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ABSTRACT

Scientists began acquiring the basic of geology, occurrence, water temperature and chemistry of hot springs in Taiwan
over a century ago. However, data regarding redox potential and important redox couples still remains limited. This study
explores the redox status of hot springs in Taiwan by measuring Eh in the field and by determining the concentrations of
commonly found redox couples, i.e., Oo/H,O, NO; /N H,",and HS7/ SO, Water samples were collected at hot spring discharge
pools or the heads of water wells using a pump. A total of 11 hot springs located at 9 different locations across Taiwan were
surveyed.

The measured values of Eh ranging from -23 to -277 mV indicate reducing conditions. Most of the water samples from the
hot spring sources contained sulfide and ammonium. In the Tatun Volcano Group, hot springs originating from a mixture of
fumarolic gas and stream water contained high concentrations of hydrogen sulfide as the dominant reducing agent.
Ammonium, with concentrations ranging from 1 to 55 mg L™, is another important electron donor.

The finding revealed that there were negative Eh measured-values for dissolved oxygen-contained waters, both in the field
and in the laboratory. The presence of sulfide or ammonium was also detected in the samples. These results confirm that the Eh
sensor displayed a more heightened sensitivity to sulfide and ammonium than dissolved oxygen and nitrate. Hot springs with
deep circulations (Samples S1-S4 and M1-M4) lack in oxygen gas and may react with mineral reducers such that they will
consequently be in a reducing state rather than oxidizing. Hot spring waters containing dissolved oxygen (S2, S4, and M2) and
nitrate (S3, S4, and M2-M4) most likely have mixed with shallow groundwaters.

Discussions reveal implications for redox potentials and redox couples for arsenic speciation, disinfection of
ammonium-containing hot springs for the spa industry as well as the possibility of using redox potentials and couples as indices
for monitoring earthquakes and volcanic activity.
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1. INTRODUCTION

Beginning with early scientific investigations by Japa-
nese scholars, the hot springs of Taiwan have been studied
for more than one hundred years (Yen 1955). After World
War II, the Mineral Research Service Organization (MRSO
1969, 1970, 1971, 1973, 1975, 1977, 1978, 1979, 1980)
conducted systematical and detailed studies of Taiwan’s hot
springs for geothermal resources exploration; these studies
produced a number of reports and hundreds of borehole re-
cords. Recently, ERL (Energy and Resources Laboratories,
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Industrial Technology Research Institute) with financial
support from the Water Resource Agency of Taiwan con-
ducted a review of 121 hot springs in Taiwan (ERL 1999 -
2003) to improve hot spring tourism management and pro-
tect these water resources. In 2003, the Hot Spring Act was
announced to help conserve and sustain the use of hot
springs, provide auxiliary therapeutic venues, enhance na-
tional health, develop tourism, and advance public welfare
(WRA2003).

The basic knowledge of geology, occurrence, water tem-
perature and chemistry of hot springs dated back a century
(ERL 1999 - 2003); however, data pertaining to redox poten-
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tials is limited. The redox potential of water is an important
parameter representing the interaction between oxidizable
and reducible species in water, rock, sediments, and biota.
Many elements are involved in redox reactions and are repre-
sented by a variety of species. For example, the most common
oxidation states for arsenic are +3 (arsenites) and +5 (arse-
nates) (Brookins 1988; Hem 1992; Chapelle 2001). Arsenic
concentrations are commonly high in hot springs. Its appear-
ance is usually associated with volcanism and magmatism.
The consumption of arsenic contaminated water is correlated
with increased incidences of cancer among human popula-
tions. Redox reactions of arsenic are directly linked to this
problem because these reactions modulate arsenic toxicity
and arsenic mobility into water. Reducing states of arsenate
are particularly problematic because they generate arsenite,
which is more toxic and hydrologically more mobile. Con-
versely, arsenite oxidation counteracts these activities by
transforming toxic arsenite into a less toxic form (arsenate)
that preferentially partitions into sediments, thus impeding the
contamination process. To determine species of arsenic, its
transformation in hot spring outflows and impact on water re-
sources, it is necessary to measure redox potential and redox
couples in hot springs (Nordstrom et al. 2003).

The purpose of this study is to explore the redox envi-
ronment of Taiwan’s hot springs by measuring Eh in the
field and to determining concentrations of commonly found
redox couples, i.e., NO;/NH,", HS'/SO4'2. The results will
assist in physical and chemical interpretations of hot springs,
i.e., rock/water interaction and trace element speciation.

A total of 11 hot springs located at 9 different areas in
Taiwan were surveyed, including Elite (V1), Tien-Lai (V2),

Tien-Hsyang (V3), Future Town (S1), Jin-Ping (S2), Hu-
Shan (S3), Four Season (M1), Bali Nature SPA (M2), Kylin
Peak (S4), Atayal (M3), and Baolai (M4) (Table 1). By geo-
logical backgrounds, 3 of these hot springs are located in the
Tatun Volcano Group, 4 in the Western Foothill, 3 in the
Hsueshan Range, and 1 in the Central Range (Fig. 1).

2. METHODS

Water samples were collected from the outlets of springs
or water wells using a pump from 23 to 25 of May 2005. Dis-
solved oxygen (DO), redox potential (Eh), temperature, pH
and electrical conductivity (EC) were measured in the field
(Table 2). Sensors were calibrated with standard solutions of
pH=4.00,7.00, and 10.0; EC = 1410 uS cm™'; Eh=+280 mV
(all from Merck) prior to any field measurement of these
parameters (APHA 1998). DO, temperature, pH, EC, and
Eh were measured in a flow-through cell three times at
S5-min intervals, using portable equipment: DO (Oxi 315),
pH (pH 315), Eh (pH/ION 340), and EC (Cond 300) made
by Wissenschaftlich-Technische-Werkstétten (WTW Nova
Analytics at Woburn of Massachusetts, USA).

