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Geochemical Characteristics of Geothermal Water and
Groundwater in the Dongrae Hot-Spring Area
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Twenty water samples (eleven groundwater and nine geothermal water samples) were collected to
elucidate hydrogeochemical characteristics of the groundwater and geothermal water in the Dongrae
hot-spring area and its vicinity. Major and minor elements were analyzed for ground and geothermal
water samples. Physicochemical properties of the groundwater and the geothermal water were examined
and chemical composition of the two waters were compared. Factor and correlation analyses were
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carried out to simplify the physicochemical data into grouping some factors and to find interaction
between them. The groundwaters belong to Ca-HCOs type, while the geothermal waters belong to
Na-Cl type. The Na and Cl concentrations in the Dongrae hot-spring area are higher than those of
other granite areas in South Korea. The Na/Cl weight ratio ranges from 0.7 to 1.3 for the geothermal
waters. On the phase stability diagram, groundwaters fall effectively in the field of stability of kaolinite,
while geothermal waters fall in the stability field of microcline or kolinite depending on the chemical
composition system. Based on the Na-K, Na-K-Ca and Na-K-Ca-Mg geothermometers, the geothermal
reservoir is estimated to have equilibrium temperature between 115 and 145C.

Key words : Dongrae hot-spring, geothermal water, water-rock interaction, geothermometer, factor

analysis

INTRODUCTION

The study area (the Dongrae hot-spring area
and its periphery) is located in southeastern
coast of the Korean Peninsula and is the second
largest city of the Republic of Korea (Fig. 1).
The maximum value of heat flow in this area is
higher than 100mW/m® (Lim et al, 1990) which
is higher than normal values in the Korean
Peninsula. The Dongrae hot-spring is situated
and is very famous together with the Haeundae
hot-spring located seaside of
Pusan city. At the same time, Pusan city is most
heavily dependent on groundwater for divergent
potable and
among the six large cities (Seoul, Pusan, Taegu,

in the eastern

uses (domestic, industrial uses)
Kwangju, Incheon, and Daejon). Therefore, it is
very important to assess available groundwater
resources of Pusan, to manage it reasonably, and
to prevent it from pollution.

Nine thermal water samples (DHI1-9) were
collected from bathhouses (Nockcheon-Tang,
Moonwha-Tang, Geumcheon-Tang, Joongang-
Yeoguan, Cheonil-Tang, Oncheon-Yeoguan,
Mansoo-Tang and Hyundae-Tang) the
municipal pumping station (Yangtang-Jang) in
the hot-spring  area eleven
groundwater samples were also collected from
Oncheon-Dong (sample numbers OC1-5) in May
1998, Sajik-Dong (sample numbers SJ1-3) and

and

Dongrae and
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Myongryun-Dong MR1-3)
areas. The locations of 20 sampling sites are
shown in Figs. 1 and 2. The groundwater
boreholes are in the depth range 20-130m.
Shallow groundwater is not deeper than 50
meters and intermediate groundwater ranges from
50m to 130m. The depth of geothermal boreholes
are slightly more or less than 200m.

Chemical compositions of geothermal water
and groundwater  .were analyzed statistically
using computer program code SAS to understand
the factors controling the chemical property of
the waters. Geochemical modeling was performed
using AquaChem (Aqueous Geochemical Analysis,
Plotting and Modelling) developed by Waterloo
Hydrologic (1998)

(sample numbers

to elucidate some
hydrogeochemical characteristics of the
geothermal and ground waters, water-rock

interaction, and chemical relation between them.

GEOLOGICAL AND
HYDROGEOLOGICAL SETTING

The western part of the study area is
occupied by the mountains of NNE-SSW
direction wherein Mountain Geurnjeong (790m) is
located (Fig. 2). The eastern part is occupied by
the small-scale mountains along NNE-SSW and
NNW-SSE directions with lower altitude (the
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Fig. 1. Location and sample sites of the study area.

highest peak is Mountain Guweol of 450m) than
the western part. The Dongrae hot-spring is
situated in the low plat area between the two
parts where Dongrae fault covered by alluvium
passes along NNE-SSW direction (Son et al,
1978). The main drainage of the area is related
to the orientation of mountains and also related
to the geological structures with numerous
tributaries nearly perpendicular to the main trend.

The geology of the study area is composed of
andesitic rocks belonging to Yucheon Group of
Cretaceous, and Bulkuksa granites (biotite
granite, adamellite, tonalite, granodiorite, and
micrographic granite) intruding the andesitic
(Son et al, 1978). They outcrop
mountainous area and alluvial deposits cover the

rocks in
lower plat area.

Andesitic rocks distribute in the southern part
of the study area. They are composed of
feldspar, pyroxene and hornblende. The Bulkuksa
granites are composed of essential minerals
(quartz, plagioclase, orthoclase, and biotite) and

accessory minerals (hormblende, chlorite,

magnetite, sphene, and apatite).

The groundwater flows from the range of
to the lower plat area
(Dongrae-Ku and Geumjeong-Ku). Dongrae fault
invisible in the field owing to alluvium and
pavement is distinct on the satellite image. At
the same time,

western  mountains

Yangsan fault runs in the
weatern part of Mountain Geumjeong with fault
evidence at several sites in Yangsan area (Ryu
and Kim, 1997). Dongrae and Yangsan faults

~may be related to the formation of the Dongrae
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hot-spring as developing secondary tension fault
of NE-SW direction which may act water
channel extending to at least 2-3km depth and
heat the water (Ryu et al, 1999). The heated
groundwater is considered to flow along the fault
having E-W strike and to ascend at the area of
the Dongrae hot-spring along Dongrae fault
which is favorable ascending flow path. In
addition, the shallow groundwater flows mainly
N60-80E trending fractures developed in bedrocks
(granite and andesitic rocks) (Choi et al., 1934).
The Korean Peninsula not

18 an area
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associated with high potential geothermal energy
as it is a part of the stable foreland of Far East
Asia and is located far from the Circum-Pacific
tectonic belt (Lim, 1995). Hence, it is inferred

o

that favorable geological structures (recharge and
upflow channels) associated with intrusive body
to heat
geothermal water at the Dongrae hot-spring.

