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AB STRACT

Sci en tists be gan ac quir ing the ba sic of ge ol ogy, oc cur rence, wa ter tem per a ture and chem is try of hot springs in Tai wan

over a cen tury ago. How ever, data re gard ing re dox po ten tial and im por tant re dox cou ples still re mains lim ited. This study

ex plores the re dox sta tus of hot springs in Tai wan by mea sur ing Eh in the field and by de ter min ing the con cen tra tions of

com monly found re dox cou ples, i.e., O2/H2O, NO3
-/NH4

+, and HS-/SO4
-2. Wa ter sam ples were col lected at hot spring dis charge

pools or the heads of wa ter wells us ing a pump. A to tal of 11 hot springs lo cated at 9 different locations across Taiwan were

surveyed.

The mea sured val ues of Eh rang ing from -23 to -277 mV in di cate re duc ing con di tions. Most of the wa ter sam ples from the

hot spring sources con tained sul fide and am mo nium. In the Tatun Vol cano Group, hot springs orig i nat ing from a mix ture of

fumarolic gas and stream wa ter con tained high con cen tra tions of hy dro gen sul fide as the dom i nant re duc ing agent.

Am mo nium, with con cen tra tions rang ing from 1 to 55 mg L-1, is another important electron donor.

The find ing re vealed that there were neg a tive Eh mea sured-val ues for dis solved ox y gen-con tained wa ters, both in the field 

and in the lab o ra tory. The pres ence of sul fide or am mo nium was also de tected in the sam ples. These re sults con firm that the Eh

sen sor dis played a more height ened sen si tiv ity to sul fide and am mo nium than dis solved ox y gen and ni trate. Hot springs with

deep cir cu la tions (Sam ples S1-S4 and M1-M4) lack in ox y gen gas and may re act with min eral re duc ers such that they will

con se quently be in a re duc ing state rather than ox i diz ing. Hot spring wa ters con tain ing dis solved ox y gen (S2, S4, and M2) and

ni trate (S3, S4, and M2-M4) most likely have mixed with shallow groundwaters.

Dis cus sions re veal im pli ca tions for re dox po ten tials and re dox cou ples for ar senic speciation, dis in fec tion of

am mo nium-con tain ing hot springs for the spa in dus try as well as the pos si bil ity of us ing re dox po ten tials and cou ples as in di ces 

for mon i tor ing earth quakes and volcanic activity.
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1. IN TRO DUC TION

Be gin ning with early sci en tific in ves ti ga tions by Jap a -

nese schol ars, the hot springs of Tai wan have been stud ied

for more than one hun dred years (Yen 1955). Af ter World

War II, the Min eral Re search Ser vice Or ga ni za tion (MRSO

1969, 1970, 1971, 1973, 1975, 1977, 1978, 1979, 1980)

con ducted sys tem at i cal and de tailed stud ies of Tai wan’s hot

springs for geo ther mal re sources ex plo ra tion; these stud ies

pro duced a num ber of re ports and hun dreds of bore hole re -

cords. Re cently, ERL (En ergy and Re sources La bor a to ries,

In dus trial Tech nol ogy Re search In sti tute) with fi nan cial

sup port from the Wa ter Re source Agency of Tai wan con -

ducted a re view of 121 hot springs in Tai wan (ERL 1999 -

2003) to im prove hot spring tour ism man age ment and pro -

tect these wa ter re sources. In 2003, the Hot Spring Act was

an nounced to help con serve and sus tain the use of hot

springs, pro vide aux il iary ther a peu tic ven ues, en hance na -

tional health, de velop tour ism, and ad vance pub lic wel fare

(WRA 2003).

The ba sic knowl edge of ge ol ogy, oc cur rence, wa ter tem -

per a ture and chem is try of hot springs dated back a cen tury

(ERL 1999 - 2003); how ever, data per tain ing to re dox po ten -
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tials is lim ited. The re dox po ten tial of wa ter is an im por tant

pa ram e ter rep re sent ing the in ter ac tion be tween ox i diz able

and re duc ible spe cies in wa ter, rock, sed i ments, and biota.

Many el e ments are in volved in re dox re ac tions and are rep re -

sented by a va ri ety of spe cies. For ex am ple, the most com mon 

ox i da tion states for ar senic are +3 (ar sen ites) and +5 (ar se -

nates) (Brookins 1988; Hem 1992; Chapelle 2001). Ar senic

con cen tra tions are com monly high in hot springs. Its ap pear -

ance is usu ally as so ci ated with vol ca nism and magmatism.

The con sump tion of ar senic con tam i nated wa ter is cor re lated

with in creased in ci dences of can cer among hu man pop u la -

tions. Re dox re ac tions of ar senic are di rectly linked to this

prob lem be cause these re ac tions mod u late ar senic tox ic ity

and ar senic mo bil ity into wa ter. Re duc ing states of ar se nate

are par tic u larly prob lem atic be cause they gen er ate arsenite,

which is more toxic and hydrologically more mo bile. Con -

versely, arsenite ox i da tion coun ter acts these ac tiv i ties by

trans form ing toxic arsenite into a less toxic form (ar se nate)

that pref er en tially par ti tions into sed i ments, thus im ped ing the 

con tam i na tion pro cess. To de ter mine spe cies of ar senic, its

trans for ma tion in hot spring out flows and im pact on wa ter re -

sources, it is nec es sary to mea sure re dox po ten tial and re dox

cou ples in hot springs (Nord strom et al. 2003).

The pur pose of this study is to ex plore the re dox en vi -

ron ment of Tai wan’s hot springs by mea sur ing Eh in the

field and to de ter min ing con cen tra tions of com monly found

re dox cou ples, i.e., NO3
-/NH4

+, HS-/SO4
-2. The re sults will

as sist in phys i cal and chem i cal in ter pre ta tions of hot springs, 

i.e., rock/wa ter in ter ac tion and trace element speciation.

