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Chemical and C–He isotopic compositions have been measured for N2-rich hydrothermal gases from the
Liaodong (abbreviation of East Liaoning Province) Peninsula from which the oldest crustal rocks in China
with P3.8 Ga outcrop. With the exception of one sample containing tritogenic 3He and atmospheric 4He
in Liaoyang, the observed 3He/4He ratios from 0.1 Ra to 0.7 Ra indicate 1–8% helium from mantle, 92–98%
from crust and 0.1–0.8% from atmosphere. Despite the lack of Quaternary volcanism, such 3He/4He ratios
suggest, together with geophysical evidences, the existence of intrusive magmas that contain mantle
helium and heat within the Liaodong middle-lower crust. The 3He/4He ratios are high along the NE-trend-
ing Jinzhou faults and gradually decrease with the increase of distance from the faults. Such a spatial dis-
tribution suggests that the mantle helium exsolves from magmatic reservoir in the middle-lower crust,
becomes focused into the root zones of Jinzhou faults, and subsequently traverses the crust via permeable
fault zones. When transversely migrated by groundwater circulation in near surface, mantle helium with
high 3He/4He ratio may have been further diluted to the observed values by addition of radiogenic helium
produced in the crust. This pattern shows strong evidence that the major faults played an important role
on mantle-derived components transport from mantle upwards.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The isotopic composition of terrestrial helium varies by more
than three orders of magnitude from a typical radiogenic value of
�0.02 Ra where Ra is atmospheric 3He/4He of 1.4 � 10–6, produced
through the decay of uranium and thorium series isotopes in crust,
to 8 ± 1 Ra in mantle (e.g., Mamyrin and Tolstikhin, 1984). There-
fore, 3He/4He is a powerful indicator to identify the source of vol-
atile entering the crust and therefore sensitive to discern changes
in the balance between crustal and mantle-derived volatiles con-
tributing to the total volatile inventory. In continental environ-
ments, it has been established that the mantle-derived helium
has a close relationship with recent magmatic activity (i.e., Sano
et al., 1984) and can also present in areas of active extensional
environment without recent surface volcanism (O’Nions and
Oxburgh, 1988; Kennedy and van Soest, 2006). Recently, mantle-
derived helium has been observed in tectonically compressional
areas (Kennedy et al., 1997; Umeda et al., 2008). Since Kennedy
et al. (1997) first reported high 3He/4He ratios along the San
Andreas Fault, recent studies suggest that the mantle-derived
helium can be transported from the mantle through fault fractures
(Kulongoski et al., 2005; Kennedy and van Soest, 2006, 2007;
Doğan et al., 2006; Doğan et al., 2009; Umeda et al., 2008;
Umeda and Ninomiya, 2009; Klemperer et al., 2013).

3He/4He ratios have been extensively investigated for natural
gases and hydrothermal gases in the Chinese continent during last
20 years (i.e., Xu et al., 1995, 2004; Yokoyama et al., 1999; Dai
et al., 2005; Du et al., 2006; Klemperer et al., 2013). However,
detailed studies of mantle-derived components associated with
the non-volcanic areas are sparse (Yokoyama et al., 1999; Du
et al., 2006; Klemperer et al., 2013). Thus, this paper examines
regional spatial distribution of 3He/4He ratios in hydrothermal flu-
ids in Liaodong Peninsula, a non-volcanic area (Fig. 1). The general
aim is to refine the relationships between 3He/4He ratios, tectonics
and recent seismic activities.
2. Geological backgrounds

The Liaodong Peninsula is geologically located in the eastern
margin of the North China Craton which is one of the world’s oldest
Archean cratons and preserves crustal remnants as old as P3.8 Ga
in Anshan regions (Liu et al., 1992). In addition to the Archean and
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Fig. 1. Simplified geological map of Liaodong Peninsula (modified from Wan et al., 2013). Distributions of 3He/4He ratio (white circles) and historical earthquake (red circles)
are shown. The regional major faults are labeled as F1–F7 (F1, Jinzhou; F2, Haichenghe; F3, Yalujiang; F4, Zhuanghe; F5, Daheshangshan; F6, Pulandian-changhai; F7,
Xiongyue-zhuanghe). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Proterozoic metamorphic rocks, there are regional outcrops of
Paleozoic and Mesozoic sedimentary rocks. These include Cam-
brian calcirudite, shale and dolomite, and Carboniferous sandstone,
mudstone and conglomerate. Volcanic rocks include Archean gran-
ite, Permian diorite, Jurassic adamellite and Cretaceous granite.
The most recent and extensive igneous activities are the Early Cre-
taceous granites with the age of 126 Ma, indicating Mesozoic
extensional tectonic structures in Liaodong Peninsula (Wu et al.,
2005; Yang et al., 2006; Liu et al., 2011).

