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PREFACE
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Sciences Technician, of the Earth Sclences Branch, Research Division, U.S.
Army Cold Regions Research and Engineering Laboratory (CRREL). This work
was conducted under the In-House Laboratory Independent Research Program
(D.A. Project No. 4A161101A910). This report was technically reviewed by
Dr. Harlan L. McKim and James Cragin, both of CRREL.

The authors thank Dr. Irving Freidman, USGS, Denver, Colorado, for
providing advice on the design of the hydrogen generator and John Rand,
Technical Services Division, CRREL, for assistance in selecting the heating
unit most appropriate for use with the hydrogen generator,
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METHOD FOR MEASURING ENRICHED LEVELS
OF DEUTERIUM IN SOIL WATER

by
Joseph L. Oliphant, Thomas F. Jenkins and Allen R. Tice

INTRODUCTION

Naturally occurring hydrogen occurs as two isotopes. The nucleus of
the atom of one isotope, protium, is made of a single proton; this isotope
has an atomic weight of about 1 gram/mole. The other isotope, deuterium,
has a nucleus made of one proton and one neutron and has an atomic weight
of about 2 grams/mole. In this report, the symbol H will refer to the
1light hydrogen isotope (protium) and the symbol D will refer to the heavy
isotope (deuterium).

The hydrogen in natural waters is made up of about 0.016 mole % deu-
terfum (Kirshenbaum 1951), although this value varies cousiderably depend-
ing on the history of the water. Variation in the abundance of deuterium
in a given sample is the result of the difference in atomic weights of
deuterium and protium. Water contalaning two protium atoms, H,0, has a
molecular weight of about 18 grams/mole; water containing one deuterium and
one protium atom has a molecular weight of about 19 grams/mole. Because
of this difference in molecular weights, every time part of a sample of
water goes through a phase change, fractionation of the deuterium content
of the water takes place and one phase of the sample is euriched in deuter-
ium and the other phase is depleted. For example, when part of a semple of
water freeszes, the ice phase is slightly enriched in deuterium content and
the water phase is depleted, because the water containing deuterium has a
slightly lower melting point (Posey and Smith 1957, O'Neil 1968, Arnason
1969). Also, when part of a sample of water evaporates, the vapor is
depleted in deuterium and the remaining liquid is eunriched because of a
similar difference in vapor pressure (Kirsheabam 1951).

Fractionation of deuterium by naturally occurring processes has made
it possible to use deuterium content as a tracer to determines the source
and history of some natural waters. Rain and snow are usually lowered in
deuterium content by an amount depending on the source and history of the




I

C L n—t—— e . - -

-

water in the clouds. The average deuterium content of rain and snow varies
from place to place depending on altitude, latitude and cloud history.
Arnasoun (1977) has used this information to determine the sources of water
in various hot gprings ia Iceland.

Usually lake water and groundwater will be richer in deuterium than
rain water because of the partial evaporation that has taken place.
Deuterium tracing has been used to determine the sources of water in vari-
ous streams and lakes and to trace groundwater movement (Friedman and
Redfield 1967, Thatcher 1967).

Deuterium is not radioactive, 8o it makes a very good nonabsorbing
tracer and can be used safely in enriched levels in laboratory experiments
and at natural and enriched levels in the field to trace water movement., A
deuterium tracer has also been used in the laboratory to determine the rate
of self-diffusion of the water in a soil (Kemper et al. 1964), This
measurement yields information about the pore structure of the soil and the
properties of the water affected by the soil matrix.

It is evident that the ability to measure hydrogen isotope ratios in
water can be useful for studying water movement and properties in the field
and in the laboratory. 1In this report we discuss a method developed at
CRREL for measuring enriched levels of deuterium in soil water. First the
various methods for measuring D/H ratios in water will be reviewed, aund the
reasons for choosing the isotope-ratio mass spectrometer method will be
given. Then the apparatus for separating the hydrogen from the oxygeun in
water will be described and the experimental procedure outlined. The
method of using the isotope-ratio mass spectrometer to determine D/H ratios
will then be given along with an analysis of the accuracles and ranges of
D/H ratios that can be measured on the present CRREL system. Finally
modifications that must be made to this mass spectrometer so that it can
accurately measure small differences in the amount of deuterium in natural
waters will be listed.

