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Abstract

The temporal variation of sulfur and metals in core sediments off Kueishantao Islet, a hydro-

thermal vent site at northeastern Taiwan, was explored to elucidate the changes in subma-

rine hydrothermal emanation over a centennial time scale. The discharge of acidic fluids

containing abundant sulfides and dissolved metals results in different concentrations of sul-

fur and metal accumulating in deposited sediments. In addition to particle size and organic

carbon affecting metal contents, the content of total sulfur (TS), which is regarded as an indi-

cator of hydrothermalism, correlates positively and strongly with Fe and other metals; how-

ever, it correlates negatively with another index of hydrothermalism, the Al/(Al+Fe+Mn)

ratio. The TS content in Core Ks2, the core closest to the vents, increased during 1950–

1956, 1968–1970, 1982–1987, 1990–1992, and 2004–2005, but decreased during 1967–

1968, 1988–1990, and 1994–1995. The chronological changes in the TS concentration of

Cores Ks3 and S2 were very similar to those of Core Ks2 within the aforementioned time

spans. The numerous large earthquakes (ML > 5) and typhoons that affect northeastern Tai-

wan appear to influence hydrothermal emanation and determine the temporal variation of

sulfur and metals in sediment cores.

Introduction

Submarine hydrothermalism has recently drawn a substantial attention because it occurs gen-

erally in the shallow regimes of global ocean and releases enriched dissolved substances to the

upper layer of water columns. Those emanated substances may be either beneficial or harmful

to the shallow marine ecosystem. Because the shallow hydrothermal ecosystem is generally

maintained by organic carbon synthesis and energy flow driven by both photosynthetic and

chemosynthetic processes, the biological community composition can be quite different from

that found in the deep-sea hydrothermal ecosystem [1, 2]. It is generally consensus that the

biological communities are more diverse and unique in shallow than in deep hydrothermal
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ecosystems [1, 2]. However, the shallow hydrothermal field is also subject to atmospheric and

anthropogenic impacts and its physical environment, habitat and associated biological com-

munities can be often changed spatially and temporally.

Located at the western end of the southernmost part of the Okinawa Trough and 10 km

away from the northeastern coast of Taiwan, the offshore Kueishantao (KST) Islet is a small

active volcanic island. The last volcanic eruption was reported to occur sometime 7 ka before

the presence [3, 4]. Very high magmatic activity was suspected to occur beneath KST Islet

because of high 3He–4He ratios in bubble-gas samples implying the mantle as the main source

of gases [5]. Previous studies found that most hydrothermal vents locate on the eastern side off

the KST Islet at a depth range of 10 − 30 m. The hydrothermal vents which discharge yellow

and white colors of fluids and plumes are generally regarded as yellow vents and white vents,

respectively [6]. Previous studies also revealed that the ejected fluids and plumes were quite

hot and acidic; the highest temperature and lowest pH were recorded at 116˚C and 1.52,

respectively [6–7]. Very high acidic fluids may result from high concentrations of CO2 gas

(>92%) and small quantities of H2S (0.8–8.4%) [6, 9]. The influence of discharged fluids on

the water column and sediments in the hydrothermal field is not limited to the venting zone

because of strong impacts of tidal and Kuroshio currents in the area [6, 7].

Our previous study has shown very high concentrations of dissolved HS- and metals in KST

venting fluids in spite of high temporal variability [10]. The concentration was much higher in

fluids than the surrounding seawater possibly because of very acidic fluids in leaching and

mobilizing metals from the underlying rocks and sediments [10]. In the first study of KST

venting systems, Chen et al. [6, 8] also found a dozen of enriched metals in vent fluids and the

concentrations of some metals (Si, Fe and Mn) were 2−6 orders of magnitude higher than the

background seawater levels. Many other submarine hydrothermal vents around the world also

emanated hydrothermal fluids containing enriched dissolved sulfide and metals. For instance,

very high concentrations of dissolved B, Fe, As, Sb, Mn, Si, and Li were reported in the hydro-

thermal fluid of Champagne Hot Springs (CHS), Dominica, Lesser Antilles, likely resulted

from hydrothermal leaching of sand patches and little mixing with seawater [11]. The process

of phase separation may be responsible for the enrichment of dissolved As in hydrothermal

fluids of Milos Island in Mediterranean Sea and Tutum Bay near the Ambitle Island [12–14].

