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Abstract

Radiokrypton dating using the long-lived natural isotope ®'Kr has been developed for determining the age of ancient
groundwater. $'Kr is attractive for this purpose because it is generally thought to be produced solely in the upper atmosphere.
Its 229,000-year half-life, a spatially homogeneous distribution in the atmosphere, and the absence of anthropogenic sources
makes it an ideal tracer to determine ages up to ~1.3 million years. As a noble gas, it is inert and thus not subject to interfering
geochemical reactions that may alter the age information. We sought to date groundwater samples collected from deep (0.6—
1.9 km) rock fractures in the Kaapvaal Craton, South Africa. Previous studies using other dating methods have estimated
groundwater ages at these sites in the 1-100 million year range. Surprisingly, three of the four samples collected from flowing
boreholes in gold and diamond mines showed 8'Kr isotopic abundances at 2-5 times the atmospheric value. This is the first
time that underground production of ®'Kr has been detected, indicating that 3'Kr can be generated underground in measur-
able quantities in contrast to the long-held paradigm that such production is insignificant in natural rocks. A radionuclide
production and release model is proposed in order to quantify the importance of different factors that affect the concentra-
tions of ®*'Kr in the groundwater. It is not only the high effective uranium content of the rock but also a higher ¥'Kr fission
yield than previously anticipated that are likely causing the elevated 8'Kr values in this case. In less extreme environments with
average crustal composition (i.e. moderate U concentration), however, we anticipate that the underground production min-
imally affects groundwater ®'Kr dating as demonstrated.
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1. INTRODUCTION
1.1. The ¥Kr dating method

Only a few tracers are available for dating groundwater
on the time scale of one million years. The “He and *°Ar/>®-
Ar methods are based on the accumulation of elements pro-
duced underground and the *°Cl (T2 =301 kyr) and SIKr
(T2 =229 kyr) methods are based on the radioactive
decay in the subsurface (Aggarwal et al., 2013; Sturchio
and Purtschert, 2013). Most of these methods provide only
qualitative age information because they rely on knowledge
about accumulation rates and secondary chemical dilution
processes in the underground that are difficult to constrain.
The 3'Kr method, the newest addition to this group (Jiang
et al., 2012; Jiang et al., 2020), has been proposed as the
optimal dating tool because as a noble gas, its results can
be interpreted without complicated interfering geochemical
reactions (Lu et al., 2014; Sturchio et al., 2014; Yokochi
et al., 2019). Additionally, underground production has
generally been thought to be negligible (see below). Secular
equilibrium concentrations of 3'Kr in most geological envi-
ronments had been estimated to be below 1% of the modern
atmospheric concentration (percent Modern Krypton
where 100 pMKr corresponds to ®'Kr/Kr=9.340.3
10713 (Zappala et al., 2020)). However, experimental evi-
dence that confirm the low 3!Kr production and accumula-
tion rates are scarce because of the limited number of *'Kr
case studies that have been carried out so far. The samples
with lowest measured 3'Kr values have been found in Esto-
nia, with <5 pMKTr (Gerber et al., 2017) and pMKr val-
ues < 10 have been reported in the Guarani aquifer in
Brazil, the Nubian Sandstone aquifer and the North China
Plains (Aggarwal et al., 2015; Li et al., 2017, Matsumoto
et al., 2018; Sturchio et al., 2014). New facilities with
improved sensitivity for 8'Kr analysis are now operational
(Dong et al., 2019; Jiang et al., 2020) and the ¥'Kr method
is expected to serve as one of the most common methods for
dating very old groundwater (AGENCY, 2013). It is there-
fore of utmost importance to better constrain the produc-
tion rate of 8'Kr in the subsurface. Undetected or
underrated underground production of ¥'Kr would lead
to an underestimation of the inferred groundwater resi-
dence time.

2. GEOLOGIC SETTING AND SAMPLING METHODS

The Witwatersrand Basin lies within the Archaean
Kaapvaal Craton of South Africa (Fig. 1) and is comprised
of three supergroups, the 2.98-2.78 Gyr metasediments of
the Witwatersrand Supergroup, the 2.7 Gyr metamor-
phosed basalt of the Ventersdorp Supergroup, and the sed-
iments and volcanic strata of the 2.4-2.6 Gyr Transvaal

Supergroup (Frimmel et al., 2005). The latter uncon-
formably overlies the former and all unconformably overlie
a 3.0-3.5 Gyr granite-greenstone basement (Nwaila et al.,
2017)). The Witwatersrand Supergroup is comprised of a
maximum of 8030 m of predominantly terrigenous sedi-
ment (Nwaila et al., 2017). In the region of Welkom on
the southwestern margin of the basin (Fig. 1), in which
three of the investigated mines (Beatrix and Masimong gold
mines and Star Diamond mine) are located within 100 km
distance to each other, mining is confined to narrow ore
zones within the quartzites of the Witwatersrand Super-
group, which structurally dip to the northeast. Previous
studies using noble gases and other dating methods have
concluded residence times of the fracture fluids in Kaapvaal
Craton of millions of years (Heard et al., 2018; Lippmann
et al., 2003). The Finsch Diamond Mine is located approx-
imately 400 km further west in the Transvaal Supergroup
Ghaap dolomite, where the fracture fluid is in contact with
a chemical (and thus neutron-flux) environment that is dis-
tinctly different from that of the other three mines.

At the time of this project the analyses of noble gas
radionuclides required relatively large quantities of gas,
equivalent to dissolved gas in 100-200 L of air-saturated
water (ASW), free from atmospheric contamination.” As
previous studies of stable noble gases have reported, most
deep fracture water in the Witwatersrand Basin experienced
degassing with depletion factors of up to 10 (Lippmann-
Pipke et al., 2011; Lippmann et al., 2003), requiring even
larger quantities of water from which gas was extracted
using field gas extraction devices (Purtschert et al., 2013;
Yokochi, 2016). In ideal cases of groundwater studies,
water is extracted using a pump deeply submerged into a
well. Because this was not possible in underground mines,
packers were inserted into boreholes intersecting water-
bearing fractures and used during water collection (Lau
et al., 2016). However, even if the borehole installation is
perfectly sealed, it remains possible that the fracture water
was in contact with gas pockets within the fracture prior to
discharge.