The commercial combination Eh sensor, Pt4805 by
Mettler Inc. in Switzerland, has sensing (Pt) and reference
(Ag/AgCl) half-cells packaged in a single body (Fig. 2). The
precious-metal electrode serves as an electron donor or elec-
tron acceptor depending upon the test solution. The Eh is re-
lated to the observed potential of the combination redox sen-
sor as follows:

Eh= Escnsor + Ercfcrcncc

Table 1. Locations of the sampled hot springs in Taiwan.

ID Name Location Type* X (m) Y (m)

Vi Elite Chingshan, Taipei Spring 309997 2787598
V2 Tien-Lai Chingshan, Taipei Spring 309957 2787721
V3 Tien-Hsyang Beitou, Taipei Spring 302612 2781544
S1 Future Town Linkou, Taipei Well: WD 1500 m 286097 2774073
S2 Jin-Pin JienShin, Hsinchu Well: WD 1000 m 270331 2729598
S3 Hu-Shan Taian, Miaoli Spring 246763 2707343
S4 Kylin Peak Dakun, Taichung Well: WD 2000 m 223027 2676166
Ml Four Season Kukuan, Taichung Well: WD 80 m 250127 2677939
M2 Bali Nature SPA Kukuan, Taichung Well: WD 150 m 250246 2677890
M3 Atayal Pekangshi, Nantou Well: WD 600 m 243739 2663025
M4 Baolai Baolai, Kaohsiung Spring 220547 2554146

* Spring: The hot water flows perennially without a pump. Well: Water pressure of hot water is under the ground surface and need a pump to withdraw its

hot water. WD: Well depth of the hot spring well.



Redox of Hot Springs in Taiwan

467

25

24

23

22

Tatun Volcano Group

Geology

[ Western Foothills
[ Hsueshan Range
E= Central Range

o Hot springs

. Name

Elite

Tien-Lai
Tien-Hsyang
Future Town
Jin-Pin

Hu-Shan

Kylin Peak

Four Season
Bali Nature SPA

Atayal
Baolai

Ia
120

lo
122

Fig. 1. Geological map of Taiwan with the locations of sampled hot

where Egens0r 18 the potential from the electrode and E eference
is the standard potential of the reference half-cell.

Water samples were collected only after pH and EC
readings were stabilized. The fluctuations in pH and relative
EC were found to be fewer than 0.1 and 5%, respectively.

Connector to a meter

—

KClreference electrolyte

Ag/AgClreference system

Ceramic diaphragm
Metal electrode (Pt)

springs. Fig. 2. The combination redox electrode (Mettler Pt4805, Switzerland).
Table 2. Analytical methods and detection limits.
Method Detection Limit Unit Note
1 Temperature NIEA W217.50 A 0.1" °C F
2 pH NIEA W424.50 A 0.01° F
3 Eh APHA(20th) 2580 B 0.1" mV F
4 DO APHA(20th) 4500 OG 0.1" mg L™ F
5 EC NIEA W203.51 B 0.01° uS em™ F
6 Alkalinity NIEA W449.00 B 15 mg L L
7 Cr NIEA W415.51 B 0.50 mg L™ L
8 SO, NIEA W415.51 B 0.50 mg L' L
9 NO;-N NIEA W415.51 B 0.10 mg L™ L
10 Ca” APHA(20th) 3500-Ca B 0.50 mg L™ L
11 Mg NIEA W208.50 A 0.30 mg L™ L
12 Na' APHA(19th) 3500-Na D 0.50 mg L™ L
13 K" APHA(19th) 3500-K D 0.45 mg L' L
14 NH,"-N NIEA W448.51 B 0.025 mg L™ L
15 Fe total dissolved NIEA W305.51 A 0.038 mg L™ L
16 As total dissolved NIEA W311.51 B 0.010 mg L™ L
17 Sulfide NIEA W433.50 A 0.035 mg L L

* Resolution.
Note: F, measured in field; L, measured in Lab.
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Water samples for the measurement of metal and other
cations were first filtered with 0.45 pm cellulose nitrate fil-
ters and then acidified with nitric acid (Merck ultrapure
grade) to pH 2. Samples for sulfide analyses were collected in
narrow-mouth biochemical oxygen demand (BOD) bottles
(300 ml) with tapered ground-glass stoppers and flared
mouths. To avoid trapping or dissolving atmospheric oxy-
gen, a rubber tube was extended from the pump line into the
bottom of the sample bottle. The sample bottle was then
flushed with water before being filled to the brim and sealed
using a rubber stopper, ensuring no air bubbles remained in
the bottle. Samples were then kept in ice boxes and delivered
to the laboratory within 24 hours (Chen and Liu 2003, 2005).

Alkalinity (bicarbonate) of the water was determined by
titration method and anions of NOj3’, S0,* and chloride were
determined using ion chromatography (IC) (Table 2). Am-
monium and sulfide were determined by spectrophotometric
techniques using the phenate and methylene blue methods,
respectively (NIEA W448.51B, W433.50A). Total dissolved
iron and arsenic were determined by atomic absorption spec-
trometric method and inductively coupled plasma technique,
respectively. A total of 15 samples including blank, spiked,
duplicate and check samples (standard solution from Merck)
were measured sequentially (APHA 1998). The lower detec-
tion limits of methods are described in Table 2. Variances of
duplicate measurements were lower than 10% and recover-
ies of check and spike samples were between 85 and 110%.

PHREEQC (Parkhurst, USGS) is a geochemical com-
puter program written in C programming language that is de-
signed to perform a wide variety of low-temperature aque-
ous geochemical calculations. It has capabilities for one-
dimensional (1D) transport calculations involving rever-
sible reactions, which include aqueous, mineral, gas, solid-
solution, surface-complexation, and ion-exchange equilib-
ria, and irreversible reactions, which include specified mole
transfers of reactants, kinetically controlled reactions, mix-
ing of solutions, and temperature changes. We use PHREEQC
to calculate speciation, saturation-index and values of the
redox potential of our sampled hot spring waters.