Cardigos et al. [15] also found increased concentrations of dissolved Ba, Fe and Mn, Pb in yel-

low-zone fluids and dissolved Pb in white-zone fluids derived from D. João de Castro sea-

mount (Azores). A pronounced discharge of dissolved sulfide and certain metals from Excess

Si, alkalinity, Ca2+, Sr2+, and Mn in seawater are possibly effects of groundwater or the dissolu-

tion or hydrothermal alteration of rockssubmarine warm springs in Italy was likely caused

from leaching volcano sands by acidic fluids [16]. The elevated concentrations of dissolved sul-

fide and metals in fluids were likely derived either from phase separation or from leaching of

rocks and sediments by acidic fluids. Also the metal mobility in fluids and plumes may be sig-

nificantly enhanced by binding of organic compounds to metals [15, 17]. Those dissolved sul-

fide and metals derived from venting fluids may precipitate on seafloors or incorporate into

in-situ or remote sediments through various geochemical processes [18–20]. In the KST vent-

ing field, Hung et al. [10] observed a conspicuous influence of hydrothermalism on the spatial

distribution of sulfides and metals in surface sediments.

Although the effects of submarine hydrothermalism on spatial distributions of metals in

surface sediments have been widely documented as shown in the preceding references, rather

limited data are available on the temporal variation of sulfides and metal contents. This holds

particularly to their relationship with historical changes in hydrothermal activity if very short-

term investigations through yearly sampling are excluded. Previous studies were able to detect

recent changes in venting activity in the study area [6, 7]. Our recent aerial photos revealed a

Temporal variations of hydrothermalism in a submarine venting field

PLOS ONE | https://doi.org/10.1371/journal.pone.0207774 November 29, 2018 2 / 17

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0207774


marked change in the sulfide spreading zone between 2012 and 2016 (S1 Fig). Because no

long-term observations are available, it is unclear whether this change was associated with

short-term or long-term eruption periodicity. In addition, our recent investigation through

diving also found a pronounced change of venting sites after a local earthquake. These recent

findings motivated us to examine the intermediate effects of emission on the variability of TS

and metals in dated sediments. However, the concentration of a metal in sediments is deter-

mined not only by its source but also by the texture (particle size) and organic content of the

sediments [21, 22]. Thus, it is necessary to understand the overlapping influence of physical–

geochemical properties and hydrothermalism before evaluating the effects of temporal changes

in hydrothermal activity on sulfide and metal accumulation in sediments. As the KST Islet

locates on the hot spot of seismic activity and typhoon pathway, we propose a hypothesis that

the temporal variability of hydrothermal discharge is dependent mainly on the impact of exter-

nal forcings on the KST venting field.

Materials and methods

Three sediment cores (Core Ks2, Core Ks3, and Core S2), which were close to vents and suc-

cessfully dated, were selected for the study. The cores were collected using gravity and piston

corers onboard the Ocean Researcher II in April and September 2009. The core thickness was

approximately 88 cm, 80 cm and 90 cm for Core Ks2, Ks3 and S2, respectively. In order to ver-

ify the source of sulfide and metals in sediments derived mainly from hydrothermal vents, the

fluid and plume samples (n> 50) were collected from yellow and white vents to determine the

concentration of dissolved sulfide and metals. The sampling was performed by SCUBA divers

by using a home-made titanium tube equipped with a temperature sensor, a controllable valve

and an air-tight Pyrex glass bottle. The air pressure of glass bottle was reduced prior to taking

sample in order to draw the hydrothermal solution quickly into the bottle. The hydrothermal

fluids and plumes were taken from the interior of vent orifices and various positions of buoy-

ant plumes, respectively. pH was measured on a boat after collection with a portable pH meter

(Mettler Toledo MP 120, Germany). The precision was estimated to be 0.01 pH unit. In addi-

tion, the background seawater samples (n = 9) were collected from remote Kuroshio Current

for comparing the levels of dissolved sulfide and metals in seawater, fluids and plumes. All

sampling tools and bottles were acid cleaned and thoroughly rinsed with distilled deionized

water (DDW) before sampling to avoid any contamination.