(Bulguksa granite) may contribute
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Fig. 2. Geological map of the study area (from Son et al., 1978).

SAMPLING AND ANALYSIS
METHOD

At the same time with groundwater and
geothermal water sampling, temperature, pH,
electrical conductivity (EC), salinity and total
dissolved solid (TDS) were measured using pH
meter (Orion Model 250A), temperature
thermistor (Sato Model SM-1250MC) and EC
meter (Orion Model 115) in the field.

Bicarbonate and carbonate were analyzed in
the field by the titration method. Cations were
analyzed using the Atomic Absorption
Spectrometer (Perkin Elmer 3100) and anions (F,

CI', NOs, SO and PO) were analyzed using
the lon Chromatography (Dinex DX-300) at
Korea Institute of Geology, Mining and Materials
(KIGAM). Heavy metal ions were analyzed using
PDV3000 at KIGAM. All water samples for the
laboratory analysis were field-filtered with a
045um filter. The water samples for cation
analyses were acidified using 0.05N HCl for
pH 2-3. The
were chilled below 4T during
transportation to the laboratory. To check the

maintaining the sample with
samples

validity of the chemical analysis, charge balance
errors were calculated.
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RESULTS AND DISCUSSION

The chemical composition of nine geothermal

water and eleven groundwater samples is
presented in Table 1 with mean, standard
deviation, variance, maximum and minimum

values, and sample numbers.

PHYSICOCHEMICAL AND CHEMICAL
CHARACTERISTICS

The temperature of groundwater ranges from
14 to 17.6C with the average temperature of 16.
4C. On the other hand, the temperature of
geothermal water ranges from 50.6 to 66.4°C with
the average temperature of 58.4°C. The maximum
temperature of 66.4C were measured at the
municipal pumping station. The temperature of
the Dongrae hot-spring is relatively high among
those of the hot springs in Korean Peninsula.

The electrical conductivity (EC) is an indicator
of water quality relation to
constituents with increasing the concentration of
total dissolved solids (TDS) and increase with
depth due

in inorganic

to the progress of water-rock

interaction. EC of groundwater ranges from 240 .

to 7054S/cm with averaging 447 #S/cm (Table
1). In contrast, geothermal water ranges from
1,044 to 1,689 #S/cm with averaging 1,475xS/cm
which is higher than the mean value of
geothermal waters in South Korea. This is a
characteristics of hot springs which situated near
southeast or east coast of the Korean Peninsula
(Dongrae, Haeundae, Pohang and Mageumsan hot
springs) and may indicate the influence of
saltwater at deep places (Lim, 1995). High EC of
sample MRZ is believed to reflect anthropogenic
influence (domestic or other wastes).

pH of groundwater ranges from 6.06 to 7.23
with averaging 6.74, whereas geothermal water
ranges from 7.65 to 8.00 with averaging 7.83, as
showing higher pH values in geothermal water
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than in groundwater. This is due to much
consumption of hydrogen ion in geothermal water
than originating
long-term water-rock interaction.

Cl' concentration in groundwater averages
38.1mg/l with ranging from 188 to 47.6mg/l. In
contrast, chloride concentration in geothermal
water averages 362.4mg/l with ranging from 234
to 454mg/l (approximately tén times higher than
groundwater). Thus, it corresponds to the trend
that chloride concentrations increase with depth
but not a well-defined, continuous or
predictable manner (Nordstrom et al, 1989). The
salinity of the groundwater is derived from
outside the rock (allochthonous) and or inside the
rock (autochthonous) {(Nordstrom et al, 1989).
Chloride is used as an indicator of seawater
influence. However, when the relation between
Na‘' and Cl ions is not well established, it may
be the result of water-rock interaction (Banks et
al., 1995).

Na' concentration in groundwater averages
29.0omg/l with ranging from 130 to 67.4mg/],
while geothermal water averages 222.8mg/l with
ranging from 170 to 253mg/l. Na' is the most
abundant alkali element, and exists in minerals.
Thus, Na" in surface water or groundwater
originates from the dissolution of plagioclase or
from seawater intrusion and sea fog near coast.

The Na/Cl weight ratio for the geothermal
water (0.6) is slightly higher than the seawater
ratio of 055 (Fig. 3). Therefore, it is considered
that there was introduction of Na™ as well as the

shallow groundwater from

in

mixing of more saline water with dilute meteoric
water (Nordstrom et al, 1989). Fig. 4 is a
semi-log plot of the same data and shows two
distinct slopes, a steep slope from 188 to 476
mg/l of Cl and a gentle slope at higher Cl
concentrations. High Na/Cl weight ratios for the
steep slope are very typical of river waters,
rainwaters, fresh groundwters and groundwaters
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dominated by halite dissolution (Nordstrom et al.,
1989). Low ratios tend to occur when another
cation (usually Ca) becomes equal to or more
than Na ions.
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SO+ concentration in groundwater averages
36.24 mg/l with ranging from 1.87 to 59.34 mg/],
whereas SO4* concentration in geothermal water
averages 740 mg/l with ranging from 520 to
83.7 mg/l (Table 1). Thus, high concentration of
SO# in geothermal water may derive from
sulfides (pyrite, chalcopyrite and so on) in depth.

