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The isotopic compositions (6*H and 6'20) of fumarolic H,0 emitted during volcanic eruptions can distinguish the
type of eruption (magmatic or phreatic), but direct sampling of fumarolic H,O in eruptive volcanoes is often nei-
ther practical nor safe. In this study, we developed a new analytical system to safely determine the isotopic com-
positions of fumarolic H,0 from the volcanic plume samples taken in glass bottles. The system consisted of
stainless steel gas introduction line and a cavity ring-down spectroscopic unit. In the 1 L glass sample bottles, an-
alytical precision (10) was estimated to be better than 2%. and 0.3%., respectively, when >3400 ppmv of H,0 was
introduced, and better than 3%. (6°H) and 0.4%. (6'%0) when >1800 ppmv of H,0 was introduced. The H,O con-
centration accuracy was better than 5%. Using this in-situ collection method and the analytical system, we deter-
mined the isotopic compositions of H,0 in volcanic plume samples taken at Iwo-yama in the Kirishima volcano
group (Japan), and deduced the isotopic composition of fumarolic H,0 from the volcanic plume. The reciprocal of
the H,0 concentration in the plume samples showed a good linear relationship with the isotopic composition.
The isotopic composition of fumarolic HO from Iwo-yama estimated from the plume samples directly
corresponded to the determined fumarolic H,O. This method improves upon previous analyses to obtain the iso-
topic compositions of fumarolic H,0, particularly by reducing tedious, time consuming, and dangerous sampling

of water vapor at volcanic fumaroles.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Water vapor (H,0) is the major component in fumarolic gas emitted
from active volcanoes, followed by carbon dioxide, sulfur compounds
(H,S and SO,), and variety of minor and trace gas species
(e.g., Giggenbach, 1987; Giggenbach and Matsuo, 1991; Shinohara,
2005; Ohba et al., 2011). Magmatic and meteoric H,O are assumed to
be the principal components of H,0 in fumarolic gas (here after called
fumarolic H,0). The use of H and O isotope ratios can distinguish the or-
igin of fumarolic H,0 (Craig, 1963; Matsuo et al., 1974, 1985). For in-
stance, we would expect 5°H values of —24.5 + 7.3%. and 6'%0 values
of +6.0 & 3.0%. (average and 10 of H,O samples taken from high tem-
perature fumaroles) for magmatic H,O from convergent plate volcanoes
(Giggenbach, 1992). We would also expect that, for meteoric H,0
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(i.e., groundwater), the isotopic compositions would plot on the local
meteoric line of each volcano (Craig, 1963; Giggenbach, 1992).

Volcanic eruptions are mainly classified as either magmatic or phre-
atic (Barberi et al., 1992). Both types of eruptions will emit water with a
mix of magmatic and meteoric water. Most phreatic eruptions are
caused by heating meteoric H,O with magma, so that most volcanic
H,0 emitted during phreatic eruptions will consist of meteoric H,0. In
contrast, volcanic H,O emitted during magmatic eruptions will be rich
in magmatic H,O compared with phreatic eruptions. Thus, the 8*H
and 6'80 of fumarolic H,0 emitted during eruptions may be able to dif-
ferentiate the type of volcanic eruptions (magmatic or phreatic), and
can also be used to detect temporal changes in a volcanic/hydrothermal
system from changes in the H,O isotopic compositions.

Direct sampling of fumarolic H,0 in eruptive volcanoes, however, is
often neither practical nor safe. Instead, volcanic plumes are more safely
sampled at a distance from a volcanic crater (Shinohara et al., 2008;
Aiuppa et al.,, 2010,2011; Tsunogai et al., 2011, 2016). Since volcanic
plumes are formed from mixing between fumarolic gas and atmo-
spheric air, the fumarolic H,0 isotopic compositions can be estimated
from the concentration and isotopic composition of volcanic plume
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H,0, by subtracting contribution from atmospheric H,O (Tsunogai et al.,
2011, 2016).

Traditionally, the isotopic compositions of atmospheric H,O has
been determined through collecting water vapor in cold traps, and
then measuring the isotopic compositions for the collected H,0 (liquid)
using isotope ratio mass spectrometers (IRMS) (e.g., Craig, 1961; Craig
and Gordon, 1965; Uemura et al., 2008; Ueta et al., 2014; Yu et al.,
2015). Although this method, called the cold trap method, is still widely
used to obtain accurate isotopic compositions of water vapor in air and
fumarolic gas, it is difficult to use for the determination of H,0 isotopic
compositions in volcanic plumes. A sampling time of >10 min is needed
to collect sufficient H,O to measure isotopes with the traditional cold
trap method (e.g., Wen et al., 2008; lannone et al., 2010; Ueta et al.,
2013), but instantaneous sampling is needed to obtain concentrated
volcanic plume material ejected from eruptive volcanoes using aircraft
(Tsunogai et al.,, 2016). Furthermore, traditional methods require a con-
tinuous supply of refrigerants such as ice, dry ice, or liquid nitrogen dur-
ing sampling, and it is often difficult to bring these into a volcanic plume.
As a result, we developed an alternative method, which enables us to
obtain each sample instantaneously and without using refrigerants.