Dissolved sulfide in the collected samples was determined with the methylene blue method

[23] immediately after the samples were shipped back to the land laboratory. The precision

was generally better than 0.7% (n = 6) based on a concentration of 20 μM HS− in artificial sea-

water. Determination of dissolved metals were carried out in a clean room by using acid-

washed POLYCAP cartridges (0.2 μm pore size, Whatman, USA) for online filtration under a

closed condition. After filtration, the seawater was preconcentrated with commercial chelating

column (Dionex MetPac CC-1, USA) widely used for concentrating transition metals in sea-

water. The preconcentrated metals were determined by inductively coupled plasma mass spec-

trometer (ICPMS, Element XR, Thermo, USA). Precision and accuracy were generally better

than 5% by determining the reference samples of NASS-5 and CASS-4 (NRC, Canada).

Detailed procedures in metal preconcentration and determination can be referred to Ho et al.

[24]. The sampling locations for three sediment cores are shown in Fig 1. The depth of core

location was approximately 60 m in Core Ks2 and Core Ks3 and 180 m in Core S2. The dis-

tance was about 500 m between Core Ks2 and Core Ks3, and about 1.8 km between Core Ks2

and Core S2. The retrieved cores were placed on a hydraulic jack to eject the sediments out of

Temporal variations of hydrothermalism in a submarine venting field
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core liners, and the sediments of each core were then sliced into 2-cm intervals. The individual

sediment samples were frozen before being taken to a land laboratory for further treatment.

Each sediment sample was gently squeezed to break up its aggregates and sifted through a

nylon sieve to remove particles bigger than 1 mm. A part of screened sediment was used for

particle-size determination with a particle-size counter (Beckman Coulter LS Particle Size

Analyzer, USA). The clay and mud contents were estimated and reported for particle fractions

smaller than 2 and 63 μm, respectively, in this study. To prevent sulfide oxidation before deter-

mination, the sulfur content was determined from the sediment which was freeze dried

directly without washing with DDW to remove sea salt. Subsequently, the freeze dried sedi-

ment was ground to powder using an agate mortar and pestle, before undergoing analyses for

contents of total sulfur (TS), organic carbon, and metals in sediments. TS was measured

directly by using a C/N/S analyzer (Fisons NCS 1500, UK), whereas inorganic carbon was

removed with hydrochloric acid before total organic carbon (TOC) and total nitrogen were

also measured with the C/N/S analyzer [21, 22]. Both TS and TOC were analyzed in triplicates.

The precision of TS and TOC determination was generally better than 2% when measuring a

local estuarine sediment (n = 9) for standardization.

For analyzing the metals in duplicate sediment samples, 0.2 g portion of ground sediment

was weighed and transferred into a pressure-resistant vessel, and the mixture of super-pure

acids (HNO3:HCl:HF = 3:3:4) was added for digestion. The vessel was heated stepwise in a

microwave oven (CEM 2000, USA). The acid dissolved solution was then diluted with Milli-Q

water before the metals were measured. The total concentrations of metals in digested solution

were determined using an inductively coupled plasma optical emission spectrometer

(ICP-OES, Perkin Elmer Optima 2100DV, USA) [10, 25]. Both standards and samples were

added with an internal standard (Y) throughout the measurements. Analytical precision and

accuracy were evaluated by analyzing standard reference materials, NIST SRM 1646 and

PACS-1 (SRM of the National Research Council of Canada), with the same procedures. The

uncertainty (n = 9) was<5% for Cd, <4% for Cu, Ni, Zn, and<2% for Al, Cr, Fe, Mn and Zn.

The sediment chronology of each core was constructed from the sedimentation rate that

was determined with 210Pb isotope method according to a steady-state advection-decay model.

