
www.elsevier.com/locate/chemgeo
Chemical Geology 22
Tide-influenced acidic hydrothermal system offshore NE Taiwan

Chen-Tung Arthur Chen a,*, Zhigang Zeng b, Fu-Wen Kuo a, Tsanyao Frank Yang c,

Bing-Jye Wang a, Yueh-Yuan Tu d

a Institute of Marine Geology and Chemistry, National Sun Yat-Sen University, Kaohsiung 804, Taiwan, ROC
b Institute of Oceanology, Chinese Academy of Sciences, Qingdao, PR China

c National Taiwan University, Taipei, Taiwan, ROC
d Taiwan Power Company, Taipei, Taiwan, ROC

Received 27 November 2004; accepted 4 July 2005
Abstract

Elemental sulfur and hydrogen sulfide emitted offshore of northeastern Taiwan known to local fishermen for generations, but

never studied until recently, are found to have originated from a cluster of shallow (b30 m depth) hydrothermal vents. Among the

mounds is a massive 6 m high chimney with a diameter of 4 m at the base composed of almost pure sulfur and discharging

hydrothermal fluid containing sulfur particles. The sulfur in the chimney has a d34S=1.1x that is isotopically lighter than

seawater. A yellow smoker at shallow depths with such characteristics has never been reported on anywhere else in the world. Gas

discharges from these vents are dominated by CO2 (N92%) with small amounts of H2S. Helium isotopic ratios 7.5 times that of air

indicate that these gases originate from the mantle. High temperature hydrothermal fluids have measured temperatures of 78–116

8C and pH (25 8C) values as low as 1.52, likely the lowest to be found in world records. Low temperature vents (30–65 8C) have
higher pH values. Continuous temperature records from one vent show a close correlation with diurnal tides, suggesting rapid

circulation of the hydrothermal fluids.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The presence of hot springs in Taiwan has been

well known for several centuries. As far back as the

17th century early settlers used spring waters of the

Tatun volcanic group in northern Taiwan for bathing

and curing skin diseases. This volcanic group is the

site of the last volcanic activity in northern Taiwan

(Fig. 1) which ceased ca. 200,000 years ago (Chen,

2000). However, many high-temperature solfataras and

springs, some even boiling, are scattered in the area.
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The subsurface thermal water is acid sulfate chloride,

with temperatures ranging between 120 and 293 8C
(Chen, 1996). There are more than 200 thermal

springs in Taiwan (the mountainous island of 36,000

km2), including some bicarbonate springs on the Ilan

Plain (Fig. 1). Given these facts, what should have

been expected long ago is that hot springs exist off-

shore too. However, not until 1999 were offshore

thermal springs documented and studied (Chen et

al., 2005). These springs are located in an active

hydrothermal vent field of about 0.5 km2 in area

within 1 km east of Kueishantao islet, at 121855VE,
24850VN, near the southern end of the Okinawa

Trough (Fig. 1).
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Fig. 1. Map showing (a) Taiwan and Okinawa Trough, (b) the tectonic setting of Kueishantao islet and (c) the location of vents. The arrows point to

vents A and S. Solid diamonds indicate high temperature vents and open diamonds indicate low temperature vents.
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The Okinawa Trough is the backarc basin of the

Ryukyu subduction zone which is still extending west-

ward through the development of an E–W trending

graben caused by the subduction of the Philippine

Sea Plate beneath the Eurasian Plate. The collision

system, with its intensive tectonic activity, extends

about 1000 km from southwestern Kyushu in Japan

to northeastern Taiwan (Wang et al., 2002). Active

tectonism has caused many earthquakes, including the

Richter scale magnitude 7.3 Chi-Chi earthquake on 21

September 1999, that killed several thousand people in

Taiwan. Many volcanic islands dot the region, and one
of the youngest of these is Kueishantao islet where the

last major eruption occurred ca. 7000 years ago (Chen

et al., 2001).

The Okinawa Trough shoals and narrows down

westwards near Taiwan to the east of the Ilan Plain.

Two seismic belts are situated near the axial center of

the southern Okinawa Trough. The northern seismic

belt extends to Kueishantao islet off the Ilan Plain.

Although seismic data suggest that the southern belt

stops about 20 km short of Kueishantao islet, geophys-

ical data indicate that the graben extends farther west-

wards (Lee et al., 1980; Wang et al., 2002).