Based on slight differences in atomic adsorption spectrum between
each isotopologue of H,0, laser spectroscopic techniques have been de-
veloped to determine the isotopic compositions of H,O (Kerstel, 2004).
These techniques have been successfully applied to in-situ stable isoto-
pic analysis of atmospheric water vapor in recent years (Lee et al., 2005;
Griffith et al., 2006; Gupta et al., 2009; Schneider and Hase, 2009;
lannone et al., 2010; Tremoy et al., 2011; Bastrikov et al., 2014). How-
ever, they require electrical power (~150 W) for the measurements
(Picarro, Inc, 2012) and the total weight of the devices and equipment
(e.g., spectroscopic analyzer, computer, pump, and battery) exceeds
20 kg. As a result, it is not practical to bring them into areas with volca-
nic plumes (mountainous regions in most cases), which therefore pre-
cludes in-situ determination of volcanic plume H,O isotopic
compositions. Instead, it is more practical to collect volcanic plume sam-
ples in glass bottles and then bring them back to the laboratory for anal-
ysis, as already being done for H in volcanic plume (Tsunogai et al.,
2011, 2016). The carbon isotopic composition of fumarolic CO, has
also been estimated from the concentration and isotopic composition
of volcanic plume CO,, by subtracting contribution from atmospheric
CO, (Rizzo et al., 2014, 2015; Fischer and Lopez, 2016; Malowany
et al., 2017).

In this study, we developed an original system to introduce gas sam-
ples collected in glass bottles into a cavity ring-down spectroscopy
(CRDS) to analyze the 6*H and 6'80 of H,0 in volcanic plume samples.
Here we report details of the analytical system and evaluated its perfor-
mance. Using this system, we also determined the concentration and
the isotopic compositions of H,0 in volcanic plume samples, and used
our in-situ collection method to estimate the isotopic compositions of
fumarolic H,0.

2. Experimental
2.1. Analytical procedure

2.1.1. Air/volcanic plume samples (bottle samples)

We used 1 L glass bottles with two stopcocks sealed by Viton o-rings
at both ends to take the volcanic plume samples; the samples were also
stored in these bottles until analysis. All of the glass bottles were evacu-
ated to <10~* Pa under 60 °C in the laboratory to remove residual water
vapor. Then, each bottle was filled with an air/volcanic plume sample to
the surrounding atmospheric pressure in the study area (Tsunogai et al.,
2003, 2011) and stored for <2 weeks until isotope analysis in the labo-
ratory. The sampling time needed for each bottle sample was 20 s. Be-
fore the isotopic analysis, the internal pressure of 1 L glass bottles
were measured by the vacuum line equipped with a pressure gauge.

To analyze the concentration and isotopic compositions (6°H and
6'80) of H,0 in a sampled volcanic plume, a stainless steel gas inlet sys-
tem was developed and connected with a CRDS water isotope analyzer
L2120-i instrument (Picarro Inc., Santa Clara, CA, USA) via an automated
2-position, 3-port switching valve (Valve 1), which introduced the bot-
tled air sample (Fig. 1). The instrument was also equipped with a A0211
vaporizer and auto-sampler (PAL HTS-xt) to determine the isotopic
compositions of liquid H,O (Fig. 1). We used Valve 1 to switch the
type of sample to be analyzed from liquid H,O to water vapor in air/vol-
canic plume samples. The gas introduction line was equipped with 2
valves controlled manually: a 2-position, 6-port switching valve
(Valve 2) and a needle stop valve (Valve 3).

Prior to analysis, the sample bottle was connected to the injection
port of the gas inlet system and warmed to 60 °C for 15 min using a cy-
lindrical heater. Then, the entire system, including the CRDS, was
purged with high-purity air (N: 79% and O,: 21%), until the H,0 con-
centration was <100 ppmv. This was done by setting the three valves
of the gas introduction line to their ordinal positions: (1) Valve 1 was
in the ‘Water vapor mode’ position; (2) Valve 2 was placed in the ‘Mea-
sure’ position; (3) Valve 3 was set at the ‘open’ position (Fig. 1). Valve 3
was then closed to stop flushing the system with dry air, and the stop-
cock of a sample bottle was opened to introduce a portion of each air/
volcanic plume sample into the CRDS for 480 s using the inner pressure
gradient created by a diaphragm pump. The concentrations and isotopic
compositions of H,0 in the volcanic plume/air samples were monitored
for 480 s (120 data points) in the CRDS. The concentration and isotopic
compositions of H,0 in each sample were calculated by averaging the
data collected between 150 and 420 s. Then, the sample bottle stopcock
was closed, and Valve 2 was set at the ‘bypass’ position to remove the
sample bottle. After changing a sample bottle, Valve 2 was once again
switched to the ‘Measure’ position, and Valve 3 was set to ‘open’ to
allow line purging for the next measurement. Overall, it took about
20 min to flush the gas sample introduction line and get the CRDS ana-
lyzer to <100 ppmv H0. Thus, the total time needed for a single analysis
was about 30 min.