The derived chronology was verified using 137Cs stratigraphy, which in steady sedimentary

environments typically shows a subsurface peak indicating maximum nuclear fallout at

approximately 1963 AD. The 210Pb-based sedimentation rates in this study were mostly consis-

tent with those estimated according to the depth of the subsurface 137Cs peak (indicating 1963

Fig 1. Study area and locations of three cores in the Kueishantao venting field off northeastern Taiwan.

https://doi.org/10.1371/journal.pone.0207774.g001
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A.D.) and the penetration depth of 137Cs (approximately1950 A.D.). 210Pb and 137Cs were

measured simultaneously through nondestructive gamma spectrometry, based on their photon

energies of 46.52 and 661.62 keV, respectively. The activity of 214Pb (at 351.99 keV), a precur-

sor of 210Pb, was measured and was then subtracted from the measured activity of 210Pb to

yield the activity of unsupported 210Pb (also called excess 210Pb). Four HPGe detectors were

employed in this study. The detectors were calibrated using IAEA standards 133A, 327, and

375 for a sample weight at 100 g, as a reference, coupled with an in-house working standard

for various masses of 10–250 g. Detailed procedures can be found in Huh et al. [26]. The sedi-

mentation rate (S) was derived from the slope of a plot between lnC (excess 210Pb) and depth

(cm) (S = −λ/slope, where λ is the 210Pb decay constant (0.0311 yr−1)).

Results

Main source of dissolved sulfide and metals in the venting field

Given the fact that sulfide and metals in sediments are mainly derived from hydrothermal

vents, the distribution of temperature, pH, dissolved sulfide and metals in hydrothermal fluids,

plumes and Kuroshio seawater was presented in Table 1 for comparison. The very high tem-

perature (up to 112˚C) and concentrations of dissolved sulfide (147−2227 μM) and dissolved

metals, as well as the low pH (lowest at 1.52) of the KST fluids and plumes indicate that a sub-

stantial amount of dissolved sulfide and metals originated from hot and acidic hydrothermal

vents. The highest concentrations of dissolved sulfide and metals in KST fluids and plumes

were several orders of magnitude higher than those in the background Kuroshio seawater.

When compared with other submarine hydrothermal systems [11, 12, 27], they were slightly

higher or in the same orders for dissolved sulfide and various dissolved metals. Notably, total

discharge was much higher for Al, Fe, and Mn than for other metals, but hydrothermal Al may

not significantly increase the concentration of Al in sediments because of the particularly high

concentration of Al in marine sediments. The magnitude of hydrothermal metal fluxes may

not be comparable with those from deep-sea hydrothermal vents (e.g. 21˚N, East Pacific Rise)

[28], but these fluxes may significantly elevate metal concentrations in sediments in a small

shallow hydrothermal field.

Distributions of grain size, organic carbon, and total sulfur contents in

sediments

The distribution of clay and mud in Core Ks2, which was the closest to the major vents

(approximately 254 m), ranged from 10% to 20% and from 95.8% to100%, respectively (Fig

Table 1. A list of mean and ranging concentrations of dissolved metals in hydrothermal fluids and plumes and associated offshore Kuroshio seawater.

Type Conc. Temp

(˚C)

pH Al

(μM)

Cd

(nM)

Co

(nM)

Cr

(nM)

Cu

(nM)

Fe

(μM)

Mn

(μM)

Ni

(nM)

Pb

(nM)

Zn

(nM)

Fluid Ave. 83.7 3.38 92.0 1.75 1.94 106 135 6.44 2.07 14.6 12.2 361.2

and Sd 27.5 1.60 71.5 1.99 2.90 83.5 172 4.70 3.74 15.5 17.1 661.2

plume Max 112 6.38 210 5.37 10.3 221 408 17.6 12.8 54.9 54.7 2321

Min 52 1.76 9.94 0.14 0.12 8.33 20 0.92 0.14 4.82 0.80 7.0

Discharge (×105) (×10) (×10) (×10) (×103) (×104) (×104) (×10) (×10) (×103)

Rate� 7.02 1.33 1.40 8.06 1.03 4.89 1.58 1.11 9.47 2.74

(mol yr-1)

Kuroshio seawater conc. 27−28 7.9−8.1 0.08 0.05 0.83 — 9.0 0.002 0.001 1.20 0.30 5.0

�Discharge rates of metals were estimated from metal concentrations in fluid (this study) and discharge rate of fluid estimated by Chen et al. (2005) [6].