A to tal of 11 hot springs lo cated at 9 dif fer ent ar eas in

Tai wan were sur veyed, in clud ing Elite (V1), Tien-Lai (V2),

Tien-Hsyang (V3), Fu ture Town (S1), Jin-Ping (S2), Hu-

 Shan (S3), Four Sea son (M1), Bali Na ture SPA (M2), Kylin

Peak (S4), Atayal (M3), and Baolai (M4) (Ta ble 1). By geo -

log i cal back grounds, 3 of these hot springs are lo cated in the

Tatun Vol cano Group, 4 in the West ern Foot hill, 3 in the

Hsueshan Range, and 1 in the Cen tral Range (Fig. 1).

2. METH ODS

Wa ter sam ples were col lected from the out lets of springs 

or wa ter wells us ing a pump from 23 to 25 of May 2005. Dis -

solved ox y gen (DO), re dox po ten tial (Eh), tem per a ture, pH

and elec tri cal con duc tiv ity (EC) were mea sured in the field

(Ta ble 2). Sen sors were cal i brated with stan dard so lu tions of 

pH = 4.00, 7.00, and 10.0; EC = 1410 mS cm-1; Eh = +280 mV

(all from Merck) prior to any field mea sure ment of these

parameters (APHA 1998). DO, tem per a ture, pH, EC, and

Eh were mea sured in a flow-through cell three times at

5-min in ter vals, us ing por ta ble equip ment: DO (Oxi 315),

pH (pH 315), Eh (pH/ION 340), and EC (Cond 300) made

by Wissenschaftlich-Technische-Werkstätten (WTW Nova

An a lyt ics at Woburn of Mas sa chu setts, USA).

The com mer cial com bi na tion Eh sen sor, Pt4805 by

Mett ler Inc. in Swit zer land, has sens ing (Pt) and ref er ence

(Ag/AgCl) half-cells pack aged in a sin gle body (Fig. 2). The

pre cious-metal elec trode serves as an elec tron do nor or elec -

tron ac cep tor de pend ing upon the test so lu tion. The Eh is re -

lated to the ob served po ten tial of the com bi na tion re dox sen -

sor as fol lows:

Eh = Esen sor + Eref er ence
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where Esen sor is the po ten tial from the elec trode and Eref er ence

is the stan dard po ten tial of the ref er ence half-cell.

Wa ter sam ples were col lected only af ter pH and EC

read ings were sta bi lized. The fluc tu a tions in pH and rel a tive

EC were found to be fewer than 0.1 and 5%, re spec tively.
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Fig. 1. Geo log i cal map of Tai wan with the lo ca tions of sam pled hot

springs. Fig. 2. The com bi na tion re dox elec trode (Mett ler Pt4805, Swit zer land).



Wa ter sam ples for the mea sure ment of metal and other

cations were first fil tered with 0.45 mm cel lu lose ni trate fil -

ters and then acid i fied with ni tric acid (Merck ultrapure

grade) to pH 2. Sam ples for sul fide anal y ses were col lected in

narrow- mouth bio chem i cal ox y gen de mand (BOD) bot tles

(300 ml) with ta pered ground-glass stop pers and flared

mouths. To avoid trap ping or dis solv ing at mo spheric ox y -

gen, a rub ber tube was ex tended from the pump line into the

bot tom of the sam ple bot tle. The sam ple bot tle was then

flushed with wa ter be fore be ing filled to the brim and sealed

us ing a rub ber stop per, en sur ing no air bub bles re mained in

the bot tle. Sam ples were then kept in ice boxes and de liv ered 

to the lab o ra tory within 24 hours (Chen and Liu 2003, 2005).

Al ka lin ity (bi car bon ate) of the wa ter was de ter mined by 

ti tra tion method and an ions of NO3
-, SO4

2- and chlo ride were 

de ter mined us ing ion chro ma tog ra phy (IC) (Ta ble 2). Am -

mo nium and sul fide were de ter mined by spec tro pho to met ric 

tech niques us ing the phenate and meth y lene blue meth ods,

re spec tively (NIEA W448.51B, W433.50A). To tal dissolved

iron and ar senic were de ter mined by atomic ab sorp tion spec -

tro met ric method and in duc tively cou pled plasma tech nique, 

re spec tively. A to tal of 15 sam ples in clud ing blank, spiked,

du pli cate and check sam ples (stan dard so lu tion from Merck) 

were mea sured se quen tially (APHA 1998). The lower de tec -

tion lim its of meth ods are de scribed in Ta ble 2. Vari ances of

du pli cate mea sure ments were lower than 10% and re cov er -

ies of check and spike sam ples were be tween 85 and 110%.

PHREEQC (Park hurst, USGS) is a geo chem i cal com -

puter pro gram writ ten in C pro gram ming lan guage that is de -

signed to per form a wide va ri ety of low-tem per a ture aque -

ous geo chem i cal cal cu la tions. It has ca pa bil i ties for one-

 dimensional (1D) trans port cal cu la tions in volv ing re ver -

sible re ac tions, which in clude aque ous, min eral, gas, solid-

 so lu tion, sur face-complexation, and ion-ex change equi lib -

ria, and ir re vers ible re ac tions, which in clude spec i fied mole

trans fers of re ac tants, kinetically con trolled re ac tions, mix -

ing of so lu tions, and tem per a ture changes. We use PHREEQC

to cal cu late speciation, sat u ra tion-in dex and val ues of the

redox po ten tial of our sam pled hot spring wa ters.

3. WA TER CHEM IS TRY AND GEO LOG I CAL
BACK GROUND

Our hot spring sam ples are clas si fied into two geolo -

gical back grounds: the Tatun Vol cano Group and the West -

ern Foot hills and Hsueshan-Cen tral Ranges. Hot springs of

the vol ca nic area are sul fur-en riched while those found in

sed i men tary and meta mor phic rocks are dom i nated by chlo -

ride or bi car bon ate (Fig. 1).

