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have reported 17O-depletion in terrestrial silicates com-
pared with that in hydrospheric H2O such as seawater and
meteoric water (Pack et al., 2016; Sharp et al., 2016).
The ∆′17O value of mantle-derived silicates ranges from
–70 to –30 × 10−6; however, the mean ∆′17O value of
meteoric water is +33 × 10−6 and that of seawater col-
lected at various depths is –5 ± 1 × 10−6 (Luz and Barkan,
2010).

This difference in ∆′17O between the lithosphere and
hydrosphere has been explained by kinetic fractionation
of oxygen isotopes during degassing from the magma
ocean on the early primitive earth (Tanaka and Nakamura,
2013) or oxygen isotope exchange between the seawater
and lithospheric components such as seafloor basalt and
continental crust (Pack and Herwartz, 2014; Sengupta et
al., 2020; Sengupta and Pack, 2018). The latter explana-
tion has been proposed on the basis of findings that the
equilibrium fractionation exponent θ [=ln17α/ln18α;
iαA-B = iRA/iRB where iR corresponds to the abundance
ratio of the heavy isotope (iO where i = 17 or 18) to the
light isotope (16O).] between silicates and H2O is a func-
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Recent studies have reported slight but definite differences in ∆′17O between the lithosphere and hydrosphere. In the
present study, we precisely and accurately quantify the ∆′17O values of geothermal H2O and mid-ocean ridge basalt (MORB)
with normalization on the VSMOW-SLAP scale to further substantiate these differences and to discuss the isotopic evolu-
tion of the hydrosphere throughout the geologic time scale. With a ∆′17O value of –60 ± 13 × 10−6, the ∆′17O value of
MORB is comparable with that in other silicates reported in previous studies. However, the ∆′17O value of geothermal
H2O tended to decrease from +31 × 10−6 to –51 × 10−6, which are the usual ∆′17O values in meteoric water and silicates,
respectively, in accordance with the 18O-enrichment. These results imply an active oxygen isotope exchange between
silicates and geothermal H2O under high-temperature conditions at depth. This is supported by previous studies which
report the 17O-enrichment of silicate altered by hydrothermal H2O. Considering this direct evidence for depletion of 17O,
we conclude that the 17O-depleted H2O has been supplied continuously to the hydrosphere. Additionally, low-temperature
interaction between the silicates and H2O besides high-temperature hydrothermal interaction must be assumed to explain
the observed ∆′17O of the terrestrial hydrosphere. We conclude that the ∆′17O of the terrestrial hydrosphere should have
been variable throughout the geologic time scale owing to the various oxygen exchange interaction between the lithosphere
and hydrosphere.
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INTRODUCTION

Stable isotope ratios of H2O have provided useful in-
formation on the origin of terrestrial H2O in the global
hydrologic cycle. Along with traditional 2H/1H and 18O/
16O ratios, recent advances in high-precision measure-
ments of the ∆′17O [=ln(δ17O+1) – 0.528·ln(δ18O+1); de-
tailed in Subsection “Definitions”] of H2O (Barkan and
Luz, 2005; Luz and Barkan, 2010; Steig et al., 2014) and
silicates (Kim et al., 2020; Pack et al., 2016; Sharp et al.,
2016; Tanaka and Nakamura, 2013; Wostbrock et al.,
2020) have enabled researchers to clarify various geo-
logical and geochemical processes such as evolution of
the terrestrial hydrosphere and lithosphere throughout the
geologic time scale (Herwartz et al., 2021; Pack and
Herwartz, 2014; Sengupta et al., 2020; Sengupta and Pack,
2018; Tanaka and Nakamura, 2013). Many recent studies



e26 T. Sambuichi et al.

tion of temperature (Matsuhisa et al., 1978; Sharp et al.,
2016). Additionally, Pack and Herwartz (2014) proposed
that the ∆′17O of seawater should be variable in accord-
ance with the progress of the oxygen isotope exchange
between the seafloor basalt and seawater at various tem-
peratures. Furthermore, Sengupta and Pack (2018) simu-
lated a possible historical evolution of the ∆′17O of
seawater throughout the geologic time scale based on an
isotopic mass balance model originally developed by
Muehlenbachs and Clayton (1976). Additionally, 17O-de-
pletion in Archean seawater relative to the present value
has also been suggested (Sengupta et al., 2020).

