Author's copy, original version published in Earth Planet. Sci. Lett., 2003

Available online at www.sciencedirect.com

sc.ENCE@D.“w EPSL

. S
ELSEVIER Earth and Planetary Science Letters 211 (2003) 237-250

www.elsevier.com/locate/epsl

A comparison of groundwater dating with 3'Kr, 3CI and “He
in four wells of the Great Artesian Basin, Australia

B.E. Lehmann®*, A. Love®, R. Purtschert?, P. Collon®, H.H. Loosli?,
W. Kutschera®, U. Beyerle®4, W. Aeschbach-Hertigd,. R. Kipfer d’e,.
S.K. Frape®, A. Herczeg®, J. Moran®, I.LN. Tolstikhin!, M. Groning/

& Physics Institute, University of Bern, Sidlerstr. 5, CH-3012 Bern, Switzerland
5 Department of Water, Land and Biodiversity Conservation (DWLBC), South Australia, Adelaide, SA, Australia
¢ Institute for Isotope Research and Nuclear Physics, University of Vienna, Vienna, Austria
4" Swiss Federal Institute of Environmental Science and Technology, Diibendorf, Switzerland
¢ Isotope Geology, Swiss Federal Institute of Technology, ETH, Ziirich, Switzerland
f University of Waterloo, Institute for Groundwater Research, Waterloo, ON, Canada
& CSIRO Land and Water, Adelaide, SA, Australia
b Lawrence Livermore National Laboratory, Livermore, CA 94550, USA
U Geological Institute, Kola Scientific Centre, Russian Academy of Sciences, Apatity, Russia
i Isotope Hydrology Section, IAEA, Vienna, Austria

Received 29 May 2002; received in revised form 11 March 2003; accepted 7 April 2003

Abstract

The isotopic ratios 8 Kr/Kr and *CI/Cl and the “*He concentrations measured in groundwater from four artesian
wells in the western part of the Great Artesian Basin (GAB) in Australia are discussed. Based on radioactive decay
along a water flow path the 3/ Kr/Kr ratios are directly converted to groundwater residence times. Results are in a
range of 225-400 kyr with error bars in the order of 15% primarily due to counting statistics in the cyclotron
accelerator mass spectrometer measurement. Additional uncertainties from subsurface production and/or exchange
with stagnant porewaters in the confining shales appear to be of the same order of magnitude. These 8'Kr ages are
then used to calibrate the 3°Cl and the “*He dating methods. Based on elemental analyses of rock samples from the
sandstone aquifer as well as from the confining Bulldog shale the in situ flux of thermal neutrons and the
corresponding *He/*He and 3°Cl/Cl ratios are calculated. From a comparison of: (i) the *He/*He ratios measured in
the groundwater samples with the calculated in situ ratios in rocks and (ii) the measured &°’Cl ratios with the *He
concentrations measured in groundwater it is concluded that both helium and chloride are most likely added to the
aquifer from sources in the stagnant porewaters of the confining shale by diffusion and/or mixing. Based on this
‘working hypothesis’ the *Cl transport equation in groundwater is solved taking into account: (i) radioactive decay,
(i) subsurface production in the sandstone aquifer (with an in situ 3Cl/Cl ratio of 6Xx107"%) and (iii) addition of
chloride from a source in the confining shale (with a 3*Cl/CI ratio of 13X 1071). Lacking better information it is
assumed that the chloride concentration increased linearly with time from an (unknown) initial value C; to its
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measured present value C= Ci+C,, where C, represents the (unknown) amount of chloride added from subsurface
sources. Using the 8'Kr ages of the four groundwater samples and a reasonable initial **Cl/Cl ratio of 125X 10713,
which is consistent with other studies in this part of the GAB, it is then possible to determine (C;,C,) parameter sets
for all four samples and consequently to simulate the Cl and the **Cl evolution with time. Strong evidence that the
whole procedure is adequate comes from: (i) a comparison of C; with the calculated noble gas recharge temperatures
(NGRT) indicating that a higher NGRT is related to higher input chloride concentrations C; (because of higher
evapotranspiration) and (ii) a comparison of C, with the measured *He concentration confirming the idea that both
chloride and helium are added to the groundwater in parallel. It turns out that the four samples fall into two groups:
(i) for two of the samples (Raspberry Creek and Oodnadatta) initial 3°Cl concentrations are high and **Cl dating
based on radioactive decay is possible. The “He accumulation rate for these two samples is low (0.2Xx 1071 cm? STP
“He/(cm? water yr)); (i) for the other two samples (Duck Hole and Watson Creek) the initial *Cl concentration is
low and therefore subsurface processes dominate resulting in almost constant 3Cl concentrations with time; 3¢Cl
groundwater dating is not possible. The “He accumulation rate for these two samples is about 10 times higher

(1.9x107'° ¢cm® STP “He/(cm® water yr)). '?°1 concentrations are interpreted as a simple mixing between an

atmospheric and a subsurface source.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The concentrations of the two naturally occur-
ring radionuclides 8'Kr (half-life 229 kyr) and
3C1 (half-life 301 kyr), produced by cosmic rays
in the atmosphere and present in surface waters,
are expected to decrease in groundwater along a
water flow line due to radioactive decay. In paral-
lel, “He concentrations generally increase due to
the accumulation of helium generated in the nat-
ural decay series of uranium and thorium in
rocks. Groundwater dating is possible if the input
values at recharge (3'Kr, 3°Cl) and/or the accumu-
lation rate (*He) in the subsurface are known.
However, other processes that could also change
isotope concentrations in groundwater (e.g. sub-
surface production, diffusive exchange with pore-
waters or mixing processes) also need to be quan-
tified.

