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Abstract

We collected bottom water samples and unconsolidated sediment samples for noble-
gas analysis in the water column as well as in the pore water phase along the Nankai
Trough to assess the sources and the fluxes of seafloor fluid emission at the local /regional
scale.

The results indicate that the terrigenic He emission is rather variable in terms
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of fluxes and isotope signatures. The largest He fluxes are detected at a previously
investigated cold seep site where terrigenic He is mainly of crustal origin.

High He isotope ratios detected at shallower depths in the Kumano Basin indicate
that mantle fluids are able to migrate from the deep sediment column up to the seafloor.
Our findings are in line with the detection of mantle He in fluids recovered by IODP
deep-drilling operations and make the case that even seafloor volatile screening and
monitoring might provide useful insights on the relation between fluid dynamics and

tectonic/seismic activity in the investigated region for future forecasting of earthquakes.

Keywords: volatile emission, noble gases, mantle fluids, unconsolidated sediments, Nankai

Trough

Introduction

Noble-gas geochemistry (in particular the He isotope signature) is known to change in re-
sponse to the terrigenic fluid emission (i.e., emission of fluids originating from the solid earth)
triggered by major seismic events, as observed, for instance, in the recent case of the Tohoku-
Oki earthquake in 2011' or the Kumamoto earthquake in 2016.2 However, the interpretation
of volatile anomalies in relation to seismic events depends strongly on the investigated ge-
ological setting and the available geochemical information.® Therefore, characterizing the
terrigenic fluid emission in tectonically active regions by empirical observations on a regu-
lar basis is a prerequisite to understand future geochemical changes produced in relation to
seismicity.*® This may sound trivial for continental regions, but the collection of data at the
ocean floor remains a challenging task in terms of financial and technical resources. Indeed,
only a very limited number of studies provide noble-gas measurements in the pore water of
ocean sediments. %12

Here we report the results of the noble-gas analyses conducted in water and sediment

samples collected by ROV along the Nankai Trough (Fig. 1). From the measured He isotope
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Figure 1: Sampling locations during RV Natsushima cruises NT13-08 and NT14-07. The
36 same symbols are used in Figs. 2 and 3 to distinguish the measurements at each site. At the
37 Hydrophone (green rhomboid, yellow triangle) and S-E Landslide (black square, black circle)
38 stations only water samples have been collected. The total He fluxes (in 10° atoms/m?/s)
and the *He fluxes (in 10*atoms/m?/s) at each location are estimated, whenever possible,
o from the concentration gradients determined in the sediment pore water (Fig. 2). In the
42 Seep region strong He flux variations are observed within a few tens of meters. Similar total
43 He fluxes may imply similar fluid transport mechanisms (i.e., diffusion vs. advection).
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concentrations we provide first estimates of the He fluxes at the sampling locations in the
non-volcanic forearc region. Noble-gas concentrations and isotope signatures are discussed

considering the respective geodynamic context.

Methods

Study site

The Nankai Trough is located in the southwest of Japan where the Philippine Sea Plate
subducts beneath the Eurasian Plate at a rate of about 4-7 cm/yr.'314 The region is known
for its active seismicity and during the last decades hydrologic observatories were installed in
deep-driling boreholes to monitor e.g. changes in pore-fluid pressure resulting from tectonic
movements. 1°

Hence, the emission of terrigenic fluids is expected in this region. However, studies of
noble gases in pore fluids and their migration in the sediment column are rather scarce
even considering the whole island arc of Japan. Sano and Wakita determined He isotope
abundances in the pore water of deep-drilling sediments at two sites in the Nankai Trough
and at the Japan Trench.? In the Nankai Trough the 3He/*He ratios ranged from 0.3 Ra (i.e.,
the measured *He/*He ratio of 0.4 - 107% normalized by the *He/*He ratio of atmospheric
air, Ra,'® of 1.39-107%) up to 0.9 Ra (*He/*He = 1.2-107°%) while at the Japan Trench they
were found to be 0.2-0.8 Ra (*He/*He = (0.3 — 1.1) - 1075). The “He fluxes estimated for the
Nankai Trough and the Japan Trench were 0.02 - 10% atoms/m?/s and 0.4 - 10? atoms/m? /s,
respectively. Lan et al. determined *He and 3He fluxes at the Mid-Okinawa Trough back-
arc basin to be (3.3 — 4.8) - 10° atoms/m? /s and (0.6 — 1.6) - 10* atoms/m? /s, respectively.®
The 3He/*He ratios measured by Lan et al. ranged from 1.1 Ra up to2.0 Ra. Other studies
targeting the geochemical characterization of pore fluids by He isotope composition and the
quantification of He fluxes are, at least to our knowledge, not available.

