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Abstract Many mud volcanoes are distributed along
the tectonic sutures in southern Taiwan and can be
divided into five zones based on their relative
positions in different tectonic domains. Most active
mud volcanoes are exhaling methane-dominated
gases. Nevertheless, some gases show unusual
carbon dioxide-dominated and/or nitrogen-excess
compositions. This implies that there are multiple
sources for the gas compositions of mud volcanoes
in Taiwan. For better understanding the total
amount of exhalation gases and its flux, the gas flow
and compositions were continuously measured in
the interval of two minutes at Chung-lun (CL)
bubbling mud pool for a few months. The major
compositions of gases exhaling from this site were
75�90% of CO2 and 5�12% of CH4. The amount of
gases exhaling from the mud pool can be estimated
to be about 1.4 ton/year for CH4 and 28 ton/year for
CO2, respectively. The preliminary results of
exhaling gas flux from the major vents of
representative active mud volcanoes, yielded an
estimated total CH4 output of the mud volcanoes in
Taiwan of ca. 29 ton/year during quiescent period.
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Introduction

Recent studies reveal that mud volcanoes may be the most
important pathway for degassing of deeply buried sedi-
ments, and are one of the remarkable natural sources for
atmospheric methane (e.g., Dimitrov 2002; Etiope and
Klusman 2002; Kopf 2002; Milkov and others 2003). Nat-
ural gases, mainly methane and carbon dioxide, are con-
tinuously emitted from mud volcanoes and constitute an
important natural contribution to the atmosphere carbon
budget. Estimation of global flux from mud volcanoes in
the world, hence, becomes an interesting topic for dis-
cussion of the potential influences on the global climate
changes (Judd and others 1997, 2002; Etiope and others
2002; Etiope and Klusman 2002; Kopf 2002; Milkov and
others 2003). Therefore, precise quantitative measure-
ments of the discharge of gas through mud volcanoes are
very important for such a kind of estimation, although
reliable data are usually difficult to obtain due to the
episodicity of the mud volcanism (Kopf 2003).
Mud volcanoes are mainly distributed around subduction
zones and orogenic belts where lateral tectonic compres-
sional stress is dominant (Yassir 1987; Milkov 2000; Kopf
2002). Many mud volcanoes were also reported in Taiwan
on-land (Shih 1967; Wang and others 1988) and offshore
(Liu and others 1997; Chow and others 2001). Shih (1967)
reported that there were 64 active mud volcanoes in 17
land areas. Five types were classified according to their
geomorphologic shapes: mud cone, mud shield, mud
maar, mud basin and mud hole.
Gieskes and others (1992) first analyzed the fluids ema-
nating at the surface of the mud volcanoes in Taiwan and
suggested that they might be originated from a deep
source, which might be from the deeper parts of the
accretionary complex. Recent studies of Yeh (2003) and
Yeh and others (2004) also supported this hypothesis.
Moreover, these authors concluded that different source
components and processes were needed to account for the
geochemical characteristics of the mud volcano fluids from
different tectonic domains.
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Although without eruption of muddy materials, everlasting
fire seepage is also an important contribution for the
methane budget of atmosphere and hence is included in
this study. In this study the authors briefly describe the
current situation of active mud volcanoes in Taiwan, and
present the gas compositions of representative mud vol-
canoes and everlasting fire seepages. To better estimate the
exhalation flux in-situ continuous quantitative measure-
ment of the selected major vent of mud volcanoes were
carried out.

Geological background

Taiwan is located at the collision zone between Eurasian
Plate and Luzon arc (Teng 1990), and develops a typical
accretionary prism in southwestern and southeastern
Taiwan (Huang and others 1997), where many on-land
mud volcanoes are found along the tectonic structure and
suture zones. In southwestern Taiwan, many sandstone
beds are interbedded in the folded mud stone matrix and
considered suitable for the accumulation of natural gases
(Hsieh 1972). Hence, many mud volcanoes occur in this
area. In contrast, mud volcanoes are less and smaller in
eastern Taiwan, because the muddy matrix of the mélange
have been seriously sheared by the tectonic stress (Chang
and others 2000).