The region is mainly controlled by the NE–SW and NW–SE
trending active fault systems (Lei et al., 2008). The NE–SW trending
Jinzhou fault is considered as one of the boundary faults to sepa-
rate the Mesozoic-Cenozoic extensional Liaohe basin in west and
the uplifted Liaodong Peninsula in east. Along the 220 km long
Jinzhou fault, there are numerous hot springs and occurrence of
historic earthquakes. Zhong and Xiao (1990) pointed out the fact
that the hydrothermal fluids emerge in places where the NE–SW
and NW–SE fracture systems intersect (Fig. 1). Moderate-strong
earthquakes happened frequently in the Liaodong Peninsula. In
addition to the well-known Haicheng M7.3 earthquake (40�420N,
122�420E), which occurred in 1975, there are 19 historical earth-
quakes of M P 5 recorded in this region since 1855 (Wan et al.,
2013). Seismic and gravity evidences show that the crustal thick-
ness under Liaodong today is approximately 32–36 km, signifi-
cantly greater than the adjacent Liaohe basin (30–32 km). The
regional terrestrial heat flow has been measured to 50–117 mW
m�2 (Wang et al., 1987; Hu et al., 2000). Therefore, it is evident that
recent seismic activity, hydrothermal activity and active faults are
spatially coupling in the Liaodong Peninsula (Lu et al., 1990, 2002).
3. Sampling and experiments

Liaodong Peninsula is one of the strongest geothermal zones in
China. There are more than 40 hot springs with temperature of
over 20 �C and dominantly Na+, SO4

� and HCO3
� types in water

chemistry (Zhong and Xiao, 1990). The hydrothermal gases in this
study were emanating from hot springs and geothermal wells
with the temperatures from 13 �C to 80 �C. The bubbling gas
samples were collected into a 50-mL volume glass container with
vacuum valves in both sides using the water displacement
method.

About 1 ml gases were introduced into a vacuum system to sep-
arate helium from other gas components. 4He and 20Ne concentra-
tions were measured by a built-in quadrupole mass spectrometer.
After helium being further separated from neon under temperature
condition of 40 K, 3He/4He ratio was determined using a static
mass spectrometer (VG5400, Micromass). Air was used as a stan-
dard for noble gas isotope analyses. Detailed description of the
analysis procedure can be found elsewhere (Xu et al., 1995).

The d13C of CO2 and CH4 were measured by a conventional iso-
tope ratio mass spectrometer (Delta S). The results are expressed as
per mil derivations from the Pee Dee Belemnite (PDB) standard.
The typical analytical precision is around ±0.3‰ on the d scale.

4. Results and discussion

The analytic results of gas chemical and isotopic compositions
are listed in Table 1. With the exception of sample No. 10 from
Jiantang that contains 25% CO2 and d13C value of �4.8‰, the other



Table 1
Chemical and isotopic compositions of hydrothermal gases from Liaodong Peninsula.

No. Sample ID Temperature Location N2 CH4 CO2 He d13CCO2 d13CCH4
3He/4He 4He/20Ne CO2/3He HeA

a HeM
a HeC

a

(�C) (N, E) (%) (%) (%) (ppm) (‰) (‰) (R/Ra) (106) (%) (%) (%)

