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Determining the absolute age of anchient groundwater is of general importance in any
hydrologic study where the size of subsurfacater reservoirand their flow characteristics have to be
guantitatively described. Sustainability of drinkimgaterresources and the safety of potensiaés for
wastedisposal are just two questions of public interest. A datirghod based on the decay of a
radioactive nuclide essentially needs to meet the following two requirements: (A) ifpe
concentration into the aquifer has to be known and (B) any processes, other than radioactitkatiecay
change the concentration in a groundwater sample as it flows along a path through an aquifer need to be
guantified. 81Kr with a half-life of (2.29 +/- 0.11) x ﬁ)years (1) is the one isotopéth which many
possible complications are of very minor importance. Since the time that this isotope was detected in the
atmosphere (2) the radioactive noble gas isol%bér was considered to be an excellent candidate for
dating very old groundwater. The reasons for this importance are that the atmospheric concentration of
81Kr is known and constant and that the anthroprogenic and subsurface production are negligible.

81kr atoms areproduced bythe interaction of cosmic raysiith nuclei in the Earth's
atmosphere. Neutron-capture §9Kr and spallation of heavier Kr isotopes (A = 82 to 86) arentiost
important reactions. Given a krypton mixing ratio of 1.14 ppmv in the atmosphere &H¢t/Kr ratio
of 5.2x1013, one can estimate that the total atmosph8fi€r inventory of 81Kr is 6.4x1®5 atoms.
There is a total volume of.4x121 liters of water in thevorld’s oceans and 1130 atoms &¥Kr per
liter of water,the total81Kr ocean inventory isl.6x10?4 atoms, whichcorresponds to 2.5 % of the
global inventory. The remaining 97.5% is atmospheric, in strong contrs&E tior which 93% of the
global 14c inventory is stored in the oceavith only 2% residing in the atmosphere and 5 % in the
biosphere. Thus, it is easy to imagine teathangebetween the ocean and atmospheomsiderably
effects the atmospherﬂf,4C content, whereas very littiafluence is expected by such exchange on the
atmospheric81Kr inventory.

[Aside: For an air saturated water sample with a temperature of e.g. 15 degrees Ceithtrge
area of an aquifer8.1x105 cm3 STP of Krypton aredissolved per liter of water. The steady-state
activity in the atmosphere df.5x1010% Bg/m3 STP of aircorresponds to 81Kr/Kr ratio of 5.2x10
13, Therefore one liter of a modern groundwater only contains 3180 atoms.]

In order to uselkr as a dating tool, it is necessary tmderstand possiblanthropogenic
contributions. We have previously demonstrated (3) #mhropogenic production is negligible. No
difference betweermre-nuclear krypton and modern atmospheric krypteas detected (within an
experimental uncertainty of +/-30%).

The subsurface production 8flKr is most likely also negligible (this is not the case dvher
radiotracers 1ike36C1 or 129) becauseBlKr is shielded by stabl1Br from the beta-decaghain
along the isobar A = 81, produced in the spontaneous fissi#P@d. It wasestimated that even in a
geological environment with a larger than normal uranium concentration, the subsurface production of
81Kr should be negligible (4) In addition, krypton is a noblgas and does not participate in any
biological or chemical processes in the subsurface. Any analytical technique basech@aslhieement
of the 81Kr/Kr ratio will not be sensitive tcchanges in the absolute amount of Kr dissolved in
recharging groundwater. In summa®AKr is an almost perfect candidate for dating groundwaters in an



age range from about fifty thousand to several hundred thousand years.

The analytical requirements for the detection83Kr are however extremeess than 1200
atoms of81Kr per liters ofwater are availabléor counting. Such a low concentration represents an
activity of only 1.1x1610 Bg (about one radioactive decay every 300 years). A dating method utilizing
81Kr must rely on counting the radioactive atoms in the sample before they decay. The present study is
based on an AMS technique using positivgpton ions accelerated in a cyclotron developed by our
collaboration at the National Superconducting Cyclotron Laboratory at Michigan State University, USA.

The principal experimental difficulty to develop a viable AMBunting method for81Kr
resides in the separation 8Kr from the strongbackground of81Br, which is a stablgisobaric)
nuclide with a relative masslifference of only3.7x106. Cyclotrons are excellent isotope separators
because of their high mass resolution, e.g., the K1200 cyclotron at MSU has a mass-toedtdugien
is 104. However,this resolution would not be sufficient to separ@¥r* ions from81Br* ions. As
the source of the bromine contaminant at these low isotopic ratios is not known, a method bhagkd on
stripping at high energiewasdevised to obtain clear isobar separation. (Since the atoomdber of
81Kr is 36 and that o81Br is 35,81Br cannot acquire a 36+ charge state to mimic fully stripp&r
ions). Anoverview ofthe experimental set-up for the detection®Kr at the accelerator facility is
presented in Figure 1 and the details of the analytical concept have been published (Enhpdttant
to select support gas and ion source running conditions that reduced the number of acdelmmsitesl
ions to a level at which the detection of &Kr ions (at the natural level) could be distinguisHedm
81Kr nuclei made in nuclear charge-exchange reactiorfslBf in the stripper foil.