Description of investigated sites

Following the occurrences described by Shih (1967) and
Wang and others (1988), the authors re-visited all the
active mud volcanoes and everlasting fire seepages in
Taiwan (Fig. 1). They can be grouped into five zones based
on their distribution in different tectonic terranes: (1)
Chu-kou Fault zone, (2) Gu-ting-keng anticline zone, (3)
Chi-shan Fault zone, (4) Coastal Plain zone, and (5)
southern Coastal Range zone, respectively.

Chu-kou Fault zone
Chu-kou (CK) Fault is considered as one of the most
potentially re-activated faults in southwestern Taiwan.
Chung-lun (CL) mud pool (Fig. 2A), Kuan-tze-ling (KZL)
muddy hot spring (Fig. 2B), and Suei-huo-tong-yuan
(SHTY) everlasting fire (Fig. 2C) are distributed along CK
Fault (Fig. 1). Both the fluids and gases show distinct
compositions compared with other areas (Hsieh 2000;
Yang and others 2003b; Yeh and others 2004) (Tab. 1)
indicating a deep source origin. They are for the first time
included and treated as the members of the family of mud
volcanoes.

Gu-ting-keng anticline zone
Many mud volcanoes have been found along the axis of the
Gu-ting-keng structural anticline, which is more or less
parallel to the direction of the Chi-shan (CS) Fault (Fig. 1).

At least five mud volcanoes were reported in the literature
(Shih 1967), however, only Da-kung-shuei (DKS) mud
pool (Fig. 2D) and Hsiao-kung-shuei (SKS) mud shield
(Fig. 2E) are presently active. The major vents of DKS mud
pool are located at a pool with a diameter of ca. 50 m
(Fig. 2D), making the study for these bubbling gases
inaccessible.

Chi-shan Fault zone
Chi-shan (CS) Fault is one of the major active faults in
southwestern Taiwan (Fig. 1), along which at least five
mud volcanoes had been found (Shih 1967). Three major
mud volcanoes are still active. Hsin-yang-nyu-hu (HYNH)
mud shield (Fig. 2G) and Yang-nyu-hu (YNH) mud pool
(not shown in the figure) are located at the northern part
of this zone (Fig. 1). Large amounts of muddy materials
are continuously erupted with flammable natural gases.
Wu-shan-ding (WSD) mud cones (Fig. 2H) are the largest
and most well-preserved mud volcanoes in Taiwan. Yan-
chao (YC) mud pool (Fig. 2I) is a small bubbling pond at
the southern end of this zone.

Coastal Plain zone
Some isolated mud volcanoes occur in the Coastal Plain of
southwestern Taiwan. The major active mud volcano is
Gung-shuei-ping (GSP) mud shield (Fig. 2F). Only one
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Fig. 1
Distribution of major active mud volcanoes (star symbols) and
everlasting fire seepages (circle symbols) in Taiwan. Black lines
indicate the active faults
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vent is still active at the top of the muddy platform (ca.
350,000 m2). Li-yu-shan (LYS) mud shield is another
famous mud volcano in this area (Fig. 1). It is very quiet

most of time; however, it erupts severely with large
amounts of mud (up to 10 m high) and flammable gases in
every few months to years.
Chu-ho (CH) everlasting fire seepage (Fig. 2J) is located at
the most southern part of Taiwan (Fig. 1). The seepage
covers a naked area of ca. 700 m2, and cannot be classified
according to the criteria adopted for mud volcanoes in this
study.
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Fig. 2A–F
Photos of representative active mud volcanoes and seepages in Taiwan.
See text for detailed description. (A) Chung-lun (CL) mud-basin; (B)
Kuan-tze-ling (KZL) muddy hot springs; (C) Suei-huo-tong-yuan
(SHTY) everlasting fire; (D) Da-kung-shuei (DKS) mud pool; (E) Hsiao-
kung-shuei (SKS) mud shield; (F) Gung-shuei-ping (GSP) mud shield
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Southern Coastal Range zone
Two major mud volcanoes are distributed in this zone,
namely Luo-shan (LS) mud maar (Fig. 2K) and Diang-
kuang (DK) mud shield (Fig. 2L). Compared to those in
other zones, the viscosity of erupted materials is relatively
low and hence, they are unable to form the nice cone
shapes (Shih 1967).