METHODS OF MEASURING THE DEUTERIUM CONTENT OF WATER

Any difference in the physical properties of DHO and H0 can be used
as 8 basis for msasuring the smouat of deuterium in a water sample.
Various methods that have been used were discussed by Kirsheanbaum (1951).
These methods include measuring densities of samples with a pycnometer,
a float and a falling drop aspparatus. Differences in refractive iadex,
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freezing point, viscosity, vapor pressure, electrode potential and ueutron
absorption have also been used to measure water deuterium conteat. The
density methods are fairly accurate and don't require a great deal of
equipment to perform, but disadvantages include the relatively large
amounts of sample required (0.1 - 1 mL) and the necessity of purifying the
water. This is especially difficult to do with soil water while avoiding
fractionation of the deuterium between phases, The other methods also
require relatively large and solute-free water samples to obtain high
accuracy. Measuring D/H ratios using the wmass spectrometer requires ouly a
very small amount of sample. Samples coutaining about 10 L of water each
were used in this study. With care, samples of 1 il or evemn 0.1 i of
water would be adequate for amalysis.

Water is a polar molecule and is therefore very "sticky"” and difficult
to pump in vacuum systems. Direct introduction of water into a mass spec-
trometer causes large “"memory” effects and difficulty in maintaining a
vacuum in the system. Therefore, it is desirable to reduce the hydrogen
in the water molecule to hydrogen gas and introduce this molecule in the
mass spectrometer to determine D/H ratios.

Hydrogen gas samples have been prepared by reacting the water with hot
magnesium or zinc, by equilibration of water with hydrogen gas of known
isotopic composition, and by electrolysis of the water (Kirsheubaum 1951).
Water electrolysis has the advantage that both oxygen and hydrogen can be
collected for isotopic analysis, but it is difficult to completely convert
the euntire sample and thereby avoid fractionation. Equilibration with
hydrogen gas requires considerable time and effort for each sample.
Bigeleisen et al. (1952) found that uranium metal heated to between 400°
and 700°C reacts very rapidly and completely with water, yielding uranium
oxide snd free hydrogen gas. Because of the convenience of this reaction,
we used depleted uranium to prepare hydrogen gas samples for the mass
spectrometer.

PREPARING HYDROGEN GAS

The apparatus for preparing hydrogen gas is shown in Figure 1. A
sample of moist soil can be attached at A, or a microsyringe can be
inserted at A' and a liquid sample introduced. At A there is a 1/4~ fn.
swagelok fitting with a teflon sleeve. A small test tube containing the
noist soil can be attached and the teflon slesve swaged tight around the

3
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Figure 1. Apparatus for preparing hydrogen gas
samples from pure water and soil water.

test tube to form an airtight seal, After the sample is either injected or
attached, stopcocks C and E are closed and A' or A is opened. A Dewar
flask containing 1iquid nitrogen is then placed around the left liquid-
nitrogen trap, and the soil sample or septum inlet is heated with a hand-~
held hest gun. This causes the water to leave the septum inlet or soil
sample and migrate to the liquid nitrogen trap. This migration caun be
monitored on the left thermocouple vacuum gauge. It is important that
sufficient heat is applied to collect all of the water in the liquid
nitrogen trap to avoid fractionation of deuterium in the sample. After all
of the water is collected in the liquid nitrogen trap, stopcock C is opened
(stopcock H must be closed) and A and A' are closed.

Any air introduced with the samples is then pumped away. This is also
monitored on the left thermocouple vacuum gauge. It is important that air
be removed before the sample contacts the heated uranium in the hydrogen
generator because oxygen in the air (as well as from the water) would react
with the uranium, greatly reducing the service life of the hydrogen gene-
rator. After the air hss been removed, stopcock D is closed and E is
opened. The Dewar containing liquid nitrogen is removed from the left
trap, and the heat gun is used to heat the trap. This causes the water to
vaporize and pass through the uranium hydrogen generator, which is heated
by a surrounding furnace to about 600°C. The formation of hydrogen gas is
indicated by the pressure rise on the right thermocouple gauge.

