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Abstract: In order to estimate the origin and resident time of groundwater, the helium isotope ratio
(3He/4He) should be analyzed precisely. We present here experimental details of an analytical
system including a helium purification vacuum line, the purification procedure, and the adjustment
of a noble gas mass spectrometer. A resolving power of about 550 at the 5% level of the peak
height was attained for the complete separation of 3He ions from those of HD and H3. The

~ reproducibility of the helium isotope ratio was about 1%, examined by repeated measurements of an
air standard. The accuracy of the ratio was checked by comparing observed data with reports in the
‘literature. The results show that it is possible to apply the present system to geohydrology.
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I. Introduction

Walter is one of the most abundance substances on the
surface of the Earth and it is circulating as clouds, rain,
rivers and oceans. Rain water which permeates through
the surface soil forms groundwater in geological stratum.

For irrigation and industrial use, groundwater is an
important resource sccond to river water in Japan. It is
important to study the origin of groundwater, not only for
developing water resources and environmental
assessments but also for basic research on hydrology and
geochemistry.
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In order to investigate the circulation of groundwater
in a sedimentary basin, several natural tracers have been
used. Studies on the geohydrological system have been
based on' anions and cations in waler, resolved gas
components, and isotopes of hydrogen and oxygen
(Kaufman and Orlob, 1956; Fritz et al., 1974; Rauert and
Stichler, 1974; Rodhe, 1983). Radioactive tracers such
as tritium and carbon- 14 provide valuable information on
the age of groundwater (Zimmermann ct al., 1966;
Sukhija and Shah, 1976; Kayane ct al., 1980; Martin,

1985; Paul et al,, 1986).

Although many tracer studies have been published
noble gas research is relatively sparse (Sugisaki, 1961;
Marine, 1979; Mizutani and Oda, 1983). This is partly
duc to the difficulty of determining the small amount of
noble gases in groundwater. Since noble gascs are
chemically incrt, they retain information on their source
(Ozima and Podosck, 1983). Gascous components such
as carbon dioxide and methane may provide significant
information on the circulation of groundwater if
combined cffectively with noble gas data.

Helium-3 is thc most important nuclide in
geochemistry which clearly shows the mantle signature
(Lupton, 1983; Mamyrin and Tolstikhin, 1984). A
contour map of excess 3He/4He ratios relative to the air in
Pacific water indicates the mantle helium flux from the
East Pacific Risc and the circulation of deep sea water
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(Lupton and Craig, 1981). Helium-3 provides further
information on the age of groundwater since it is a decay
product of tritium (Takaoka and Mizutani, 1987;
Schlosscr ct al., 1988; Mahara ct al., 1991). Determining
the distribution of 3He/4He ratios in groundwater of
typical sedimentary basins is valuable for rescarch on the
origin and circulation of groundwater.

In order to measure helium isotopes in groundwater
preciscly, scveral developments of the analytical system’
are necessary. Basic experiments are also required to
obtain reliable data. We present here experimental details
including the hclium purification and scparation
technique, resolving power and sensitivity of the noble
gas mass spectrometer, and the precision and accuracy of
the isotope ratio. Helium isotope data for distilled water
is also given in this work.
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II. Purification and separation of helium

We have improved the high vacuum line for
extraction, purification and separation of helium from
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Figure 1. Helium purification vacuum line. QMS: quadrupole mass spectrometer, IG: ionization
gauge, PG: Pirani gauge, TG: titanium getter, CT: charcoal trap, RP: rotary pump, DP: oil diffusion
pump, IP: sputter ion pump, V: valves, STD: standard gas reservoir.
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groundwater samples installed at the Abiko Laboratory,
Central Rescarch Institute of Electric Power Industry.
The extraction vacuum line was connected to the
purification line and noble gas mass spectrometer by
stainless steel tubing.

