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ABSTRACT: We report new noble gas signatures of groundwaters, hot
springs, and bedrock samples from two major fault systems that form the
plate boundary suture between the Eurasian Plate and the Philippines Sea
Plate. In the south, the Eurasian Plate dips east beneath the Philippine Sea
Plate, and the boundary between the arc and accretionary prism is marked
by the Chihshang Fault, which also dips east beneath the arc. The fault is
well-defined by seismicity and extends to at least 25 km, close to the crust−
mantle boundary. This fault could be an important conduit for the passage
of mantle helium along the suture. In the north, as the subduction
direction flips from the east-dipping Eurasian Plate to the north-dipping
Philippine Sea Plate, the plate boundary fault is represented by a more
complex system of east- and west-dipping structures. Low helium isotopes
in this area evidence the weaker mantle signal, both before and after a Mw
6.4 earthquake. It is possible that as the subduction direction flips from
south to north along strike, the tortuosity of the fault-related conduits increases, reducing the flow and limiting the release of mantle-
derived gases.
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1. INTRODUCTION

Active arc−continental collisions are one type of convergent
margin where the subduction of oceanic lithosphere and
consequent welding of continental masses result in a suture
zone marked, in part, by fragments of the missing ocean.1 The
involvement of buoyant continental crust, which resists
subduction, can also lead to the cessation of subduction
along the suture and formation of a new subduction zone,
often with the opposite polarity or dip direction (e.g.,
Chemenda et al.).2 Fault zones generated along the suture
and associated with a reversal in subduction polarity can
provide conduits for the transfer of heat and fluids from deep
within the collision.3−5 For example, fluids may tap mantle
sources and be characterized by geochemical fingerprints, such
as noble gases.6 Isotopic signatures of noble gases can be used
as natural tracers for tracking the fluid migration process at
crustal scales with the important advantage that mantle, crustal,
and atmospheric sources are characterized by unique isotopic
signatures of helium (3He/4He) and neon−helium ratios
(20Ne/4He).4,6−10 These ratios, integrated with geophysical
data, can offer clues on the processes controlling regional-scale
fluid transfer in zones of continental collision, where both
mantle and crustal sources can be important. Noble gas
investigation in suture zones can reveal important information

about both shallow (e.g. the Pyrenees; the Urals) and deep
structures (e.g. the Yarlung-Zangbo suture; Japan; Italy).4,11−18

For example, the source of 3He close to the Yarlung-Zangbo
suture is likely either asthenosphere accessed by faults and
shear zones that cut through subducting Indian lithospheric
mantle or incipient melt of the Asian lithospheric mantle at the
Moho north of the northern edge of underthrust India (the
“mantle suture”) which must therefore lie close to the Yarlung-
Zangbo suture.14 This fluid transfer may also be influenced by
earthquakes, where changes in volumetric strain drive fluid
migration and affect the helium isotope ratios (e.g. Buttitta et
al.;19 Sano et al.20).
The Taiwan orogenic system, with shallow (<10 km depth)

and deep tectonic structures (>10 km, down to Moho depths),
is situated in an active arc−continent collision zone21−27 and
serves as a natural laboratory for evaluating the flow patterns of
mantle-derived fluids along the plate boundary suture zone.
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Chen et al. suggested that fluids collected along the trace of a
major fault zone west of the suture most likely originated from
the mantle of the Eurasian Plate and migrated along a crustal-
scale fault system.8 However, along the suture zone, which is
marked by the longitudinal valley (LV), few direct geochemical
records exist, which limits our understanding of the
involvement of interconnected fluids from the upper mantle.
To further clarify the regional character of this arc−continent
collision system, we investigated the LV (Figure 1b), including
the active Chihshang Fault, using helium isotopes and ratios of
20Ne to 4He, as the valley appears to represent a crustal-scale

suture that separates the colliding arc and continent. We
collected groundwater, hot spring, and bedrock samples along
the valley and the surface trace of recognized faults. The aim
was to identify helium anomalies and compare areas that
appear to be creeping aseismically with areas that appear
inactive or moved during recent seismic events. This study
wants to clarify the importance of active faults with a well-
defined and relatively simple geometry as conduits for mantle-
derived fluids that can be traced to lower crust or mantle
depths in the plate boundary suture.

