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MÉTHODES ISOTOPIQUES EN HYDROGÉOLOGIE ET LEUR APPLICATION AU
LABORATOIRE DE RECHERCHES SOUTERRAIN, AU MANITOBA

par

M. Gascoyne et T. Kotzer

RÉSUMÉ

La présente étude porte sur les méthodes isotopiques utilisées pour la détermination des
sources d'eaux souterraines, les temps de séjour et les processus d'évolution géochimique qui
ont été publiés dans la documentation internationale, avec mention particulière de l'expérience
d'EACL dans ces méthodes et applications aux eaux souterraines au Laboratoire de recherches
souterrain (LRS) du Manitoba.

Le programme d'échantillonnage et d'analyse des eaux souterraines actuellement prévu pour
l'aire du LRS réparti sur les quelques années à venir se concentrera sur les mesures
isotopiques particulières qui peuvent aider à comprendre le régime d'écoulement des eaux
souterraines au site du LRS. Ces résultats s'ajouteront aux données existantes pour l'aire du
LRS et indiquent quels isotopes sont les plus utiles quand on les applique au régime
d'écoulement des eaux souterraines connu du LRS.

Ce programme d'étude est particulièrement important parce que non seulement il utilise les
mesures géochimiques et isotopiques standard (p. ex. les ions principaux, les éléments traces,
les 2H/18O, 14C, 34S) des eaux souterraines, mais il permet de déterminer en outre la valeur des
rapports isotopiques plus exotiques et inhabituels, comme les 6Li/7Li et Bn/B10. On ne sait
pas du tout pour l'instant dans quelle mesure ceux-ci permettraient de comprendre l'évolution
géochimique des eaux souterraines. De plus, les méthodes plus établies mais tout aussi
complexes d'analyse isotopique utilisées pour déterminer les 3He/"He, 36C1/C1 et 129I/I seront
évaluées pour déterminer dans quelle mesure elles permettraient de mieux comprendre
l'hydrogéochimie des voies d'écoulement dans la roche cristalline.
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ABSTRACT

This review examines isotopic methods used to determine groundwater sources, residence
times and processes of geochemical evolution that have been published in the international
literature, with specific reference to AECL's experience in these methods and applications to
groundwaters at the Underground Research Laboratory (URL), Manitoba.

The program of groundwater sampling and analysis currently being planned for the URL area
over the next several years will concentrate on specific isotopic measurements that may assist
in understanding the groundwater flow system at the URL site. These results will add to the
existing data for the URL area and indicate which isotopes are most useful when applied to
the known groundwater flow system of the URL.

This program of study is especially important because it not only uses standard geochemical
and isotopic measurements (e.g., major ion, trace elements, 2H/180,14C, 34S) of groundwaters,
but will determine values of more exotic and unusual isotopic ratios, such as 6Li/7Li, and
Bn/B10, whose potential for understanding groundwater geochemical evolution is largely
unknown at present. In addition, the more established but equally complex methods of
isotopic analysis, to determine 3He/4He, 36C1/C1 and 129I/I, will be used to assess their potential
for adding to the hydrogeochemical understanding of flow paths in crystalline rock.
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1.0 THE APPLICATION OF ISOTOPES IN HYDROGEOLOGY

Most elements have several isotopes (atoms containing the same number of protons but
different numbers of neutrons). Isotopes may be either stable, or unstable (radioactive).
Groundwater itself is made up of isotopes of H and 0 (stable: 'H, 2H, 16O, 17O, 18O;
radioactive: 3H) in amounts that relate to its origin and the processes it has undergone.
Dissolved constituents in the groundwater also have isotopic characteristics that relate to the
source and processes of dissolution and chemical evolution of the constituents.

1.1 Current Isotopic Methods

In the last -40 years, abundant information on isotopes in groundwater has been obtained, and
their widespread application to hydrogeological research has recently increased, because
analytical techniques have become faster, more sensitive and relatively inexpensive. The
isotopes that are commonly used in groundwater studies are summarized in Table 1.1. The
characteristics and applications of each of these isotopes are described below, with particular
reference to their use in groundwater research.

1.1.1 3H

Tritium (3H), a radioactive isotope of H with a half-life of 12.43 a, is probably the single
most important environmental isotope for hydrogeological studies. Its natural abundance is
usually expressed in Tritium Units (1 TU = 13H atom per 1018 H atoms), with detection limits
varying between ± 0.1 and ± 10 TU, depending on the analytical technique user?.

Before significant amounts of trit ium were injected into the atmosphere through man's nuclear
activities, precipitation over North America had a natural background level of 10 to 15 TU.
During the early 1960's, when the effects of atmospheric testing of nuclear weapons peaked,
3H concentrations over 2000 TU were measured. Today, atmospheric background levels in
the northern hemisphere are between 10 and 50 TU, and in Japan lower levels of 5-15 TU are
typically measured (IAEA 1990).

Tritium is a good indicator of the presence of recently infiltrated water. Also, if old water is
sampled, then tritium is the best available environmental tracer for the identification of
contamination by the drilling fluid and/or young water from near-surface aquifers. Because of
the lower 3H levels in recent precipitation, 3H is now less useful as an indicator of drilling
waters than it was in the 1970-1990 period. To compensate for this, improved analytical
methods are now available that allow 3H detection as low as 0.1 TU using electrolytic
enrichment and internal gas proportional counting of H2 generated from the water sample.

The method of 3H determination by 3He ingrowth, originally developed by Clarke et al.
(1976), has recently become important in extending the 3H dating method to ± 0.1 TU
(Schlosser et al. 1989; Kamensky et al. 1991). This allows identification of'pre-bomb1

groundwater and determination of in-situ production concentrations (see below).

Subsurface production of 3H occurs mainly by the reaction 6Li (n, a) 3H. The concentration
of 3H in groundwaters from this reaction depends largely on Li content and porosity of the
rock, but is unlikely to exceed 0.7 TU (Andrews et al. 1989a).



Table 1.1 Isotopes used in groundwater studies

Isotope
3H

2H/I80
3He

<He

I3C

"C
34S

36C1

"Ar

<°Ar/36Ar

81Kr

85Kr

87Sr/86Sr

I29j

a2Rn

:26Ra

234U/238U

t (1/2)

12-3 a

stable

stable

stable

stable

5730 a

stable

300 000 a

269 a

stable

210 000 a

10-8 a

stable

1.6 x 107a

3.8 d

1600 a

250 000 a

Range

-40 a

N/A

~102a

~107a

N/A

-30 000 a

N/A

- 10" a

- 10' a

N/A

~106a

-40 a

N/A

> 5 x 107 a

- 3 weeks

- 10s a

- 10" a

Use

direct dating, contaminant
indicator

climatic indicator, indirect dating
3H/3He dating

direct dating (?)

climatic indicator

direct dating

source of salts

direct dating (?) and source of
salts

direct dating

direct dating

direct dating

direct dating, contaminant
indicator

source of salts

direct dating (?) and source
salts

of

Rn/He age dating, flow path
characterization, fresh groundwater
tracer

migration studies

systematics of U migration, redox
measurement

N/A = not applicable

1.1.2 2H and 180

The stable isotopes 2H (deuterium) and ISlO are a rare but integral part of any water mass,
along with the more abundant isotopes 'H and I60. A wide variety of combinations of these
isotopes is possible in the water molecule, but only three are of practical interest: 'H2

I60,
'H2H160, and 'H2

18O. The average H:
180 content in terrestrial water is close to 2000 ppm,

whereas'H2H16O concentrations are close to 320 ppm.



It is analytically difficult to determine absolute isotope abundances, but relative measurements
based on the comparisons of the sample with a standard can be done easily and economically.
For 2H and 180 the reference is Standard Mean Ocean Water (SMOW), and results are
expressed as parts per thousand (permil, %o) difference from the reference. These differences
are called 5-values, and a 51SO = + 10 %o signifies that the sample has 10 parts per thousand
(or 1%) more 1S0 than the standard. Negative values describe concentrations below those of
the reference. A summary of the application of I80 and 2H in hydrological studies has been
published by the International Atomic Energy Agency (IAEA, 1981), and recent examples are
given in IAEA (1990).

A relationship of great importance to hydrogeochemical studies compares the 180 and 2H
values in precipitation. It has been found that on a global basis (Craig 1961),

02H = 85IS0 + 10 °/00

On a 518O vs. 52H plot (Fig. 1.1), this gives a straight line, known as the Meteoric Water
Line (MWL). The position of this l ine may vary locally, because of small variations in slope
and intercept. It is important to establish for each study area the local meteoric waterline,
especially since any deviation from this line is an indication that secondary processes, such as
evaporation or rock-water interactions, have affected the isotopic composition of the
groundwaters. From the data for Ryori, Japan (Fig. 1.2), the local meteoric water relationship
is 02H = 7.7 0'80 + 9.6 (after IAEA 1990).

Normally, in crystalline rocks, groundwater is not affected by evaporation or rock water
interaction processes, and experience shows that the isotopic composition of shallow
groundwaters very closely (± 2% for IS0) reflects the weighted average annual isotopic
composition of precipitations in the recharge area. Although it is not possible to use stable
isotopes directly for groundwater dating, the isotopic composition of a water may well give
some indication of the origin, elevation above sea level, and time and/or season of infiltration.

1.1.3 3Heand 4He

Both 3He and 4He are stable isotopes of helium and are present in the atmosphere in a ratio of
about 1.4:106. Total He concentration in air is about 5.24 ppm. Helium-3 is most abundant
in primordial gases derived from the earth's mantle. It is produced in Li-rich rock by the
reaction 6Li (n,a) 3H followed by p-decay to 3He. Helium-4 is produced in the earth as
neutralized a-particles formed during radioactive decay of U- and Th-series nuclides.

The isotopes of He and their applications to hydrogeology are discussed in greater detail in
Section 2.
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1.1.4 I3C

Carbon-13 is a stable isotope which occurs in all carbon-bearing compounds, and abundances
of I3C in a sample are expressed as per mil differences from a marine carbonate standard,
PDB, in the same manner as 2H and 180 are referenced to SMOW.

The most important aspect of the I3C - geochemistry of natural systems is the fact that
biologic processes (e.g., photosynthesis or bacterial activity) can cause very large isotope
fractionation effects, because of the preferential utilization of one isotope over the other. For
instance, atmospheric air has a 513C = -7 %o, whereas most plants in temperate regions have
o'3C values between -25 and -30 %o This corresponds to a depletion in 13C in the organic
matter by 18 to 23 %o. Most marine carbonates have 5I3C = 0 ± 2 %o. Most groundwaters
have 5I3C (as dissolved CO2, HCO3" or C03~~) intermediate between these values and typically
-10 to -15 %o. A knowledge of 13C abundances and variations can, therefore, greatly
contribute to the understanding of the geochemical history of water.

1.1.5 MC

Carbon-14 is formed in the upper atmosphere by cosmic rays interacting with N2 gas
14N (n,p) UC. The MC atoms oxidise to UCO; molecules and subsequently enter atmospheric
precipitation and the biosphere. Recharge entering the bedrock will therefore contain 14C at
modern levels derived from the atmosphere, soil gases and decaying plant material. Dilution
with non-active ('dead') carbon may occur if carbonate materials are encountered and
dissolved, and recently recharged groundwater will rapidly evolve to contain a total inorganic
14C concentration between 50 and 100% of modern carbon levels. In practice, I4C
concentrations are typically -14 dpm/g C in atmospheric CO, and vegetation and, by
convention, the 14C activity of a sample is compared to that of an international standard (NBS
oxalic acid) and expressed as a percentage of this standard (PMC, per cent modern carbon).
Nuclear weapons testing increased the level of 14C in the atmosphere by a factor of ~ 2, but it
has now decreased to about 1.1 times that of pre-testing times.

Absolute 14C ages are generally not determined for groundwaters, because of the uncertainty
of the initial I4C concentration at recharge and the possibility of isotopic exchange in the
aquifer. Values of PMC are most commonly used, and may be approximately converted to an
'age1 using the 14C half-life (5730 a) with allowance for 'dead' C dilution based on the 513C
value. A detailed description of the theory and application of 14C analyses has been given by
Mook (1980), and applications to igneous rock groundwaters in Sweden and Canada have
been described by Fritz et al. (1989) and Bottomley et al. (1990), respectively.

Recently, 14C dating of the dissolved organic content of groundwaters has been described as a
means of independently dating groundwater (Murphy et al. 1989). The method overcomes the
problem of dissolution of 'dead' C, but suffers from the inclusion of 'old' organics (kerogen,
etc.) which, in particular, bias young ages to older values.

In the analysis of I4C in groundwater, HC03 and C03 ions are either precipitated as BaCO3 or
converted to CO, gas, and the 14C activity analyzed by B counting or accelerator mass
spectrometry.



1.1.6 34S and 180 in S04

A major constituent of many groundwaters is S04, which originates from the dissolution of
SO., minerals, primarily gypsum or anhydrite, or the oxidation/dissolution of minerals with
reduced S, primarily pyrite. Sulphur has four stable isotopes, of which 34S (4.2%) and 32S
(95.0%) are the most abundant and most useful in hydrogeochemical studies. As with 2H and
I8O isotopes, variations of 3JS content from that of a standard (in this case a sulphide mineral,
Canyon Diablo Troilite) are expressed as ô values. The 34S contents of dissolved S04 in
groundwater reflect the origin of the S, provided that no major redox-reactions occur within
the aquifer. The 1S0 contents of the S04 are determined by the dissolving SO4 mineral, by
the environments in which the reduced S became oxidized, or by isotope exchange between
dissolved SO4 and water. The latter process is important, because under favourable
circumstances it can provide a tool for "age estimates" of the S04-water system and thus the
groundwater.

In aquifers that are biologically active and/or geochemically reducing, the SO4 isotopes may
be reduced to HS" or H2S. This is accompanied by very large isotope effects, which would
mask any primary differences or characteristics of SO4 isotopes in the water. However, only
a few groundwater systems have such conditions and, in most groundwaters in igneous rocks,
the isotopic analysis of S04 can be used to comment on the origin of the S04 in the water and
thus the flow paths the water might have taken.

If 1S0 and S isotopes are considered together, even more detailed interpretations might be
possible, because in active groundwater systems the 5IS0 of the aqueous S04 reflects either
the source or the process/environment of formation from reduced sulphur. In old systems an
overprint occurs, because isotope exchange between SO4 and water will occur over time.
Where isotopic equilibrium is approached, it may be possible to arrive at age estimates of a
flow system. Further details of the isotopic fractionation of 34S and 1S0 in dissolved S04 have
been given by Pearson and Rightmire (1980).

1.1.7 36C1 and 129I

Both 36C1 and 129I are produced by cosmic radiation interacting with gas molecules in the
upper atmosphere. These isotopes were also produced during weapons testing, and continue
to be released by nuclear power stations and nuclear fuel reprocessing operations. The long
half-lives of 36C1 and 129I (3 x 105a and 1.57 x 107a, respectively) suggest that they might be
useful in dating groundwater. However, several studies have shown that, in most igneous
rocks (granites, especially), in-situ production of these isotopes by neutron activation
processes rapidly dominates the isotopic signal (Andrews et al. 1989a; Fabryka-Martin et al.
1989; Gascoyne et al. 1992). Leaching of 36C1 or 129I from production sites in the rock
(usually fluid inclusions or intergrain-boundary salts) by groundwater causes 36C1/C1 and I29I/I
ratios to tend towards constant finite values with increase in salinity, rather than diminish to
zero, as might be expected if only radioactive decay of input levels were occurring.
However, despite this complication, these halogen isotopes have been very useful in
indicating groundwater recharge areas, and in demonstrating the importance of soluble salts in
the rock matrix as sources of groundwater salinity (e.g., Gascoyne et al. 1994). The isotopes
are discussed in more detail in sections 2.4 and 2.5.



1.1.8 Ar Isotopes

Argon has two stable (36Ar, 40Ar) and two radioactive (37Ar, 39Ar) isotopes that are useful in
hydrogeological studies. The stable isotopes are in a constant ratio in the atmosphere
(40Ar/36Ar = 295.5), but in groundwater this ratio may increase due to dissolution of "°Ar
produced from the decay of "°K present in rock minerals.

The isotopes 37Ar and 39Ar (t,/. = 35d and 269a, respectively) are both produced in the upper
atmosphere by spallation reactions, but most 37Ar is formed in the subsurface by the "°Ca (n,
a) 37Ar isaction. Because of its short half-life, 37Ar is seldom found in groundwaters, except
in proximity to U ore bodies, where the natural neutron flux is high, and in Ca-rich infillings
(e.g., calcite). Contamination by anthropogenic 37Ar can occur in shallow groundwaters. The
isotope 39Ar is also produced anthropogenicall and in certain circumstances it may be used to
date shallow groundwaters. However, in deeper groundwaters the in-situ production by 39K
(n, p) 39Ar and other reactions is dominant.

The applications of Ar isotopes in the study of groundwaters at Stripa, Sweden are described
by Loosli et al. (1989), and in northern Switzerland by Pearson et al. (1991), and further
details are given in section 2.

1.1.9 Kr Isotopes

Krypton has two radioactive isotopes of significance to groundwater studies, 8lKr
(t,/: = 2.1»105 a), and 85Kr (t,/;= 10.8 a). Krypton-81 is produced in the upper atmosphere by
cosmic rays causing spallation of stable Kr isotopes and neutron capture by 80Kr. Sub-surface
(in-situ) production is also possible due to spontaneous fission of 23SU, although no data of the
fission yield is currently available. Based on an extrapolation of fission yields for heavier Kr
isotopes, Andrews et al. (1989a) have estimated the in-situ production in the Stripa granite to
be 75 atoms/cm3 in the U-rich fracture infillings. Because the 81Kr content of modern
precipitation is low (-1.5 atoms/cm3), it is likely that concentrations in groundwater will be
dominated by in-situ production.

Krypton-85 has two main sources: 1) release from spent nuclear fuel rods during
reprocessing, and 2) in-situ production by spontaneous fission of 23SU. Cosmogonie input is
negligible and in-situ production of 8:>Kr has yet to be observed. Stripa groundwaters contain
4-16 atoms/cm3 (Andrews et al. 1989a). This isotope is currently used for comparison with
3H data because of its comparable half-life (Pearson et al. 1991; Ekwurzel et al. 1994). The
ratio 3H/85Kr is very useful in estimating the residence time of recent recharge, because the
ratio value increases as residence time increases.

1.1.10 87Sr/86Sr

Strontium has four stable isotopes in nature, of which three isotopes (84Sr, 86Sr and 88Sr) do
not change their relative abundance over time (they are too heavy and have too small a mass



difference to be measurably fractionated in natural processes). However, 87Sr content does
increase in time as a result of the radioactive decay of 87Rb (t,/2 = 4.SS x 10'°a). Analytically,
it is easier to measure the s7Sr content relative to a constant Sr content (usually 85Sr) and in
groundwater studies, analysis of the S7Sr/S6Sr ratio can be used to identify the source of Sr in
solution, the kinetics of exchange or equilibration reactions and, in certain circumstances, the
residence time of the groundwater. Details of the theory of Sr isotopic studies are given by
McNutt (1987) and McNutt et al. (1990).

1.1.11 Uranium Series Radionuclides

Radioisotopes of the 238U decay series in groundwaters have several applications in site
characterization studies, including:

1) total U content of the groundwater is an indicator of redox conditions,

2) concentrations in rocks and coexisting groundwaters provide useful analogues for some
of the radionuclides present in a nuclear fuel waste vault, and

3) 226Ra and 222Rn concentrations may indicate localized areas of U deposition on fracture
surfaces.