Among the three nuclides, 8'Kr lends itself to
the most straightforward age interpretation be-
cause fewer assumptions are required. At the
same time it is by far the most difficult to analyse
due to the very low concentrations of <1000
atoms/l of water. Converting measured ¥ Kr/Kr
ratios into a groundwater age is comparatively
simple because: (i) the ratio in atmospheric air
is known and was most likely constant over the

past several hundred thousand years because the
atmosphere is the only important reservoir for Kr
and possible short-term fluctuations in the cosmic
ray production rate will therefore be averaged out
on such time scales, (ii) this input ratio into an
aquifer does in particular not depend on the cli-
matic conditions at the time of recharge and (iii)
subsurface production in rocks or groundwater is
small. In contrast, hydrogeologists working with
3%Cl always have to address the ‘initial value
problem’ [1] and in many cases, in particular in
deeper and more saline groundwaters, disentan-
gling the atmospheric *°Cl signal is difficult due
to subsurface production of 3°Cl by the
3Cl(n,y)*Cl reaction and transport from adjacent
aquifers or porewater reservoirs.

For helium it has been demonstrated that con-
centrations often increase with water residence
times (for a recent review see [2]), however, accu-
mulation rates in different aquifers vary or are not
known. In particular, a very small admixture of
ancient groundwater with an extremely high con-
centration of “He can drastically change the “He
concentration along a water flow path. Conse-
quently, “He groundwater dating is generally con-
sidered to be a ‘semi-quantitative’ method only.

In this work we present for the first time a
complete set of data for all three isotopes from
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groundwaters sampled from four wells in the
Great Artesian Basin (GAB) in Australia. This
enables a comparison of possibilities and limita-
tions of the different nuclides in dating old
groundwaters.

2. Field work

A 3'Kr sampling campaign was organised in
January 1998 by researchers from the Department
of Water, Land and Biodiversity Conservation of
South Australia (DWLBC) in Adelaide as part of
a Coordinated Research Program (‘Isotope Tech-
niques for the Assessment of Slow Moving Deep
Groundwaters’) of the International Atomic En-
ergy Agency (IAEA) in Vienna, Austria. Water
degassing equipment of the University of Bern,
Switzerland, was used to extract gases from water
samples of 16000 litres each at four wells in the
western part of the GAB some 1200 km northwest
of Adelaide. Krypton gas was separated from the
extracted gases at the Physics Institute in Bern,
and 3'Kr/Kr ratios were measured at the Michi-
gan State University (MSU) Cyclotron by a group
from the Institute for Isotope Research and Nu-
clear Physics in Vienna. Details of the analytical
procedure have been reported by Collon et al. [3].

Three of the four wells (Oodnadatta (OD),
Duck Hole (DH), Watson Creek (WC)) were se-
lected based on earlier 3°Cl data [4] which indi-
cated ages in the dating range of the 8'Kr tech-
nique (approx. 50-700 kyr). Furthermore, by
sampling from artesian wells, contamination
with modern atmospheric air during the field de-

gassing operation can be minimised. Due to diffi-
cult road conditions in the area it was not possi-
ble to sample additional wells along the northern
transect investigated by Love et al. [4] as was
planned. Instead, a fourth well (Raspberry Creek
(RC)) was selected further to the southwest. No
map and no hydrogeological cross-section are in-
cluded in this work because it is the key purpose
of this contribution to discuss how much one can
learn about groundwater residence times from a
set of isotope data without a hydrodynamic mod-
el of the area. The locations of the wells together
with additional relevant data of the field sampling
are summarised in Table 1.

All wells tap the well-known J-K aquifer in a
sandstone of the GAB which is confined by some
200-400 m of overlying ‘Bulldog shale’ acting as
an aquitard. Rock samples from both units were
made available for elemental and noble gas anal-
yses after the field trip by DWLBC. For a more
detailed description of the local hydrogeological
situation we refer to [4].

3. Data

After the field campaign samples were shipped
to the various laboratories in the different coun-
tries. Table 2 summarises all available isotope
data of the four groundwater samples and Table
3 those of nine rock samples from the sandstone
of the aquifer and from the confining Bulldog
shale. The analyses were made in the following
laboratories (number in parentheses refers to the
parameter number in Table 2):

Table 1
Well data from samples collected in the western margin of the GAB

RC OD DH wC
Longitude (°E) 135.08 135.44 136.09 135.95
Latitude (°S) 28.12 27.55 27.61 27.73
Well depth (m) 126.8 478.84 250.8 289
Sample date 18.01.98 14.01.98 20.01.98 19.01.98
Water temperature (°C) 29.6 45 36.1 38
Pressure (kPa) 155 74 440 182
Use of well stock town water supply stock stock
Discharge low continuous low low

All four wells are artesian.
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measured at the Swiss Federal Institute of En-

1. Long-lived radionuclides

$IKr/Kr (#18) at the National Superconduct-
ing Cyclotron Laboratory at Michigan State
University; 3°CI/CI (#9) at the Department of
Nuclear Physics of the Australian National
University in Canberra; '2I/1 (#24) at Law-
rence Livermore National Laboratory.