To verify these hypotheses using oxygen isotope ra-
tios as indicators, the accurate and precise ∆′17O values
of terrestrial H2O and silicates need to be determined, as
does the variation in ∆′17O of H2O through interaction of
the silicate and H2O.

The fluorination technique using BrF5 (Clayton and
Mayeda, 1963) has been used to quantitatively convert
oxygen in silicates to O2 and to determine the accurate
and precise oxygen isotope ratios of silicates using iso-
tope-ratio mass spectrometry (IRMS). Moreover, the 17O/
16O and 18O/16O ratios of isotopic reference silicates such
as NBS28, UWG-2, and San Carlos olivine have been
measured relative to Vienna standard mean ocean water
(VSMOW) (Kim et al., 2020; Pack et al., 2016; Sharp et
al., 2016; Tanaka and Nakamura, 2013; Wostbrock et al.,
2020) to normalize the oxygen isotope ratios of silicates
on the VSMOW scale, which has been used to normalize
the oxygen isotope ratios of H2O in general. However,
significant disagreement has been reported on the deter-
mined ∆′17O values of isotopic reference silicates (Pack
et al., 2016; Sharp et al., 2016). To resolve this discrep-
ancy, two-point normalization based on VSMOW and
standard light Antarctic precipitation (SLAP) indices has
been adopted in recent studies (Kim et al., 2020; Pack et
al., 2016; Sharp et al., 2016; Wostbrock et al., 2020) fol-
lowing the procedure previously used to normalize oxy-
gen and hydrogen isotope ratios of H2O in general. Pack
et al. (2016) determined the ∆′17O value of San Carlos
olivine at two different laboratories based on VSMOW
and SLAP. They concluded that normalization onto the
VSMOW-SLAP scale reduced the discrepancy among the
laboratories. More recently, Khitostrov rock standard
(KRS) and Stevns Klint flint standard (SKFS), which were
introduced by Miller et al. (2020), are also analyzed in-
stead of analyzing VSMOW and SLAP directly to nor-
malize the oxygen isotope ratios of silicate on the
VSMOW-SLAP scale (Zakharov et al., 2021).

The primary aim of the present study is to precisely
determine the ∆′17O values of high-temperature
geothermal H2O samples and MORB on the VSMOW-
SLAP scale to verify the differences in the ∆′17O between
terrestrial silicates and the H2O in the hydrosphere. Ow-

ing to the oxygen isotope exchange between high-tem-
perature geothermal H2O and silicate (e.g., Giggenbach,
1992), we can expect 17O-depletion in the geothermal H2O
relative to that in the hydrosphere. Because both
geothermal H2O samples and MORB is normalized on
the same scale, we can compare them directly with no
further corrections required in the values.

EXPERIMENTAL

Definitions
The oxygen isotope ratios are expressed in δ notation:

δ i
i

sample
i

reference

O
R

R
= − ( )1 1,

where iR corresponds to the abundance ratio of the heavy
isotope (iO where i = 17 or 18) to the light isotope (16O).
Details of the method used for normalization onto the
VSMOW-SLAP scale is explained in Section “Results”.

The ∆′17O value is defined by Eq. (2) as

∆′17O = δ′17O – λRL·δ′18O + γRL, (2)

where δ′iO denotes ln(δiO + 1), and λRL and γRL denote
the slope and the intercept, respectively, of the reference
line in the δ′17O-δ′18O space. Previous studies have
adopted various reference lines. In this study, we adopted
the reference line which passes the origin (γRL = 0) with
the slope λRL = 0.528. For comparison with the values
reported in previous studies, all of previously reported
∆′17O values were recalculated from the δ17O and δ18O
values with reference to the definition expressed in Eq.
(2) in this study. In addition, both the δ17O and δ18O val-
ues were rounded to three decimal places to avoid round-
ing error when calculating the ∆′17O values.

Samples
The samples of geothermal H2O including fumarolic

condensates were collected from major volcanic and
geothermal areas in Japan and were analyzed for both
hydrogen and oxygen isotopes (Supplementary Fig. S1
and Supplementary Table S1). The geothermal H2O were
collected directly from natural hot springs. The fumarolic
condensates were collected by introducing high-tempera-
ture fumarolic gases into two condensation traps soaked
in a cold water bath with ice cubes via a quartz or tita-
nium tube inserted into each volcanic fumarole. The lo-
cation and the temperature during sampling are also shown
in Fig. S1 and Table S1. The samples of geothermal H2O
and fumarolic condensates were purified through vapori-
zation and condensation in a vacuum line to remove dis-
solved reduced components such as sulfides prior to the
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isotope analyses. The changes in δ18O values through
purification were 0.03–0.08‰ for the tap water samples.
Because the change values were less than the standard
deviation of the δ18O determination using CRDS, we con-
clude that the isotopic fractionation owing to purifica-
tion was negligible.