2.1.2. Liquid samples

Liquid samples such as the standard waters (STDs) and water con-
densate from laboratory air and fumarolic gas were prepared by pipet-
ting them into vials (2 mL glass short-thread vials, PTFE/silicone
capped), after which the vaporizing cell was flushed with dry air by
opening Valves A and B. Then, an aliquot (1.8 pL) of liquid sample was
injected through a septum-sealed injection port into the vaporizer cell
using the auto sampler and a 10 pL syringe (Schauer et al., 2016). The
injected water samples were flash-evaporated at 110 °C in the cell and
sent into the cavity as vapor by switching Valve 1 to the ‘liquid mode’
position and closing Valve B. The ordinal position of Valve 1 was
‘water vapor mode’ that purged the cavity and the line in the CRDS sys-
tem with carrier gas (dry air) until measurements. All of the liquid
water samples were measured in a high precision mode, which takes
about 8 min per an injected sample (Gupta et al., 2009). We injected
and measured the same water sample 8-10 times to achieve sufficient
accuracy and precision. To minimize cross-contamination, the last
three data points were used to calculate the isotopic compositions of
the liquid H,0 sample. The analytical precision (10) of 6?°H and §'80
values for liquid H,0 were 1%. and 0.1%., respectively.

2.2. Isotopic calibration

The hydrogen and oxygen isotope ratios are reported in delta (6) no-
tation (6 = Rsampie / Rsta — 1). Rsample and Rg;q denote the isotope ratios
(?H/'H and '80/'®0) of a sample and a standard (Vienna Standard Mean
Ocean Water, VSMOW), respectively. We routinely calibrated the isoto-
pic compositions of H,0 in the air/volcanic plume samples by using four
liquid H,0 working standards STD1, STD2, STD3, and STD4, that exhib-
ited +1.2%0, —73.5%o, —139.5%., and —370.9%. for &°H, respectively,
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Fig. 1. Schematic of the analytical system used to determine concentrations and isotopic compositions of H,O (water vapor) in air/volcanic plume samples taken in a glass bottle, together

with the vaporizer (A0211) for liquid H,O samples.

and —0.14%. (STD1), —11.33%, (STD2), —18.02%. (STD3), and
—46.61%o (STD4) for 6'%0. The §%H and §'80 values of these working
standards were precisely calibrated using the international standards
(VSMOW and Standard Light Antarctic Precipitation, SLAP) (Coplen
and Hopple, 1995). To estimate the isotopic compositions of H,O in
air/volcanic plume samples on the VSMOW scale, we measured the iso-
topic compositions (6, sq) daily of two of the four liquid standards using
the new analytical system, by changing the water volume introduced to
the vaporizing cell and adjusting the H,O concentration at the CRDS to
around 20,000, 7000, and 3000 ppmv, respectively. Then, we obtained
the isotopic compositions (6'; stq) of each working standard in which
the blank H,0 contribution had been corrected from the intercept of
the linear relationship between 1/[H,0] and 6; .

We also estimated the concentration and isotopic compositions of
blank H,0 as the intersection of the linear relationship between 1/
[H»0] and isotopic compositions for each working standard (Gelwicks
and Hayes, 1990; Tsunogai et al., 2000), as shown in Fig. 2. The isotopic
compositions of water vapor in each glass bottle were also measured
and corrected for the contribution from blank H,O using Eq. (1):

6/1',5131 = (Ar,spl . 61',5131 —Ap * 6b)/(Ar—spl_Ab) (1)

where &', denotes the corrected isotopic compositions of each water
vapor sample, &, s and &, denote the isotopic compositions of sample
H,0 (measured) and blank H,0, respectively, and A, s, and A;, denote
the concentration of sample H,0 (measured) and blank H,0, respec-
tively. After blank correction using Eq. (1) (see discussion in
Section 3.1.), we calculated the isotopic compositions of each sample
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Fig. 2. The conceptual diagram showing blank estimation. Open and closed circles show
changes in the measured isotopic compositions of two STDs in accordance with the
reciprocal H,0 concentration (1/[H,0]), respectively. The concentration and isotopic
composition of blank H,0 (open square) as the intersection of the linear relationship
between 1/[H,0] and isotopic compositions for each working standard.
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on the VSMOW scale, assuming a linear relationship between the mea-
sured and true isotopic compositions.

