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The Tatun Volcanic Group (TVG), Northeastern Taiwan, is considered to be the extension of the Ryukyu arc, and
belongs to the post-collisional collapse Okinawa Trough. Strong hydrothermal activity is concentrated along the
Chinshan fault, and Da-you-keng (DYK) represents the main fumarolic area where the most primitive isotopic
and chemical composition is observed. In this study, we present chemical and He, Ar, C and N isotopic composi-
tions of fumaroles, bubbling gas andwater fromhot springs sampled in 2012 and 2013. High 3He/4He ratios from
DYK fumaroles (≈6.5 Ra) show a typical arc-like setting, whereas other sampling areas show a strong depen-
dence of 3He/4He and CH4/

3He ratios with the distance from the main active hydrothermal area (DYK). This
could mean strong crustal contamination and thermal decomposition of organic matter from local sediments.
Carbon isotope compositions of DYK range from −6.67‰ to −5.85‰, and indicate that carbon contribution
comes mainly from pelagic carbonates from the slab (limestone, mantle and sediment contributions are 63%,
19% and 18%, respectively). This is consistent with the negative δ15N values (−1.4 ± 0.5‰) observed for DYK,
implying a strong nitrogen-mantle contribution, and an absence of contribution from nitrogen-pelagic carbon-
ates. These results have important consequences related to theRyukyu subducted slab. In fact, theRyukyumargin
presents little in off scraping the sedimentary cover to the subducting plate that does not permit any nitrogen
contribution in magma from TVG.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The tectonic framework around Taiwan Island is very complex.
Taiwan is located at the convergent boundary between the Eurasian
and Philippine plates and marked by the collision of the Luzon volcanic
arc with the Asiatic continental margin in the South (Fig. 1). Behind the
Ryukyu trench, the spreading Okinawa trough has developed. The
northern part of Taiwan is located at the western extrapolation of the
Okinawa trough (Wang et al., 1999).

The Tatun Volcanic Group (TVG), in northeastern Taiwan is located
in the area delimited by Chinshan and Kanchiao faults, strikes in the
NE-SWdirection (Fig. 1), and represents a large-scale Quaternary volca-
nic eruption. Since the last eruption occurred at 20 ka (Chen and Lin,
2002), the TVG is considered dormant. However, the high 3He/4He ra-
tios (4.0–7.6 Ra, where Ra is the 3He/4He ratio of air) observed in the
entre of Excellence (CEGA)
a Ercilla 803, Santiago, Chile.
gas emissions from TVG, exhibit He mantle-derived characteristics, al-
luding to the actual existence of magmatic activity (Yang et al., 1999).
Konstantinou et al. (2007) detected earthquake activity caused by hy-
drothermal circulation, and suggested that it is driven by the heat of
degassing magma. Lee et al. (2008) repeatedly observed the fumarolic
gases at TVG, and detected a co-seismic change in the 3He/4He ratio. Re-
cently, a seismic tomography study fromWen et al. (2012) showed the
existence of a tube-shaped, highly fractured ancient magma passage
with high seismic velocities that parallel the Chinshan fault and a
magma passage that extends to the southeast at a depth of about
20 km. This structure suggests a plutonic intrusion passage beneath
TVG that may have been associated with the earlier subduction of the
Philippine Sea plate. The melting of this subducted plate generated the
magma intrusion that brought about the TVG geothermal activity. An
important number of micro-earthquakes are located beneath the
Chihsingshan volcano and DYK area. Most of these are volcano-
tectonic earthquakes that are caused by a highly fractured crust,
interpreted to be related to hydrothermal activities and their interaction
between fluid-rock. All of the above studies support the existence of
degassing magma beneath the TVG.
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Fig. 1.Map of the geologic setting of Taiwan and location of sampling sites from the Tatun Volcanic Group (TVG).
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Gas composition of TVG exhibits an affinity with convergent plate
gases (Lee et al., 2008), suggesting that the degassing sources for the
TVG gases were closely related to the subducting process of the Ryukyu
arc. He isotopes fromgas emissionsdemonstrated thatmore than 60%of
helium is mantle-derived (Yang et al., 1999; Lee et al, 2008). Yang et al.
(2005) reported a comparative study between the TVG andKueishantao
Islet (KST) gases. Kueisshantao Islet is an extrapolation of the extensive
Okinawa trough, related to uprising of the mantle, and shows a high
3He/4He ratio (7.68 Ra) representing the large contribution frommantle
He (MORB). Using the correlation between He and Sr isotopes, the au-
thors showed that TVG is the result of MORB-subducted sediments
mixing associated with probable crustal addition from local sediments.
The δ13C–CO2 values for TVG range from−3.28‰ to−7.02‰, revealing
a variation in the sediment and limestone components, whereas the
magmatic source is about constant (Yang et al., 2003; Lan et al., 2007).
To explain these variations in C isotopic composition, the authors spec-
ulate on the opening of a gas path due to the extensional regime.

In this study, we investigated the gas composition and He, Ar, C and
N isotopes in fumaroles, bubbling gases and hot springs from TVG in
order to understand the origin of volatiles and to track processes leading
to the observed signature.

2. Geology and geothermal manifestations at TVG

The TVG consists of about 20 volcanoes and volcanic domes covering
an area of approximately 350 km2, with the last eruption dated at 20 ka
(Chen and Lin, 2002; Belousov et al., 2010; Chen et al., 2010). Eruption
history of the TVG can be divided into two major periods. The first
eruptive period began around 2.5–2.8 Ma, then ceased after about one
million years. The second period started 1.5 Ma and continued until
around 0.1–0.2Ma (Song et al., 2000). Bedrock around the TVG is mostly
hydrothermal-altered lower Miocene sedimentary rock and minor unal-
tered Wuchihshan Formation, composed of white sandstone and thin
layers of shale and coal. Also present is theMushan Formationwhich con-
tains quartzite sandstone, gray-to-black shale and coal (Ho, 1988).