We also analyzed Juan de Fuca oceanic basalt (JFB)
as MORB. The δ18O and ∆′17O values of JFB were previ-
ously determined to be in the range from +5.33‰ to
+5.593‰ and from –64 × 10−6 to –1 × 10−6, respectively
(Ahn et al., 2012; Kim et al., 2019; Kusakabe and
Matsuhisa, 2008). The revised values on the VSMOW-
SLAP scale were reported recently to be +5.692‰ and
–43 × 10−6, respectively (Kim et al., 2020). Additionally,
NBS28, which is a quartz isotope standard distributed by
IAEA, was routinely measured to verify the accuracy of
our measurement.

Three in-house H2O standards, ANT, MQ, and CDOW,
were prepared and analyzed routinely to obtain accurate
δ17O and δ18O values of the samples normalized on the
VSMOW-SLAP scale. ANT, which is more depleted than
the standards in heavy isotopes (17O and 18O), is com-
posed of ice collected in the Antarctic. MQ is ultrapure
deionized water made from tap water at Hokkaido Uni-
versity. CDOW, which is more enriched than the others
in heavy isotopes (17O and 18O), is commercial desalted
Pacific Ocean water (“Marine Gold,” Marine Gold Co.,

Ltd., Muroto, Kochi, Japan) originally collected from
offshore area that was concentrated further by distilla-
tion at 50°C until the volume was reduced to one-tenth of
the original value. The advantage of normalization using
these in-house H2O standards is the relative ease in pre-
paring the standards, of which the δ17O and δ18O values
are homogeneous and significantly different from each
other. Additionally, the normalization ranges can be eas-
ily changed depending on the approximate oxygen iso-
topic compositions in the samples. Although δ18O value
of silicate is typically out of the VSMOW-SLAP range
(approximately +5‰ versus VSMOW in δ18O) in gen-
eral, we can accurately determine the oxygen isotope ra-
tios of silicate using the in-house H2O standards by inter-
polation rather than extrapolation (Kim et al., 2020; Pack
et al., 2016; Sharp et al., 2016; Wostbrock et al., 2020).
In addition to the three in-house H2O standards, we
analyzed Greenland ice sheet precipitation (GISP), which
is a H2O isotope standard distributed by IAEA. The oxy-
gen isotope ratios of all in-house H2O standards and GISP,
were assigned on the basis of direct comparison with
VSMOW and SLAP by using a cavity ring-down
spectrometer (CRDS; L2140-i with A0211 vaporization
module, Picarro Inc., Santa Clara, California, USA) with
reference to the method described in Steig et al. (2014)
(Table 1). The δ18O value of GISP assigned by IAEA was
–24.76‰ (Gonfiantini, 1984).

Fig. 1.  δ′18O versus ∆′17O plot of MORB, geothermal H2O, and fumarolic condensates determined in this study against those
reported in previous studies. The following sources were used to obtain the data: seawater and meteoric water: Luz and Barkan,
2010; San Carlos olivine: Pack et al., 2016; Sharp et al., 2016; Kim et al., 2020; and Wostbrock et al., 2020; obsidian: Green-
wood et al., 2018*; and Kim et al., 2020; MORB including JFB: Greenwood et al., 2018*; Kim et al., 2020; and this study. *:
Correction used San Carlos olivine as the standard assuming that its mean δ18O and ∆′17O values coincided with those on the
VSMOW-SLAP scale reported in the previous study (+5.32‰ and –52 × 10−6, respectively; Sharp and Wostbrock, 2021).
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Measurements on oxygen isotopes
The δ17O and δ18O values of the geothermal H2O and

the fumarolic condensates were analyzed using CRDS
based on the method proposed by Steig et al. (2014). Each
sample or standard was measured through 50 injections;
only the last 30 injections were used to estimate the mean
of the measured isotope ratios to minimize memory ef-
fects. The SD for 30 injections of the in-house H2O stand-
ards were 0.022‰ for δ17O, 0.077‰ for δ18O, and 21 ×
10−6 for ∆′17O. The δ17O and δ18O values were normal-
ized on the VSMOW-SLAP scale by using ANT and MQ.