For this project, three sampling campaigns were carried
out (Table 1). In 2012 three samples were collected with a
membrane degassing device from the University of Bern,
which was originally designed for large volume *’Ar sam-
pling (Purtschert et al., 2013). Another campaign was car-
ried out in 2013 using the same device. Because of the
very surprising results obtained in the first campaign and
in order to exclude the possibility of any analytical interfer-
ences, one site (near 3 shaft of the Beatrix Gold
Mine — Fig. 1) was resampled in 2016 with a smaller and
more portable device constructed by the University of Chi-
cago group (Yokochi, 2016). Additionally, air samples were

4 in the meantime, the required sample volume could be lowered
to 20-40 L (Jiang et al., 2020)
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Fig. 1. a) Location of the mines investigated in this study. Mines (1-3), Beatrix, Star Diamond, and Masimong mines are located in the
Witwatersrand Basin within the Welkom goldfields. The geology is dominated by the Witwatersrand Supergroup. The Finsch Diamond Mine
(4) is separated from the others and is located west of the Witwatersrand Basin in the Traansval Supergroup Ghaap Dolomite. b) Schematic
geological cross section of the Beatrix Gold Mine (www.goldfields.co.za). B2012 was collected near shaft #3. The gold- and uranium rich reef
consists of mineralized conglomerates and is less than a meter thick (Fuchs et al., 2017).

collected in Bloemfontein (above ground) and from under-
ground in the mineshafts for comparison. A very limited
number of samples for stable noble gases was collected as
well.

3. ANALYTICAL METHODS
Separation and purification of krypton and argon from

the bulk gas was carried out in laboratories of both the
University of Chicago and University of Bern using cryo-

genic absorption and gas chromatography (Purtschert
etal., 2013; Yokochi, 2016). #'Kr/Kr and ¥ Kr/Kr measure-
ments were performed using the Atom Trap Trace Analysis
(ATTA) method (Du et al., 2003; Jiang et al., 2012) at
Argonne National Laboratory, USA. Each measurement
requires a Kr gas sample of approximately 10 uL STP.
3 Ar activities were measured by low-level gas proportional
counting in the Deep Laboratory of the Physics Institute,
University of Bern, Switzerland (Loosli and Purtschert,
2005; Riedmann and Purtschert, 2016).
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pMAr
39+9
57+38

39Arc

81Krc
pMKr
490
510
510
260
320

30

AC’I‘H&X
(U U)
5.8

6.8
353
344
154
2.3

SIK /85Ky
(atomic ratio)

3.39
3.04
0.44
0.26
0.80

0.54

81K,
pMKr

96 +7

105 +7
105+7
103 £ 16
101 +4
463 +27
485+ 15
363 +£ 11
206 + 16
287 £ 19
29 +4

85K1’
(dpm/CCKr)
74.0+ 3.8
703+ 14
68.9+3.5
71.0 £ 3.6
70.6 + 1.4
4.0+0.5
4.7+0.5
245+0.8
23.8+2.0
10.6 +0.8
1.6+04

Depth
1440
1440
1440
640
1940
837

Measuring Date
ACi.« Air contamination determined from ®Kr assuming an activity in air of 69.3 + 1.8 dpm/cck, (Eq. (1)); c: contamination corrected values.

05.12.2012
16.05.2014
10.12.2012
21.12.2012
14.05.2014

24.01.2013
21.03.2014
09.02.2017
14.12.2012
14.01.2013
12.05.2014

Sampling Date
09.11.2013

03.09.2012
08.11.2013

30.08.2012
01.06.2016

29.08.2012
28.08.2012
30.08.2012
02.09.2012
03.09.2012
08.11.2013

Code
B2012
B2012
B2016
SD2012
M2012
F2013

Type
Atm air
Atm air
Mine air
Mine air
Mine air
GW
GW
GW
GW
GW
GW

Results noble gas radionuclides (reference time = sampling time).

Beatrix 326BH2
Beatrix 326BH2
Beatrix 326BH2

Star Diamond

Sample location
Bloemfontain
Bloemfontain
Masimong

Star Diamond
Finsch Air
Masimong
Finsch BH1

Table 1

For selected stable noble gas analysis, water samples
were transferred to copper tubes, which were immediately
sealed by pinching the ends. These samples were analysed
with a noble gas mass spectrometer at ETH Ziirich,
Switzerland (Beyerle et al., 2000).

4. RESULTS
4.1. Noble gas radionuclides

The aboveground air samples collected in Bloemfontein
and the additional underground air samples collected in the
mineshafts (Table 1) exhibited no significant differences
with respect to their radio-krypton abundances. #'Kr/Kr
ratios agree within uncertainties with the atmospheric
value, and all ¥Kr measurements are in the range of 69
+ 2 dpm/ccy, (disintegrations per minute per cmirp kryp-
ton). This atmospheric *Kr activity concentration
(SSKratm) is in excellent agreement with air samples mea-
sured in the southern hemisphere (Australia) during the
same period of time (Bollhofer et al., 2014) and is therefore
used to correct for modern air contamination that may
have occurred prior to or during sampling. Compared to
modern air, the **Kr activities of the gas samples extracted
from the fracture fluids are significantly depleted, in the
range of 2-23 dpm/ccy,. Given the antiquity of the ground-
water suggested from other studies (Lippmann-Pipke et al.,
2011; Lippmann et al., 2003), this variation is presumably
caused by atmospheric air contamination during sampling
or by contribution from underground production
(see below).