Table 1

Sulfur isotopic compositions of native sulfur from the chimney of

Kueishantao islet

Sample no. d34SCDT (x

GSD-3-1 0.5

GSD-3-2 1.5

GSD-3-3 1.7

GSD-3-4 �0.6

GSD-3-5 1.7

GSD-3-6 1.5

GSD-3-7 0.7

GSD-3-8 1.6

GSD-3-9 1.8

GSD-3-10 1.7

GSD-3-11 1.3

GSD-3-12 2.0

GSD-3-13 �0.5

GSD-3-14 1.5

Analysed by: Institute of Mineral Deposits, Chinese Academy o

Geological Sciences, Bai Ruimei, Luo Xurong.

Method: After being fritted with carbonate-ZnO, SO2 gas was gener

ated following the method of V2O5 oxidation.

Instrument: Finnigan MAT Delta S.

Precision: F0.2x.

Repeat determination for each sample: 4–5.
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2. Study area and methods

An estimated cluster of more than 30 vents were

observed at depths of about 10–30 m. These vents

were identified by scuba divers and their positions

located by GPS (Fig. 1). PVC tubes were inserted

into selected vents. Vent gases were collected in Gig-

genbach bottles filled with an alkaline solution (Gig-

genbach, 1975; Fischer et al., 1996; Fischer and

Hilton, 2003; Taran et al., 2002). The non-dissolved

gases, including H2, He, N2, O2, Ar, CH4 and CO were

measured in a gas chromatograph (GC). Gases dis-

solved in the alkaline solution, i.e., CO2, HCl, H2S

and SO2, were titrated and analysed with an Ion Chro-

matograph (IC). Analytical procedures are described by

Lee and Yang (2005).

Temperatures were measured with a thermocouple

inserted into the vents. In addition, continuous temper-

ature recorders (Pace Scientific Inc. XR 440 Pocket

Logger with Mvt-11 thermocouple) were attached at

our primary sample vent (hereafter referred to as Station

A or St. A) and in the seafloor 1 m away from that vent.

Flow rates were measured with a Hydro Bios Model

438-110 Digital Flow Meter. A Guildline salinometer

(Autosal 8400B) was used to measure conductivity

which was then converted to salinity. pH values were

determined using a Radiometer PHM-85 pH meter at

25 8C, while major ions were measured using a Dionex

DX-120 Ion Chromatograph. Values for nitrate as well

as nitrite were obtained by following the pink azo dye

method with a flow injection analyzer. Phosphate was

determined using the molybdenum blue method, and

SiO2 measured employing the silicomolybdenum blue

method, also with a flow injection analyzer. Fe, Mn and

Al were measured using the Ferrozine spectrophoto-

metric method, Inductive Coupled Plasma (ICP) and

the fluorescence methods, respectively. Isotopes were

determined with a mass-spectrometer. 3He / 4He and
4He / 20Ne ratios were measured with a Micromass

5400 noble-gas mass spectrometer with dual collectors.

Air was routinely run as a standard for calibration. In

general, the total errors of the ratios are less than 2%

and 5% for 3He / 4He and 4He / 20Ne, respectively.

Details of analytical procedures are given in Yang

(2000) and Yang et al. (2003).

3. Results and discussion

3.1. Sulfur mounds and chimney

Hydrothermal fluids are mainly discharged out of

edifices and yellow mounds about 2 m high and 2–3 m
wide at the base. Almost pure sulfur (99.64F0.21%,

n =5) with some a-phase crystals and trace amounts of

pyrite comprise these mounds. Apart from sulfur, large

amounts of gypsum and anhydrite are scattered over the

seabed.

A large yellow smoker, about 6 m high and 4 m

across at the base and sitting at a water depth of 20 m,

was discovered on 12 August 2000. Fourteen samples

of native sulfur were analysed for S isotopic composi-

tions. The d34S ranges of �0.5x to 2.0x (Table 1;

average: 1.1x) are isotopically lighter than seawater.

At this stage it is not clear whether the sulfur originated

from the reduction of sulfate in seawater, fractionation

of hydrothermal fluids or magma/mantle degassing.

The narrow d34S range, however, suggests a relatively

simple source for the native sulfur.