Toki et al. reported high crustal-derived He shares (resulting in 3He/*He ratios of ap-
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proximately 0.1 Ra) measured in pore water samples collected at cold seeps at Oomine Ridge
in the Nankai Trough.!! More recently, Wiersberg et al. reported mantle-derived helium in
the deep sediment column of the Kumano forearc basin.!” The *He/*He ratios, measured in
deep-drilling mud gas samples, were up to 3.3 Ra. In the same work the authors presented
Ne and Ar isotope ratios being, however, not distinguishable from the respective atmospheric
values. The gas chemistry was also found to be very similar to air with a slight methane
excess. Wiersberg et al. discussed the presence of mantle He in terms of diffusive fluid
transport trough the accretionary prism. However, no terrigenic He fluxes could be inferred.

In this work, three regions where sediment samples could be collected are labeled as Seep,
Landslide, and Colony (see Fig. 1). The Seep site corresponds to the area characterized by
the cold seepage mentioned in Toki et al..!%!8 The Landslide site is located in the proximity
of IODP Site C0002 investigated by Wiersberg et al..!” The Colony site, located in the outer
ridge off Tokai, is characterized by the presence of a large-scale Calyptogena colony along
the Daini Tenryu knoll being comprised mainly of dead shells with very few “patches” of
living bivalves remaining.'%?° The observation of such a bivalve colony is indicative of an
active seepage providing nutrient-rich fluids (e.g., methane and various sulphides) on which

these chemosynthetic organisms can feed.

Noble-gas sampling and analysis

Ocean bottom water and sediment cores were collected during RV Natsushima cruises N'T'13-
08 and NT14-07 (managed by JAMSTEC) using the ROV Hyper-Dolphin equipped with
Nisking bottles and an MBARI corer.

Immediately after termination of each dive, water was transferred without exposure to
the atmosphere from the Niskin bottles into 60-cm-long copper tubes. Both ends of the
copper tubes were sealed airtight by two steel clamps for storage.?!

Sediment samples were acquired using the technique of Brennwald et al. 22 to sample noble
gases in unconsolidated sediment. Immediately after core recovery, the bulk sediment was
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transferred into small copper tubes by squeezing the sediment core with two pistons moving
along the axis of the plastic liner. The copper tubes, attached to the side of the liner using
Swagelok fittings (i.e., at different coring depths), were filled with bulk sediment. After being
flushed with a certain amount of sediment, the copper tubes were sealed airtight by closing
two metal clamps.???® Sample preparation in the laboratory was carried out according to
the method of Tomonaga et al..!'??426 Each original sample was divided into two aliquots
by placing two pairs of additional metal clamps (each pair being kept at the same distance
of 9.5cm using a metal holder). Each aliquot was then centrifuged to separate the pore
water from the sediment matrix. Centrifugation was conducted using a fixed-angle rotor for
4h at 7500 rpm. To avoid deformation of the copper tubes during centrifugation, they are
held in place by custom-made polypropylene supports. Prior to each centrifuging step, the
samples were put in an ultrasonic bath for 30 minutes to loosen the bulk sediment matrix
from the copper tube wall. After centrifugation, the first aliquot was opened to determine
the position of the sediment-water interface. The second aliquot was split at the position
of the sediment-water interface with a third clamp. Thereafter, the pore water and the
compressed sediment phase were completely separated from each other.

Noble-gas analysis was conducted on the bulk water (ocean bottom water samples) or
the separated pore water (sediment samples) according to the well-established experimen-
tal protocols commonly used to determine noble-gas abundances in water samples.?! In the
laboratory, the samples were connected to a high-vacuum line with a lead glass container
to extract the dissolved gases from the pore water based on the displacement method. The
exsolved gases were transferred from the glass bottle into a purification line where He was
purified using hot titanium-zirconium getters and charcoal traps held at liquid nitrogen tem-
perature. The 2°Ne/*He ratios were measured by an online quadrupole mass spectrometer
(QMS 100 by Pfeiffer). Subsequently, He was separated from Ne (and other residual gas
species) using a cryogenic charcoal trap held at 40 K.?" The *He/*He ratios were deter-

mined using a noble gas mass spectrometer (Helix-SFT by GV Instruments) and calibrated
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against the He Standard of Japan (HESJ?) at the Atmosphere and Ocean Research Insti-
tute (AORI), The University of Tokyo. Blank measurements were performed prior to the
sample measurements. The intensities of the blanks were about three orders of magnitude
lower than the typical sample intensities. Therefore, a blank correction was not applied.
The reproducibility of the standard measurements was better than 2% for the QMS 100 and
better than 1% for the Helix-SFT. For the concentration measurements, the average experi-

mental errors were 4% (*He), 6% (*He), and 3% (*°Ne). The average experimental errors of

the isotope ratios were 3% (*He/*He) and 6% (*°Ne/*He).