https://doi.org/10.1371/journal.pone.0207774.t001
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2A). TS was relatively low at 26–60 cm, and its distribution ranged from 0.05 to 8.21 mg g−1

(Fig 2B). The distribution of TOC mirrored that of mud and ranged from 5.77 to 8.60 mg g−1

in Core Ks2 (Fig 2C). The vertical distributions of clay in Core Ks3 ranged from 11% to 26%,

whereas that of mud ranged from 92% to approximately 100% (Fig 3A). The TS ranged from

2.89 to 8.64 mg g−1 (Fig 3B), and the TOC ranged from 4.80 to 9.11 mg g−1 in Core Ks3 (Fig

3C). Moreover, the variation in the TOC and TS of Core Ks3 was profound below 30 cm. The

vertical distributions of clay and mud contents in Core S2 ranged from 18.7% to 31.2% for clay

and from 76.7% to approximately 96.7% for mud (Fig 4A). The TS ranged from 0 to 4.62 mg

g−1 (Fig 4B), and TOC ranged from 4.75 to 7.20 mg g−1 (Fig 4C). The variability of the fine par-

ticle, TOC, and TS contents was substantially larger in Core S2 than in Cores Ks2 and Ks3.

Moreover, the sedimentation rate of Core Ks2 (1.297 cm yr−1) and Core Ks3 (3.023 cm yr−1)

was rather high, whereas that of Core S2 (0.313 cm yr−1) was low, because Cores Ks2 and Ks3

were closer to the islet than Core S2 was (Fig 5). Nevertheless, the sedimentation was appar-

ently steady in the three cores.

Fig 2. Distributions of fine particle (clay & mud, A), total sulfur (TS, B), and total organic carbon (TOC, C) in Core Ks2 sediments.

https://doi.org/10.1371/journal.pone.0207774.g002
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Vertical distributions of metals in core sediments

Fig 6A and 6B illustrate the vertical distributions of Fe and Mn (the hydrothermally derived

metals) in Core Ks2. The total concentration of Fe and Mn ranged from 3.86% to 5.22% and

from 454 to 540 μg g−1, respectively. Dramatic changes in these concentrations occurred at

core depths of approximately 10, 25, and 60 cm. To enhance conciseness, the distributions of

the other metals in Core Ks2 (Al, As, Ca, Mg, Mn, Co, Cu, Ni, Pb, and Zn) are shown in S1

Table. By contrast, the vertical change in Fe concentration was most evident below 60 cm and

ranged from 3.95% to 5.08% in Core Ks3 (Fig 7A). Additionally, the concentration of Mn ran-

ged from 442 to 579 μg g−1 and varied conspicuously below 42 cm (Fig 7B). The concentra-

tions of the remaining metals are shown in S2 Table. In Core S2, the concentration of Fe and

Mn ranged from 2.86% to 3.84% and from 238 to 402 μg g−1, respectively (Fig 8A and 8B).

Moreover, neither Fe nor Mn demonstrated significant vertical changes within Core S2. The

Fig 3. Distributions of fine particle (clay & mud, A), total sulfur (TS, B), and total carbon (TOC, C) in Core Ks3 sediments.

https://doi.org/10.1371/journal.pone.0207774.g003
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distributions of the other metals in S2 are presented in S3 Table. Overall, the vertical change in

Al concentration in the three cores was relatively small because Al is a crust-derived metal and

thus had very high initial concentrations [21, 25].

Discussion

Effects of physical and geochemical properties on concentrations of metals

in sediments

Particle-size and organic-matter content are generally regarded as two critical factors in con-

trolling the distributions of metals in polluted and nonpolluted sediments [20−22]. Although

hydrothermal discharge was the main source of the metals in the study area, as shown in

Table 1, most metals did not deposit predominantly in the venting zone as hydrothermal

plumes were influenced significantly by tidal current and Kuroshio Current [6, 10]. The tidal

current moves generally from southeast to northwest during the spring tide and from north to

south during the ebb tide, and the Kuroshio Current flows northward along the eastern coast

Fig 4. Distributions of fine particle (clay & mud, A), total sulfur (TS, B), and total organic carbon (TOC, C) in Core S2 sediments.