Only one sample collected in the Transvaal dolomite
(Finsch Mine) showed a depleted 3'Kr abundance of 29
pMKr compared to the atmospheric value of 100 pMKr.
However, fracture fluids from three mines in the Witwater-
srand Supergroup had elevated ¥'Kr isotopic abundances
exceeding 100 pMKr, as high as 460 pMKTr for the Beatrix
borehole (Table 1). This is in large contrast to the long-
standing consensus that subsurface production of ¥'Kr is
negligibly small (Collon et al., 1998; Florkowski, 1992a).
This discovery was so unexpected that the possibility of
analytical artefacts was investigated by replicating the anal-
yses using newly collected samples. This included a resam-
pling of bulk gas from the Beatrix borehole 326BH2, gas
purification with new separation columns, and repeated
measurements of **Kr and ¥'Kr, all of which confirmed
the excess 8'Kr in the fracture fluids. A contamination-
corrected maximal $'Kr® value is obtained assuming the
uncontaminated water was *Kr-free (Table 1). The cor-
rected 8'Kr® value is then:

( 3'Kr, — o -100)
11—«

Slgye = (1)
with the fraction o of air contamination given by o =
S Kmeas/* Kratm.

The *°Ar abundances are expressed as >’Ar/ZAr ratio
relative to the modern atmospheric value (100 pMAr corre-
sponding to *Ar/SAr = 8 x 107'%), where *°Ar constitutes
>99% of £Ar. Fracture waters from Masimong and Beatrix
mines had contamination corrected (in analogy to Eq. (1))
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Table 2

Stable noble gas concentrations and isotope ratios of the sampled fracture waters compared with concentrations in air saturated water (ASW

at 20 °C and 1013 mb).

*He/*He “He Ne Ar Kr Xe C/C. C/C. *Ar/°Ar
(cmrp/gw) Ar Kr

(1078 (1078 (1077 (1074 (1079 (107%)
Star Diamond na na na 440.6 8.14+0.06 1354003 0286 0.120 1324+7
Masimong 402+0.86 2832+664 0.00540.001 0.055+0.02 025+0.1  0.0540.02 0.001 0.004 5486+ 3170
Beatrix326BH2  4.29 +9 na na 272+0.02 854008 136+002 0.079 0.120 3258+22
Finsch 52941 431 +22 246 +0.12 3.46+0.17  70.04+3.5 7994+04  1.108 1.01 296+0.2
ASW 138.4 4.5 1.88 69.8 9.55 1 1 298.6

¥ Ar abundances of 39 pMAr and 57 pMAr, respectively
(Table 1). These depleted *’Ar/SAr ratios measured here,
however, are mainly caused by radiogenic “°Ar enrichment
(see below and Table 2). Normalizing to non-radiogenic
¥Ar, these data correspond to *°Ar/**Ar ratios of 1150
and 430 pMAr, indicating a significant contribution of
subsurface-produced P Ar, as observed elsewhere in high-
U concentration rocks (Andrews et al., 1989b; Loosli
et al., 1989).

4.2. Stable noble gas results

In the framework of this study, only a limited number of
sampling sites and parameters were investigated (Table 2).
However, the stable noble gas data of these mines had been
reported and thoroughly discussed in three previous studies
(Heard et al., 2018; Lippmann-Pipke et al., 2011; Lippmann
et al., 2003). Our few results are generally in accordance
with previous findings: Helium concentrations showed large
excesses compared to air-saturated water (ASW) due to the
accumulation of radiogenic He over a very long time per-
iod. The *He/*He ratios of 4-5 x 107% are typical for aver-
age crustal material and indicate no significant mantle
contribution. The fracture water with high 3!Kr also
showed highly elevated “°Ar/®Ar ratios (Table 2) com-
pared to the atmospheric value of 298.6 (Lee et al., 2006)
due to the accumulation of radiogenic “°Ar. The range of
values up to 5500 agrees with the results of (Lippmann
et al., 2003) which reveal YOAr/°Ar ratios between 340
and 11,000. The ¥'Kr/Kr and *°Ar/3°Ar ratios are corre-
lated, suggesting a lithological origin of ¥'Kr.

(Lippmann-Pipke et al., 2011) reported excess >'Ne (no
data from our campaigns) with neon isotope ratios repre-
senting a mixture of air derived neon and a crustal end-
member for samples collected in the Masimong and
Beatrix mine (Fig. 1 in (Lippmann-Pipke et al., 2011)). Xe
isotope ratios for all mines investigated herein clearly indi-
cated a significant contribution of fissiogenic Xe (Fig. 6 in
(Lippmann et al., 2003)).

As described by Lippmann et al. (2003), all fracture flu-
ids from mines located in the Witwatersrand Supergroup
are strongly depleted in atmospheric Ne, Kr, and Xe due
to degassing. This was also confirmed by samples taken in
the course of this study (Table 2), and the degassing is most
pronounced for the Masimong Mine fracture waters. The
water from the Finsch Mine, in contrast, showed noble
gas concentrations close to ASW, with higher relative con-

centrations for the lighter noble gases, pointing to excess air
formation during recharge.

In (Heard et al., 2018; Lippmann et al., 2003) it was con-
cluded from the fractionation pattern of the residual noble
gas concentrations in the water phase that this gas loss very
likely occurred immediately prior to discharge due to the
rapid decompression without reaching solubility equilib-
rium (Aeschbach-Hertig et al., 2008; Lippmann et al.,
2003). Our data also provide supporting evidence for this
hypothesis. Noble gas depletion factors (Table 2) inversely
correlate with the methane content of the water with the
highest amount of CH,4 found for the Masimong goldmine
(40 cmirp/Lyw). This methane was probably not present
during recharge but has been produced by microbial activ-
ities and accumulated in the subsurface over time (Fuchs
et al., 2017, Mossman et al., 2008a). However, the case
for degassing at an earlier point in time cannot completely
be excluded and is discussed below (Section 5.3).