Average concentration of HCOs in
groundwater is 129.5mg/l with minimum 64.0 and
maximum 242.6mg/l, whereas that in geothermal
water is 92.7mg/l and lower than in groundwater
except 3188mg/l at DH9 whose
indistinct. In general, HCOs; concentration is
higher at shallow level because HyCOs; is more
abundant associated with CO; gas in soil and
weathered zone (Nesbitt and Young, 1984):

reason is

2NaAlSisOg+2H2CO5+Ha0=AlLSipOs(OH)4
albite carbonic acid kaolinite
+2Na"+2HCO3 +4Si0x(aq)
dissolved salts

1)

Ca¥ concentration in groundwater averages
3746mg/l with ranging from 137 to 789mg/l,
whereas Ca® concentration in geothermal water
averages 53.73mg/l with ranging from 30.7 to
652mg/l. Ca® in the water samples may be
derived from the weathering of plagioclase.

K" concentration in groundwater averages 3.40
mg/l with ranging from 058 to 15.10mg/l
whereas K~ concentration in geothermal water
averages 5.37mg/l with ranging from 384 to
6.38mg/l. K* ion in geothermal water may be
related to the dissolution of K-feldspar or mica.
However, K' concentration in groundwater shows
wider standard deviation than geothermal water.
This indicates that K' ion in groundwater may
be derived from anthropogenic sources as well as
natural sources (dissolution of K-feldspar and
mica or cation exchange within some clays). K
concentration at MR2 and MR3 is much higher
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than the other groundwater samples and may
suggest anthropogenic origin.

SiO2 concentration in groundwater averages
32.97mg/l with ranging from 180 to 53.0mg/l
whereas Si0: concentration in geothermal water
averages 4951lmg/l with ranging from 41.1 to
56.7mg/1. SiO; is introduced to the water due to
the dissolution of silicate minerals which is most
abundant in rocks.

Mg” concentration in groundwater averages
10.49mg/1 with ranging from 4.15 to 21.30mg/l
whereas that in geothermal water averages
0.14mg/1 with ranging from 0.08 to 0.28mg/l. At
high temperature, Mgz' concentrations decrease
rapidly as forming illitic  mica,
montmorillonite and, less commonly, dolomite
(Muffler and White, 1969). In general, the main
source of Mg®" ion in shallow groundwater is the
dissolution of dolomite or Mg-containing minerals
(Lee et al., 1997).

F~  concentration in groundwater averages
0.13mg/1 with ranging from 005 to 0.42mg/,
whereas F concentration in geothermal water
averages 1.79mg/l with ranging from 148 to
212mg/l as being much higher
groundwater. F~

chlorite,

than in
reported
relatively higher in granite, schist and gneiss
than other types of rock (Lee et al, 1997). Also,
F~ concentration is often high around the fluorite
mines as fluorite (CaFs) contains F~. In the study
area, F ion could be related to homblende and
apatite (Cas(Cl, F, OH)(POy);) (Hem, 1985). One
explanation of higher F~ ion in thermal water is
that F~ amount by adsorption is higher at
shallow depth than deep place owing to abundant
clay minerals (gibbsite, kaolinite, and halloysite)
at shallow depth (Hem, 1985).

NOs~ concentration in groundwater averages
6.38mg/l with ranging from 0.03mg/l at SJ3 to
131mg/1 at MR2 and with standard deviation
3.8mg/l. In contrast, NOs
geothermal water averages 1.05mg/l with ranging

concentration  is

concentration in

ojid, =8 %, =3

ot

up to 3.95mg/l and with lower standard deviation
(1.26mg/1) than groundwater. This means that
geothermal water is less affected by
anthropogenic sources than shallow groundwater.

Heavy elements (Cd, Pb, Mn, and Al) were
hardly detected except small amount of Fe and
Zn,

GEOTHERMAL AND GROUND WATER
TYPES

Concentration of dissolved ions is changed
with depth. However, if the water-rock
interaction occurs in the same geological

condition, the relative concentration will not vary
with depth. The water compositions were plotted
on the Piper diagram (trilinear diagram) which
shows cations and anions in
milliequivalents per liter (Fig. 5) for comparing
the waters, detecting mixing of waters of

different composition and identifying some of the

major

chemical processes during the water circulation
(Hem, 1985). The sampled waters are grouped as
Ca-HCO:; type for groundwater region and Na-Cl
type for geothermal water region, respectively.
Ionic equivalent abundances for cations and
anions in groundwater show Ca>Na>Mg>K and
DIC>CI>SOs>F, respectively.
number OC2 shows much abundance in Na' ion
than other samples. Ionic equivalent abundances
for cations and anions in geothermal water show
Na>Ca>Mg>K and for anions CI>SO,>DIC>F,
respectively.

According to the Stiff diagram (Fig. 6),
groundwater shows Ca-HCO; type except
Na-HCOs type at OC5 which is puzzling. On the
other hand, geothermal water shows Na-Cl type.
The shapes of the Stiff diagram are similar for
all geothermal-water samples representing the

However, sample

same origin, while those are different for
groundwater samples.
Using stable isotope data in the Dongrae

hot-spring (Lim et al, 1992), 6D and 6" 0 for
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Fig. 5. Piper diagram of groundwater and
thermal water samples from the study
area.
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Fig. 6, Stiff diagram of groundwater and

thermal water samples from the study
area.

all data lie on and close to the meteoric water
line. with values ranging from -48.7 to 51.8%,
and ranging from -7.3 to -7.8%, respectively,
thus indicating meteoric origin. These values are
within mean values in South Korea (-80 to -4
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0% for 6D and -11 to -4% for 6"0) (Joo et
al, 1992).