3.1 Tatun Vol cano Group

The V1 and V2 hot springs are lo cated at Chinshan of

Tai pei County, in the north ern part of the Tatun Vol cano

Group. The V3 is in Beitou, the south of the Tatun Vol cano

Group (Fig. 3a). Pre cisely, the V1 and V2 “hot springs” are

not “nat u ral” hot springs but are mix tures of stream wa ter

with fumarolic gas in a man made con struc tion (Fig. 3b). These

mix tures of hot wa ter are de fined as one type of “hot spring”

through the Hot Spring Act of Tai wan. The chem i cal com -

positions of these hot springs are de pend ent on pa ra m e ters

such as the chem i cal com po si tions of stream wa ter, fu ma -

rolic gas and ther mal wa ter, the per cent ages of mix ture, and

chem i cal re ac tions (e.g., re dox, pre cip i ta tion/dis so lu tion, etc.).

Those hot spring wa ters in the vol ca nic area have much

lower pH val ues of 1.39 ~ 2.74 com pared to 6.76 ~ 8.62 in

the sed i men tary and meta mor phic area (Ta ble 3). The high

con cen tra tions of hy dro gen ion in hot springs were caused

by the dis so lu tion of hy dro gen sul fide and sul fur di ox ide gas 

into the wa ters. Hy dro gen sul fide and sul fur di ox ide are two

ma jor com po nents found in fumarolic gases, which are both

fairly sol u ble and dis solve very quickly (Ma son and Moore

1982; Lee et al. 2005). The sub se quent re lease of hy dro gen

ions decreases the pH of water as follows:

H2S(aq) = HS- + H+ (1)

SO2(g) + H2O = 2H+ + SO3
-2

(aq) (2)

When the pH value of wa ter is lower than 4.50, all bi car -

bon ate ions are con verted to car bon di ox ide gas and there
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Fig. 3. (a) The oc cur rences of sam pled hot springs in vol ca nic area

(geology pro file mod i fied from Chen and Wu 1971). (b) The V1 and

V2 hot springs are not “nat u ral” but a mix ture of stream wa ter and

fumarolic gas.

(a)

(b)



will have no bi car bon ate ions in the wa ter.

As shown in Fig. 4 and Ta ble 4, the dom i nat ing an ions

in the V1, V2, and V3 hot springs are sul fate, while the other

hot spring wa ters are bi car bon ate or chlo ride. We sug gest

that high per cent ages of sul fate in the V1, V2, and V3 are the 

fi nal prod ucts of bisulfide and sul fite ions ox i da tion. The re -

duc ing sul furs re act with ox y gen dis solved in sur face wa ter

and from air, ac cord ing to Eqs. (3) and (4).

HS- + 2O2(aq) = H+ + SO4
-2

(aq) (3)

2SO3
-2

(aq) + O2(aq) = 2SO4
-2

(aq) (4)

High con cen tra tions of in ter me di ate sul fur spe cies, e.g.,

bisulfite, sul fite, polysulfides, polythionate, and thiosulfate,

are of ten found in acid crater lakes and some acid hot springs.

How ever, sul fur is pre dom i nantly pres ent as sul fate in aer -
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Fig. 4. Trilinear di a grams of ma jor ions for the sam pled hot springs. Num ber of sam ples please see Fig. 1.



ated wa ters (Wil liam son and Rimstidt 1992; Xu et al. 1998).

Sul fate con cen tra tions in hot springs will in crease with

the con tin u ous in flu ent of sul fide and the ox i di za tion of sul -

fide un less sul fate min er als are pre cip i tated. The sat u ra tion

in di ces of the V1, V2, and V3 hot springs for anhydrite and

gyp sum range from -1.02 to -2.55 that are un sat u rated with

the sulfate minerals (Table 5).

Hot springs are hot-wa ter-dom i nated or va por-dom i -

nated sys tems (Whiter et al. 1971; Nordstrom et al. 2005).

Hot springs in ar eas with fumaroles, such as V1, V2, and V3, 

are va por-dom i nated. Vol a tile com po nents, i.e., H2S, CO2,

NH3, N2 are par ti tioned into the gas phase dur ing boil ing and 

af fect the chem is try of va por-dom i nated sys tems. The acid

springs re ceives H2S en riched gas that was ox i dized to sul fur 

di ox ide and sul fu ric acid at or near the sur face. Chlo ride nor -

mally stays in liq uid phase dur ing steam sep a ra tion at boil -

ing point near am bi ent pres sures, whereas acid springs al -

ways have lower chlo ride and higher sulfate concentrations

(Fig. 4).

The EC value of the V3 hot spring is 5840 mS cm-1, much

higher than V1 and V2 of 286 and 275 mS cm-1 (Ta ble 3), but

the per cent ages of ma jor an ions for the three hot springs are
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quite sim i lar (Fig. 4). The dif fer ence in EC val ues be tween

V1, V2, and V3 may be caused by evap o ra tion of wa ter that

in creases the con cen tra tions of sol utes. We found that these

would be con sis tent with com po si tions of the V3 hot spring

by re mov ing 95% of wa ter from the V1 and V2 hot springs

(Ta bles 3, 4).

3.2 West ern Foot hills and Hsueshan-Cen tral Ranges

The S1 is the only chlo ride-dom i nated hot spring (Fig. 4). 

Of the 8 sam pled hot springs in sed i men tary or meta mor phic

strata, all, ex cept the S1 are near faults or frac ture zones,

which pro vide the cir cu la tion path for re charge to dis charge

(Tu and Chen 1991; Lo and Wu 1999; Fig. 5a). S1 is not a

nat u ral (ar te sian) hot spring. Its hot wa ter co mes from a well

of 1500 m in depth, which is lo cated on the Linkou Ta ble -

land, Tai pei County (Fig. 1). The tem per a ture of the ground -

wa ter is about 40 - 50°C un der a depth of 1000 - 1500 m with 

a lo cal geo ther mal gra di ent of 1.5 - 2°C 100 m-1. Be fore the

con struc tion of the hot spring well, there was no nat u ral hot

spring on the Linkou Ta ble land.