From the respective concentrations of the sta-
ble isotopes krypton (#20, Swiss Federal Insti-
tute of Environmental Science and Technol-
ogy), chloride (#10, University of Waterloo,
Ontario) and iodide (#25, Lawrence Livermore
National Laboratory) the atomic concentra-
tions of 3 Kr (#21), 3°Cl (#11) and '°1 (#26)
in groundwater were calculated.

Stable noble gas isotopes

“He (#4) and “°Ar (#15) concentrations were

vironmental Science and Technology together
with the ratios *He/*He (#5) and “°Ar/**Ar
(#16). From these data the *He concentration
(#3) and the fraction of radiogenic *°Ar (#17)
were calculated.

3. Additional isotope data

87Cl (#12) was measured at the University of
Waterloo, Ontario; *’Ar (#13), ¥Ar (#14) and
8Kr (#23) at the Physics Institute in Bern; 4C
(#7) and 83C (#6) at CSIRO in Adelaide;
tritium 3H (#2) as well as the stable isotope
ratios 8H (#1) and 880 (#8) at the Isotope
Hydrology Section of the IAEA in Vienna and
22Rn (#27) at CSIRO in Adelaide.
Table 2 further shows the calculated 8'Kr age
(#22) based on radioactive decay only and the

Table 2
Isotope concentrations and ratios measured in the four groundwater samples (see text for details)

Factor RC OD DH wC
1 &H (%) —46.3 —50.7 —46.0 —46.3 m—
2 SH (TU) 0.05 0.01 m—
3 3He (cc/g water) E—-13 1.55 (3.0) 3.40 (1.9) 7.68 (1.4) 12.0 (2.5) ct
4 “*He (cc/g water) E—5 0.42 (0.9) 1.19 (0.8) 5.37 (0.8) 7.75 (0.9) m+
5 3He/*He (atomic ratio) E-8 3.70 (2.9) 2.86 (1.7) 1.43 (1.1) 1.55 (2.3) m+
6 8C (%0) —11.6 —11.0 m—
7 C (pmC) 2.0 1.7 m—
8 380 (%) —5.93 —6.56 —6.33 —6.33 m—
9  36CI/CI (atomic ratio) E-15 66 (8) 55(7) 19 (11) 19 (11) m+
10 Cl (mg/l water) 1250 676 848 1040 m+
11 3°Cl (atoms/] water) E+8 14.0 6.3 2.7 34 ct
12 87Cl (%o) —0.10 —0.26 —1.35 —1.56 m+
13 ¥Ar (dpm/l Ar) 0.007 (57) m—
14 ¥Ar (% modern) <4 22 (14) 11 (18) <8 m—
15  Ar (cc/g water) E—4 2.83 (1.1) 3.69 (1.0) 3.41 (1.0) 3.31 (1.1) m+
16 “Ar/%Ar (atomic ratio) 295.73 (0.14) 295.89 (0.06) 296.92 (0.09) 297.65 (0.19) m+
17 “°Ar-rad (cc/g water) E-7 2.2 (180) 4.9 (45) 16 (19) 24 (26) ct
18 S$'Kr/Kr (atomic ratio) E—13 2.63 (12.2) 1.78 (14.6) 2.19 (12.8) 1.54 (14.3) m+
19 3 Kr/Kr (% modern) 50.6 34.2 42.1 29.6 ct+
20 Kr (cc/g water) E—8 6.0 7.3 7.0 6.8 m+
21 3Kr (atoms/l water) 420 350 410 280 c+
22 81Kr age (kyr) 225 354 287 402 ct+
23 Kr (dpm/cc Kr) 42 (14) 1.4 (29) m—
24 1211 (atomic ratio) E—13 6.7 6.3 4.6 7.6 m+
25 I (mg/l) 0.76 0.49 0.51 0.55 m+
26 12T (atoms/l water) E+6 2.4 1.5 1.1 2.0 ct
27 222Rn (Bg/l water) 15.8 10.4 6.50 6.73 m—
28 NGRT (°C) 27.1 (3.0) 24.1 (5.8) 22.8 (4.0) 23.3 (4.3) ct