FACTOR ANALYSIS

To simplify individual independent variables
into grouping some factors, factor analysis using
statistical package SAS was conducted for
groundwater and geothermal water. Si0; Ca®’,
K', Mg”, Na', Fe, Zn, Cu, F, CI', NO3, SO,
HCOs" and NH{ were used as independent
variables. Principal component analysis (PCA)
was used as factor extraction model and
eigenvectors with eigenvalues larger than 1.000
were retained as factors. To maximize the
variance of the loadings on the factors, varimax
orthogonal rotation technique was employed.

As a factor analysis for groundwater, Ca®,
NOj3', SO4” and EC belong to factor 1 (Table 2),
Na‘, HCOs, EC and CI” belong to factor 2, and
Si0,, Mg” and K' belong to factor 3. Data
comprising factor 1 are considered to be
influenced by anthropogenic sources. However,
weak correlation between them demonstrates a
variety of contamination sources. Na', HCOs', K’
and CI' belonging to factor 2 could mainly be
derived from the dissolution of plagioclase and
K-feldspar. In contrast, high correlation
coefficient between Na’' and HCOs;™ (0.80), and
between K and HCO; (0.713) indicate
incongruent dissolution of albite as eqg. (1) and
that of K-feldspar, respectively:

2KAISi30s + 2H:COs+H0=
K-feldspar carbonic acid
AbLSix05(0H)y + 2K +2HCOs +4Si0xag)  (2)
kaolinite  dissolved salts

As Si0;, Mg*and K’ belonging to factor 3
show weak correlation between them, they may
be related to separate reaction independently. The
percentages of variance explained by factor 1,
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factor 2 and factor 3 are 33.1%, 31.9% and
18.7%, respectively, and totaling 83.7%. The
communality explains the amount of variance of
each variable retained in the three factors. The
communality for Mg® is the lowest among the

ot

1

variables as 0.5412.

As a factor analysis for geothermal water
(Table 3), EC, Ca”, K', Na’, F, Cl” and SO/
belong to factor 1, Na', HCOs, and SiOz Mg”*
and HCOs belong to factor 2. Data comuprising

Table 2. Varimax factor matrix of chemical constituents and factor scores for the

groundwater,
Variable Factor1 Factor2 Factor3 Communaility
Conductivity 0.6111 0.7636 -0.09 0.9649
SiO; -0.1095 —0.0681 0.8130 0.6776
Ca 0.8734 0.2008 -0.2454 0.8634
K 0.3100 0.5943 ~-0.7025 0.9427
Mg 0.3756 —0.0265 0.6321 0.5413
Na -0.3421 0.9177 ~0.1278 0.9756
Cl 0.4416 0.7537 0.3101 0.8592
NO3 0.8994 -0.1514 0.0550 0.8348
S04 0.8987 0.1406 0.1593 0.8528
HCO3 0.0230 0.8695 -0.3322 0.8669
Eigenvalue 4.2244 2.7229 1.4319
Percent of variance explained by factor 33.1464 31.9101 18.7354
Cumulative percent of variance 33.1464 65.0566 83.7920

Table 3. Varimax factor matrix of chemical constituents and factor scores for the

therma! water.

Variables Factor1 Factor2 Communality

Conductivity 0.9427 0.2875 0.9714

SiO2 0.2834 0.7020 0.5730

Ca 0.9298 0.3047 0.9574

K 0.9332 0.2727 0.9452

Mg -0.1040 0.7112 0.5167

Na 0.9742 -0.0240 0.9496

F 0.9169 ~0.1890 0.8764

Cl 0.9399 0.3007 0.9738

NO; -0.2777 -0.4943 0.3214

SO4 0.8888 0.3224 0.8940

HCOs3 0.1109 0.8240 0.6913
Eigenvalue 6.8033 1.8670
Percent of variance explained by factor  62.6785 24.0243
Cumulative percent of variance 62.6785 86.7028
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factor 1 could be related with by geothermometer
with high correlation among them. Especially,
Na" and CI” derive from the same origin with
high correlation coefficient (0.884). As SiQs, Mg2+
and HCOs; belonging to factor 2 show weak
correlation between them, they may be related to
the mixing between geothermal water and cold
water. The percentages of variance explained by
factor 1 and factor 2 are 62.7% and 24.0%,
respectively (total is 86.7%). The communality
explains the amount of variance of each variable
retained in the two factors.

WATER-ROCK INTERACTION

To reveal the distribution of aqueous species
and saturation state of some minerals, several
modeling codes are used: WAETRQ4F (Ball and
Nordstrom, 1991), MINTEQAZ (Allison, Brown,
and Novo-Gradac, 1990), PHREEQC (Parkhurst,
1995), NETPATH (Plummer et al, 1991) and
AQUACHEM (Waterloo Hydrologic, 1998). In this

Table 4. Saturation index (=Log(IAP/KT)) of the study area.

study, AQUACHEM and PHREEQC are used for
calculating activity and saturation index of some
minerals, and plotting phase stability diagram.