The S1 hot spring well is sited on the high flat top of the 

ta ble land with un der ly ing hor i zon tal strata of Plio-Pleis to -

cene semi-con sol i dated mud and sand lay ers with out fault

or frac ture within a dis tance of 10 km. The groundwaters in 

the deeper aqui fers are iso lated by over bur den thick con -

fin ing lay ers and it is hard to re charge from sur face wa ter.

Be cause of poor cir cu la tion and rel a tively slight sur face-

 fresh-wa ter di lu tion, the com po si tion of geo ther mal wa ter

at S1 is still sim i lar to that of sea wa ter, which was trapped

in the pores of sed i ments de pos ited in ma rine en vi ron ments 

(Fig. 4). S1 geo ther mal wa ter has a Na+/Cl- mass ra tio of

0.52, which is com pa ra ble to sea wa ter (0.55). The con cen -

tra tions of ions at S1 con sis tently lower than those of sea -

wa ter at a ra tio of 2.7 ~ 3 (Ta ble 4). Ac cord ing to the con -

cen tra tions of Na+, Cl-, and Br-, the geo ther mal wa ter may

have been di luted by a vol ume of fresh wa ter ap prox i -

mately 3 times that of the orig i nal trapped sea wa ter. Sul fate 

con cen tra tion is only 17.8 mg L-1 in the S1 sam ple, wich is

much lower than 2700 mg L-1 in sea wa ter (Ta ble 4). We

sup pose that a sul fate-re duc ing pro cess has been oc curred

in the aqui fer.

The hot springs of S2-S4 and M1-M4 are all so dium bi -

car bon ate dom i nated (Fig. 4). Pre vi ous stud ies sug gested

that as the sur face wa ter (rain wa ter or stream wa ter) moves

through the aqui fer, the ground wa ter chem is try changes via

a three-step pro cess (Chapelle 2001): First, car bonic acid is

re leased by ox i da tion of or ganic mat ter in the soil and aqui -

fer [Eq. (5)] or by dis solved at mo spheric CO2 [Eq. (6);

Appelo 1994]. Then, the acid dis solved CaCO3 (cal cite) in

the aqui fer [Eq. (7)]. Fi nally, cal cium cat ions are ex changed

with so dium cat ions on clays of the aqui fer [Eq. (8)].

CH2O + O2 = H2CO3 (5)

CO2 + H2O = H2CO3 (6)

CaCO3 + H2CO3 = Ca2+ + 2HCO3
- (7)

Ca2+ + 2Na+ (on clay) = Ca2+ (on clay) + Na+ (8)

This hy poth e sis is used to ex plain the pro cesses for

form ing the so dium bi car bon ate dom i nated wa ter of the hot

springs that we stud ied. Fos sils of cal cite (or ar agon ite) com -

po si tion are abun dant in the ma rine-orig i nated rocks of the

West ern Foot hills and Hsueshan-Cen tral Ranges of Tai wan,

which pro vide the CaCO3 [as in Eq. (6)]. All of the 9 hot

springs are sat u rated with ar agon ite and cal cite, sug gest ing

the pres ence of CaCO3 minerals in the aquifers (Table 5).

4. RE DOX PO TEN TIAL AND RE DOX COU PLES

4.1 Field-Mea sured and Re dox Cou ples-Com puted Eh

The mea sured Eh val ues 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 in di cate a re duc ing con di tion (Ta ble 3).

How ever, there are ox i dants - dis solved ox y gen and ni trate,

pre sented in the hot springs. Sam ples of V1, V2, V3, S2, and

S4 con tain DO with con cen tra tions of 1.10 to 3.90 mg L-1

and V3, S4, and M4 have ni trate of 1.78 to 7.36 mg L-1
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Fig. 5. (a) A sche matic model (not to scale) show ing the oc cur rences of

the se lected hot springs in sed i men tary or meta mor phic rocks. (b) The

con cep tual model for re dox spe cies of hot spring wa ters along the flow

path in sed i men tary and meta mor phic rocks.

(a)

(b)



(Ta ble 4). Pre vi ous study sug gests that some aque ous ox i -

da tion-re duc tion re ac tions were gen er ally not at equi lib -

rium in ground wa ters (Lindberg and Runnells 1984). They

re searched 611 anal y ses of ground wa ters from di verse geo -

graphic ar eas, which showed that mea sured Eh val ues were

not con sis tent with com puted val ues by re dox cou ples when

us ing the com puter model WATEQFC (Runnells and Lind -

berg 1981). Re dox agents (e.g., O2/H2O, HS-/SO4
-2, and

NO3
-/NH4

+, etc.) in ground wa ter and aqui fer will in ter act

with each other and change the Eh val ues.

DO is one of the most im por tant ox i dant in hot springs.

The con cen tra tions of DO at all the sources of our sam pled

hot spring are be tween 0.23 ~ 3.90 mg L-1 (Ta ble 3). The de -

tec tion limit of DO in our study is 0.2 mg L-1 for the WTW

DO me ter (Oxi 315), ac cord ing to the man u fac turer’s cer -

tificat ion. How ever, Radtke et al. (1998) rec om mended a

spectrophotometric method for de ter min ing DO of lower

than 1.0 mg L-1, which is a Rhodazine-DTM colorimetric

tech nique with a sen si tiv ity of 0.01 mg L-1 (ASTM 1984;

White et al. 1991). Com par ing the re sults mea sured by the

mem brane method and the spec tro pho to met ric method, Chen

and Liu (2003) sug gested that the mem brane method is un re -

li able when DO con cen tra tions are lower than 0.5 mg L-1. In

a prac ti cal way, they sug gested that DO con cen tra tions

lower than 0.5 mg L-1 could be con sid ered as anoxic.