This severe depletion of noble gases from the fluid may
accompany kinetic isotope fractionation, the maximum
possible degree of which is defined by the mass-dependent
diffusivity. The Kr concentration prior to degassing is
assumed to be that of air-saturated water at 20 °C and
1013 mbar (Lippmann et al., 2003), and activities of noble
gas radionuclides prior to degassing were estimated follow-
ing the method applied for stable noble gas isotope frac-
tionation (Lippmann et al., 2003). The non-equilibrium
degassing could have shifted the isotope ratios of ' Kr/**Kr
and **Kr/**Kr (the reference isotope for ATTA) by at most
+3.5% for the Masimong sample which showed the highest
degree of depletion (Table 2). *°Ar/*®Ar and *Ar/*Ar
ratios are shifted by up to +17% and —6.5% respectively.

5. DISCUSSION

The concentration of the radioactive isotope 8'Kr in the
fracture groundwater depends on its production rate in sur-
rounding rocks, the water to rock ratio (porosity), the rate
of transfer from the rock to the pore space, and radioactive
decay (Lehmann et al., 1993). In the discussion below, we
re-examine the subsurface production rates and model var-
ious release rates so as to identify the primary cause of the
elevated 8'Kr isotopic abundance in these geological
environments.

The production rates of radiokrypton isotopes are
primarily determined by the U content of the host rocks,
the related subsurface neutron flux (Section 5.1.2) and the
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fission yields for 8'*°Kr (Section 5.1.1). The flow-path-
integrated U content of rocks in contact with the ground-
water is not directly measurable due to the heterogeneous
distribution of U along the water flow path, but can be esti-
mated using the activity of subsurface-produced *°Cl that is
proportional to the U content of host rocks (Section 5.2).

The release rates of produced isotopes from the rock to
the water are highly uncertain. Fissiogenic production of
81K r and ¥Kr occurs at the same locations but the two iso-
topes have very different half-lives. Using ®°Kr as a probe,
we developed a geochemical model that examines whether
the observed data (3'Kr/3Kr ratio and ¥ Kr activity) could
result from the previously accepted 3'Kr production rate
(Section 5.3 and Appendix II). For any rock to groundwa-
ter transfer scenario (i.e. continuously or episodic), the geo-
chemical model suggests that the production rate of 8'Kr
compared to 5°Kr needs to be higher than anticipated and
sets a conservative limit on the fission yield based on the
data (Section 5.4). Taking into account possible secondary
processes (Section 5.5) and uncertainties associated with the
interpretation (Section 5.6) the implications for groundwa-
ter dating under ordinary crustal environment are discussed
(Section 5.7).

5.1. Production of ®'Kr in the subsurface
5.1.1. Fission reactions

According to present knowledge, 99% of the 8'Kr and
85Kr (T, = 10.74 yr) (Singh and Chen, 2014) in the sub-
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production channels are the ¥*Sr(n,0)®' Kr reaction (indicated by the thin white line) and neutron activiation of the stable *°Kr (yellow arrow).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. 8Kr activity in ASW as function of U concentration of the surrounding rock with a porosity of 5% for a complete release of the
production-decay equilibrium concentration (Appendix III). The shaded area indicates the current detection limit of the ATTA method. For
the commonly accepted but weakly constrained fission yield of 7-107!'" (Florkowski et al., 1988; Lehmann et al., 1993) and average crust
composition (U = 2 ppm), underground production is not detectable. A yield of 10~ would result in over modern values for U > 100 ppm in

this upper estimate scenario.

charge distribution y(4,Z) can be predicted on the basis
of the empirical postulate that the charge is equally dis-
tributed during the fission reaction and that deviations
from the most probable charge Z,, can be described by a
symmetrical charge distribution function (Florkowski
et al., 1988). Refinements such as the odd-even effect need
also to be considered (James et al., 1991). The fractional
yield for A =81 and Z =36 (}'Kr) has never been mea-
sured. The yield fg; =7 x 107! was estimated based on
the fission yield for mass 81 (~0.1%) and the fractional
charge yield which is ~7 x 1078 according to the empirical
model of (Wahl, 1958).

Provided fg;, the resulting 8'Kr production-decay equi-
librium concentration Krg in a closed-system rock can
be calculated as a function of the U concentration. An
instantaneous and complete transfer of this pre-
accumulated fissiogenic 3'Kr from the rock into the pore
fluid (with stable Kr content of air-saturated water) pro-
vides an upper limit of the fissiogenic 8'Kr concentration
in the fluid (Appendix I1I). The resulting ¥'Kr abundance
in the pore water for a porosity 5% as a function of the
U concentration is shown in Fig. 3 for two different values
of fg;. For a fg; <107, as anticipated by the theoretical
estimate above, negligible 3'Kr production is expected for
typical crustal composition (U ~2 ppm). Only in very U-
rich environments with U concentrations >1000 ppm or
with much higher than the calculated fg;, underground pro-
duced fission ¥'Kr could become significant.

Concentrations of U dissolved in the water are generally
<10 ppb for the here investigated mines (Onstott et al.,
2006). Fissiogenic production in the water can therefore
be neglected.

5.1.2. Neutron-induced reactions
Minor *'Kr production may also occur by neutron-
induced reactions. In (Fabryka-Martin, 1988) it was sug-

gested that the reactions °Kr(n,y)3'Kr on Kr dissolved in
water (Paul et al., 2017) and 3*Sr(n,0)®'Kr on Strontium
in rocks and dissolved in water may account for “probably
less than 0.1% of the total 'Kr produced” in average crust
material. Similar estimates have been made in other studies
(Andrews et al., 1991; Lehmann et al., 1993). We have re-
evaluated the 3'Kr production rates of those two produc-
tion paths using energy-dependent cross sections from the
ENDF data base and a simplified neutron moderation code
(Czubek, 1988) that has been previously used in (Yokochi
et al., 2012) for the calculation of *Ar production by the
3K (n,p)*Ar reaction. 90% of neutrons in the deep litho-
sphere (neglecting cosmogenic production) originate from
(o,n) reactions on light elements with o particles produced
in radioactive decays of naturally occurring 2**Th; 2*°U,
and 2*¥U. The remaining 10% of subsurface neutrons orig-
inate directly from spontaneous fission (Sramek et al.,
2017). The resulting primary (o,n) and fission yield neutron
spectra show a peak in the 1-2 MeV range (Srdmek et al.,
2017). The production-relevant secondary neutron spectra
in the rock result from neutron scattering and absorption
reactions and depend therefore on the bulk rock composi-
tion (Feige et al., 1968; Leya and Wieler, 1999; Yatsevich
and Honda, 1997). With reaction cross sections taken from
ENDF database (shown in Fig. 2, Appendix I) and a mod-
erated secondary neutron spectrum for average continental
crust composition (Czubek, 1988; Srdmek et al., 2017;
Yokochi et al., 2012), the production rate P
(in a/cmyox s_l) of isotope i is calculated as:

P=Ic]- / O(E) - o,(E)dE (3)

with target nuclide concentration /C;/ (a cm ™), moderated

neutron flux ¢(E) (n cm %s~') and reaction cross section

ci(E) (barn).
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Table 3
U, Th and K concentration in rock samples collected in the Beatrix goldmine.
Formation Rock type U (ppm) Th (ppm) K (%)
Beatrix Reef, average® conglomerate 1130 81.2 0.6
Beatrix average® quartzite 74 7.3 1.3
Beatrix, selected hanging & foot quartzite 4.7 31.2 1.3
Beatrix, quartzite® quartzite 3 2.7 1.7
Beatix, quarzite quartzite 1 2.6 0.4
Beatix, quarzite quartzite 4.5 11.6 0.7
? From Lippmann et al. (2003).
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Fig. 4. a) Calculated **Cl/Cl secular equilibrium ratios as a function of the U concentration of the surrounding rock formation (Eq. (2),
assuming granitic rock composition and U/Th = 10). Also shown are data from different case studies. The grey bar indicates the average °Cl/
Cl ratio of 6 samples from the Beatrix Gold Mine (Lippmann et al., 2003), where the highest 8'Kr enrichment was observed. Assuming secular
equilibrium these samples indicates an average U content of < 100 ppm. b) Comparison of calculated and measured equilibrium subsurface

3CI/Cl ratios from 36 samples taken in various aquifers (Phillips, 2000).

The target density of 3°Kr is estimated based on krypton
dissolved in ASW (20 °C and 1013 mb) in a water-filled
rock porosity of 5%. Strontium concentrations in the rocks
of Witwatersrand Supergroup range up to 200 ppm
(Wronkiewicz and Condie, 1987). In the groundwater val-
ues between 0.3 and 6.4 mg/L were measured for our sam-
pling locations (Table 3 Appendix I). As a reference and for
neutron flux verification purposes, also the production rate
of ¥Ar was calculated (for 2.5% K). All production rates
were normalised to a U concentration of 1 ppm and a
Th/U ratio of 10 (details about the production calculations
can be found in Appendix I where Table 1 lists the main
results in comparison with the fissiogenic *'Kr production
assuming a cumulative yield of 107'%). In summary the neu-
tron activation reactions 84Sr(n,oc)glKr in the rock and the
water and 5°Kr(n,y)®'Kr in the water contribute in total less
than 2% of the fissiogenic 3'Kr production rate. The spon-
taneous 2*%U fission is the dominant ®'Kr production chan-
nel under ordinary crustal environment, in agreement with
previous estimates. The *°Ar production rate on the other
side, is about 11 orders of magnitude higher compared to
the ®'Kr production for typical crust composition
(Sramek et al., 2017).

Based on these conclusions, only fission production is
considered in the following discussion of the 8!Kr data with
regard to different production -release scenarios in the rock.

5.2.3%Cl and *Ar as proxy of the integrated U content along
the water flow path

The U, Th, and K contents of rock samples of the Wit-
watersrand Supergroup collected from the Beatrix Gold
Mine vary significantly among lithologies (Table 3). U
ranges up to 12 ppm U in quartzite, but can be as high as
1000 ppm in the gold-bearing formations (“‘reefs”). The
estimation of a representative U content that is integrated
over time and space throughout the fluid flow path is not
trivial (Lippmann et al., 2003), but may be constrained
based on the *°Cl activity of dissolved chloride. In the sub-
surface, *°Cl is produced by the reaction *>Cl(n,y)**Cl with
thermal neutrons originating from U and Th fission and
from (o, n) reactions on light elements of the rock matrix
(Feige et al., 1968; Lehmann and Purtschert, 1997). With
a half-life of 301 kyr, *°Cl is a neutron flux (thus U content)
monitor that integrates over similar timescales as 3'Kr,
assuming no recent change in Cl content. The comparison
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of calculated and measured equilibrium subsurface nucle-
ogenic **Cl/Cl ratios (Fig. 4b) reveals generally good agree-
ment (Cornett et al., 1996; Phillips, 2000). The relationship
between the secular equilibrium **Cl/Cl ratio R¢q and the U
and Th concentrations can simply be described by
(Andrews et al., 1989a; Balderer and Synal, 2004):

Ry = (- [U] + B - [Th])) - 1077 4)