1006 Environmental Geology (2004) 46:1003–1011

Fig. 2G–L
(G)Hsing-yang-nyu-hu (SYNH) mud maar; (H)Wu-shan-ding (WSD)

mud cone; (I) Yan-chao (YC) mud pool; (J) Chu-huo (CH) everlasting
fire seepage; (K) Luo-shan (LS) mud maar; and (L) Diang-kuang (DK)
mud shield
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Experimental methods

Utilizing pre-evacuated, low permeability glass bottles
with two evacuated stopcocks at both ends, representative
gas samples were collected by the water replacement
technique. The samples then were brought back to the
laboratory for gas composition analysis with a quadruple
mass spectrometry equipped with Faraday cup and elec-
tron multiplier detectors. In general, the overall analytical

error is less than 5% for major components. However, the
error may be up to 10–20% for trace gases like helium and
argon. Details of the calibration and correction of the
measurements are reported by Yang and others (2004).
A monitoring system was set up for continuous gas flow
and compositions measurement besides the CL mud pool
(Fig. 2A). A stainless funnel 1 m·1 m large was installed
inversely and fixed at the bottom of the mud pool and
covering about one fourth of the gas bubbling area. The
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Table 1
Gas compositions of representative mud volcanoes and seepages in Taiwan

Sample no. He
(ppm)

CH4 (%) N2 (%) O2 (%) Ar (%) CO2 (%) C2H6

(%)
CH4

a(%) N2
a(%) Ara (%) CO2

a(%)

Chung-lun (CL)
11221-CL3–2 22.9 7.40 3.25 0.06 0.006 88.81 0.48 7.42 3.03 0.003 89.06
11230-CL3–2 25.7 9.86 3.82 0.13 0.010 85.66 0.53 9.92 3.37 0.005 86.18
20314-CL3–1 26.1 13.53 4.12 0.13 0.011 81.59 0.62 13.62 3.68 0.005 82.08
20626-CL3–1 34.0 11.00 4.70 0.27 0.019 83.47 0.54 11.15 3.75 0.007 84.55
20814-CL3–1 54.7 11.97 6.96 0.40 0.027 80.06 0.58 12.21 5.58 0.010 81.61

Kuan-tze-ling (KZL)
90720-KZL-2–2 1.3 3.75 4.44 1.08 0.059 90.67 n.d. 3.96 0.45 0.011 95.58
91018-KZL-2–1 1.0 4.77 3.91 0.89 0.047 90.39 n.d. 4.98 0.64 0.008 94.38
91115-KZL 28.9 58.21 4.54 0.95 0.059 36.24 n.d. 60.97 1.06 0.018 37.95
000101-KZL-2 35.7 82.64 2.96 0.51 0.037 13.85 n.d. 84.71 1.08 0.014 14.20
00520-KZL-3–1 35.3 79.75 4.15 0.73 0.052 15.31 n.d. 82.65 1.47 0.020 15.87

Suei-huo-tong-yuan (SHTY)
91225-SHTY 16.4 90.90 6.55 0.83 0.060 1.65 n.d. 94.67 3.59 0.023 1.72
00618-SHTY-2–1 16.8 92.49 5.12 0.57 0.052 1.77 n.d. 95.08 3.08 0.028 1.82
01007-SHTY-2–1 17.1 93.08 4.60 0.32 0.042 1.96 n.d. 94.51 3.47 0.029 1.99
10527-SHTY-2–2 17.5 91.76 5.91 0.62 0.055 1.65 n.d. 94.58 3.70 0.028 1.70