The d34S values of the seafloor native sulfur chim-

ney off Kueishantao islet are lighter than those of the

Jade hydrothermal field in the Okinawa Trough but

heavier than those of the Lau basin (Table 2). This is

our first indication that the sulfur sources which formed

the native sulfur in Kueishantao islet, Jade and the Lau

basin must be different.

The sulfur isotopic composition of native sulfur in

the hydrothermal field off Kueishantao islet are dis-

tinctly different from the d34S of sulfides (Fig. 2)

found in back-arc settings such as the Okinawa

Trough, Lau basin and Mariana Trough but are anal-

ogous to values in non-sediment-covered Mid-Ocean
f

)

f
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Table 2

Comparison of the sulfur isotopic values of the native sulfur samples

off Kueishantao islet with other hydrothermal fields

Hydrothermal

field

d34SCDTx Data source

Kueishantao �0.5~2.0 (mean: 1.1) This study

Jade 8.2 Zeng et al., 2000a

Jade 6.6~11.2 Marumo and Hattori,

1999

Lau basin �4.8~�2.4 (mean: �3.4) Herzig et al., 1998a
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Ridge (MOR) hydrothermal fields e.g., Axial Sea-

mount, Southern Juan de Fuca Ridge, EPR, Snake

Pit and Broken Spur. Fig. 2 also shows that the

range of sulfur isotopic compositions is significantly

narrower in the hydrothermal field off Kueishantao

islet than in the sediment-covered MOR sites of the

Guaymas basin, Middle Valley and Escanaba Trough,

suggesting that sulfur of the chimney off Kueishantao

islet comes from a single source.
Fig. 2. Comparison of the sulfur isotopic values of the native sulfur sample

fields. Data sources: Kueishantao (this study); Red Sea (Zierenberg and S

Niemitz, 1982; Koski et al., 1985; Peter and Shanks, 1992); Escanaba T

(Duckworth et al., 1994; Stuart et al., 1994; Zierenberg, 1994; Goodfellow an

2000a); Lau basin (Herzig et al., 1998a); Mariana Trough (Kusakabe et al., 1

and Seyfried, 1987); EPR 118N (Bluth and Ohmoto, 1988); EPR 138N (Blu

1980; Arnold and Sheppard, 1981; Zierenberg et al., 1984; Woodruff and Sh

1994; Kase et al., 1990); Broken Spur (Knott et al., 1998); TAG (Stuart et

Gemmell and Sharpe, 1998; Zeng et al., 2000b).
Turning to the source of the sulfur of the seafloor

native sulfur chimney, although andesite made up the

basement of this underwater chimney, the sulfur that

formed the chimney could clearly not have been from

Kueishantao andesite. According to two reports, one by

Ueda and Sakai (1984) and the other by Woodhead et al.

(1987), the 34S values of the island-arc lava (andesite

and rhyolite) are between +5x and +7x, values, which

are significantly higher than that of the sulfur chimney

off Kueishantao islet. Compared with the 34S values of

the Mid-Ocean Ridge basalts (d34S=+0.1F0.5x;

Sakai et al., 1984), those of the native sulfur chimney

off Kueishantao islet are analogous to those of MORBs

(Table 3), which provides strong support for the argu-

ment that the sulfur of the chimney was from the deep

mantle and that the sulfur isotopic characteristics orig-

inated from magma degassing.

The large underwater chimney off Kueishantao islet

was destroyed by Typhoon Bilis on 22 August 2000.
s off Kueishantao islet with those of sulfides from other hydrothermal

hanks, 1988; Blum and Puchelt, 1991); Guaymas basin (Shanks and

rough (Koski et al., 1988; Zierenberg et al., 1993); Middle Valley

d Franklin, 1993); Okinawa Trough (Halbach et al., 1989; Zeng et al.,

990); Axial Seamount (Hannington and Scott, 1988); SJdFR (Shanks

th and Ohmoto, 1988); EPR 218N (Stuart et al., 1994; Hekinian et al.,

anks, 1988; Alt, 1988; Kerridge et al., 1983); Snake Pit (Stuart et al.,

al., 1994; Knott et al., 1998; Chiba et al., 1998; Herzig et al., 1998b;



Table 3

Comparison of the sulfur isotopic values of the native sulfur samples

off Kueishantao islet with those endmembers

MORB Kueishantao Island-arc volcanic rock

(andesite and rhyolite)

Seawater

0.1F0.5 �0.5–2.0

(mean: 1.1)

5–7 20.9

Data from Sakai et al., 1984, Ueda and Sakai, 1984, Woodhead et al.,

1987, Rees et al., 1978 and this work.
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The strong wave actions generated by the typhoon very

likely caused the demise of the chimney and scattering

of debris.