1 Tonghe,
Liaoyang

13 41�070 ,
123�220

91.2 0.986 5.6 �22.6 1.57 ± 0.02 0.33 800 97 – –

5.7 1.58 ± 0.02 0.32 100 – –
2 Wenquanci,

Benxi
43 41�200 ,

124�020
92.6 0.004 0.566 1150 �19.5 – 0.225 ± 0.004 370 15.6 0.1 2.6 97.3

3 Caohezhang,
Benxi

57 41�050 ,
124�110

97.3 0.173 0.152 720 �24.1 �48.3 0.129 ± 0.002 74 11.7 0.4 1.4 98.2

4 Tonggangzi,
Anshan

69 41�000 ,
122�540

94.0 0.296 0.11 1320 �19.3 �28.5 0.623 ± 0.008 300 0.955 0.1 7.6 92.3

5 Tonggangzi,
Anshan

59 41�000 ,
122�540

94.0 0.185 0.291 1220 �32.2 – 0.638 ± 0.008 280 2.67 0.1 7.7 92.1

6 Qianshan,
Anshan

52 41�030 ,
123�080

90.0 – 0.639 1340 �23.9 – 0.531 ± 0.007 240 6.41 0.1 6.4 93.5

7 Donghuangdi,
Haicheng

88 40�400 ,
122�440

94.3 0.287 0.312 1480 �12.9 �38.4 0.654 ± 0.008 340 2.30 0.1 7.9 92.0

8 Xiongyue,
Gaixian

80 40�100 ,
122�100

94.4 0.68 2.16 1290 �14.5 �35.6 0.476 ± 0.006 230 25.1 0.1 5.7 94.1

9 Anbo, Pulandian 66 39�500 ,
122�180

94.3 0.558 0.177 1000 �20.1 �43.3 0.321 ± 0.005 110 3.94 0.3 3.8 95.9

10 Jiantang,
Pulandian

54 39�550 ,
122�250

75.0 0.434 25.4 1150 �4.8 �25.7 0.327 ± 0.005 370 482 0.1 3.8 96.1

11 Chaoyang,
Xiuyan

34 40�320 ,
123�370

97.4 0.055 0.051 530 �22.3 �44.0 0.205 ± 0.003 40 3.35 0.8 2.3 96.9

12 Hadabei, Xiuyan 47 40�230 ,
123�100

95.8 0.49 0.164 1220 �19.7 �37.0 0.340 ± 0.005 200 2.82 0.2 4.0 95.8

Air 5.2 1 0.32

a HeA, HeM and HeC denote percentage of helium from atompshere, mantle and crust, respectively.
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gases from Liaodong area are N2-dominant, and contain low CO2

and CH4 from 0.1% to 2% and from 0.004% to 0.7%, respectively.
d13C values of CO2 vary greatly from �13‰ to �32‰, indicating
CO2 enriched relatively in 12C.

Helium concentrations vary greatly from 6 ppm up to 1500 ppm
in the hydrothermal gases. The observed 3He/4He and 4He/20Ne
ratios also show wide variability from 0.1 Ra to 1.6 Ra and from
0.3 to 370, respectively. The sample No. 1 from Tanghe has air-like
helium concentration and 4He/20Ne ratio, but the 3He/4He ratio is
significantly higher than the atmospheric value. Duplicate analysis
of this sample showed consistent results of helium concentration,
3He/4He and 4He/20Ne ratios, confirming high reproducibility of
measurements. For the other samples, helium concentrations and
4He/20Ne ratios are two orders of magnitude higher than atmo-
spheric value. However, 3He/4He ratios are significantly low from
0.1 Ra to 0.7 Ra.

With the exception of air-like sample (No. 1) and CO2-rich sample
(No. 10), the low CO2/3He ratios are found in the other gases ranging
from 106 to 107. Overall, no clear correlations can be found between
temperature and gas concentrations, and isotopic compositions.
Fig. 2. Relationship of He/ He and He/ Ne ratios of hydrothermal gases in
Liaodong Peninsula.
4.1. Helium origins in Liaodong Peninsula

In general, terrestrial helium has three major origins: atmo-
spheric, crustal nucleogenic/radiogenic and mantle-derived origin,
each of which has distinct 3He/4He and 4He/20Ne ratios (Fig. 2).
However, anomalous excess of 3He can be resulted from tritogenic
3He produced by the decay of natural and anthropogenic tritium
(3H) in groundwater through reaction 3H(b�)3He. On the other
hand, nucleogenic 3He can also be anomalously produced by the
nuclear reaction 6Li(n,a)threeH(b�)3He in lithium-rich surrounding
rocks.