TVG is considered dormant because of its lack of previous historical
eruptions. However, geothermal activities (hot springs and gas fuma-
roles) arewell developed, suggesting that the TVG is still active.Major fu-
maroles and hot springs are distributed along the Chinshan reverse fault,
indicating that the volcanic activity of TVG is related to the activity of this
fault. Themain thermal discharge is located at Da-You-Keng (DYK) and it
presents themost vigorous fumarole emissionwith outlet temperature of
100 °C (Lee et al., 2008; Ohba et al., 2010). Other thermal discharges con-
sist of boiling-bubbling and thermalwater pools aswell as small fumarole
emissions with temperatures up to 100 °C (Lee et al., 2008; Ohba et al.,
2010). Temperatures calculated through geothermometry are estimated
at 189–210 °C (Ohba et al., 2010). The estimated CO2/H2O ratio for the
magmatic component is comparable to that of some active volcanoes in
Japan or other volcanic arcs, suggesting the enrichment of volatiles in
the magmas beneath TVG (Ohba et al., 2010).

3. Samples and analytical methods

Two fumarole sampleswere collected fromDa-You-Keng (DYK). Fu-
marolic gases were sampled using a titanium tube connected by a sili-
cone tube to a lead glass bottle and cold trap. The lead glass bottle and
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cold trap were plunged into a mixture of cold water and ice. Two water
sampleswere collected fromnatural hot springs alongwith 12 bubbling
gas samples (Table 1). Water from natural hot springs was sampled in
lead glass containers using a manual pump. Bubbling gases were sam-
pled using a lead glass container with vacuum valves at both ends, fol-
lowing a water displacement method. Dissolved gases from water
samples were then extracted in the lab using a glass bottle under vacu-
um, which was plugged to the extraction line.

Nitrogen isotopic analyses were carried out at the Atmosphere and
Ocean Research Institute (AORI), at the University of Tokyo, Japan. Mea-
surements were done on a static magnetic-sector mass spectrometer
VG3600, equippedwith Faraday cups and calibrated against a purified at-
mospheric N standard. Details regarding the extraction procedures and
general performance of the instruments are presented in Takahata et al.
(1998). The nitrogen isotopic composition is given by the equation:

δ15N ¼ 15N=14N
h i

sample
= 15N=14N
h i

air
−1

� �
� 1000: ð1Þ

The δ15N values were corrected from blanks (Barry et al., 2012). The
error in the δ15N values reported in Table 1 is thepropagated error in the
isotopic measurement of N for the sample, the standard and the blank,
assumed at 1σ. After nitrogen isotope measurements, the 28N2/40Ar
ratio was determined by measuring the 28+/40+ ratio using the same
mass spectrometer and calibrated against air standard, with an error as-
sumed at 1σ.

The argon isotopic analyses were also performed at AORI. The
40Ar/36Ar ratios were measured using an online quadrupole mass spec-
trometer (Massmate100, ULVAC Co.) after purification using a hot Ti-
getter. The error was 1–2% at 1σ.

The 3He/4He ratio was measured on a conventional noble gas mass
spectrometer (Helix-SFT and VG-5400) at AORI. The 4He/20Ne ratio
was measured using an online quadrupole mass spectrometer. Helium
was separated from Ne using a cryogenic trap held at 40 °K (Sano and
Wakita, 1988). The observed 3He/4He ratiowas calibrated against atmo-
spheric He. Experimental errors for 4He/20Ne and 3He/4He ratios are
about 5% and 1% at 1σ with the Helix spectrometer and about 5% and
3.5% at 1σ with VG5400 spectrometer, respectively (Sano et al., 2008).
The 3He/4He ratio is corrected for the presence of atmospheric He,
using the 4He/20Ne ratio of the sample (Craig et al., 1978). It is assumed
that 20Ne inmagmatic and crustal gases is negligible, and that essential-
ly 20Ne in geothermal gas samples is atmospheric. Accordingly:

Rc=Ra ¼ 3He=4He
� �

obs
–r

� �
= 1−rð Þ ð2Þ

r ¼ 4He=20Ne
� �

ASW
= 4He=20Ne
� �

obs
ð3Þ

where Rc/Ra and (3He/4He)obs denote the air-corrected and observed
3He/4He ratios respectively. Variables (4He/20Ne)ASW and (4He/20Ne)obs
are the ASW and observed 4He/20Ne ratios respectively. The total error
of the corrected 3He/4He ratio is defined in Sano et al. (2006). The error
assigned to the air-corrected 3He/4He ratio in Table 1 includes all
possible 3He/4He errors.

The δ13C values of CO2 were measured by a continuous flow GC-
IRMS system at the Geological Survey of Japan, National Institute of Ad-
vanced Industrial Science and Technology, Tsukuba. CO2 was separated
from the sample gas using a Carboxen GC capillary column at 50 °Cwith
He carrier gas flowing at 4 mL/min. Three measurements were carried
out for each sample, but only the average value is reported here. The
δ-notation of the isotopic values is conventionally represented with re-
spect to Vienna PeeDee belemnite (VPDB). Measurement errors of δ13C
are better than ±0.1‰.

The gas chemical compositionswere determined by comparing peak
heights of the sample with those of standard gases, using a quadrupole
mass spectrometer at AORI. Experimental errors were estimated to be
about ±10% by repeated measurements of standard samples. Themea-
sured blank for each component was negligibly small compared to the
sample signal.

4. Results

Table 1 presents the chemical and the He, N, Ar and C isotopic com-
positions of hot springs, bubbling gases, and fumaroles from TVG.

4.1. Chemical compositions

The majority of fumarole, water-dissolved gas and bubbling gas
samples had low O2 content, inferior to 3%, except for three samples
KS-12, DYK-8b and KS-13b that showed direct air contamination during
sampling.

The N2/Ar ratio in TVG ranged between 46 and 107, presenting the
evidence of atmospheric component (the atmospheric and air-
saturated water values were 84 and 38, respectively). However, two
samples had an N2/Ar ratio of 159 (DP-14) and 172 (SYK-10).

The CO2/3He ratios were calculated from CO2/He and 3He/4He ratios
for each sample. The CO2/3He ratios for water-dissolved gases and bub-
bling gases ranged between 26.19 × 109 (HS-16) and 0.99 × 109 (SHP-
10b) whereas fumarolic gas, DYK-14b and DYK-8b, was 11.15 × 109

and 8.38 × 109, respectively. These CO2/3He ratios for TVG were similar
to those of average volcanic arc data (meanCO2/3He=1.5±1.1 × 1010;
Sano and Williams, 1996) and previous data (Yang et al., 2003; Fig. 2).