3.2. Gas phase

The dry gas compositions of the bubbles of the

hydrothermal fluids (Table 4) are dominated by CO2

(N92%) but with small amounts of H2S (0.9–8.4%) and

other trace gases. This is the typical composition of

low-temperature (b400 8C) fumarolic and hydrothermal

gases, i.e., these gases exhibit low total sulfur contents

but high H2S /SO2 and CO2 /Stotal ratios (Fig. 3). Be-

sides this, the consistently high helium isotopic ratios of

7.4–7.6 times that of air strongly indicate that more

than 93% of these gases are derived from a mantle

component, reconfirming conclusions from the d34S
results that they are primarily of magmatic origin.

In contrast to sulfate sulfur in melts, the outgassing

of H2S can cause H2S sulfur to be significantly depleted

in 34S (Zheng et al., 1996), which can bring about a
Table 4

Dry gas compositionsa of Kueishantao submarine hot springs

Sample locations Temp. (8C) [3He / 4He]c
b He Ar N2

Kueishantao (KST)

030622-GSD-VAJ 55 7.54 0.028 0.009 0.8

030622-GSD-VA 48 7.54 0.025 0.025 2.2

030814-GSD-VA 56 7.39 0.015 0.001 0.1

030814-GSD-VAK 107 7.53 0.007 0.0004 0.0

030815-GSD-VAL 78 7.58 0.005 0.0002 0.0

030815-GSD-VAM 95 7.46 0.005 n.d. n.d

Other volcanoes in the world

Tankkuban Parhu, Indonesia 94 n.d. 0.004 n.d. 7.6

White Island, New Zealand 111 n.d. 0.002 0.03 9.8

Papandayan, Lower Vent,

Indonesia

282 n.d. 0.005 n.d. 10.

Mt. Usu, Japan 690 n.d. n.d. n.d. 16.

Merapi, Gendol, Indonesia 803 n.d. 0.004 4.29 319

a Except for helium isotopic composition, all gas compositions shown as
b Helium isotopic ratios normalized to atmospheric air ratio (3He / 4He=

1989); data from Yang et al. (in preparation).
c Data from (1) this study; (2) Giggenbach et al. (2001); (3) Giggenbach
negative d34S value for native sulfur. Contrast this with

sulfide sulfur in melts, where the outgassing of SO2 can

cause SO2–sulfur to be significantly enriched in 34S

(Zheng et al., 1996), which can result in a positive

d34S value for native sulfur. Based on a simple two-

endmember mixing model, more than 90% of the sulfur

of the native sulfur chimney off Kueishantao islet was

from the deep mantle, whereas the amount of sulfur

from seawater was negligible. This means that the

magma under Kueishantao islet is still active and is

still degassing sulfur and other gases from the mantle.

The circulation period of the submarine hydrothermal

system above the magma is very short, thus the vent

fluids are mainly composed of little-changed seawater,

as discussed below.

3.3. Hydrothermal fluids

Earlier attempts, during this study, to obtain long-

term temperature records of the fluids coming out of the

high temperature edifices and vents were unsuccessful

because the thermocouples with stainless steel casting

either corroded away within days or could not be

retrieved. Apart from these problems, it was also phys-

ically impossible to leave a thermocouple in the yellow

chimney since it was growing about 30 cm a day. For

these reasons, we chose to record long-term tempera-

tures at St. A, which has a lower temperature and less

corrosive fluids.

The vents discharge waters as hot as 116 8C (St. S)

and as acidic as pH (25 8C) 1.517. This level of acidity
CO CH4 H2 O2 HCl SO2 H2S CO2 Datac

source

71 0.0004 b.d.l. 0.114 0.195 0.028 0.271 20.4 978 1

31 0.0008 0.335 0.0007 0.032 0.049 0.226 21.0 976 1

08 0.00008 0.035 0.021 0.011 0.023 0.073 8.46 992 1

43 0.00001 0.007 0.003 0.007 0.023 0.009 12.6 987 1

24 0.00001 0.030 0.002 0.002 0.030 0.051 84.0 916 1

. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1

0 n.d. 0.03 4.81 n.d. 1.75 25.4 371 550 2

0 n.d. 8.90 0.20 n.d. 3.60 4.53 170 808 3

4 0.002 0.01 2.94 0.67 28.0 3.86 18.2 691 2

0 0.08 0.90 294 n.d. 68.0 52.2 29.3 575 3

1.08 n.d. 44.3 1.59 53.8 95.4 13.0 489 2

the unit of millimoles (10�3 mole) per mole.