A. Outline of high vacuum line

Figure 1 shows an outline of the high vacuum line
used for helium extraction, purification and separation
from groundwater samples. All parts of the vacuum line
including gauges were made of stainless steel in order to
prevent the permeation of helium, since air helium
penetrates normal Pyrex glass rapidly. The line was
scparated into four parts by all metal bellows valves (V1,
V4, V8 and V10). Helium and gas components were
cxtracted between V10 and V12, First, purification and
separation of helium and ncon were conducted between
V4, V8 and V9. Sccond, purification was performed
between V1 and V4. The extracted part was evacuated by
an oil diffusion pump (DP2) down to 10-5 Torr. The
inlet part of gascous samples (between V16 and V18)
was sucked by a rotary pump (RP3). The first and
second parts of purification were evacuated by an oil
diffusion pump (DP1) and ion spatter pump (IP) down to
10-5 and 10-8 Torr, respectively. This vacuum line is
principally the same as that alrcady reported except for the
cryogenic charcoal trap (Sano and Wakita, 1988).

B. Helium purification and separation procedure

Generally, gas samples such as volcanic and
geothermal gases or natural gases are collected and held
in Iead glass containers with vacuum stop cocks (Sano
and Wakita, 1985). A lead glass container was connected

with the inlet part of gas samples using a high vacuum O-

ring conncctor. About 1 ccSTP of gas sample was
introduced into the vacuum line by a pipette valve (PV1).

At first, carbon dioxide, water vapor and the other
condensable gases were scparated by a U-trap (TR1) kept
at liquid nitrogen boiling temperature. Then, the non-
condensable gases were admitted into the first part of
purification by opening V8. Nitrogen, oxygen, argon
and methane were adsorbed in the activated charcoal trap
(CT1) held at liquid nitrogen boiling temperature.
Purified gases were introduced into the second part by
opening V4. Chemically active gases such as hydrogen
were absorbed by a hot titanium getter (TG1). Gases
cxcept helium and neon were further adsorbed in the
activated charcoal trap (CT2) held at liquid nitrogen
boiling temperature.

The quantities of purified and separated helium and
ncon were measured by a quadrupole mass spectrometer
(QMS). When the amount of helium was larger than 2 x
106 ccSTP, the pressure of the sample gas was reduced
by expanding to a reservoir (RV2) and the part between
V1 and V4 was admitted into the noble gas mass
spectrometer. When the amount of helium was still larger
than 2 x 10-6 ccSTP, the reservoir was evacuated by the
oil diffusion pump (DP1), then sample gas was cxpanded

again. By the above procedures, the size of sample
helium was balanced with that of standard helium.

The atmospheric helium standard was reserved in a
large volume metal container (STD). Standard gas was
introduced into the vacuum line by using a pipette valve
(PV2). Purification and separation of helium and neon
were similar to those of sample gases.

“Groundwater samples are usually held in a copper
tube of 3/8 inch diameter pinched off by stainless steel
cramps at both ends (Mahara et al., 1988). A copper tube
containing the groundwater sample was connected with
the water inlet part by a metal connector.

After being evacuated well by an oil diffusion pump
(DP2), valves (V10 and V11) were closed while V15 was
opened. The cramp was released, then the sample water
in the copper tube was introduced into a metal reservoir
(RV1). During this the part between V10, V11, and V15
was kept at 150°C by tape heaters. Most of the helium
and ncon were remained in the gas phase. Resolved
helium and ncon in water were completely degassed by
vibrating the metal reservoir (RV1) using an ultrasonic
cleaner.

The gases extracted from the groundwater were
introduced into the U-trap (TR2) held at liquid nitrogen
boiling temperature. Carbon dioxide, water vapor and
the other condensable gases were separated here. Further
purification was similar to those for the gas samples
described above.

It takes about onc hour to process a singlc
groundwater sample including extraction, purification,
separation of helium and neon, and measurements by
quadrupolc mass spectrometer. Before admitting a new
sample, another hour is necessary to clean the vacuum
line.