https://doi.org/10.1371/journal.pone.0207774.g004
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of KST. Consequently, the influence of hydrothermalism on metal concentration cannot be

derived simply from locations away from the venting source. Because fine particles and

organic carbon are generally associated with an environment favorable for sedimentation, the

accumulation of metals in sediments must be influenced by the strength of the source as well

as by physical and geochemical properties. However, such influence cannot be determined

merely from the total concentration of metals. Surprisingly, fine particles in Core Ks2 were

nonsignificantly correlated with TOC, but were significantly correlated with TS (r> 0.345,

p< 0.068), implying that hydrothermalism may have markedly affected the deposition of fine

particles and organic carbon. Consequently, fine particles and TOC do not correlate signifi-

cantly with metals in Core Ks2. In most coastal sediments, fine particles and organic carbon

are significantly correlated with most metals in coastal seas off Taiwan [21, 22]. These results

imply that Core Ks2 was affected by hydrothermalism; thus, the TS, which is an index of

hydrothermalism was significantly correlated with Fe (r = 0.829, p< 0.0001; Fig 9A), Mn

(r = 0.396, p< 0.05; figure omitted), Pb (r = 0.391, p< 0.05; figure omitted), Zn (r = 0.393,

p< 0.05; figure omitted), Cu (r = 0.418, p< 0.01; figure omitted), Ni (r = 0.489, p< 0.01; fig-

ure omitted), and As (r = 0.527, p< 0.005; figure omitted). In addition, strong and significant

positive correlations existed between Fe and As (r = 0.612, p< 0.0001) and between Mn and

As (r = 0.669, p< 0.0001). Because the sedimentation analyzed was quite stationary (Fig 5),

coastal erosion and slumping were excluded as causative factors. Therefore, the metals in Core

Ks2 were more strongly affected by their hydrothermal source than by geochemical properties.

In Core Ks3, fine particles correlated significantly with TOC (r > 0.400, p< 0.008) and

with TS (r> 0.494, p< 0.0007), which may imply that Core Ks3 was not affected by hydro-

thermalism as strong as Core Ks2 was. However, a significant correlation (r = 0.854,

Fig 5. Sedimentation rates of three core sediments derived from the relationship between excess 210Pb and depth.

https://doi.org/10.1371/journal.pone.0207774.g005
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p< 0.0001) was revealed between Fe and TS (Fig 9C). Moreover, all other metals except Cu

were correlated significantly with TS (r> 0.352, p< 0.05). Fe and Mn strongly correlated with

As (r> 0.637, p< 0.0001), which was also significantly correlated with TS (r = 0.505,

p = 0.0028). These results suggest that the vertical distribution of the metals in Core Ks3 was

controlled by both geochemical processes and hydrothermalism.

Compared with Cores Ks2 and Ks3, the TS in Core S2 sediments decreased conspicuously;

therefore, the effects of hydrothermalism on Core S2 may be smaller than those on Cores Ks2

and Ks3. This result is consistent with the location of the cores, because Core S2 was located

far from the vents. Consequently, all metals except Mn were positively correlated with fine par-

ticles and TOC (r > 0.314, p< 0.05). In addition, a significant correlation was also revealed

between Fe and TS in Core S2 (r = 0.565, p < 0.0001; Fig 9E). All metals were positively corre-

lated with TS (r> 0.337, p< 0.05) except for a correlation between Mn and TS. Moreover, all

metals correlated well with each other (r > 0.407, p< 0.02) except for Ni and Pb which corre-

lated poorly with certain metals. The vertical distribution of Ca was much lower in Cores Ks2

(0.77%–1.43%), Ks3 (0.88%–1.71%), and S2 (0.55%–1.40%) than in the crust [25] and coastal

sediments in Taiwan [21, 22]. The concentration of Mg (0.56%–1.46%) was also much lower

than that in the crust (2.33%) [25]. Relatively low concentrations of Ca and Mg may be attrib-

utable to leaching carbonates caused by acidic hydrothermal plumes. Nevertheless, hydro-

thermalism likely affected Core S2 less than it did affect Cores Ks2 and Ks3.