The Tanghe sample (No. 1) collected from a spring with low
temperature of 13 �C displays air-like helium concentration and
4He/20Ne ratio. As neon is generally atmospheric in shallow fluids,
the 4He/20Ne ratio is considered as an indicator of atmospheric
component. Thus, the air-like 4He/20Ne ratio in this sample
strongly indicates its atmospheric 4He. However, the sample exhib-
its 3He/4He ratio significantly higher than the atmospheric value by
�60% (Table 1). Together with helium and neon chemical compo-
sitions, the elevated 3He/4He strongly suggests the presence of tri-
togenic 3He, originating from the copious amounts of tritium
released into the atmosphere as a result of global nuclear weapons
testing from the 1960s (Happell et al., 2004). A similar observation
has been found from some hydrothermal gases in Tibet (Yokoyama
et al., 1999). Presence of tritogenic 3He in the sample further indi-
cates that the water emanating from this spring is very young (i.e.,
<50 years), suggesting a weak rock-water interaction by which
radiogenic helium are generally released from surrounding rocks.
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This observation clearly distinguishes this sample from the others
that exhibit a low 3He/4He ratio range of 0.1–0.7 Ra and two orders
of magnitude higher helium concentrations. Although we have no
data of tritium concentration in local precipitations in 1960s, the
very high helium concentrations in the samples exclude the possi-
bility for their isotopic composition to have been affected by triti-
ogenic 3He in the groundwater.

In nature, the nucleogenic 3He is mainly produced by
6Li(n,a)3H(b�)3He reaction described above and therefore subject
to the lithium concentration, and neutron flux which is induced
by radioactive elements such as uranium and thorium. On the
other hand, the radiogenic 4He is mostly formed by radioactive
decay of natural uranium and thorium. Therefore, the 3He and
4He production rates can be calculated by equations (Castro, 2004).

Pð3HeÞ ¼ ð6:035½U� þ 1:434½Th�Þ � ½Li� � 4:4516

� 10�23 mol g�1 yr�1 ð1Þ

Pð4HeÞ ¼ 1:71� 10�25½U� þ 4:06� 10�26½Th�mol g�1 s�1 ð2Þ

Gao et al. (1998) reported lithium contents in the upper, middle
and lower Chinese continental crust ranging in 14–22 ppm,
14–18 ppm and 9–18 ppm, respectively. In the Liaodong crust,
Teng et al. (2009) reported lithium concentrations from 10 ppm
to 129 ppm with an average of 55 ± 50 ppm. These datasets seem
to exclude the regional anomalous enrichment of lithium in Lia-
oodng crustal rocks. The uranium and thorium concentrations in
the thirty granites are in range of 2–127 ppm (average
12 ± 25 ppm) and 9–31 ppm (average 16 ± 5 ppm), respectively
(Yang et al., 2006). Taking into account of the average uranium,
thorium and lithium concentrations in Liaodong crust, the theoret-
ical calculation based on Eqs. (1) and (2) results in 3He/4He ratio
�3 � 10�8 (or �0.02 Ra). This value is in good agreement with
the typical crustal 3He/4He ratio. Thus, it is highly considerable that
there is insignificant contribution of anomalous nucleogenic 3He
produced in the Liaodong crustal rocks.

By excluding the possible existence of anomalous tritogenic and
nucleogenic 3He origins in samples other than sample No. 1 that
enriches in tritogenic 3He, we can conclude that helium in Lia-
odong exhibits a mixture of atmospheric, crustal radiogenic and
mantle-derived components. The high 4He/20Ne ratios indicate that
atmospheric helium can be neglected in Liaodong. For example, the
lowest 4He/20Ne ratio of 40 is observed in sample No. 11. This value
is two orders of magnitude higher than those for atmospheric or
atmospheric dissolved water, suggesting only about 0.8% helium
contribution from the atmospheric component. Thus, taking the
mantle-derived and crustal radiogenic 3He/4He of 8 Ra and
0.02 Ra respectively, we estimate the mantle-derived helium in
the Liaodong hydrothermal fluids ranging from 1% to 8% (Table 1
and Fig. 2).

The mantle-derived helium in Liaodong is significantly lower
than those observed in the other hydrothermal systems in Chinese
continent and adjacent sedimentary basins. For example, 3He/4He
ratios up to 5 Ra have been found in Tengchong and Changbaishan
(Xu et al., 2004; Hahm et al., 2008), both of which are characterized
by high temperature hydrothermal activity associated with Qua-
ternary volcanism. The highest 3He/4He in the adjacent Meso-
zoic-Cenozoic extensional Liaohe basin is 4 Ra (Xu et al., 1995).
However, the low 3He/4He ratios in this study are comparable with
those observed in non-volcanic area such as the thickened Tibetan
crust (Yokoyama et al., 1999) and seismic active areas in Sichuan
(Du et al., 2006). In these two studies, the mantle-derived helium
was interpreted in items of existence of hidden magmatic reservoir
and strong seismic activity, respectively.