I1I. Measurement of helium isotopes

There are two difficulties in determining helium
isotopes in terrestrial samples. The first difficulty is
interference from hydrogen. At a pressure of about 10-9
Torr when the noble gas mass spectrometer is operated,
hydrogen is the most abundant component in the residual
gases.  The molecules of HD and Hj derived from the
hydrogen with mass numbcr 3 interfere with 3He. The
mass spectrometer needs a high resolving power. The
second difficulty is the very small amount of 3He in
terrestrial samples. The concentration of 3He in
atmosphere is about 7 ppt by volume and the mass
spectrometer must be very sensitive. Generally, a high
resolving power is obtained by narrowing the source and
collector slits. However, this makes the sensitivity of the
machine low, it is difficult to attain a high resolving
power and sensitivity at the same time. This is the reason
why there are only four laboratories in the world which
could provide terrestrial helium isotope data up until
1980.
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A. Adjustment of noble gas mass spectrometer

The noble gas mass spectrometer used in this study

was VG5400 (VG Isotope) installed at the Abiko

Laboratory, Central Rescarch Institute of Electric Power
Industry in 1987. No overall adjustment had been made
" since then and the main ion sputter pump was dull and the
ion source conditions were not optimized. Also control
of the electromagnet was problematic. We improved
these problems by baking out the analytical tube,
repairing the clectric components and adjusting the
geometry of the main electromagnet.

B. Resolving power and sensitivity of mass spectrometer
We optimized the ion source conditions of the noble

gas mass spectrometer by using atmospheric standard
helium. Table | summarizes the analytical conditions.

Table 1. Optimized analytical conditions of noble gas
mass spectrometer

Yuji SANO ctal.

Figure 2 shows a typical mass spectrum at mass number
3. Ion beams of 3He and HD + Hj were detected by the
main Daly multiplier. It is noted that scparation of 3He
(mass number 3.0160) from HD + H; (mass number
3.0219, 3.0235) is attained when there is a good
sensitivity to detect 3He of 3 x 107 atoms. The resolving
power of this condition is calculated to be about 550 at
5% of peak height. The noise level of the Daly multiplier
is cstimated to be 1.7 x 10-18 A by 5 sccond integration.
The ion beam of 4He was detected by a Faraday cup and
the resolving power of the Faraday cup was about 200,
The amount of helium admitted from the pipette valve
(PV2) was estimated to be 8.4 x 10-7 ccSTP, taking into
account the volume between the pipette of 0.16 cm3 and
content of helium in the air of 5.24 ppm by volume. The
output of the Faraday cup detector for the 4He ion beam
was measurcd to be about 0.79V. Since the Faraday cup
is equipped with a high register of 1.0 x 1010 Q, the
sensitivity for 4He is calculated to be 1.1 x 104 ccSTP/A.
Assuming that the mass discrimination cffect on 3He and
4He is not significant, the detection limit can be obtained
based on the sensitivity and noise level of the Daly

XaCUUT _ | <l>21(5)'z\'/1’0rr multiplicr detector. Finally, we can measure at least 1.9 x
cceralating voltage . .14 3 b ; . 105
Dispersion length 54cm 10-14 ccSTP of 3He, which is equivalent to 5 x 10
Main collector Daly multiplier atoms.
Sub-collector Faraday cup :
on source condition C. Precision of helium isotope ratio
Trap current 800 pA
Electron ener 100V . -
Emission cun%:ynt 3.0 mA In order to check the analytical precision of the present
Repeller voltage -13V system, helium isotopes and helium/ncon ratios in
Filament current 27A standard air were measured repeatedly. Helium/ncon
ratios of samples provide information on the extent of
Scale ¢ 08.188 Volts Collector ¢ DalyMult
Speed . 10,9 Hass Mode ! Mass
Int. Time ¢ 1.28 Secs 3. 835 Hark :
Start Mass !  3.885 End Mass . 3.835
}{I)+I{3
3He
_-—l‘/