Estimation of the He fluxes

A first-order estimation of the diffusive He fluxes (F) was performed according to Fick’s
law: F'= —D -0C/0z where D is the molecular diffusion coefficient of He in bulk water for
the in-situ temperature and salinity conditions and dC'/0z is the He concentration gradient
determined by linear regression of the measured He concentration profile at each sampling
position.

The determination of terrigenic He fluxes provides quantitative information on the inten-
sity of the local /regional terrigenic fluid emission. Such information can be used to infer the
relevant transport mechanisms (i.e., diffusion vs. advection) and, in combination with the
geochemical characterization of the emitted fluids, to assess future relations to seismicity in

tectonically active regions.

Results and discussion

The results of the noble-gas measurements conducted in water and sediment samples collected
along the Nankai Trough are summarized in Table 1.
As the investigated sediment depths are very shallow, the slowest transport process is

likely to be close to molecular diffusion in bulk water. The top boundary condition for the
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fluid transport in the pore space is given by the bottom seawater, where conditions close
to air-saturated water (ASW) prevail (i.e., no or rather low terrigenic He excesses). As
molecular diffusion of He in bulk water is relatively fast, diffusion-controlled transport is
expected to result in (very) low He concentration gradients in the pore water close to the
sediment /water interface. Therefore, the observation of high He concentration gradients is
indicative of an advective transport component.

The sediment cores acquired at the active cold seep site at the splay fault? off-shore
Kumano (labeled as Seep in Fig. 1, blue symbols) previously investigated by Toki et al.!!
are characterized by a broad range of He concentration gradients (Fig.2). The highest He
fluxes in this cold seep region (up to 1600 - 10 atoms/m? /s for *He and 94 - 10* atoms,/m? /s
for 3He) indicate the presence of advection affecting the overall fluid transport.

Sediment cores collected at shallower water depths in the Kumano Basin and in the
outer ridge off Tokai (labeled as Landslide and Colony in Fig. 1, red and orange symbols)
show rather low He concentration gradients. The respective He fluxes are low and similar
((7.3 — 10) - 10° atoms/m? /s for *He and (4.2 — 4.6) - 10" atoms/m? /s for 3He) suggesting
a diffusion-controlled He emission. It should be noted, however, that even these low He
fluxes are higher than the ones determined by previous works®® in the same forearc region.
From this observation it cannot be excluded that minor advective component is present also
at these sites. Based on the relatively low He flux at the Colony site we speculate that
a large Calyptogena community observed at the same location!®?° flourished under more
active seepage conditions prevailing in the past.

The measured *He/*He ratios (Fig. 3) are highly variable in space and highlight the
complexity of the emission of terrigenic fluids within the studied region. The Seep site
is characterized by low 3He/‘He ratios (Fig. 3, blue symbols). Such low *He/*He ratios
underline the prevalence of crustal He and are in line with the findings of Toki et al..'! In
contrast, the high 3He/*He ratios determined in cores collected at shallower water depths

(Fig. 3, red and orange symbols) indicate the admixture of a significant share of mantle He.

9

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Earth and Space Chemistry

o
=
T

Sediment depth [m]

r\ll \\ \\\ Sampling regions
02 :: \ ' Colony |
! N ¢ Hydrophone
+ " ® @ B Llandslide
i '\ A O® ¢ B Seep
:; o |
0.5 1 1.5
He [cm *STP/g] <10~°

Figure 2: Cold seep sites (blue symbols) are characterized by highly variable He concentra-
tions gradients. At the Landslide and Colony stations (red and orange symbols), located at
shallower water depths, low He concentration gradients are observed. The open star indi-
cates the He concentrations for air-saturated water (ASW) calculated for the local salinity
and temperature conditions.
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Figure 3: The three-isotope diagram depicts the distinct fluid origin at the respective loca-
tions. For ?°Ne/*He = 0 the intercept of the linear regressions (dashed lines) on the ordinate
indicates the *He/*He ratio of the source of terrigenic He for each site. The proportions of
terrigenic He in the figure are calculated assuming a binary mixture of mantle and crustal
He. The open star indicates the He isotope ratio for air-saturated water (ASW).
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The origin of the fluids emitted at each site can be investigated more in detail using a
so-called “three isotopes plot”3’ showing the relationship between the measured ?°Ne/‘He
ratios and the *He/*He ratios (Fig. 3). A majority of the determined ?°Ne/*He ratios is
ASW-like indicating the presence of a large share of atmospheric noble gases in the fluids.
As the production of 2’Ne in the solid earth can be considered as negligible, the intercept on
the ordinate axis (i.e., for **Ne/*He = 0) of the linear regressions based on the data set of
each core indicate the *He/*He composition of the source (R;) of the emitted fluids at each
location (i.e., without the contribution of atmospheric He). The proportions of mantle (p,,)
and crustal (p.) He can be inferred from the binary relation Ry = p,, - Ry, + pe - R. with
Pm +pe = 1. R, and R, are the typical 3He/*He ratios for mantle and crustal He of 10~°
and 1078, respectively.