4
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While the reaction in the hydrogen generator was taking place, we
placed a Dewar containing liquid nitrogen around the right liquid nitrogen
trap to collect any water that passed through the hydrogen generator
without reacting., We never found water in this trap, so the reaction must
have been completed in one pass through the hydfogen geunerator. The
uranium hydrogen collector was placed in the system to remove and concen-
trate small samples of hydrogen gas from the large volumes of the liquid
nitrogen traps and the hydrogen generator. Stopcock F could then be closed
and the concentrated hydrogen gas driven into the gas sample bottle. For
the 10~ L samples we used, this coucentration step was not necessary. The
uranium hydrogen collector works because uranfum hydride is formed at room
temperature; at elevated temperatures the hydride breaks down and hydrogen
gas is released. To preveant hydrogen from collecting, a heating mantle
filled with sand was placed around the uranium hydrogen collector and kept
at several hundred degrees centigrade, 1In the future a stopcock should be
placed between the uranium hydrogen collector and the rest of the system,
80 that it can be closed when hydrogen concentration is not necessary.

After the hydrogen is generated, stopcock C and stopcock I on the gas
sample bottle are closed, trapping a portion of the generated hydrogen in
the gas sample bottle. This bottle is then removed from the system for use
on the mass spectrometer, 1In preparation for the next sample, a new sample
bottle is placed on the system, stopcocks H, G and 1 are opened, and this
part of the system evacuated. Then stopcocks F and D are opened and the
entire system 1s evacuated to a pressure of about 1 x 10"2 Pa. The com~
plete preparation of one hydrogen sample takes about 20 minutes.

DETERMINING D/H ISOTOPE RATIOS ON THE MASS SPECTROMETER

A Nuclide isotope-ratio mass spectrometer (Nuclide 6~60-RMS) was used
for determining the D/H isotope ratio. This was originally obtained to
measure 15N/ 1“N 1sotope ratios, so the gas inlet system had been modifted
(Jenkins and Quarry 1978) (¥ig. 2). Two samples can be contained in the
system at one time, and the gas going to the mass spectrometer can be
switched from one to the other. We ran the hydrogen samples sequentially,
8o only half of the gas inlet system was used. The gas sample bottle 1s
first attached as shown in Figure 2, stopcocks C' and B' are opeuned, and
the systea is evacuated up '~ stopcock 3' on the sample bottle. Stopcock
B' 1s then closed and G' Opv.... ¥ ftpulating stopcock E' and the sir
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Figure 2. Gas inlet system for hydrogen
isotope analysis.

inlet causes the mercury in the mixing chamber to rise and fall, preventing
any fractionation of hydrogen isotopes in the sample. Stopcock C' is then
closed and A' opened. The level of wercury in the mixing chamber is then
raised and that in the mass spectrometer inlet is lowered, driving the
nydrogen gas ianto the mass spectrometer inlet. Stopcock A' is then closed
and the level of mercury in the mass spectrometer inlet is adjusted to
obtain the desired pressure. Ion source pressures in the range of 10~ "‘ to
10~5 Pa were used.

Inside the mass spectrometer the hydrogen entering the ion source is
directed through an electron beam., Electrons collide with a portion of
this hydrogen, transferring large amounts of kinetic energy. If the energy
transferred exceeds the ionization potential, an electrou will be ejected
from the hydrogen molecule, forming a positive ion. For mixtures contain-
ing more H isotope than D isotope, the ions shown in Table 1 foram. The
ions are then accelerated by aan electric field, producing a stream of iouns
with nearly constant energy. This stream of ions is dispersed into a mass
spectrum by a magnetic field. In the Nuclide dual~collector, isotope-ratio
mass spectrometer, selected ion masses are focused simultanecusly on
separate collector plates. The currents from these collector plates pass

6
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Table |, Ions from a mixture of H and D with H more
abundant thaan D. (From Kirsheanbaum 1951.)