Uranium is often concentrated in near-surface groundwaters due to the presence of oxidising
conditions and higher HCO3 concentrations (which form soluble uranyl carbonate complexes).
In contrast, high concentrations of "6Ra are more commonly associated with groundwaters of
higher salinity, particularly higher Ca-Cl content (Gascoyne 1989). Applications of U-series
radionuclides in rocks and associated groundwaters are described in detail by Ivanovich and
Harmon (1992).

1.2 Applications Of Isotopic Methods To Groundwater Studies

Several applications of isotopic methods in hydrogeochemical studies of an area have been
described in the above sections. These various applications are further discussed below in the
context of AECL's experience in their application to groundwater studies in several plutons on
the Canadian Shield.

The isotope 3H allows distinction to be made between water younger or older than ~40 years,
and is also a useful indicator of the presence of drillwater contamination when sampling deep
saline water that contains negligible JH. Although in-situ production of JH by nuclear
processes has been proposed (Andrews and Kay 1982), careful measurement of very low 3H
levels in groundwaters of the Lac du Bonnet granite indicate that in-situ production is very
low (<0.05 ± 0.09 TU) in this environment (Gascoyne, unpub. results).

Similarly, 14C is a useful indicator of groundwaters that are younger than -30 000 years by its
concentration in the HC03 or dissolved organic carbon contents of groundwater. While
AECL has had considerable success in measuring reliable concentrations of MC as low as 3
PMC in fresh and brackish groundwaters in fracture zones at the URL (Underground Research
(URL), Pinawa, Manitoba), difficulty has been experienced in obtaining acceptable values for
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more saline, low-HCO3 groundwaters deeper in the Lac du Bonnet granite. A new method of
CO; extraction, which should minimize contamination, is currently being tested by AECL.
The method of dating dissolved organic carbon has not yet been applied to groundwaters in
this area.

Chlortne-36 has also been found to be a useful indicator of recharge by penetration of
cosmogonically derived 36C1 to depths of 400 m in upland areas of the Lac du Bonnet granite
(Gascoyne et al. 1992). However, at greater depths and for the remainder of the flow path,
36C1/C1 ratios have been found to be relatively constant and mainly suggest that the dissolved
salts are derived from the rock matrix (Gascoyne et al. 1994).

Stable isotopes of the groundwater itself (i.e., 2H, 1S0) and of the dissolved salts (e.g., 34S in
SO4,

 13C in HC03,
 s7Sr/S6Sr ratio of total Sr) give important information on the origin and,

possibly, age of the groundwater and its dissolved load. For instance, ground\v..ters that are
depleted in 2H and ISO relative to average modern precipitation are likely to have recharged to
the bedrock during times of cooler climate than present, as found during glacial and
interstadial periods in the last one to two mill ion years. This is the interpretation given by
Gascoyne and Chan (1992) to account for the occurrence of groundwater depleted by up to
7 %o in I80 in two inclined fracture zones at the URL. Support for this interpretation was
given by HC and 3H results that were low (< 10 PMC) and below detection, respectively.

Dissolved SO4 that is high in 3JS content may be derived from sedimentary origins as opposed
to igneous rock sources (Gascoyne, et al. 1989) which contain less 3*S. Similar arguments
have been used by Balderer et al. (1987) to account for high 34S content of dissolved S04 in
Swiss granite groundwaters. Other examples of the application of 34S and I80 isotopic content
in understanding rock-water interactions and sources of dissolved salts in igneous rock
groundwaters have been given by Fontes et al. (1989) for Stripa, and Fritz et al. (1994) for
the Canadian Shield mines.

The 87Sr/S6Sr ratio of dissolved Sr in groundwater indicates both the extent (and, hence, age)
of equilibration with the host rock and the possibility of intrusion of groundwater from other
rock formations (McNutt et al. 1987, 1990). Comparison of Sr isotopic ratios of
groundwaters with rocks and fracture-filling minerals in the East Bull Lake gabbro, Ontario
has shown that the groundwaters at depth have the same S7Sr/S6Sr values as fracture-filling
minerals. This suggests that the minerals could either have formed from the groundwaters or
have isotopically equilibrated with the groundwaters over a fairly rapid time-scale.

As described above, U-series radionuclides are useful in characterising the redox conditions of
groundwaters in a crystalline rock formation. At the URL, the influence of high redox and
HC03 concentrations in stabilizing dissolved U complexes has been observed (Gascoyne and
Barber 1992). Similarly, the association of high Ra with high salinities is also apparent in
URL area groundwaters. Recently, increases in U in groundwater inflow to the URL have
indicated loss of the redox buffer capacity of minerals in fractures in the granite (Gascoyne,
unpub. results), again demonstrating the use of U in hydrogeochemical studies.
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The use of new and existing isotopic techniques is discussed in detail in the following section,
in preparation for their application to the URL area as part of this program. Details of the
hydrogeology and hydrogeochemistry of the URL area are given in a later section, together
with a plan for obtaining groundwater samples from boreholes in the area.

2.0 ISOTOPIC METHODS

2.1 He. Ne. Ar. _H

2.1.1 Analytical Methods

Mass spectrometric methods to determine the isotopic compositions of He (3He, "He) in
waters utilize a highly sensitive, double collector, static-source mass spectrometer system,
usually operated in conjunction with a stainless-steel gas inlet/cryogenic gas-separation system
(Lynch and Kay 1985; Bayer et al. 1989; Jean-Baptiste et al. 1992; Kotzer et al. 1994).
Analytical detection limits for such systems are commonly on the order of 10"15 cm3 3He and
10"9 cm3 "He with a precision of-0.5 % (e.g., Clarke et al. 1976; Mamyrin and Tolstikhin,
1984; Lynch and Kay, 1985; Kotzer et al. 1994). Precise determinations of 3He/i|He ratios in
air and water samples are facilitated by adequate separation of the 3He peak from the
combined HD-H3 peak, which requires that the mass spectrometer have a resolution of at least
600 and that the magnitude of the ratio of HD + H3V 'He be less than 20 (Lynch and Kay
1985; Fig. 2.1). Complete separation of these two peaks virtually eliminates any contributions
of the HD"1" + H3~ peak to the 3He peak as a result of tailing effects. Determination of the
concentrations of 3He and 4He in the samples is done by peak height comparisons using the
STP-corrected He concentrations from precisely aliquotted air samples (e.g., Bayer et al.
1989), or by spiking the samples with measured quantities of gases having a known He
concentration and JHe/4HQ ratio. Similar methods are employed for the measurement of Ne
and Ar (e.g., Smith and Kennedy 1983; Weise et al. 1991).

Neon and argon isotopic measurements (20Ne, 21Ne, "Ne, 36Ar, 40Ar) are done using the same
static-source mass spectrometer at similar operating and resolution characteristics as for
helium. Isobaric interferences for Ne are mainly H2

1S0, 40Ar+, 20NeH+ and (C02)
2+, and these

can be monitored at masses 18, 20, 21, 40 and 44 during analysis. Isobaric interference from
Ar during Ne isotopic analysis is largely eliminated through the use of a two-stage He-cooled
cryogenic cold trap originally described by Lott and Jenkins (1984).

Separation of He from other noble gases dissolved in the waters (Ne, Ar, Kr, Xe) is done by
cryogenic removal of water vapour, CO,, Kr, Xe, and by stepwise adsorption of He and Ne
on activated charcoal traps cooled to either l iquid N, temperatures (Clarke et al. 1976) or
compressed He temperatures between 10 and 55 K (Lott and Jenkins, 1984; Bayer et al.,
1989; Jean-Baptiste et al. 1992). Neon is separated from associated noble gases (Ar, Kr, Xe)
using cryogenic procedures similar to those previously described for He although higher
temperatures are used (Lott and Jenkins, 1984). For example, at Chalk River Laboratories, He
is cryogenically adsorbed at 10 K and desorbed at 42.8 K whereas Ne, is adsorbed at 55 K,
and desorbed at 90 K (Fig. 2.2). Release of Ar for isotopic analysis occurs at approximately
140 to 160 K.
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Groundwaters for noble gas analysis are generally sampled using copper tubes that are sealed
off with He leak-tight pinch clamps (Solomon et al. I993). Groundwaters are purged through
the copper tubing, to remove air bubbles adsorbed to the wall of the copper tubing and to
ensure flushing of the standing column of water in the well. Water samples can be pumped
to surface (shallow aquifer samples) using pumping techniques that prevent bubble

3He-HD Resolution

5

4

3

2

1

Calculated Resolution = 565

= 10-12cc HD+/H3
+

Figure 2.1 Scan of 3He* and combined HD"7H3
+ peak for sample of air in the noble gas mass

spectrometer at Chalk River Laboratories. Complete separation of the peaks
ensures no contribution to ''He* from the HDVH,* peak.
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Figure 2.2 Adsorption/desorption curves for quantitative separation of He from Ne with two-
stage He-cooled cryogenic trap. Curves indicate that He is adsorbed at 10 K and
desorbed at 45 K, whereas Ne is adsorbed at approximately 50 K and desorbed at
90 K.
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stripping, or from depth with inertial pumps (Solomon et al. 1992). For waters sampled from
significant depths (>50 m), Andrews et ai. (19S9b) suggest that methods should be used to
maintain pressures in the copper tube samplers at depths comparable to those of the sample,
thus preventing significant degassing of the waters during ascent to surface. Degassing of the
water sample for noble gas analysis is done by expanding the waters in a vacuum system at
low pressures (10"5 torr), thereby allowing the dissolved gases to exsolve. The gases are
subsequently collected on activated charcoal cooled to liquid N, temperatures in leak-tight
ampoules, and sealed (Bayer et al. 1989).

Tritium concentrations in waters can be determined using low-level liquid-scintillation
counting techniques (Weiss et al. 1976), or by the 3He ingrowth technique first reported by
Clarke et al. (1976). Liquid scintillation counting of water samples is the simplest technique.
Resultant precision and detection limits of this method, using state-of-the-art low-level
counting techniques involving longer counting times or prior electrolytic isotopic enrichment,
are on the order of 2.5 to 5% and 0.1 TU (Schlosser 1992). The 3He regrowth technique is
rapidly being exploited, due to its potential for precise determination of He isotopic ratios and
abundances (precision and detection l imits of+/- 1 to 2% and <0.005 TU, respectively; Bayer
et al. 1989; Schlosser 1992) and diminished susceptibility for contamination and rapid
measurement procedures (Clarke et al. 1976; Bayer et al. 1989; Jean-Baptiste et al. 1992;
Surano et al. 1992).

Measurement of 3H by the 3He regrowth technique requires that the sample be adequately
degassed in a vacuum system (<10'4 torr) and sealed in specialized glassware having low He
permeabilities (Suckow et al. 1990). The samples are stored for a specified period of time
determined by the minimum amount of ingrowth 3He (~ 105 atoms JHe) required for
instrumental analysis. The length of storage time, generally three to six months, is dependent
upon a number of factors, mainly the amount of 3H in the sample and the detection limits and
blank levels of the particular mass spectrometer system (e.g., Clarke et al. 1976; Bayer et al.
1989; Jean Baptiste et al. 1992; Surano et al. 1992).

2.1.2 Applications

i) General

The dissolved inert gases He, Ne and Ar and natural and anthropogenic 3H, have been utilized
in various studies to determine circulation processes of groundwaters in the crust, sources of
deep groundwaters and natural gases, groundwater ages or residence times, temperatures and
salinities of recharging groundwaters, rates of groundwater infiltration and lateral groundwater
movement and interactions between groundwaters and the host rock matrix (e.g., Andrews,
1985; Bottomley et al. 1984; Oxburgh et al. 1986; Solomon and Sudicky 1991; Solomon et al.
1992; Stute et al. 1992; Marty et al. 1992; Wernicke and Lippolt 1993 and references therein).
In terrestrial environments the He isotopic ratio varies by at least several orders of magnitude,
depending upon the bulk gas volumes from three distinct sources, which are:
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Source Production mechanism 3He/4He Ratio

primordial He nucleosynthesis reactions 10~4

radiogenic He a decay reactions (U, Th) 10"12

spallogenic He cosmic-ray bombardment 10"'

Incorporation of He from these sources results in several geosphere components (rocks,
minerals and natural gases and waters), having distinct 3He/4He ratios, as indicated below:

Geosphere Component 3He/4He ratio Genetic source

mantle ~3xlO~ :> mainly primordial - some crustal
crustal rock, gas, water 10"8 to 5 xlO"s mainly radiogenic
active tectonic areas 10"5 to 10"7 radiogenic + primordial
rocks enriched in U, Th >10"'° high radiogenic input
atmosphere -IxlO"6 all sources, depleted value due to He escape

The majority of the He measured today is generated from U- and Th-series decay. Based on a
decay processes for U and Th, Kugler and Clarke (1972) suggested that the resultant 3He/4He
ratio should be on the order of 8xlO"':, which is much less than the observed natural ratio in
rocks and waters, suggesting a contribution of subsurface 3He.

In groundwater systems, 3He is produced from: 1) decay of 3H, which has a half-life of 12.43
years, and 2) interactions with neutrons produced as a result of (a, n) reactions on light nuclei
and Li. This process can be summarised by the reaction 6Li(n,cx)3H - 3He (P decay). In
granitic systems having high U, Th and Li and low B contents, subsurface 3H (and subsequent
decay to 3He) production may be as high as 2 TU (Andrews and Kay 1982). However, for
most hydrogeologic systems, the production of lithogenic 3H is not likely to exceed 0.7 TU
(Andrews et al. 1989a). Production of subsurface lithogenic 3He is likely responsible for
observed 3He/4He ratios on the order of 10"7 to 10~8 for granitic rocks and associated
groundwaters.

The 3He/4He ratios of crustal groundwaters and natural gases, both of which may have been
subjected to long periods of water-rock interaction with a varied suite of rock types, may vary
by more than two orders of magnitude (e.g., Bottomley at ai. 1984; Stute et al. 1992). The
average He isotopic ratio of granitic rocks is approximately 10"7to 10"s, but can vary from 10"9

to as high as 10"5, depending upon the radioélément content (U, Th), neutron flux and major
and trace element contents (particularly Li) of the rocks (Andrews 1985; Florkowski et al.
1988). Reactions summarizing the production of radiogenic 4He in the subsurface are:

:-«U -» :oftPb + 8 4He
:»U -» :07Pb + 7 4He
:r-Th -» 20sPb + 6 4He

In contrast to granitic rocks, the 3He/4He ratios of natural gases and subsurface fluids from
geologic environments such as areas of active rifting, volcanism or in sedimentary basins
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forming as a result of extensional (rift) tectonics can greatly exceed 10"7 (Ozima et al. 1984;
Oxburgh et ai. 1986; Sano et al. 1988; Ballentine et al., 1991; Marty et al. 1992, 1993;
Poreda et al. 1992; Stute et al. 1992). Such high ratios suggest that the fluids and gases
contain a primordial mantle component which has a 3He/4He ratio of approximately 10"5 (i.e.,
Clarke et al. 1969; Jenkins et al. 1980; O'Nions and Oxburgh 1983).

Neon has a concentration of 18.18 ppm in air, with natural abundances being 90.5% 20Ne,
0.268% 2lNe and 9.23% 22Ne. 20Ne has no radiogenic subsurface sources with the primary
source for 20Ne in groundwaters being equilibration with the atmosphere. In addition to
atmospheric sources, both 2 lNe and 22Ne are produced in the subsurface as a result of
interactions between a particles from U and Th decay and light elements in the surrounding
rocks (primarily 25Mg and 1SO). The isotopic compositions of Ne, primarily 20Ne, in
conjunction with other noble gases (Ar, Kr, Xe), have been used to characterize temperatures
and salinities of groundwaters during recharge (Mazor 1991). Depletions in 20Ne
concentrations in groundwaters, corrected for Ne losses during sampling, which are too large
to be attributed to the effects of changing recharge temperatures, may indicate increasing
groundwater salinities during recharge through the unsaturated zone. As an example, controls
on the isotopic compositions of Ne and Ar as a result of changing physio-chemical
groundwater parameters during recharge were discussed by Zaikowski et al.(1987), using 20Ne
and 36Ar concentrations in waters to illustrate the effects of varying paleo-temperatures and
paleo-salinities on the observed 36Ar/2"Ne ratios, and to suggest the geochemical conditions for
the recharge waters.

The terrestrial abundance of Ar is enormous (9340 ppm), relative to other noble gases, of
which the dominant isotopes are 36Ar, 3>1Ar and 40Ar. Argon-40 accounts for 99.6% of the
total amount of Ar, which is largely the result of decay of 40K. The 40Ar/3eAr ratios in
groundwaters are generally similar to the atmospheric ratio (40Ar/36Ar = 295.5), but can be
significantly elevated due to diffusion of Ar from mineral lattices and dissolution of ancient
(>100 Ma), K-bearing minerals containing considerable amounts of radiogenic 40Ar. Of these
two processes, the latter is the most significant.

ii) Radiogenic He, Ne, Ar in groundwaters

The degree to which radiogenic He is retained at its site of production is paramount when
considering the use of He to determine geologic and hydrogeologic ages, and as a hydrologie
tracer. In most mineral systems, the use of helium as a radiochronometer has met with
varying degrees of success, depending upon the helium retention of the mineral being studied,
although, in general, He is not quantitatively retained within the mineral lattice (Wernicke and
Lippolt 1993 and references therein). Andrews (1985) indicated that radiogenic 4He in rocks
at depths greater than 1000 m in the crust is retained for substantial time periods (108 a), due
to its relatively slow diffusion rate in crystalline rocks (~ 5xlO"7 nr/a; Andrews et al. 1989b).

Deep groundwaters commonly have He concentrations far in excess of that predicted by
solubility equilibrium values, and which appear to increase linearly with time and in the
direction of groundwater flow. Therefore, the concentration of excess radiogenic 4He in the
dissolved gas component of a groundwater has been proposed as a means to obtain ages or
residence times of groundwaters as 4He is continuously generated by the decay of U and Th,
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both of which are widespread within many aquifer rocks and have calculable production rates
of 4He over time (e.g., Andrews et al. 1989a; Mazor and Bosch 1992; Torgersen 1992).
Table 2.1 gives a few examples of the He concentrations measured in groundwaters from
various geologic environments.

Groundwater''He ages are based upon the assumption that the radiogenic He diffuses out of
minerals and accumulates in the pore space, and that all the 4He produced is dissolved in the
groundwater. Many variations of the 4He age equation can be found, although all are
generally concerned with calculation of a 4He groundwater age based on the measured 4He
concentrations and their calculated 4He production and accumulation terms (e.g., Marine 1979;
Bottomley et al. 1984). For example, Weise et al. (1991) calculate the production rates for
radiogenic "He (J4He) in rocks as,

J4He = 1.2 • ID'13 (U) + 2.9 • 10'14 (Th) (cm3 STP/g y) (1)

and the corresponding accumulation rate (c4Hc) of 4He in waters as,

c4He = J4He • (Ap/9) (2)

where A is the transport efficiency of 4He from an a-source in rocks to water, p is the rock
density, 6 is porosity and U, Th are concentrations (ppm) in the rocks. Using these
relationships, a 4He groundwater age can be calculated as,

T4He = C4He/c4He (3)

where C4He is the measured 4He concentration in the groundwater. A similar approach has
been used by Bottomley et al. (1984) to calculate residence ages for fluids from Precambrian
rocks. It should be noted that the above 4He age equation does not take into account 4He
derived from dissolution of minerals as water-rock interactions proceed, channelling of fluids
in fractures, or heterogeneity in the distribution of U and Th minerals. Any of these may be a
factor for the accumulation of excess 4He in waters and, if not accounted for, represent a
significant source of error when calculating groundwater ages based on radiogenic 4He
concentrations.