According to the saturation indices for major
chemical species in groundwater and geothermal
water of the study area (Table 4), the
groundwaters are undersaturated with respect to
most minerals (calcite, aragonite, dolomite,
siderite, gypsum, anhydrite, fluorite, amorphous
silica and CO; gas) except chalcedony and
quartz. In contrast, the geothermal waters are in
equilibrium or slightly supersaturated with
respect to most minerals except calcite, aragonite,
chacedony and quartz. This means that the
undersaturated minerals (in case of their
existence in the rocks) can dissolve in
groundwater and geothermal water.

The saturation index of quartz, dolomite,
calcite and gypsum is plotted againt pH on Fig.
7. The saturation index of calcite and dolomite
increase with the decrease of pH In contrast,

Sample No Calcite  Aragonite  Dolomite  Siderite

Gypsum  Anhydrite  Fluorite  Si02(a)  Chalcedony  Quartz

MR1 -0.568 -0.717 -1.846  -2.317  -1.914 -2.158 -1.721  -0.519 0.347 0.799
0cCt -1.347  -1.496 -3.151  -1.925  —2.042 -2.287 -3.397 -0.388 0.479 0.934
0c2 -0.956  -1.106 -1.869  -1.824  -2.228 -2.474 -3.201  -0.605 0.264 0.721
s -3.341 -3.491 -6.936  -4.192  -2.337 ~2.582 -3.780  -0.549 0.313 0.768
ocs -1.337  -1.487 -2.775  -2.575  -2.009 -2.256 -3.297 -0.615 0.255 0.712
82 1622  -1.774 -3.470  -2272 2731 -2.981 -3.625 —0.635 0.241 0.703
MA2 -1.000  -1.150 -2.776  -8.241  -1.766 -2.012 -2.504  -0.770 0.099 0.555
MR3 1170 -1.322 -3.107  -2.024  -2.138 -2.389 -2.567  -0.831 0.047 0.512
0C4 -2.465  -2.614 -4.924 1612  -2.279 ~2.524 -3.828  ~-0.531 0.337 0.792
ocs -0.829  -0.979 ~1.796 - -3.899 -4.145 -3.038 -0.617 0.251 0.706
SJ3 2194  -2.344 -4.725 1570  -2.692 -2.937 -3.506  ~0.595 0.271 0.725
DH1 0.057 -0.061 2232  -5220 —1.750 -1.670 -0.834  -0.824 -0.107 0.209
DH2 0.277 0,157 -1.587  -5.166  -1.863 -1.819 -0.912  -0.787 -0.061 0.264
DH3 0.187 0.060 -1.746  -4.695  -1.840 -1.903 -0.853  -0.719 0.040 0.396
DH4 0.232 0.108 -1.611  -4.908 —2.196 -2.222 -1.325  -0.761 -0.014 0.330
DH5 0.241 0.121 -1.490  -4.888  —1.885 ~1.848 -1.178  -0.847 -0.119 0.208
DHE -0.024  -0.143 2192 -4.809  -1.877 -1.830 -1.067  -0.800 -0.075 0.249
DH7 0.336 0.211 1107  -a.428  -1.877 -1.914 -1.081  -0.694 0.057 0.405
DHg 0.218 0.097 -1.768  -5.901  -1.844 -1.822 -0.931  -0.712 0.020 0.351
DHS 0.967 0.841 -0.135  -4.018  —1.821 -1.872 —-0.888  -0.642 0.114 0.465
+ Parenthetical letter a designates amorphous,
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Fig. 7. Saturation indices of calcite, dolomite, gypsum and quartz against pH in the study area.
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gypsum and quartz do not show any clear trend
with variation of pH. This can be explained by
decrease of calcium carbonate solubility with the
increase of pH.

The phase stability diagrams for logarithmic
jonic  activity of [Ca¥VIHT [Mg#VHTP
(Na'VIH], [KVHT vs. [H4Si04] demonstrate
that groundwater samples fall effectively in the
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field of stability of kaolinite representing lower
temperature supergenic conditions. On the other
hand, the geothermal water samples fall in the
stability field of microcline for
KoO~AbOsSiO-H:0 system, at the boundary of
kaolinite-pyrophylite-albite for NayO~AlbOz-SiOs-
HO system, in the stability field of kaolinite
near to pyrophylite for MgO-AkOs~Si0O-H0
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system and at the boundary of kaolinite-
laurmontite-pyrophylite for CaxO- AlbOs-SiO:-H.0
system (Fig. 8). The phase stability diagrams are
based on the thermodynamic data given by
Helgeson et al. (1978) and Bowers et al. (1984).
From the phase stability analysis, shallow
groundwater occurring from granite in Dongrae
area is in disequilibrated condition with feldspar
and will continuously react with feldspar, while
geothermal water reached equilibrated condition
with feldspar.

CATION GEOTHERMOMETRY

Cation geothermometer is widely used to
estimate geothermal reservoir temperature from
hot springs and geothermal wells. Several cation
geothermometers can be applied to geothermal
waters: Na-K (Fournier, 1983: Arnorsson, 1983;
Giggenbach et al., 1983), Na-K~Ca (Fournier and
Truesdell, 1973), Na-K-Ca-Mg (Fournier and
Potter, 1979), Na/Li (Fouillac and Michard, 1981),
Li/Mg (Kharaka and Mariner, 1986) and
Na-K-Mg (Giggenbach, 1988). The assumptions
for the application of geothermometers involve: 1)
temperature-dependent reactions, with adequate
supply of constituents in the local reservoir
rocks; 2) thermal water-rock equilibration with
specific mineral assemblages at high reservoir
tempeartures; 3) rapid rising of thermal water
from the reservoir to the surface; 4) negligible
reaction in transit at lower temperatures, so that
reservoir composition is retained; and 5) absence
of dilution or mixing with other waters at
intermediate depths (White, 1970). In reality,
recognition and reconstruction of chemical
equilibrium properties in a geothermal system
from water analyses is complicated in many
cases due to complex history of rising hot water
(mixing of waters and degassing,
combination of the two). Dilution and mixing of