The decomposition of silicates to extract oxygen as
O2 was performed with a conventional fluorination tech-
nique using BrF5 at 500°C. Details of the process are given
in Appendix. Conventionally, BrF5 is used to decompose
various types of terrestrial oxygen compounds such as
silicates, carbonates, and phosphates, for the measurement
on oxygen isotopes. The contribution of the blank O2,
however, was significant during the measurements on sili-
cates in this study. As a result, we corrected the contribu-
tion of blank O2 by the regression analyses (see Section
“Results”).

In addition, we decomposed three in-house H2O stand-
ards, CDOW, ANT, and MQ, to normalize JFB on the
VSMOW-SLAP scale. For this process, we employed the
fluorination technique using BrF5 at 250°C to extract
oxygen as O2.

Extracted and purified O2 from silicates and in-house
H2O standards, together with the working standard O2
(Taiyo Nippon Sanso Co., Tokyo, Japan; O2 purity >
99.99995 vol.%) as the reference gas, was analyzed us-
ing the dual inlet mode of a mass spectrometer (Delta V
Advantage, Thermo Fisher Scientific Inc., Bremen, Ger-
many) with a cup configuration of m/z = 32, 33, and 34.
The m/z = 32 signals were balanced to 2000 ± 50 mV
prior to each measurement session. The SD for multiple
measurements of NBS28 were 0.046‰ for δ17O, 0.034‰
for δ18O, and 28 × 10−6 for ∆′17O.

Normalization onto the VSMOW-SLAP scale
O2 derived from oxygen compounds other than the

samples, such as atmospheric H2O vapor and trace ox-
ides used in the reaction vessels, that could not be elimi-
nated in the pre-treatment steps prior to the fluorination
(blank O2) could contaminate sample O2. If such blank
O2 is significant, the measured δiO value should change
as a function of the sample quantity introduced. During
the measurements on the in-house H2O standards, how-
ever, we observed no significant correlation between the
δiO value relative to the working standard O2 (δiOWG)
and the reciprocal of the O2 quantity irrespective of the
actual δiO value of each in-house H2O standard (p > 0.05),
which implies minimum contribution by the blank O2.
Thus, their δiOWG values were obtained as the mean of

multiple measurements in this study.
From the relation between the δiOWG values of the

three in-house H2O standards and their δiO values deter-
mined on the VSMOW-SLAP scale (δiOVSMOW-SLAP), we
can relate the δ17OVSMOW-SLAP (δ18OVSMOW-SLAP) values
of each sample with δ17OWG (δ18OWG) values using Eq.
(3) [(4)].

δ17OVSMOW-SLAP
= 1.0500 ± 0.0040·δ17OWG + 8.1949 ± 0.0806 (3)

δ18OVSMOW-SLAP
= 1.0563 ± 0.0041·δ18OWG + 16.2352 ± 0.1557. (4)

As clearly represented by the R2 of 1.0000 (Supple-
mentary Fig. S2) in the equations, we obtained good lin-
ear correlation between δiOWG and δiOVSMOW-SLAP in a
wide isotopic range of more than 55‰ for δ18O. The
ranges between –24.7 and +16.1‰ for δ17OVSMOW-SLAP
and –46.2 to +31.0‰ for δ18OVSMOW-SLAP cover the typi-
cal oxygen isotope ratios of terrestrial H2O and silicates,
at ≤0‰ for δ18O and +5 to +10‰ for δ18O, respectively.
In this study, we used the equations for normalization of
the silicate sample onto the VSMOW-SLAP scale.

A slope of more than 1 indicates that the raw values
(δiOWG) were compressed in the IRMS used in this study.
The result further validates that the normalization onto
the VSMOW-SLAP scale was required to avoid the disa-
greement among laboratories on the ∆′17O values. In ad-
dition, the intercepts of +8.195 ± 0.081‰ and +16.235 ±
0.156‰ represent the δ17O and δ18O values of our work-
ing standard O2 on the VSMOW-SLAP scale, respectively.
The ∆′17O values of that on the VSMOW-SLAP scale is
obtained to be –341 ± 1 × 10−6.