2. TECTONIC AND GEOLOGIC SETTINGS
The Taiwan orogenic belt is located at the convergent
boundary between the Eurasian Plate and Philippine Sea
Plate, although the boundary has a relatively unusual geometry
(Figure 1a).25,28−30 In the south, the continental margin of
Eurasia is subducting southeast beneath the Philippine Sea
Plate; whereas in the north, the Philippine Sea Plate itself is
subducting beneath Eurasia; that is, the subduction zone
reverses polarity from south to north. In addition, the
progressive subduction of the continental crust along the
southern boundary results in the possible subduction of the
forearc, the growth of the Taiwan accretionary wedge, and the
development of a collision-related suture between the orogenic
belt and the colliding magmatic arc on the Philippine Sea Plate.
The LV marks the surface trace of this arc-accretionary wedge
suture.
Geologically, the suture is marked, in part, by outcrops of

serpentinized mafic and ultramafic rocks in the eastern Central
Range (i.e., the Yuli metamorphic belt) and blocks of mafic
rocks representing a disrupted ophiolite in the western Coastal
Range (i.e., the Lichi Meĺange).21,31 The mafic blocks of the
Yuli belt record high pressure metamorphism and are
interpreted to represent the deeper levels of an accretionary
wedge that formed during subduction of the South China Sea
oceanic crust in the middle-late Miocene.32−34 Subsequently,
rapid uplift of the metamorphic belt was probably driven by
extrusion as the continental crust was subducted in Pliocene
arc−continent collision. The blocks of mafic rocks in the Lichi
Meĺange include gabbro, peridotite, red shale, and an extrusive
tholeiitic sequence including glassy pillow lavas and are
intercalated with early-Pliocene coherent forearc sedi-
ments.22,31 The mafic rocks in both units with mantle affinities
are ∼15 Ma and may represent fragments of the same piece of
oceanic crust.
The suture is also marked by a complex system of active or

recently active faults, including the Chihshang Fault mentioned
above and the Milun Fault in Hualien City, which generally
trace the break in the slope along the east and west sides of the
LV. The Milun Fault forms the western boundary of a small
terrace in Hualien City and was reactivated as a high-angle
reverse fault during the Mw 6.4 Hualien earthquake on
February 6, 2018 (the 2018 Hualien earthquake).35 The fault
slipped 0.8 m left laterally and 16 cm vertically during the
earthquake causing extensive damage to the infrastructure
along the fault trace. Seventeen inhabitants were killed and
over 295 people were injured by collapsed buildings and
subsequent landslides. The Milun Fault appears, in part, to be a
northeast-dipping, high-angle reverse fault, but estimates of the
geometry of the fault that slipped during the earthquake
suggest a more westerly dip beneath the Central Range.36

South of the Milun fault but in the northern end of the LV,
Chuang et al.37 identified a west-dipping blind reverse fault