or a
hot water with surficial waters during ascent to

the surface commonly occurs in geothermal

. groundwater
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systems (Fournier, 1977; Giggenbach, 198R).
Giggenbach (1988) proposed a geothermometer
that is composed of a triangle with Na/100,
K/100 and \/—M_g at the apices and is in order
to classify waters as fully equilibrated with rock
at given temperatures, partially equilibrated, and
immature (dissolution of rock with little or no
chemical equilibrium). In order to render the plot
applicable at all salinities, relative square root of
Mg concentration introduced (Giggenbach,
1983). The Na/1000-K/100- VMg  triangular
diagram is a combined method of the Na-K and
K- VMg geothermometers. The Na/K is little
affected by mixing with shallow waters, and
generally indicates temperatures of
(Lahlou Mimi et al, 1998).
contrast, the K- \/Wg geothermometer is very
sensitive to cooling and admixing of shallow
The full equilibrium is for

reservoir water compositions corrected for loss of
stearmn

in

deep

equilibrium In

waters. curve

owing to decompressional boiling.
Uncorrected waters will be plotted slightly above
the full equilibrium line. Thus, the Na-K-Mg
geothermometer  allows clear distinction
between waters suitable or unsuitable for the
application of cation geothermometry
(Giggenbach, 1988). At the same time, it allows
deeper equilibrium temperatures and the effects
of a variety of processes (i.e. re-equilibrium and

mixing of waters of different origins for a large

a

number of samples).

Geothermal water and shallow groundwater in
the study area were plotted in
(Na/1000)-(K/100)-( V Mg) diagran (Fig. 9).
The geothermal waters plots under the full
equilibrium line and are aligned near 140C Na-K
isothermal line, but do not lie on any specific
K-Mg geothermometric line (Fig. 9). This may
indicates the partial disequilibrium between K
and Mg due to the mixing between shallow

and deep geothermal water in
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equilibrium with the geothermal reservoir. The

geothermal water rnising from  geothermal
reservoir may be cooled by conduction of heat to
the surrounding rock, by boiling, by mixing with
cold water, or by a combination of these
processes (Fournier, 1979).

In general, the Na-K geothermometer is used
to estimate temperatures in deeper parts of
geothermal system where waters reside for
relatively long time. The Fournier (1933) Na-K
geothermometer yields temperature estimates for
geothermal water which range between 115T
and 125C (Table 5). On the other hand, Na-K
1983) yields
temperature estimates for geothermal water
which range between 120C and 130C. The
Na-K-Ca geothermometer (Fournier and
Truesdell, 1973) and the corrected Na-K-Ca-Mg
geothermometer (Fournier and Potter, 1979) yields
the same temperatures between 109C and 116°C.
These four geothermometers yields
temperature than the Na-K geothermometer
(Giggenbach et al, 1983) which vyields the
estimates between 135C and 146°C. The Na-K
geothermometer (Giggenbach, 1983) matches with
the Giggenbach (1988) Na-K-Mg geothermometer

well.

(Arnorsson,

geothermometer

lower

Based on the above several geothermometers,
the deep temperature in the geothermal reservoir

may be between 115 and 145C (average 130C).
The geothermal gradient in the south-eastern
part of the Korean Peninsula is over 28C/km
which is higher than the mean geothermal
gradient throughout South Korea of 26.9C/km
(Lim. 1995) with the
temperature 14C in Pusan area (Han, 1999).
Using those values and fluid temperature 130T

mean annual air

in Dongrae geothermal reservoir, the reservoir
could be situated at 4.1km depth.

"
80
worr o SQR(Mg)
©

Fig. 9. Triangular plots of Na, K and Mg as a
function of temperature of the
geothermal reservoir (after Giggenbach,
198:8). The Mg values are represented as
squiare roots.

Table 5. Chemical geothermometers for the thermal waters.

Sample Meas. T Na—K? Na-KP Na-K° Na-K-Ca® Na-K-Ca Mg corrected®
No °C °c °C °C °c °C
DH1 66.4 124 .4 119.2 139.5 112.0 112.0
DH2 62.7 126.2 121.1 141.3 113.7 113.7
DH3 50.6 123.9 118.7 138.9 111.2 111.2
DH4 55.0 121.2 115.8 136.1 109.2 109.2
DH5 62.0 122.5 117.1 137.5 110.4 110.4
DH6 63.0 120.2 114.7 135.1 108.9 108.9
DH7 53.7 125.1 120.0 140.2 111.0 111.0
DH8 60.4 124.8 119.6 139.9 1.7 11.7
DH9 52.1 130.3 125.5 1455 115.6 115.6

® Amorsson(1983); ®Fournier(1983); ° Giggenbach et al.(1983); ® Fournier and Truesdell(1973);; ® Fournier and Potter(1979).
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CONCLUSIONS

Nine geothermal water samples and eleven
cold groundwater samples were collected from
the Dongrae hot-spring and its vicinity. The
water samples were analyzed in the field and the
laboratory. Hydrogeochemical study was carried
out to elucidate some of chemical characteristics
of geothermal and ground waters each other and
comparison of chemical properties between them.
Major results of the study are followed:

1. The temperature of groundwater ranges
from 14 to 176C with the average temperature
164°C, while temperature of geothermal water
ranges from 506 to 66.4°C with the average
temperature 58.4C.