Thus, our results are consistent with the previous findings that
the mantle-derived mantle can occur in non-volcanic area (O’Nions
and Oxburgh, 1988; Kennedy and van Soest, 2006). Then question
arises of how the mantle-derived helium was transformed from
the lithosphere mantle to the surface. It has been known that the
most plausible means of scavenging and concentrating helium
with very low concentrations in the mantle is partial melting and
that the existence of mantle-derived components in near surface
fluids may provide evidence of sub-surface magmatism when
other indicators are lacking (O’Nions and Oxburgh, 1988). Such
partial melting process most likely occurred at boundary between
lithospheric mantle and crust. However, they can remain in situ at
boundary between mantle and crust (Kennedy et al., 1997), but
also can rise along fissures and pond in the crust (Yokoyama
et al., 1999). In any case, fault is considered an important path
way for the mantle-derived component to escape from the partial
melting zone, as proposed in the San Andrew Fault in North Amer-
ica (Kennedy et al., 1997), the Median Tectonic Line in Japan
(Doğan et al., 2006), the North Anatolian Fault in Turkey (Doğan
et al., 2009), and Karakoram Fault in Tibet (Klemperer et al., 2013).

There are several geophysical data suggesting the intrusion of
magma in the Liaodong crust. It has been discovered that there
exists a train of key geophysical anomalies of low wave velocity,
high conductance, low density, high heat flow, etc., all of which
are spatially consistent with the Haicheng M7.3 earthquake hypo-
central area (Lu et al., 1990, 2002). For example, the materials with
P wave velocity of 6 km s�1 exist between 15 and 22 km beneath
the Haicheng area, which is 0.2–0.4 km s�1 lower than the upper
and lower crustal materials. Resistivity of crustal materials
between 15 and 20 km are 4–6 Xm while that of the surrounding
rocks up to 103–104 Xm. The density of crustal materials between
15 and 20 km differs from the other depths by 0.02–0.04 kg m�3. In
addition, the Haicheng and adjacent areas are located in high heat
flow zone. The regional highest heat flow of 117 mW m�2 was
obtained from the well where the sample No. 7 with the regional
highest 3He/4He ratio was collected (Wang et al., 1987). This high
heat flow value is comparable with those observed in high temper-
ature hydrothermal systems at Tengchong and Tibet (Hu et al.,
2000). Thus, these geophysical anomalies have been attributed in
terms of molten or partially molten materials at 15–22 km beneath
the Haicheng and adjacent area. Our elevated 3He/4He ratios are
compatible with model that the molten or partially molten mate-
rials are most likely the intrusive magma which was initially pro-
duced at boundary between lithospheric mantle and crust around
32 km and subsequently rose into the crust and pond around
15–22 km along fissures in the studied area.

It should be pointed out that the partially melting materials at
15–22 km were proposed to probably originate from the surround-
ing Mesozoic granites (Li et al., 1997). Indeed geochemical and
Sr–Nd–Hf isotopic evidence suggested about 20–25% subcontinen-
tal lithospheric mantle origin for the Qianshan A-type granites dur-
ing the Early Cretaceous (Yang et al., 2006). However, signature of
mantle-derived helium in the granitic reservoir, if exists, might be
totally hided or diluted by radiogenic helium produced since the
isolation from the lithospheric mantle. The 3He/4He ratio in the gra-
nitic reservoir is the sum of the initial 3He/4He value and radiogenic
helium produced in situ from uranium and thorium since intrusion.
3He
4He

� �
t
¼

3He
� �

0 þ
3He
� �

t
4He½ �0 þ 4He½ �t

ð3Þ
where subscript 0 stands for the initial mantle-derived 3He and 4He
concentrations in the magmatic reservoir, whereas t the accumu-
lated radiogenic 3He and 4He concentrations produced from Li, U
and Th elements after a certain time period as expressed in Eqs.
(1) and (2). In most circumstances, [3He]t is much less than [3He]0
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in continental crustal systems so that the Eq. (3) can be simplified
as following.