3. WATER CHEMISTRY AND GEOLOGICAL
BACKGROUND

Our hot spring samples are classified into two geolo-
gical backgrounds: the Tatun Volcano Group and the West-
ern Foothills and Hsueshan-Central Ranges. Hot springs of
the volcanic area are sulfur-enriched while those found in
sedimentary and metamorphic rocks are dominated by chlo-
ride or bicarbonate (Fig. 1).

3.1 Tatun Volcano Group

The V1 and V2 hot springs are located at Chinshan of
Taipei County, in the northern part of the Tatun Volcano

Group. The V3 is in Beitou, the south of the Tatun Volcano
Group (Fig. 3a). Precisely, the V1 and V2 “hot springs” are
not “natural” hot springs but are mixtures of stream water
with fumarolic gas in a manmade construction (Fig. 3b). These
mixtures of hot water are defined as one type of “hot spring”
through the Hot Spring Act of Taiwan. The chemical com-
positions of these hot springs are dependent on parameters
such as the chemical compositions of stream water, fuma-
rolic gas and thermal water, the percentages of mixture, and
chemical reactions (e.g., redox, precipitation/dissolution, etc.).

Those hot spring waters in the volcanic area have much
lower pH values of 1.39 ~ 2.74 compared to 6.76 ~ 8.62 in
the sedimentary and metamorphic area (Table 3). The high
concentrations of hydrogen ion in hot springs were caused
by the dissolution of hydrogen sulfide and sulfur dioxide gas
into the waters. Hydrogen sulfide and sulfur dioxide are two
major components found in fumarolic gases, which are both
fairly soluble and dissolve very quickly (Mason and Moore
1982; Lee et al. 2005). The subsequent release of hydrogen
ions decreases the pH of water as follows:

H,S(=HS +H' (1
SOy + H,0 =2H" + S03 7y )

When the pH value of water is lower than 4.50, all bicar-
bonate ions are converted to carbon dioxide gas and there
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Fig. 3. (a) The occurrences of sampled hot springs in volcanic area
(geology profile modified from Chen and Wu 1971). (b) The V1 and
V2 hot springs are not “natural” but a mixture of stream water and
fumarolic gas.
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Table 3. The field measured values of temperature, electrical conductivity (EC), pH, dissolved oxygen (DO), and redox potential (Eh) of sampled
hot springs.

ID Temperature (°C) EC (uS ecm™) pH DO (mg L) Eh (mV)
Vi 80.0/56.0 286 /503 2.49/2.60 2.81/2.55 -65/493
V2 68.5/73.6 2757329 2.74/2.52 2.74/3.06 -145/95
V3 58.3/53.1 5840 /4130 1.39/1.65 3.90/5.84 -23/382
S1 47.6/ 18900 / 7.14/ 0.43/ 216/
S2 41.3/41.8 813 /809 8.55/8.42 2.53/1.52 -182/-11
S3 46.1/40.9 2340/2350 6.76 / 6.89 0.23/1.63 =277/ -236
S4 30.1/65.4 1216 /1005 8.00/8.62 1.10/3.82 -97/-112
M1 57.7/54.1 490/ 496 7.72/17.81 0.44/0.54 -266 / -242
M2 58.2/58.9 592/593 7.82/7.90 0.87/0.78 -245/-231
M3 33.9/48.5 763 /674 8.18/8.15 0.49/0.88 -55/27
M4 59.0/50.0 2040 /2030 6.95/17.00 0.32/2.45 -240/112
Note: The former values were measured in the source of outcrop or well head, the latter values were from the outlet of tanks.
will have no bicarbonate ions in the water. HS ™ + 2053 =H"+ S04 3)
As shown in Fig. 4 and Table 4, the dominating anions
inthe V1, V2, and V3 hot springs are sulfate, while the other 28057 g + O = 2804 ag) “

hot spring waters are bicarbonate or chloride. We suggest

that high percentages of sulfate in the V1, V2, and V3 are the
final products of bisulfide and sulfite ions oxidation. The re-
ducing sulfurs react with oxygen dissolved in surface water
and from air, according to Egs. (3) and (4).

~v S 60

Volcan

High concentrations of intermediate sulfur species, e.g.,
bisulfite, sulfite, polysulfides, polythionate, and thiosulfate,
are often found in acid crater lakes and some acid hot springs.
However, sulfur is predominantly present as sulfate in aer-
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Fig. 4. Trilinear diagrams of major ions for the sampled hot springs. Number of samples please see Fig. 1.
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Table 4. Chemical compositions of sampled hot springs.

CI'  Br NO; SO, Fe As NH," Sulfide

puSem' mgL' mgL' mg L' mgL”! mgL! mgL ' mgL ' mgL ' mgL'  mgL ' mgL' mgL"' mgL"' mgL"

D EC Na* K' Ca? Mg? HCO;y F
Vi 388 73 38 89 32 <10 028
V2 400 6.6 <0.1 98 28 <1.0 021
V3 8100 356 170 189 358 <1.0 2.13
S1 19070 3620 179 592 121 132  1.98
2 775 176 34 3.1 04 498 1.16
S3 2270 480 13.1 26 6.0 1300 127
S4 1025 225 288 177 7.6 504 1.12
Ml 498 106 41 103 09 262 221
M2 594 131 46 82 06 328 276
M3 58 121 63 83 23 359 175
M4 1996 410 37.0 31.5 46 1116 43

9.1 039 036 964 094 <001 1.10 >S5
89 <0.1 025 978 267 0.03 470 >S5
393 <0.1 1.78 1740 334 0.69 549 >5
6960 234 <0.1 17.8 032 <0.01 548 <0.03
42 <01 <01 51 0.18 <0.01 <0.025 0.04
653 <0.1 049 487 021 <0.01 5.24 0.09
21.6 133 736 450 0.05 <0.01 <0.025 0.24
76 <0.1 <0.1 11.6 022 <0.01 1.60 <0.03
845 <0.1 025 141 0.07 <0.01 247 <0.03
44 043 049 6.5 046 <0.01 1.80 <0.03
23.1 <0.1 19 114 0.10 <0.01 139 <0.03

ated waters (Williamson and Rimstidt 1992; Xu et al. 1998).