Use of 4He for calculating groundwater ages requires a detailed knowledge of the aquifer
characteristics, such as porosity (6) and the concentrations and spatial distributions of the
radioéléments (U,Th). In many cases, detailed information on the concentrations and spatial
distributions of U and Th with respect to water-bearing fracture systems within an aquifer is
not available. This lack of geologic and geochemical information is generally reflected by
calculated 4He ages, which greatly exceed 14C ages or ages derived on the basis of hydrologie
modelling (Table 2.2, Andrews and Lee 1979; Bottomley et al. 1984).



Table 2.1: Examples of concentrations of 4He in groundwaters from various locations

Location

Basin, Australia

Great Hungarian
Plain

Geology

sedimentary basin

4Hea

4-4000

reference

Bunter Sandstone

Great Artesian

sandstone aquifer

sandstone aquifer

3.5-34.3

10-34 000

1

2

Stripa mine, Sweden
Lac du Bonnet, Manitoba
Chalk River, Ontario

solubility in water
at 10°C

granite
granite
metamorphic rocks

8-44 000
5500-1.3xl07

50-9xl04

4.65

4
5

5

a) He concentrations are in units of 10'8 cm3 He/cm3 H,0; 1 = Andrews and Lee (1979); 2
Torgersen and Clarke (1985); 3 = Stute et al. (1992); 4 = Andrews et al. (1989b); 5 =
Bottomley et al. (1984).

Table 2.2: Examples of calculated 4He, NC and modelled hydrologie ages (in years) for
various groundwaters

Location 4He ace 14C age hydrologie age
(a)

Burner Sandstone1

Lac du Bonnet2

Paris Basin3

600 - 87 000
2 x 10"
4 x 1 0e

300-31 750
11 000

1 x 105

1 - Andrews and Lee (1979); 2 - Bottomley et al. (1984); 3- Marty et al. (1993).

Where fracture-controlled fluid flow exists, characterizing the geochemical and mineralogical
aspects of the fractures (U, Th contents) and their spatial distributions can be used to interpret
the transport and accumulation parameters for the "*He and, result in more accurate 4He
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groundwater ages (e.g., Bottomley et al. 1984; Andrews et al. 1989bV

Old groundwaters from deep sedimentary aquifers in basins have been found to contain
concentrations of radiogenic 4He far in excess of that possible based on measured U and Th
contents and calculated in-situ production (Table 2.1). In such cases, it has been proposed
that excess radiogenic 4He is diffusing from the underlying crustal materials and is being
dissolved by the groundwaters (Andrews 1985; Torgersen and Clarke 1985; Youngman 1989).
Youngman (1989) suggested a method for determining 4He ages on groundwaters from a
molasses basin underlain by Precambrian granites, based on the age of the crystalline rocks,
the calculated 4He flux into the sediments, the velocity of the groundwaters and the porosity
of the aquifer materials. For the age calculation it was assumed that since the 4He
concentrations in the crustal reservoir were much higher than that measured in the waters in
the overlying sediments, groundwater ages could be approximated by knowing the crustal flux
and the measured groundwater He contents.

In addition to large amounts of radiogenic 4He, some groundwaters have also been found to
contain excess amounts of "'Ne, which have similarly been proposed as a radiometric tool for
determining residence times for old groundwaters. Although subsurface production of
nucleogenic Ne is usually considered to be negligible, Bottomley et al.(1984) and Weise et
al.(1991) measured excess concentrations of 2lNe on the order of several per cent. Craig and
Lupton (1976) suggested that production of 2INe in the subsurface can occur primarily by
interactions between light elements in the rocks and a particles from decay of U and Th, in
particular,

lsO(a,n)2'Ne

Both Weise et al.(1991) and Bottomley et al.(1984) demonstrated the use of excess
concentrations of 2lNe for calculating residence times for groundwaters using a methodology
similar to that used to calculate groundwater ages with radiogenic 4He. The method adopted
by Weise et al.(1991) requires calculating the production rate of nucleogenic 21Ne based on U
and Th contents in the host rocks using the equation,

J(:'Ne) = 6.7x10':i • U* cm3TP/g a (4)

where

U* = U(ppm)[l + 0.123(Th/U-4)] (5)

Ages for the groundwaters (i21Nc) can be calculated using the equation,

T2'Ne = C:,N,e/J
2lNe • (Ap/6) (6)

where symbols are the same as for 4He equations (1,2,3) and C21Ne is the measured 2lNe
concentration (see Weise et al. 1991 for expanded explanation). Ages calculated using excess
21Ne in water appear to be controlled by the same factors as those, for 4He, mainly the effects
of porosity, fluid flow through fractures and the heterogeneity of U and Th within the rock
matrix. Incorrect assumptions for any of these parameters will invariably lead to erroneous
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ages. An additional source of error for nucleogenic "'Ne age determinations may be
inadequate knowledge of the efficiency of the '"Q^n^'Ne reaction and the addition of
cosmic-ray produced 21Ne to the excess nucleogenic 2INe component (Niedermann et al.
1993).

The above production equations (J4He, J2'Ne) indicate that both radiogenic 2'Ne and 4He have
similar controls with respect to their production source terms. As such, if the only source for
the radiogenic Ne and He is in-situ production, their production rates in the subsurface should
be broadly correlated (Kyser and PJson 1982). The data of Bottomley et al. (1984) yielded
similar 2INe and 4He ages, and indicated a positive linear correlation between increasing
radiogenic 4He and 21Ne concentrations, suggesting that the transfer functions for both the "He
and 21Ne were equivalent. This suggests either that the relative rates of 21Ne and 4He
diffusion from the rocks are comparable, or that 2 lNe and 4He were generated very close to
the rock-water interface. Weise et al. (1991) proposed combining the 2lNe and 4He
production source terms to define the equation for a radiogenic Ne-He production line (Fig.
2.3a ). This relationship could be used to delineate large-scale noble gas fractionation
processes (Fig. 2.3b), such as diffusion of 4He from underlying crystalline rocks, and to yield
information on the levels of in-situ radiogenic He production versus diffusive influx of 4He,
thus limiting the assumptions used when calculating groundwater ages.

Use of radiogenic Ar as a chronometric tool for hydrogeology requires that there be some
quantifiable rate of Ar transfer from the site of production to groundwaters. Mazor (1977)
suggested that diffusive loss of radiogenic 4f'Ar from minerals and rocks occurs at
temperatures exceeding 200°C, which may then be introduced into the hydrologie system and
used to qualitatively date groundwaters. In groundwaters, the main source of 40Ar is from the
decay of 40K in minerals, rather than from decay of 40K in the waters, which generally contain
very little potassium (several wt% K in minerals versus ppm levels of K in saline
groundwaters - Gascoyne et al. 1987).

Because of the large quantities of 4"Ar dissolved during groundwater recharge (~ 4xlO"4 cmVg
H,O Ar, as compared with 2.1xlO"7 and 4.5xlO's cmVg H-,0 for Ne and He, respectively), the
detection of any radiogenic 40Ar added to the groundwaters is often difficult. For instance,
Youngman (1989) calculated the effects of in-situ decay of 40K to 40Ar in an aquifer and
subsequent complete transfer of this Ar to the groundwaters (Table 2.3). The data indicate
that for K contents of between 5 to 10 wt% and porosities of 1 to 10%, the groundwaters
would have to be in contact with the aquifer rocks for at least 105 years before any detectable
change to the 40Ar/36Ar recharge ratio would be evident. Further, if Ar diffusion from rocks
into water is being considered, the age of K-bearing minerals in the aquifer host rock must be
taken into account, as the concentration gradient between Ar in the rock versus Ar in the
water must be large enough to promote diffusion. For example, a 650-Ma-old mineral
containing 5% K contains on the order of 4xlO"4 cm3 40Ar/cm3 rock, which is very similar to
the Ar content of 10°C waters that have equilibrated with air. It is expected that these
similarities between the 40Ar concentrations in the rock and the water, coupled with negligible
rates of diffusion of Ar at temperatures less than 200°C, would result in negligible transfer of
Ar into the waters.
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Figure 2.3 A) Comparison of excess 2 lNe and4He concentrations in groundwaters sampled
from sandstone aquifers (squares = Hils and Korallenoolith - Weise et al. 1991)
and from Precambrian granites (stars = Lac du Bonnet - Bottomley et al. 1984).
Samples from Bottomley et al. (1984) that plot out of range for calculated in-situ
production indicate further addition of 4He, possibly as a result of diffusive
influx or mineral dissolution. B) Diagram indicating the directions of principal
shifts in excess :'Ne-4He ratios in groundwaters as a result of diffusion processes
from mineral lattices (1), loss of 4He (2), and influx of 4He (3) (from Weise et al.
1991).
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The 40Ar/36Ar ratio may be used to identify the extent of water-rock interaction between
aquifer rocks and groundwaters. By correlating 40Ar concentrations and 40Ar/36Ar ratios with
geochemical indicators, such as salinity, the relative ages of ground waters may be inferred.
For example, increasing 40Ar/3GAr ratios and salinities were linearly correlated in groundwaters
from the Stripa granites (Table 2.4), with the deepest (oldest) groundwaters having the highest
40Ar/36Ar ratios and salinities (Andrews et al. I989b). Increasing degrees of water-rock
interaction were also suggested by 40Ar/:>6Ar ratios, which were as high as lOx atmospheric
(40Ar/36Ar = 295.5) in hydrologically young groundwaters taken from diverse geologic terrains,
suggesting that either the 40Ar had been derived from dissolution of K-bearing minerals or
was accumulating as a result of large-scale, crustal Ar degassing into the aquifer and
subsequently being dissolved by the groundwaters (Zaikowski et al. 1987; Torgersen et al.
1989; Ballentine et al. 1991). Overall, the combined effects of substantial amounts of 40Ar
dissolved by waters during recharge and diffusion of 40Ar from minerals, coupled with
radiogenic Ar addition due to mineral dissolution or crustal degassing, makes age dating of
groundwaters using Ar isotope systematics difficult to quantify.

i i i) Tritium and -1He

The advent of nuclear weapons testing in the early 1950's released considerable amounts of
anthropogenic 3H into the atmosphere (up to several thousand TU; 1 TU = 1 3H/1018 H atoms
- Brown, 1989), completely masking the natural 3H levels. Due to the elevated levels of
bomb 3H, the use of natural 3H as a tracer was severely limited; however, the large "spike"
of bomb 3H introduced into the hydrologie cycle offered a new tool for groundwater studies,
as it was introduced into the environment at a relatively known rate and on a global scale.
Over the last two decades, determination of the bomb ~'H peak has become a routine
procedure in studies of natural groundwater systems (e.g., Broecker et al. 1986; Solomon and
Sudicky 1991; Solomon et al. 1992). Concentrations of''H in groundwater provides a very
quick and useful method for determining the relative ages of waters. In the absence of
significant subsurface JH production, waters containing less than 1 TU can be considered to
be at least 40 to 50 years old ('pre-bomb' waters). For example, in the absence of subsurface
3H and I4C production, combined -'H and 14C contents in waters can be used to characterize
groundwaters of various ages, as follows:

Water age (yrs) Tritium (TU) UC
(PMC)

post-1953 -100 -75
several decades <1 ~75
several thousands 0 10 to 30
tens of thousands 0 ~0

Combined measurements of 3H and 3He in water samples allows for estimates of the elapsed
time, since a quantity of water has been isolated from He gas exchange with the atmosphere.
This "resetting" of the 3H/3He clock has been applied to studies in oceanography, limnology
and shallow groundwater hydrology (Jenkins and Clarke 1976; Torgersen et al. 1977;
Schlosser et al. 1988, 1989; Ekwurzel et al. 1994; Noack and Kotzer 1994).
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Table 2.3: Subsurface production of '10Ar and subsequent effects on the recharge 40Ar/36Ar
ratios for three hypothetical ground\vu*ers (data summarized from Youngman
(1989)).

Porosity (%) 1 1 10
K-contents (%) 10 5 5

Water Age (a) 40Ar/36Ar ratios in waters

104 296.3 296 295.3
10s 303.4 299.5 295.9
106 376 334.9 299.4

Table 2.4: Depths, 40Ar/3°Ar ratios and chloride concentrations of Stripa groundwaters
(data summarized from Youngman (1989)).

Depth (m)

340-350
360-390
390-400
450-860
990-1250

40Ar/36Ar ratios

320-316
294-317
305
340-370
340-380

Cl (mg/L)

-40
-30
-50
-550
-350-360

The main principles of the 3H/3He age-dating method involve a decrease in the 3H
concentrations by radioactive decay coupled with a concurrent increase in the daughter
product, 3He, according to the equations representing decay of 3H (7) and increase in 3H (8):

3Ht = 3Hlo • e-^-'o) (7)
and

3He* = 3Ht • (eX('V- 1) (8)

where, 3Ht = tritium at time t, ''H^ = initial amount of tritium, X(t-t0) = decay constant for 3H
multiplied by elapsed time since the groundwater has been isolated from the atmosphere and
3He* = tritogenic 3He (as TU) at time t.

Separation of tritogenic 3He* from the total 3He in a sample results in calculation of an
apparent 3H/3He age (years) by:
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3H/3He = 1/X • ln(l+[3He*]/[3H]) (9)

where [3Hj, [3He*] are concentrations of 3H and tritogenic He at the time of sampling.

The 3H/3He age calculated with Equation (9) is independent of the initial 3H concentration in
the water sample and, as such, is an apparent age. The 3H/3He age calculated can only be
considered a true age if: (1) non-tritogenic 3He can be adequately corrected for and, (2) the
sample is not the product of mixing of waters with different 3H/3He concentrations, or this
process can be quantified. In a non-dispersive system where He is being quantitatively
retained in the water mass, the 3H/3He age will agree with the true groundwater travel time,
which is equivalent to the time of groundwater travel between recharge and the sampling
point.

Calculation of the 3H/3He age of a water sample requires that the various inputs of 3He and
4He can be successfully resolved. Atmospheric He, having a 3He/4He ratio of 1.384 x 10'6

(Clarke et al. 1976) represents the major component of He in meteoric waters in shallow
aquifer systems. The solubility of He in water is primarily a function of the temperature and
salinity of the water, with 4He being slightly more soluble than 3He (Weiss, 1971). In
groundwaters there is commonly more He than that predicted by equi l ibr ium solubility, due to
entrainment of helium in air bubbles as water migrates through the unsaturated zone (known
as 'excess air1, Heaton and Vogel 1981). For example, 1 mL of water in equilibrium with the
atmosphere at 15°C contains ~4.6xl CTS cm3 He STP (Weiss 1971) whereas a 0.01 cm3 air
bubble contains ~5.0xlO"s cm3 He STP. From these results, it is obvious that any excess air
incorporated either during sample collection or contained within the waters can affect the
observed amounts of He. Knowledge of the recharge temperatures of the groundwaters and
their measured Ne/He ratios can be used to correct for the effects of excess air in groundwater
samples, as equilibrium solubility between atmospheric He, Ne and groundwaters at different
temperatures yields characteristic Ne/He ratios. For example, waters that have equilibrated
with atmosphere at temperatures between 5 to 20°C will have corresponding Ne/He ratios
varying between 4.46 and 4.23 (Andrews and Wilson 1987).

Groundwaters may also contain a 3He-enriched mantle component (3He/4He ~10"5), a lithogenic
3He component, or a radiogenic 4He component produced within the aquifer rocks. In total,
the entire helium component in natural waters can be represented as:

3Hetot =
 3Hetril +

 3Heeq +
 3Hecxc +

 3Hecrust +
 3Hemamle (10)

and,
4Hetot = 4Hecq +

 4Hecxc +
 4Herad + 4Hemamlc (11)

where tot=total; trit=tritogenic; eq=equilibrium; rad=radiogenic; exc=excess; atm=atmospheric;
terr=terrigenic.

The ratios of Ne and He can be used to separate 3Heuit from 3He,OU)I if it is assumed that the
Ne/Heatm = Ne/Heexc. The tritogenic 3He component can ultimately be resolved by combining
the components as follows:

4HeterTigenic=
 4Hetol. - (Neun - Necq(Ne/Healoms)-

4Hecq (12) ,
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3Healro = (4He101 -
 4Helerr)Ram - 4HecqRalm(l-cx) (13)

3Hettll =
 4He,, x Rwl - (

4Helol - ^e.JR^, + 4KeC4 x R^ (1-a) - 4He!err x Rlerr (14)

where R = 3He/4He ratio;a = 0.983 (see Schlosser 1992 for a more complete explanation of
terms in Equations (10) to (14).

If both mantle and radiogenic He are present in the sample, adequate resolution of the
individual He components by the above equations is impossible and an accurate 3H/3He age
cannot be calculated.

2.1.3 Previous Work, Results, Limitations

i) He, Ne Ar in deep groundwaters

Numerous groundwater studies have used He, Ne and Ar isotope concentrations and ratios for
characterization of subsurface groundwater systems. Andrews (1985) discussed various input
parameters controlling radiogenic 4He, and use of this method as a tool to study the origins
and residence times of groundwaters in confined systems.

Use of radiogenic 4He concentrations to determine the "ages or residence times" for deep
groundwaters has been quite problematic. Concentrations of 4He in groundwaters are generally
several orders of magnitude greater than that expected (Table 2.1) for waters that have
equilibrated solely with atmosphere. As indicated in Table 2.2, many 4He ages calculated
assuming diffusive transfer of He from the aquifer rocks to the porewaters are considerably
older than ages established for the groundwaters on the basis of hydrologie modelling or
corresponding I4C ages (e.g., Marine 1979; Bottomley et al. 1984; Zaikowski et al. 1987;
Andrews et al. 1989b). On the basis of such erroneously old 4He ages, it is apparent that
assumptions that require all of the excess 4He in the groundwaters to result from steady-state
diffusion of radiogenic 4He into the waters are in error.

One possibility for the large concentrations of 4He in groundwaters is that in-situ mineral
dissolution reactions have dissolved U- and Th-minerals containing substantial quantities of
radiogenic 4He. Addition of 4He to the groundwaters due to mineral dissolution should
therefore correlate with changes in the geochemical characteristics of the groundwaters, such
as increasing salinities or total dissolved solids and possibly lsO-enrichment. For example,
Marine (1979) documented a linear relationship between salinity and excess 4He in
groundwaters in metamorphic rocks. Using an age calculation similar to Equation (3) and
assuming that the groundwaters with the highest salinities were also the oldest, Marine
suggested residence times of approximately 840 Ka and flow rates of 0.06 m/a for
groundwaters within the surrounding rocks. The uncertainty in the data, however, precludes
rigorous assessment of the conclusions from this study.