2. pH of groundwater ranges from 6.06 to 7.23
whereas geothermal water ranges from 7.65 to
8.00. EC of groundwater with ranging from 240
to 7061S/cm is lower than that of geothermal
water with ranging from 1044 to 1689 4 S/cm.

3. Mean values of major ion concentrations in
geothermal waters are higher than in ground
waters except Mg® and HCOs ions. HCOs;
concentration is higher at shallow level than deep
level because HoCOs; is more abundant associated
with COp gas in soil and weathered zone. Mg®
concentrations rapidly as forming
chlorite, illitic mica and montmorillonite at higher
temperature.

4. Tonic equivalent abundances for cations and
anions in the ground water show Ca>Na>Mg>K
and DIC>CI>SO>F, respectively. In  contrast,
ionic equivalent abundances in the geothermal
water show Na>Ca>Mg>K for cations
CI>S04>DIC>F for anions.

5. According to the Piper diagram, the ground
water belongs to Ca’-HCOs type, while the
geothermal water belongs to Na'™-Cl type.

6. The Na/Cl weight ratio for the geothermal
water indicates that there was introduction of

decrease

and
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Na“ ion as well as the mixing of more saline
water with dilute meteoric water.

7. According to the factor analysis for the
groundwater, factor 1 are considered to be
influenced by anthropogenic sources, and factor 2
could mainly be related with the dissolution of
plagioclase and mica. However, SiOs, Mg2+, and
K* belonging to factor 3 may be related to
separate reaction independently. Factor 1 for the
geothermal water could be related with by
geothermometer and factor 2 may be related to
the mixing between geothermal water and cold
water.
the
ground waters are undersaturated with respect to
most (calcite, aragonite, dolomite,
siderite, gypsum, anhydrite, fluorite, amorphous
silica and CO; gas) except chalcedony and
quartz, while the geothermal waters are in
slightly supersaturated with
respect to most minerals except calcite, aragonite,
chacedony and quartz.

9. On the stability diagram, the
groundwater samples lie in the field of stability

8. According to the saturation indices,

minerals

equilibrium or

phase

of kaolinite, while the geothermal water samples
lie in the stability field of microcline or kaolinite
depending on the chemical composition system.

10. Based on the Na-K- VMg, Nk,
Na-K-Ca and Na-K-Ca-Mg geothermometers,
the deep temperature in the geothermal reservoir
may be between 115 and 145C.

ACKNOWLEDGMENTS

The authors wish to acknowledge the financial
support of the Ministry of
Technology (MOST) and Korea Institute of
Geology, Mining and Materials (KIGAM). Thanks
are also given to the owners of the bathhouses
(Nockcheon-Tang, Moonwha-Tang, Geumcheon-
Joongang-Yeoguan,
Mansoo-Tang,

Science and

Tang, Cheonil-Tang,

Oncheon-Yeoguan, Hyundae-



saeux o] A5 Asse Ay 54

Tang) and officers of the municipal pumping
station (Yangtang-Jang) in the Dongrae
hot-spring area for collecting thermal water
samples.

REFERENCES

Allison, ].D., Brown, D.S. and Novo-Gradac, K],
1990, MINTEQAZ2/PRODEFA2, A Geochemical
Assess Model for Environmental
Systems:  Version 3.0 User's Manual,
U.S.EPA, Environ. Res. Lab, Athens, GA.

Amorsson, S., 1983, Chemical equilibria in
Icelandic geothermal systems-Implications for
chemical geothermometry
Geothermics, 12, 119-128.

Ball, JW. and Nordstrom, D.XK. 1991, User's
Manual for WATEQ4F, with Revised
Thermodynamic Data Base and Test Cases
for Calculating Speciation of Major, Trace,
and Redox Elements in Natural Waters, U.S.
Geol. Survey, Open File Report 91-813.

Choi, J.-W,, Kim, J.-J. and Kim, Y.-K, 1984, A
study on the earth stress of the granite area
in Pusan, Korea, Jour. Geol. Soc. Korea, 20,
314-325.

Fouillac, G. and Michard, G., 1981, Sodium/lithium
ratio in water applied to
reservoirs. Geothermics 10, 55-70.

Fournier, R.O., 1977, Chemical geothermometers
and mixing models for geothermal systems,
Geothermics, 5, 31-40.

Fournier, R.O., 1979, Geochemical and hydrologic
considerations and the use of
enthalpy-chloride diagrams in the prediction
of underground conditions in hot-spring
systems, Jour, Volcanol, Geotherm, Res, 5,
1-16.

Fournier, R.O., 1983, A method of calculating
quartz solubilities in aqueous sodium chloride
solutions, Geochim. Cosmochim. Acta, 47,

ment

investigations,

geothermal

223

579-536.

Fournier, R.O., 1991,
applied to geothermal energy, In Application
of Geochemistry in Geothermal Reservoir
Development, UNITAR/UNDP Centre on
Small Energy Resources, Rome, 37-69.

Water geothermometers

Fournier, RO. and Potter, RW. M. 1979,
Magnesium correction to the Na-K-Ca
chemical geothermometer, Geochim,
Cosmochim. Acta, 43, 1543-1550.

Fournier, R.O. and Truesdell, A, 1973, An

Na-K-Ca geothermometer for
natural waters, Geochim. Cosmochim. Acta,
37, 515-525.

Giggenbach, W.F.,, 1988, Geothermal solute

Derivation of Na-K-Mg-Ca
geoindicators, Geochim. Cosmochim. Acta, 52,
2749-2765.