Hsiao-kung-shuei (SKS)
91107-SKS 28.0 94.10 4.44 0.95 0.055 0.46 n.d. 98.55 0.95 0.014 0.48
00114-SKS-2 n.d. 96.49 2.12 0.30 0.027 1.07 n.d. 97.89 1.01 0.013 1.08
01022-SKS-2–1 33.2 93.33 4.52 0.96 0.055 1.13 n.d. 97.81 1.00 0.013 1.18
01226-SKS-2–1 26.6 93.63 4.66 0.89 0.057 0.77 n.d. 97.77 1.41 0.018 0.80
20226-SKS-2–1 27.6 92.42 5.28 1.09 0.069 1.03 0.10 97.52 1.27 0.021 1.09

Hsin-yang-nyu-hu (SYNH)
20226-SYNH1–2-1 20.2 90.85 3.28 0.72 0.045 1.89 3.21 94.09 0.60 0.013 1.96
20226-SYNH2–2-1 25.3 91.01 3.31 0.78 0.045 1.23 3.62 94.52 0.43 0.011 1.28
20725-SYNH-1 21.3 95.54 2.60 0.51 0.043 0.92 0.38 97.93 0.71 0.020 0.94

Wu-shan-ding (WSD)
91205-WSD 16.3 96.86 2.00 0.47 0.027 0.65 n.d. 99.06 0.27 0.006 0.66
00101-WSD-2 16.0 97.74 1.44 0.28 0.018 0.53 n.d. 99.05 0.41 0.005 0.53
10104-WSD-2–1 n.d. 96.41 2.55 0.64 0.031 0.38 n.d. 99.43 0.18 0.003 0.39
20226-WSD-2–1 24.7 97.52 1.51 0.33 0.019 0.38 0.23 99.10 0.27 0.004 0.39

Yan-chao (YC)
91010-YC 25.6 95.19 2.86 0.64 0.040 1.26 n.d. 98.21 0.48 0.012 1.30
00207-YC-2 24.2 96.58 2.08 0.39 0.031 0.92 n.d. 98.42 0.63 0.014 0.94
00422-YC-2 25.0 94.56 3.72 0.86 0.048 0.82 n.d. 98.60 0.54 0.011 0.85
01217-YC-2–1 24.0 95.30 3.02 0.69 0.040 0.95 n.d. 98.54 0.46 0.010 0.98

Gung-shuei-ping (GSP)
20226-GSP-2–1 10.2 92.99 2.00 0.48 0.025 4.13 0.37 95.16 0.23 0.004 4.23
20725-GSP-1 20.3 92.20 3.22 0.72 0.039 3.42 0.39 95.50 0.54 0.007 3.55

Chu-huo (CH)
20712-CH-1 11.7 82.73 9.59 2.26 0.136 0.47 4.82 92.72 1.32 0.040 0.52
30209-CH-1 12.9 83.99 10.06 2.27 0.142 0.18 3.36 94.22 1.78 0.045 0.19

Luo-shan (LS)
20224-LS2–1 24.2 86.24 11.65 1.53 0.091 0.02 0.48 93.02 6.42 0.025 0.02
20711-LS-2 15.9 89.39 9.29 0.70 0.061 0.03 0.54 92.47 6.91 0.031 0.03
30207-LS-1 13.3 91.20 7.76 0.53 0.072 0.07 0.38 93.56 5.93 0.050 0.07

Diang-kuang (DK)
20224-DK-3 5.7 97.38 1.75 0.34 0.023 0.15 0.35 99.00 0.48 0.008 0.15
20712-DK-1 7.2 96.77 2.19 0.41 0.030 0.20 0.39 98.73 0.65 0.012 0.21
30208-DK-2 9.8 90.34 7.55 1.47 0.096 0.13 0.41 97.18 2.21 0.032 0.13

aAir corrected compositions. Assuming all O2 are from air contamination, gas compositions can be corrected accordingly and re-normalized to
100%; n.d.=not determined
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bubbling gases were then introduced via a PVC pipe into
the monitoring station. The gas first passed through a
drum-type gas flow meter (Ritter TG10) to calculate gas
flow rates (range from 20 to 1,200 liter/hour). Conse-
quently, the gas compositions will be in-situ analyzed by a
quadruple mass spectrometer. Detailed setup and analysis
of this system has been given by Yang and others (2004).
To measure the gas flux of major vents of mud volcanoes,
the gases were introduced to a bottle with a preset volume.
With a fixed volume the flow rate is calculated from the
total time that the bubbling gas displaced the water from
the bottle (Etiope and others 2002).