Figure 1. (a) Plate tectonic setting of Taiwan and its vicinity, showing
the interaction of the Philippine Sea and Eurasian Plates and
development of Ryukyu and Luzon arc systems (revised from Chen et
al.8). (b) Tectonostratigraphic units of eastern Taiwan and sample
locations. The major units (from west to east), including the Coastal
Range, LV, and Central Range, with the red line representing the
Chihshang Fault and the yellow dashed line representing the Central
Range Fault. The orange area marks the volcanic arc. Epicenter of the
2018 Mw 6.4 Hualien earthquake (red star) is shown for reference.
Water samples were collected from hot springs (solid red circles: from
the west of LV; solid red triangles: from the east of LV), groundwater
in well (solid red circles: from the west of LV; solid red circles: from
the east of LV), and rock samples were from well cores (wells 102-08,
02, 03, 04, and 05). (c) Distribution of Rcor value of samples collected
before the earthquake is plotted based on the geographic positions
projected from (b), in which the R/RA values of rock samples
construct the slash-shaded bar.
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beneath the eastern Central Range based on GPS and strong-
motion seismic data and proposed that it represented a back
thrust in the orogenic wedge. A west-dipping structure in this
area of the Central Range is consistent with the inferred
geometry of the Milun Fault and with tectonic models of
subduction reversal. Further south in the valley, several faults
have been mapped on the surface but only the Chihshang Fault
is well-defined at depth. The distribution of earthquakes,
mainly aftershocks following the 2003 Mw = 6.8 Chungkung
earthquake, and the modeling of GPS data show an east-
dipping, listric fault that extends to ∼25 km.38,39 The fault has
been studied in detail near Chihshang Village (Figure 1b) and
is creeping aseismically at a relatively high slip rate of ∼43
mm/yr.26,40,41 Fu et al.42 investigated the Chihshang Fault
using soil gases and argued that changes in gas composition
with time were related to creeping activity along the fault.

3. METHODS
3.1. Sampling Locations and Analyses. Eight hot spring

samples were collected in 50 mL lead glass bottles with two-
end cocks under high vacuum, and 17 groundwater samples
were collected with 15 cm3 copper tubes from different sites on
the both sides of the LV (Figure 1). Hot spring samples were
collected from nationally recognized scenic spots where hot
water flows from either natural outcrops or drilled wells. These
waters are generally hotter than shallow groundwater and
therefore may represent a deeper source. Two of the wells also
yielded relatively hot water (e.g., 35.5 °C at sites 04-S and 04-
D). Ten of the groundwater samples were collected two to five
years before the 2018 Hualien Earthquake (Figure 1b; Table
2) and seven well samples were collected after the earthquake
(13th February, 2018). The wells sampled after the earthquake
ranged from 21 to 126 km from the epicenter. After sampling,
all containers were sealed with steel clamps to eliminate
possible exchange with atmospheric helium.15

Dissolved gases were carefully extracted from the water
sample and introduced into an all-metal vacuum system.15

Helium and neon were purified in activated-charcoal traps with
titanium getters at liquid nitrogen temperature.43 The
4He/20Ne ratio was determined on a quadrupole mass
spectrometer, Pfeiffer QMS 100, at the Atmosphere Ocean
Research Institute (AORI), University of Tokyo, with a 2σ
reproducibility of ±6%.43 After separating from neon using a
cryogenic charcoal trap at 40 K, helium was introduced into a
helium isotope mass spectrometer, GV INSTRUMENT Helix
SFT, for 3He/4He analysis.44,45 Replicate measurements made
on a Japan helium standard (Helium standard of Japan) show a
reproducibility of ±0.03% (2 RSD).44 3He/4He and 20Ne/4He

ratios of hot spring samples of EZ, AT, LC, and CB were
measured with the Micromass 5400 noble gas mass
spectrometer in the Department of Geosciences, National
Taiwan University. Details of the measurements have been
given by Yang46 and Yang et al.47 Air was routinely run as a
standard for calibration. A pure helium gas standard of the
helium standard of Japan was also prepared as the working
standard to reduce the analytical errors. The overall 2σ errors
on isotopic ratios are ±2−7%.48 Isotopic errors in this study
are all two standard deviations unless otherwise noted.
Five 100 g samples of metasandstones and fine-grained shale

were also collected from drilled well cores at depths ranging
from 90 to 100 m (Table 3). The rock samples were
subsampled into 0.25 g sizes that were washed in an ultrasonic
bath of distilled water, dried, and wrapped in Al foil. The
samples were then loaded into a glass sample holder that was
attached to the top of double-walled tantalum crucible that
included a resistivity heater. Prior to running step-heating
experiments, the samples were heated to 150 °C and evacuated
overnight using a turbo molecular pump to ensure that all
volatiles inside the crusher and on the surface of samples
pumped out. The samples were then stepwise heated to 1800
°C for gas extraction. The thallium furnace containing the
samples was directly connected to the purification line under
vacuum and the extracted gases were directly introduced into
an all-metal vacuum system.49