By using fluorination and IRMS for the measurement
and Eqs. (3) and (4) for the normalization onto the
VSMOW-SLAP scale, we determined the oxygen isotope
ratios of GISP to be δ18OVSMOW-SLAP = –25.076 ± 0.231‰
and ∆′17OVSMOW-SLAP = +18 ± 4 × 10−6. The δ18O and
∆′17O values estimated by the fluorination method were
slightly lower than those reported in previous studies.
However, these values are in agreement with our estima-
tion of GISP based on CRDS (δ18OVSMOW-SLAP = –24.664
± 0.012‰, ∆′17OVSMOW-SLAP = +26 ± 3 × 10−6, n = 30)
and those obtained by various methodologies such as
fluorination with BrF5 or CoF3 and the CRDS technique
within the error (Supplementary Fig. S3; p > 0.05).

RESULTS

The measured δ17O and δ18O values of the geothermal
H2O including fumarolic condensates normalized on the
VSMOW-SLAP scale are summarized in Supplementary
Table S2, together with δ2H values.
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Supplementary Table S3 summarizes the measured
oxygen isotope ratios of JFB normalized on the VSMOW-
SLAP scale together with those of NBS28. We found that
the δ18O and ∆′17O values on the VSMOW-SLAP scale
correlated with the reciprocal of O2 quantities (Supple-
mentary Fig. S4; p < 0.05). Additionally, the average O2
yield of the analyses relative to the theoretical oxygen
quantity of each silicate was larger than 100%, which
implies that blank O2 produced through fluorination con-
tributed to the measured O2. Thus, we conclude that the
regression lines represent the mixing lines of O2 derived
from each sample with blank O2 and that we estimated
the oxygen isotope ratios of each sample, from which the
contribution of blank O2 had been corrected, as the inter-
cepts of the regression lines (Fig. S4). The intercepts of
δ18OVSMOW-SLAP and ∆′17OVSMOW-SLAP corresponded to
+5.971 ± 0.752‰ and –60 ± 13 × 10−6; these values agree
with the previously reported values of +5.692 ± 0.014‰
and –43 ± 1 × 10−6, respectively (Kim et al., 2020). Addi-
tionally, the δ18O and ∆′17O values of NBS28 through the
same blank correction and the normalization onto the
VSMOW-SLAP scale were +9.740 ± 0.768‰ and –41 ±
15 × 10−6, respectively. Those of NBS28 in this study also
agreed with those reported in the previous study normal-
ized on the VSMOW-SLAP scale (+9.57‰ and –50 ×
10−6, respectively; Sharp and Wostbrock, 2021).

The relationships between the values of δ′18O and
∆′17O of the samples determined in this study is described
in Fig. 1 as are those reported for the mantle-derived sili-
cates, seawater, and meteoric water.

DISCUSSION

∆′17O value of JFB
Prior to interpret the δ18O and ∆′17O values of

geothermal H2O, we should discuss those of JFB and the
isotopic evolution of such volcanic rocks during magmatic
processes. The δ18O and ∆′17O values of JFB (+5.7 to
+6.0‰ and –60 to –43 × 10−6, respectively; Kim et al.,
2020; this study) are similar to those of fresh MORB com-
posed of pure glass in which the interactions with seawater
were minor (Greenwood et al., 2018). The present results
imply that the fresh MORB is homogeneous in ∆′17O
within a variation range of 20 × 10−6 regardless of the

sampling location (Fig. 1).
Although MORB has a slightly higher δ18O than the

bulk mantle, the ∆′17O values of the MORB are in good
agreement with those of the bulk mantle, represented as
San Carlos olivine (Kim et al., 2020; Pack et al., 2016;
Sharp et al., 2016; Wostbrock et al., 2020). The obsidian,
which is felsic volcanic glass precipitated from rhyolitic
melt, showed δ18O values 1–3‰ higher than those of
MORB owing to the 18O-enrichment trend from mafic to
felsic caused by the crystal differentiation in the melt.
Still, the ∆′17O values of this glass were similar to those
of MORB as well.