Sulfate concentrations in hot springs will increase with
the continuous influent of sulfide and the oxidization of sul-
fide unless sulfate minerals are precipitated. The saturation
indices of the V1, V2, and V3 hot springs for anhydrite and
gypsum range from -1.02 to -2.55 that are unsaturated with
the sulfate minerals (Table 5).

Hot springs are hot-water-dominated or vapor-domi-
nated systems (Whiter et al. 1971; Nordstrom et al. 2005).
Hot springs in areas with fumaroles, suchas V1, V2, and V3,
are vapor-dominated. Volatile components, i.e., H,S, CO,,

NHj3, N, are partitioned into the gas phase during boiling and
affect the chemistry of vapor-dominated systems. The acid
springs receives H,S enriched gas that was oxidized to sulfur
dioxide and sulfuric acid at or near the surface. Chloride nor-
mally stays in liquid phase during steam separation at boil-
ing point near ambient pressures, whereas acid springs al-
ways have lower chloride and higher sulfate concentrations
(Fig. 4).

The EC value of the V3 hot spring is 5840 uS cm™, much
higher than V1 and V2 of 286 and 275 pS cm™ (Table 3), but
the percentages of major anions for the three hot springs are

Table 5. Saturation indices of sampled hot springs for carbonate and sulfate.

Agragonite Calcite Dolomite Siderite Anhydrite Gypsum FeS
CaCO; CaCoO; CaMg(CO;), FeCO; CaS0, CaS0O4:2H,O0 amorphous

Vi - - - - -2.54 -2.55 -6.50
V2 - - - - -2.45 -2.45 -4.55
V3 - - - - -1.02 -1.03 -8.40
S1 0.46 0.58 1.01 -0.53 -2.16 -2.17 -
S2 0.36 0.48 0.68 0.93 -4.31 -4.32 -2.17
S3 -0.06 0.06 0.01 -0.11 -2.52 -2.53 0.14
S4 0.66 0.78 1.73 0.12 -2.59 -2.60 -1.21
M1 -0.01 0.11 -0.31 0.45 -3.24 -3.25 -
M2 0.06 0.18 -0.24 0.08 -3.29 -3.29 -
M3 0.42 0.54 1.08 1.14 -3.65 -3.66 -
M4 0.18 0.30 0.30 -0.26 -3.02 -3.03 -

Note: The values of saturation index within 0 + 1.00 are considered as saturated; > 1.00 as over-saturated; and < -1.00 as unsaturated.
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quite similar (Fig. 4). The difference in EC values between
V1, V2, and V3 may be caused by evaporation of water that
increases the concentrations of solutes. We found that these
would be consistent with compositions of the V3 hot spring
by removing 95% of water from the V1 and V2 hot springs
(Tables 3, 4).

3.2 Western Foothills and Hsueshan-Central Ranges

The S1 is the only chloride-dominated hot spring (Fig. 4).
Of the 8 sampled hot springs in sedimentary or metamorphic
strata, all, except the S1 are near faults or fracture zones,
which provide the circulation path for recharge to discharge
(Tu and Chen 1991; Lo and Wu 1999; Fig. 5a). S1 is not a
natural (artesian) hot spring. Its hot water comes from a well
of 1500 m in depth, which is located on the Linkou Table-
land, Taipei County (Fig. 1). The temperature of the ground-
water is about 40 - 50°C under a depth of 1000 - 1500 m with
a local geothermal gradient of 1.5 - 2°C 100 m™". Before the
construction of the hot spring well, there was no natural hot
spring on the Linkou Tableland.

The S1 hot spring well is sited on the high flat top of the
tableland with underlying horizontal strata of Plio-Pleisto-
cene semi-consolidated mud and sand layers without fault
or fracture within a distance of 10 km. The groundwaters in
the deeper aquifers are isolated by overburden thick con-
fining layers and it is hard to recharge from surface water.
Because of poor circulation and relatively slight surface-
fresh-water dilution, the composition of geothermal water
at S1 is still similar to that of seawater, which was trapped
in the pores of sediments deposited in marine environments
(Fig. 4). S1 geothermal water has a Na'/Cl" mass ratio of
0.52, which is comparable to seawater (0.55). The concen-
trations of ions at S1 consistently lower than those of sea-
water at a ratio of 2.7 ~ 3 (Table 4). According to the con-
centrations of Na', CI', and Br’, the geothermal water may
have been diluted by a volume of fresh water approxi-
mately 3 times that of the original trapped seawater. Sulfate
concentration is only 17.8 mg L™ in the S1 sample, wich is
much lower than 2700 mg L™ in seawater (Table 4). We
suppose that a sulfate-reducing process has been occurred
in the aquifer.

The hot springs of S2-S4 and M1-M4 are all sodium bi-
carbonate dominated (Fig. 4). Previous studies suggested
that as the surface water (rainwater or stream water) moves
through the aquifer, the groundwater chemistry changes via
a three-step process (Chapelle 2001): First, carbonic acid is
released by oxidation of organic matter in the soil and aqui-
fer [Eq. (5)] or by dissolved atmospheric CO, [Eq. (6);
Appelo 1994]. Then, the acid dissolved CaCO; (calcite) in
the aquifer [Eq. (7)]. Finally, calcium cations are exchanged
with sodium cations on clays of the aquifer [Eq. (8)].

CH,O + 0, = H,CO4 (%)

C02 + HzO = H2C03 (6)
CaCO; + H,CO; = Ca®" + 2HCO5 (7)
Ca*" +2Na' (on clay) = Ca* (on clay) + Na* (8)

This hypothesis is used to explain the processes for
forming the sodium bicarbonate dominated water of the hot
springs that we studied. Fossils of calcite (or aragonite) com-
position are abundant in the marine-originated rocks of the
Western Foothills and Hsueshan-Central Ranges of Taiwan,
which provide the CaCO; [as in Eq. (6)]. All of the 9 hot
springs are saturated with aragonite and calcite, suggesting
the presence of CaCOj; minerals in the aquifers (Table 5).