with formation specific parameters o and [ (Balderer and
Synal, 2004; Pearson Jr. et al., 1991) and U and Th concen-
trations given in ppm. This relationship, which was deter-
mined based on Eq. (3), is plotted for granitic rock
(x=0.86, p=0.3, U/Th=10) in Fig. 4 a) and compared
with measurements from several field studies including those
from a U mine. Typical crust material with ~2 ppm U results
in equilibrium ratios of 5-15 x 107! (Lehmann et al., 2003;
Love et al., 2000; Phillips et al., 1986; Sturchio et al., 2004). In
high U formations values over 10,000 x 107'° have been
observed (Balderer and Synal, 2004; Cornett et al., 1996).
*CI/CI ratios only reflect an effective U content integrated
along the water flow path if no CI from formations low in
U was dissolved after the fracture waters percolated the U-
rich formations. In this case the integrated U content would
be underestimated. However, such a recent Cl addition would
result in decreasing **Cl/Cl ratios with increasing CI content —
contrary to what was observed (Lippmann et al., 2003). The
average “°Cl/Cl ratio in fracture waters from the Beatrix Gold
Mine, where the 3!Kr enrichment was highest, was
32+5x 107" (mean of 6 measurements Table 5
(Lippmann et al., 2003), suggesting an effective U concentra-
tion of the rock ranging from approximately 3 to 100 ppm
(Fig. 4a).
Supportmg evidence can be derived from our *’Ar data.
The *°Ar production rate in a rock with 100 ppm U is
~1000 atoms/kg.oq/yr (Table 1, Appendix I). Assuming
production-decay equilibrium in the rock, a porosity of
5% and a release factor of 1% a maximal *’Ar concentra-
tion in the groundwater of 194 ajem3 e, is estimated. In
ASW this translates to a *’Ar/> Ar ratio of 2.34 x 10~
or 2900 pMAr (neglecting **Ar produced on K dissolved
in the water, which could be of similar order of magni-
tudes). This is already higher than the observed **Ar/**Ar
enrichment of 1120 pMAr (Table 1). Thus, the *Ar data
also suggest an U concentration of likely not more than
100 ppm (for rocks in contact with the groundwater over
the last approximately 800 years of residence: 3 x Ty,
(Ar)).

In conclusion, we estimate an upper limit of 100 ppm U
for rocks hosting the water-conductive fractures with 8'Kr
abundances of >100 pMKr (Beatrix and Masimong gold
mines and Star diamond mine). A 0.4 ppm U concentration
is assumed for the Finsch Diamond Mine which is hosted
by the Transvaal Supergroup Ghaap dolomites (Munro,
2013; Nicolaysen et al., 1981).

5.3. Production and transfer of fissiogenic **Kr and 3'Kr from
rocks to fluids

The radioactive isotopes ®'Kr and 3°Kr are produced
underground at rates /P and P (¥>%/P="8U x Agp x

fgs.51) with spontaneous fission decay constant Agg = 8.56 -
x 1071 7yr™1) and fission yields fgs.g1 for 8Kr and ¥Kr,
respectively, and may be released from the rock into the
fluid in contact. The behaviour of this isotope transfer
can be modelled as a first order rate process to cover a wide
range of transfer rates (See Appendix II for details). The
isotope concentration [atoms/cCoek] in the rock matrix
(=%Kury) is expressed as (Yokochi et al., 2012):

d SSKI’R o
dt

where o and Ags are the loss rate and the decay constant,
respectively (note: the loss rates for °Kr and ¥'Kr are
assumed to be identical in the following as they originate
from the same production site within the rock matrix:
g1 = ogs = o). The Kr concentration in the groundwater
(=% Krw) to which the isotope is released is then given by:
85

”’d# :% S Ky (1) — Jgs 5Ky (1) ()
where the porosity ¢ is assumed to be small (< 1). The bulk
porosity of the Witwatersrand Supergroup quartzite is
approximately 0.5-1% (Silver et al., 2012). It is worthwhile
to note here, that porosity in this model is not necessarily
the physical volume ratio of water to rock, but to the rock
volume that effectively contributes radioisotope to the
water. Solving Eq. (6) leads to the following temporal evo-
lution in the water phase:

PP — (25 +a) PKre (5)

8p o

Kry(t) = —_—
(1) Jgs - P o+ Ags

(1 —exp(— (o + 5) - 1)) ()

The rock was assumed to have started to lose Kr at
t=0, hence the ®Krr concentration of the rock was in
production-decay equilibrium (=**P/Ags), which provides
an upper limit (see Appendix II for detail). The initial con-
centration in the water **Kry was set as 0. The system will
approach a steady state isotope concentration given by
85P x a/[d x Ags x (a0 + Ags)] with a time constant of o
+ Ags.

Following the same approach for ¥'Kr, the 3'Kr/3°Kr
ratio can be expressed as a function of release rate o and
time t since the release started:

( 81](]’) ([) o 81P )h85 (135 + OC)
85Kr w - 8SP 281(181 + OC)
1 —exp(—(dg1 + &) - 1)

T exp(— (s +2) ) N

The concentration ratio 3'Kr/3°Kr in the fluid will ini-
tially inherit that of the rock in production-decay-loss
equilibrium, [¥'P/(Jg; + o)J/[*°P/(igs + o)), then increases
with time due to slower 3'Kr ingrowth by a factor of
(Jgs + a)/(Ag1 + o). Since ¥Kr and ¥Kr are both pro-
duced by fission of U, the ratio of the production rate
(*1P/%P) does not require knowledge of the U content
of the rock: 81P/85P = 238U X 7\,5]: X fgl/(238U X 7"SF X f85)
= fg1/fgs.

An upper limit (UL) of the 8'Kr/**Kr ratio in the fluid,
corresponds to the steady-state composition at t — oo
which depends on a. This ratio normalized to the respective
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Fig. 5. Anticipated range of (*'Kr/**Kr)/(®'P/**P) ratio for given 5°Kr contents and production rates. The blue area indicates the allowed
model domain (see text). Small open circles represent actual data for a 81K fission yield fg; of 107! and a U concentration of 100 ppm. If
degassing has occurred after production, the values are shifted to the right according to the degrees of degassing (filled circles). Also shown are
the effects of air contamination during sampling and **Kr decay due to a delay time from the site of production to the sampling point. Higher
than anticipated U concentrations and a lower porosity would shift the data points to the left (by one unit for a factor of 10 change). To
achieve consistency between the degassing corrected data and the allowed model domain a 8IKr fission yield of 1 x 107% or an U
concentration of 10,000 ppm has to be assumed (or a combination of both). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

fission yields can be expressed as a function of °Kry using
o as a parametric variable:

(%g)W.UL ) /81 85K”w 381 2
% ' :(d"ﬂm'(l—g)' 5p +()—85)) 9)
J 85

Note that this upper limit line covers the entire range of
release rates o, from practically episodic loss at o> 1 to
slow continuous loss at o ~ 0. The lower limit of our model
domain is defined by the production-decay equilibrium,
3P/ 261 V/[¥°P/ Ags], which is e.g. realized for a rapid release
from a previously closed rock. These two constraints define
a possible range of (*'Kr/*Kr)w/(fs1/fss) values for a given
85K rw/®°P as shown in Fig. 5. The possible range of the
unknown fg;/fgs (thus fg;) can therefore be estimated based
on the measured ¥Kry, (SlKr/gsKr)w and the U content of
the rock which defines %°P.