3He
4He

� �
t
¼

3He
4He

� �
0

1
1þ 4He½ �t=½4He�0

� �
ð4Þ

Therefore, 3He/4He ratio in the granitic magmatic reservoir
depends on initial 3He/4He ratio and 4He concentration, and accu-
mulated radiogenic 4He concentrations. Adopting the typical sub-
continental lithospheric mantle value of 7 Ra (6.1 ± 0.9 Ra in
Gautheron and Moreira, 2002), the initial 3He/4He ratio in the
granite containing 20–25% mantle components is then estimated
to be 1.8 Ra. Accumulation of radiogenic 4He concentrations in
the granites can be estimated from Eq. (2) with the uranium
(12 ± 25 ppm) and thorium (16 ± 5 ppm) concentrations in intru-
sion rocks and time period of 126 Ma (Yang et al., 2006). Although
there is no available 4He data of local subcontinental lithospheric
mantle, 4He concentrations in mantle-derived xenoliths from adja-
cent Kuangdian, �250 km northeast of Haicheng were reported in
range of 0.2–1 � 10�8 cm3 STP g�1 (Xu et al., 1998). Thus, assum-
ing that the initial 4He concentration is 10�8 cm3 STP g�1, the
3He/4He ratio in the granitic magmatic reservoir would be
0.001 Ra. It has been argued that the mantle xenolith might not
be the ideal representative of lithospheric mantle component
(Gautheron and Moreira, 2002). The measured 4He concentration
in the worldwide subcontinental lithospheric mantle varies within
the range of 10�10–10�6 cm3 STP g�1 (Gautheron and Moreira,
2002 and references therein). Gautheron and Moreira (2002) sug-
gested that the helium contents (10�7–10�6 cm3 STP g�1) of the
subcontinental lithospheric mantle are realistic compared to the
measurements. Thus, taking the maximal 4He of 10�6 cm3 STP g�1

as an initial value, the 3He/4He ratio in the granitic reservoir would
still be 0.007 Ra. It is possible that a lot more mantle He was
involved in the melting event than estimated from the Sr–Nd–Hf
system because the Sr–Nd–Hf system is highly decoupled from
the very mobile He. If this is a case, given the most extreme case
(100% subcontinental lithospheric mantle helium component in
granite with 3He/4He = 7 Ra and 4He = 10�6 cm3 STP g�1), the
resulted 3He/4He in the 126 Ma-old granitic magma would be still
less than 0.03 Ra after radiogenic 4He accumulation during the iso-
lation period from the subcontinental lithospheric mantle. It is
clear that in any cases, the resulted 3He/4He ratios in the granitic
melts are comparable with the typical crustal value. Therefore, it is
highly considerable that the molten or partially molten materials
at 15–22 km might not have been produced from the surrounding
Mesozoic granites, but instead most likely originated from the
boundary between lithospheric mantle and crust beneath the
Liaodong Peninsula.
4.2. 3He/4He spatial distribution and upflow of mantle-derived helium

As illustrated in Fig. 1, the regional highest 3He/4He ratios
(�0.7 Ra) are observed between Haicheng and Anshan along the
Jinzhou fault. There appears to be a general trend in decreasing
3He/4He ratio from the Jinzhou fault eastwards (Fig. 3). Such a
trend suggests that mantle-derived helium leakage through hydro-
thermal degassing in Liaodong is greater along the Jinzhou fault
(�8% of total He) than east of the fault (1–3% of total He). The sim-
ilar feature has been observed in other continental settings with
extensional and compressional tectonics such as the San Andrew
Fault in North America (Kennedy et al., 1997), the Median Tectonic
Line in Japan (Doğan et al., 2006); the North Anatolian Fault in Tur-
key (Doğan et al., 2009), and Karakoram Fault in Tibet (Klemperer
et al., 2013). In addition, in active earthquake area like Tottori area,
SW Japan, the maximum 3He/4He ratio (�4 Ra) was observed from
the epicenter of the main shock and decreased with distance away
from the main trace of the fault segments (Umeda and Ninomiya,
2009). These observations have been explained that mantle helium
exsolves from partially-melted regions in the upper mantle,
becomes focused into the root zones of major crustal faults, and
subsequently traverses the crust via permeable fault zones. Under
these circumstances, this idea has been postulated to account for
the range in 3He/4He ratios, and seems appropriate in this study.