Figure 1: Conceptual presentation of the experimental setup at the NSCL.

A portable computer controlled gas handling systemas developed (3) to handle the
introduction of multiple small gas samples (as low as O.afgas; STP) into the ion that suppressed any
bromine present in the sample through tse of a cold trap. The basic concept of the lgasdling
system was adapted from the Oxfordy@@s source (6).

Participants from Primary Industries amksources, South Australifrom the University in
Vienna and the University in Bern participated in a field trip to sample groundwater from the Great
Artesian Basin of Australia (GAB) as a Coordinated Research ProfZ&R) withpartial supportfrom
the Hydrology Section ofthe IAEA, Vienna. This basiwasselected for a demonstration of the new
technique for three reasons: (a) based on previous studies the existence of very old groundwaters in an



age range accessible by BEr method was proposed based on hydrodynamic consideration as well as
36C| data (7), (b) Artesian conditions have the advantage wa#tr sampleseach the surfaceinder

their own pressure, and no pumping is necessary which minimisefatiger of contaminatiomwith air

during the sampling procedure, (c) the Great Artedgasin in Australia is the largest Artesian
groundwater basin in the world with water flowing in sandstones covered by extensive layers of shale. It
provides watenot only for the local population and agriculture in the arid interior of the Australian
continent but also for major industries (Cu and U minimgth rather large demand fgprocessing

water.
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Figure 2: Map of theGreat Artesian Basin ddustralia, the four sampling siteare indicated bythe starsand well
names: #1 is Oodnadatta, #2 is Raspberry Creek, #3 is Watson &vdel} isDuck Hole. Thearrows represent the
general direction of the groundwater flow.

The sampling sites were in the south-west segment of the GAB, approximately 1000 km north to
north-west of Adelaide, South Australia (Fig. 2). Very large water samples (16,000 vitsesj)egassed
at each of the fouwells indicated in the figure during a sampling campaign that took place during a
field trip in January, 1998.

Krypton wasseparated from the extracted gases pracedure developed at thniversity of
Bern. Overall krypton losses had to be kept minimal. Analysis of the composition of the extracted gases
and comparison with the absolute noble gas concentrations in the groundwater samples tilk&h- for
determination (noble gas temperature) allowed the calculation of the overall yield of oextigagion
from groundwater in the field (82%) and of the Kr separation from the extracted gasedahataory



(60%). Krypton samples of 0.5 chBTP (containing about 3 milliorB1Kr atoms) for eactwell were
sealed into quartz ampoules and shipped to the cyclotron laboratory at Michigan State Unkearsity.
the initial water sample to the final detection®3Kr the method covers almost 28 orders of magnitude.

The kryptonsamples where measured using our AMSthod developed previously. Table 1
contains a summary of the results of the AMS measurements for all of the sa@w#esll counting
rates werdypically 60 counts in 9 hours. Since a Kr groundwater sample of 03 TP represents
about 3 million81Kr atoms, the overall transmission from the gas handling system throudgtCiRaon
source to the surface barrier ion detectors can be calculated to be Zkb@® in a standard
experimental run.

From the measured krypton concentrations in the feater samples, atomiconcentrations
between 280 and 48lKr atoms per liter of groundwatevere calculated using th81Kr/Kr ratios of
Table 1. The corresponding ageere simplycalculated from the change of t8dKr/Kr ratios due to
the radioactive decay, using the atmospheric Kr/Kr ratio as the starting value
at the groundwater recharge.

Table 1: Summary of the measured data for extracted krypton gas.

Sample 81Kr/Kr Mean Residence Time
(10-13) (103 years)

Oodnadatta 1.78 +/- 0.26 354 +/- 50

Raspberry Creek  2.63 +/- 0.32 225 +/- 42

Watson Creek 1.54 +/- 0.22 402 +/- 51

Duck Hole 2.19 +/- 0.28 287 +/- 38

Atmospheric Kr 520 +/-0.40 O

In summary, the present results confirm tR&Kr dating is a reliable method to determine the
age of old groundwater (ifact, never have so olgroundwater samples been reliably datechodgh
measurements ¢t1Kr are still a major technical undertaking, tmedionuclideshows every sign of an
ideal tool for groundwater dating.
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