CH4/3He ratios from TVG showed a high variation, ranging between
3.38 × 106 and 2.27 × 108.

4.2. He, N, Ar and C isotope compositions

The 3He/4He ratio normalized to the atmospheric ratio (Ra =
1.382 × 10−6; Mabry et al., 2013) are presented with 4He/20Ne ratios
in Fig. 3. Usually the 3He/4He Ra ratios are explained by the mixing be-
tween air-saturated water (ASW) or air component and the deep mag-
matic source with possible interaction from the crust. Samples showed
two different mixing curves defined by 3He/4He ratios of 6.5 Ra and
4.8 Ra. Most of our samples had high 4He/20Ne (up to 140), consistent
with magmatic fluids. Only KS-12 (0.339) had a high O2 content
which is indicative of direct air contamination.

Rc/Ra ratios covered the range of 4.53 Ra to 6.40 Ra (excluding KS-
12). The high Rc/Ra was defined by DYK and Geng-Zi-Ping (GZP) sam-
ples that were from the most active areas. The average estimated from
eight years of monitoring at DYK showed He magmatic source at
6.68 Ra (Lee et al., 2008), which was consistent with our 3He/4He
data. The other localities also showed a concordance in 3He/4He be-
tween the two sampling campaigns (i.e. Dapu) and previous studies
(Lan et al., 2007; Lee et al., 2008).

Finally, we point out that there was a particular variation of Rc/Ra
with the distance from the main active area, DYK (Fig. 4A). Generally,
high Rc/Ra ratios are close to DYK, and low Rc/Ra are located up to
10 km from DYK. There are some exceptions such as GZP and SHP sug-
gesting that distance is not the only parameter that modifies the
3He/4He ratio in TVG. Ohba et al. (2010) reported He data of SHP, GZP
and DYK from 2006. We note an important variation of He in SHP be-
tween Ohba's data (6.75 Ra), and our data (5.87 Ra). DYK (6.5–6.9 Ra)
and GZP (4.65–6.47 Ra) data from Ohba et al. (2010) are slightly higher
than our data but similar to Lee et al.'s (2008) data.

The δ15N values for fumarole samples from DYK were−1.4 ± 0.5‰
and −1.2 ± 0.9‰ which was consistent with the MORB component
(−5 ± 2‰; Sano et al., 2001). Water-dissolved gas and bubbling gas
samples had a large range of δ15N, between +4.1 ± 0.7‰ and
−1.5 ± 0.6‰.

The 40Ar/36Ar ratio of all samples ranged between 289.2 ± 8.7 and
324.9 ± 9.7 respectively. This is consistent with previous data on fuma-
roles and with other arc volcanoes (401 ± 278; Hilton et al., 2002).



Table 1
Isotopic and chemical composition of TVG fumarole, bubbling gas and water samples.

Located Sample Date Distance
from DYK
(km)

Latitude Longitude Temperature
(°C)

pH 4He/20Ne 3He/4He
R/Ra

± 3He/4He
Rc/Ra

± N2/Ar ± δ15N

SYK-10 Siao-You-Keng Bubbling gas 2012 5.75 25°10′34″ 121°32′50″ 83 3.2 72.79 5.50 0.17 5.52 0.17 172 5 2.0
MT-11 Matsao Bubbling gas 2012 3.75 25°10′39″ 121°33′43″ 82 – 50.48 4.57 0.14 4.59 0.14 83 3 1.7
KS-12 Jinshan Water 2012 9 25°13′00″ 121°38′33″ 47 6.8 0.339 1.10 0.02 1.49 0.02 – – –
BY-13 Bayen Bubbling gas 2012 3.25 25°11′38″ 121°38′22″ 66.6 2.5 72.19 4.68 0.05 4.70 0.05 107 3 1.5
DP-14 Dapu Spa Hotel Bubbling gas 2012 9.16 25°12′59″ 121°38′37″ 35.5 1.8 140.64 4.88 0.15 4.89 0.15 159 5 2.4
CSL-15 Zhong Shan Lou Bubbling gas 2012 4.5 25°09′12″ 121°33′00″ 37 4.85 50.54 5.20 0.16 5.23 0.16 101 3 3.1
HS-16 School Hushan Water 2012 6.25 25°08′60″ 121°32′10″ 37.5 6.2 4.28 5.10 0.06 5.37 0.06 80 2 0.4
LFK-17 LFK Bubbling gas 2012 6.75 25°08′40″ 121°31′44″ 25 4.6 44.84 5.24 0.16 5.26 0.16 89 3 4.1
LHK-18 Liou-Haung-ku Bubbling gas 2012 8.25 25°08′40″ 121°31′27″ 31 3.23 39.35 5.34 0.16 5.37 0.16 80 2 4.0
TYK-19 Beitou Bubbling gas 2012 10 25°08′19″ 121°31′43″ 52 1.38 3.94 4.44 0.13 4.70 0.13 46 1 1.9
DYK-8b Da-You-Keng Fumarole 2013 0 25°10′46″ 121°34′48″ 112.8 – 4.38 6.06 0.07 6.40 0.07 85 3 −1.4
SHP-10b She-Huang-Ping Bubbling gas 2013 3.25 25°10′56″ 121°36′17″ 35 – 39.15 5.87 0.06 5.90 0.06 73 2 0.0
LSK-11b Leng-Shuei-Keng Bubbling gas 2013 6 25°09′53″ 121°33′45″ 57 – 12.91 5.62 0.06 5.72 0.06 94 3 1.0
DP-12b Dapu Bubbling gas 2013 9.16 25°12′53″ 121°38′40″ 40 – 1.28 3.78 0.04 4.53 0.04 78 2 −1.5
KS-13b Jinshan 2 Bubbling gas 2013 9 25°14′40″ 121°37′50″ 40 – 3.24 4.41 0.05 4.72 0.05 73 2 −1.4
DYK-14b Da-You-Keng Fumarole 2013 0 25°10′46″ 121°34′48″ 112.8 – 19.57 6.30 0.07 6.30 0.07 91 3 −1.2
GZP-15b Geng-Zi-Ping Bubbling gas 2013 5.5 25°11′11″ 121°36′46″ 60 – 35.57 6.31 0.07 6.36 0.07 99 3 0.5