3.2. Correction of Atmospheric Helium Contamina-
tion. Helium isotope composition in water samples can be
altered by air originally trapped inside the groundwater
reservoir. The 3He/4He ratio for diminishing air contribution
should be corrected with the observed 4He/20Ne ratio by the
following formula8,9,15,50,51

R r r( He/ He) /(1 )cor
3 4

meas= [ − ] −

r ( He/ Ne) /( He/ Ne)4 20
ASW

4 20
meas=

where Rcor and (3He/4He)meas denote the corrected and
measured 3He/4He ratios, respectively, (4He/20Ne)ASW is the
4He/20Ne ratio of the ASW, and (4He/20Ne)meas is the
observed 4He/20Ne ratio of the sample. The (4He/20Ne)ASW
ratio was calculated using the solubility formula (4He/20Ne =
0.249 at 10 °C) and sampling temperature.52,53 The
propagated uncertainty of calculated Rcor can be aggravated
with large analytical errors of isotopic ratios. For example,
analytical errors of (3He/4He)meas for samples of EZ, AT, LC,
and CB, measured on Micromass 5400, are ±2−7% and the
induced errors for Rcor values are ±7−28%. Detailed
uncertainty calculation was described in Sano et al.15

Table 1. Sampling Site, Depth, and 3He/4He and 20Ne/4He Ratios of Hot Spring Samples in Eastern Taiwanb

sample
name latitude longitude

altitude
(m) depth (m)

water
temperature

(°C)
4Hea

(cm3 STP/g)

20Nea

(cm3 STP/g)

3He/4Hec

(R/RA)
20Ne/4Hec r Rcor

c

EZ 121.36 23.88 654 outcrop 50 4.43 × 10−6 4.65 × 10−6 0.41 ± 0.01 0.95 ± 0.10 0.32 0.14 ± 0.04

RS 121.36 23.50 130 500 50.4 2.41 × 10−7 3.63 × 10−8 1.33 ± 0.02 0.15 ± 0.01 0.05 1.35 ± 0.02

AT 121.34 23.28 182 outcrop 62.9 4.17 × 10−6 6.71 × 10−6 2.14 ± 0.15 0.62 ± 0.06 0.20 2.68 ± 0.22

LC 121.16 22.86 236 outcrop 33.5 8.98 × 10−7 2.19 × 10−6 0.87 ± 0.02 0.41 ± 0.04 0.69 0.58 ± 0.12

RF-1 121.07 22.90 184 outcrop 54.5 6.82 × 10−7 2.25 × 10−7 0.63 ± 0.02 0.33 ± 0.12 0.11 0.59 ± 0.02

RF-2 121.08 22.90 186 >200 64.7 2.38 × 10−7 2.70 × 10−7 0.45 ± 0.02 1.14 ± 0.002 0.42 0.05 ± 0.02

CB 121.02 22.69 81 unknown 49.2 1.95 × 10−6 1.09 × 10−6 0.93 ± 0.06 1.83 ± 0.18 0.55 0.84 ± 0.06

JL 120.94 22.53 50 115 94.3 6.27×10−8 7.51×10−8 0.99 ± 0.02 1.20 ± 0.002 0.58 0.98 ± 0.02
aReported uncertainties for 4He and 20Ne contents are estimated at ±6% (2σ). bAnalytical uncertainties in a single measurement are <0.5% for
Helix SFT and <2% for Micromass 5400. cError is 2σ.
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4. GEOCHEMICAL RESULTS
4.1. Helium Isotopes of Groundwater Samples. All