4. REDOX POTENTIAL AND REDOX COUPLES
4.1 Field-Measured and Redox Couples-Computed Eh

The measured Eh values at the sources of the 11 sam-
pled hot springs are all lower than 0 mV with a range from
-23 to -277 mV that indicate a reducing condition (Table 3).
However, there are oxidants — dissolved oxygen and nitrate,
presented in the hot springs. Samples of V1, V2, V3,S2, and
S4 contain DO with concentrations of 1.10 to 3.90 mg L™
and V3, S4, and M4 have nitrate of 1.78 to 7.36 mg L

(2)

[] Semiconsolidated sediments
[1 Sedimentary rocks
[ Metamorphic rocks
“— Flow path

Hot spring wells

~~ Faults or fractures Recharge Area
&) Hot springs (artesian) /

(b)

p——
—=——_ Organic matters
<+ Flow path
~  Fractures

/o

Fig. 5. (a) A schematic model (not to scale) showing the occurrences of
the selected hot springs in sedimentary or metamorphic rocks. (b) The
conceptual model for redox species of hot spring waters along the flow
path in sedimentary and metamorphic rocks.
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(Table 4). Previous study suggests that some aqueous oxi-
dation-reduction reactions were generally not at equilib-
rium in ground waters (Lindberg and Runnells 1984). They
researched 611 analyses of ground waters from diverse geo-
graphic areas, which showed that measured Eh values were
not consistent with computed values by redox couples when
using the computer model WATEQFC (Runnells and Lind-
berg 1981). Redox agents (e.g., Oo/H,0, HS7/SO4?, and
NO;/NH,, etc.) in ground water and aquifer will interact
with each other and change the Eh values.

DO is one of the most important oxidant in hot springs.
The concentrations of DO at all the sources of our sampled
hot spring are between 0.23 ~3.90 mg L™ (Table 3). The de-
tection limit of DO in our study is 0.2 mg L™ for the WTW
DO meter (Oxi 315), according to the manufacturer’s cer-
tification. However, Radtke et al. (1998) recommended a
spectrophotometric method for determining DO of lower
than 1.0 mg L', which is a Rhodazine-D™ colorimetric
technique with a sensitivity of 0.01 mg L (ASTM 1984;
White et al. 1991). Comparing the results measured by the
membrane method and the spectrophotometric method, Chen
and Liu (2003) suggested that the membrane method is unre-
liable when DO concentrations are lower than 0.5 mg L. In
a practical way, they suggested that DO concentrations
lower than 0.5 mg L' could be considered as anoxic.

Table 3 shows DO concentrations at the sources of the
11 hot springs, 5 are anoxic and 6 are with DO detected. All
waters from the three hot springs (V1, V2, and V3) in the
Tatun Volcano Group area contain DO. It is reasonable since
the three hot springs are mixed with a high percentage of sur-
face water. In pristine surface water and the unsaturated
zone, oxygen is the most important oxidizing agent. The
other three samples with DO detected (S2, S4, and M2) may
have been mixed with shallow groundwaters while they
flowed upward (Fig. 5b).

Figure 6 shows the comparison between field-measured
and computed Eh values that were carried out from redox
couples of O,/H,0, HS'/SO4'2, and NO;/NH,". The Nern-
stian Eh values are calculated from the following equations
(Parkhurst 1995).

0, +4H" +4e = 2H,0 logk=83.12  (9)

NO; + 10H" + 8¢ =NH; +3H,0 logK =119 (10)

SO, 2+9H" + 8¢ =HS +4H,0  logK=33.66  (11)
We simplify the calculation by assuming that the concen-
tration equals the values of method detection limit if the
concentrations determined are below the detection limit.
The Eh values computed by O,/H,O and NO;/NH," cou-
ples are higher than the field-measured values (Fig. 6). The
largest computed values of Eh range from 600 to 1200 mV,
as a result of the O,/H,0 couple, while the field-measured

Eh values are only 0 to -300 mV.

In theory, oxygen and nitrate are good oxidizing agents
(Parkhurst 1995), that are demonstrated by a calculation
with the water composition of the S1 hot spring, i.e., pH 7.14,
ammonium 54.8 mg L, sulfate 17.8 mg L™, but concentra-
tions of nitrate range from 1 to 10° mg L' (Fig. 7). Although
nitrate concentration is low to 10° mg L™, the value of Eh is
+168 mV, which implies that the hot spring water should
have a positive value of Eh while it contains nitrate even
with trace amount. Eight samples from our studied hot
springs contain nitrate concentrations of 0.25 to 7.36 mg L™
(Table 4), although those samples show negative field-mea-
sured Eh values (Fig. 6). By contrary, sulfide is a strong re-
ducing agent and the computed Eh values are always below
-200 mV even at a concentration of 10° mg L™ (Fig. 7).

A water sample that contains ions of nitrate, ammonium,
sulfide and DO is thermodynamically at non-equilibrium
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Fig. 6. Comparison between field-measured and computed Eh values.
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Fig. 7. The Eh computed-values for nitrate and sulfide with concentra-
tions of 1 to 10° mg L™
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and its Eh value varies with time. In our experience, the
precious-metal electrode of the Eh meter has different sensi-
tivity with ions. In particular, it is a lot more sensitive in de-
tecting concentration variations of ammonium and sulfide
than nitrate and DO. A study reported that Eh electrode is not
suitable for nitrate investigation (Wang et al. 2004). We mea-
sured Eh values by sensor (Mettler Switzerland) with tap
water and some known ingredients in a batch test (Table 6).
We found that there were negative Eh values for DO-con-
tained waters (Tubes 4 and 5) while sulfide or ammonium
was in the water too. The results confirm our interpretation
of the Eh sensor as being more sensitive to sulfide and am-
monium than DO and nitrate.

Hot springs or groundwaters in deep circulation (S1-S4,
M1-M4) are usually in a reducing state because of a lack of
oxygen gas and the waters react with mineral reducers in
aquifers, e.g., pyrite, organic carbon, etc (Fig. 5b). The most
natural oxidizing agents, dissolved oxygen and nitrate, usu-
ally distribute only in the shallow subsurface. Those hot
spring waters containing DO (S2, S4, and M2) and nitrate
(S3, S4, and M2-M4) should be mixed by shallow ground-
waters.