The linear regressions marked by dashed black lines in Fig. 3 are based on the He isotope
ratios measured in all samples of each core. The highest He/“He isotope ratio inferred
from these regressions is 3.4 Ra (*He/*He = 4.7 - 1075). It should be noted, however, that
a regression line fitting the points with the lowest and the highest measured 3He/*He ratios
at the Colony site (Fig. 3, red dashed line) would result in a 3He/*He ratio at the source
of the emitted terrigenic fluids of about 4.4Ra (*He/*He = 6.1 - 107%). Such He isotope
ratio is unusually high for a non-volcanic area and is the highest ratio ever reported in the
investigated forearc region. Previously, *He/*He ratios of up to 3.6 Ra have been measured
in hot springs of Shikoku Island.3"3? Such observation agrees well with the 3.3 Ra reported
recently by Wiersberg et al.!” but is significantly lower than the 4.4 Ra inferred from the
data presented in this work.

The contribution of mantle He of up to approx. 60% (see Fig. 3) is larger than the one
determined for the forearc region off-shore New Zealand of 20-30% with a 3He/*He ratio at
the fluid origin of up to 2.5Ra.'? For the continental forearc region of New Zealand, the
highest 3He/4He ratio reported is 3 Ra.3*33 Thus, the 4.4 Ra determined in the present work

remains the highest He isotope ratio ever determined in a forearc environment.
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1

2

2 188 It should be noted that, in principle, the *He enrichment (approximately 1.1-107!3 em3grp /g
Z 180 in excess with respect to the expected ASW value of 5.3- 107 cm3grp /g) in the sample with
; 190 the highest *He/*He ratio from the Colony site (*He/*He = 3.0-107%) may be attributed to
?O w1 four different origins: 1) tritiogenic helium, 2) nucleogenic helium, 3) meteoritic helium, and
1; 102 4) mantle helium.

12 103 Tritiogenic He can be ruled out, as tritium concentrations in deep seawater are very low
12 10« and not sufficient to produce the observed *He excess. Indeed, the production of a similar
1; 15 °He excess would require the decay of about 46 TU (TU: tritium units; 1cm?sp/g equals
;g 106 4 - 101 TU3) or 5.4 Bq/L. Such *H concentration is at least one order of magnitude higher
;; 107 than the tritium concentrations possibly present in the ocean water at similar depths after
;i 108 the nuclear bomb peak in the 1960s3® and higher than the 3H concentrations measured in
;2 100 the ocean surface water after the Fukushima Dai-ichi nuclear accident in 2011 of up to 0.3
;; 200 Bq/L.%

;g 201 The presence of nucleogenic He is not likely, as nuclear reactions in the sediments should
g; 202 also produce large amounts of “He and the resulting *He/*He ratios would be very low. The
gi 203 SHe/*He ratios measured at the Landslide and Colony sites clearly reject such an option.
22 204 The contribution of meteoritic He has been verified by measurements of the sediment
;73 205 matrix phase. The presence of large amounts of cosmic dust in the sediments is expected
23 206 to result in high 3He/4He ratios. However, the 3He/*He ratios determined in the sediment
2; 207 matrix phase at the Landslide and Colony sites range from 0.15Ra to 0.24 Ra indicating
Zi 208 that meteoritic He is negligible.

22 200 The last possible source of 3He is a mantle-derived component. According to the ar-
j; 210 guments listed above, the presence of mantle He is the only plausible explanation for the
‘;g 211 observed 3He enrichment.

g; 212 In previous studies, in order to explain 2-3 Ra in forearc regions of subduction zones, a
gi 213 slab component with an age-dependent radiogenic He ingrowth was considered.?? Wiersberg
55 2s et al. 17 agreed with the idea of slab aging and attributed the *He/*He ratio of 3.3 Ra deter-
7
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mined in the Kumano Basin to a remnant of mantle He in the young Philippine Sea Plate.
The high 3He/%He ratios of 2-3 Ra in the forearc region of New Zealand were also explained
by slab aging.3? However, it is difficult to explain the *He/*He ratio of 4.4 Ra inferred in the
present work based on the concept of slab aging only.