Results and discussion

Gas compositions and multi-source components
The gas compositions of representative mud volcanoes
and seepages in Taiwan are given in Tab. 1. The authors
have conducted the correction of air contamination,
assuming all measured oxygen in the sample originated
from air during sampling and/or transportation before
measurement. Except for CL and KZL samples, the cor-
rected results show that most gases exhaled from ‘‘typical’’
mud volcanoes and everlasting fire seepages are dominant
with CH4(>92%), as expected.
It is interesting to note that the ‘‘atypical’’ gas composi-
tions, which are CO2-dominant, only were restricted in
those samples related to the CK fault zones, i.e., CL and
KZL samples (Fig. 3). As shown in Tab. 1, there obviously
exhibits at least two source components for those exhaling
gases. One is a CO2-dominant source for CL gases; the
other is a CH4-dominant source for SHTY gases. On this

basis, KZL gases can be regarded as the mixtures of these
two components with different proportions.
Available helium isotopic data can help to explain the
geochemical characteristics. Yang and others (2003b) re-
ported that the gases exhaled from typical mud volcanoes
in southwestern Taiwan usually exhibit low helium isoto-
pic ratios (3He/4He<0.2 Ra, where Ra is the air ratio),
which indicates a crustal source in origin. This is consis-
tent with the concept that mud volcanoes are part of the
accretionary prism dominated by crustal sediment sour-
ces. Nevertheless, bubbling gases from a CL mud pool
show much higher helium isotopic ratios (3He/4-

He=5.2�6.6 Ra), implying mantle-derived gas sources.
Multiple source reservoirs at different depths, hence, are
necessary for the gas exhalation in SW Taiwan. One is a
CO2-dominated gas reservoir with a mantle signature
(high helium isotopic ratios) at a deeper depth; another is
a CH4-dominated gas reservoir with a crustal signature
(low helium isotopic ratios) at a shallower depth. As the
CK fault is a deep thrust fault, it could be able to provide a
pathway for the deep gases to migrate toward the surface
(Yang and others 2003b).
In addition to the anomalously high CO2 contents, some
samples do show unusual nitrogen-excess compositions
after air correction (Tab. 1 and Fig. 3), especially LS
samples. The excess nitrogen could be due to biogenic
and/or thermal genetic processes. Further nitrogen isoto-
pic analysis is necessary to constrain its origin.
In terms of the N2-He-Ar triangular plot (Fig. 4), it is clear
that most typical mud volcano samples fall into the mixing
trend between the crustal component (high He/Ar and low
N2/He ratios) and air (and/or groundwater) component
(extremely low He/Ar and high N2/He ratios). Those
abnormal samples (especially CL samples), however, fall in
the trend between the magmatic component (high N2/He,
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Fig. 3
CO2-CH4-N2compositions of representative mud volcanoes and
seepages in Taiwan. The samples can be divided into three groups
accordingly. (1) CH4-dominated group: most samples belong to this
group; (2) CO2-dominated group: Chung-lun (CL) and Kuan-tze-ling
(KZL) samples; and (3) N2-excess group: Luo-shan (LS) samples

Fig. 4
N2-He-Ar compositions of representative mud volcanoes and seep-
ages in Taiwan. Two mixing trends can be recognized. One is air and/
or groundwater components mixed with crustal gas component; the
other, nevertheless, is mixed with magmatic gas component
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He/Ar and N2/Ar ratios) and the air (and/or groundwater)
component. Interestingly the LS samples in the Southern
Coastal Range zone also fall in this mixing trend. Note that
such results are consistent with the high helium isotopic
ratios for the LS samples (Yang and others 2003a).