1.4�10�6) after correction of air contamination (Poreda and Craig,

and Matsuo (1991).



Fig. 3. Three-component plots of the Kueishantao (KST) hot spring gases. (A) CO2–S–HCl plot, most KST samples exhibit a high Stotal /HCl and

CO2 /Stotal ratio, which are similar with those of Tatun Volcano Group (TVG) but show distinct deviations from the gases from other active

volcanoes, indicative of a volcanic–hydrothermal origin. (B) N2–He–Ar plot, KST samples fall in the corner of compositions of divergent plate and

hot spot gases, which are significantly different from those from TVG and convergent plate gases. Gas boundary followed Delmelle and Stix (2000).

TVG gas data are from Yang et al. (2003) and Lee et al. (2005); other data are from Table 4. Note that N2 and Ar data are plotted after oxygen

correction assuming that all oxygen comes from air contamination.
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is perhaps the lowest ever reported for any hydrother-

mal vent in the oceans of the world (Gamo et al., 1997).

The pH levels generally decrease with higher tempera-

tures (Fig. 4). Surprising, however, trace metal concen-
trations are relatively low even with such low levels of

pH. The dissolved oxygen concentrations are also low,

whereas the sulfide concentrations are high. The ranges

of the chemical parameters for the high temperature



Fig. 4. pH values (25 8C) plotted vs. temperatures of the hydrothermal fluids at (a) vent St. A and (b) all vents, as measured in the collection tubes.
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(78–116 8C; mean 106F9 8C) and low temperature

(30–65 8C; mean 50.7F8 8C) fields, respectively, are
given in Tables 5 and 6 (original digital data available

from CTA Chen). On account of the high salinity (N30)

and similar major ion ratios as seawater, it seems

reasonable to conclude that the hydrothermal fluids

must have originated from the seawater. It is important
Table 5

Chemical composition of high temperature hydrothermal fluids near

Kueishantao islet

Range Mean No. of

observations

T8C 78~116 106F9.16 115

Salinity* 31.3~36.5 33.9F1.26 116

Salinity** 30.3~34.8 32.5F1.1 96

pH (25 8C) 1.52~6.32 2.49F0.72 116

Dissolved oxygen (AM) b0.3~141 10F29.7 114

NO3 (AM) 0.30~12.3 3.04F4.01 16

NO2 (AM) 0.01~0.17 0.032F0.039 20

NH3 (AM) b0.71~714 74F181 20

PO4 (AM) b0.05~2.67 0.65F0.78 15

SiO2 (AM) 4.94~1052 269F270 116

Chlorophyll a (Ag/l) b0.01~0.55 0.06F0.12 18

CH4 (AM) 1.3–744 93F184 20

S�2 (AM) 0.03~19 3.4F6.3 20

Cl (mM) 479~557 509F16.8 96

SO4 (mM) 24.5~30.4 26.8F1.32 96

Na (mM) 391~485 433F20.8 96

K (mM) 8.43~9.9 9.16F0.27 96

Mg (mM) 43.9~54.4 48.7F2.25 96

Ca (mM) 8.49~10.8 9.43F0.50 96

Al (AM) 0.4~1009 237F294 111

Fe (AM) 0.319~177 22.3F32.8 113

Mn (AM) b0.008~23.2 1.31F2.43 113

Cu (nM) b0.2~3561 218F862 17

Zn (nM) b1~1399 232F407 17

Cd (nM) b0.01~4.70 1.30F1.47 17

Pb (nM) b0.2~277 46.8F74.7 16

Ni (nM) 1.7~4094 579F1182 17

* The salinity based on relative conductivity (no unit).