3. Results and discussion
3.1. Analytical blanks

We found that blank H,O eluted from the system potentially limits
the accuracy and precision of *°H and 6'®0. Therefore, we determined
these analytical blanks using the STDs at least once a day (Gelwicks
and Hayes, 1990; Tsunogai et al., 2000). The average analytical blank
concentration and isotopic compositions of the system during the
11 months were 255 + 149 ppmv (10) for H,O concentration, —94
+ 31%. (10) for 6°H, and +27 + 88%. (10) for 6'0. The contribution
of blank H,0 was subtracted from the measured concentration and iso-
topic compositions of the water vapor using Eq. (1) and based on the
blank H,0 values determined on the same day.

To check that the blank correction was successful or not, we pre-
pared samples J-2, K-2, and L-2 by diluting air samples J-1, K-1, and L-
1 with dry air (Table 1). After correcting for the contribution of the an-
alytical blank determined on the same day, the isotopic compositions of
the diluted samples ]-2, K-2, and L-2 coincided well (within 20 analyti-
cal precision) with each original air sample (J-1, K-1, and L-1, respec-
tively), while the contribution of blank H,O in the diluted samples
was 2-3 times larger than that in the original air samples. Additionally,
the calculated H,O concentrations of J-2, K-2, and L-2 were consistent
with the original H,O concentrations. Therefore, we concluded that
any bias from blank H,0 had been successfully reduced through the
in-situ collection method.

3.2. Cross-contamination

During successive measurements of H,O isotopic compositions with
a CRDS system, significant cross-contamination of residual H,O injected
and measured prior to each sample (memory effect) had been reported
in previous studies (Gupta et al., 2009; Uemura et al., 2016). Assuming
that only H,O injected and measured just prior to each sample measure-
ment influences, the apparent isotopic composition of the current i-th
injection (8, (i)) can be expressed using the formula (Uemura et al.,
2016):

G (i) = Xi + 6p + (1—Xi) * 6¢ (2)

Table 1

where X; is the memory coefficient of a previous sample on the i-th in-
jection of the current sample, 6p is the isotopic composition of the im-
mediately previous sample, and 6c is the isotopic composition of
current sample. Uemura et al. (2016) also reported that the memory co-
efficient (X;) depended on the amount of water introduced into the cav-
ity during measurement of the current sample.

To quantify the X; of the analytical system, successive analyses of air
samples with water vapor consisting of various isotopic compositions
were performed. The total quantity of H,O (water vapor) injected into
the cavity was estimated from the changes in glass bottle internal pres-
sure during each analysis, as well as the internal volume of the glass bot-
tles and the H,O concentration in it. Each air sample was measured
repeatedly (3 to 5 times), and isotopic compositions obtained during
the last measurement of the repeat sample measurements were used
as the isotopic compositions of previous and current samples (5p and
Oc, respectively). The difference in isotopic compositions between previ-
ous and current samples ranged from 12 to 72%. for 6°H, and 0.9 to
13.5%. for 6'80, and the H,0 concentration of the air samples ranged
from 1800 to 13,500 ppmv. The memory coefficients (X;) were esti-
mated by applying Eq. (2) to the last injection of the previous air sample
and the first injection of the current sample (X;), as well as to the last
injection of the previous air sample and the second injection of the cur-
rent sample (X5) (Fig. 3). X; decreased exponentially with increased H,0
injected into the analytical system, which is consistent with the previ-
ous study (Uemura et al., 2016).

The X; during the first injection was around 0.80 under an intro-
duced water vapor quantity of 10 umol for 6°H (Fig. 3a). The X; of 6°H
can be described as a function of the water vapor quantities introduced
(M) empirically: X; = 5.741 « M—%898 (R? = 0.82) for the first injections
(11-141 pumol), and X, = 269.82 + M—>37! (R? = 0.59) for the second
injections (7-98 pumol). As shown in Fig. 3a, the X; for the second injec-
tions were almost zero when >30 pmol of water vapor were introduced.
For the third injections, small values were observed for X;. The maxi-
mum difference between 6°H, (3) and 6*°H. was 9.5%. when the quanti-
ties of water vapor injected were <7 umol (which corresponds to about
2200 ppmv or less), and the 6°H difference between 6°Hp and 6°Hc
(|6%Hp - 6Hc|) was >60%.. The isotopic compositions of the fourth injec-
tions (6%H, (4)) coincided with 6°Hc within 20 of the analytical preci-
sion, regardless of the water vapor quantity injected. Similar trends of
X; as a function of M were also observed for 6'20 (Fig. 3b), showing em-
pirical curves of X; = 10.304 « M~ 1319 (R? = 0.82), and X, = 39.075 =
M~2883 (R2 = 0.51) for the first and second injections, respectively.
The values of X; of 6'%0 for the second injections (X,) were also

The H,0 concentration, maxima, minima, and average isotopic compositions after blank correction determined repeatedly for each air sample in 1 L glass bottles with their standard de-
viations. The samples J-2, K-2, and L-2 were obtained by diluting J-1, K-1, and L-1 with dry air.