4.2 The Reducing Agents in Hot Spring Waters

Ferrous iron, arsenic (III), sulfide and ammonium are
the main reducers in our sampled hot springs (Table 4). V1,
V2, and V3 hot springs contain high concentrations of dis-
solved hydrogen sulfide (> 5 mg L) and sulfur dioxide gas,
which are important electron donors as expressed in Egs. (3)
and (4). According to a study of fumarolic gas composition
in the Tatun Volcano Group (Lee et al. 2005), concentrations

of hydrogen sulfide were higher than sulfur dioxide in mass
ratios of H,S/SO,; from 120 to 167. Sulfur occurs in a variety
of oxidation states: -2, 0, 2, 4, and 6, while sulfide has the
lowest oxidation state of -2. After hot springs come in con-
tact with oxygen, sulfide is oxidized to sulfate (+6) through
intermediates such as elemental sulfur (0), thiosulfate (+2)
and sulfite (+4) (Nordstrom 1982; Crossman and Desrocher
2001). The study of Yellowstone hot springs concluded that
upon discharge of sulfide-containing hydrothermal water,
oxidation proceeds rapidly as atmospheric oxygen enters the
water (Xu et al. 1998). The transfer of oxygen is particularly
effective if the hydrothermal discharge is turbulent and has a
large surface area.

Except for reducing sulfur in volcanic hot springs, the
V1, V2, and V3 waters also contain high concentration of
dissolved iron with 0.94 - 26.7 mg L' (Table 4). The iron
may be dissolved by acid waters from mafic minerals in the
concrete tanks or volcanic rocks on the ground surface. The
iron ion will be in the reduced state of ferrous ion (Fe'?)
while the pH is 1.39 to 2.74 and Eh is -100 to 780 mV
(Brookins 1988). The field-measured Eh values of V1, V2,
and V3 hot springs were -145, -65, and -23 mV, respectively
(Table 3). Although V2 hot spring has a very high concen-
tration of Fe™ (26.7 mg L™), it is unsaturated for FeS pre-
cipitations along with V1 and V3 (Table 5). Dissolved oxy-
gen in those hot springs could be an oxidant to the ferrous
ion, but reduced sulfur compounds, such as dissolved sulfide
or thiosulfate, are important inhibitors to ferrous oxidation
(Nordstrom et al. 2005). The reduced sulfur compounds act
also as reducers for ferric oxides to ferrous iron in the acid
hot springs.

In the non-volcanic area, sulfide in groundwaters usu-

Table 6. A batch test of the Eh measured-values for five different redox couples.

DO Eh EC
Tubes Ingredients Redox Couple pH 2 3
mg L mV uS em
1 Tap Water H,O/DO 7.50 5.06 294 310
7.43 5.98 278 247
2 NaNO; NO;/N, 7.19 5.72 286 1585
7.33 523 273 1577
3 FeCl, Fe'?/Fe" 6.26 4.83 -86.3 793
6.22 4.56 -84.8 783
4 Na,S S?/50,? 11.30 5.02 209 1182
11.40 4.19 239 1154
5 NH,CI NH, /NO5 7.32 5.73 -88 1001
7.26 5.32 -33 1015

Note: The values of pH, DO, Eh, and EC were measured by electrical sensors, please see text. In the Tubes 2 to 5, ingredients were added into tap water.
For two measurements in one test, the first set of values was recorded in one minute after the test began and the second set was recorded in ten minutes.
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ally results from bacterial sulfate reduction (Stumm and
Morgan 1995; Chapelle 2001). The general reaction is:

2CH,0 + SO4%=H,S + 2HCO5" (12)

where CH,O is a representative organic compound. Sulfate
reduction requires reducing potentials with values lower
than -150 mV (Postgate 1984). The threshold sulfate con-
centration required for acetotrophic sulfate reduction to
proceed is approximately 2.9 mg L (Lovley and Klug
1986; Kirk et al. 2004). Sulfate concentrations of the 8 hot
springs (S1-S4 and M1-M4) are 5.1 ~ 48.7 mg L™, which
are all higher than the threshold value of 2.9 mg L™, It is
possible that all 8 hot springs have on going the sulfate-
reducing process in their aquifers. But only three hot
springs (S2, S3, and S4) with higher concentrations of sul-
fate are sulfide detectable (> 0.03 mg L") (Table 4). The S3
and S4 hot springs have higher sulfate concentrations of
48.7 and 45.0 mg L™, with sulfide concentrations of 0.09
and 0.24 mg L™, respectively (Table 4). We suggest that the
other hot springs with sulfate > 2.9 mg L' may contain sul-
fide but its under our detection limit.

9 of the 11 hot spring samples contain ammonium
(Table 4). Hot springs or groundwaters with detectable
concentrations of ammonium (NHy") also indicate a reduc-
ing conditions. Ammonium is a commonly found compo-
nent in anaerobic groundwaters and fine-grained layer aqui-
fers, attributed to the degradation of complex organic mate-
rial disseminated in aquifers that are organic-rich and poor in
circulation (Schilling 2002). Thermodynamically, ammo-
nium exists in the Eh range from -200 to -400 mV while pH
is between 7.0 to 7.5 (Brookins 1988).

The measured Eh value of the S1 hot spring is -216 mV
with a concentration of ammonium 54.8 mg L™, which is the
highest value among the 11 hot springs (Table 4). This may
be because the water came from a deep confined sedimen-
tary aquifer that is organic-rich. The second highest ammo-
nium concentration (13.9 mg L) is the M4 hot spring,
which is situated in the area of metamorphic rock in the Cen-
tral Range. Ammonium was found in minerals of metamor-
phic and granitic rocks and is one of the stable geochemical
components in high temperature processes (Honma and Iti-
hara 1981). There is no report on the ammonium concentra-
tion of hot spring water in Taiwan before this study. In our
investigation from 2004 to 2006, a large percentage of hot
springs contained ammonium, e.g., Guanzihling 0.60, Lu-
shan 6.8 - 18.9, Dongpu 2.41, Jiaosi 5.70, and Jhihben 16.6,
all in units of mg L™ (unpublished data).