Figure 2. A typical mass spectrum of purified helium from the atmoéphcrc of 0.16 cm3STP.
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atmospheric contamination and measurements should be
made for the same samplc for the groundwater study.
After being admitted into the noble gas mass
spectrometer, beam intensitics of 20Ne, 22Ne and 4He
ions were measured by the Faraday cup detector.
Usually, helium/neon ratios are expressed as 4He/20Ne.
22Ne was mecasured to check interference of doubly
charged 40Ar with 20Ne. When the effect of doubly
charged 40Ar is negligibly small, the ncon isotopes
(2°Nc/22Ne) should indicate the atmospheric value of
9.80. This was the case for all samples analyzed in this
work, thus the purity of helium and neon are acceptable.

Since the reproducibility of 4He/20Ne ratios is within 5%,
we include an analytical error of about 5% for the

helium/neon ratio in actual groundwater samplcs.

After analysis of the 4He/20Ne ratio, the helium
isotope ratio (3He/4He) was detcrmined by measuring
3He in the Daly multiplier detector and “He in the Faraday
cup detector, respectively. The integrating time of the
4He beam was three scconds while that of 3He was ten
scconds. Fifty sets of 3He/4He measurements were
conducted and the ratio was extrapolated at the time of
sample admission into the mass spectrometer. The
statistical error of the 3He/4He measurements is about
0.5% for typical samples.
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Figure 3. Repcated measurement of atmospheric -
3He/He ratio.

Figure 3 indicates the reproducibility of 3He/4He ratio
measurcments in air standard. Overall reproducibility is
cstimated to be about 1 %, which is larger than the
statistical error of a single sample analysis, therefore, we
should include an error of about 1 % for actual samplcs.
The real 3He/4He ratio can be obtained by dividing the

1.02
T 101
<
& 1.00 %} H *
Q 4
L 099
x
o 0.981
s
0.97
0.96

observed ratio by the gain of the Daly multiplier over the
Faraday cup. '

We tried to adjust the sample helium size to balance
with the air standard as described before. However, it is
difficult to make the size of the sample helium exactly
cqual to that of the standard. Generally a noble gas mass
spectrometer in static operation shows the pressure effect
on the results of the isotope ratio. That is, the isotope
ratios may vary with the size of the samples. We
measurcd 3He/4He ratios of standard helium for varying
amounts. Figure 4 shows the pressure effect of 3He/*He
ratio measurement, the helium isotopes vary slightly with
the amount of helium. However, the ratio is constant
within 1 % when the sample size is adjusted between 1 ~
2 x 106 ccSTP and the analytical error of the helium
isotope measurement is estimated to be about 1 %.

1.0 2.0 3.0
Helium (x10° cc STP)

Figurc 4. Pressure dependence of the atmospheric
3He/*He ratios in the mass spectrometer.

We checked the accuracy of the helium isotope ratio
obtained in this work using the sample 3He/4He ratios
published in the literature. Figure 5 compares the
observed helium isotopes and the reported values. Open
circles (O) shows reported values whose helium was not
scparated from neon before admission into the mass
spectrometer.  Solid circles (@) are samples whose
helium was separated from neon using the cryogenic
charcoal trap held at 40 K. It was experimentally
established that helium isotope ratios are significantly
compromised by coecxisting neon (Rison and Craig,
1982; Sano and Wakita, 1988). This effect may be
sensitive to the condition of the ion source. Rison and
Craig (1982) suggested that the helium isotope ratio
increases with ncon, while Sano and Wakita (1988)
reported contrary results, that is, a decrease of the ratio.
Even though the same type of mass spectrometer



608 Yuji SANOctal.

(VG5400) was used, the helium isotope ratio increased
with neon in some cases (Sano et al., 1992).

8
O Helium with Ncon e
® Heclium without Ncon
g 6
3 %
3 * °
&/‘J 4
2 "o
R
Q
T 2] °
%)
(e]
0 r T r
0 2 4 6 8

3He/ 4He (R atm) obs

Figure 5. Comparison of helium isotopes between
obscrved and reported valucs.