** The salinity based on total dissolved solids (g/kg seawater).
to note that salinity is defined here in terms of relative

conductivity without a unit, a definition which is in line

with practices in oceanography. Any inhomogeneity in

the composition of a seawater sample affects the rela-

tionship between seawater components and conductiv-

ity (e.g. Chen and Gordon, 1979). Because H+ has a

much higher specific conductivity than other seawater
Table 6

Compositions of the low temperature hydrothermal fluids nea

Kueishantao islet

Range Mean No. of

observations

T8C 30~65 50.7F8.2 109

Salinity* 33.1~34.4 33.8F0.35 110

Salinity** 31.7~34.8 33.2F0.70 90

pH (25 8C) 1.84~6.96 3.2F1.17 110

Dissolved oxygen (AM) b0.3~84 3.8F12 108

NO3 (AM) 0.02~1.18 0.62F0.40 15

NO2 (AM) 0.01~0.09 0.024F0.026 16

NH3 (AM) b0.7~179 14F44 16

PO4 (AM) b0.05~0.98 0.20F0.27 16

SiO2 (AM) 15.0~729 262F184 110

Chlorophyll a (Ag/l) b0.01~0.15 0.04F0.04 14

CH4 (AM) b0.6~283 46F78 16

S�2 (AM) b0.03~6.3 0.63F1.6 16

Cl (mM) 446~561 519F15.5 94

SO4 (mM) 24.6~29.8 27.5F1.00 94

Na (mM) 402~485 441F15.2 94

K (mM) 8.79~10 9.40F0.24 94

Mg (mM) 45.8~54.5 49.8F1.52 94

Ca (mM) 8.62~10.6 9.64F0.362 94

Al (AM) 0.29~1564 307F375 107

Fe (AM) 0.031~28.9 7.92F6.55 109

Mn (AM) b0.008~2.17 0.577F0.512 108

Cu (nM) b0.20~26.5 5.25F8.52 15

Zn (nM) b1.00~2687 579F843 15

Cd (nM) b0.01~2.57 0.76F0.86 15

Pb (nM) 0.4~75.1 15.5F19.2 15

Ni (nM) 3.5~436 67.0F120 15

* The salinity based on relative conductivity (no unit).

** The salinity based on total dissolved solids (g/kg seawater)
r

.
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components, acidic hydrothermal fluids should show a

much higher conductivity and corresponding salinity

compared to salinity based on the concentration of

total dissolved solids (g/kg seawater).

Therefore, in the present study, a simple experiment

was performed to show the effect of acidity on salinity

using seawater acidified with 1N H2SO4. The results

showed a drastic increase in apparent salinity below a

pH (25 8C) of 3 (Fig. 5a). When the salinity based on

total dissolved solids is plotted vs. pH (Fig. 5b), the

high conductivity-based salinity values in the low pH

range, as shown in Fig. 5a, disappear. This is highly

consistent with our earlier expectation that high con-

ductivity-based salinities below a pH of 3 result from

the high specific conductivity of H+ ions. Indeed, the

sample with a pH (25 8C) of 1.52 had a high con-

ductivity-based salinity of 36.063 but a low total

dissolved salt based salinity of only 30.73 (g/kg sea-

water). The ambient seawater salinity is 34.3 based on

conductivity. Obviously, the higher conductivity-based

salinity compared to the ambient seawater is due to

high H+ contents.

It is interesting to note that some hydrothermal fluids

also have lower salinity with lower pH values which can

be attributed to phase separation. The probable expla-

nation was that we were only sampling the recondensed

vapor phase, but meanwhile, the brine phase was being

discharged at a deeper depth outside of our study area.

The very low total dissolved salt-based salinity for

the same sample was probably caused by phase sepa-

ration. The high temperature field has a slightly higher

mean conductivity-based salinity (33.9F1.3; Table 5)

than does the low temperature field (33.8F0.39; Table

6). Contribution of H+ would make such a difference.

On the other hand, the mean total dissolved solids

concentration of the high temperature field is lower

(32.5F1.1 g/kg seawater) than that of the low temper-

ature field (33.2F0.7 g/kg seawater). All major ion
Fig. 5. (a) Conductivity-based and (b) total dissolved solids-based salinity

circles). Crosses represent the data from the experiment where a seawater s
concentrations (such as Na, K, Mg, Ca, Cl and SO4,

Tables 5 and 6) are also lower in the high temperature

vents, perhaps because of phase separation. The high

temperature field has higher concentrations of trace

elements such as SiO2, Fe, Mn, CH4, S
�2, Cu, Cd,

Pb and Ni than does the low temperature field. How-

ever, for unknown reasons, Al and Zn values are lower

in the high temperature field. Dissolved oxygen (DO),

NO3 and NO2 present in some fluid samples are a result

of either contamination by ambient seawater during

sampling or the mixing of ambient seawater with the

hydrothermal fluids before they were discharged.