Several combined geochemical and stable and noble gas isotopic studies ha.ve been conducted
on deep groundwaters in crystalline rocks. In general, the results of these and other studies
demonstrate the necessity of knowing the spatial distribution of U, Th in fracture systems, and
of assessing the dominant factors controlling fluid flow and associated 4He transfer factors.
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Bottomley et al.(1984) measured the concentrations and isotopic compositions of He and Ne,
and the stable isotopic (I80/160, D/H) and chemical compositions of deep groundwaters (~ 300
m) collected from U- and Th-rich Precambrian granites and gneisses at Whiteshell
Laboratories, Pinawa, Manitoba. The 3He/4He ratios and 4He concentrations in the
groundwaters were approximately 1x10"s and 10"5 to 10° cm3 4He/g H,0, respectively,
suggesting substantial production and accumulation of radiogenic 4He in the waters
(Fig. 2.4a). Further, anomalous -'NePNe and "Ne/20Ne ratios and concentrations in the
groundwaters indicated subsurface production of nucleogenic 2lNe and "Ne (Fig. 2.4b). Ages
calculated on the basis of the excess 4He and "'Ne, and assuming simple diffusive processes
(Equations (3) and (6)), were on the order of several million years, and were much older than
corresponding 14C ages (Table 2.2). Bottomley et al. (1984) attributed the erroneously old
4He ages to either sustained water/rock interactions, incursion of an ancient sedimentary brine
transporting significant quantities of 4He, or fluid-flow through U-rich fractures. Suggestions
that the excess 4He was transported by an ancient sedimentary brine can be largely excluded,
on the basis of the 51S0 values of the groundwaters, which are not significantly 180-enriched,
as are highly evolved fluids from most sedimentary basins (Kyser and Kerrich 1990). Re-
calculated 4He ages, assuming that the groundwaters migrated along fractures having higher
concentrations of U- and Th-bearing minerals than the enclosing granites, were reduced by 3
orders of magnitude, and appeared to be more concordant with I4C ages. These recalculated
age results indicate the effects that fracture-controlled fluid flow and U- and Th-rich fracture
minerals may have on the production, transfer and accumulation of radiogenic 4He, and
subsequently the measured 4He concentrations in the groundwaters.

The effects which fracture-controlled f luid flow have on 4He concentrations in groundwaters
in crystalline rocks have been rigorously examined by Andrews et al. (1989a). Analysis of
the Stripa groundwaters yielded concentrations of radiogenic 4He as high as 10 000 times
atmospheric values (Table 2.1). The 4He concentrations measured in the Stripa granites at
depth indicate substantial loss of 4He from the granites (up to 90 %), as a result of He
transport by ascending groundwaters through numerous small microfractures, which would
result in a much higher diffusion rate for He relative to simple diffusion of radiogenic 4He
from the silicate minerals into the waters. Modelling of the He transfer indicated that 4He
concentrations in the groundwaters were lower than that expected if complete equilibration of
He between the waters and rocks had occurred, thereby suggesting that the residence time for
fluids in the fractures was quite short. The data of Andrews et al. (1989b) suggest that in
highly fractured granitic systems, 4He ages should be calculated only for relatively recent
groundwaters, as He equil ibration between the water-rock system in open fractures can occur
over a very short time period.



27

pqyilibri'JTi solubility (5 O

-6
10 H

-7
01
T
01

n

A

ai
o

CM
OJ

B

10

-8
10 -

-9
10 -Ï

10

.122-

.118-

.114-

.110-

.106-

.102-

.098-

.094-

,090-

.086

-10,-7

-2X10'8

-10',-8

-8
10'6 ID"4

4He (cm3 STP/g H2O)

10 -2

6 7 8 9 10 11
2lNe/20Ne(x1000)

12 13

Figure 2.4 A) Plot of 3He/"He ratios versus "He concentrations for Whiteshell
groundwaters. Field outlined by dashed rectangle indicates range of helium
isotopic data for Whiteshell groundwaters reported by Bottomley et al. (1984).
Curves indicate the expected trends in 4He concentrations for subsurface
3He/4He production ratios of between 10'7 and 10'8. B) ^Ne/^e and ^Ne/^Ne
ratios for Whiteshell groundwaters. Field (3) represents the range of neon ratios
in Whiteshell waters reported by Bottomley et al.(1984). Other fields represent:
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from Bottomley et al. 1984).
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Crustal degassing processes, resulting in a diffusive flux of "He into overlying sedimentary
formations, have been cited as an alternate explanation to in-situ production of radiogenic 4He
for accumulation of excess 4He in groundwaters from basinal aquifers. Torgersen and Clarke
(1985) investigated the accumulation race of 4He in pore fluids within the confined J-aquifer
in the Great Artesian Basin, Australia. Linear increases in "He with distance from recharge
suggested that the aquifer was retaining the bulk of the dissolved He. Correlations between
4He concentrations and 14C ages close to recharge and with hydrologie model ages deeper in
the basin yielded distinct calculated accumulation rates of approximately 4.6 x 10"12 and
2.9 x 10"'° cm3 STP 4He/cc H,O a (Fig. 2.5). Slower accumulation rates were attributed to in-
situ radiogenic 4He production calculated on the basis of measured U and Th concentrations
in the sandstones. Faster 4He accumulation rates, which exceeded 4He production from either
in-situ or mineral alteration processes, indicated an influx of 4He from outside the aquifer.
Based on their results, Torgersen and Clarke (1985) proposed that, considering the average
crustal thickness and density, and U and Th concentrations, diffusion of 4He from the
underlying crust was likely responsible for the excess 4He concentrations in groundwaters in
the Great Artesian Basin. Movement of the 4He from the underlying crust was facilitated by
fluid transport along fractures into the aquifer. Similar He-transport mechanisms were
proposed by Andrews et al. (1989b) for the waters in the Stripa Granites. The 4He production
rates calculated for the crust underlying the Great Artesian Basin (~ 2.95 x 10"6 cm3 STP
4He/cnr> H,0 a) were in good agreement with values calculated by Heaton (1984) for 4He
concentrations measured in groundwaters from sandstone aquifers in Namibia.

In contrast with the modelling results from Torgersen and Clarke (1985) and Heaton (1984)
are the noble gas data on fluids from the Paris Basin, wherein Marty et al. (1988) suggested
that excess 4He concentrations in the basinal waters were solely the result of in-situ radiogenic
4He production. These results are somewhat questionable, as Marty et al. (1993) have
indicated concentrations of "He in excess of lithogenic production, suggesting possible
contributions of He from underlying crystalline rocks.

Several studies have used 40Ar/36Ar ratios and Ar concentrations to characterize groundwater
systems. Andrews et al.(1989b) and Youngman (1989) determined argon isotopic ratios and
concentrations on groundwaters from the Stripa granites, and found that the waters consisted
of shallow modern recharge waters having 4l)Ar/36Ar ratios close to atmospheric ratios, and
deeper and more saline fracture-fluidi having elevated 40Ar/36Ar ratios (Table 3.4). A positive
correlation between increasing 40Ar/36Ar ratios and salinities for the deeper groundwaters
suggests the effects of prograde water-rock interactions over substantial geologic time periods.
Zaikowski et al.(1987) proposed similar mechanisms for excess 40Ar concentrations in brines
sampled from the Palo Duro Basin, Texas. In the Palo Duro Basin, the 40Ar concentrations
and 40Ar/36Ar ratios in the basinal waters were used to delineate fluid migration paths within
the lithologically-distinct formations that had varying K-contents and thus unique 40Ar/36Ar
isotopic signatures.
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ii) Tritium and 3H/3He studies

Determination of the detailed distribution of 3H in aquifer systems has been used as a
hydrologie tool to delineate between fluids of varying ages and sources, indicate areas of fluid
recharge and dispersion within an aquifer, and trace sources of groundwater contamination,
such as around nuclear storage sites. The enormous amounts of 3H introduced into the
atmosphere and, subsequently, the hydrologie cycle, as a result of thermonuclear testing in the
1950's and 1960's, have been used to estimate the time-integrated profile of 3H entering into
groundwater systems through rainfall and drainage. Recent studies have used varying 3H
levels in shallow groundwater systems to delineate their sources, infer fluid migration paths
and propose estimates for the ages of the waters (Robertson and Cherry 1989; Rose 1990;
Bradbury 1991). Information derived from 3H measurements in groundwaters has also been
used to calibrate one- and two-dimensional fluid-flow models within aquifers (Robertson and
Cherry 1989). Santschi et al. (1987) integrated a series of 3H measurements from biologic
and hydrologie samples, and developed a cohesive 3H migration model using mass balance
calculations on observed 3H dispersion, to suggest the hydrologic-biologic-geologic
interactions and the pathways and velocities of a pulse of tritiated water released from an
isotope re-processing plant.

The utility of using the 3H/3He method for determining residence ages on waters from
lacustrine systems was demonstrated by Torgerson et al.(1977, 1979). Weise and Moser
(1987) reported 3H and 3He concentrations en groundwaters from aquifers containing varying
amounts of radiogenic He, and demonstrated mathematically the ability to separate tritogenic
3He from radiogenic, mantle and atmospheric-solubility He components. Results of their
study also suggested that, for groundwaters in aquifers where radiogenic 3He production is
minimal, application of the 3H/3He dating method is less problematic than the use of in-situ
radiogenic 4He, which is susceptible to substantial errors, due to diffusion of excess 4He from
the surrounding strata and inadequate constraints on the subsurface geological, geochemical
and hydrological conditions. Poreda et al.(1988) used the 3H/3He method to study the
groundwater system at a nuclear repository where 3H was being released into the
groundwaters. Results from their study indicated that preferential groundwater flow was
mainly restricted to fractured shales and carbonates. Kamensky et al. (1991) used the 3H/3He
method to delineate the endmember fluids in shallow groundwaters from an intermontaine
basin. By observing correlations between 3He/4He and :°Ne/4He ratios in waters from a
number of wells in the region, Kamensky et al.(1991) identified both an old and a young
groundwater endmember, calculated an age for the younger endmember, and suggested that
the contribution of the old water to the groundwater system was less than 1%.

Recent applications of the 3H/3He method to groundwater systems have shown the utility of
this method for determining groundwater residence times and characterizing the velocity and
magnitude of vertical and horizontal groundwater movements. Schlosser et al. (1988)
collected multi-level groundwater samples from an unconfmed clastic aquifer in Germany, and
compared calculated 3H/3He ages for the waters to the position of the mid-1960's bomb peak.
Schlosser et al.(1989) expanded on their earlier data set by measuring the He and Ne isotopic
compositions on groundwaters that contained a measurable radiogenic He component, and
developed a one-dimensional transport model for He dispersion. The results of their
modelling suggest that the tritogenic 3He peak in the groundwaters is separable from
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lithogenic and solubility JHe components for several decades, and that for shallow
unconfmed aquifers with moderate recharge rates (>0.25 m/a), tritogenic :'He would be
retained, resulting in reliable WHe groundwater ages. Simitar conclusions were reached by
Solomon and Sudicky (1991) using rigorous mathematical modeliing, and assuming average
tritium and helium values in groundwaters.

Solomon et al.(1992) studied groundwaters in a well-characterized shallow aquifer and
indicated that the position of the mid-1960's 3H bomb peak was not always discernable, due
to dispersion. However, by using combined 3H-3He measurements, the bomb maxima could
still be located. The 3H/3He ages for the groundwaters were in excellent agreement with the
modelled travel times, indicating that 3H/3He systematics can be used to delineate distinct
waters in areas having a complex hydrology. Similarly, Solomon et al. (1993) used the
3H/3He method to determine the bomb peak in waters from an aquifer having largely vertical
groundwater flow. The results of their study showed excellent agreement between ages based
solely on the position of the combined ~'H and 3He bomb peak, and using measured vertical
recharge rates and 3H/3He ages calculated within the water column. A recent hydrogeologic
study by (Ekwurzel et al. 1994) investigated the ages and velocities of shallow post-bomb
recharge waters by integrating the results from a number of transient tracers (3H/3He, 85Kr,
chlorofluorocarbons). Results of their study indicated close agreement (±2 years) of the
calculated groundwater ages, which varied between 0 and 30 years amongst the various
methods used.

The 3H/3He method was recently applied to a series of groundwaters collected from a shallow,
semi-confined aquifer at Chalk River Laboratories (Noack and Kotzer 1994; Noack 1995). A
linear correlation between increasing tritogenic 3He and distance was observed for the water
samples taken along the length of the aquifer, suggesting negligible diffusive loss of 3He (Fig.
2.6a). The 3H/3He ages varied from <1 to 7 years, with the oldest ages being the furthest
distance from the point of recharge (Fig. 2.6b). Velocities calculated for the groundwaters (0.1
to 0.25 m/d) on the basis of their calculated 3H/3He ages and distances from recharge were
broadly comparable with that determined by independent tracer tests (0.35 to 0.46 m/d),
thereby validating the results of the 3H/3He analyses.

2.1.4 Conclusions

Since the potential for using the combined measurements for 3H and 3He for hydrologie
tracing and groundwater age dating was first suggested in the 1960's, numerous data sets have
been collected. However, only in recent years has the utility of using 3H/3He as a radiometric
and hydrologie tool been demonstrated by systematic sampling programs and a detailed
knowledge of the geologic and hydrologie characteristics of aquifers (Weise and Moser 1987;
Schlosser et al. 1988, 1989; Ekwurzel et al. 1994). Studies detailing the preconditions
necessary for successful use of 3H - 3He data indicate the absolute necessity for: 1) separation
of tritogenic 3He from excess air, mantle and lithogenic 3He components in the waters, and 2)
sampling hydrologie regimes where diffusion of 3He across the air-water interface is
negligible or quantifiable.
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The use of4He measurements to calculate model residence times for waters in an aquifer is
rarely accurate, as a result of diffusive influx of JHe into the aquifer from deeper parts of the
earth's crust (i.e., Weise and Moser 1989), or inadequate knowledge of the detailed
distribution of U and Th in the subsurface and the mechanisms controlling fluid flow
(Bottomley et al. 1984; Andrews et al. 1989a). In fractured rocks, some corrections to the
ages calculated can be applied if there is adequate characterization of the flow porosity and
age of the fracture system (Andrews et al. 1989b), and of the nature of the fracture-coating
minerals (Bottomley et al. 1984). Similar to ''He model ages, model groundwater ages
derived from 21Ne measurements are generally too old. Both isotopic systems require an in-
depth knowledge of the porosity and geochemical composition of the aquifer. The integrated
use of 21Ne and 4He may allow correction of "'He concentrations in groundwaters for the
effects of diffusive influx, thereby resulting in more reliable 4He ages.

Argon isotopic measurements on groundwaters are not seen as a viable tool for quantitatively
determining groundwater ages, due to the large amounts of ""'Ar in air. However, combining
40Ar concentrations and 40Ar/36Ar ratios with salinity measurements in groundwaters may yield
relative ages between groundwaters in several aquifers, and give an overall indication of the
degree of water-rock interaction. It may be useful to combine these measurements with "He
measurements, to evaluate the effects that dissolution of minerals may have had on the
observed in-situ^He concentrations.

2.2 eLj/?Li

The average abundance of Li in the earth's crust is about 20 ppm, ranging from 5 to 200 ppm
in soils, -10 ppm in basalt and 60 ppm in shale (Wedepohl 1969). Lithium is an important
trace element that participates in many geochemical processes, particularly in hydrothermal
reactions, such as occur between seawater and the oceanic crust at mid-ocean ridges (Seyfried
et al. 1984).

There are two naturally occurring isotopes of Li, 6Li (7.53%) and 7Li (92.47%). The isotopes
are used in various applications in the nuclear industry: 6Li is used as a neutron shield (as
LiH) and as a 3H breeder, because of its high cross section for the n,a reaction, and 7Li is
used as a pH adjuster for coolant water in pressurized light-water reactors. Because of the
early importance of Li isotopes in nuclear weapons and nuclear power programs, and their
current significance in biomédical research, variations in the abundance of Li isotopes in
natural materials have been investigated at some length in the last forty years. In addition,
the relatively large mass difference between the two isotopes makes them susceptible to
fractionation in natural geochemical processes and, therefore, useful diagnostic tracers of these
processes.

2.2.1 Methods

The first separation of Li isotopes using a natural zeolite as an ion exchanger was
demonstrated by Taylor and Urey (1938). Using a column 30 ft. in length, they obtained
partial separation, with 6Li being retarded more than 7Li. Much work has been done since
then to maximize the separation of Li isotopes using ion exchange techniques, but separation
factors are small, up to about 3 parts per thousand (Kim and Jung 1989). The findings of this
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laboratory work are supported by measurements of 6Li/7Li in natural materials, which indicate
that the isotopes of Li can be naturally separated by geochemical processes. Projects in
progress propose to examine whether such fractionations can be observed between
groundwater and host rocks at the URL, and how they might be used to indicate rock-\vater
interactions and the source of dissolved salts.

Current methods of preconcentrating Li from natural waters for analysis centre on the use of
cation exchange resin columns to absorb all cations, followed by gradual elution of ions with
dilute acid (HC1) and collection of the fraction containing Li (Chan 1987).

Two main analytical techniques have been used to determine the relative abundances of Li
isotopes in natural materials. Atomic absorption spectrophotometry has been found to give
measurable differences in absorption of radiation from monoisotopic lamps (i.e., for 6Li and
7Li), although the method suffers from unequal changes in light absorbance due to changing
flame conditions (Meier 1982).

More commonly, Li isotopes are determined by thermal ionization mass spectrometry,
sometimes on machines that were constructed specifically for Li isotopic measurement.
Precisions of between 0.1% and 0.7% are typically achieved (Green et al.1988). Various Li
compounds have been used for loading onto the mass spectrometer filament, including the
iodide, nitrate and chloride salts. However, control of isotopic fractionation is difficult,
because volatilization rates for ionic and molecular species must be constant and reproducible.
The volatilization rate cannot be determined in the case of these salts, because each counter
ion is "invisible" in the analysis (i.e., Li" ions only are determined). Green et al.(1988) have
shown that this problem can be avoided by measurement of Li2F+ ions volatilized from the
salt, l i thium fluoride. Negligible isotopic fractionation (<0.2%) was observée during the
analysis period.

A similar solution was proposed by Chan (1987) to overcome isotopic fractionation during
analysis. In this case, analysis of the Li,BCC ion was performed on a solid-source mass
spectrometer using a l i thium tetraborate source. Unlike the Li2F method, the mass ratio 56/57
has to be corrected for isobars caused by the isotope "B (170 and IS0 contributions were
regarded as negligible). Nevertheless, Chan (1987) reports that a relative precision of analysis
of 0.13% (le) can be achieved, a value comparable to that of Green et al.(1988).

The preconcentration and analytical methods used by Chan (1987) will be used in this project,
and optimized to suit the chemical composition of groundwaters at the URL. The salt,
l i thium fluoride, will first be tested for its suitability in giving reproducible 6Li/7Li ratios, and
the results compared with NBS isotopic standards for Li.

2.2.2 Applications of 6Li/7Li

The possibility of using Li isotopes as indicators of natural geochemical processes was first
raised over fifty years ago by Taylor and Urey (1938), when they successfully separated 6Li
from 7Li using an ion exchange column. Several workers have since determined the isotopic
content of Li ores as part of early geoscience research and nuclear programs (Cameron 1955;
Chow and Goldberg 1962; Svec and Anderson 1965; Isakov et al. 1969).
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Recently, work has centred on using Li concentration and Li isotopes as indicators of the
extent of hydrothermal alteration of mid-ocean ridge basalts, and as a method of calculating
the hydrothermal flux at these locations. The observed enrichment of Li in hydrothermal
fluids at the ridge crest (Campbell et al. 1988) and the relative depletion of Li in basaltic rocks
coupled with the conservative properties of Li in solution make Li geochemical systematics a
potentially ideal tool for quantifying these processes.

In several papers, Chan and co-workers have examined the Li content and Li isotopic
composition of mid-ocean ridge hot springs, fresh ridge basalt and metabasalts dredged from
valleys adjacent to the ridge. Seawater has a 56Li = -32.3%o' and appears to be homogeneous
in composition (Chan and Edmond 1988). The hot springs range from -6 to -1 l%o, fresh
basaltic rock from the mid-ocean ridges is about -4%o and the most altered basalt is about
-14%o (Chan et al.1992, 1993). These results indicate progressive addition of 7Li to the rock
phases (mainly clay minerals), due to interaction with 7Li-rich seawater and an apparent
isotopic fractionation factor of 1.019 for the exchange of 6Li between rock minerals and
seawater.