The detection of mantle He emission at very shallow sediment depths (i.e., less than
30 cm) suggests the presence of preferential pathways for the release of deep-seated fluids.
We propose two scenarios to explain the existence of such preferential pathways based on the
3D seismic reflection profiles available for the Landslide site (i.e., IODP Site C0002; Fig. 4).
On the one hand, the megasplay fault may extend along the plate boundary fault fostering the
horizontal migration of fluids from the mantle wedge to shallower depths (i.e., the Kumano
Basin), eventually reaching the Landslide site (Fig. 4A). In a second scenario strike-slip faults
may develop down into the subducting Philippine Sea Plate allowing the ascent of mantle
fluids through vertically oriented preferential pathways (Fig. 4B). Indeed, the Landslide site
belongs to the notch region (i.e., a trench-parallel depression along the seaward edge of the
Kumano forearc basin and the upper slope of the accretionary prism) in which strike-slip
faults could develop down to the upper mantle. Ashi et al.3® discussed the development
of strike-slip faults branched from a megathrust fault in the investigated area (but did not
hypothesize their extension towards the mantle). A 3.5-km-wide weak reflectivity zone below
the Landslide site is probably associated with intense fracturing because of persistent brittle
strike-slip faulting. The fractured faults can provide the mentioned preferential pathways
(please note the amplitude reduction of the plate boundary fault reflection within the weak
reflectivity zone in Fig. 4B). Mantle-derived helium released through strike-slip faults has

3940 and the Yangsan fault in the Southeastern

been reported in the San Andreas fault system
Korean Peninsula.*! Helium and carbon isotopic changes determined across the Costa Rica
convergent margin indicate pervasive deep slab and/or mantle degassing (i.e., also in the

forearc region) that has been attributed to the presence of deep-penetrating faults.*?> Sano

et al.*3 suggested the presence of a slab tear in the Kinki region and attributed very high

14

ACS Paragon Plus Environment

Page 14 of 23



Page 15 of 23 ACS Earth and Space Chemistry

oNOYTULT D WN =

‘ Landslide site: +

g Plate boundary fault —-

-

25 ' : =

29 ' . . Landslide site: +

35 Weak reflectivity zone
36 (due to strike-slip faulting?)?

44 Plate boundary fault I Déveloping down o
! the uppg-mantleg? 2
46 5400 — & .
47 . i Xiine

>
(72
| )
)
=
o
5
qa
3
)
=)
(=2
o
o5
)

49 Figure 4: Tllustration of the two scenarios proposed to explain the presence of mantle He in
the Kumano Basin and in its surroundings based on 3D seismic profiles (see the work by Park
et al.3" for details) available for the Landslide site (i.e., IODP Site C0002). A) Extension
53 of the megasplay fault along the plate boundary fault fostering the horizontal migration of
54 fluids from the mantle wedge (note the steeper megasplay fault below the site Landslide).
55 B) Strike-slip faults developing down into the subducting Philippine Sea Plate.
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3He/“He isotope ratios of 7-8 Ra to fluids derived from a deep mantle component beneath
the Philippine Sea Plate. Based on this hypothesis, the observed high He isotope ratio could
be also the result of a slab tear (i.e., favoring the second scenario mentioned above).

All measured water samples are slightly enriched in *He. However, because of the strong
mixing generally occurring in the water column, both the concentrations and the isotope
ratios are similar (see Figs. 2 and 3). Therefore, the respective data do not deliver site-
specific insights. This underlines the potential of noble-gas analysis in the sediment pore

water to characterize local /regional terrigenic fluid emission at the ocean floor.

Conclusions

Our study shows that the terrigenic fluid emission along the Nankai Trough is quite het-
erogeneous both in terms of He fluxes and origins. At sampling sites located between the
outer ridge and the trench, mainly He of crustal origin was found in the acquired cores. In
contrast, high He isotope ratios ranging from 2.4 Ra up to 4.4 Ra are found at shallower
depths within the forearc region indicating the emission of mantle fluids.

Our findings suggest that deep-seated fluids from the mantle can be transported though
preferential pathways up to the seafloor. Thus, within the context of studies targeting
the relations between geochemistry and active tectonics, it could be meaningful to monitor
geochemical changes in the noble-gas composition of the pore fluids even at shallow sediment

depths.
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