Note: CO2/3He and CH4/3He are calculated from CO2/He and CH4/He, and 3He/4He ratios. Error for 4He/20Ne is 5%.
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The δ13C–CO2 values for fumaroles from DYK were −5.85 ± 0.09‰
and −6.67 ± 0.39‰. while the values for hot springs and bubbling
gases ranged from −4.66 ± 0.19‰ to −9.62 ± 0.08‰. The DYK δ13C–
CO2 values were similar to those proposed for MORB (−6.5 ± 2.2‰;
Sano and Marty, 1995) and high temperature volcanic gases (−5.5 ±
2.2‰; Sano andMarty, 1995; Sano andWilliams, 1996). There is no var-
iation of δ13C–CO2 values related to the type of sample, except for the
unique water sample fromHushan School that was very low, suggesting
an addition of CO2 from local sediments. From Yang et al. (2003), the
δ13C–CO2 values for DYK (ca.−6.34‰) were similar to what we found
in this study. For the other areas (SYK, LHK, MT, TIK, SHP and CSL), gen-
erally the δ13C–CO2 values were higher (ca. −3.50‰) than our values.
Fig. 2. Ternary diagram between 3He, 4He and CO2 for fumarole, bubbling gases andwater
from TVG. For comparison, MORB (black star) and average volcanic arc (gray bar) fields
are reported (Marty et al., 1989; Sano and Marty, 1995; Sano and Williams, 1996; Fourre
et al., 2002; Hilton et al., 2002). The high CO2/3He for HS-16 and TRK-19 are the result of
hydrothermal degassing and preferential He loss. CO2 addition can also play a rule for
TRK-19 sample. The low CO2/3He for GZP-15b, DP-14 and SHP-10b are the result of CO2

loss by calcite precipitation. The dotted line represents the addition of radiogenic 4He in
the hydrothermal system. Symbols: Black circles are for bubbling gas and water samples.
Empty circles are for DYK fumaroles.
Similar δ13C–CO2 values were observed in Okinawa back-arc fluids
(Ishibashi et al., 1995).
5. Discussion

The survey of geothermal fluids and gases from TVG shows that TVG
is characterized by a large range of 3He/4He, δ15N, δ13C–CO2 and CO2/He
values. The results suggest that DYK has the most representative mag-
matic features similar to volcanic arc data (Sano and Marty, 1995; Sano
et al., 2001; Hilton et al., 2002). In Fig. 2, 15 samples from this study
are plotted on a CO2–3He–4He ternary diagram (Giggenbach and
Poreda, 1993a) to identify the general features of the He–CO2 fluid char-
acteristics of the TVG. Two component-mixing trajectories are plotted on
this diagram. For reference we include (a) solid lines representing
mixing between pure CO2 and pure He (at a 3He/4He ratio of 8 ± 1 Ra:
MORB) and (b) dotted lines representing mixing between radiogenic
He and volcanic arc-like magmatic gas (CO2/3He: 1.5 ± 1.1 × 1010;
Sano andWilliams, 1996). Most of our samples (fumaroles and bubbling
gases) were consistent in He and CO2 with the range of volcanic arc data
Fig. 3. 3He/4He Ra versus 4He/20Ne ratios for TVG samples. The magmatic source of
3He/4He range between 6.5 Ra and 4.8 Ra that is explained by 4He addition from crust.
The solubility of He and Ne for ASW are calculated using a temperature of 22 °C and a sa-
linity of 0%. The ASW-mantle curves are from a simplemodel ofmixing. The error is equiv-
alent to the size of the symbols if it is not observable.



Table 1
Isotopic and chemical composition of TGV fumarole, bubbling gas and water samples.

± 40Ar/36Ar ± N2/36Ar ± δ13C–CO2

(‰)
± CO2/3He ∗

10−9
CH4/3He ∗
10−8

He ∗ 10−5

ccSTP/g
22 °C

N2/He He/Ar O2

(%)
CH4

(%)
N2

(%)
Ar
(%)

H2S
(%)

CO2

(%)

0.7 308.2 9.3 52,906 2255 −5.54 0.14 12.41 2.11 1.22 7922 0.015 1.42 1.49 7.26 0.06 2.38 87.55
0.7 317.8 9.5 34,885 1478 −5.05 0.01 8.02 1.64 1.21 1429 0.112 0.02 1.93 2.58 0.02 0.71 94.75
– – – – – −5.16 0.01 11.29 2.24 0.84 2137 0.051 0 1.89 2.81 0.03 0.34 95.03
0.7 – – – – – – – – 0.006 – – 22.58 0.01 73.77 1.04 0.00 2.60
0.7 324.9 9.7 52,768 2243 −4.66 0.19 2.80 1.40 2.36 1651 0.134 0.06 4.39 7.58 0.0.3 0.00 87.93
0.8 316.5 9.5 32,364 1367 −5.68 0.06 12.93 0.37 0.84 2955 0.045 0 0.26 2.81 0.02 7.66 89.49
0.8 – – – – −9.62 0.08 26.19 0.04 0.071 19,319 0.004 0.49 0.01 9.31 0.13 0.00 90.06
0.7 295.4 8.9 24,876 1060 −5.46 0.04 11.96 1.15 0.75 3539 0.030 0 0.91 3.82 0.04 0.50 94.79
0.8 – – – – −5.31 0.06 8.83 1.03 0.66 2878 0.037 0 1.10 4.12 0.04 0.32 94.56
0.8 – – – – −6.64 0.09 20.62 2.27 0.066 21,022 0.003 0 0.93 13.84 0.23 0.70 84.50
0.5 289.2 8.7 24,518 1040 −5.85 0.09 8.36 0.04 – 16,826 0.006 4.05 0.04 18.30 0.19 0.05 77.38
0.6 298.3 8.9 21,891 929 −6.99 0.03 0.99 0.28 0.65 9130 0.009 0.31 1.28 51.60 0.60 0.00 46.20
0.6 302.0 9.1 28,366 1203 −6.23 0.01 13.56 0.57 0.22 3072 0.040 0.14 0.40 2.75 0.02 1.06 95.47
0.6 300.1 9.0 23,496 987 – – – – 0.021 – – – – – – – –
0.6 298.2 8.9 21,711 921 −5.25 0.04 12.36 2.22 0.054 24,651 0.003 2.22 1.26 22.73 0.27 0.00 70.41
0.9 300.3 9.0 27,280 1157 −6.67 0.39 11.15 0.05 – 7266 0.015 0.05 0.04 6.79 0.06 0.10 91.96
0.9 305.5 9.2 30,275 1284 −6.20 0.04 3.21 0.24 0.59 3394 0.036 0.24 0.66 10.47 0.09 0.22 87.67
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(1.5 × 1010; Sano and Williams, 1996). DYK fumaroles had one of the
highest Rc/Ra (6.30 Ra and 6.40 Ra), and their CO2/3He (1.12 × 1010