Ta ble 3 shows DO con cen tra tions at the sources of the

11 hot springs, 5 are anoxic and 6 are with DO de tected. All

wa ters from the three hot springs (V1, V2, and V3) in the

Tatun Vol cano Group area con tain DO. It is rea son able since

the three hot springs are mixed with a high per cent age of sur -

face wa ter. In pris tine sur face wa ter and the un sat u rated

zone, ox y gen is the most im por tant ox i diz ing agent. The

other three sam ples with DO de tected (S2, S4, and M2) may

have been mixed with shal low groundwaters while they

flowed up ward (Fig. 5b).

Fig ure 6 shows the com par i son be tween field-mea sured

and com puted Eh val ues that were car ried out from re dox

cou ples of O2/H2O, HS-/SO4
-2, and NO3

-/NH4
+. The Nern -

stian Eh val ues are cal cu lated from the fol low ing equa tions

(Park hurst 1995).

O2 + 4H+ + 4e- = 2H2O                         logK = 83.12 (9)

NO3
- + 10H+ + 8e- = NH4

+ + 3H2O    logK = 119 (10)

SO4
-2 + 9H+ + 8e- = HS- + 4H2O        logK = 33.66 (11)

We sim plify the cal cu la tion by as sum ing that the con cen -

tra tion equals the val ues of method de tec tion limit if the

con cen tra tions de ter mined are be low the de tec tion limit.

The Eh val ues com puted by O2/H2O and NO3
-/NH4

+ cou -

ples are higher than the field-mea sured val ues (Fig. 6). The

larg est com puted val ues of Eh range from 600 to 1200 mV,

as a re sult of the O2/H2O cou ple, while the field-mea sured

Eh values are only 0 to -300 mV.

In the ory, ox y gen and ni trate are good ox i diz ing agents

(Park hurst 1995), that are dem on strated by a cal cu la tion

with the wa ter com po si tion of the S1 hot spring, i.e., pH 7.14,

am mo nium 54.8 mg L-1, sul fate 17.8 mg L-1, but con cen tra -

tions of ni trate range from 1 to 10-5 mg L-1 (Fig. 7). Al though 

ni trate con cen tra tion is low to 10-5 mg L-1, the value of Eh is

+168 mV, which im plies that the hot spring wa ter should

have a pos i tive value of Eh while it con tains ni trate even

with trace amount. Eight sam ples from our stud ied hot

springs con tain ni trate con cen tra tions of 0.25 to 7.36 mg L-1

(Ta ble 4), al though those sam ples show neg a tive field-mea -

sured Eh val ues (Fig. 6). By con trary, sul fide is a strong re -

duc ing agent and the com puted Eh val ues are al ways be low

-200 mV even at a con cen tra tion of 10-5 mg L-1 (Fig. 7).

A wa ter sam ple that con tains ions of ni trate, am mo nium, 

sul fide and DO is ther mo dy nam i cally at non-equi lib rium
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Fig. 6. Com par i son be tween field-mea sured and com puted Eh val ues.

Fig. 7. The Eh com puted-val ues for ni trate and sul fide with con cen tra -

tions of 1 to 10-5 mg L-1.



and its Eh value var ies with time. In our ex pe ri ence, the

pre cious-metal elec trode of the Eh me ter has dif fer ent sen si -

tiv ity with ions. In par tic u lar, it is a lot more sen si tive in de -

tect ing con cen tra tion vari a tions of am mo nium and sul fide

than ni trate and DO. A study re ported that Eh elec trode is not 

suit able for ni trate in ves ti ga tion (Wang et al. 2004). We mea -

sured Eh val ues by sen sor (Mett ler Swit zer land) with tap

wa ter and some known in gre di ents in a batch test (Ta ble 6).

We found that there were neg a tive Eh val ues for DO-con -

tained wa ters (Tubes 4 and 5) while sul fide or am mo nium

was in the wa ter too. The re sults con firm our in ter pre ta tion

of the Eh sen sor as be ing more sen si tive to sul fide and am -

mo nium than DO and ni trate.

Hot springs or groundwaters in deep cir cu la tion (S1-S4,

M1-M4) are usu ally in a re duc ing state be cause of a lack of

ox y gen gas and the wa ters re act with min eral re duc ers in

aqui fers, e.g., py rite, or ganic car bon, etc (Fig. 5b). The most

nat u ral ox i diz ing agents, dis solved ox y gen and ni trate, usu -

ally dis trib ute only in the shal low subsurface. Those hot

spring wa ters con tain ing DO (S2, S4, and M2) and ni trate

(S3, S4, and M2-M4) should be mixed by shal low ground -

waters.

4.2 The Re duc ing Agents in Hot Spring Wa ters

Fer rous iron, ar senic (III), sul fide and am mo nium are

the main re duc ers in our sam pled hot springs (Ta ble 4). V1,

V2, and V3 hot springs con tain high con cen tra tions of dis -

solved hy dro gen sul fide (> 5 mg L-1) and sul fur di ox ide gas,

which are im por tant elec tron do nors as ex pressed in Eqs. (3)

and (4). Ac cord ing to a study of fumarolic gas com po si tion

in the Tatun Vol cano Group (Lee et al. 2005), con cen tra tions 

of hy dro gen sul fide were higher than sul fur di ox ide in mass

ra tios of H2S/SO2 from 120 to 167. Sul fur oc curs in a va ri ety

of ox i da tion states: -2, 0, 2, 4, and 6, while sul fide has the

low est ox i da tion state of -2. Af ter hot springs come in con -

tact with ox y gen, sul fide is ox i dized to sul fate (+6) through

in ter me di ates such as el e men tal sul fur (0), thiosulfate (+2)

and sul fite (+4) (Nordstrom 1982; Crossman and Desrocher

2001). The study of Yel low stone hot springs con cluded that

upon dis charge of sul fide-con tain ing hy dro ther mal wa ter,

ox i da tion pro ceeds rap idly as at mo spheric ox y gen en ters the 

wa ter (Xu et al. 1998). The trans fer of ox y gen is par tic u larly

ef fec tive if the hy dro ther mal dis charge is tur bu lent and has a

large sur face area.