According to our results in Fig. 5, the helium isotopes
observed in this work agree well with data whose helium
was scparated from neon, as listed in Table 2. The
accuracy is calculated to be 2.4% if the reported data are
correct, but in contrast helium isotopes with neon are
scattered significantly. It should be noted that the
accuracy of the present analytical system is within 3%.

Table 2. Comparison of observed helium isotopes with
those in literature

Sample 3He/4Hegps 3He/4Hey;, obs./lit.
(Ratm) (Ralm) (%)

Izu-Oshima Volcano, Japan
Geothermal well gas 3.66 3.652 100.7
Kusatsu-Shiranc Volcano, Japan ‘
Sesshogawara 7.31 7.55b 96.8
Shiriyaki hot spring 3.80 3.69b 103.0
Y ubatake hot spring 5.02 5.12b 98.1
Galeras Volcano, Colombia
Crater fumarole 5.75 5.71¢ 100.7

a: Sano et al. (1991)
b: Sano and Marty (1993)
c: Williams et al. (1992)

D. Blank level and analysis of distilled water

In order to' simulate actual measurement of
groundwater samples, we mcasured the helium contents,
.isotopes, and helium/neon ratios of distilled water
samples equilibrated with atmospheric noble gas at 20°C.

Before the analysis, the blank level of the system was
assessed by performing the experiment without a
groundwater sample. The system blank of 4He and 20Ne
thus measured were 3.9 x 10-8 ccSTP and 2.2 x 107
ccSTP, respectively.

Table 3 lists the results of distilled water collected ina
copper tube similar to groundwater samples. The
concentration of helium was calculated by the beam
intensity of 4He by the Faraday cup and the sensitivity.
Listed values are blank corrected. Observed values of
helium content are about 5 % larger than reported values.
However, the concentration attained by the sensitivity
method used here has about a 10 % crror, thus the
observed helium content agrees with reported values
within experimental error.

Since the solubility of 3He is slightly lower than that
of 4He, helium isotopes of distilled water indicate a value
1.63% lower than that of coexisting air (Benson and
Krause, 1980). Taking an average of the observed
helium isotopes, the value of -1.56% agrees well with the
reported value. In addition the helium/ncon ratio shows
clemental fractionation when the gases are dissolved in
water (Ozima and Podosek, 1988). The observed

Table 3. Helium contents, isotopes and helium/ncon
ratios of distilled water samples.

Sample 4He 3He/4He  4He/?0Ne
(CCSTP/g) (R:\lm)

No. 1 4,72x108 0.9743 0.285

No. 2 4.85x108 0.9924 0.274

No. 3 4.94x108 0.9865 0.284

Average 4.84x108 0.9844 0.281

Reference 4.6x108 0.9837 0.2665

discrimination of 5 % is similar to the experimental error
of the helium/ncon measurcment,

IV. Summary

This study cstablished a technique for analyzing
helium isotopes in groundwater samples.. The results
obtained are summarized as follows:

(1) We connected a gas extraction vacuum line from
groundwater with the helium and ncon purification line,
which makes sample handing casy and reliable.

(2) The noble gas mass spectrometer was baked out lo
reduce the blank level and the ion source conditions were
adjusted to optimize helium isotope measurement.
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(3) Using standard air helium, the reproducibility of
helium isotope measurement and the pressure effect on
the ratio were assessed. The reproducibility and pressure
cffect suggests that analytical error is within 1%.

(4) Accuracy of the system was checked by comparing
observed data with reported data in the literaturc,
Reported - helium isotope data whose helium was
separated from ncon agree well with the data observed in
this study.

(5) Groundwater sample analysis was simulated using
distilled water sample collected in a copper tube. The
observed values of helium content, helium isotopes, and
helium/ncon ratios are compatible with data in the
literature.
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