2.2.3 Conclusions

No results have been published to date on Li isotopic exchange between groundwaters and
mineral precipitates in a terrestrial environment. This study will first determine Li isotopic
contents of fresh and saline groundwaters in the Lac du Bonnet batholith, in the area of the
URL and, if possible, compare them to the isotopic contents of secondary minerals,
particularly low-temperature clay minerals.

2.3 UB'°B

Boron is used extensively in industry (mainly as the pure element and in the form of borates),
and also in the nuclear industry, because of its excellent ability to absorb thermal neutrons.
In geological applications, boron has been proposed as an indicator of paleosalinity of the
depositional environment of sedimentary rock, and is a useful tracer of the origin and
geochemical evolution of aqueous f luids in the earth's crust and hydrosphere.

' Unlike all other 5 notations used in this report, the isotopic composition of Li is
expressed as the difference between the content of the less abundant isotope (6Li) in the
sample, and a NBS secondary Li:C03 standard, which has a bLi/7Li ratio of 0.08281 ±
0.00007 (2a), as follows (Chan and Edward 1988):

06Li =

Therefore, in this notation, a more negative 56Li value represents relative enrichment of 7Li.

1 7^J.(sam \ Lî)std
6 Li]7Li)sta

x 1000
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The large enrichment of B in shales compared to igneous rocks has been attributed to the
relative volatility of B and sorption onto clay minerals in the marine environment. Some
studies indicate that B is fixed from seawater on clay minerals (e.g., Harris 1969), whereas
others suggest that B is reversibly sorbed at low temperatures and only fixed as temperature
and pressure increase (Perry 1972).

Boron occurs in natural waters at concentrations ranging from <1 u,g/L to >200 mg/L,
depending on the nature and source of the fluid. In most waters, the dominant species are
B(OH)3 and B(OH)4" (Hershey et al. 1986), the amount of each being pH dependent:

B(OH)3 + H2O -» B(OH)4- + H' (15)

For this reaction in seawater, pKa = 8.83 at 25°C. The two stable isotopes "B and 10B
account for about 80% and 20%, respectively, of total natural boron. The isotope exchange
reaction

10B(OH)3 + "B(OH)4- » "B(OH), + IOB(OH)/ (16)

has a fractionation factor of about 1.019 at 25°C, increasing slightly as temperature decreases
(Hemming and Hanson 1992).

Typically, seawater has a constant B isotopic composition: o"B = +39.5%o relative to a NBS
borate standard (NBS SRM 957, Spivak and Edmond 1987). Freshwaters have significantly
lighter values. The heavier seawater value is caused by preferential incorporation of IOB on
active surfaces (e.g., clays) as B(OH)4" which is depleted in "B.

2.3.1 Methods

Various methods have been reported for the determination of B isotopes, including atomic
absorption spectrometry, ion chromatography and inductively coupled mass spectrometry
(Grégoire 1987). Most procedures require preconcentration of B using solvent extraction,
distillation and ion exchange techniques. For detecting B in freshwater where natural levels
of B can be as low as 1 u.g/L, ICP-MS is one of the most useful techniques. Boron is first
preconcentrated on cation exchange resin in the hydrogen form and eluted by HC1. Analyses
of "B/'°B using ICP-MS, while retiring less preparative effort than other methods, gives a
lower measurement precision (typic^My ±4%o at 2a, Grégoire 1987).

Boron isotopes can also be determined by positive thermal ionization mass spectrometry using
the ions Na,B02

+ or Cs:BO,+ (Spivack and Edmond 1986). These ions are produced by
heating a prepared borate (e.g., Na,B407 • 7H,0) on a mass spectrometer filament. This
method gives better sensitivity (±2%o) than ICP-MS, but requires microgram quantities of B to
give adequate precision. With care, using the Cs:BCC method, a precision better than
±0.3%o (2a) can be obtained.

Alternatively, B isotopes can be determined using negative thermal ionization methods
(Leeman et al. 1991), which improve sensitivity and allow analysis of nanogram quantities of
B. Analytical precisions of ±l%o (2o) can be achieved using this method (Vengosh et al.
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1989), but care is needed in sample loading, to minimize isotopic fractionation during
ionization.

The work done for this project uses the negative thermal ionization method described by
Kloztli (1992) and Vengosh et al. (1989), and will be performed in the Geology Department,
McMaster University (Hamilton, Ontario). The main advantages of this method have been
found to be the small sample size required (ng to sub-ng), no pre-treatment of aqueous
samples and acceptable reproducibility (±2%o).

2.3.2 Applications of "B/IOB

Early studies of MB/10B ratios in geologic materials (e.g., Agyei 1968; Schwarcz et al. 1969)
found that 10B preferentially fractionated onto il l i t ic clays in the marine environment, and this
process was the likely cause of the "B enrichment seen in seawater. Similarly, large
fractionations of B isotopes were observed between hot spring waters and associated magmas
on the ocean floor, such that the "B/10B ratio could be used as an index of the extent of
alteration of magmas by seawater (Nomura et al. 1982). In other studies, "B/'°B ratios have
been determined for igneous, metamorphic and sedimentary rock types, meteorites and lunar
rocks, evaporite minerals, clays and thermal waters. These are summarized by Bassett (1990),
and the various ranges of values, expressed as o"B are shown in Fig. 2.7.

Relatively few papers report the determination of B isotopic ratios of continental waters,
especially groundwaters of salinities ranging from fresh to brine. Recent work by Bottomley
et al. (1994) has determined that there is a wide range (0-35%o) of 5"B values for
groundwaters in the Canadian Shield. These results suggest that there is a generally positive
correlation between 5"B and B concentration, and a more significant correlation of 8"B with
salinity expressed as Cl concentration (Fig. 2.8). These trends led Bottomley et al.(1994) to
infer that the Cl in brines in the Canadian Shield was of marine origin, rather than a product
of rock-water interaction, indicating earlier infiltration of Paleozoic brines to considerable
depths in the Shield.

2.3.3 Conclusions

This project will examine variations of "B/K'B ratio in groundwaters at the URL, from the
recharge to discharge areas, and include measurements on deeper saline groundwaters, to
determine whether trends in ratio exist with increasing salinity or distance along flow-path.
The study will be complemented by analysis of rock minerals and pore fluids, to assess the
origin of Cl in the Lac du Bonnet batholith.
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Figure 2.7 Variation in 5"B of natural materials (data from Basset 1990; Vengosh
et al. 1991a, b; Moldovanyi et al.1993; Bottomley et al. 1994).
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2.4 J!ç_i

2.4.1 Analytical Methods

Chlorine-36 is the only unstable isotope of chlorine, relative to the stable isotopes 35C1 and
37C1, having a half-life suitable for radiometric purposes (t,/2= S.OlxlO 5 a). Until recently, a
major problem in applying 36C1 isotope systematics to geologic and hydrologie studies was the
combination of a long half-life, and low natural abundance of 36C1 resulted in a very low
specific activity for 36C1. For example, 36C1 activities in natural samples commonly range
from 10~5 to 10 disintegrations per minute (dpm) per gram of chloride, and this is equivalent
to an atom ratio of approximately 1.4 x 10-16 to 1.4 x 10'10 (Bentley et al. 1986a). The
majority of natural samples generally trend towards the lower end of the range, with the
lowest being sea salts and bedded evaporite salts having specific activities of <10"5 dpm 36C1
per gram of chloride.

Application of 36C1 to natural systems has been closely linked with the development of
analytical methods for 36C1. The sensitivity of l iquid scintillation methods for 36C1 is
approximately 10"13 atoms 36C1/C1 (Rozani and Tamers 1966). Recent advances in measuring
36C1 by accelerator mass spectrometry (AMS) combine the benefits of exceptional sensitivity
(as low as 10"16 atoms 36C1/CI) with small sample requirements (<10 mg Cl), and have
allowed application of 36C1 analysis to a wide variety of natural samples (Elmore et al. 1979).

The first application of AMS for 3fiCl measurements was conducted by Elmore et al. (1979).
Using natural samples of surface-, ground- and lake-waters and a number of neutron-
irradiated, 36Cl-enriched salt samples, Elmore et al. demonstrated that AMS was capable of
measuring 36C1/C1 ratios to as low as 3 ± I xlO"15, and suggested that samples as old as 2 my
(~6 half-lives of 36C1) could be successfully dated. Isobaric interferences at mass 36, such as
36Ar and 36S, were minimized bf reducing production of Ar in the source and by chemical
pre-treatments to precipitate excess S from the samples. At Chalk River Laboratories, 36C1
analyses by AMS are done at TASCC (Tandem Accelerator Super-Conducting Cyclotron). A
Bragg-type detector is used to measure 3bCI, and the 36S isobaric interference is minimized by
using a gas-filled magnet (Milton 1992). Machine background is monitored using KC1 and
seasalt blanks having a 36CI/C1 ratio of less than 2xlO'15.

Conard et al.(1986), during their work on 36C1 in Greenland ice cores, tested and documented
the chemical procedures in which j6Cl was precipitated as AgCl for analysis by AMS. As
their samples contained small amounts of 36C1 (36C1/CI = -40 to 150 x 10'15 ) the total S
contents in the cores had to be reduced to < 1 ppm to reduce significant isobaric interferences
on 36C1. Their procedure further reduced the isobaric 36S interference by using high-purity
tantalum sample holders, an ultra-high purity gold binding medium, and by precipitating
excess S as BaSO4 by adding Ba(N03); solution. This resulted in a clean, relatively S-free
AgCl precipitate for 36C1 analysis.
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2.4.2 General Applications

i) Terrestrial and atmospheric 36C1 sources

The relatively long half-life of 36C1, high solubility and simple geochemistry of the Cl ion
suggest that 36C1 is a suitable tool for modern hydrogeologic research, particularly for tracing
fluid migration pathways and determining residence times and origins of Cl" ions in much
deeper and older groundwater systems (Bentley et al. 1986a). In contrast, 14C, which has
been the most widely used radiometric system for determining groundwater ages right up to
recent times, has inherent limitations for studying old, deep groundwater systems (>100 000
years), as even the most modern techniques for UC detection l imit maximum groundwater
ages to approximately 80 000 years. Furthermore, the bicarbonate species is extremely
reactive with carbonate minerals in the host aquifers, which can complicate the UC
interpretation.

The 36C1 that is incorporated into the hydrologie cycle can be produced by a number of
mechanisms, including production in the atmosphere (meteoric or cosmogonie inputs), in
surficial rocks (epigene) and in the subsurface (hypogene).

1) Atmospheric 36C1 production

The majority of meteoric 36C1 production results from cosmic-ray spallation of 40Ar
(40Ar(p,ncx)36Cl) and neutron activation of 36Ar (3hAr(r|,p)36Cl). Estimates of global production
rates of atmospheric 36C1 vary from approximately 20 atoms 36C1 m'V (Bentley et al. 1986a)
to 11 atoms 36C1 m'V (Lai and Peters 1967), with mean residence times of approximately
several days. 36C1 fallout is latitudinally-distributed, with the highest amounts occurring near
the mid-latitudes (Fig. 3.9) which, when coupled with the general pattern for Cl fallout, which
decreases exponentionally with distance from coastal areas, results in higher 36C1/C1 ratios
mid-continent than near the coastlines (Bentley et al. 1986a). For example, Bentley et al.
(1982) indicated that the 36C1/C1 ratios in United States pre-bomb waters varied from 20xlO'15

near the coast to as high as 640x10"15 near the mid-continent. If it is assumed that the average
fallout is incorporated into the total annual precipitation, and some allowance is made for
evapotranspiration, then the j6Cl contents in groundwaters may be calculated using the
equation from Andrews et al.(1986),

[36C1] = F x 3.156xl07/p x (100/100-E) (atoms/1) (17)

where F = fallout rate (atoms/m2 s); p = mean annual precipitation (mm/a); E =
evapotranspiration (%)
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Figure 2.9 Meteoric 36C1 fallout with latitude (taken from Bentley et al. 1986a).
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2) Surficial 36C1 Production

Epigene production of 36C1 in near-surface rocks is largely the result of cosmic-ray spallation
of K (39K(p, sp)36Cl) and Ca (JOCa(p,sp)36Cl), and neutron activation of 35C1 (35Cl(n,Y)36Cl) in
surficial salts. The rate of epigene production decreases exponentially with depth, and is
virtually non-existent below a few meters. Compared to meteoric 36C1, epigene 36C1 is
generally considered to represent a minor and largely negligible component of the total 36C1
inventory in rocks and waters. However, substantial amounts of 36C1 may be produced by
35Cl(n,y)36Cl reactions where evaporation has concentrated chloride salts in the near-surface
soils, or where evaporite beds outcrop. Subsequent weathering of these surficial rocks, which
is largely dependent upon altitude, climate and chemical composition of the rocks, could
release significant amounts of epigene- 3SC1 into groundwaters.

3) Subsurface 36C1 Production

Hypogene production of 36C1 occurs in the subsurface, where the effect of cosmic-ray
interactions on ions (35C1, 39K, ""•'Ca) is largely attenuated by the overlying rock mass.
Production of hypogene 3bCl is mainly a result of 33Ci(n,y)36Cl reactions due to the large
neutron capture cross-section for 35C1, and the production of thermal neutrons from
interactions between a particles from decay of U and Th and light elements (Al, Na, O, Mg,
Si) in surrounding rocks (Florkowski et al. 1988; Florkowski 1991). The production of
hypogene 36C1, which is largely dependent on the subsurface neutron flux and the amount of
stable Cl in the rocks and groundwaters, can be substantial even in the case of minimal
neutron fluxes (Fontes et al. 1984; Bentley et al. 1986a). Calculated rates of hypogene 36C1
production generally result in secular equil ibrium 3fiCl/Cl ratios on the order of approximately
5 to 30 x 10-15 (Table 2.5).

Calculating the amounts of subsurface 3f'Cl production requires information regarding the
porosity, Cl concentrations, neutron adsorption cross sections in the rock and the subsurface
neutron flux (see Bentley et al. 1986a). The most important, and often the most difficult to
obtain, factor controlling the production of hypogene 36C1 is the subsurface neutron flux in the
aquifer, which is dependent upon the major element compositions and the spatial distributions
of U and Th in the rocks. In the simplest case, by ascertaining the U and Th and chemical
compositions of the host rocks, the stable Cl contents of the groundwaters and rocks and the
length of time over which irradiation occurred, the amount of subsurface 36C1 production can
be calculated (Andrews et al. (1986) and Fabryka-Martin (1988) describe methods for
calculating neutron fluxes). Comparison of the results in Table 2.5, especially those for the
Stripa granites and the oldest waters believed to be nearing secular equil ibrium with the
granites, indicate good correlations between the predicted and the observed 36C1/C1 ratios,
thereby suggesting that the subsurface neutron flux may be adequately characterized in some
cases. However, this procedure may not always be adequate. Kuhn et al.(1984) measured the
subsurface thermal neutron production at varying depths for several localities in the United
States and found that, in general, measured neutron fluxes were not the same as the calculated
neutron flux based on the chemical composition of the aquifer.
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4) Anthropogenic 36C1

In addition to the above natural sources for 36C1, radioactivation of stable seawater CI during
thermonuclear weapons testing introduced a substantial amount of anthropogenic 36C1 into the
atmosphere and hydrosphere. This large spike of anthropogenic 36C1 has been useful, in that
several researchers have used it to estimate vertical infiltration rates of meteoric waters into
the subsurface (Fabryka-Martin et al. 1987a; Cook et al. 1994). Bentley et al. (1982) and
Elmore et al. (1982) indicated that the concentrations of the anthropogenic 36C1 fallout were 2
to 3 orders of magnitude above natural meteoric production, based on 36C1 concentrations in
shallow ice cores and groundwaters collected between 1950 to 1970. They also indicated that
atmospheric fallout of the anthropogenic 3CC1 was relatively rapid compared to bomb-test 3H,
and that modern-day meteoric 36C1 values are now similar to pre-bomb36Cl concentrations
(Bentley et al. 1982; Elmore et al. 1982). At Chalk River Laboratories, the effects of
increased 36C1 concentrations as a result of nuclear reactor operations have been studied by
Milton et al. (1994) who indicated that the distribution of reactor-based 36C1 was largely
restricted to the immediate reactor site.

Table 2.5: Calculated 3<1C1/C1 ratios in typical rocks and examples of observed 36C1/C1 ratios
in groundwaters (from Andrews et al.(1986); Fabryka-Martin et al. (1987); Fontes
and Andrews (1994)).

Rock type

shale
granite
Stripa granite
limestone
sandstone
basalt
halite 0.01

Rocks (calculated 3(iCI/Cl ratios)

U Th

134.5
2.8
44
2.2
1.0
1.0

45
0.2
3.9

<1

Location

Waters (observed 36CI/C1 ratios)

36C1/C1

Great Artesian Basin
(sandstones)

Stripa granites

Palo Duro Basin brines

203

36C1/C1

13
30
250
11
5
4

Remarks

oldest waters observed, ~ 1 Ma

water in apparent equi l ibr ium with
high U and Th granites

possibly in equil ibrium with
limestone formations
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ii) Determination of groundwater ages and origins of dissolved Cl

Bentley et al. (1986b) reviewed the methods for using 3SC1 as a radiochronometer and
indicated it was an ideal radioisotope for determining groundwater residence ages on the order
of 1 to 2 million years, due to its relatively long half-life and geochemically-inert behaviour
in groundwaters, making it somewhat conservative. However, due to its high solubility in the
majority of groundwaters, meteoric 36C1 may be mixed with hypogene 36C1 or epigene 36C1 as
a result of mineral dissolution in low permeability sediment, thereby complicating the age
determination.

Determination of the 36C1 age of a groundwater may be accomplished in several ways,
depending upon the amounts of in-situ 36C1 production and dead Cl in the hydrologie system.
The change in 36C1 concentration with time (t) as a result of simple 36C1 decay and in-situ
buildup are given by:

NrN0e-x' + Noq(l-e-x<) (18)

where Nt = measured 36C1 in sample; N0 = initial cosmogonie input; NCM = in-situ buildup of
36C1 and X is the decay constant of 36CI. For example, when a hydrogeologic system
contains groundwaters having only meteoric 36C1 inputs and negligible in-situ 36C1 production
(e.g., groundwaters in pure limestones), if the local inputs of 3GC1 in meteoric recharge can be
adequately determined, the latter term becomes zero and the age of the water is derived by
decay of 36C1 with time. Such a situation is rare in hydrogeology and, generally, the
production of hypogene 36C1 due to the underground neutron flux must be accounted for.

Conversely, where the groundwater system is largely dominated by in-situ 36CI production as
a result of high Cl contents in the groundwaters and large concentrations of U and Th,
resulting in substantial underground neutron fluxes, the meteoric input may be largely
neglected, and the right-hand term in the equation applies.

The usual situation for 3bCl dating of waters falls between the above two extremes, and
generally requires taking into account the bui ldup of in-situ 36CI to a steady state value,
below which decay of meteoric 36C1 is not measurable, in addition to decay of meteoric 36C1.
The equation,

t = - 1 / A - l n . (19)

(where R is the measured 3fiCl/CI ratio, R0 is the initial 36C1/C1 ratio and Rse is the 36C1/C1
ratio at secular equilibrium) can be utilized for determining the age of the groundwaters up to
approximately 5 half-lives of36Cl (Bentley et al. 1986a). For example, if the average value of
meteoric 36C1/C1 (R0) input is on the order of 200xlO"15 and the average 36C1/C1 value for
secular equilibrium is near 30x1 0'15, then the maximum age determined for the groundwaters
by this method is approximately 2 My. Phi l l ips et al. (1986) also suggested that this equation
is satisfied when Cl- is concentrated by ion filtration processes.
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In addition to the above general case, Bentley et al. (1986b) presented several other methods
for correction of 36C1 ages in groundwaters, all of which depend upon the particular process
by which the 36C1 and total Cl contents of the groundwaters have been attained.