Values in parentheses are relative errors in per cent. Last column indicates measured values (m), calculated values (c), data dis-
cussed in this study (+) and data that were added for completeness but will not be discussed (—).
dpm is decays per minute; pmC is per cent modern carbon.
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Table 3
Isotope concentrations and ratios measured in rock samples and calculated K/Ar age ¢
1 2 3 4 5 6 7 8 9
RC oD OD oD OD DH DH DH DH
sandstone sandstone sandstone shale shale shale shale shale shale
Depth (m) 104 425 429 275 366 200 202 241 244
U (ppm) 0.78 0.85 0.72 2.5 2.1 2.1 2.2 1.9 1.5
Th (ppm) 44 8.2 5.3 11 9.6 9.9 11.2 14.3 14.6
K (%) 0.83 0.97 0.87 1.7 1.5 1.4 1.4 1.1 1.4
Li (ppm) 6.1 12.4 8.4 54 30 35 36 28 24
“He (cclg) 5.0E—07 2.1E—06 1.0E—06 2.1E-06  3.0E—05 1.7E-05 2.0E—05 2.6E—05
3He/*He <1E-08 2.2E—08 4.3E—08 3.9E—08 3.2E—08 3.0E—09 3.7E—08 1.6E—08
YOAr (cclg) 6.7E—05 1.9E—-05  2.0E—05 1.SE-05 2.0E—-05 2.3E—-05 2.0E—05 2.2E—05
OAr/Ar 5030 1930 5870 3050 5210 13000 6580 5410
t Ma) 1390 390 520 200 320 400 350 490

noble gas recharge temperature (NGRT) [5,6]
(#28, Swiss Federal Institute of Environmental
Science and Technology) for which additional
noble gas data (Ne, Xe) were used (not listed
in Table 2). All data from rocks in Table 3
are from the Geological Institute in Apatity,
Russia.

4. Subsurface production of radionuclides

Based on the available U, Th and K concentra-
tions in rock it is easy to calculate the in situ *He
and “Ar production rates. Using the concentra-
tions of all the other elements (based on rock
analyses performed at Activation Laboratories
Ltd in Canada) one can also estimate the flux

@, of thermal neutrons in the respective rock for-
mations and consequently the in situ *Cl/Cl and
3He/*He ratios [7]. Subsurface production of ' Kr
by spontaneous fission of 2®U is expected to be
small based on estimates of the independent fis-
sion yield. However, such estimates have not been
confirmed by field data up to now. The measured
8Kr/Kr ratios in GAB groundwaters down to
30% of the atmospheric value for the first time
demonstrate that 8'Kr subsurface production in-
deed must be small.

Nine rock samples were available for elemental
analysis. Table 4 lists the average U, Th, K and Li
concentrations for both formations (calculated
from the data in Table 3) together with the calcu-
lated fluxes of thermal neutrons, the in situ °Cl/
Cl ratios, the *He, *He and “’Ar production rates

Table 4
Average measured U, Th, K and Li concentrations for sandstone and shale

Sandstone Shale
U (ppm) 0.78 2.0
Th (ppm) 6.0 12
K (%) 0.89 1.4
Li (ppm) 9.0 34
n flux (n/cm? s) 1.3E—05 2.9E—05
3%CI/CI (ratio) 6.0E—15 1.3E—14
3He production (cc STP/cm? rock yr) 2.2E-21 1.9E—20
4He production (cc STP/cm?® rock yr) 6.9E—13 1.5E—12
40Ar production (cc STP/cm® rock yr) 9.2E—14 1.5E—13
3He/*He production ratio 3.2E—09 1.2E—08
4He/*Ar production ratio 7.5 10.4

Calculated thermal neutron flux, in situ production rates and ratios.
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and the corresponding *He/*He and “He/*°Ar
production ratios.

5. 81Kr ages

The 8'Kr isotope with a half-life of 229000
years has several unique advantages for dating
old groundwaters as already listed in Section 1.
After the first measurement in atmospheric air by
low level decay counting [8] efforts to develop a
routine analytical tool include both laser-based
optical techniques [9-14] as well as accelerator
mass spectrometry [15,16]. Most of these efforts
are still in progress and a routine analytical fa-
cility is currently not available.

In a first attempt one can calculate ¥'Kr
groundwater residence times simply by using the
exponential law for radioactive decay ignoring
other possible processes that might affect the
81Kr/Kr ratio in the subsurface. According to
this approach the groundwaters sampled at Rasp-
berry Creek, Oodnadatta, Duck Hole and Watson
Creek are 225142, 354+ 50, 287£38 and 402+
51 kyr old, respectively. The uncertainty in the
calculated groundwater age is about 10-20% be-
cause of the analytical error in this first 3/ Kr mea-
surement using cyclotron accelerator mass spec-
trometry.

Other processes that might change the isotopic
concentration in the aquifer include subsurface
production (by spontaneous fission of 2¥U) and
exchange or mixing with the porewaters of the
confining shale. In Fig. 1 we quantify such effects
using a simple numerical diffusive-advective
transport model. The lowest curve is for a situa-
tion where 8'Kr is lost from the aquifer to the
porewaters of the shale by diffusion because a
81Kr gradient between the groundwater and the
porewater would exist if there is absolutely no
subsurface production of 3 Kr. We assume a dif-
fusion coefficient of D=2x10""" m?/s for this
situation, a value which is slightly lower than
was observed for He diffusion in porewaters of
a shale [17]. Note that a characteristic diffusion
length is only about x=16 m in a time interval of
400 kyr estimated from x=(Dr)'/?> under these
conditions. The calculated ages based on decay

6.0E-13
5.0E-13 5
° R
£ 40E-13 N
5 ‘\'\\
> 30E-13 . =
§ RC \~\I—ﬁ“-\\ _
X 20E-13 S - ST
> DH \05‘ =
1.0E-13 IV N
we| ~--~
0.0E+00
0 100 200 300 400 500

Time (ky)

Fig. 1. 8'Kr/Kr ratio vs time. Solid line: calculated decrease
of the ratio based on radioactive decay only; lower dashed
line: calculated decrease of the ratio based on radioactive de-
cay and additional diffusive loss to the porewaters of the
confining Bulldog shale; upper dashed line: calculated de-
crease of the ratio based on radioactive decay and taking
into account a possible input of 3!Kr from a subsurface
source in the confining Bulldog shale.

only (circles) would then overestimate the ground-
water age.