Neither theoretical nor empirical studies have been
conducted thus far to determine the equilibrium
fractionation exponent θ (=ln17α/ln18α) between melt and
minerals. However, the empirical θ obtained for the min-
eral-mineral system, which ranged from 0.528 to 0.529
through magmatic processes under temperatures of 620–
1050°C (Pack and Herwartz, 2014), implies that even if
the evolution of the mantle-derived melt led to
fractionation of δ18O from those in the upper mantle for
1‰, the ∆′17O values were almost stable, as evidenced
from the θ values close to 0.528 during the oxygen iso-
tope fractionation. We conclude that in general, the ∆′17O
values of –50 ± 10 × 10−6 represent those of the upper
mantle as well as those of fresh volcanic silicates.

∆′17O values of geothermal H2O and fumarolic conden-
sates

The oxygen isotope ratios of geothermal H2O are
shown in the δ′18O-∆′17O space together with those re-
ported for meteoric water and silicates (Fig. 1). Although
the meteoric water generally showed δ18O values lower
than those of seawater owing to isotope fractionations
during evaporation from seawater (e.g., Dansgaard, 1964),
the geothermal H2O showed relative 18O-enrichment from
local meteoric water owing to (1) oxygen isotope ex-
change with silicates or (2) mixing with 18O-enriched
magmatic H2O (e.g., Giggenbach, 1992).

In accordance with the 18O-enrichment, they showed
lower ∆′17O values, from +31 to –51 × 10−6. The relation
can be explained by the mixing of H2O with lower ∆′17O
values of –40 × 10−6 or less to the local meteoric water
(or seawater). Both the δ18O and ∆′17O values of the hy-

Table 1.  Oxygen isotope ratios of in-house H2O standards and GISP determined using
CRDS and normalized on the VSMOW–SLAP scale

Sample 103·δ1 7O SD SEM 103·δ1 8O SD SEM 106·∆′1 7O SD SEM

ANT –24.665 0.011 0.002 –46.202 0.066 0.012 +2 13 2
MQ –5.703 0.016 0.003 –10.823 0.077 0.014 +26 15 3
CDOW +16.063 0.022 0.004 +30.972 0.071 0.013 –170 21 4
GISP –13.074 0.016 0.003 –24.664 0.066 0.012 +26 15 3
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pothetical H2O with low ∆′17O values coincided with those
of fresh MORB.

As discussed in previous sections, the terrestrial sili-
cates are characterized by both higher δ18O and lower
∆′17O compared with meteoric water and seawater irre-
spective of the evolution of the silicates from those in the
upper mantle. Additionally, under the oxygen isotope ex-
change equilibrium between silicates and H2O at tempera-
tures of 300–400°C with high (infinite) rock/water ratio,
the ∆′17O values of H2O should be close to those of sili-
cate (Sharp et al., 2016). Therefore, mixing of H2O that
had been under the oxygen isotope exchange equilibrium
with silicates at elevated temperatures is a likely expla-
nation for the lower ∆′17O values of geothermal H2O than
those of local meteoric water. Another possible explana-
tion for the ∆′17O values of the geothermal H2O is the
mixing of magmatic H2O that originated from both the
subducted H2O discharged into the mantle wedge at great
depth in the subduction zone and H2O originally in the
upper mantle (e.g., Giggenbach, 1992). Even if that were
the case, the ∆′17O value of this magmatic H2O should
coincide with that of the melt owing to the rapid oxygen
isotope exchange between H2O and silicates under the θ
values close to λRL (=0.528) (Sharp et al., 2016).

The δ2H values of the geothermal H2O increased in
accordance with the 18O-enrichment (Supplementary Fig.
S5). Besides to contribution of magmatic H2O interacted
with lithosphere, the isotopic fractionation during phase
separation (Craig, 1963) could be responsible for the ob-
served linear relation with the slope lower than the mete-
oric water line (δ2H = 8·δ18O + 10; Dansgaard, 1964) in
the δ2H-δ18O space. Because the θ value between vapor
and liquid at a temperature of 100°C is likely close to λRL
(Barkan and Luz, 2005; Zakharov et al., 2019), it is diffi-
cult to explain the 17O-depletion of the geothermal H2O
by the isotopic fractionation during the phase separation
of geothermal H2O. Rather, the contribution of the H2O
interacted with the lithosphere is more reasonable to ex-
plain the changes of both δ2H and ∆′17O values in ac-
cordance with the 18O-enrichment of the geothermal H2O.
Therefore,  oxygen with low ∆′17O values in the
lithosphere should be highly responsible for the origin of
those with low ∆′17O values in the geothermal H2O irre-
spective of the H2O’s origin. We conclude that oxygen
isotope exchange with the lithosphere under elevated tem-
peratures was responsible for the 17O-depletion of the
geothermal H2O.