Groundwaters that have interacted with evaporite deposits show substantive Cl" increases in
the waters with very low 36C1/C1 ratios (~10~16). For these groundwaters, 36C1 ages may be
calculated on the basis of their initial (C0

36) and measured (C36) 36C1 concentrations, rather
than their 36C1/C1 ratios using the equation:

t = -1/X ln(C36 - C«36/C0
36 - CK

36) (20)

Where Cl that is in secular equil ibrium with the aquifer neutron flux h; •; been introduced into
the groundwater, the -'"CI age dating equation may be corrected using the init ial (C0

CI) and
measured (Ccl) concentrations and the equation:

ln[Cc'(R-RJ/C0
cl(R-RJ] (21)

In all cases, the bui ldup of M'C1 due to in-situ production effectively limits the calculated 35C1
groundwater ages to a maximum of approximately 2 Ma.

In many hydrogeologic environments, the degree of water-rock interaction is substantial and
the dissolution of Cl salts in the rock matrix by the circulating groundwaters may result in
their attaining geochemical equi l ibr ium with the host rocks. This may result in the waters
having high Cl contents, possibly with increasing Cl/Br ratios, or displaying linear increases
in Cl concentration with either depth or flow direction, all of which show little correlation
with their measured 36C1/C1 ratios. In such cases, the calculated age of the water will be
meaningless, although the 36C1/C1 ratios observed can be used to infer the dominant sources
for the Cl. This was shown by Gascoyne et al. (1994), using 36C1 analyses on groundwaters
from the Lac du Bonnet batholith.

2.4.3 Recent Applications of 36C1 to Hydrogeology

Over the past decade, there have been numerous hydrogeologic studies involving the
application of 36C1 isotope systematics to groundwater systems for the purposes of determining
groundwater ages, flow velocities and pathways and sources of Cl (Fontes et al. 1984, 1986,
1988; Phillips et al. 1984; Andrews et al. 1986; Bentley et al. 1986b; Fabryka-Martin et al.
1987a; Ogard et al. 1988; Nolle et al. 1991; Torgersen et al. 1991; Beasley et al. 1993; Cook
et al. 1994; Fehn et al. 1992, 1994; Gascoyne et al. 1994 and references therein). The results
of some of these studies (in particular, 3fiCl data from the Great Artesian Basin, Australia and
the Milk River aquifer, Canada) are summarized below, as they have been re-examined and
re-interpreted several times, and may represent areas where insight on differing methodologies
on the application of 36C1 systematics can be gained.

i) Great Artesian Basin, Australia

Bentley et al. (1986b) used 36C1 isotope systematics to determine ages of the groundwaters
from the deep 'J aquifer' in the Great Australian Basin (GAB). The aquifer was initially
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selected on the basis of its relatively simple and extensively studied flow regime. Further,
numerical modelling of the groundwater ages based on results from a large number of
hydraulic conductivity tests were available for comparison. Uniform decreases in the 36C1
concentrations and 36C1/C1 ratios from recharge to lower sub-levels were interpreted to
indicate neglible amounts of subsurface in-situ jfiCl production over the entire flow path
(Fig. 3.10). Comparisons between the observed 36C1/C1 ratios and 36C1 concentrations in the
near-surface waters were used to derive values for the meteoric 36Ci, recharge and published
data were used to calculate the subsurface neutron fluxes and corresponding secular
equilibrium 36C1/C1 ratios for each sample. Assuming that the 36C1 in the groundwaters was
largely due to meteoric 36C1 decay with only minor amounts of hypogene 36CI production,
ages calculated using Equations 19, 20, 21 varied between <105 to >106 years, with large error
estimates. Nevertheless, these ages were generally comparable to modelled hydrodynamic
ages (Fig. 2.11). Torgersen et al. (1991), using both the data of Bentley et al.and recent 36C1
data used a similar, although more-refined model for describing deep groundwater flow, in
which several separate fluid flow components and areas of fluid mixing were identified.

An alternative explanation to Bentley et al.(1986b) was offered by Andrews and Fontes
(1991), who compared 36C1/CI ratios and 36C1 contents with Cl contents in the GAB
groundwaters. They suggested that the data were reflecting dilut ion of the recharge 36C1 as a
result of progressive dissolution of the in-situ j6Cl produced in the aquifer. They based their
conclusions on the results of models that incorporated the '^Cl/CI values of a meteoric and an
in-situ production end-member, and suggested that the ages derived by Bentley et al. (1986b)
may be in error.

Mazor (1992) re-interpreted the hydrogeology of the GAB using 36C1 data, and measured Ca,
Mg and S04 concentrations in the waters. Mazor (1992) concluded that the J aquifer was not
continuous, and there was no hydrologie connection between the recharge areas and the
deeper, distal sections of the aquifer. The study by Mazor (1992) emphasized the necessity of
using 36C1 in conjunction with other geochemical tracers, such as Br- and S04, along with 3H,
UC, and 4He to cross-check the 3t1Cl and Cl data, and to aid in the final hydrogeologic
interpretation.

It is clear from the results of these studies that an integrated approach involving numerous
isotopic and geochemical systems is necessary to provide a hydrogeologic model. Very little
stable isotopic data, particularly 1S0/I60 and D/H, were measured for the GAB waters in these
studies. Unless very low water-rock ratios exist, water is the major source of H in the
subsurface, which would be the only truly conservative tracer, and allow for identification of
different aqueous components in the hydrologie system. Additionally, the major reservoir for
0 in the subsurface is the silicate minerals, and water-rock interactions at elevated subsurface
temperatures will tend to give the waters a more l ivO-rich signature. As such, if the waters
have elevated 36C1 values as a result of substantial water-rock interactions, a discernable 180-
enrichment should be observed. Integration of stable isotopic (0, H) with 36C1 isotope
systematics in groundwater studies would greatly enhance
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identification of the effects of water-rock interaction. This information could be used to
determine whether substantial amounts of rock (and possibly j6Cl-labelled Cl") have been
dissolved by the waters, which may directly affect both the observed 36C1/C1 ratios and Cl
concentrations and their subsequent interpretation.

ii) Milk River Aquifer, Canada

Similar to the GAB, 3fiCl isotope systematics have also been applied to the Milk River aquifer
(MRA, Phillips et al. 1986), which, in contrast to the GAB, is more hydrologically complex
and typifies most sedimentary aquifers. The sedimentary rocks in the study area consist of
interbedded Cretaceous sandstones and shales, within which the MRA is the most permeable
and thickest unit, and bounded by shale aquitards. Recharge waters have constant 36C1/C1
ratios, but have variable 'l6Cl and CI concentrations, interpreted to be the result of evaporative
processes (Fig. 2.12). Analyses of the groundwaters downdip from the dominant recharge
area show increasing Cl" and variable 36C1 concentrations, although 36C1/C1 ratios decrease
smoothly with distance from recharge (Fig. 2.13). The 36C1 ages calculated using Equation
19 were between O.SxlO6 to 2xl06 years, increasing downflow (Fig. 3.13). Increases in Cl
with depth and distance were explained by ion filtration mechanisms, which would not
significantly change the 35C1/C1 ratios in the waters, and thus the ages calculated would be
valid. However, mechanisms of ion filtration are questionable (Kyser and Kerrich 1990), and
correlations between increasing o~D and o'^O values and salinities with distance from recharge
seem to suggest either substantial amounts of water-rock interaction or mixing of two distinct
fluids, an evolved basinal brine and a meteoric water. Further, Andrews and Fontes (1991)
modelled the in-situ production for 3hCl in the water,and suggested that dissolution of 36C1-
labelled Cl from the aquifers, rather than ion filtration mechanisms, could have produced the
observed 36C1 and Cl values in the downflow regions of the MRA, thus invalidating the
calculated ages.

Ivanovich et al.(1991) investigated the MRA groundwaters using ''r'Cl data in conjunction with
129I, 85Kr, 39Ar, 37Ar radioisotopes, stable isotope systematics and geochemical tracers.
Although the 36C1 results yielded similar 36C1 ages to Phillips et al.(1986), on the basis of
abrupt I80 and 36C1 increases downflow, Ivanovich et al.(1991) suggested that the flow
regimes within the MRA were generally non-linear and possibly not interconnected.

Andrews and Fontes (1991) make some important points regarding 36C1 systematics in the
MRA. Firstly, they indicate that waters in the recharge area have 36C1/C1 ratios that are much
higher than can be attributed to mechanisms of evaporative concentration of meteoric input.
They suggest that, based on calculated ^Cl/CI ratios for epigene production to depths of 3 m,
even very small amounts of dissolution of epigene 36C1 could produce the observed 36C1/C1
ratios in the recharge area. Secondly, decreases in the 36C1/CI values downflow may also
indicate dissolution of Cl- from the surrounding aquifer rocks, in which case the contribution
of subsurface j6Cl may be substantial.
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iii) Stripa Granite

Determination of ages and origins of fluids using 36C1 is more difficult in crystalline rocks
that are dominated by fracture-controlled fluid flow when compared with confined aquifers,
where areas of recharge and decreasing ages downgradient are easily recognizable (Great
Artesian Basin and Milk River aquifer). Highly variable water ages or geochemical and
stable isotopic signatures may be observed for fracture systems that appear to be spatially
related. Additionally, higher concentrations of U and Th in the crystalline rocks make it
essential that the effects of in-situ 3SCI production in the groundwaters be considered. Several
studies have been conducted on the Stripa granite to evaluate the utility of 36C1 isotope
systematics, for determining the sources of Cl and the age of the groundwaters (e.g., Andrews
et al. 1986; Fabryka-Martin and Davis 1987). The granite has high U and Th contents (44
and 50 ppm), and has been intruded into a leptite metasediment having substantially lower U
and Th contents (~5 and 18 ppm). Based on measured neutron fluxes and elemental
compositions in the rocks, 36C1/C1 equi l ibr ium ratios calculated for the leptite and granite are
approximately 45 - SOxlO'15 and 215 - SOOxlO'15, respectively (Andrews et al. 1986; Fabryka-
Martin et al. 1987). Waters sampled in the granites from depths of 300 to 1200 m below
surface indicate increasing Cl concentrations up to a maximum of 630 ppm, and are correlated
with increasing 36C1/C1 ratios. 36C1 concentrations vary between 107 and 300xl08 atoms/L and
greatly exceed the local atmospheric input of approximately 106 atoms 3SC1/1 (Andrews et al.
1986; Fabryka-Martin et al. 1987).

The 36C1 results presented by Andrews et al. (1986) give some interesting possibilities for the
sources of 35C1 and Cl in the groundwaters, and their subsequent interpretation. Due to the
large contrast in U and Th contents in the leptites and granites, the observed 36C1/CI ratios and
Cl concentrations could be the result of water-rock interactions and equilibration of the
groundwaters with the 3GC1 in either the granite or the leptite (Fig. 2.14). In this case, no age
information can be deduced, although the source of most of the CI may be determined. The
second possibility is that the Cl in the fluids has largely originated from the leptites, and that
the fluids subsequently migrated along fractures into the granites. In the granites, they were
exposed to a higher neutron flux, and increases in their 36C1 and 36C1/C1 ratios can be equated
with the residence time of the waters within the granites (Fig. 2.15). Stable isotopic values
for the Stripa groundwaters are largely comparable to meteoric waters (Moser et al. 1989),
suggesting that the groundwaters have not equilibrated with the lsO-enriched granitic rocks as
a result of water-rock interaction. Thus the 36C1 values observed in the Stripa groundwaters
may be due to hypogene 'l6Cl production in the higher neutron flux of the granites, rather than
the result of dissolution of rock-matrix Cl by the groundwaters.

iv) 36C1 infiltration in soil profiles

Measurements of 36Cl and 3H concentrations in waters collected from soil profiles in New
Mexico were done to locate infiltration depths of the large thermonuclear pulses of 36C1 and
3H. On the basis of these results, vertical recharge rates of surface waters into the subsurface
were evaluated, and empirically and experimentally determined mobilities of CI in waters
were compared (Porter et al. \ *>:•."••. Phil l ips et al. 1988). Results of the study indicated that the
relative order of the 3H and 3hCI peaks were reversed such that the 3H peak had penetrated
much deeper than the 36C1 peak, even though the North American 3(JC1 bomb peak preceded
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Figure 2.15 Cl and Cl- concentrations in Stripa groundwaters (from Andrews et al. 1986).
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where the higher neuîron flux has increased their 36C1 concentrations.
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that for 3H by approximately 10 years (Bentley et al. 1982). The apparent discrepancies were
suggested as being due to movement of 3H in the vapour phase relative to Cl, which moves as
a dissolved phase and which in arid regions could be retarded by a lack of precipitation. The
results of the study have implications for the use of these radioisotopes in determining
groundwater recharge rates, and their dominant transport mechanisms (by vapour or in
solution) must be well characterized before such systems can be used as hydrologie indicators.

2.4.4 Conclusions

Application of 36C1 isotope systematics to hydrologie systems has been done in an attempt to
understand a number of key hydrogeological parameters, namely the residence times and
origins of Cl and the flow paths of groundwaters. From the results of many of the studies,
the most salient points appear to be:

1) The local meteoric input of 3bCI and Cl must be well-characterized, and physico-chemical
processes affecting these input values (i.e., evaporation, ion filtration) must be rigorously
assessed.

2) The effects of epigenetic production of 3I>C1 on the observed 36C1 values of meteoric waters
recharging in the near-surface environment need to be evaluated. If unaccounted for, this
extra addition to the meteoric water component may significantly alter the interpretation of
a set of sub-surface 36C1 data (e.g., the Milk River aquifer).

3) Determination of the in-situ neutron flux either by direct measurement or calculations
based on geochemical characteristics of the host aquifer needs to be done, followed by
comparisons with the measured 36C1 and 36C1/C1 values in waters.

4) Several isotopic and geochemical tracers, such as Ar, 1S0/160, D/H, Cl/Br, must be
incorporated, to determine the extent of the subsurface water-rock interactions, which may
directly reflect the 36C1 values and 36C1/C1 ratios in the waters.

5) In areas of high neutron flux (e.g., Stripa granites), age dating of groundwaters may be
somewhat simplified, as a result of high rates of subsurface 36CI production, making
meteoric 36C1 contribution negligible. Ages for such groundwaters can only be calculated
if it can be established that no 36-Iabelled Cl has been added to the groundwaters during
their residence in the formation with the higher neutron flux.

6) Where groundwaters have interacted with rocks having substantially different subsurface
neutron fluxes and, therefore, distinct 3"CI/C1 ratios, observed 3"C1 values and 36C1/C1 ratios
of the waters may be used to delineate the dominant source for the CI (e.g., Lac du
Bonnet batholith and Stripa granites).

2.5 _!!?!/!

2.5.1 Methods

Methods employed for analysis of I:9I in natural samples have been P decay, neutron
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activation analysis and mass spectrometry (McHugh and Sheffield 1965; Brauer and Kaye
1974). Due to the long half-life of I29I, determination by (3 decay is useful only for samples
with very high activities. Determination of 129I by neutron activation analysis of 130I as a result
of the reaction i:9I(n,y) 130I is suitable for determining quantities of 129I on the order of 1010 to
10n atoms. Neutron activation analysis, although it has been quite successful (Muramatsu and
Ohmomo 1986) has sensitivity limitations, due to production of extraneous I29I from trace
impurities in samples (Elmore et al. 1980). Measurements of I29I using a three-stage mass
spectrometer and negative ion sputter source resulted in sensitivities of approximately 109

atoms, although the method is subject to isobaric interferences near mass 129, such as
97Mo02" (McHugh and Sheffield 1965). More recently, measurement of I29I by negative
ionization mass spectrometry has resulted in radically improved atomic sensitivities (107

atoms), although 129I/I ratio sensitivities are still limited to approximately 10"8 (Delmore 1982;
Stouffels 1982)

Currently, the most widely-applied method for determining low-level environmental 129I
concentrations and 129I/I ratios is by accelerator mass spectrometry (AMS), which requires
only approximately 2 to 10 mg of iodine (Elmore et al. 1980). The method employed is
similar to that used for 3l'Cl measurements (Elmore et al. 1979), except a time-of-flight
detector is used for final determination of I29I. Using the AMS method, Elmore et al.(1980)
found only 1 isobaric interference with I29I, I29Xe, whose effects were only substantial at very
low 129I concentrations (1 129I/10 IS atoms). Elmore et al.(1980) and Fabryka-Martin et al.
(1985) indicated that the sensitivity of the accelerator method was approximately 107 atoms
I29I, and at I29I/I ratios on the order of 10"13. Similar measurement capabilities have been
demonstrated in several other studies for I:9I in groundwater and hydrocarbon samples (e.g.,
Fehn et al. 1986, 1987, 1990, 1992).

Fabryka-Martin et al.(1985), Fabryka-Martin (1988) and Fehn et al.(1992) detail the
procedures used for collection of iodine for isotopic analyses from natural samples and
groundwaters. Iodine (I;) in groundwaters occurs mainly as iodide (I' ) ,which is strongly
adsorbed onto anion exchange resins. Iodide in fresh waters can be collected by pumping
sufficient quantities of groundwaters through anion exchange resin beds, eluted by oxidation,
acidified, purified and precipitated as Agi. Blank I (1:9I/I<10'N) can be added to waters having
low concentrations of I, to increase recoveries for tsotopic analysis. For brines containing
sufficient quantities of I >5 mg/I), I" can be oxidized to neutral I, by acidifying and addition
of a nitrate salt. The salt, Agi, can be subsequently precipitated by addition of AgNO3

solution. Iodine can be extracted from sediment cores by washing the sediments with distilled
water, acidifying and precipitating Agi (Fehn et al. 1986) and from rocks by HF-dissolution,
oxidation and precipitation as Agi (Fabryka-Martin et al. I987b).

2.5.2 General Applications

Since the development of AMS techniques, i:yl, l ike JbCI, has become increasingly employed
in determining the sources of I in sediments, studying the origins of I in sedimentary brines,
delineating the age and origins of hydrocarbons, and delineating groundwater migration and
water-rock interactions (i.e., Fabryka-Martin et al. 1985; Fehn et al. 1986; Fabryka-Martin,
1988; Fabryka-Martin et al. 1989; Fehn et al. 1990; Fontes and Andrews 1994). With its long
half-life of 15.7 mil l ion years, i:9I has the potential of being able to characterize groundwaters
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having residence times on the order of approximately 100 mill ion years. As with 36C1, the 129I
measured in groundwaters has a number of distinct origins, including atmospheric, subsurface
and anthropogenic sources.

i) Atmospheric 1:9I

Atmospheric inputs of 129I are the result of irradiation of Xe by cosmic neutrons
(I28Xe(n,p)129I) and stratospheric injection of fissionogenic 129I by volcanism. Mass balance
considerations suggest that the volcanic source and cosmic-ray production may be of similar
magnitude (Fabryka-Martin 1988). Stable iodine from sea spray (the ocean is the dominant
iodine reservoir) mixes with the atmospheric 129I. The relatively long residence time for I in
the oceans (-40 000 a) and its long half-life relative to an atmospheric turnover time of
approximately two weeks ensures complete mixing of the atmospheric component in the
oceans. As a result, the meteoric 129I/I ratio should be largely buffered by the oceanic
reservoir.