Sample name n? [H,0]° 1000 &%H (vs. VSMOW) 1000 6'80 (vs. VSMOW)
(ppmv) Max. Min. Avg. SD¢ Max. Min. Avg. SD

A 7 27,638 —166.1 —169.9 —168.8 14 —24.42 —24.71 —24.52 0.11
B 7 26,674 —167.6 —171.0 —169.8 1.3 —24.34 —24.74 —24.57 0.15
C 7 18,927 —155.4 —156.5 —155.9 0.4 —22.61 —23.63 —22.95 0.41
D 7 16,291 —157.1 —157.5 —157.2 0.1 —21.32 —22.47 —21.73 0.44
E 5 14,676 —165.1 —168.2 —166.9 14 —24.76 —25.49 —25.20 027
F 7 11,101 —169.5 —178.7 —175.0 3.2 —25.19 —25.88 —25.54 022
¢ 5 5707 —107.7 —110.7 —109.1 13 —19.84 —20.36 —20.12 0.23
H 7 5166 —104.3 —105.8 —105.1 0.6 —20.07 —20.72 —20.50 023
I 2 3386 —127.8 —128.2 —128.0 0.3 —23.05 —23.15 —23.10 0.07
J-1 2 5946 —119.2 —119.6 —1194 0.3 —18.92 -19.10 —19.01 0.13
J-2 3 1818 —110.0 —1183 —113.5 43 —19.13 -19.71 —19.52 0.33
K-1 1 4320 nd. n.d. —121.1 n.d. nd. nd. —20.97 nd.
K-2 3 1798 —118.1 —119.2 —1188 0.6 —21.33 —21.49 —21.38 0.10
L-1 2 5928 —1206 —122.7 —121.7 14 —18.49 —18.51 —18.50 0.01
L-2 4 1811 —110.7 —119.2 —115.2 35 —18.76 —19.88 —19.42 0.47

n.d.: not determined.
¢ Number of repeated measurements except for the first twice injections to flush the analytical system.
b Corrected concentration of H,0 using the Eq. (5) (see Section 3.4. for the details).
¢ Standard deviations.
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negligible when >30 umol of injected H,0 were introduced. The mea-
sured §'80 of the third injections (5'80, (3)) coincided with §'80.
within 20, regardless of the quantities of water vapor injected. The
values of X; of 6'80 were less than §%H. Similar results were also ob-
tained during measurements using the CRDS system (Gupta et al.,
2009; Uemura et al., 2016).

We routinely measured air/volcanic plume samples in each glass
bottle through successive, repeated injections more than 3 times and es-
timated isotopic compositions from the third injection or later, if we had
sufficient quantities of volcanic plume/air samples. As a result of these
experiments, we chose a sample volume 1 L of the volcanic plume.

3.3. Analytical precision

To check the analytical precision of 8*H and 80 values using our
system, air samples with various H,O concentrations were prepared in
1 L glass bottles and measured repeatedly using the system. The average
62H and §'80 values and their standard deviations (10) are listed in
Table 1, together with H,O concentrations. The analytical precision
(10) of 8*H and 6'%0 during a single analysis was estimated to be better
than 2%. and 0.3%., respectively, when >3400 ppmv of H,O ina 1 L glass
bottle was introduced, and better than 3%, (6°H) and 0.4%. (6'%0) when
>1800 ppmv of H,0 was introduced (Table 1). Changes in the H,0 iso-
topic compositions in accordance with concentration had been found
in previous studies using CRDS (Brand et al., 2009; Arienzo et al.,
2013) and was likely a result in changes in the contribution of the
blank H,0. While blank H,O contributions were removed from the iso-
topic compositions listed in Table 1, the precision was worse when H,0

concentrations were low because of fluctuations in the blank H,0 isoto-
pic compositions.