3.4. Temporal variations in temperature

The temperatures of the fluids reveal diurnal and

bimonthly cycles (Figs. 6 and 7) although there may

well be long-term variations as well. Since we have

continuous records, which only cover 3 months, the

discussion on this is limited. Sea level data obtained

from a Seabird CTD (conductorly, temperature, depth)

sensor at the same water depth but 13 m away from

St. A are presented in Fig. 6. Normally, two to four

hours after each high tide (high pressure), the temper-

ature reaches a maximum, which may be indicative

that the magma is shallow and that the seawater does

not seep very deep beneath the seabed before the

heated seawater is forced to come out due to the

large buoyancy effect near the boiling point of seawa-

ter (Chen, 1981). The rapid temperature response to

tides corresponds to the low SiO2 and trace metal

concentrations found in the hydrothermal fluids. At

the water depth of St. A (13 m), a 1.2 m increase in

sea level corresponds to an increase of 2 8C in the

boiling point of seawater. On these grounds, the effect

of buoyancy that drastically increased so much so

when the hydrothermal fluid temperature approaches

the boiling point is the factor that sets the limit on the
plotted vs. the pH values (25 8C) of the hydrothermal fluids (solid

ample was artificially acidified.



Fig. 6. Continuous temperature and sea level records at St. A between 4 and 8 May 2000. The background temperature and sea level records were

taken, respectively, 1 and 13 m away from the vent.
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maximum temperature that the hydrothermal fluids

can attain. It follows then that under such pressure

fluctuations seawater is heated 2 8C higher before it is

forced to rise during high tide as opposed to during

low tide some six hours later. The bbackgroundQ tem-

perature records, shown in Fig. 6, were taken only one

meter away from St. A. The temperatures are about 25

8C lower, and a diurnal pattern is also evident. This

station, however, was obviously affected by waters

from not only St. A but also other vents nearby;

hence the temperature variations.

From the 3-month records (Fig. 7), it is clear that

during the monthly high tide, the temperatures of the

discharge fluids are also at their highest, consistent

with the above explanation. It has previously been

reported in the literature that observed temperature

fluctuations at hydrothermal vent sites have been

known to correlate with tidal fluctuations. To cite
Fig. 7. Twenty-five hour moving averages of temperature
one example, temperature fluctuations with a 12.5

h periodicity were reported for the Main Endeavour

Field on the Juan de Fuca Ridge caused by several

possible mechanisms, among which are tidally modu-

lated currents on the seafloor, and tide-related, subsur-

face mixing of seawater with hydrothermal fluids and

groundwater (Williams and Tivey, 2001). Besides

these factors, higher water pressure and smaller tidal

ranges in the open oceans could also minimize the

effects of pressure and buoyancy. Such a phenomenon,

however, has rarely been reported in the literature

because most hydrothermal studies have been con-

ducted in the deep seas for which long-term temper-

ature records are scarce.

Temperature and sea level records at St. A alongside

the path of Typhoon Bilis during the 20–24 August

2000 period are presented in Fig. 8. The presence of a

diurnal temperature pattern on 20 and 21 August is
and sea level at St. A between April and June 2000.



Fig. 8. Continuous temperature and sea level records at St. A between 20–24 August 2000. The insert shows the path of Typhoon Bilis.
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evident, but temperatures start to decrease late on the

21st and by the 23rd of August, they plunge by about

25 8C and reach the background temperature of 27 8C.
This is evidence that the disturbances caused by the

typhoon either buried this vent or blocked the passage

of the hydrothermal fluids and forced it to discharge

elsewhere.