and 8.38 × 109) were consistent with volcanic arcs worldwide (Sano
and Williams, 1996). This observation is the first implication that the
He and CO2 TVG magmatic source is derived from mantle wedge and
subducted components. The other localities show some variable He,
CO2 andN2 characteristics thatwewill define in the following section be-
fore defining the magmatic features of TVG.
Fig. 4. CO2/3He versus δ13C–CO2 for TVG samples compared to MORB, organic sediments
and marine limestone. The solid lines represent mantle-organic sediments, mantle-marine
limestone, and organic sediments-marine limestone binary mixing lines. MORB has δ13C–
CO2 = −6.5 ± 2.2‰ and CO2/3He = 2 × 109 (Marty et al., 1989; Sano and Marty, 1995;
Sano and Williams, 1996). δ13C–CO2 and CO2/3He values for organic sediments are
−30 ± 10‰ and 1 × 1013 (Sano and Marty, 1995; Hoefs, 2009) and 0 ± 2‰ and 1 × 1013

for marine limestone (Sano and Marty, 1995; Hoefs, 2009). Symbols: Black circles are for
bubbling gas and water samples. Empty circles are for DYK fumaroles. Previous data from
TVG (Yang et al., 2003; Lan et al., 2007) and Okinawa back-arc (Ishibashi et al., 1995) fluids
are reported. Dark lines represent trajectories for CO2 loss by calcite precipitation at a tem-
perature of 25 °C (fractionation factor = −10‰) and 192 °C (fractionation factor = 0‰).
The starting point is DYK. Our three samples (GZP-15, DP-14 and SHP-10b) fall on the frac-
tionation line at 192 °C. The samples (HS-16 and TRK-19) with high CO2/3He ratios and low
δ13C–CO2 are the result of hydrothermal degassing. Rayleigh distillation and batch equilibri-
um curves starting from DYK samples are presented. See text for fractionation factor
(Javoy et al., 1978; Ray et al., 2009).
5.1. Hydrothermal degassing

Within a hydrothermal system, gas separation has the potential to
fractionate both the gas ratio (CO2/3He) and the δ13C-CO2 value
(Giggenbach and Poreda, 1993b; Ray et al., 2009). The observed
CO2/3He ratios in gas andwater are different and consistentwith gas sep-
aration. Helium is preferentially partitioned in the gas phase,whereas the
more soluble CO2 is concentrated in aqueous liquid. This physical process
induces an increase of CO2/3He in residual water and can induce an isoto-
pic fractionation of 13C/12C ratios (lower δ13C-CO2 values; Vogel et al.,
1970).

As shown in Fig. 2, two samples (HS-16 and TRK-19) had high
CO2/3He (26.19 × 109 and 20.62 × 109) compared to DYK fumaroles,
suggesting He loss or CO2 addition from local sediments. These samples
also had low δ13C–CO2 values (mainly HS-16; −9.62‰ and TRK:
−6.64‰; Fig. 4) compared to arc fumarolic gases (Sano and Marty,
1995). HS-16 water sample had a Rc/Ra (5.37 Ra) similar to other bub-
bling gas samples suggesting no crustal contamination. TRK-19 showed
a low Rc/Ra ratio (4.70 Ra), probably due to crustal contamination.

Fig. 5 shows the He contents for each hot spring and
bubbling gas sample, estimated using 4He/20Ne and 20Ne content
(1.65 × 10−7ccSTP/g) at 22 °C (estimated that 20Ne content is
Fig. 5. CO2/3He versus He concentration for bubbling gas and water. We observed that
some samples show He loss or CO2 addition, and others show CO2 loss.



Fig. 6. Rc/Ra versus distance from DYK. Decreasing 3He/4He Ra indicates crustal contami-
nation by host sediments. Symbols: Black circles are for bubbling gas and water samples.
Empty circles are for DYK fumaroles. The error is equivalent to the size of the symbols if
it is not observable.
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constant in the system). He contents for hot spring and bubbling gas
samples are plotted with CO2/3He ratios. CO2/3He ratios from DYK-
14b are reported as a reference of magmatic source. Most bubbling
gas samples are plotted along the DYK reference line indicating
that these samples were not affected by physical processes and rep-
resent a real magmatic signature. HS-16 (water) had lower He con-
tent associated with the highest CO2/3He ratios indicating a vapor-
liquid partitioning and the preferential loss of He. TKR-19 could be
more related to the addition of CO2 from local sediments such as
sandstone, increasing the CO2/3He ratio and decreasing the
3He/4He ratio.

5.2. Magmatic degassing vs. preferential CO2 loss by calcite precipitation

Samples unaffected by gas phase partitioning were evaluated
for other He–CO2 controls. Fig. 2 shows three bubbling gas samples
(GZP-15b, SHP-10b and DP-14) had low CO2/3He ratios compared to vol-
canic arc data and DYK fumarole samples. This suggests a CO2 loss from
the magmatic/hydrothermal system (Giggenbach and Poreda, 1993a,b).
For DP-14, the low CO2/3He was associated with a slightly higher δ13C
value than DYK samples (Fig. 4). For GZP-15b and SHP-10b, the δ13C
value was slightly lower, but not significantly different from other sam-
ples (Fig. 4). Two processes possibly explain a low CO2/3He observed in
three samples fromTVG: (1)magmadegassing and (2) CO2 loss by calcite
precipitation.