5.4. Constraining the 3'Kr fission yield

The waters have experienced partial gas loss and possibly
mixing with the gas trapped in the fracture cavity created by
dewatering shortly before or during sampling. These pro-
cesses need to be taken into account. We estimate a possible
range of the 8'Kr fission yield fg; by considering processes
that potentially affect the (3'Kr/**Kr)yw ratio and the ¥ Kry
concentration in the fracture water. Recent krypton (**Kr,.),
regardless of whether it is due to mixing of young groundwa-
ter or due to modern air contamination during sampling, will
increase the 5°Kr isotopic abundance and decrease the
81Kr/%Kr ratio. Without correction, the subsurface-
produced ¥Kr would be overestimated. With a fraction
f (=0 to 1) of 3*Kr,. to the observed 3*Kr,,, it follows:

S K = SKry - (1 f) (10)
SIK’,. _ 81K}"0b — ( 85I<rob f i ( zéi:)rc) 11
( ssKr)wr,, - 8Krop - (1= f) ()

The modern (2012) atmospheric (3'Kr/**Kr),. ratio was
used to deduce the maximum possible degree of correction.
The resulting corrected 85K r'eorr is lower than the observed
8Kro, values and the corrected (3'Kr/%Kr)eo ratio is
higher for f # 0 (Fig. 5).

A delay between sites of highest production to the sam-
pling point will increase the 3'Kr/**Kr ratio due to the
shorter half-live of ®Kr. This is considered by a reversed
decay correction:

SSKrd = 85Krob . exp(igs . f) (12)
SLKy SIKy
( SSKV)d = 85Kr)ob . exp((igl - j'85) : t) (13)

which shifts the corrected values toward the lower right cor-
ner in Fig. 5. Degassing at any point in time will only mar-
ginally affect the ' Kr/*’Kr ratio. If degassing happened
prior to the production no fissiogenic °Kr would be lost
and the observed isotopic abundances can directly be inter-
preted (open circles in Fig. 5). However, as already dis-
cussed in Section 4.2, a late degassing scenario (after
production) seems more likely because the fractionation
pattern of the dissolved noble gases points to rapid degas-
sing in non-equilibrium and gas stripping due to methane
oversaturation (Lippmann et al., 2003; Slater et al., 2006).
Such degassing may have occurred during sampling but
one will also expect degassing to occur before sampling in
the formation around the mineshafts because of dewatering
as a result of mining activities.



R. Purtschert et al./ Geochimica et Cosmochimica Acta 295 (2021) 65-79 75

The Kr depletion factor (=C/C.) compared to ASW at
20 °C and a recharge elevation of 1750 m (Lippmann et al.,
2003) of our samples ranges from 0.004 for the Masimong
mine to 0.12 for the Beatrix mine (Table 2). The 3°Kr con-
centrations prior to degassing were estimated following
Lippmann et al. (2003) and are shown as filled circles in
Fig. 5.

Whether or not our data fall within the permissible zone
(between the upper limit defined by Eq. (9) and the lower
limit at [*'P/4g;/[5°P/Ass]) depends on the U content (con-
trolling 5°P), the porosity (governing 8°Kr,,) and the fission
yield of 8'Kr. The relevant porosity here is the ratio of the
fluid filled volume to the volume of the rock that contributes
to production. This ratio is likely larger than the matrix
porosity of the quartzite of 1% (Silver et al., 2012) which
describes the porosity of an intact piece of rock without frac-
tures. In the following, a porosity of 5% is assumed. Accord-
ing to the previous section, an upper limit U content of
100 ppm was estimated for the Witwatersrand formations
(Beatrix, Masimong and Star Diamond). With a 8! Kr fission
yield of 107'° our data corrected for gas loss (filled circles in
Fig. 5) plot outside the allowed model domain. It indicates
that the observed data cannot be explained regardless of
release rates (o), delay time or degree of air contamination,
which shifts the data parallel to the upper model boundary
(as it is the case for the two samples taken in different years
at the Beatrix borehole). To create consistency between the
data and the model either the porosity needs to be lowered
or the effective U content needs to be increased by two orders
of magnitude (arrows in Fig. 5). Both options are implausi-
ble. We conclude a higher than previously assumed fission
yield fg; (which moves our data points downwards in
Fig. 5). If our U and porosity estimates are accurate a fission
yield fg; of ~1 x 1072 is concluded. The data uncorrected for
the gas loss are encompassing the unlikely case of degassing
prior to fissiogenic °Kr accumulation (open circles in Fig. 5),
all data except the one from the Masimong gold mine would
still require higher than previously anticipated fs;.

Relatively conservative enhancements of fission yield
over the previous estimates are obtained for relatively high
Kr release rate, slower rock-to-fluid transfer would require
even a higher fission yield. Heavy noble gases (i.e. all but
He) are well contained in most crustal rocks at inter and
intra granular sites (Ballentine and Burnard, 2002). How-
ever if U is concentrated on the mineral or fracture surface
a more effective release is expected. This possibility is dis-
cussed in the following two sections.

5.5. Special case for instantaneous release

The general model presented above provides a fission
yield fg; for a variety of parameters and processes but still
depends on the assumed U content of the rocks. If the mea-
sured *'Kr/®°Kr ratio represent that of the fluid in contact
with the subsurface production site (i.e. no atmospheric
radiokrypton nor delay since isolation from the source),
the 3'Kr fission yield can be estimated solely from this ratio
provided a rapid release (a0 > Ags). In our model, it is rep-
resented by the lower bound of the allowed model domain
(see Fig. 5). The 3'Kr/%Kr ratio of the fluid is defined by

the production-decay equilibrium ratio and thus the fission
yield ratio:

K Pudsfu s
85KV meas P35 . ;‘81 f85 ;Lgl

( (14)
This means that the fission yield fg; can directly be cal-

culated from the measured ®'Kr/*°Kr ratio without any

assumption about the U concentration in the rock.