3.5. Alkalinity vs. acidity

One of the fundamental questions that has mostly

remained unanswered for so long in marine chemistry is

why the oceans are not more alkaline (e.g. Mackenzie

and Garrels, 1966). The controversy arises from the fact

that over geological timescales, the amount of dissolved

calcium supplied by rivers is not large enough to ac-

count for the amount of alkalinity that is removed as

CaCO3 deposits on the seabed. This means that there

must be an additional source of Ca or a yet unexplained

sink of alkalinity (Mackenzie and Garrels, 1966; Milli-

man, 1993). de Villiers (1998) and de Villiers and

Nelson (1999) have pointed out that a low temperature

hydrothermal flux for Ca is consistent with its oceanic

mass balance requirements. Worth noting, however, is

that the definition of alkalinity is founded on a conser-

vation equation for hydrogen ions, and it is zero at the

CO2 equivalent point which is typically in the range of

pH 4 to 5. Thus, any solution with a pH below 4 is

considered to have a negative alkalinity, or acidity

(Morel, 1983). As most of the hydrothermal fluids

found in this study are quite acidic (average

pH=2.77), when combined, they reduce oceanic alka-

linity by 4.5�107 mol/year. This is a very small num-

ber given that the global oceans receive 60�1012 mol

alkalinity per year, including 3�1012 mol/year from

hydrothermal vents and 10�1012 mol/year from the
continental margins (Milliman et al., 1999), or as

reported by Chen (2002), an even larger shelf-generated

alkalinity of 16–31�1012 mol/year.

However, the effects of acidic hydrothermal fluid

discharges may be far greater than the low acidity

contributed by hydrogen ions. The reason for this is

that at low pH levels, many elements that contribute to

alkalinity at the seawater pH of about 8 actually end

up reducing alkalinity instead. This is exemplified by

the fact that at a higher pH range, each HCO3
� con-

tributes one alkalinity because HCO3
� can combine

with one H+ to form H2CO3 when an acid is added.

Yet at a low pH range, when a base is added, each

HCO3
� can release one H+ to form CO3

2�, hence

taking away one alkalinity. Morel (1983) formulated

acidity as:

Acidity ¼ Hþ � OH� þ 2H2CO3 þ HCO3 þ NH4

þ H2S � S2� þ H2SiO3 þ BðOHÞ3
þ 2H3PO4 þ H2PO

�
4 � PO3�

4 :

Unfortunately we do not have data for H2CO3,

HCO3 and B(OH)3 in our samples. However, assume,

first of all, that the hydrothermal fluids have the same

total CO2 and B(OH)3 values as typical seawater and,

secondly, that all HCO3
�, CO3

2� and B(OH)4
� in the

seawater that percolated down to form the hydrother-

mal fluids were converted to H2CO3 and B(OH)3.

Then, the alkalinity would be reduced by about 2 m

mol/kg when the CO2 equivalent point is reached.

When multiplied by the discharge rate of about

7.6�106 ton/year of hydrothermal fluids from the

study area, the total reduction in alkalinity would

amount to 1.4�107 mol/year. Below the CO2 equiv-

alent point, HCO3
� and CO3

2� are converted to

H2CO3, and each H2CO3 molecule would contribute
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2 H+. To sum up, there could have been an increase of

2.8�107 mol/year in acidity in the study area due to

this process. Combining the above contributions

results in 8.7�107 mol/year (4.5+1.4+2.8�107

mol/year) in reduced alkalinity from the vents that

we have sampled. As we have probably only sampled

a small portion of the vents in the area and have not

included the outgassed CO2 from the mantle (each

would take away 2 in alkalinity according to the

above equation), the actual number could be several

orders of magnitude higher. Noteworthy is that Resing

et al. (2004) have recently estimated CO2 fluxes

(1.47–2.9�1012 mol/year) from the global mid-

ocean ridges. This is certainly not a small amount to

be neglected and deserves further study.

4. Conclusions

Elemental sulfur and hydrogen sulfide emitted off

the coast of northeastern Taiwan originate from a clus-

ter of shallow (b30 m depth) hydrothermal vents dis-

tributed over an area of 0.5 km2. Prior to its destruction

by Typhoon Bilis in August 2000, a massive 6 m high

chimney with a diameter of 4 m at the base stood out

among many mounds. This chimney was composed of

almost pure sulfur, which was isotopically lighter than

seawater and had originated from the magma degas-

sing. The helium isotopes also suggested that the gases

in the hydrothermal fluids originated from the upper

mantle. The hydrothermal fluids had temperatures as

high as 116 8C and values of pH (25 8C) as low as 1.52.

The long-term temperature records from one vent show

a very close correlation with diurnal tides suggesting

rapid, shallow circulation of hydrothermal fluids.
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