Implications for the isotopic evolution of the terrestrial
hydrosphere

Considering that geothermal H2O is generally an ana-
log of high-temperature hydrothermal H2O including
deep-sea venting, the present results on geothermal H2O
imply that H2O with low ∆′17O was supplied continuously

to the terrestrial hydrosphere through oxygen isotope ex-
change with the lithosphere under high-temperature con-
ditions. Reports of the changes in the ∆′17O of MORB
owing to hydrothermal alteration (Sengupta and Pack,
2018) also support this hypothesis. The oxygen isotope
exchange rate between seafloor basalt and seawater is 1.8
× 1013 kg-O/year, as estimated from the volume of the
high-temperature altered phase in the seafloor basalt
(Muehlenbachs, 1998; Sengupta and Pack, 2018). Thus,
approximately 60 times amount of oxygen in the present
seawater (1.2 × 1021 kg-O) should have been exchanged
between the seafloor basalt and seawater throughout the
geologic time scale (4 Ga). Consequently, any possible
∆′17O in the primitive ocean owing to the kinetic
fractionation process (Tanaka and Nakamura, 2013) such
as the degassing of H2O was no longer preserved in the
present seawater even if such relative 17O-enrichment
occurred. Rather, we must attribute the ∆′17O of the
present seawater to the subsequent interactions between
the silicates and seawater. Furthermore, the direct evi-
dence for the continuous supply of the 17O-depleted H2O
into the hydrosphere implies that we must assume low-
temperature interactions between the lithosphere and the
hydrosphere (Pack and Herwartz, 2014; Sengupta et al.,
2020; Sengupta and Pack, 2018) to explain the ∆′17O of
the present seawater besides the high-temperature inter-
action. As a result, this ∆′17O of H2O in the hydrosphere
should be variable throughout the geologic time scale.

CONCLUSIONS

The ∆′17O values of the geothermal H2O showed a
large variation ranging of –51 to +31 × 10−6. With ∆′17O
values of –60 ± 13 × 10−6, the ∆′17O value of JFB, was
significantly lower in general than that of seawater and
meteoric water. This result coincides with those of man-
tle-derived silicates reported in previous studies. Addi-
tionally, the oxygen isotopes of the geothermal H2O are
plotted on the hypothetical mixing line between mantle-
derived silicates and meteoric water (or seawater) in the
δ′18O-∆′17O space. This implies that the oxygen isotope
exchange between silicates and H2O was responsible for
the production of 17O-depleted H2O in the geothermal
H2O. We conclude that the 17O-depleted H2O has been
supplied continuously into the hydrosphere and that the
∆′17O of the terrestrial hydrosphere should be variable in
response to the interaction between the lithosphere and
the hydrosphere throughout the geologic time scale.
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APPENDIX A

A1.  Methodologies
A1.1.  Fluorination line  The fluorination technique us-
ing BrF5 was applied to decompose the H2O and silicates
into O2 in this study. This measurement system was newly
installed at Nagoya University, Japan. The schematic dia-
grams of the fluorination line and the reaction vessels used
in this study are shown in Supplementary Figs. S6 and
S7, respectively. The design of the line follows that used
at the Korea Polar Research Institute (Kim et al., 2020).
Most parts of the line and the reaction vessels were com-
posed of stainless steel tubes, unions, and bellows sealed
valves supplied by Swagelok (Solon, Ohio, USA). For
storing the BrF5 and byproducts produced during fluori-
nation, we used custom-made polychlorotrifluoroethylene
(PCTFE) Kel-F® tubes that were resistant to fluoride,
hydrophobic, and semi-transparent to reveal the inside of
the tubes.