5.2.1. Magmatic degassing
Degassing of andesitic-basalticmagma can produce a lowCO2/3He in

residual melt as well as the δ13C values (Javoy et al., 1978; Hilton et al.,
1998). For the He–CO2 elemental fractionation, the fractionation factor
(α) is defined as (CO2/3He)vap/(CO2/3He)melt as the inverse ratio of the
solubility of He and CO2 in parental melt. For a melt of tholeiitic compo-
sition,α is ~2.35 (Hilton et al., 1998). In thisway, preferential loss of CO2

occurs during melt degassing, and causes a decrease in the CO2/3He
ratio for the gas remaining in themelt. Loss of CO2 from themelt will si-
multaneously decrease the δ13C of the residual CO2 (isotopic fraction-
ation factor proposed is −4‰ corresponding to α: 0.996; Javoy et al.,
1978). Two models of degassing can be expected: batch equilibrium
(closed system) and Rayleigh distillation (open system). For these two
processes of degassing, we assume an initial CO2/3He of 9.76 × 109

and a δ13C value of −6.26‰ (average of CO2/3He and δ13C from DYK
fumaroles).

Using the Rayleigh distillation equation, CO2/3Heresidual =
CO2 / 3Heinitial × F(α − 1)/α, to get the lower CO2/3He ratios (6.9 × 108)
the system lost 98.9% of its CO2; whereas the corresponding δ13C values
(calculated using the relationship: δ13C residual = δ13C initial − 1000 × F
exp (α − 1) − 1; Javoy et al., 1978) was −24.9‰. It is notable that
TVG samples were below the Rayleigh distillation degassing curve
(Fig. 4), suggesting that this process does not occur and does not explain
the low CO2/3He ratios observed in TVG.

Similarly, in the case of batch equilibrium degassing (using
δ13C residual = δ13C initial + (1− F) × 1000 Ln(α) and CO2/3He residual=
CO

2
/3He initial × F^ ((α − 1)/α, Javoy et al., 1978; Ray et al., 2009), the

degassing curve did not fit the TVG data. With this mode of degassing,
the minimum possible for CO2/3He and δ13C is 6.9 × 108 and −10.2‰,
respectively (Fig. 4).

Thus, in both batch equilibrium and Rayleigh degassing models, the
calculated δ13C value is too low compared to what we observed in TVG
samples.

5.2.2. Preferential CO2 loss by calcite precipitation
Another possibility to explain low CO2/3He is CO2 loss by calcite pre-

cipitation. CO2 loss by calcite precipitation can occur during the cooling/
mixing history of the hydrothermal system and produces a lowCO2/3He
ratio (Hilton et al., 1998). Fractionation between CaCO3 and CO2 gas can
be calculated theoretically. Temperature dependence for C soluble
species with respect to CaCO3 is well known (Bottinga, 1969). At tem-
peratures less than 192 °C, calcite is enriched in 13C relative to residual
CO2, thus the fractionation factors are −3‰ at 100 °C and −10‰ at
25 °C. However, at temperatures greater than 192 °C, calcite is depleted
in 13C relative to residual CO2 and the fractionation factor is around 0‰
(Sano and Marty, 1995; Ray et al., 2009).

Fig. 4 shows CO2/3He vs. δ13C-CO2 values to illustrate the effect of
calcite precipitation at two different temperatures, 25 °C and 192 °C.
Calcite precipitation at 25 °C enables CO2/3He and δ13C-CO2 values in
CO2 residual gas to decrease, but it does not explain our data. Alterna-
tively, calcite precipitation at 192 °C has the capacity to decrease
CO2/3He ratios without any modification of δ13C-CO2 values. However,
our samples donotfit this curve. Thus, for GZP-15b and SHP-10b sample
values (which show a decrease in CO2/3He and δ13C-CO2), we suggest
that these two samples can be explained by the precipitation of calcite
at temperatures between 25 °C and 192 °C.

As previously mentioned, calcite precipitation at temperatures
greater than 192 °C produces a positive fractionation factor inducing a
higher δ13C-CO2 value in CO2 residual gas. Calcite precipitation can
also explain the sample DP-14, which shows low CO2/3He and high
δ13C-(CO2) compared to DYK fumarole samples. We can also note that
sample DP-14 can be affected by crustal contamination,which could ex-
plain thehigher δ13C-CO2 value. This sample also had a Rc/Ra ratio lower
(4.89 Ra) than DYK samples (~6.35 Ra), which can be an argument for
crustal addition.

5.3. Crustal contamination: He, N and CH4 characters

Crustal contamination has the potential to contribute to the isotopic
variations observed in TVG. 3He/4He, CO2/3He ratios, δ15N and δ13C–CO2

values are known to be influenced by the gradual addition of radiogenic
4He, N2 and CO2 from crustal rocks (Sano et al., 1998).

Fig. 6 illustrates the crustal involvement in TVG fluids for He. The
CO2/3He ratios and δ13C–CO2 are not reported because they do not
show any correlation with distance due to CO2 fractionation; and the
δ15N values show unclear correlation. The distance is calculated from
themain active area, DYK.He isotopes clearly showanegative correlation.
Fig. 7A shows anegative correlationbetweenRc/Ra andCH4/3He ratios in-
dicative of an addition of 4He and CH4 coming from the same source. The
high CH4/3He ratio observed in the magmatic-hydrothermal system sug-
gests the presence of thermogenic methane (CH4/3He: 108–1011) associ-
ated with the thermal decomposition of organic matter from local
sediments such as sandstone (Chen and Wu, 1971; Snyder et al., 2003).



Fig. 7. A) Negative correlation between Rc/Ra and CH4/3He related to crustal contamina-
tion by local sediments (4He addition) and thermal decomposition of organic matter pro-
ducing thermogenicmethane (Snyder et al., 2003). B) δ15N versus N2 contents (vol%). The
negative correlation is due to the fractionation exchange between N2 and NH4

+ related to
the thermal decomposition of organic matter from local sediments. This process induces
an increase of δ15N values and a decrease of N2 contents, and leads to the formation of
NH4+.

