
lonite is equilibrated (precipitated from) in solution during
the reaction, the potassium ion concentrations would be
lowered, and its formation would prevent the precipitation of
illiic material and microcline. Silica concentrations in ground-
water are higher than the solubilities of quartz or chalcedony,
indicating that silica concentrations are controlled by dis-
solution of metastable aluminosilicate minerals.

Under partially CO, open conditions, geochemical model-
ing on water/rock(granite) interaction and hydrogeochemical
evolution was carried out with fitting of reactant minerals to
match the water chemistry on the basis of mineral abundance
and saturation states. Although this approach neglects the
dissolution and precipitation kinetics of silicate minerals and,
therefore, does not trace hydrogeochemical evolution on time
basis, the results of simulation in this study provide reasonable
interpretation on groundwater evolution in granite area. In
future, however, we should consider the dissolution rates of
various reactant minerals. Such reasonable approach may be
undertaken with considerations of water/rock ratio, particle
size and effective surface area of reactant minerals, and precise
groundwater age.
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