Ex cept for re duc ing sul fur in vol ca nic hot springs, the

V1, V2, and V3 wa ters also con tain high con cen tra tion of

dis solved iron with 0.94 - 26.7 mg L-1 (Ta ble 4). The iron

may be dis solved by acid wa ters from mafic min er als in the

con crete tanks or vol ca nic rocks on the ground sur face. The

iron ion will be in the re duced state of fer rous ion (Fe+2)

while the pH is 1.39 to 2.74 and Eh is -100 to 780 mV

(Brookins 1988). The field-mea sured Eh val ues of V1, V2,

and V3 hot springs were -145, -65, and -23 mV, re spec tively

(Ta ble 3). Al though V2 hot spring has a very high con cen -

tration of Fe+2 (26.7 mg L-1), it is un sat u rated for FeS pre -

cipitations along with V1 and V3 (Ta ble 5). Dis solved ox y -

gen in those hot springs could be an ox i dant to the fer rous

ion, but re duced sul fur com pounds, such as dis solved sul fide 

or thiosulfate, are im por tant in hib i tors to fer rous ox i da tion

(Nordstrom et al. 2005). The re duced sul fur com pounds act

also as re duc ers for fer ric ox ides to fer rous iron in the acid

hot springs.

In the non-vol ca nic area, sul fide in groundwaters usu -
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ally re sults from bac te rial sul fate re duc tion (Stumm and

Mor gan 1995; Chapelle 2001). The gen eral re ac tion is:

2CH2O + SO4
-2 = H2S + 2HCO3

- (12)

where CH2O is a rep re sen ta tive or ganic com pound. Sul fate

re duc tion re quires re duc ing po ten tials with val ues lower

than -150 mV (Postgate 1984). The thresh old sul fate con -

cen tra tion re quired for acetotrophic sul fate re duc tion to

pro ceed is ap prox i mately 2.9 mg L-1 (Lovley and Klug

1986; Kirk et al. 2004). Sul fate con cen tra tions of the 8 hot

springs (S1-S4 and M1-M4) are 5.1 ~ 48.7 mg L-1, which

are all higher than the thresh old value of 2.9 mg L-1. It is

pos si ble that all 8 hot springs have on go ing the sul fate-

 reducing pro cess in their aqui fers. But only three hot

springs (S2, S3, and S4) with higher con cen tra tions of sul -

fate are sul fide de tect able (> 0.03 mg L-1) (Ta ble 4). The S3

and S4 hot springs have higher sul fate con cen tra tions of

48.7 and 45.0 mg L-1, with sul fide con cen tra tions of 0.09

and 0.24 mg L-1, re spec tively (Ta ble 4). We sug gest that the 

other hot springs with sul fate > 2.9 mg L-1 may con tain sul -

fide but its un der our de tec tion limit.

9 of the 11 hot spring sam ples con tain am mo nium

(Table 4). Hot springs or groundwaters with de tect able

concentrations of am mo nium (NH4
+) also in di cate a re duc -

ing con di tions. Am mo nium is a com monly found com po -

nent in an aer o bic groundwaters and fine-grained layer aqui -

fers, at trib uted to the deg ra da tion of com plex or ganic ma te -

rial dis sem i nated in aqui fers that are or ganic-rich and poor in 

cir cu la tion (Schil ling 2002). Ther mo dy nam i cally, am mo -

nium ex ists in the Eh range from -200 to -400 mV while pH

is be tween 7.0 to 7.5 (Brookins 1988).

The mea sured Eh value of the S1 hot spring is -216 mV

with a con cen tra tion of am mo nium 54.8 mg L-1, which is the

high est value among the 11 hot springs (Ta ble 4). This may

be be cause the wa ter came from a deep con fined sed i men -

tary aqui fer that is or ganic-rich. The sec ond high est am mo -

nium con cen tra tion (13.9 mg L-1) is the M4 hot spring,

which is sit u ated in the area of meta mor phic rock in the Cen -

tral Range. Am mo nium was found in min er als of meta mor -

phic and gra nitic rocks and is one of the sta ble geo chem i cal

com po nents in high tem per a ture pro cesses (Honma and Iti -

hara 1981). There is no re port on the am mo nium con cen tra -

tion of hot spring wa ter in Tai wan be fore this study. In our

in ves ti ga tion from 2004 to 2006, a large per cent age of hot

springs con tained am mo nium, 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-1 (un pub lished data).

The V1, V2, and V3 hot springs in the vol ca nic area

also have am mo nium with con cen tra tions rang ing from 1 to

6 mg L-1 (Ta ble 4). Re search shows that high am mo nium

con cen tra tions are in ter preted as be ing re lated to ar eas where

a con vec tion sys tem has de vel oped, co in cid ing with the most

re cent vol ca nic cen ters lo cated along rift zones and with

main fea tures in side cal dera (Hernandez et al. 2004). Am -

mo nium con cen tra tions up to 880 mg L-1 at Washburn Hot

Spring of Yel low stone Na tional Park were re ported and had

been at trib uted to leach ing of sed i men tary rock by hy dro -

ther mal so lu tions (Hol lo way et al. 2003; McCleskey et al.

2004). Hot spring wa ters in Kamchatka, one of the most active

re gions of vol ca nism, con tained am mo nium 21 ~ 46 mg L-1

with Eh -141 ~ -301 mV (Zhao et al. 2005).