Fig. 8.N2/36Ar versus δ15N for TVG samples, as well as for the sediments, mantle, and ASW
(Sano et al., 2001). Solid lines represent mantle-sediments, mantle-ASW, and sediments-
ASW binary mixing lines, where starting compositions are ASW (0‰; 1.8 × 104), crust
(+7 ± 4‰; 6 × 106), and mantle (-5‰; 6 × 106) from Sano et al. (2001). Back-arc
basin basalt (BABB) and island arc (IA) domains are reported from Sano et al. (2001).
The positive correlation of our samples shows the mixing between ASW and sediments
from host rocks representing crustal contamination. Samples from DYK, DP-12b and KS-
13b show a negative δ15N and low N2/36Ar explain the mantle contribution. Symbols:
Black circles are for bubbling gas and water samples. Empty circles are for DYK fumaroles.
The error is equivalent to the size of the symbols if not observable.
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High CH4/3He values from TVG are also associated with high δ15N values
(up to +4.1‰). An enrichment of 15N, by thermal decomposition of or-
ganic matter from the crust, leads to the formation of NH4+ (Sadofsky
and Bebout, 2000). Haendel et al. (1986) calculated a fractionation factor
for isotopic exchanges between N species (N2\NH4

+\NH3
+) contained in

rocks and metamorphic/hydrothermal fluids. The authors showed that
δ15N increased and the N content decreased with the increase of the
metamorphic grade temperature. Chen and Sung (2009), studied the
chemistry of Taiwanese hot springs and observed a high amount of
NH4+ (1.1 to 5.46 mg/L−1) in the TVG hot springs. In Fig. 7B, a negative
correlation between δ15N values and N2 contents was observed in TVG
samples. These results suggest a thermal decomposition from organic
matter from local sediments (sandstone; Chen andWu, 1971) producing
NH4+ and the increase of δ15N2 values.

Yang et al. (2003) reported nitrogen isotope data for two localities,
CSL and LHK. The δ15N values are+0.78‰ and around+0.67‰ respec-
tively. However, in this study, we found the same values to be 3.1‰ and
+4‰ respectively. Furthermore, there was a large variation of δ15N
values, +2.4‰ (DP-14) and −1.5‰ (DP-12b), between the two
sampling campaigns for the Dapu area. Because there are no varia-
tions in He isotopes, these variations could be the result of the ap-
pearance or increasing of isotopic fractionation for exchanges
between N species (N2\NH4

+\NH3
+) related to thermal decomposition

of organic matter.
5.4. Deep magmatic source for Tatun Volcanic Group

As discussed in the previous sections, our samples were affected by
different physical processes that modified the initial isotopic composi-
tion. The most primitive magmatic source was defined by DYK fuma-
roles and GZP bubbling gases.

5.4.1. Helium isotopes
Helium isotope compositions in subduction zones ranged from 5 Ra

to 8 Ra (Marty et al., 1989; Poreda and Craig, 1989; Sano and Marty,
1995; Sano andWilliams, 1996; Fourre et al., 2002). Based on the corre-
lation between 3He/4He versus 4He/20Ne (Fig. 3), the He isotopic mag-
matic source for TVG as defined by DYK fumaroles and GZP bubbling
gas was 6.5 Ra. This result is consistent with the previous studies on
the DYK area that showed the average 3He/4He ratio to be 6.68 Ra
(Yang, 2000; Yang et al., 2003; Lee et al., 2008; Ohba et al., 2010).
Yang et al. (2005) reported a comparative study between the TVG and
Kueishantao Islet (KST) gases. Kueisshantao Islet is an extrapolation of
the extensive Okinawa trough, related to uprising of the mantle, and
shows a high 3He/4He ratio (7.68 Ra) representing the large contribu-
tion from mantle He (MORB). Thus, the primordial source of 3He/4He
from DYK (and TVG in general) represents the MORB-subducted sedi-
ments mixing associated with probable crustal addition from local
sediments.

5.4.2. Nitrogen isotopes
To better constrain the signature of the deep source, and deter-

mine the proportions of all components involved in our analysis,
we present a plot of δ15N versus N2/36Ar (Fig. 8) where the nitrogen
compositions of TVG indicate a mixing between three components
(Sano et al., 2001): ASW (0‰; 1.8 × 104), crust (+7 ± 4‰;
6 × 106), and mantle (-5‰; 6 × 106). The mixing curve equations
are as follows:

δ15Nobs ¼ A δ15NASW þM δ15NMantle þ S δ15NSed ð4Þ

1= N2=
36Ar

� �
obs

¼ A= N2=
36ArASW

� �
þM= N2=

36ArMantle

� �

þ S= N2=
36ArSed

� �
ð5Þ



14 E. Roulleau et al. / Journal of Volcanology and Geothermal Research 303 (2015) 7–15
Mþ Sþ A ¼ 1 ð6Þ

where obs, ASW, Mantle, and Sed refer to: observed value, ASW,
mantle, and sediments respectively. A, M, and S are the mass of air,
mantle, and sediments respectively. The results of these calculations
are presented in Table 2.

Most of our samples from bubbling gases (including GZP-15) and
water hot springs showed moderate to high δ15N values (+0.5‰ to
+4.1‰) and high N2/36Ar ratios (30,275 to 52,906), demonstrating a
sizeable proportion of air (up to 62%) and sediment (up to 47.5%) com-
ponents, compared to the mantle component (21.5%). High sediment
contribution is clearly the result of thermal decomposition of organic
matter from local sediments (increasing of δ15N values), as shown in
Fig. 7b. On the other hand, four samples from fumaroles (DYK samples)
and bubbling gases (DP-12b and KS-13b) showed negative δ15N values
(−1.4‰ to−1.2‰) and lowN2/36Ar ratios (21,711 to 27,280), resulting
in a significant proportion of air (up to 71%) and mantle (up to 29%)
components and a minor sediment (2.5%–0.5%) component. In subduc-
tion zones, nitrogen is usually recycled from subducted sediments
(Sano et al., 2001) based on positive δ15N values (Fig. 8; IA domain).
In the case of TVG, it appears as though nitrogen derived subducted sed-
iments are minor or almost nonexistent. This suggests that nitrogen
mainly comes from mantle components, as observed in Costa Rica
(Fischer et al., 2002) and in back-arc fluids (BABB; Fig. 8). In Costa
Rica, the negative δ15N values (−3‰) are the result of the absence of
pelagic subducted sediments in the Costa Rica trench. This explanation
is supported by the low 10Be observed in this area (Morris et al.,
1990), and by the presence of pelagic carbonates in the slab. In the
case of the Ruykyu arc, the oceanic convergent margin is extremely
rapid, which causes little trench sediment related to the short time
available to deposit the trench section. Thus, themargin shows little im-
pact in off scraping the sedimentary cover to the subducting plate (Clift
and Vannucchi, 2004). On the other hand, Ryukyu limestone is observed
in the Ryukyu arc at the northern corner of Taiwan (Ujiie and Ujiie,
1999). Bebout (1996) noted that the N concentration in oceanic pelagic
sediments can vary from 70 to 600 ppm; however, pelagic limestone
(100% calcite) may contain essentially no N. The negative δ15N values
observed in TVG are the result of the small amount of pelagic sediment
subducted in the margin as well as the absence of contribution from
nitrogen-pelagic carbonates; but we cannot exclude the possible in-
volvement from Okinawa back-arc fluid.