Changes in the isotopic compositions as a function of sample bottle
internal pressure were tested and are shown in Fig. 4. There was no sys-
tematic variation in the determined isotopic compositions with internal
pressure between 1.0 and 0.2 atm. However, apparent H,0 concentra-
tions tended to decrease systematically from the initial measurements
at 1.0 atm with internal pressure in the glass bottle (Fig. 4). The relative
changes in the apparent H,O concentration can be described using an
empirical equation:

Rio (%) = —0.4393 + P~ %% 4 100,34 (R?>0.99) (3)

where Ryp0 denotes the apparent concentration relative to the original
(in %) determined under 1 atm, and P (in atm) denotes the internal
pressure in a 1 L glass bottle. Moreover, change in the internal pressure
after a single isotopic analysis using our system can be also described as
a function of the internal pressure at the start of injection using an em-
pirical equation:

Rp (%) = 72.369 « p0-056 (RZ = 0.98) (4)

where Rp denotes the change in the internal pressure relative to the ini-
tial pressure (in %). Changes in the internal pressure during repeated
measurements of the same sample, therefore, can be calculated from
Eq. (4) and the internal pressure before the repeated measurements.
Then, Ryz0 was calculated from internal pressure (P) at the start of in-
jection and used to correct the apparent H,O concentration obtained
during each analysis under 1 atm.

3.4. Comparison with the cold trap method

To check the analytical accuracy of atmospheric/volcanic H,0 con-
centrations and isotopic compositions determined through our in-situ
collection method and the analytical system, we analyzed the H,O con-
centration and isotopic compositions in laboratory air with our in-situ
collection method and, simultaneously, the traditional cold trap
method. In the cold trap method, laboratory air with water vapor was
introduced into two cold traps made from U-shaped glass tubes
(10 mm i.d.) and held at a dry ice + ethanol temperature of —70 °C.
The end of the first U-shaped glass tube was filled with 2 cm glass
wool; the second tube was kept empty. The flow rate was set at
2 L/min using an air pump with a mass flow controller and integrating
flowmeter (GSP-2LFT, Gastec Corp., Japan). At the end of the sampling
period, the air pump was stopped, and the dry ice + ethanol was re-
moved, and both ends of the cold traps were sealed immediately with
parafilm. The average H,O concentration in the laboratory air during
each sampling period was calculated from the water condensate
weight, determined from the change in weight of the two cold traps be-
fore and after the collection and the total air volume (100 or 150 L) mea-
sured by the integrating flowmeter. There was no apparent water
condensate (or ice) in the second U-shaped glass tube. The collected
water vapor (ice) samples were melted and transferred into glass vials
(2 mL glass short-thread vial, PTFE/silicone capped) for the CRDS isoto-
pic composition measurements by introducing the liquid H,O into the
vaporizer (Gupta et al., 2009; Nakagawa et al., 2018; Tsunogai et al.,
2018). Simultaneous to the cold trap sampling, several laboratory air
samples (n = 3 or 6) including the beginning and end of the sampling
were also taken into pre-evacuated 1 L glass bottles for measurement
of the average H,0 concentration and isotopic compositions in labora-
tory air using our in-situ collection method.

The in-situ collection method tended to show slightly higher isoto-
pic compositions compared to the cold trap method irrespective to the
values determined, +3.4 + 2.4%. (averaged +10) for 6°H and +1.02
+ 0.49%. for 6'80 (Table 2), respectively. An insufficient collection of
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atmospheric water vapor during the cold trap method and thus isotopic
fractionation during the collection cannot be responsible for the dis-
crepancies because the isotopic compositions of water condensate
should be higher than the total water vapor due to preferential conden-
sation of H,O with heavier isotopes. Rather, isotopic fractionation pro-
cesses during sampling and/or sample injection could be responsible
for the discrepancies. In this study, after introducing the sample into
cavity cell, the isotopic compositions of liquid sample were calculated
by averaging the data collected for about 120 s (Gupta et al., 2009),
while those of vapor sample (bottle sample) were calculated by averag-
ing the data collected for 270 s. Our preliminary experiments for the de-
termining measurement time showed that the measured 6'%0 and 6°H
values tended to increase slightly with increasing the measurement
time. The different isotopic fractionation effects originating in the mea-
surement time could be responsible for the discrepancies. In any case,
the differences were small compared with the variation in the isotopic
compositions of atmospheric water vapor. As a result, we corrected for
the deviations from each measured data point obtained by the in-situ
collection method throughout this study, assuming that the values de-
termined through the cold trap method were reliable.

The H,0 concentrations determined by the in-situ collection method
also showed small deviations from those determined by the cold trap
method throughout the analyses (Table 2) and exhibited a slope <1
(Fig. 5). We therefore normalized to the raw H,0 concentrations from
the in-situ collection method by the cold trap method using a linear re-
gression equation:

[H20] corrected = 0.8637 = (H20] raw (5)

where [H0]corrected 1S the H,O concentration corrected to the cold trap
method, and [H;0];aw is the raw H,0 concentration under at 1 atm ob-
tained through the in-situ collection method after correction for the
contribution of blank H,0. Because the uncertainty in the volume deter-
mined by the air pump was 5%, we estimated the error in the H,O con-
centration to be +5%.