The V1, V2, and V3 hot springs in the volcanic area
also have ammonium with concentrations ranging from 1 to
6 mg L' (Table 4). Research shows that high ammonium
concentrations are interpreted as being related to areas where
a convection system has developed, coinciding with the most
recent volcanic centers located along rift zones and with

main features inside caldera (Hernandez et al. 2004). Am-
monium concentrations up to 880 mg L™ at Washburn Hot
Spring of Yellowstone National Park were reported and had
been attributed to leaching of sedimentary rock by hydro-
thermal solutions (Holloway et al. 2003; McCleskey et al.
2004). Hot spring waters in Kamchatka, one of the most active
regions of volcanism, contained ammonium 21 ~46 mg L™
with Eh -141 ~-301 mV (Zhao et al. 2005).

Ammonium levels in the minerals of granites are aver-
aging 45 mg kg and range from 10 to 100 mg kg™ (Hall et
al. 1994; Hall 1999). Ammonium contents are strongly en-
riched in the hydrothermally altered rocks, including grei-
sens and kaolinized granites. A previous hypothesis suggests
that the ammonium in the granites is derived from a sedi-
mentary source, either in the magmatic source region or via
contamination of the magma (Kohut and Pieczka 2003). In
summary, ammonium is a common and quite stable com-
pound through the volcanic environment (Marfil et al. 1998).

5. IMPLICATIONS
5.1 Arsenic Species in the Beitou Hot Spring Area

The release of arsenic from geothermal systems into sur-
face and ground waters inhibits its use as drinking water. In
surface waters, arsenic contamination also adversely affects
aquatic ecosystems by accumulating in sediments and plants
(Webster and Nordstrom 2003). Recent news and reports
show great concern over arsenic in the hot spring of the Geo-
thermal Valley in the Beitou district of Taipei. The authori-
ties are concerned whether arsenic poses a serious danger to
either hot spring enthusiasts or rice consumers.

The valence state of arsenic plays an important role in
its behavior and toxicity in aqueous system. Arsenic com-
pounds with a +3 oxidation state are more toxic than analo-
gous compounds with a +5 oxidation state, e.g., arsenite ver-
sus arsenate (Jain and Ali 2000; Smedley and Kinniburgh
2002; Aposhian etal. 2003). According to data from the Tai-
pei City Government’s Department of Environmental Pro-
tection and Taipei Water Department, the amount of soluble
arsenic in the white sulfur hot springs (V1 and V2) was
0.002 mg L™, and for the green sulfur hot spring (V3) 0.5 ~
3.0 mg L. However, the valence state of arsenic is not clear.
In our study, the concentrations of total dissolved arsenic of
V1, V2, and V3 are < 0.01, 0.03, and 0.69 mg L respec-
tively (Table 4). We simulate arsenic species in the V3 hot
spring water by the geochemical program PHREEQC (Park-
hurst 1995) to predict the transformation of arsenic species
under different redox conditions. The calculated Eh value of
the V3 is 187 mV by assuming that the sulfide/sulfate is the
major redox couple in the hot spring (Table 7). The species
of arsenic is As(Ill)-dominated with a concentration of
0.69 mg L' while As(V)is 1.0 x 10° mg L™ (Table 7).

While discharge of the hot spring is delivered to a tank
or pool, oxidation proceeds rapidly as atmospheric oxygen
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Table 7. Simulation of arsenic species for the V3 hot spring by PHREEQC, for assuming sulfide/sulfate being the dominant couple.

Input
pH 1.39
temp 58.3°C
units ppm
Ca 189
Mg 35.8
Na 35.6
Cl 393
Alkalinity 0.00 as HCO3
S(6) 1740
0(0) 2.74
N(-3) 5.49
N(5) 1.78
S(-2) 5.0
Fe 3.34
As 0.69

Calculated Results

Redox couple pe Eh (volts)
S(-2)/S(6) 2.85 0.187
Species Molality

As(3) 923 x 10°
H;As0; 9.0x10°
H,AsO;" 2.3 x 107
H,AsO;5” 51x10"
HAsO;> 7.1 %107
AsO;” 5.6 x 107
As(5) 1.4 x 10"
H;AsO, 12 x10™"
H,AsO, 1.0 x 107"
HAsO,~ 1.5x 107"
AsO,” 5.8x10%

enters the water. The ions of As(III) in water will be oxidized
to As(V). Field investigations at a hot spring in Yellowstone
National Park revealed rapid arsenite oxidation occurring
within the drainage channel (Giring et al. 2001; Schwenzer
etal. 2001). The oxidation of hot spring water during storage
and delivery will increase the Eh value. Studies in Japan also
observed that the natural spring waters have lower Eh values
than those exposed to air (Shoichi et al. 1999, 2000).

The Eh values of V1, V2, and V3 hot springs in tanks are
493, 95, and 382 mV, respectively (Table 3). The pH values
of the three hot springs did not exhibit significant change,
only within the range of +0.3. As the hot springs aged in
lower pH, the sulfide volatilized as hydrogen sulfide gas and
dissipated. This process remarkably changes the Eh value,
making it more positive. We suggest that Eh values of 498
and 382 mV in V1 and V3 hot springs are caused by hy-
drogen sulfide dissipation rather than by sulfide oxidation
(Fig. 8). After all the sulfide dissipates, As(I1I) will be the
next to be oxidized. It will occur in Eh 500 mV for the V3 hot
spring with a pH value of 1.39 (Fig. 8).