Fabryka-Martin et al.(1987a) suggested that the average 129I/I ratio for meteoric waters has
been constant over time, and suggested a I29I/I ratio of approximately 6x10~13, comparable
with I29I/I values of presumed meteoric waters in the Great Artesian Basin (5.7xlO'13, Fabryka-
Martin et al. 1985). Similar values have been suggested for seawater by Fehn et al. (1986),
I29I/I = 12x10-".

ii) Anthropogenic I29I

Significant quantities of 129I were produced during atmospheric testing of thermonuclear
devices between 1952 to 1963. Modern nuclear power plants and fuel reprocessing operations
have introduced significant quantities of I29I into the atmosphere and hydrologie systems. For
instance, Fehn et al.(1986) measured i:9I/I ratios in deep-sea marine sediments (84 OOOxlO"'5),
which were orders of magnitude greater than the pre-bomb levels recorded in deeper sections
of the core (~1 OOOxlO"15). Similarly, the effects of the Chernobyl nuclear accident were
documented by Paul et al. (1987), who measured I29I concentrations in rainwaters from
Germany and Israel, which were on the order of 109 to 1010atoms 129I/L) during the
Chernobyl fallout period, compared to previously measured levels of approximately 107 atoms
129I/L. Unlike bomb-produced 36C1 levels, however, modern 129I concentrations have remained
1 to 2 orders above background values, and based on literature values and empirical
measurements, Fabryka-Martin (1988) estimated the current I29I/I isotopic ratio for
precipitation to be approximately 10"12 to 10"in.

iii) Subsurface 1;9I

Similar to 3bCl, production of 129I in the subsurface can be significant. Sources for 129I in
groundwaters are I29I incorporated in recharge waters, I leached from the host rocks having a
129I/I ratio dependent upon the age and lithology of the formation, and 129I produced by
spontaneous fission of :3SU in the rocks and subsequently transferred to the groundwaters.
Unlike some hypogene 3fiCl systematics in which 3fiCl is largely the result of subsurface
neutrons interacting with stable chloride in the groundwaters, the main source for in-situ
production of I29I is in the rocks and often the observed 129I and I concentrations in
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groundwaters are not directly related. Rather the concentrations of subsurface I29I in waters
are dependant upon the release efficiency of 129I from the rock to the water.

Based on the U and I concentrations in rocks, Fabryka-Martin et al. (1985) calculated the
steady-state 129I concentrations and I29I/I ratios in a number of typical rock lithologies
(Table 2.6) using the relationship:

N1 2 9=./uN \{ Y129 Pe(i-ey x,,au (22)

where N,29 is 129I in rock (atoms/cm3), /u is U in rock (g/g), Asf is 23SU fission constant (yr-1),
Y129 is yield at mass 129 (0.0003) from spontaneous fission of 238U, N is Avogadro's number,
pg is grain density (g/cm3), 9=porosity, ccu is molecular wt of 23SU (g/mole). The results of
Table 2.6 indicate that, in particular, water-rock interactions between fluids and marine shales
will likely have the most pronounced effect on the observed I29I concentrations of the fluids.

In geologic formations, the contribution of 129I produced by spontaneous 23SU fission can be
significant. It can be assumed that production of 129I from neutron-induced fission of 235U is
neglible, except in special cases of very high U concentrations, such as U ore deposits. In
some cases, groundwaters that have interacted substantially and equilibrated with the
surrounding rocks may have 129I/I ratios, which reflect the age of the formation rather than the
groundwater.

Estimates of the amount of fissionogenic 129I in the groundwaters is highly dependent upon
the release of the 129I to the groundwaters. In most cases, the geologic system is assumed to
be open to transfer of 129I to the waters, and the rate of I29I transfer is proportional to its
buildup in the enclosing rocks (Fabryka-Martin 1988). Transfer of 129I to the groundwaters
will be a function of direct recoil of I29I into the waters, recoil and subsequent diffusion of 129I
across grain boundaries and into the water, dissolution of the host rocks and diffusion of I29I
through the rocks. The sum of all of these processes is termed the emanation efficiency (z),
which is the ratio of the rate of escape of 129I to the waters to the rate of production of I29I in
the rocks, and can be defined as,

s = ALNI29/N23sAst-Y,2ç, (23)

where, XL is the rate of loss of I29I from the rock (/yr), N23S is23SU in rock (atoms/g rock).
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Calculated production rates and concentrations of I:?II in various rock types
(data summarized from Fabryka-Martin et al. 1985).

Rock Type U I 129I 129I 129I/I
ppm ppm production1 concentration2 (xlO"'4)

granite
basalt
sandstone
black shale
limestone
halite

3
1
1
20
2
.01

0.2
0.2
0.1
10
20
0.1

520
170
130
3000
340
1

12000
4000
3100
70000
8000
30

470
160
320
63
3
3

(1) units are atoms/cm3 Ma
(2) units are atoms/cm3

For example, in the Stripa granites, Fabryka-Martin et al.(1989) suggested that the
concentrations of I29I in the rocks (NI29, atoms/g) as a function of the residence time of U (tu)
in the rocks can be given by,

N,,0(tu) = N,3!i X,f Y,,9 (24)

and the accumulation rate of I29I in the waters due to diffusion of I29J from the rocks can be
defined as,

J129 = XLN,-,9(tu)p /9 (atoms/1 a), (25)

where, p is the rock density (kg/L), and 0 the effective rock porosity (fracture porosity in the
case of the Stripa granites).

Fabryka-Martin (1988) suggested that, in general, both the emanation efficiency (e) and
porosity (G) can vary by more than an order of magnitude, and are related such that a rock
with a higher effective porosity will have a higher emanation efficiency of 129I to the
groundwaters. Fabryka-Martin (1988) estimated values of 0.06 to 0.5 for e. It is evident that
the porosity of the rock must be well-characterized in order to arrive at the proper estimates
for the emanation efficiency, and hence the overall I29I concentrations of the groundwaters.

iv). Age Dating

The basis for groundwater dating and tracing of groundwaters with 1:9I requires that the
isotopic contributions from (1) recharge (anthropogenic and cosmogonie), (2) leaching of I29I
from geologic formations, and (3) subsurface production of I29I, can be adequately resolved.
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Overall, the concentrations of 1:9I in groundvvaters as a function of age (tw) will be determined
by contributions amongst the three input source terms, which can be defined as (Fabryka-
Martin et al. 1985),

C129(tw) = CiR^'29'"' + (Q-QM-X^Tf) + PLtw (103)/6 (26)

where Q is I concentration in recharge water (atoms/L), Cs is total iodine concentation in
waters, R| is ratio in recharge water, Rf is the initial isotope ratio in host formation, Tf is the
age of the host formation, P is the 129I production rate in the host formation, L leaching
efficiency of I29I in host formation,and 9 is porosity.

In an ideal situation, where only radioactive decay of 1:9I is affecting the I29I/I ratio in the
groundwater, the age of the groundwater can be calculated as,

tw = (-ln(Rs/Ri))/X,:9 (21)

where Rs is the I29I/I ratio in the groundwater as a function of time (tw). For example, Fehn
et al.(1992) determined ages of I in a series of hydrothermal spring waters assuming that all
the 129I in the waters was originally cosmogenic in origin, and that the observed I29I/I ratios
were due solely to radioactive decay (Figure 2.16). Since no account was taken for the
production and transfer of subsurface I29I to the waters, they are min imum ages; however, the
established ages indicate that the likely source for the I was the surrounding formations, with
which the hydrothermal waters had probably interacted.

2.5.3 Recent Examples of |:9I Applications

The behaviour of I29I in groundwaters has been evaluated from a number of field studies.
Where available, substantial geologic, hydrologie and geochemical information was utilized
during the studies, to provide an independent means of identifying the controlling factors on
the I29I systematics in the waters, and to aid in interpreting the results.

1) Stripa granite

The I29I isotope systematics have been used to attempt to evaluate transfer mechanisms of I29I
from the U-rich Stripa granite (-44 ppm U) into fracture-controlled groundwater flow systems
(Fabryka-Martin et al. 1989). Based on predicted I29I concentrations and I29I/I ratios for pre-
bomb meteoric recharge, 3H, 36C1 and IJC analyses, which showed no recent anthropogenic
inputs, and measured I29I/I and I29I ratios, which were significantly above recharge values
(Table 2.1), it was assumed that the bulk of the 129I in the Stripa groundwaters was the result
of 129I produced by 23>SU spontaneous fission.

Two distinct hydrologie regimes were delineated: 1) an upper flow system (<400 m), hosting
waters having 129I/I ratios, suggestive of interaction with U-depleted rocks (an interpretation
comparable with that based on j6CI/Cl ratios and previous work (Andrews et al. 1986), and
2) a deeper flow system (>400 m), containing groundwaters with much higher I
concentrations, and 129I/I ratios that were positively correlated with 36C1/C1 ratios.



62

1250

1000

in
O 750

o>rvj

500

250

I ' ' ' ' I ' ' '
a Mineral Waters
•*• Formocion Waters
o Complexion Spnnq

20 40 00

TIME (MA)
80 100

Figure 2.16 Comparison of 129I/1 ratios and age for samples of hydrothermal spring waters
(from Fehn et al. 1992). The decay curve for 129I is shown assuming that I in
the waters was originally cosmogonie with a |:9I/I ratio of approximately 10"13.
Data indicate that 1:9I in the waters have min imum ages of between 40 tc 80
million years, and are comparable to the ages of surrounding marine strata,
with which the waters may have interacted.
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Table 2.7: n9I contents and i:9I/I ratios for groundwaters from the Stripa granite (data
summarized from Fabryka-Martin et a!.19S9).

Description Depth I I29I I29I/I
(m) (ni) (106a/I) (xlO'12)

shallow ground 30-60 3 0.2 16
waters

shallow mine 357-399 5-14 1.3-2.7 41-52
waters

deep mine 758-1232 43-240 32-200 7-240
waters

The data suggest that, like 36C1, the bulk of the 129I in the waters had been derived from the
U-rich granites, which was either transferred to the waters at a constant rate (from which a
reasonable age for the waters could be derived), or was the result of mixing of variable
amounts of waters having distinct 129I/I ratios. Due to substantial errors in estimating the
emanation efficiency of the |:9I from the granites, no firm conclusions regarding the ages of
the Stripa groundwaters could be reached (see Table 3 in Fabryka-Martin et al. 1989).
Although it appears that the likely source for the I29I in the deep groundwaters was from 238U
fission in the granite, the inability to estimate the rate of transfer of I29I from the granite to
the waters illuminates the problems of using 1:9I to determine an age for the groundwaters.

ii) Australian U deposits

Fabryka-Martin (1988) employed I29I measurements to determine 129I sources, and to trace the
fluid paths proximal to high-grade uranium deposits in Australia (Table 2.8). The I29I/I and
129I/U ratios, and 1:9I concentrations in the U ores and in the waters, showed effects of
leaching of the ores by the oxidizing fluids, transport of the fission-product I29I to the
groundwaters and redeposition of the I:9I into secondary U deposits downgradient in the flow
system (Figure 2.17). From this it was concluded that U9I from the U ores had been strongly
partitioned into the groundwaters, and that in areas of secondary U deposition the leached I29I
was sorbed onto FeOH minerals associated with the secondary U ores.

iii) Oilfield brines

Fehn et al.(1987, 1990) used I29I and 36C1 systematics to characterize a series of oilfield
brines, and to determine the origins of the organic matter. Iodine is biophilic, and will be
strongly absorbed onto marine organic materials relative to seawater (approximately 50 and
0.5 ppm I, respectively), and thus it will be transported as I-bearing organic constituents.
During diagenesis and cracking of the marine organic materials, the 129-labelled I may be
both incorporated into the hydrocarbons and also transferred to the transporting aqueous
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phase. Based on these assumptions, Fehn et al.(1987) attempted to measure I29I/I ratios in
crude oils associated with the oilfield brines, although this met with limited success due to the
presence of anthropogenic contamination (Table 2.9). Further, assuming the brines contained
only iodine from a marine source (129I/I ~12xlO"13 - Fehn et al. 1986), the 129I values for some
of the brines plotted on a I:9I decay curve (Fig. 2.18) with ages that were comparable to the
age of the formation from which the brines were sampled. These results suggest that at least
the I was possibly of marine origin, and was synchronous with deposition of the host
formation. Several of the brines, however, were substantially enriched in 129I, which was
attributed to either in-situ or anthropogenic contributions of 129I into the waters.

Table 2.8: Measured I29I contents and 129I/I and 129I/U ratios in uranium ores and proximal
groundwaters in Australian U deposits (data summarized from Tables 6-2 to 6-
4 in Fabryka-Martin 1988).

Sample 129I/I 129I 129I/U
(xlO'12) contents' (xlO3)

U ores'

U-ore (Ranger - R) -70 -4.5 6.5-130
U-ore (Koongarra - K) 20-1000 0.6-59 1.6-27

waters2

waters up-flow (R) 1.6 0.3
of U ore (K) 6.4-84 0.24-3.2

waters in ore (R) -80 20
(K) 645-911 92-130

waters down (R)
flow of U ore (K) 45-106 4.3-10.0

1 For U ores, units are atoms/g U ore (xlO5) and for waters units are atoms/I
(xlO5).
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Figure 2.17 Concentrations of I29I in groundwaters from the Koongarra U-ore deposit,
Australia (from Fabryka-Martin 1988). High concentrations of I29I in the
groundwaters within the ores indicate a strong partit ioning of 129I into the
waters. Up-gradient groundwaters show relatively little influence of the U ore.
Down-gradient groundwaters have 129I contents that are slightly elevated above
background levels, although their 129I levels may also be influenced by
secondary precipitation of U ores and iron hydroxide minerals.



66

Table 2.9: Results of I and I29I analyses on crude oils (Fehn et al. 1990) and oil-field brines
(Fehn et al. 1987).

Sample Formation age I 129-
I/I

(ppm) (xlO-15)

Oilfield brines

WCBB
Newton
Aneth 1
Aneth 11

Miocene
Jurassic
Pennsylvanian
Pennsylvanian

9
38
11
14

259
72
834
434

Crude Oils

Monterrey Oil
source rocks

5400-6200
4100

San Juan Oil
source and reservoir
rocks

10 000
100-600
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Figure 2.18 Ratios of I29I in several oil field brines (from Fehn et al. 1987). Decay
line shows decrease in I29I from cosmogenic origin having a ratio of ~
12xlO"13. Ages of I in samples falling on or near the decay curve
correspond with ages of the formations hosting the samples,
suggesting that the I had likely originated from the formation.
Samples considerably above the decay curve have been affected by
in-situ produced or anthropogenic I29I.
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2.5.4 Conclusions

The application of 129I isotopic systematics to hydrogeology appears to be much more
constrained than does 36C\. This is partly due to the different processes controlling the buildup
of these two isotopes in rocks and groundwaters, and their subsequent interpretations. As was
indicated by Fabryka-Martin et al.(1989) for the Stripa granites, calculation of ages for the
groundwaters using 129I systematics was impossible, due to the inability to determine with
some degree of certainty the effective porosity and the rate at which I29I was transferred from
the rock to the water. In some situations, where 129I/I ratios for the endmembers can be
delineated, the I29I/I ratios in the groundwaters can be used to indicate the possible origins for
I in the waters. Under ideal conditions, where subsurface input is negligible, simple decay of
I29I can be used to identify the particular age of the I in the waters.

3. THE UNDERGROUND RESEARCH LABORATORY

The Underground Research Laboratory (URL) is centred in a study area approximately 4 km2

(Fig. 3.1) that is leased to AECL by the Province of Manitoba. The facility is operated by
AECL Research and is located in an upland part of the lease area, 15 km east of the town of
Lac du Bonnet, Manitoba.

3.1 Geologic Setting

The URL is located in the central part of the Lac du Bonnet granite batholith, which is dated
at 2.6 billion years. The batholith lies on the western edge of the Canadian Shield and
extends under Palaeozoic sedimentary rocks to the west. The geology of the batholith and
details of the URL site have been described by McCrank (1985) and Brown et al. (1989).
Both pink and grey granite are found at the URL, with grey granite predominating below
depths of about 200 m. Secondary minerals are found at all depths in the rock, ranging from
high-temperature, deuteric infillings of epidote, quartz and chlorite, to low-temperature
geologically recent infillings of calcite, goethite and clays. The fracture-filling mineralogy is
described in detail by Kamineni et al. (1984) and Gascoyne and Kamineni (1992).

Compared to other areas on the Shield, the Lac du Bonnet batholith has been relatively
undisturbed by major tectonic events, the main features being low-angle thrust faults that
generally strike NE and often penetrate to depths of >500 m (Fig. 3.2). Superimposed on
these features are sub-vertical conjugate joint sets, largely formed by unloading and stress
relief during uplift and erosion.

Examination of borehole cores and observations in the URL shaft have shown that the
fracture zones are characterized by a pink to red coloration of the granite. The more
permeable sections are characterized by cataclasites and abundances of low-temperature
alteration minerals.

3.2 Hydrogeological Characteristics

Over 70 boreholes have been drilled in the area since 1980, to depths of 1000 m in the
granite. A further 130 boreholes have been drilled into the Quaternary overburden deposits
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on the granite. Collectively, these boreholes have been used to characterize the geology,
hydrogeology and geochemistry of the granite in the URL lease area. They have also been
instrumental in developing a detailed model of the flow system, from the upland recharge area
in the south-east to the lower-lying discharge areas in the north and west.

A program of testing over the last 10 years has determined the broad hydrogeological patterns
of the area. In conjunction with core logs and down-borehole geophysical logs, pumping tests
and hydraulic head measurements have shown that the hydrogeology at the URL is controlled
mainly by the low-angle fault zones (Davison 1984). The hydraulic conductivity of these
zones is as high as 10"" m/s, but in the unaltered, unfractured rock, values range from 10"9 to
10"13 m/s. The permeability of the unfractured rock generally decreases with increase in
depth, such that in the few boreholes in the granite that penetrate below 100 m, fractures are
uncommon and the permeability of the unfractured rock does not exceed 10"12 m/s. Details of
the flow system have been obtained from an intense study of the fault zones encountered in
the URL facility. Over 50 boreholes have been drilled from three levels in the URL, to
intersect permeable fractures and fault zones, to provide hydrogeological information on the
principal structure at the URL, Fracture Zone 2 (FZ2).

To the west of the URL lease area, the Lac du Bonnet batholith is covered by fluvio-glacial
gravels, sands and clay of Pleistocene age. Records of private wells in the area show that
sub-horizontal fracture zones in the granite are still present and act as major sources of
groundwater. Groundwater flow directions in the area are thought to be from the more
elevated land in the southeast portion of the Whiteshell Research Area (305 m.a.s.l.), to the
Winnipeg and Lee Rivers in the west (248 m.a.s.l.). The hydrogeology of the basement rocks
further west is unclear, but is likely to be complicated by the presence of overlying
Palaeozoic rocks (of the Western Canada Sedimentary Basin), which contain brines derived
from evaporitic sediments. Because of their proximity, the presence of these brines may
significantly influence the groundwater chemistry of the Lac du Bonnet granite.
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Figure 3.1 Location map for the URL lease area and adjacent drill sites (lettered) in
southeastern Manitoba.
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Figure 3.2 Schematic block diagram of the URL area, showing the major fracture zones
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3.3 Hydrogeochemical Characteristics

3.3.1 Depth and Rock-Type Relationships

In the Lac du Bonnet granite, there is a general trend of increasing groundwater salinity with
increasing depth. This varies to some extent with location and with the type of overburden
cover. The various types of groundwater compositions in the URL area are shown
schematically in Fig. 3.3. These characteristics are discussed in more detail below.