Obviously, due to mantle-derived helium released from mag-
matic reservoir in local shallow crust in Liaodong Peninsula, we
consider that mantle-derived helium may have been vertically
transformed from the reservoir along the Jinzhou faults. As fluids
circulate through and equilibrate with the crust, the isotopic com-
positions of dissolved constituents will be modified by water–rock
processes such as mineral dissolution, diffusive exchange, etc. It is
expected that the isotopic composition of mantle helium (�8 Ra)
would be diluted with radiogenic helium (0.02 Ra) during transfer
through the crust. In this way, slow transport of mantle helium
would result in relatively greater dilution with radiogenic helium,
and mixing helium with relatively low 3He/4He ratio (i.e., the
regional highest ratio �0.7 Ra) would be expected at the surface.
When this mixing helium was incorporated in the hydrothermal
fluids near surface, further lateral contamination by radiogenic
helium resulted in low and variable 3He/4He ratios depending on
the distance from the Jinzhou faults.
4.3. Heat source of Liaodong hydrothermal system

Continental heat flow can be generally described as the sum of
heat produced in the crust and the mantle heat flow. The heat in
the crust is mainly generated form radioactive decay of long-lived
nuclides such as uranium, thorium and potassium. In Chinese
continent, there are mainly three types of geothermal systems,
high-temperature, low-middle temperature, and low temperature
geothermal systems. There is no doubt that the heat source of
the high-temperature hydrothermal system associated with recent
volcanism can be concluded from the upper mantle (i.e., Teng-
chong, Xu et al., 2004). However, heat sources for the low-middle
and low temperature geothermal zones are generally considered
to be resulted from the heat producing elements in crust. This is
particularly considered to be true in areas like Southeastern China
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Coast and Liaodong Peninsula where the Mesozoic granites
extensively distribute. If this is the case, the 3He/4He ratios in these
environments would be expected to be typical crust value.
However, the existing mode cannot explain the observed high
3He/4He ratios of the geothermal gas in Liaodong Peninsula. Like
the observation in Tibet (Yokoyama et al., 1999), our 3He/4He
results require the injection of helium from the mantle and there-
fore suggest partially mantle-derived heat source. This finding is
supported by the regional geophysical observations.

4.4. CO2 and CH4 in Liaodong hydrothermal gases

Terrestrial CO2 may be released from three main sources each of
which has different carbon isotope compositions: (1) mantle-
derived CO2 with d13C values in the range of –3‰ to –8‰ (i.e.,
Javoy et al., 1986); (2) dissolution of marine limestone and meta-
morphic CO2 having CO2 with d13C value around 0‰; (3) organic
CO2 with d13C values less than �20‰. Dai et al. (2005) compiled
d13CCO2 values of more than 200 natural gases in China ranging
from +7‰ to �39‰. Indeed, they proposed a d13C value range of
organic CO2 (–10‰ to –30‰) and an inorganic CO2 (metamorphic
or magmatic) range from –8‰ to +3‰. It can be somewhat distin-
guished that the d13C values of metamorphic CO2 derived from car-
bonate thermal decomposition are close to the mean d13C values of
carbonate rocks (0 ± 3‰), while the d13C values of magmatic or
mantle derived CO2 mainly cluster around –6 ± 2‰. However, the
partially overlapping d13C values between magmatic and meta-
morphic CO2 do not allow us to identify their source by certain.
Thus, combinations of 3He/4He, d13C and CO2/3He are considerable
to assess the CO2 source.

It is well known that the escape of mantle-derived He and CO2 is
coupled (i.e., O’Nions and Oxburgh, 1988; Karlstrom et al., 2013). If
mantle-derived fluids pass through the lithosphere without any
significant fractionation, then the CO2/3He ratio in near surface
should reflect binary mixture between a mantle and a crustal
source. There should be a negative correlation between 3He/4He
and CO2/3He ratios in the hydrothermal system, if two-component
mixing is valid (O’Nions and Oxburgh, 1988). As a result, the mixed
fluid would be expected to have a CO2/3He ratio between typical
mantle (2 � 109) and crustal value (>1010). Compared with these
end-members (Marty and Jambon, 1987), all hydrothermal gas
samples in Liaodong have significantly low CO2/3He from 1 � 106