3.5. Influence of SO, and H-S

Volcanic plumes in general contain SO,, with SO,/H50 ratios up to
0.01 (Aiuppa et al., 2005; Shinohara, 2005, 2013; Shinohara et al.,
2008). As a result of this, we performed additional experiments to assess
the influence of SO, in our analytical system. The isotopic compositions
of atmospheric H,0 sampled in glass bottles were compared with the
same atmospheric sample after mixing with a gas that contained
522 ppm SO, in a dry air matrix (Japan Fine Products Corp., Japan).
The SO, concentration of the mixed air samples ranged from 0 to
31 ppm.

The differences in isotopic compositions from the original air sam-
ples (A8%H and A8'80) were plotted as a function of the SO,/H0 ratio
(Fig. 6). The average deviations from the original air samples were
—0.1 4 1.4%. (10) for A6°H and +0.33 + 0.15%. (10) for A6'20. The av-
erage deviations are smaller than the analytical precision. Moreover, we
did not find significant changes in A5?H and A6'0 in accordance with
an increase in the SO,/H,0 ratio. We thus concluded that the influence
of SO, on the isotopic compositions of H,O were almost negligible when
the SO,/H,0 ratios was <0.003 (Fig. 6).

The changes in the isotopic compositions from the original air sam-
ple were also plotted as a function of H,S/H,O0 ratio (Fig. 6). The average
deviations between the original air samples and H,S/air mixtures were
—0.3 + 2.1%. (10) for A6*H and +0.11 & 0.28%. (10) for A8'0. For CO,
isotopic measurements using CRDS techniques, the differences between
the measured and true CO, isotopic compositions depend on the H,S/
CO,, ratios (Malowany et al., 2015). Although the influence of H,S on
the isotopic compositions of HO might be observed under high H,S/
H,0 ratios, we did not find significant changes in A5*H and A6'80 in ac-
cordance with an increase under H,S/H,0 ratios <0.003. We concluded
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Comparison of H,0 concentration and isotopic compositions (6°H and 6'®0) of atmospheric water vapor in laboratory air using our in-situ collection method (8yoe) and the cold trap

method (¢rap)-

Run code ppmv 1000 &°H (vs. VSMOW) 1000 680 (vs. VSMOW)
Bottle Cold trap Opottle Otrap Opottle=Otrap Opottle Otrap Opottle=Otrap
1 7252 6034 —104.2 —106.3 +2.1 —17.93 —18.18 +0.25
2 8447 6811 —98.3 —104.3 +6.0 —16.45 —17.50 +1.05
3 8592 6518 —99.0 —105.0 +6.0 —16.31 —17.92 +1.61
4 14,577 13,167 —81.9 —82.6 +0.8 —11.54 —12.67 +1.13
5 19,084 16,748 —77.2 —794 +2.3 —11.51 —12.59 +1.08
Avg. 4+ SD? +344+24 +1.02 £ 049

¢ Standard deviations.

that the influence of H,S on the H,O isotopic compositions was also neg-
ligible under H,S/H,0 ratios <0.003 (Fig. 6).

3.6. Field Samples

Our in-situ collection method and the analytical system allow deter-
mination of variable H,O concentrations and isotopic compositions in
volcanic plume samples. To further validate the method and demon-
strate its applicability, a field study was carried out in a fumarolic area.

The Kirishima volcano group (the Kirishima group), located at the
northernmost end of the southern Kyushu volcanic chain, and is one
of the most active volcano groups in Japan. They consist of more than
20 Quaternary volcanic cones within an area of ~20 x 30 km. Two cal-
deras (Kakuto and Kobayashi) are located in the northern sector of the
Kirishima Volcanoes, where some 100 km® of magma was extruded be-
tween ~300 and ~500 ka (Tajima and Aramaki, 1980; Imura, 1994).

Iwo-yama is one of the active volcanoes in the Kirishima group and
has an active fumarolic area on its southern flank. The volcanic plume
samples were taken from one Iwo-yama fumarole on 25 July 2017. Im-
mediately prior to volcanic plume sampling, a water condensate sample
for 6°H and 6'0 analyses was collected directly at the fumarole (148 °C)
using a glass condenser cooled to 0 °C. Then, the volcanic plume samples
were taken into pre-evacuated 1 L glass bottles that had two stopcocks
sealed by Viton o-rings until ambient atmospheric pressure was
reached. The samples were taken along the axis of the plume by moving
outward from the targeted fumarole. We also took samples of back-
ground air at a point distant and, if possible, upwind from the fumarolic
area. These background air samples were taken at the beginning and
end of the volcanic plume sampling. The H,O concentration and isotopic
compositions of background air samples ranged from 27,520 to 28,078
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Fig. 5. Comparison of the average H,0 concentration in laboratory air determined by the
cold trap method and the in-situ collection method (Glass bottle) (R> > 0.98).

ppmv, —19.11 to —18.90% for 6'80, and —122.2 to —123.0%., suggest-
ing that the fluctuation in background air during the volcanic plume
sampling was very small.