Pressure
Intensity dependeunce*
weak ap+b; p?
H,* 2 very strong a, p
pt 2 very weak az;p+ by p2
Hyt 3 weak by p2
Hpt 3 weak ag p
D2+ 4 very, very weak ag p
H2D+ 4 very, very weak bsg p2
HDZ'+ 5 very, very weak bg p2
Dj+ 6 very, very weak b, p2

* The symbol p is the hydrogen gas pressure in the ilon
source, and a, through ag and b, through b, are coustauts.

through separate resistors; the voltages across these resistors are
measured and compared in a bridge circuit to obtain the relative amounts of
the two collected masses. For measuring samples with small amounts of
deuterium, the mass 2 and wass 3 ion intensities are compared. The
pressure dependencies of ion formation (Table 1) show that at very low
pressures, the mass 2 intensity is mostly Hé+ and the mass 3 inteunsity is
mostly HD*. For samples containing mostly deuterium, the mass 3 and mass &
intensities made up mostly of HD* and D,*, respectively, should be com-
pared. PFor samples containing intermediate amounts of deuterium, the best
accuracy 1s obtained by comparing the mass 2, 3 and 4 intensities.

The mass spectrometer instrument settings used for measuring D/H
isotope ratios are shown in Table 2. To make a measurement, the instrument
is set, and both electrometers are zeroed while set on 0.1 V full scale.
The source divider is tuned to maximize the mass 3 ion ianteunsity on
electrometer A using the fine-level control and the difference knob. The
ratio switch is then turned on and the instrumeant adjusted to maximize
the ratio of the mass 3 to mass 2 curreant by turning the fine magnet-

current coutrol, This adjustment is made with both electrometers set on
7
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Table 2. Settings used during operation of Nuclide mass
spectrometer for determining D/H ratios.

Emission Regulator Settings

Jon deflector - off
Filament curreant - 530 A :
Emission current - set to give 200 pA target curreat i
Electron accelerating poteatial - 500 '
Repeller to shield - 50 (to give 40 V)

Trap to shield - 0

Ion Accelerating Poteuntial

Power - on
Coarse - 970
Fine - 500

Magnet Regulator

Power - on
Magnet current (coarse) -~ 2.00 i
Magnet current (fine) - 5.00

Ion Pump Power Supply

Output voltage - 4.7 kV
Protect - 10”3 Pa

Control Panel

Source power - on §

0.1 V full scale and with very low hydrogen pressure iunside the mass
spectrometer. The instrument is adjusted before a sample is introduced
into the mass spectrometer by using the backgrouund levels of mass 3 aund
mass 2,

After the instrument is calibrated, a sample is put into the mass
spectrometer at a pressure high enough to give a mass 2 or major isotope
voltage of 7-10 V with the balance panel set at 0.0000. The balance panel
is then adjusted to zero out the mass 2 voltage, and the balance panel
reading 1is recorded. The hydrogen gas inlet pressure is then lowered
incrementally, and the balance panel reading required to zero the mass 2

voltage is recorded at each pressure. In preparation for the next sample,
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Figure 3. Mass 2 voltage vs balance panel reading
for a sample with high deuterium content follow-
ing a sample with low deuterium content.

the excess sample in the mass spectrometer inlet is pumped out; with
practice, we reduced the cycle time for each sample to about 15 minutes.

Figure 3 18 a plot of the mass 2 voltage vs the balance panel reading
for a typical sample. The balance panel csn be adjusted from readings of
0.0000 to 0.9999. The scale in Figure 3 has been greatly expanded to
emphasize that this curve is relatively flat at high mass 2 voltages, but
the readings are lower at low mass 2 voltages. We found that the shape of
this curve depends on the differeuce in deuterium couteut of successive
samples, For the sample shown iu Figure 3, the previous samples had a much
lower deuterium coutent. For samples measured after previous ssmples of a
higher deuterium conteunt, the curves are again flat at high pressures, but
the readings are higher at low pressures. The reason for this is that the
ion pumps are not as good as they should be in removing hydrogen from
inside the mass spectrometer; as the pressure falls, more of the previous
sample 1s mixed in with the current sample measurement. To minimize this
memory effect, samples of about the same deuterium conteant were run in
sequence, and for each sample the balance panel reading at a high pressure,
giving a mass 2 voltage of about 10 V, was used to calculate the D/H
isotope ratio.