Estimation of gas flux
Figure 5 shows the variations of gas compositions and flux
of the CL mud pool measured from late June, 2002 to early
August, 2002. It is clear that the gas flux and compositions
were not affected by the local rainfall, although the gas
composition and flux varied significantly. Major constit-
uents of gases exhaling from this site were 75�90% of CO2

and 5�12% of CH4, respectively. Meanwhile, the gas flow
ranges from 6 to 700 liter/hour. This variation was prob-
ably due to the migration of bubbles in the mud pool that
could substantially change the total amount of gases
coming into the collecting funnel with time (Yang and
others 2004). Supposing the funnel collects about 1/4
bubbling gases of the CL mud-pool, and the average flow
rate and gas compositions from June 25, 2002 to July 8,
2002 are close to the annual average values. The amount of
gases exhaling from the mud-pool can be estimated to be

about 1.4 ton/year for CH4 and 28 ton/year for CO2,
respectively.
Summary of measurement and estimates of methane flux
from major vents of representative mud volcanoes and
seepages in Taiwan is shown in Tab. 2. The measured gas
flux from the major vents range from 0.08–9.40 kg/day,
which is comparable with that measured from the mud
volcanoes of Sicily, Italy (Etiope and others 2002). The
estimated total methane exhaling from major vents of the
studied areas is ca. 29 ton/year. Note that this amount is
the minimum estimation during the quiescent period
without eruption. Meanwhile, diffuse soil leakage around
the vents could be up to ten to twenty times the amount of
vent exhalation (Etiope and others 2002). Further, precise
measurement of the gas flux, including vents and soil
diffusion, are needed to better estimate the methane flux
from the mud volcanoes in Taiwan.

Conclusions

1. Most gases emitting from active mud volcanoes in
Taiwan are methane-dominant. However, unusual CO2-
dominant and nitrogen-excess gases are exhaling from
the CL and LS mud volcanoes, respectively.

2. Multiple gas reservoirs are proposed to account for the
gas compositions of mud volcanoes in southwestern
Taiwan. One is a CO2-dominated gas reservoir at
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Fig. 5
Variations of composition and flow rate of gases exhaling from the CL
mud pool
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a deeper depth; another is a CH4-dominated at a
shallower depth.

3. According to the data of continuous measurement,
there are ca. 1.4 tons of CH4 and 28 tons of CO2

annually emitting into atmosphere from the CL mud
pool.

4. The estimated total methane exhaling from major vents
of mud volcanoes in Taiwan is ca. 29 ton/year, which is
the minimum estimation during the quiescent period.
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Table 2
Measurements and estimates of
methane flux from mud volca-
noes and seepages in Taiwan

Location Area (m2)a No of vents Flow rate
(liter/min)

CH4 concen-
tration
(vol%)b

Output of
measured
vent (kg/

day)

Estimated
total output
of the area
(ton/year)

CL 100 8 8.91 11.5 0.98 1.43
SHTY 9 9 0.15 94.7 0.13 0.97
KZL 3c 2 0.10d 84.0 0.08 0.04
DKS 900 6 10.0d 98.0e 9.40 13.72
SKS 300 4 1.20 98.0 1.13 1.03
YNH 400 5 1.50d 95.0f 1.37 1.66
SYNH 442 10 1.52 95.0 1.39 1.68
WSD 6,100 7 1.39 99.2 1.32 4.81
YC 31.5 8 1.16 98.5 1.10 0.67
GSP 5,200 1 3.33 95.7 3.06 1.12
CH 700 8 0.15d 94.7 0.14 0.33
LS 900 10 0.20 93.0 0.18 0.65
DK 900 8 0.20d 98.0 0.19 0.69

Total CH4

output
28.8

a The area is covered with mud and no vegetation;
b Composition after air correction (Table 1);
c Muddy hot springs well;
d Visual estimation;
e Assuming the gas composition is similar with those emitted from SKS mud volcanoes;
f Assuming the gas composition is similar with those emitted from SYNH mud volcanoes
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