4He and 20Ne concentrations and ratios and 3He/4He ratios of
hot spring and groundwater samples and those of rock samples
are listed in Tables 1−3 and plotted in Figure 2. Water-

dissolved 4He contents range from 8.4 × 10−8 to 4.4 × 10−6

cm3/g for hot spring and from 4.4 × 10−8 to 1.5 × 10−6 cm3/g
for ground water at respective sampling temperatures of 33.5−
99.4 and 18.3−35.5 °C at 1 atm. 3He/4He ratios (R/RA),
normalized to an atmospheric ratio6 (RA) of 1.382 × 10−6, vary
significantly from 0.41 to 2.14 R/RA of hot spring samples and
0.41 to 1.12 R/RA of groundwater samples. Rcor values of hot
spring and groundwater samples are in the range of 0.05−2.68
R/RA and 0.13−1.13 R/RA, respectively. Dissolved 20Ne
concentrations of all water samples range from 3.6 × 10−8 to
2.7 × 10−7 cm3/g. 20Ne/4He ratios of water samples vary from
0.15 to 3.90.
4.2. Helium Isotopes of Rock Samples. The five rock

samples of metasandstone and fine-grained shale considered to
represent the aquifer rock system for groundwater were also

analyzed (Table 3). 4He contents vary from 1.48 × 10−8 to
3.74 × 10−7 cm3 per gram and show a R/RA range of 0.03−
0.25 and low 20Ne/4He ratios <0.57. The averaged He
abundance is (1.76 ± 2.08) × 10−7 cm3 STP/g. The large
uncertainties are because of sample 102-08 and 106-03 having
10 times higher 4He contents and 10 times lower 3He/4He
ratios than the other three samples.

5. DISCUSSION
5.1. Sources for Noble Gas Anomalies. Helium and

neon, being inert, are excellent natural tracers to see through
complex chemical processes that could affect other more
reactive species.54 Helium isotopic composition is further used
to characterize mantle, crustal, and atmospheric sources.
Generally, the 3He/4He ratio of the sample (R) is normalized
to the 3He/4He ratio in air (RA). Three possible sources have
been differentiated in the geodynamical system, primordial
helium (3He, which originates from the continental or oceanic
upper mantle/MORB), radiogenic helium (4He, continuously
produced by the decay of uranium and thorium-series elements
in continental or oceanic crust), and helium in air or air-
saturated water (ASW).35 These sources are identified based
on the following ratios: upper mantle with R/RA = 6−8 RA,
20Ne/4He ≪ 0.01; radiogenic with R/RA ≈ 0.02 RA,

20Ne/4He
≪ 0.01; and ASW with R/RA ≈ 1 RA,

20Ne/4He ≈ 0.268 based
on temperature.20

Figure 2 shows the isotopic distribution of groundwater and
hot spring data from along the LV, including results from
before and after the 2018 Mw 6.4 Hualien earthquake. Most of
the data fall between values for air and crust, except samples
from sites AT, RS-1, and 04D that define Group 3. The
remaining samples appear to form two mixing lines which
intercept the R/RA axis at values of 0.18 for Group 1 and 0.75
for Group 2. The intercept of 0.18 RA of Group 1 is consistent
with the mean R/RA value of 0.17 ± 0.12 for the bedrock
samples and confirms the dominant occurrence of crustal
helium in these samples. The samples are therefore considered
as “background sites.” The intercept of 0.18 RA, however, is
three times higher than R/RA ratios from background sites of
western Central Range,8 suggesting that the mafic rocks from
either the Yuli Belt or the Lichi Meĺange have diffused helium
with high R/RA ratios of helium that contaminated the local
crustal signal. Alternatively, these sites may record relatively
minor contamination by primordial helium. Group 2 of the
samples defines a second mixing line that intercepts the y-axis
at 0.75 RA, which is about four times higher than values from
the “crustal” mixing line (the black line of Group 1). This value
is essentially identical to the helium isotopic signature obtained
from the Chaochou Fault along the western Central Range
(0.78 RA

8). Chen et al.8 interpreted this higher value as the
primordial 3He leaking through an active fault of the sites in
the western Central Range. Even though it is possible to imply

Table 3. Helium Contents and Isotopic Ratios of Rock Samples Possibly Composed in the Aquifer System in the Eastern
Taiwan

Sample name latitude longitude lithology depth (m) He content (cm3STP/g) 3He/4Hea (R/RA)

102-08 121.42 23.76 slate 100 5.0 × 10−10 0.03 ± 0.02
106-02 120.72 23.13 shist/phyllite 100 9.0 × 10−10 0.25 ± 0.16
106-03 120.60 22.93 alternations of sandstone & shale 100 4.0 × 10−10 0.03 ± 0.01
106-04 120.68 22.90 shist/phyllite 100 3.5 × 10−9 0.25 ± 0.10
106-05 120.67 22.71 shist 100 6.7 × 10−9 0.19 ± 0.10

aError is 2σ.