to 8 � 108. In comparison with other studies of similar systems
(i.e., Giggenbach et al., 1993; Xu et al., 2004; Gilfillan et al., 2008;
Doğan et al., 2009), the Liaodong samples are characterized by
extremely low CO2/3He ratios by several orders of magnitude.
Three processes are suggested to explain the very low ratios: (1)
fractionation between carbon and helium, (2) preferential loss of
CO2 by precipitation of calcite and (3) addition of crustal radiogenic
helium. It seems clear that process (3) cannot explain the very low
ratios, since the He source associated with the crustal end-member
carbon components (e.g., metamorphic and organic in Fig. 4) is
radiogenic. In process (1), fractionation of C and He is most likely
driven by solubility differences during phase separation. If this is
the case, this process by itself cannot explain the very low CO2/3He
ratios, since He and CO2 solubility in water is very similar and
degassing would not have a large (several orders of magnitude)
impact on the residual CO2/3He ratio. However, CO2 loss by phase
separation near the surface will drive calcite precipitation. There-
fore, a combination of both processes (1) and (2) would be the
most possible explanation.

Combination of carbon and helium isotopes can provide further
information of the carbon sources. Fig. 4 shows the analytical
results of Liaodong hydrothermal gases. Two mixing lines
(between mantle and crustal metamorphic component, and
between mantle and crustal organic component) are plotted on
the basis of CO2/4He of each end members. Here the CO2/3He ratios
of mantle, crustal metamorphic and organic components are
2 � 109, 1011, and 1011, respectively. It is then clear that all Lia-
odong hydrothermal gases are plotted within the two mixing lines.
This feature strongly suggests that CO2 in Liaodong hydrothermal
fluids are released from three different sources: mantle, crustal
metamorphic and organic components. It is not simple to quantify
each end members because of relatively large d13C range for each
end members. The sample No. 10 contains 25% CO2 with d13C value
of �4.8‰, which is overlapping with that for the typical magmatic
CO2. Taking into account of the local occurrence of Paleozoic car-
bonates and relatively low 3He/4He ratio, the CO2 can be attributed
in terms of dominant metamorphic origin mixed with minor con-
tributions from mantle-derived and organic CO2. The other sam-
ples show d13C values of CO2 from �32‰ to �13‰ that are
significantly less than those for typical inorganic carbon (metamor-
phic or magmatic), but instead consistent with the range of typical
d13C values for sedimentary organic carbon. This feature suggests
the CO2 origin in Liaodong might be mainly attributed to be
organic carbon from the surrounding sedimentary rocks with
minor addition of mantle-derived and metamorphic carbon
enriched in 13C. The organic CO2 is further supported by the com-
bination plot of d13CCO2 vs d13CCH4 in hydrothermal gas samples
(Fig. 5). The lines represent varying values of fractionation factor
aC [aC = (d13CCO2 + 1000)/(d13CCH4 + 1000)]. Whiticar (1999) sum-
marized carbon isotopic compositions during bacterial methane
formation and consumption. The typical aC values for CO2 reduc-
tion, acetate fermentation and methane oxidation range in
1.055–1.090, 1.040–1.055 and 1.005–1.035, respectively. It is clear
that apart from sample No. 10 Liaodong gas samples ranging aC

from 1.01 to 1.03 are plotted within the range of bacterial methane
oxidation.

It should be pointed out that carbon isotope fractionation can
occur during processes such as phase separation and calcite precip-
itation as discussed above. Such a carbon isotope fractionation is
dependent on the hydrothermal reservoir temperature. Indeed,
the resulted CO2 in calcite precipitation would be enrich in 12C with
the temperature decreasing from 190 �C (Bottinga, 1969). However,
because of the large d13CCO2 variation from �5‰ to �32‰ in this
study and no available data of the reservoir temperatures, detailed
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assessment of carbon isotope fractionation would be beyond the
present dataset.

5. Conclusions

The elevated 3He/4He ratios (0.1–0.7 Ra) relative to that
expected for radiogenic production in the crust (0.02 Ra) indicate
that as much as approximately 8% of the helium in the fluids from
the Liaodong crust are mantle-derived. The regional high 3He/4He
ratios (0.5–0.7 Ra) observed along the Jinzhou fault are consider-
ably associated with injection of magmatic reservoir beneath the
fault. Low 3He/4He ratios observed away from the fault can be
explained by mantle-derived He gradually diluted by more radio-
genic helium during the fluid circulations through the E–W and
SW–NE orientated fault system. This study confirms previous find-
ings that the active faults play an important role in transferring
mantle-derived components to the surface in the nonvolcanic
regions.
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Doğan, T., Sumino, H., Nagao, K., Notsu, K., 2006. Release of mantle helium from the
forearc region of the Philippine Sea plate subduction. Chem. Geol. 233, 235–
248.
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