Dapu (DP-12b) and Jinshan (KS-13b) samples are far from the DYK
area (9 km) but they showed negative δ15N values (−2.1‰ and
−1.6‰). These two active hydrothermal areas appear to be related ex-
clusively to the Chinshan fault.

5.4.3. Carbon isotopes
Τhe δ13C–CO2 and CO2/3He ratios have been monitored since 1999

by Lan et al. (2007) and Yang et al. (2003, 1999). The δ13C–CO2 from fu-
maroles and soil gases show a wide range of compositions, from
Table 2
Nitrogen composition model for TVG samples.

Nitrogen contribution

Air Mantle Sediment

SYK-10 34.00% 21.50% 44.50%
BY-13 53.00% 15.00% 32.00%
DP-14 34.00% 18.50% 47.50%
CSL-15 55.00% 0.50% 44.50%
LFK-17 – – –
DYK-8b 70.00% 29.00% 1.00%
DYK-14b 70.00% 27.50% 2.50%
GZP-15b 59.00% 20.00% 21.00%
LSK-11b 62.00% 14.00% 24.00%
KS-13b 71.00% 28.25% 0.75%
DP-12b 71.00% 28.50% 0.50%
−2.17‰ to −9.02‰ (Lan et al., 2007). Between 2004 and 2006 (soil
gas campaigns), the δ13C–CO2 values varied from an average of
−7.02‰ to −3.31‰ respectively. The authors explained this range of
δ13C–CO2 values by the opening of gas paths in this area, since northern
Taiwan is in an extensive tectonic setting. The δ13C–CO2 value reported
from DYK fumaroles is−6.34‰ (Yang et al., 2003) similar to our δ13C–
CO2 value (−6.67‰, DYK-14b). Our δ13C–CO2 values ranged between
−6.67‰ and −5.05‰ (excluding samples modified by physical pro-
cesses). The average was −5.67‰, and represents an intermediate
δ13C–CO2 value compared to the 2004 and 2006 samples.

One approach for assessing the carbon origin in subduction zones is
the three-component mixing model proposed by Sano and Marty
(1995). Based on their CO2/3He and δ13C–CO2 characteristics, samples
are described by a carbonmixturemade ofmarine carbonates andman-
tle and organic sediments. δ13C–CO2 of the MORB component is
−6.5±2.5‰ (Sano andMarty, 1995; Sano andWilliams, 1996). In con-
trast, δ13C–CO2 of sediments varies between two major components
(Hoefs, 2009): organic sediments (−40‰ to −20‰), and marine sed-
iments (0 ± 2‰). Fumarolic gases in subduction zones have δ13C–CO2

of −5.5 ± 2.2‰ (Sano and Marty, 1995; Sano and Williams, 1996;
Snyder et al., 2001). The mixing curve equations are as follows:

δ13C−CO2obs ¼ L δ13CLim þM δ13CMantle þ S δ13CSed ð7Þ

1= CO2=
3He

� �
obs

¼ L= CO2=
3HeLim

� �
þM= CO2=

3HeMantle

� �

þ S= CO2=
3HeSed

� �
ð8Þ

L þMþ S ¼ 1 ð9Þ

where obs, Lim, Mantle, and Sed refer to: observed value, limestone,
mantle, and sediments respectively; L, M, and S are the mass of lime-
stone, mantle, and sediments respectively. The results of calculations
are presented in Table 3.

The estimated proportions of carbon from DYK are 19% mantle, 63%
limestone (pelagic carbonates) and 18% sediment components, suggest-
ing that carbon comes mainly from the pelagic carbonates (Table 3).
This result is consistent with nitrogen origin contribution proposed in
the previous section.

The possible variation of carbon composition over time could be the
result of the variable amount of sediment and limestone incorporated in
the subducted zone and the variation of crustal contamination from
local sediments. The δ13C–CO2 values from Okinawa back-arc fluids
(Fig. 4) ranged between −5‰ and −3.8‰ (Ishibashi et al., 1995),
meaning that the variation observed in carbon composition of TVG
may be influence from the extensional Okinawa trough.
Table 3
Carbon composition model for TVG samples. Samples affected by physical processes are
excluded.

Carbon contribution

Limestones Mantle Organic Sed.

SYK-10 69.00% 16.00% 15.00%
Mt-11 68.50% 18.00% 13.50%
BY-11 63.50% 25.00% 11.50%
CSL -15 68.90% 15.50% 15.60%
LFK-17 68.70% 17.30% 14.50%
LHK-18 64.00% 23.50% 12.50%
DYK-8b 62.50% 23.00% 14.50%
LSK-11b 67.50% 15.00% 17.50%
KS-13b 70.00% 16.00% 14.00%
DYK-14b 63.00% 19.00% 18.00%
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6. Concluding remarks

Fumarolic gases of DYK showed the most primitive composition in
He, N and C isotopes. For the other samples, He and N isotopic composi-
tions and CH4/3He ratios were clearly controlled by the thermal degrada-
tion of organic matter and crustal contamination from local sediments.
The CO2/3He ratios and δ13C–CO2 values showed large variations related
to physical processes which affect water and bubbling gas samples as hy-
drothermal degassing and calcite precipitation. He magmatic source was
estimated at 6.5 Ra, but showed variation depending onnewpulses of gas
from the opening of a local fracture. DYK, DP and KS areas showed nega-
tive δ15N values (around −1.4‰) comparable to MORB data. It appears
that nitrogen-derived subducted sediments areminor or almost nonexis-
tent, suggesting that nitrogen comesmainly from themantle component.
These results have important consequences related to the Ryukyu
subducted slab, indicating that the Ryukyu margin shows little in off
scraping the sedimentary cover to the subducting plate. Limestones ob-
served in the Ryukyu arc indicate the absence of contribution of
nitrogen-pelagic carbonates. This argument is supported by the substan-
tial limestone contribution observed with δ13C–CO2 values (63%).
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