3.3.1.1 Overburden Waters

Groundwaters occurring in overburden sediments generally have high concentrations of Ca,
Mg, HCO3 and S04, with a pH range of 7.3-8.4 (mean pH = 7.7). The high Ca and HC03

values are partly due to the dissolution of carbonates in glacial till in the area. This process
is enhanced by C02 production in soils due to plant root respiration and organic decay.
Additional Ca comes from the alteration of plagioclase and mafic minerals in the granite. For
these waters, the saturation index (SI) for calcite is always greater than +0.3, with a mean of
+0.80 (Gascoyne and Elliot 1986). This indicates supersaturation with respect to calcite in
the groundwater, and suggests that calcite should be precipitating from the water.
Examination of rock cores from boreholes in the area shows that calcite is an important
secondary infilling mineral in fractures in the upper -200 m of the granite. Gypsum, on the
other hand, has SI values generally less than -0.3, with a mean value of-1.2, implying that
gypsum, if present, should be dissolving from the overburden. Examination of the dissolved
silica and cation contents of overburden waters suggests that the waters are in equilibrium
with kaolinite (Gascoyne et al. 1987).

3.3.1.2 Shallow Rock Groundwaters

Shallow groundwaters in bedrock to depths of-100 m have lower concentrations of Na, Ca,
Mg, HC03 and SO4 than overburden groundwaters. They generally have a pH range of 6.9 to
8.5, with a mean pH of 8.0. The SI for calcite varies from positive to negative values, with a
mean value of about zero, suggesting that these waters are nearer to equi l ibr ium with calcite
than the shallower overburden groundwaters. The SI (gypsum) has a mean value of -2.4,
reflecting the lower concentrations of Ca and SO4, indicating again that gypsum is
undersaturated in the groundwater and that gypsum is unlikely to be found as a fracture-filling
mineral in the shallow bedrock. This is, in fact, the case, and gypsum is only found in
association with pyrite-rich xenolithic inclusions in the granite.

3.3.1.3 Intermediate Groundwaters

Groundwaters between a depth range of 50 and 350 m generally have chemistries intermediate
between those of shallow- and deep-rock groundwater. Concentrations of some dissolved
components differ from those expected from a simple mixing of the two water types. For
instance, Ca and S04 initially decrease in concentration, relative to shallow groundwater, for
the upper part of this depth range (50-230 m), then increase again in the lower part (230-350
m) towards values found in deep-rock groundwaters; Mg concentrations decrease from
shallow groundwater values throughout the intermediate zone (50-350 m), and then increase
and are high for deep groundwaters.
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Sodium and Cl concentrations increase and HCO3 concentration decreases with increase in
depth. Values of SI (calcite) and SI (gypsum) are also between those for shallow and deep
groundwaters. Calcite saturation is maintained, while gypsum is very undersaturated in the
upper part, becoming less so as depth increases. Intermediate groundwaters, therefore, appear
to be a mixture of deep and shallow groundwaters with minor modifications, probably due to
precipitation, dissolution and ion exchange with the host rock.

3.3.1.4 Deep Groundwaters

In deep groundwaters at the URL, Na, Ca and Cl ions become dominant (e.g., typically, Na
= 1200 mg/L, Ca = 1600 mg/L, Cl = 3500 mg/L) and HC03 is generally quite low (mean
concentration is 65 mg/L). The mean SI is +0.3 for calcite and -0.7 for gypsum. Gypsum
generally has a more positive SI value than for shallower groundwaters, implying equilibrium
with respect to gypsum is more nearly attained at these depths.

In summary, general trends with increasing depth in the groundwater system are:

1) Na, Ca, SCX, and Cl concentrations increase.
2) The concentration of HC03 decreases.
3) Mg concentrations decrease, then increase to high concentrations in deep

groundwaters.
4) SI (calcite) decreases towards zero with flow through the upper part of the rock mass.

This suggests that precipitation of calcite occurs in the upper zones of the bedrock, but
becomes less common at depth.

5) SI (gypsum) remains negative throughout the depth profile examined, indicating that
the water is consistently undersaturated with respect to gypsum; however, the SI value
increases with depth, suggesting that gypsum may exist at depth.

These results suggest that it is possible to differentiate groundwaters with depth based solely
on their chemical composition.

3.3.2 Comparison with Shield Groundwaters

Generalized groundwater compositions and variations with depth for different crystalline rock
types on the Canadian Shield have been shown to exist by numerous researchers (Bottomley
et al. 1984, 1990; Gascoyne et al. 1987; unpub. data). For all rock types, near-surface
groundwaters are typically dilute, slightly alkaline (pH 7-8) and Ca-(Na)-HC03 in composition
(Fig. 3.4). They evolve to higher pH (8-9), Na-(Ca)-HCO3 waters as the depth or distance
along the groundwater flow path increases. Studies of fracture-filling minerals in the plutons
show a clear relationship between groundwater composition and low-temperature mineralogy.
These generalized trends for Shield rocks are also clearly seen in the area of the URL, except
that, occasionally, penetration of overburden groundwaters with their characteristic Ca-Mg-
HC03-S04 signature is seen in some groundwaters from shallow bedrock boreholes.
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3.3.3 Geochemical Reactions

The geochemical reactions and processes occurring to cause the characteristics noted above
are summarized as follows:

Hydrolysis of plagioclase feldspars liberates Na and Ca in solution, and Ca is lost by calcite
precipitation and/or ion exchange (for Na) on clay minerals in the fractures. Hydrogen ion
(H*) is generated by dissolution and dissociation of surface-derived CO, in groundwater, and
then attacks the feldspars, as follows:

H,O + C02 ^H+ + HCCV (1)

2NaAlSi308 + 2H+ + H20 -> 2NaT + Al,Si205 (OH)4 + 4SiO2 (2)
(all He) (kaolinite)

CaAl2Si,Og + 2H" + H:O -> Ca:+ + Al2Si2O5 (OH)4 (3)
(anorthite) (kaolinite)

Bicarbonate (and some Ca) is then lost by calcite precipitation:
Ca2+ + 2HCCY -» CaCO3 + H20 + C02 (4)

Calcium may also be removed from solution, preferentially over Na, by exchange with clays:
Ca2+ + 2M-R -» 2M+ + Ca-R2 (5)
where M is HT or Na+ and R is clay mineral substrate.

In dilute groundwaters, K and Mg are maintained at low concentrations (< 10 mg/L) by ion
exchange with clays, and the low solubility of hydroxy and carbonate species at alkaline pH
values.

At greater depths (150-500 m, depending on local topography and hydrogeological regime),
groundwaters become slightly more saline (TDS = 300-600 mg/L) and tend towards a
Na-(Ca)-HC03-Cl-(SOJ composition with a pH ranging between 8 and 9. Most of the added
Cl and some S04 are derived from the rock matrix, where the ions are present either as
soluble salts in fluid inclusions and on grain boundaries (Gascoyne et al. 1989), or as
structurally bound elements in micas and amphiboles (Kamineni 1987). Sulphate may also be
derived from oxidation of sulphide minerals in the rock matrix and xenoliths, and the
presence of gypsum-infilling minerals in xenoiiths.
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Figure 3.4 Schematic diagram showing the generalized evolution of groundwater
composition with depth.
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3.3.4 Relation to Hydrogeology

Deep penetration of dilute groundwater occurs in upland recharge areas in the granite through
permeable, steeply inclined fractures that extend to considerable depth and often connect with
permeable low-dipping fracture zones at depth. For example, groundwaters with TDS
concentrations as low as 1500 mg/L have been found in permeable fracture zones at depths of
up to 800 m in the gneissic rock immediately south of the Lac du Bonnet granite.

In most cases, however, saline groundwaters predominate below depths of about 350-500 m,
where vertical fracturing is limited and low-angle fracture zones are the most permeable
pathways. The actual depth depends on local topography and on the hydrogeological regime.
In areas of groundwater discharge, brackish or saline water may be found close to the surface,
because of slow upward advection of water from deeper saline zones. For instance, in
borehole B34 near the URL a groundwater obtained from a depth of only 40 m contains
almost 600 mg/L Cl (Fig. 3.3).

Saline groundwaters in the granite range from ~5 to 50 g/L TDS, with salinity generally
increasing with depth (Fig. 3.3). They vary between Na- and Ca- dominated Cl groundwaters.
The cationic composition appears to be unrelated to depth. However, thermodynamic data
and the fact that the deepest, most saline mine waters observed in the Canadian Shield are
Ca-dominated (Fig. 3.4), suggest that residence time may ultimately control the cationic
composition, irrespective of rock type.

In some situations, deep regional flow paths may have allowed the penetration of seawater or
brines from adjacent or overlying sedimentary formations into the Lac du Bonnet granite. In
these instances, saline groundwaters may be Na-dominated as a result of the influx of Na-Cl
brine. This process has been invoked to account for high Na/Ca groundwaters in the granite
(Gascoyne et al. 1987). Additional evidence of high 63"S values and low Br/Cl ratios
supports this interpretation (Gascoyne et al. 1989).

3.3.5 Isotopic Characteristics

Analyses of the: 'environmental' isotopes (2H, 3H, UC and 1S0) have provided considerable
information on the residence times and sources of water for groundwaters in the Lac du
Bonnet granite. The tritium content of groundwaters in the batholith decreases to <1 TU
below about 200 m, indicating that most groundwaters below this depth were recharged at
least 40 years ago. Deuterium (2H) and 180 values fall on or close to the global meteoric
water line (Fig. 3.5) indicating a meteoric source for all groundwaters, including the most
saline samples (indicated in Fig. 3.5). Modern precipitation and shallow groundwaters are
typically 5180 = -13 to -14.5 %o, but a number of deeper, brackish and saline groundwaters
are significantly depleted in IS0 (and 2H), by up to 7 %o (Fig. 3.6).
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The depleted groundwaters occur at depths ranging from 50 to 400 m, with the shallower
samples occurring in groundwater discharge areas. The distribution of these groundwater
types is clearly seen at the URL (Fig. 3.7) where the largest number of samples have been
obtained.

These results indicate that a pulse of cold-climate recharge, probably derived from Pleistocene
glacial events, is moving slowly through the intermediate depth flow system and, in some
cases, is now being discharged at the surface. Most of the deeper, more saline groundwaters
in the area are not significantly depleted in :H and IS0, and indicate that recharge occurred
during a mild to warm climate similar to modern conditions.

Carbon-14 data are available for groundwaters that have sufficient bicarbonate alkalinity, and
values as low as 3 PMC (percent modern carbon) have been obtained so far on brackish
waters at 270 m depth in FZ2 in the URL. These data are consistent with a Pleistocene age
for recharge of these groundwaters.

3.4 Discussion

The major ion compositions and H, C, and 0 isotopic data all indicate that groundwater
recharge occurs in upland areas, predominantly where bedrock is exposed, with relatively
rapid movement through the upper ~200 m of well-fractured granite to discharge locations in
adjacent lowland areas. Below this depth, groundwater movement is slower and occurs
mainly through a network of widely spaced fracture zones. Only a small proportion of the
shallow recharge water penetrates into this flow regime, as indicated by the absence of
'bomb-pulse' 3H in these waters.

The salinity (as Cl and SO., salts) of the groundwaters increases along the flow path and
where groundwaters are depleted in :H and I!l0, residence times may be at least 8 000 years.
Of note are the more saline groundwaters, at depths of 400-1000 m in the batholith, which
have 51S0 values similar to modern groundwater, yet underlie or are hydrogeologically
upstream of the 2H/lsO-depleted waters. The deep, saline groundwaters clearly recharged
during a warm climate similar to the modern ones but, because of their salinity and location
in the hydrogeological flow path, probably recharged prior to Pleistocene times (>106 years
ago). These long residence times are consistent with predictions of travel time from a
hydrogeological particle-tracking model derived from fracture permeabilities and hydraulic
head data (Gascoyne and Chan 1992).
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4. APPLICATION TO THE URL AREA

4.1 Current Status of Knowledge

Major ion and H, C, O isotopic data for groundwaters.. from depths of up to 1000 m in the
Lac du Bonnet granite, Manitoba, have shown an internally consistent geochemical evolution
along flow paths through the granite. Pockets of 3H- and IRO-depleted water at depths
between 50 and 400 m in the granite are interpreted as being groundwaters that recharged
during cold climates, probably the Pleistocene, at least 8000 years ago. Residence times of
> 106 years are indicated for saline groundwaters underlying the brackish Pleistocene recharge
waters. The combined use of geochemical and isotopic data has given important information
for developing and calibrating groundwater flow models for the URL area.

4.2 Hydrogeochemical Program Needs

The hydrogeochemical program at the URL and in the Lac du Bonnet granite batholith has
given a detailed characterization and interpretation of groundwater compositions and their
relationship to depth and location in the hydrogeological flow path. However, a complete
understanding of the source of salts in groundwaters in the Lac du Bonnet granite has not yet
been achieved due, in part, to the complexity of the hydrogeological flow paths and the
number of potential sources of dissolved salts that occur in this location on the Canadian
Shield. The proximity of the batholith to the sedimentary Palaeozoic rocks of the Western
Canada Sedimentary Basin clearly suggest that Na-Cl brines in these rocks may have entered
the granite through transecting fractures under previous hydrogeological conditions.
Alternatively, brines may have entered the granite at times when the sedimentary rocks
overlay the batholith, extending as far as the Hudson Bay lowlands to the northeast.

It is not clear how these fluids have interacted with granite over time, to what extent, and
whether some fracture zones were more isolated from this fluid incursion than others. The
dissolved salts and the groundwater itself clearly have different residence times in the granite,
and further isotopic data are needed to better resolve the contribution of the granite, basin
brines, and the recharge-discharge cycle to the variation of groundwater compositions seen in
the batholith.

4.3 Sampling Methods

The sampling methodology to be used at the URL will be that currently in use by AECL's
Hydrogeochemical Section, and has been described by Ross and Gascoyne (1995). Briefly,
they consist of two main approaches: 1) the use of slim-line down-borehole pumps to obtain
groundwater from boreholes collared at the surface and completed with either Westbay casing
or a multi-level piezometer casing system, and 2) opening of valves that access permeable
zones in boreholes drilled from the URL facility and using the natural hydrostatic pressure to
obtain groundwater samples. Procedural methods for each of these approaches are given by
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Ross and Hawton (1995) and Ross (1993). respectively.

All groundwater samples will be filtered though 0.45 jam filters (if required for the analysis to
be performed). A summary of the samples normally obtained by AECL, the volumes taken
and the filtration and preservation requirements is given in Table 4.1. To support the detailed
isotope study at URL, many of the samples in Table 4.1 (e.g., Anions, Cations, Environmental
Isotopes) will be taken at the same time as the samples for the isotope study, and analyzed by
AECL's standard procedures (Watson, 1994).

None of the samples require preservation by, for instance, acid, but the samples collected in
plastic bottles will be stored in the refrigerator, to l imit bacterial activity. Some samples (e.g.,
36C1, 129I) require considerable processing to obtain a sample that is easy to transport. The Ag
salts of these elements (i.e., AgCl, Agi) will be prepared either on-site in a mobile laboratory
or at Whiteshell Laboratories (WL) before shipping to Chalk River Laboratories for analysis.
Techniques have already been tested and used at WL to extract Cl and I from groundwaters
for isotopic analysis (Watson 1994; Gascoyne unpub. data). These will be tested and refined
to give high-purity sources suitable for AMS measurements without further treatment.



84

Table 4.1:

SAMPLE

Summary of samples taken and analyses made in AECL's hydrogeochemical
program.

SPECIES/ CONTAINER VOLUME FILTERED PRESERVATION ANALYTICAL
ELEMENT METHODS' METHODS2

ANIONS

CATIONS

TRACE ELEMENTS

DISSOLVED
ORGANIC CARBON

COLLOIDS

ENVIRONMENTAL
ISOTOPES

CARBON ISOTOPES

SULPHUR
ISOTOPES

HALOGEN
ISOTOPES

STRONTIUM
ISOTOPES

URANIUM AND
RADIUM ISOTOPES

RADON

DISSOLVED GASES

DISSOLVED INERT
GASES

1. PC
2. 1C

1CPS
AAS
(A)MS
LSC
AS

HCO,,S04,C1, Plastic
Br,F,N03,I

Na,Ca,Mg,K, Plastic
Sr,Si,B

Li,Fe,Mn,V, Plastic
Al + others

organic C Glass

Colloidal Plastic
fractions

2H,3H,IRO; 'H Plastic
(enriched) Glass

13C, 14C Plastic

SI8O4,
JJ.SO4 Plaslic

36C1, I2"I Plastic

87Sr/S6Sr Plastic

U^'U/'^U, Plastic
"6Ra

222Rn Glass Vial

H,,He,Oj,N,, Steel Cylinder
CO,,CH4,Ar,

"H,S
He,'Hc/4He, Copper Tube
Ne isotopes

250 mL

125 mL

125 mL

125 mL

50 L

125 mL
1 L

4-100 L

1-4 L

1-4L

250 mL

1-4 L

8 mL

50 mL

10 mL

Yes Refrigerate (4°C)

Yes 4 mL/L HCI

Yes 8 mL/L HNO,

Yes Refrigerate (Ag)

No N, Purge

Yes None
Yes

No None
PC,BaC03,PC,

NaOH

Yes None
PC.ion exchange or

BaSO4

Yes None
PC,AgCl, PC,
ion exchange

Yes 8 mL/L HNO,

Yes 8 mL/L HNO,

No None

No None

No None

Titration, 1C,
Colorimetry

ICPS, Flame AAS

ICPS
Colormetry

Infrared Analyser

Tangential Flow

MS,LSC,
Electrolysis

+ LSC

MS
LSC
AMS

MS

AMS

MS

AS

LSC

MS

MS

= I'reconcentration lolloxved by method used
= Ion Chromatography
= Inductively Coupled Plasma Spectrometry
= Atomic Absorption Spectrometry
= (Accelerator) Mass Spectrometry
= Liquid Scintillation Counting
= Alpha Spectrometry
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5. SUMMARY AND CONCLUSIONS

This review has summarized the various isotopic methods that are currently used in
hydrogeological research, and has examined and discussed new and recently developed
methods (3H/3He, 3He/4He, 2IN/"Ne, "B/'°B, 6Li/7Li, 36C1/C1 and I:9I/I) that are able to add to
this research. To test these methods in groundwater flow systems of fractured igneous rocks,
the well-characterized hydrogeological region of the Underground Research Laboratory in
Manitoba has been selected for a program of groundwater sampling and analysis.

It is expected that 3H-3He data will help in more clearly delineating areas where recharge
penetrates to considerable depth over a relatively short time period, and possibly help indicate
the presence and location of groundwater recharged -30 years ago with a strong 'bomb' 3H
signal, a characteristic that has yet to be identified in URL area groundwaters. Results of
36C1/C1 and 129I/I analyses will be compared with these interpretations, to lend support to them
in identifying recent recharge, to identify older recharge waters, and to assist in understanding
the process of uptake of salts from the host rock. The 3H-3He data, coupled with
environmental isotopic results, will permit a better correlation of calculated groundwater 'ages'
(residence times) between the various dating methods, and allow models of 4He age dating to
be tested and modified for the situation of the URL. The He-Ne concentration data should
also allow the calculation of paleorecharge temperatures which, in turn, can be correlated with
the dating results. Finally, the B and Li isotopic results will be obtained for the first time on
Lac du Bonnet granite groundwaters, and may permit new insights to the sources of salts, and
help to resolve the question of origin of the saline fluids in deep fracture zones in the
batholith.

Upon its completion, the isotope hydrogeology study at the URL should provide one of the
most detailed examples in modern scientific literature of how isotopic and chemical
techniques can be used to characterize and understand a groundwater flow system in fractured
igneous rock.
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