Figure 2. Correlation between the helium isotopic ratio (R/RA) and
20Ne/4He ratio (with 2σ error bars) for hot spring (red) and
groundwater (blue and black) samples before and after the 2018 Mw
6.4 Hualien earthquake, respectively. Bedrock samples: black and
white stripe, and the range of their R/RA value is 0.03−0.25 ± 0.22
(with 2σ error bars). Symbols of water samples correlate with Figures
1c and 3. The lines show proposed mixing curves of three end-
member components: upper mantle, crust, and air/air saturated water
with the vertical axis showing the contribution of 3He/4He from the
crust or upper mantle. Group 1, 2, and 3 mark samples with different
degrees of the mantle input.
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a contemporary flux of the primordial 3He leaking through
along the LV, there are other candidates for the mantle helium
source. Because the mafic rocks are ∼15 Ma old and many
inactive fault systems are recognized here, the value of 0.75 RA
here may be a combined consequence of mantle helium stored
in past active faults (e.g., the Central Range Fault) and derived
from products of past volcanism stored in the region. Finally,
Group 3 suggests a significant addition of mantle-derived 3He
in these samples because they have elevated R/RA ratios
compared to the two air/ASW-crust groups.
Water samples of Group 3 (Figure 2) have elevated helium

isotopic signatures and correlate with the lateral extent of the
Central Range and Chihshang Faults, suggesting that either or
both of the faults may have acted as a significant conduit for
mantle helium.3 The absence of active volcanism along the
valley supports this interpretation. Although samples AT and
03 overlap geographically, their He isotopic ratios are strongly
different. This discrepancy of values might be because of the
different conduits. Sample AT is from a natural hot spring,
which may be representative of fluid sources at depth, coming
from high temperatures in a region with excess heat flow. On
the other hand, sample 03 is from a relatively shallow aquifer
(<100 m depth) with lower temperature, which might include
obvious signature derived from ASW/air. Samples from
nonvolcanic areas with an elevated R/RA ratio in previous
studies have also been used in combination with the spatial
correlation with faults to argue for fluid fluxes from the
mantle.14,20,55−57 In these studies, the influx of mantle fluids
with high R/RA ratios are interpreted as helium exsolving from
partially melted zones in the upper mantle that subsequently
traverse the entire crust via a permeable crustal-scale fault
zone.54 In Taiwan, a difference in seismicity may provide an
explanation for the difference of the mantle input in the
northern and southern ends of the valley. The actively creeping
Chihshang Fault provides a likely conduit for mantle fluids in
this area of the LV, as seismic data and modeling suggest that it
is deeply rooted beneath the arc.
5.2. Temporal Variations Related to the 2018 Mw 6.4

Hualien Earthquake. The 2018 Hualien earthquake
undoubtedly caused significant deformation and volume
changes that may have released helium from the country
rock or motivated fluid flow in the surrounding rocks. This
degassed helium, either radiogenic 4He from bedrock or
primordial 3He from volcanic minerals, may change the
distribution of helium isotopes in fluids as they migrate
through the rocks or fault zones. To aid in evaluating these
possible effects on isotopic values collected from well
water,19,20 we show the values of different isotopes and their
ratios relative to the distance from the earthquake epicenter,
both before and after the earthquake (Figure 3). Isotopic
values and ratios include 4He and 20Ne contents, 3He/4He
ratios (R/RA), and r and Rcor values.
Relative to the distance from the epicenter, the values of r

show the clearest trends before and after the earthquake
(Figure 3d). Values of r can range from 0 to 1 and represent
the percentage of air detected in the samples from 0 to 100%.
Before the earthquake and near the epicenter, values of r range
from ∼0.3 to 0.8 and decrease systematically to near 0.0 at 130
km from the epicenter. This pattern of decreasing r away from
the earthquake appears to be enhanced after the earthquake,
with postearthquake values ranging from ∼1.0 near the
epicenter to ∼0.2 at 130 km from the epicenter. Both patterns
are therefore consistent with an increase in atmospheric