In contrast, decay ages would underestimate
the true groundwater age when 8'Kr is produced
in the subsurface (highest curve in Fig. 1). From
the fact that the measured ¥ Kr/Kr ratio is at a
level of 30% of the atmospheric input ratio at
recharge, high production rates can be excluded
for 3'Kr. At most 0.7 atoms of 8'Kr per m? of
water per year can be added to the groundwater.

Overall, we conclude that the systematic uncer-
tainty caused by processes other than radioactive
decay for the age range of our four samples ap-
pears to be in the order of about 20%, not much
larger than the current analytical error. We there-
fore are not in a position to discuss in more detail
such processes with the present small set of data.
For the following discussions we use the calcu-
lated 8'Kr ages based on radioactive decay only
as given above (circles in Fig. 1).

6. “He dating

As observed in various studies before [2] “He
concentrations in an aquifer often increase with
time; however, rates are variable and depend on
the importance of exchange and mixing processes.
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Fig. 2. Measured “He concentrations vs calculated ®'Kr age.
Two trend lines indicate maximum and minimum helium ac-
cumulation rates.

For our four samples for the first time a calibra-
tion is possible using 3'Kr. In Fig. 2 the *He con-
centrations are plotted vs the 8'Kr ages. Obvi-
ously, different accumulation rates result of
about 1.9x107'% cc STP/(cm® water yr) (for
Duck Hole and Watson Creek) and 0.2x 1070
cc STP/(cm?® water yr) (for Raspberry Creek and
Oodnadatta).

The “He production rate in sandstone of
6.9x 10713 cm?® STP/(cm? rock yr) (Table 4) mul-
tiplied with a groundwater flow time of e.g. 400
kyr would only yield 2.8 X107¢ cm?® STP “He/
(cm?® water) providing complete transfer from
rock to the corresponding volume of water (as-
suming an average porosity of 10%). For the sam-
ple from Watson Creek this would be a contribu-
tion of only about 4%. Obviously, in situ
production of helium in the aquifer is too small;
external sources must exist. By comparing the
measured *He and “He concentrations in the
four groundwater samples to the calculated in
situ *He/*He production ratio (Fig. 3) it appears
very likely that the source of the extra helium is
located in the rocks and porewaters of the Bull-

Table 5

1.4E-12
12E42 |
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b DH / shale

o BO0E-13 | -

1

€ 60E-13 {— i L/
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2.0E-13 [ Zagin sandstone
0.0E+00 |

0.E+00 2.E-05 4E-05 6E-05 B8E-05 1.E-04
Helium-4 (cc/g)
Fig. 3. Measured concentrations of *He and *He in the four
groundwater samples. Upper straight line: *He/*He in situ

production ratio in shale; lower straight line: *He/*He in
situ production ratio in sandstone (from Table 4).

dog shale. A very similar situation was observed
in the Molasse basin in Northern Switzerland [18]
where shale sections in a sedimentary core were
identified as the major source of helium isotopes
in groundwater of an adjacent sandstone aquifer.

7. 3Cl dating

For some 20 years °Cl has been used to study
groundwater movement over time scales of several
hundred thousand years. A number of researchers
have addressed the potential and possible limita-
tions of a Cl dating technique [19-24]; most
recently in [25]. In many situations it is possible
to disentangle all the various interfering processes.
However, evolutionary scenarios which cannot
unambiguously be reduced to one consistent pic-
ture sometimes result and 3°Cl dating might only
be possible for successive samples along a reason-
able water flow path [4].

With the present set of data we have for the
first time the unique opportunity to calibrate
3%Cl data by 8'Kr ages. As will be shown the

Input chloride concentrations C; consistent with the calculated 3'Kr age and the measured 3°Cl concentration (assuming
R;=125%107") and the corresponding calculated fraction C, of chloride from subsurface sources

oD DH wC
C; (mg/l) 1047 624 119 206
C, (mg/l) 213 52 729 834
C=C+C, (mgll) 1260 676 848 1040
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four samples happen to cover the full range of
uncertainties that possibly can limit the 3°Cl tech-
nique. Two of the samples can be dated by *Cl
using radioactive decay, for the other two subsur-
face processes dominate. Furthermore, large var-
iations in the input values over such long time
scales clearly need to be considered.

The 3°Cl concentration in groundwater de-
creases with time due to radioactive decay as the
water moves downstream from the recharge area
into an aquifer. At the same time, 3°Cl atoms
might also be added: (i) by in situ production in
the aquifer during the travel time of the ground-
water as a result of the 3Cl(n,y)*°Cl reaction
when thermal neutrons are captured by stable
3Cl atoms in dissolved chloride or (ii) by trans-
port of 3°Cl from external sources where over
time intervals longer than a few half-lives the
same nuclear reaction produced equilibrium
3CI/CI ratios in the respective geologic forma-
tions [21].