Am mo nium lev els in the min er als of gran ites are av er -

ag ing 45 mg kg-1 and range from 10 to 100 mg kg-1 (Hall et

al. 1994; Hall 1999). Am mo nium con tents are strongly en -

riched in the hy dro ther mally al tered rocks, in clud ing grei -

sens and kaolinized gran ites. A pre vi ous hy poth e sis sug gests 

that the am mo nium in the gran ites is de rived from a sed i -

men tary source, ei ther in the mag matic source re gion or via

con tam i na tion of the magma (Kohut and Pieczka 2003). In

sum mary, am mo nium is a com mon and quite sta ble com -

pound through the vol ca nic en vi ron ment (Marfil et al. 1998).

5. IM PLI CA TIONS

5.1 Ar senic Spe cies in the Beitou Hot Spring Area

The re lease of ar senic from geo ther mal sys tems into sur -

face and ground wa ters in hib its its use as drink ing wa ter. In

sur face wa ters, ar senic con tam i na tion also ad versely af fects

aquatic eco sys tems by ac cu mu lat ing in sed i ments and plants 

(Web ster and Nordstrom 2003). Re cent news and re ports

show great con cern over ar senic in the hot spring of the Geo -

ther mal Val ley in the Beitou dis trict of Tai pei. The au thor i -

ties are con cerned whether ar senic poses a se ri ous dan ger to

ei ther hot spring enthusiasts or rice consumers.

The va lence state of ar senic plays an im por tant role in

its be hav ior and tox ic ity in aque ous sys tem. Ar senic com -

pounds with a +3 ox i da tion state are more toxic than anal o -

gous com pounds with a +5 ox i da tion state, e.g., arsenite ver -

sus ar se nate (Jain and Ali 2000; Smedley and Kinniburgh

2002; Aposhian et al. 2003). Ac cord ing to data from the Tai -

pei City Gov ern ment’s De part ment of En vi ron men tal Pro -

tec tion and Tai pei Wa ter De part ment, the amount of sol u ble

ar senic in the white sul fur hot springs (V1 and V2) was

0.002 mg L-1, and for the green sul fur hot spring (V3) 0.5 ~

3.0 mg L-1. How ever, the va lence state of ar senic is not clear.

In our study, the con cen tra tions of to tal dis solved ar senic of

V1, V2, and V3 are < 0.01, 0.03, and 0.69 mg L-1, re spec -

tively (Ta ble 4). We sim u late ar senic spe cies in the V3 hot

spring wa ter by the geo chem i cal pro gram PHREEQC (Park -

hurst 1995) to pre dict the trans for ma tion of ar senic spe cies

un der dif fer ent re dox con di tions. The cal cu lated Eh value of

the V3 is 187 mV by as sum ing that the sul fide/sul fate is the

ma jor re dox cou ple in the hot spring (Ta ble 7). The spe cies

of ar senic is As(III)-dom i nated with a con cen tra tion of

0.69 mg L-1 while As(V) is 1.0 ´ 10-6 mg L-1 (Ta ble 7).

While dis charge of the hot spring is de liv ered to a tank

or pool, ox i da tion pro ceeds rap idly as at mo spheric ox y gen
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en ters the wa ter. The ions of As(III) in wa ter will be ox i dized 

to As(V). Field in ves ti ga tions at a hot spring in Yel low stone

Na tional Park re vealed rapid arsenite ox i da tion oc cur ring

within the drain age chan nel (Giring et al. 2001; Schwenzer

et al. 2001). The ox i da tion of hot spring wa ter dur ing stor age 

and de liv ery will in crease the Eh value. Stud ies in Ja pan also 

ob served that the nat u ral spring wa ters have lower Eh val ues 

than those ex posed to air (Shoichi et al. 1999, 2000).

The Eh val ues of V1, V2, and V3 hot springs in tanks are 

493, 95, and 382 mV, re spec tively (Ta ble 3). The pH val ues

of the three hot springs did not ex hibit sig nif i cant change,

only within the range of ±0.3. As the hot springs aged in

lower pH, the sul fide vol a til ized as hy dro gen sul fide gas and 

dis si pated. This pro cess re mark ably changes the Eh value,

mak ing it more pos i tive. We sug gest that Eh val ues of 498

and 382 mV in V1 and V3 hot springs are caused by hy -

drogen sul fide dis si pa tion rather than by sul fide ox i da tion

(Fig. 8). Af ter all the sul fide dis si pates, As(III) will be the

next to be ox i dized. It will oc cur in Eh 500 mV for the V3 hot 

spring with a pH value of 1.39 (Fig. 8).

5.2 Am mo nium and Hot Spring Dis in fec tion

Hot springs which fea ture high lev els of min er als and

elevated tem per a tures are po ten tially ideal ven ues for pa -

thogen growth (e.g., Naegleria, Acanthamoeba, and Le -

gionella) or con tam i na tion by us ers with en teric ill ness. Ac -

qui si tion of spo radic com mu nity-ac quired Le gion naires’

dis ease has been linked to hot spring baths. Out breaks of hot

spring-as so ci ated Le gion naires’ dis ease were re ported in

Japan dur ing the last few years (Furuhata et al. 2004; Ya -

buuchi and Agata 2004). Legionella was found to be pres ent

in more than 20% of the wa ter sam ples taken from hot spring 

re sorts (Hsu et al. 2006; Lin et al. 2007). The Cen ter for Dis -

ease Con trol (CDC) of Tai wan also in di cates that Legionella

has been de tected in hot wa ter sup ply sys tems and urges SPA 

and hot spring busi ness own ers to clean their tubs and

change bath ing wa ter reg u larly. Ac cord ing to the guide lines

of CDC, to pre vent Legionella out breaks, it is nec es sary to

main tain op ti mal SPA wa ter qual ity by chlo rine dis in fec tion, 

e.g., free chlo rine 2 ~ 3 mg L-1, and pH 7.2 ~ 7.8. (CDC-US

1981; WHO 2000; CDC-T 2006).