Figure 3. Graphs showing relation between noble gas content, or their
ratios normalized to air/ASW, relative to the distance along the LV
from the epicenter of the 2018 Mw 6.4 Hualien earthquake. (a) 4He
content, (b) 20Ne content, (c) R/RA the ratio of dissolved helium in
the samples. (d) r the percentage of air detected in the samples and
(e) Rcor the corrected R/RA value for atmospheric helium. ASW
denotes the value of air-saturated water. Note that all noble gas
contents in the samples are higher than those in ASW as air pressures
are higher beneath the surface. The general increase in 4He away from
the epicenter and the decrease after the earthquake.
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contributions near the epicenter and after the earthquake. This
pattern is also suggested by the 4He content which shows a
slight increase away from the epicenter and a consistent
decrease at all sites after the earthquake (Figure 3a). R/RA data
are also consistent with the r and 4He results except at the site
farthest from the epicenter where there the values overlap
(Figure 3a,c,d). Finally, the changes in 20Ne and Rcor (Figure
3b,e) are less conclusive.
In evaluating the effect of rainfall and an influx of

groundwater on the measured isotopic values, we note that
the 2018 Hualien earthquake occurred in February, which is
the middle of the dry season in Taiwan, whereas sampling prior
to the earthquake occurred in June and July, the middle of the
summer monsoons in Taiwan (Central Weather Bureau of
T a i w a n , h t t p s : / / w ww . c w b . g o v . t w / V 8 / C /D /
DailyPrecipitation.html). This general pattern of seasonal
rains is also consistent with the rainfall totals for the months
prior to and just after the earthquake. For example, the total
rainfall for the month of June 2013 (for sites 102-5, 102-06,
and 102-8) was 175.5 mm and for July 2017 (for sites 02, 03,
04, and 05), it was 215.8 mm. In contrast, the total rainfall for
January 2018, before the earthquake, was 96.0 mm for the sites
sampled in 2013 and 53.9 mm for the sites sampled in 2017.
We infer, therefore, that the rocks in the subsurface were
relatively dry during the earthquake and that any mantle signal
would be less diluted than if the samples had been collected
during the wet season.
A volumetric strain change of rocks due to an earthquake

could induce the helium isotopic change.19 In this study,
however, the 4He contents released from rocks with a uranium
content of 0.46−1.58 ppm could not be calculated because of
the decrease of solubility of HeA.58 Taken together, the
isotopic data and ratios argue for more atmospheric
contamination near the earthquake epicenter both before and
after the earthquake. That is, the earthquake seems to have
enhanced the degree of atmospheric mixing observed before
the earthquake. Comparing the trends recognized in Taiwan
with similar studies along the San Andreas Fault system in
California,55 the North Anatolian Fault zone in Turkey,56 the
Karaforam fault in Tibet, and the Futagawa−Hinagu fault,14,20

the location-dependent variations of R/RA and r values before
and after the Hualien earthquake (Figure 3b) support the
hypothesis that noble gas signatures are affected by an
earthquake. In the case of eastern Taiwan, however, the
earthquake apparently did not change the flow from the mantle
according to the helium data of this study. Interestingly, the
highest contribution of mantle fluids appears to be near the
Chihshang Fault, although this relatively strong signal was not
detected by the well data.
5.3. Connection of He-Isotope Data to Tectonic