The sample deuterium conteut can be approximated as follows. PFirvst,
because the resistance in the major isotope collection electrometer is 1/20
of that in the minor isotope electrometer, the balance panel reading is
divided by 20. This gives the ratio of mass 3 ions to mass 2 fons col-
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lected. If it is assumed that the mass 3 ions are all HD'* aud the mass 2
ions are all H,* and that the ionization and collection efficiencies iuside

AT

the mass spectrometer are equal for the two masses, the atom % deuterium
j can be calculated by the equation

Atomn 2 D = T F T 121(1’2 e 1
where I,/I3 is the ratio of mass 2 ions to mass 3 ions collected. The
maximum reading on the balance panel is 0.9999, so the minimum value of
1,/13 1s about 20, giving a maximum atom % D that can be measured of L
2.,44%. For samples with higher deuterium coutents, both the mass 2 and
mass 3 ions must be focused sequentially on the major isotope collector by
varylag the curreant to the spectrometer electromagnet and recording the
naxinum voltage obtained at each mass, A ratio of these voltages deter-
mines the value of I,/Ij.

CALIBRATION AND RESULTS

Table 1 shows that the assumption that the mass 2 and mass 3 peaks are
eantirely Hz+ and HD'Y, respectively, is never entirely correct. Also, miunor
variations in the slit settings and internal geometry of the mass spectro-
meter make the collection efficiencies for mass 2 aud mass 3 ious unequal,
Therefore, *to obtain accurate results, standard samples must be prepared,

the deuterium coantents measured, and the unknown samples compared with

1) o
————— - - a

these samples. Two standards were made up by carefully weighing small
amounts of 99.8% D0 and mixing them with weighed amounts of natural dis-
tilled water. These two staundards had deuterium contents of 0.1149 and

0.4900 atom I. Each day that unkunown samples were run, each of these
standards was also run. A plot was then made of the true staandard value
vs that calculated from eq 1. The equation of the line joining the two
standard values on this plot was thean determined. This equation has the
form !
y=ax+b (2)
where y is the true standard value, x is the value calculated from eq 1 and
a and b are constants. Values of x obtained for the unknown samples were
i used in eq 2 to determine the values of y, the atom ¥ D in these samples.
' The precision of this method was determined by running the same un-
known sample on five days. A mean value of 0.2706 : 0.0075 atom X deuter-

——te

?ﬁ ium was obtained. This degree of precision is adequate for samples having
8 | 10
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enriched amounts of deuterium but is inadequate for measuring small dif-
ferences 1n the natural abundance, which is only about 0.016 atom % deuter-

ium in natural waters.

CHANGES REQUIRED FOR MEASURING NATURAL ABUNDANCE

While the procedure for measuring deuterium contents of enriched
samples was being perfected, one of the authors (T. Jenkins) visited Don
Marshall at Nuclide Corporation. They discussed the changes required to
provide precise D/H ratio measurements at natural abundance levels. The

following recommendations were made:

1) Switch from ion pumps to diffusion pumps for evacuating the mass
gpectrometer. Ion pumps have been found to release hydrogen from
previous samples. This change should greatly reduce the sample
memory problem in the mass spectrometer.

Change the sample inlet on the mass spectrometer to air-operated,
Nupro SS4BK 1/4-in. swagelock switching valves. This will make
it possible to switch rapidly between unknown and standard
samples for comparison.

Install stainless capillaries (3 ft long and 0.006-0.007 in,
1.D., swagelocked in place) between the sample inlet and the
interior of the mass spectrometer.

The slit widths on both the source and collector were originally
set for 15N analysis and need to be widened for D/H analysis.
The source slits should be set at 0.036 in. and the collector
slits at 0.055 in.

5) Purchase a new electrometer head with a resistor specifically for
D/H natural abundance work.

The cost of these modifications was estimated to be $5,000-10,000 for
hardware alone, so a specific need for making natural abundance measure-
ments must be shown to justify the changes.

CONCLUSION
A method for analyzing D/H ratios of both adsorbed soil waters and

liquid water samples has been demonstrated. The hydrogen preparation

apparatus that reacts water with heated uranium to form hydrogen and

uranium oxide has been shown to work efficiently and to give quantitative
results. With the mass spectrometer in its present configuration,
sufficiently precise analyses are readily obtainable for enriched tracer

11
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work. If very precise natural abundance measurements of deuterium are
needed, a method of reconfiguring the mass spectrometer for these more
precise measurements has been given.
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