Fig 6. Temporal variations of Fe, Mn and the ratio of Al/(Al+Fe+Mn) in Core Ks2 sediments.

https://doi.org/10.1371/journal.pone.0207774.g006
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Indications of hydrothermal impacts on core sediments. Previous studies revealed that

the ratios of Al/(Al+Fe+Mn) and TS content were strong indicators of hydrothermalism on

sediments [10, 29, 30]. Hydrothermal activity generally discharges high concentrations of dis-

solved Fe, Mn, and Al, but dissolved Fe is oxidized and precipitated more quickly than dis-

solved Mn and Al [14, 18]. Moreover, the concentration of Al in sediments may not be

affected by hydrothermal discharge because the precipitation of dissolved Al is small compared

to the original content in sediments that is quite high in marine sediments. As a result, the Al/

(Al+Fe+Mn) ratio increases and the TS decreases with decreasing emission strength, or

increasing distance between surface sediments and the venting source. Such relationship

appears to be true for different venting systems. Boström and Peterson [29] found an increase

of Al/(Al+Fe+Mn) ratio in sediments with distance away from the venting center on the East

Pacific Rise. The Al/(Al+Fe+Mn) ratio may fall between 0.001 and 0.6 for sediments under the

influence of hydrothermalism and the ratio was greater than 0.6 for sediments without the

influence of hydrothermalism or for sediments derived mainly from river sources [31, 32]. In

this study, the average Al/(Al+Fe+Mn) ratio was below 0.69 (Figs 2C, 3C and 4C), indicating

that the sediments must have been influenced by a different strength of hydrothermalism.

Additionally, a strong indicator of hydrothermal effects is that the Al/(Al+Fe+Mn) ratio was

significantly inversely correlated with TS in Core Ks2 (r = −0.519, p = 0.007; Fig 9B) and Core

Fig 7. Temporal variations of Fe, Mn and the ratio of Al/(Al+Fe+Mn) in Core Ks3 sediments.

https://doi.org/10.1371/journal.pone.0207774.g007
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Ks3 (r = −0.562, p = 0.0015; Fig 9D). However, it was poorly correlated with TS in Core S2 (r =

−0.322, p = 0.182; Fig 9F), because Core S2 was least influenced by hydrothermalism.

Comparison of emission-index chronology in three cores. The records of emission

strength in the three cores were compared using TS as the index of emission strength (Fig 10).

TS in Core Ks2, which is the core closest to the vents, increased during 1950–1956, 1968–1970,

1982–1987, 1990–1992, and 2004–2005, but decreased in 1967–1968, 1988–1990, and 1994–

1995. The temporal changes in the TS of Cores Ks3 and S2 were fairly identical with those of

Core Ks2 within the same time span.

Certain natural and anthropogenic forces must affect hydrothermalism and simultaneously

determine the temporal variations of hydrothermalism in the three cores. Previous studies

have indicated that tidal pumping may considerably affect semidiurnal variations in subma-

rine hydrothermal discharge of fluids [6, 33, 34]. However, no long-term observation data

were available for determining the interannual changes in KST hydrothermal discharge. For a

time span much shorter than the period since the most recent eruption (approximately 7 ka

BP), the episodic pulses of hydrothermal discharge derived from temporal variations of geo-

chemical signals may be primarily caused by natural forces, because no human perturbation

such as mining occurred there. Commercial mining was generally regarded as the major

anthropogenic activity to have impacts on the venting system [35, 36]. Other than that, scien-

tific research may be also a source of anthropogenic disturbance but it is negligible in the KST

hydrothermal system because the current research activity is not allowed to alter the vent

Fig 8. Temporal variations of Fe, Mn and the ratio of Al/(Al+Fe+Mn) in Core S2 sediments.

https://doi.org/10.1371/journal.pone.0207774.g008
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environment. Thus, we propose that local typhoons and large earthquakes are natural forces

that affect hydrothermal discharge indirectly.