Giggenbach, WF., Gonfiantini, R., Janji, BL., and
Truesdell, AH., 1983, Isotopic and chemical
composition of Parbati Valley geothermal
discharges, NW-Himalaya, India, Geothermics,
12, 199-222.

Han, ].S., 1999, A study on the hydrogeochemical
characteristics of thermal and groundwaters,

empirical

equilibria.

in Dongrae—gu, Pusan, master’s thesis, Pusan
National University, 102p.

Helgeson, H.C., Delany, J.M.,, Nesbitt, HW. and
Bird, D.K, 1978 Summary and critique of
the thermodynamic properties of
rock-forming minerals, Am.
278-A, 1-229.

Hem, J. D., 1985, Study and interpretation of the
chemical characteristics of natural water,

Jour.  Sci,,

US. Geological Survey water-supply paper
2254, 263p.

Joo, SH. and Ji, S.J., 1992, A study of isotopes
in surface and groundwater, Ministry of
Science, KR-92-(B)-3.

Kharaka, Y.K. and Mariner, RH., 1986, Chemical
geothermometers and their applications to



THE, FAG, 44, o3, 2%,

waters from sedimentary basins, Geothermal
History of Sedimentary Basins, S.CP.M.
special volume,

Kraynov, S.P. and Ryzhenko, B.N., 1997, Origin
of chloride groundwaters and brines in

crystalline massifs: evidence from

thermodynamic modeling of geochemical
processes in water-granite
Geochemn. International, 35, 913-933.

Lee, JU, Chon, HT. and John, Y.W. 1997,

Geochemical Characteristics of Deep Granite

systems,

Groundwater in Korea, Journal of the Korean
Society of Groundwater Environment, 4(4),
199-211.

Lim, J.U, 1995 Geothermal potential in the
Republic of Korea in terrestrial heat flow
and geothermal energy in Asia, Oxford &
IBH Publishing Co. Pvt. Ltd,, 435-467.

Lim, JU, Kim, HC, and Yum, BW, 1990,
Regional pattern of heat flow in the Korean
Peninsula, KR~89~(B)-12, 61p.

Muffler, L.JP. and White, D.E, 1969, Active
metamorphism of Upper Cenozoic sediments
in the Salton Sea geothermal field and the
Salton Trough, southeastern California, Bull.
Geol. Soc. Amer., 80, 157.

Neshitt, HW and GM. Young, 1984, Prediction
of some weathering trends of plutonic and
volcanic rocks based on thermodynamic and
kinetic consideration, Geochem. Cosmochim.
Acta, 48, 1523-1534.

Nordstrom, DK, Ball, J.W., Donahoe, R.J. and
Wittemore, D., 1989, Groundwater chemistry
and water-rock interactions at Stripa,
Geochem. Cosmochim. Acta, 53, 1727-1740.

Parkhurst, D.L., 1995, User's guide to PHREEQC
-A computer program for  speciation,
reaction-path, advective-transport and inverse
geochemical calculations, U.S.G.S. Water-Re-
sources Investigation Report 95-4227, 135-143.

Plummer, LN, Prestemon, EC, and Parkhurst,
DL, 1991, An intractive code (NETPATH)

PN
ol
fon

for modeling NET geochemical reacrions
along a flow PATH, US. Geol. Surv.
Water-Resources Rep. 91-4078,
227p.

Ryu, CR. and Kim, 1S,, 1997, Clastic structure
around Yangsan Tangdo Temple: evidence of
dextral movement of Yangsan fault zone,
Symp. Korea Soc. Econ. Environ. Geol., 18.

Ryu, CR,, Lee, BJ.,, Lee, BD, Cho, BW,, Sung,
LH. and Hamm, S.-Y., 1999, Joint pattern in
Geumjeongsan granite' preliminary study for
reviewing groundwater flow with related to
the tunneling and the Dongrae hot-spring,
Joint symposium of Korea Soc. Econ.
Environ. Geol, Korea Soc. Eng. Geol. and
Korea Soc. Geophy. Explor.

Son, CM,, Lee, SM,, Kim, Y.K, Kim, SW. and
Kim, H.S. 1978, Geological map of Korea
(1:50000), Donrae and Weolnae, Korea
Research Institute of Geoscience and Mineral
Resources. 27p.

Waterloo Hydrologic, 1998, User’s
Aquachem for Windows 95/NT, 150p.

White, D.E, 1970, geochemistry applied to the
discovery,

Investig.

manual—

and exploitation of
Geothermics,

evaluation,
geothermal
special issue 2, 58-80.

energy resources,

F4F

R LS LN

Reasearch Institute for Basic Sciences, Pusan
National University, Pusan 609-735, Korea
E-mail: sjhanl @hyowon.pusan.ac.kr

I

LIRS NP EL

Division of Earth and Environmental System
Sciences, Pusan National University, Pusan
609-735, Korea _

E-mail: hsy@hyowon.pusan.ac.kr

224



S ALY A5 ahse) Ny =

498, o3, 232

FEALAFLE AFFHATR

Division of Earth Environment Research, Korea

Institute of Geology, Mining and Materials, P.O.

Box 111, Taejon 305-350, Korea

E-mail: sih@rock25t.kigam.rekr (Ig Hwan Sung,)
blee@rock?25t kigam.re kr (Byong Dae Lee)
cbw@rock25t kigam.re kr (Byong Wook Cho)

ESE

Rl n 7]z T4

Research Institute for Basic Sciences,
Pusan National University, Pusan
609-735, Korea

E-maill maeng74@hanmail.net

225