The fluorination line consisted of two parts: a distil-
lation line and a purification line (Fig. S6). The distilla-
tion line was used to purify the BrF5 by distillation and
to distribute it into a reaction vessel connected to UT 1.
The BrF5 was purified through distillation by using both
LN2 and a dry ice/ethanol mixture prior to use for the
fluorination. The purification line was used to extract and
purify O2 from the gases (O2, residual BrF5, and
byproducts other than O2) in a reaction vessel connected
to UT 2. The line included two cold traps (CT 1 and CT
2) and a chemical trap (KBr trap) filled with KBr parti-
cles. A cold sample tube filled with molecular sieve 5A
(MS trap) was connected at UT3 for collecting all of the
purified O2 of each sample under the LN2 temperature.
A1.2.  Fluorination and purification of H2O  The reac-
tion vessel used to convert H2O to O2 using BrF5 was a
50 mL stainless steel tube (Fig. S7(a)); a glass tube was
used for injection and purification of the H2O sample.
About 2–4 µL of the H2O sample was subsampled into
the glass tube by using a microsyringe and was then fro-
zen at the bottom of the tube using LN2. Afterward, N2,
Ar, and O2 in the gas phase were evacuated. The same
evacuation procedure was repeated twice more by chang-
ing the LN2 to the dry ice/ethanol mixture to remove the
CO2 and N2O. Each H2O sample, sealed in the reaction
vessel, was fluorinated using excess BrF5 at twice the stoi-
chiometrically required amount at 250°C for 1 h.

After the fluorination, all of the O2 produced in the
reaction vessel was introduced into the purification line
through UT 2 and was recovered onto the sample tube

with molecular sieve 5A under LN2 temperature. The other
byproducts, including residual BrF5, BrF3, Br2, HF, and
NF3, were trapped at CT 1 and CT 2 under LN2 tempera-
ture, and F2 was trapped at the KBr trap in the line at
150°C.
A1.3.  Fluorination and purification of silicate  The reac-
tion vessel for silicate (Ni reactor) was composed of nickel
and stainless steel (Fig. S7(b)). The bottom 10 cm of the
reactor, which was heated during fluorination, was com-
posed of a 1" O.D. nickel tube welded onto a Swagelok
vacuum coupling radiation (VCR) gland. This tube was
connected to the stainless steel tube with a VCR connec-
tor located at the tube′s midpoint. After removing the
stainless steel tube from the connector, we loaded each
sample into the reactor and removed the (un)reacted
residues after fluorination.

About 2–13 mg of JFB was loaded into the Ni reactor.
The reactor was evacuated at 150°C for 16 h and at 300°C
for 2–4 h. Afterward, the reactor was cooled to 50°C, and
a small amount of BrF5 was expanded into the line and
the reactor to remove microcontaminants such as atmos-
pheric H2O. After 1 h, the expanded BrF5 was collected
into a PCTFE tube under LN2 temperature, and the re-
sidual gases were evacuated. Each silicate was fluorinated
at 500°C for 16 h by using excess BrF5 at three to four
times the stoichiometrically required amount. To avoid
heating the VCR gasket during the fluorination, a copper
tube through which water flowed was installed below the
VCR connector. After the fluorination, the O2 produced
in the reactor was purified following the same procedures
as those used for the H2O fluorination and was collected
in the sample tube described already.
A1.4.  Collection and introduction of O2 to IRMS  To avoid
possible changes in the oxygen isotope ratios including
∆′17O of O2 owing to incomplete desorption from mo-
lecular sieves under room temperature, we used a cryo-
stat system (Iwatani Corporation, Tokyo, Japan) to com-
pletely desorb the O2 from the molecular sieves. This sys-
tem enabled the O2 in the sample tube to be introduced
into one of the six sample ports cooled to –250°C. After
gathering the O2 into a port for 30 min while heating the
sample tube to 60°C, the port was isolated by closing dia-
phragm valves (SS-DSVCR4, Swagelok, Solon, Ohio,
USA) at the inlet of each port. Then, the O2 in each port
was measured after being introduced under room tem-
perature into the pre-evacuated bellows of the IRMS
(Delta V Advantage, Thermo Fisher Scientific, Inc.,
Bremen, Germany) through diffusion.

A2.  Data analyses
For calculating the SEM for an intercept and a slope

of a linear regression line (y = βx + α) obtained by the
least-squares method, the SEM of each measurement
should be propagated to them. According to propagation
law of error, these values are expressed as
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respectively, and f denotes an intercept (α) or a slope (β)
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method. Equation (A1) can be expanded by using the α
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In this study, we used these equations to estimate the
SEM for the intercepts and the slopes of the normaliza-
tion equations onto the VSMOW-SLAP scale. For the
normalization equations, x and y denote δiOWG and
δiOVSMOW-SLAP of the in-house H2O standards, respec-
tively. Additionally, 3 was substituted for n because three
in-house H2O standards were used to obtain the normali-
zation equations.
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