In Section 6 it was argued that the source of
extra helium most likely is in the porewaters of
the shale aquitard (Fig. 3). The same conclusion is
drawn for chloride from the trend observed in a
plot of 8*'Cl vs *He (Fig. 4). Low &°’Cl values of
—1.95%0 were found in rocks from the Bulldog
shale (Frape, personal communication). Helium
and chloride both appear to be transported to
the GAB groundwaters from the confining shales.

The actual measured chloride concentration
C(?) in groundwater is generally higher than the
input concentration C; by an amount C, added

0.0 e RC I
-0.2 \ oD ;
-0.4 \\ t
-0.6 :
-0.8 \ |
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Fig. 4. 87Cl vs *He measured in the four groundwater sam-
ples with calculated trend line.

from subsurface sources. However, there is usu-
ally no information about the details of the tem-
poral evolution of the chloride concentration for a
given groundwater sample. For a simple approach
we postulate that the chloride concentration in-
creased linearly with time according to:

Ct)=Ci+Cy =Ci+ kt (1)

The in situ 3*Cl/Cl atomic ratios have been cal-
culated based on elemental analyses of the respec-
tive rocks (Table 4):

Rpate = 13X 10715 =30CI/CI atomic ratio in sec-
ular equilibrium with the neutron flux in shale

Reang = 6X 10713 =30CI/CI atomic ratio in secu-
lar equilibrium with the neutron flux in sandstone

The temporal evolution of the 3*Cl concentra-
tion in groundwater is then controlled by:

dN36/d[ = —)LN36(Z) + akRsnate+
A Ryna(Ci + ki) (2)

(rate of change = radioactive decay+addition from
shale+in situ production in sandstone), N3¢ =
number of 3°Cl atoms per litre of water, A= decay
constant for °Cl=2.3x10"%/yr, C;=initial chlo-
ride concentration in water entering the aquifer
(mg/l), k=rate of chloride increase [(mg/l)/yr].

The constant (¢=0.017 mg~!) converts the
units such that the value for Nig results in 10°
atoms per litre of water, when C is entered in
mg/l and R in units of 10713, (One litre of water
with e.g. C=500 mg/l of chloride and R=100X
10715 contains Nis = @RC=850%10° atoms of
36C1).

The following numerical example illustrates the
relative importance of the various contributions.

During a time interval of 5 kyr a sample that
at time 7 contains a chloride concentration of 600
mg/l and a *°Cl concentration of 600 X 10° atoms/l
(equivalent to a ¢Cl/Cl ratio of 59x1071%) will
lose 6.91 X 10° atoms/I of *Cl by decay (first term
of the equation), will gain 0.38 x 10° 3°Cl atoms/l
from the shale (using a value of £=0.34 mg/
(1 kyr) in the second term of the equation) and
will gain 0.71 X 10° 3°CI atoms/1 by in situ produc-
tion in the sandstone aquifer (third term of the
equation). Overall a net loss of 5.82%10° 3¢Cl
atoms/l would result in this situation during a
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Fig. 5. Range of acceptable parameters for the °Cl input
values (R;,C;) which are compatible with the $'Kr age ac-
cording to Eq. 3. The four circles mark the best values for
the four groundwater samples (centred between the respective
two curves which represent the analytical uncertainty of the
81Kr data and for a selected representative input ratio R; of
125x 10715 for all four samples).

5 kyr time interval illustrating that radioactive
decay is more important than addition or in-
growth of 3Cl.

As mentioned earlier, it turns out that for two
of our four samples such a situation is realised;
for the two other samples subsurface processes
dominate the *Cl evolution as will now be
shown.

The solution of Eq. 2 with a 3°Cl input to the
aquifer of N36(0) = aR;C; is:

N36(1) = at[RiC; + Roanakt—A(1—e 1) (3)

where A4 :(Ri_Rsand)Ci_(Rshale_Rsand)(k//’L) and
R; =initial *Cl/Cl atomic ratio at recharge.

By inserting the measured value for Ns3e(ts))
as well as the calculated ratios Rgpale and Rgnd
into Eq. 3 one is left with a mathematical func-
tion which makes it possible to calculate pairs of
parameters (R;,C;) for the °Cl input into the
aquifer which are consistent with the 3'Kr age
of the sample and the measured 3°Cl concentra-
tion. Note that k can be calculated from k=
(C(t31)— Cy)/tg; according to the postulated linear
increase of the chloride concentration with time
from Eq. 1.

Acceptable pairs (R;,C;) for each sample must
lie in the respective band marked by the two lines
for each of the four samples in Fig. 5. The upper

and lower curves of a band represent the range of

uncertainty caused by the analytical error in the

$Kr measurement.

In the next step a reasonable initial **Cl/CI ra-
tio R; must be selected. It is determined by three
factors according to R; = F3¢/(PCp), namely:

1. the fall-out rate F3¢ of *°Cl atoms by dry and/
or wet deposition which depends on the cosmic
ray production rate and its variations due to
e.g. a variable magnetic field intensity and at-
mospheric distribution patterns (stratosphere/
troposphere exchange, tropospheric circula-
tion)

2. the annual precipitation P which over such long
time scales might have been affected by cli-
matic changes

3. the chloride concentration C, in precipitation
which is essentially controlled by the distance
to the seashore. All these factors are known to
be variable; however, some of the variations
might cancel or will be partially smoothed
out by dispersion in the aquifer.