Chlo rine is one of the most widely used dis in fec tants. It

is very ap pli ca ble and ef fec tive for the de ac ti va tion of patho -
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genic mi cro or gan isms. Chlo rine is eas ily ap plied, mea sured, 

and con trolled. It is fairly per sis tent and rel a tively cheap.

How ever, many hot springs in Tai wan have high con cen tra -

tions of am mo nium and in that case add ing chlo rine will pro -

duce chlor amines, which in large quan ti ties are toxic and

odor ous (Isaac and Mor ris 1983; Brezonik 1994; Duong et

al. 2003; Wei et al. 2006). An other dis ad van tage of us ing

am mo nium-con tain ing hot spring wa ter is that at higher pH

(i.e., pH > 8) more am mo nium will be con verted to am mo nia 

gas giv ing off a fetid odor, some thing that is not con du cive

to a good SPA re sort. We sug gest that the dis in fec tion of

ammonium-con tained hot spring wa ter should ex clude ch -

lo rina tion and with a pH value kept at be tween 6 to 8.

5.3 Volcanological Fore cast ing and Earth quake
Pre cur sors

The con cen tra tion of hy dro gen sul fide and its de riv a tive

spe cies are good in di ca tors for mon i tor ing fumarolic ac tiv ity

in vol ca nic ar eas (Zimbelman et al. 2000; McGee et al. 2001;

Symonds et al. 2001; Chiodini et al. 2002; Tassi et al. 2003).

Am mo nium may be used as an other use ful in di ca tor for geo -

chem i cal sur veil lance of vol ca nic ac tiv ity. A good cor re la tion

be tween ver ti cal soil move ments and vari a tions in am mo nium 

con cen tra tions have been ob served (Valetino and Stanzione

2004). In Tai wan, vol ca nic ac tiv ity mon i tor ing is still at its

early stage, mon i tor ing data on con cen tra tions of hy dro gen

sul fide, am mo nium and Eh value in ther mal wa ter and fu -

marolic gas are scarce and should be stud ied in the fu ture.

In nonvolcanic ar eas, hot spring wa ters usu ally cir cu late 

to a great depth along a fault or frac ture zones. Song et al.

(2005) found that hot springs from deeper res er voirs are su -

pe rior to shal low cir cu lat ing springs and ground wa ter shows 

con cen tra tion anom a lies cor re lat ing with earth quake events. 

Stud ies rec om mend that some of the geo chem i cal items of

hot springs, e.g., ra don (Kuo et al. 2006; Yasuoka et al.

2006), chlo ride (Toutain et al. 1997; Toutain and Baubron

1999), cal cium, so dium, sul fate, etc. (Biagi et al. 2001)

would be ca pa ble of serv ing as earth quake pre cur sors and

fault ac tiv ity in di ca tors. How ever, case stud ies on am mo -

nium and sul fide are rare. A study shows that am mo nium

con cen tra tions in stream wa ter from the up per reaches of

Guandaushi Creek in Nantou County in creased by 20 to 40

times from Au gust 1998 to Sep tem ber 1999 be fore the 921

Earth quake (Liu 2007). We sug gest that the am mo nium may

have come from deeper anoxic aqui fers and dis charged into

the Guandaushi Creek through an un known fault zone. Hot

springs that cir cu late from the deeper part of the fault zone

con tain dis solved re duc ing agents such as hy dro gen sul fide

and am mo nium, which make for ideal mon i tor ing spe cies.

6. CON CLU SIONS

A to tal of 11 hot springs lo cated at 9 dif fer ent ar eas

across Tai wan were sur veyed: 3 sites are in the Tatun Vol -

cano Group, 4 in the West ern Foot hill, 3 in the Hsueshan

Range and 1 in the Cen tral Range. The mea sured val ues of

Eh are all lower than 0 mV and range from -23 to -277 mV,

in di cat ing re duc ing con di tions for the hot spring wa ters.

Most of the sam ples from the sources con tained sul fide and

am mo nium. In the Tatun Vol cano Group, hot springs orig i -

nat ing from the mix ture of fumarolic gas and wa ter had high

con cen tra tions of hy dro gen sul fide, which is the dom i nant

re duc ing agent. Am mo nium, with con cen tra tions rang ing

from 1 to 55 mg L-1, is an other im por tant elec tron do nor in

the hot springs of Tai wan.

We found that there were neg a tive Eh mea sured-val ues

for DO-con tain ing wa ters (both in field and lab) while sul -

fide or am mo nium was in the wa ters, too. The re sults con -

firm the in ter pre ta tion that the Eh sen sor is more sen si tive to

sul fide and am mo nium than DO and nitrate.

We sug gest that hot springs with deep cir cu la tion (S1 -

S4, M1 - M4) are in a re duc ing state be cause there is a lack in 

ox y gen gas and the wa ters will re act with min eral re duc ers,

e.g., py rite and or ganic car bon. The most nat u ral ox i diz ing

agents, dis solved ox y gen and ni trate, usu ally dis trib ute only

in the shal low subsurface. Those hot spring wa ters con tain -

ing DO (S2, S4, and M2) and ni trate (S3, S4, and M2-M4)

should be mixed with groundwaters in the shallow aquifers.

We also sim u late the re dox con di tion for V3 (Tien-

 Hsyang) hot spring by the geo chem i cal pro gram PHREEQC

and pre dict that As(III) will be the dom i nant spe cies with Eh

value of 187 mV and pH of 1.39. This cal cu la tion should be

use ful for fu ture stud ies.

There are dis ad van tages in us ing am mo nium-con tain ing 

hot spring wa ters in the Spa in dus try since it is not suit able

for chlo rine dis in fec tion and am mo nium con verts to am mo -

nia gas giv ing off a fetid odor in higher pH.

We sug gest that am mo nium and sul fide in hot springs,

which usu ally oc cur in deep cir cu la tion along faults or in fis -

sures of vol ca nic ar eas, may be good in di ca tors for earth -

quake and vol ca nic ac tiv ity monitoring.
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