To determine cause and effect, we identified large earthquakes (ML > 5) with epicenters that

were located in northeastern Taiwan. Such earthquakes occurred in 1910 (April), 1920 (June),

1922 (September), 1951 (October–November), 1966 (March), 1967 (October), 1982 (January),

1990 (December), 2004 (May), 2009 (December), 2015 (April), and 2016 (February and May)

[37]. The occurrence of big earthquakes was fairly closely related to the time spans in which

hydrothermal discharge and sulfide content increased, despite the possible time lag between the

start of the increase and the date when the earthquake occurred. A gradual increase was observed

in borehole temperatures between 180 and 270 m in borehole depth after an earthquake occurred

on September 14, 2006 [38]. The researchers believed that fluid flow along the Neutou fault in

Fig 9. Correlations between TS and Fe and between TS and the ratio of Al/(Al+Fe+Mn) in three core sediments.

https://doi.org/10.1371/journal.pone.0207774.g009
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northeastern Taiwan was influenced by the earthquake. Johnson et al. [39] reported an increase

in temperature and fluid output following a modest earthquake on the Juan de Fuca mid-ocean

ridge, although the relationship remains highly arguable and misunderstood. In hydrothermal

systems, seismic activity may open fractures, depending on the strength of the earthquake, and

hot water in the vicinity of magma could flow upwards to the surface through these fractures

[40]. A recent study also suggested that earthquakes can trigger the eruption of mud in Taiwan,

Japan and other countries [41]. Nozaki et al. [42] reported the rapid growth of sulfide chimneys

associated with seismic events in some hydrothermal fields. Gamo et al. [43] deployed an in situ
automatic chemical analyzer in the Sagami Bay (Japan) and detected an enhanced Mn flux up to

10 times that of the background level followed by a M5.8 earthquake. Nakayama et al. [44] also

found considerable enrichments of Mn and Fe in the bottom waters (>10 times higher than the

background level) of Japan Trench subduction zone after a M7.5 earthquake. Submarine crustal

deformations induced by earthquakes may play a critical role in supplying elevated chemical

fluxes from the seafloor through local faults and fissures.

On the other hand, typhoons striking KST may cause land slides and debris to flow from

the islet or due to coastal erosion, which may result in the closing or clogging of the hydrother-

mal vents. Two intermediate typhoons occurred in 1967, three intermediate typhoons

occurred in 1990, and one strong typhoon occurred in 1994 [45], consistent with the periods

during which venting activity diminished and sulfide content in sediments decreased.

Although no historical data are available to support this scenario, local divers did experience

the disappearance of certain vents after typhoons passing through the study area [46].

Fig 10. Temporal variations TS in three core sediments and similar time spans of increased or decreased trends of TS among

three cores. From left to right panels are Core Ks2, Ks3 and S2, respectively.

https://doi.org/10.1371/journal.pone.0207774.g010
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Typhoons also brought in huge rain and caused resuspension of shallow bottom sediments

and turbidity flow from Taiwan’s rivers [47]. Because KST Islet is just 10 km away from the

Lanyang River (river mouth: 121.836˚E, 24.704˚N) which is the largest river in eastern Taiwan,

it is reasonable to project a considerable amount of terrestrial sediments brought in the venting

field directly by typhoons or through erosion of previous deposits. This hypothesis, however,

should be tested and approved further through a long-term observation, particularly after

typhoons and earthquakes.

Conclusion

The vertical distributions and accumulation of sulfide and metals in KST-associated sediments

were evidently influenced by submarine hydrothermal discharge, because venting fluids sup-

plied considerable amounts of dissolved sulfide and metals without human perturbation. Geo-

chemical indices of hydrothermalism, namely TS and the Al/(Al+Fe+Mn) ratio, were effective

in elucidating a centennial scale of change in submarine hydrothermalism. Correlations were

significantly positive between TS and Fe, and significantly negative between TS and the Al /

(Al + Fe + Mn) ratio in the three cores, at different distances from the vents, showing the influ-

ence of hydrothermalism on venting field sediments. The TS concentration as well as the

hydrothermal discharge in Core Ks2 increased during the five time spans, but decreased dur-

ing three time spans for a total time span of 70 years. The temporal variations of TS concentra-

tion in Core Ks3 and S2 were very similar with that of Core Ks2, supporting strongly the

evidence of temporal changes in hydrothermalism. The emission strength was apparently

reflected in the temporal variation of emission indices. These temporal variations of hydro-

thermal discharge are likely determined by the impacts of typhoons and large earthquakes.
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