Love et al. [4] use an initial 3*CI/Cl ratio of
R;=(125£10)x 10~ based on measurements on
selected young samples in the unconfined part of
this aquifer where an anthropogenic component
can be ruled out. As a working hypothesis we
postulate that this same value of R; is representa-
tive for all four of our samples. The correspond-
ing band parallel to the horizontal axis in Fig. 5
determines those input chloride concentrations C;
to the aquifer which are in accordance with the
81Kr age. Obviously very different numerical val-
ues result for our four samples (range: 120-1050
mg/l).

In their analysis of **Cl data Love et al. [4] also
estimated the numerical values for other relevant
input parameters in this part of the GAB:

P =annual precipitation =200 mm/yr (=200 1/
(m? yr))

Cp, =average chloride concentration in precipi-
tation = 0.625 mg/l.

The product represents the annual deposition
of Cl onto the land surface:

PC,=200%0.625=125 mg Cl/(m? yr)=6.7X
10'3 stable Cl atoms/(m? s).

By multiplying with the best estimate of the
initial °Cl/Cl ratio of R;=(125+10)x107" a
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Fig. 6. Simulated temporal evolution of the chloride (A) and
the 3°Cl concentrations (B). Circles represent measured val-
ues in the four groundwater samples.

3Cl flux to the land surface in the recharge region
of F35=28.4 3°Cl atoms/(m? s) results.

For the actual recharge into the aquifer the
authors propose a value of 0.16 £0.08 mm/yr, a
fraction of only 0.08% of the annual precipitation.
Obviously, evapotranspiration in this arid area is
extremely high. Consequently, the initial chloride
concentration Cj is high:

C;=(125 mg Cl/(m? yr))/(0.16 1/(m?> yr))=781
mg/l (min 520 mg/l, max 1560 mg/l, errors from
[4]) and high ¢Cl input concentrations result:

R;C:=1670x 10°3Cl atoms/l of water.

For two of the four samples (Raspberry Creek
and Oodnadatta) their analysis is not in conflict
with the 8 Kr dating of this work. For the other
two samples, however (Duck Hole and Watson
Creek), acceptable input parameters for C; are

outside their estimated range; lower values obvi-
ously must be adopted. Rather small variations in
the magnitude of evapotranspiration through time
or even local differences between the respective
recharge areas would affect the input chloride
concentration C; to the aquifer.

In Table 5 our values for C; are listed that are
consistent with the 8'Kr ages (from Fig. 5). By
subtracting C; from the measured Cl concentra-
tion C(tg;) we calculate C,, the fraction of Cl
accumulated by each sample from sources in the
subsurface.

With these 3!Kr-derived input values C; for
chloride, the initial **Cl input concentrations can
be calculated (N35(0) = aR;C;) and the *°Cl evolu-
tion of the four samples be reconstructed: for two
of the four samples decay of atmospheric °Cl
dominates subsurface input; for the other two
the input *Cl concentration is low and the Cl
increase over time is substantial (Fig. 6A) and
therefore subsurface sources become equally im-
portant resulting in an almost constant 3*Cl con-
centration over time (Fig. 6B). Obviously °Cl
dating for those two samples is not possible.

8. Discussion

Strong evidence that the Cl and ¢Cl evolution
derived from ®'Kr decay ages are valid comes
from Figs. 7 and 8.

In Fig. 7 the input value Cj is plotted vs the
calculated NGRT (Table 3). Higher recharge tem-
peratures reflect higher rates of evapotranspira-
tion yielding higher Cl input concentrations. In
Fig. 8 the amount C, of chloride added from
subsurface sources is plotted vs the “He concen-
tration of the four samples. The correlation is in
agreement with Figs. 3 and 4 clearly pointing to a
common source of the two elements (the pore-
waters of the Bulldog shale). A representative
Cl/He atomic ratio for this source is about
7000:1 which is in a range found in other aquifers
[26].

Note that the higher “He accumulation rate in
Fig. 2 happens to be close to the value reported
by Torgerson et al. [27]. However, in contrast to
the hypothesis presented by these authors the
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model with a local reservoir of Cl and He in the
nearby stagnant porewaters does not need large-
scale helium transport.

In Fig. 9 the amount of radiogenic “°Ar is plot-
ted vs the “He concentration. The correlation in-
dicates that the two nuclides are added in parallel
to the groundwater samples. The two samples
where little Cl is added from subsurface sources
(RC, OD) have lower concentrations of “He and
of radiogenic “’Ar; the other two samples, where
subsurface Cl sources are stronger (DH, WC),
also have higher “He and “°Ar concentrations.
The “He/**Ary,q ratios of the four samples in-
crease from a value of about 20 to 33 which
may indicate that diffusion partly is responsible
for the addition of the two gases from shale;
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Fig. 8. 8'Kr—¢Cl-derived chloride concentration C, of sub-
surface origin vs measured concentration of radiogenic “He
with calculated trend line.
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Fig. 9. Calculated radiogenic “’Ar concentrations (based on
measured Ar concentrations and **Ar/*°Ar ratios) vs mea-
sured “He concentrations with calculated trend line.

the lighter element is more enriched in older sam-
ples.