Ohba et al. (2017) reported that the SO,/H,0 and H,S/H,0 ratios in
the fumarolic gases were <0.003, during 2017. The H,0 concentrations
of the plume samples ranged from 29,700 to 42,000 ppmv. As a result,
we concluded that the influence of SO, and H,S on the H,0 isotopic
compositions from the volcanic plume was negligible. As shown in
Fig. 7, the reciprocal of the H,0 concentration (1/[H,0] (%)) in the
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plume samples showed a good linear relationship with the isotopic
compositions. The linear relationships suggested that the concentration
and isotopic composition in samples from each site can be explained by
simple mixing between two end-members, each of which can be classi-
fied into a single category (Keeling, 1958; Tsunogai et al., 1998,2005,
2010,2011). By extrapolating the linear relationships between 1/[H,0]
(%~1) and stable isotopic compositions to 1/[H,0] = 0 (%~ ') to exclude
the contribution of H,0 in background air (H,0-depleted end-member)
from the sample isotopic compositions (Keeling, 1958; York, 1966;
Tsunogai et al., 2003,2010), we estimated the 6°H (—25 + 21%o, 68%
confidence interval) and 6'%0 (44.0 & 3.2%., 68% confidence interval)
values of fumarolic H,O (H,0-enriched end-member) (Fig. 7) through
least squares fitting of the straight lines. Because the data errors were
variable, particularly in 1/[H,0] (%), we fitted each line taking into ac-
count the differences in the errors (York, 1966).

The 1/[H,0] (%~ !) values of fumarolic H,0 should be larger than 0,
irrespective of the actual [H,0] in fumarolic gas. As a result, the isotopic
compositions of the H,O-enriched end-members must be lower than
the estimated isotopic compositions. The H,O concentration of the

fumarolic gas in Iwo-yama is generally >98% (Ohba et al., 2017), corre-
sponding to a 1/[H,0] value of almost 0.01 (%~ !). Because the slope of
the linear fitted relationship between 1/[H,0] and 8H (Fig. 7) was
283%, per %~ !, the difference between calculated (1/[H,0] = 0) and ac-
tual (1/[H,0] = 0.01) should be <3%.. In the same manner, the differ-
ence should be <0.7%. for the estimation of 6'20. These differences
were much smaller than the fitting error (Fig. 7). As a result, we
disregarded these differences and used 0 for the 1/[H,0] values of the
H,0-enriched end-members.

The isotopic differences between the keeling intercept and water
condensate could be caused by heterogeneities in the isotopic composi-
tions of fumarolic H,0 in the fumarolic area, since volcanic plume can be
derived not only from one (targeted) fumarole, but from many other fu-
maroles located in the fumarolic area. Although there were some differ-
ences between the keeling intercept and water condensate, the isotopic
compositions of fumarolic H,O from the Iwo-yama volcanic plume
corresponded to the water condensate (6°H = —36%. and 6'80 =
+1.0%.) within the fitting error. As a result, we concluded that we can
deduce the isotopic compositions of fumarolic H,O without sampling
fumarolic gases directly, by determining the H,O concentration and iso-
topic composition of its volcanic plume and then correcting for the con-
tribution of background H,0. Although more studies are required to
verify our results, they suggest that we can estimate the isotopic compo-
sitions of fumarolic H,O remotely using the sampling and analytical sys-
tem presented in this study.

4. Conclusions

A simple, rapid, and convenient CRDS analytical system was devel-
oped to determine atmospheric/volcanic water vapor concentration
and isotopic compositions (6?H and 6'80). Analytical precision (stan-
dard deviation of a single analysis) was estimated to be better than
2%. and 0.3%., respectively, when >3400 ppmv of H,0 was introduced,
and better than 3%, (6°H) and 0.4%. (6'®0) when >1800 ppmv of H,0
was introduced. Using our new analytical system, we deduced the isoto-
pic compositions of fumarolic H,O from Iwo-yama volcanic plume sam-
ples (the Kirishima group). The estimated isotopic compositions were
consistent with actual fumarolic H,O (water condensate) isotopic com-
positions within the fitting error. As a result, the new analytical system
enables us to remotely assess the type of volcanic eruption, without
sampling fumarolic gases directly. In comparison with traditional cold
trap methods, the new system also has advantages in that we can deter-
mine fumarolic H,0 isotopic compositions without tedious, time con-
suming, and dangerous sampling in fumarolic areas of active volcanoes.
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