Features. Two regional-scale schematic cross sections
adapted from Huang et al.59 provide important context for
our interpretation of the distribution of the mantle-derived
fluids sampled along the LV (Figure 4). In the south, between
Rueisuei and Chihshang (about 23°10′ N), the subducting
plate and plate boundary dip in same direction (east) and
generating relatively simple structural geometries. Further
north, in contrast, the subducting crust of Eurasia dips more
steeply and the Philippine Sea Plate is starting to subduct
westward and colliding with the continental crust of Eurasia
and forming more complicated structural geometries. This
fundamental change in plate geometries from south to north
and the resulting changes in fault geometries, permeabilities,

and fluid flow patterns provide important context for
interpreting the geochemical data. For example, the Chihshang
Fault in the south is active and associated earthquakes define a
relatively simple, listric geometry beneath the Luzon Arc, and
the largest Rcor values occur at site AT in the middle of the
mapped trace of the fault. Rcor values decrease to the north
(RS) and south (04, 05) (Figure 1c; Figure 4a), although the
values in these nearby sites are still more elevated than Rcor
values to the north. Future research, particularly of hot spring
samples, may help delineate the distribution of mantle
contamination in this area. In the north, mapping and
earthquake focal mechanisms suggest a more complicated
fault system, and suggestions of mantle contamination are
substantially weaker (sites 102-05, 102-06, and EZ) (Figure
4b). This change is also consistent with Moho geometries
based on Vp and Vs seismic tomography and the distribution of
moderate and deep earthquakes.60,61

Overall, these results complement the work by Chen et al.8

who showed that mantle-derived fluids can penetrate the crust
along fault-related conduits in a nonvolcanic arc−continent
collision (see the fault system between Central Range and
Western Foothills in Figure 4a). The conduit correlated with a
deflection in the subducting continental crust and was
identified, in part, through the distribution of nonvolcanic
tremor and a zone of unusually high conductivity in the upper
crust. However, in this study, we found the highest
concentration of mantle helium directly above the most active

Figure 4. Schematic profiles across line A−A′ and B−B′ in Figure 1
(based on seismic tomography interpretation in Huang et al.59). Black
double dashed lines indicate the Chihshang Fault and Central Range
Fault. (a) As the Luzon volcanic arc approaches the Central Range, an
east-dipping thrust fault appears, allowing the forearc oceanic
lithosphere to also subduct underneath the volcanic arc lithosphere.
Mantle helium migrates through these structures to the surface, where
the highest RA value in hot spring sample AT and groundwater
samples 04 and 05 is observed. (b) North of the ∼24.5° N latitude,
the PSP-western edge seems to start dipping to the west to contact
with the Eurasian lithosphere. Here, we observed the lower helium
anomalies in 102-05, 102-06, and EZ than in AT.
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structure associated the plate boundary suture, the Chihshang
Fault. North of this relatively simple plate interface, the
subduction direction flips (Figure 4) and mantle contami-
nation appears to decrease. This change could be related to
changes in fault permeability and tortuosity along the plate
boundary faults in this area.

6. CONCLUSIONS

We conducted a regional study of noble gas isotopic
compositions and contents of thermal fluids collected from
bedrock samples, hot springs, and wells along the LV, eastern
Taiwan, which represents the suture of the arc−continent
collision. The results show that the highest mantle helium
signatures are from a hot spring sample collected directly
above the trace of the Chihshang Fault. This fault crops out
along the east-central part of the valley and represents one of
the most active structures along the suture zone. Although the
high value comes from only one sample, the implication that
the Chihshang Fault may serve as conduit for deep-sourced
fluids is consistent with the geophysical data that show a well-
developed fault zone extending to the lower crust. Additional
data along and across strike will better define the distribution
of the helium anomaly. Furthermore, seven groundwater
samples were duplicated after the 2018 Mw 6.4 Hualien
earthquake in the northern end of the valley to evaluate the
influence of the seismic activity on the conductivity and
evolution of the plate boundary suture in this area. The
earthquake appears to be associated with a dilution of mantle-
derived fluids in this area of the suture. At a regional-scale, our
findings suggest that the flipping of the subduction polarity and
the resulting increase in tortuosity in fluid flow paths may
control the extent to which mantle noble gases reach the
surface.
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