The trend in Fig. 4 might be explained accord-
ingly: 3Cl diffuses faster from the shale to the
aquifer than *’Cl causing a decrease of the &7Cl
value in groundwater with time. Based on first
numerical estimates using a diffusive-advective
transport model we conclude, however, that dif-
fusion alone is not fast enough to supply enough
chloride in the time available.

9. Iodine-129

The isotope I has a half-life of 15.7 million
years. In the atmosphere it is mainly produced by
cosmic ray-induced spallation of xenon atoms
[20]. The initial pre-bomb '*’I/I ratio is in a range
of R;=(600-1000)x 10" based on theoretical
considerations which is supported by several field
studies. Values in a range of (1200-1500)x 10~
have been measured in pre-bomb marine sedi-
ments [28]. In the underground, subsurface pro-
duction by spontaneous fission of 2*U yields in
situ equilibrium ratios '°I/I which depend on the
elemental concentrations of uranium and iodine
in the host rock. For a shale with 2 ppm uranium
and 1 ppm iodine an equilibrium ratio of Ry =
620X 10715 would result after several half-lives of
1291 [7]. Because of the long half-life decay of '*°1
in the aquifer during the residence times discussed
in this study can be neglected (in contrast to °Cl).
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Furthermore, in situ production and release of
nuclides to the groundwater during such time in-
tervals (several hundred thousand years) clearly
is not important. The corresponding calculated
I291/1 ratios are about 100 times smaller than the
ones measured in our four samples.

As can be seen in Table 2 the measured CI/I
ratios in the four groundwater samples are fairly
constant at a value of 1650 (+ 15%). At recharge,
the same concentration increase due to strong
evapotranspiration in the semi-arid climate will
take place for iodide as for chloride. The initial
(CIT); ratio in precipitation is not known and the
(CI/T), ratio of the saline porewaters where the
source of subsurface chloride is assumed to be is
not known either. As a simple first approximation
we assume that both ratios are the same and that
the 81 Kr-derived splitting of the measured Cl con-
centration C in groundwater into an input con-
centration C; and a component accumulated in
the subsurface C, according to C= Cj+C, (Table
5) also holds for iodide. In accordance with the
situation discussed for chloride the source for io-
dide is assumed to be in the porewaters of the
Bulldog shale. Such a situation appears to be
very similar to the one postulated for the halogens
in the Milk River aquifer in Canada [29] or for
the Anadarko Basin in Oklahoma [30]. For each
sample we then get a simple mixing equation (ne-
glecting radioactive decay):

N129 = ,B (IiRatm + IaRshale) (4)

N9 = number of '°T atoms per litre of water; I; =
iodide concentration at recharge; Ry, =atmo-
spheric '®I/I ratio; I, =iodide concentration ac-
cumulated in the subsurface; Rgpae =in situ '2T/1
ratio in the porewaters of the shale; f=numerical
constant =4.7 X 1073 (mg/1)~!, which converts the
units such that N, results in 10° atoms/l when I
is entered in mg/l and R in units of 1071,

Note that I;/Cl; = 1,/Cl, with the respective ele-
mental ratios for iodide and chloride according to
the above hypothesis. Mixing lines which would
yield the correct measured '*°1 concentration ac-
cording to Eq. 4 are plotted in Fig. 10 for all four
samples. The circle marks the best consistent pair
of Rypale = (600 +200) X 10~1% and Ry = (660 £ 30)
X 10715 for which all calculated concentrations
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Fig. 10. Mixing lines for '®I between an atmospheric com-
ponent (with R,,) and a subsurface component (with Rgpaie)-
The circle represent a best pair of values for which the '*I
concentrations measured in all four samples can be repro-
duced with deviations of less than 20%.

according to Eq. 4 are within 20% of the mea-
sured value for the four samples. Comparing these
best estimates with the expected ratios listed in the
first paragraph of this section both ratios Rghgle
and Ry, appear to be very reasonable giving con-
fidence that the hypothetical splitting of the mea-
sured iodide concentration into two fractions
equal to the splitting of the chloride concentra-
tions and a simple mixing model should be quite
close to the real situation for '*I.

10. Summary

Measured 3! Kr/Kr ratios are converted to water
residence times based on a decrease of ¥ Kr by
radioactive decay only. These ages are then used
to simulate the 3°Cl and the Cl evolution. Based
on *He/*He data of rocks and groundwaters and
on 8%7Cl data of groundwaters it is concluded that
Cl and He both are transported from the pore-
waters of the shale (by diffusion and/or advection)
and mixed into the flowing groundwaters. As a
result, the measured chloride concentration C,
of each sample can be split into two components
C; and C,, the fractions that infiltrated at re-
charge or were added in the subsurface respec-
tively. Strong evidence that the procedure is valid
comes from the facts that: (i) the NGRTs corre-
late with C; and (ii) the measured “*He concentra-
tions correlate with C,. An interpretation of the
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12T data in a simple mixing model is not in dis-
agreement with the overall interpretation of 3'Kr,
3¢Cl and “He data.
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