5.2 Ammonium and Hot Spring Disinfection

Hot springs which feature high levels of minerals and
elevated temperatures are potentially ideal venues for pa-
thogen growth (e.g., Naegleria, Acanthamoeba, and Le-
gionella) or contamination by users with enteric illness. Ac-
quisition of sporadic community-acquired Legionnaires’
disease has been linked to hot spring baths. Outbreaks of hot

spring-associated Legionnaires’ disease were reported in
Japan during the last few years (Furuhata et al. 2004; Ya-
buuchi and Agata 2004). Legionella was found to be present
in more than 20% of the water samples taken from hot spring
resorts (Hsu et al. 2006; Lin et al. 2007). The Center for Dis-
ease Control (CDC) of Taiwan also indicates that Legionella
has been detected in hot water supply systems and urges SPA
and hot spring business owners to clean their tubs and
change bathing water regularly. According to the guidelines
of CDC, to prevent Legionella outbreaks, it is necessary to
maintain optimal SPA water quality by chlorine disinfection,
e.g., free chlorine 2 ~3 mg L™, and pH 7.2 ~ 7.8. (CDC-US
1981; WHO 2000; CDC-T 2006).

Chlorine is one of the most widely used disinfectants. It
is very applicable and effective for the deactivation of patho-

Eh (mV)
-2(I)O 0 200 400 600 800 1000
1 | 1 | 1 |
NH," | NO, |
Py, = 1bar Fe"” | Fe” |
As” | As” |
H,S | HSO, |

Fig. 8. The Eh diagram for some common found redox couples in hot
spring waters of pH 1.39 (Data from Brookins 1988).
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genic microorganisms. Chlorine is easily applied, measured,
and controlled. It is fairly persistent and relatively cheap.
However, many hot springs in Taiwan have high concentra-
tions of ammonium and in that case adding chlorine will pro-
duce chloramines, which in large quantities are toxic and
odorous (Isaac and Morris 1983; Brezonik 1994; Duong et
al. 2003; Wei et al. 2006). Another disadvantage of using
ammonium-containing hot spring water is that at higher pH
(i.e., pH > 8) more ammonium will be converted to ammonia
gas giving off a fetid odor, something that is not conducive
to a good SPA resort. We suggest that the disinfection of
ammonium-contained hot spring water should exclude ch-
lorination and with a pH value kept at between 6 to 8.

5.3 Volcanological Forecasting and Earthquake
Precursors

The concentration of hydrogen sulfide and its derivative
species are good indicators for monitoring fumarolic activity
in volcanic areas (Zimbelman et al. 2000; McGee et al. 2001;
Symonds et al. 2001; Chiodini et al. 2002; Tassi et al. 2003).
Ammonium may be used as another useful indicator for geo-
chemical surveillance of volcanic activity. A good correlation
between vertical soil movements and variations in ammonium
concentrations have been observed (Valetino and Stanzione
2004). In Taiwan, volcanic activity monitoring is still at its
early stage, monitoring data on concentrations of hydrogen
sulfide, ammonium and Eh value in thermal water and fu-
marolic gas are scarce and should be studied in the future.

In nonvolcanic areas, hot spring waters usually circulate
to a great depth along a fault or fracture zones. Song et al.
(2005) found that hot springs from deeper reservoirs are su-
perior to shallow circulating springs and groundwater shows
concentration anomalies correlating with earthquake events.
Studies recommend that some of the geochemical items of
hot springs, e.g., radon (Kuo et al. 2006; Yasuoka et al.
2006), chloride (Toutain et al. 1997; Toutain and Baubron
1999), calcium, sodium, sulfate, etc. (Biagi et al. 2001)
would be capable of serving as earthquake precursors and
fault activity indicators. However, case studies on ammo-
nium and sulfide are rare. A study shows that ammonium
concentrations in stream water from the upper reaches of
Guandaushi Creek in Nantou County increased by 20 to 40
times from August 1998 to September 1999 before the 921
Earthquake (Liu 2007). We suggest that the ammonium may
have come from deeper anoxic aquifers and discharged into
the Guandaushi Creek through an unknown fault zone. Hot
springs that circulate from the deeper part of the fault zone
contain dissolved reducing agents such as hydrogen sulfide
and ammonium, which make for ideal monitoring species.

6. CONCLUSIONS

A total of 11 hot springs located at 9 different areas

across Taiwan were surveyed: 3 sites are in the Tatun Vol-
cano Group, 4 in the Western Foothill, 3 in the Hsueshan
Range and 1 in the Central Range. The measured values of
Eh are all lower than 0 mV and range from -23 to -277 mV,
indicating reducing conditions for the hot spring waters.
Most of the samples from the sources contained sulfide and
ammonium. In the Tatun Volcano Group, hot springs origi-
nating from the mixture of fumarolic gas and water had high
concentrations of hydrogen sulfide, which is the dominant
reducing agent. Ammonium, with concentrations ranging
from 1 to 55 mg L™, is another important electron donor in
the hot springs of Taiwan.

We found that there were negative Eh measured-values
for DO-containing waters (both in field and lab) while sul-
fide or ammonium was in the waters, too. The results con-
firm the interpretation that the Eh sensor is more sensitive to
sulfide and ammonium than DO and nitrate.

We suggest that hot springs with deep circulation (S1 -
S4, M1 - M4) are in a reducing state because there is a lack in
oxygen gas and the waters will react with mineral reducers,
e.g., pyrite and organic carbon. The most natural oxidizing
agents, dissolved oxygen and nitrate, usually distribute only
in the shallow subsurface. Those hot spring waters contain-
ing DO (S2, S4, and M2) and nitrate (S3, S4, and M2-M4)
should be mixed with groundwaters in the shallow aquifers.

We also simulate the redox condition for V3 (Tien-
Hsyang) hot spring by the geochemical program PHREEQC
and predict that As(III) will be the dominant species with Eh
value of 187 mV and pH of 1.39. This calculation should be
useful for future studies.

There are disadvantages in using ammonium-containing
hot spring waters in the Spa industry since it is not suitable
for chlorine disinfection and ammonium converts to ammo-
nia gas giving off a fetid odor in higher pH.

We suggest that ammonium and sulfide in hot springs,
which usually occur in deep circulation along faults or in fis-
sures of volcanic areas, may be good indicators for earth-
quake and volcanic activity monitoring.
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