81K}" /181
85Kr meas /185

Sar =fss - ( (15)

Best sampling conditions with minimal air contamina-
tion were realized for sample B2012 (Table 1). With
an ¥'Kr/%Kr ratio of 3.2 for the B2012 sample (mean of
2 measurements (Table 1)) and using Eq. (14), a 8'Kr fission
yield of 3.5 x 1078 is calculated, for which case the B2012
data point falls onto the right corner of the allowed area
in Fig. 5. This provides additional evidence for the correct-
ness of the assumed U content because this represents
indeed the situation for 100% fractional release of *°Kr
(and ¥'Kr) as postulated in this fast release scenario
(Appendix III).

5.6. Conceptual uncertainties

The least constrained parameter in our model is the time-
integrated U content of the rocks from which #'Kr and %°Kr
are released along the water flow path. Three proxies were
considered: measured U concentrations in bulk rocks (this
study, Lippmann et al., 2003, 2011) and U concentrations
derived from *°Cl and *°Ar data, which both agreed on an
upper estimate of 100 ppm (Beatrix average Table 3). If this
does not represent the mean U contents of the host rock from
which 8'Kr was released to the fracture water, then the fission
yield estimates need to be corrected accordingly. A recent tex-
tural study of material from the carbon leader reef (Fuchs
et al., 2017) reported aggregates of nanometre-size uraninite
particles in pore spaces, creating a large surface/volume ratio
that facilitates the release and the mobility of U fission prod-
ucts. Geochemical studies show a correlation between car-
bon, gold and uranium concentrations in the rocks of the
Witwatersrand Basin suggesting a genetic association to
hydrothermal processes (Fuchs et al., 2017; Mossman et al.,
2008; Rodney et al., 2016). If the sampled fracture water
interacted with U and gold rich reef layers a higher effective
U content (>20,000 ppm) would plot our data points to the
left towards the allowed model domain in Fig. 5. Although
a potential effect of such high U content in rocks cannot be
completely excluded, it would in turn be enigmatic why this
is not reflected by an elevated *°Cl or *Ar content of dis-
solved Cl. Finally, a much lower porosity than the anticipated
5% 1is another possible factor that could contribute to
enhanced radiokrypton concentrations in the fracture waters.

5.7. Significance of underground production for 3'Kr
groundwater dating

With a fission yield fg; (~107%) that is up to two orders
of magnitude higher than previously assumed the signifi-
cance of 3'Kr underground production for groundwater



76 R. Purtschert et al./ Geochimica et Cosmochimica Acta 295 (2021) 65-79

100

10

9 8 7 6 5 -4 3 -2 -1

logqg(a)

b)

U=2+1 ppm

1 1I0 100
81Kr (pMKr)

Fig. 6. Effect of underground production in rocks with porosity of 20% for a fission yield of 1 x 107%: a) Secular equilibrium (SE) ¥'Kr
activity in groundwater as a function of the release rate a.. b) Deviation of groundwater age due to underground production as a function of

the measured 3'Kr abundance for average crustal composition (U =2 & 1 ppm) and a *'Kr release rate oo = 3.4-1077 yr .

dating needs a revaluation. Fig. 3 shows the respective sec-
ular equilibrium ¥'Kr isotopic abundance in groundwater
for a release rate a>>Ag, where all produced 8'Kr atoms
are transferred to the fluid prior to decay (Appendix III).
This upper (and unlikely) estimate results in a measurable
secular equilibrium concentration in low porosity aquifers
(<5% e.g. in fractured rocks) and typical crustal U concen-
trations. However, in most porous media aquifers lower
secular equilibrium concentrations can be expected because
of higher porosities of ~20%. Finally, the secular equilib-
rium 3'Kr activity in the groundwater depends on the
release rate o (Fig. 6a) that is difficult to assess. For a
release rate of 3.4 10~7 yr~!, which corresponds to a frac-
tional loss coefficient of 10% (Appendix III) the deviation
of ages due to underground production can be calculated
as a function of the measured 8'Kr abundances (Fig. 6b).
The age underestimation is <1% for 8'Kr values >10 pMKr
and approximately 1-4% at the current $'Kr detection limit
of 1 pMKr (or age of 1.5 Myr). The sample from the Finsch
Diamond Mine (Table 1) collected in the Transvaal Super-
group Ghaap dolomite with an average U concentrations of
0.4 ppm (Nicolaysen et al., 1981) revealed a ¥'Kr value of
27 + 4 pMKTr after correction for air contamination. The
resulting decay age is 432 4+ 60 kyr. The consideration of
underground production with above listed assumptions
results in an age correction of +1 kyr, far below the error
caused by analytical uncertainty.

6. CONCLUSIONS

For the first time, underground production of 8'Kr was
detected in groundwater. The observed *'Kr/Kr ratios
exceed the atmospheric level by a factor of up to 5, which
makes decay dating impossible in this case, contrary to
other studies of very old groundwater (Gerber et al.,
2017; Matsumoto et al., 2018; Sturchio et al., 2014;
Yechieli et al., 2019; Yokochi et al., 2019). Isotope fraction-
ation processes or degassing cannot explain these anoma-
lies. The elevated 3'Kr values observed are caused by the

1

high U concentrations in low porosity fractured rock for-
mations of the Welkom gold fields (Dwyer, 1993) but likely
also by a higher production rate than previously assumed.
We developed a model that describes production and
release of the radionuclides **Kr and *'Kr and takes into
account various water-rock isotope transfer rates, contribu-
tion of young atmospheric radiokrypton isotopes, as well as
timing of production-release along the flow path of the frac-
ture waters. The U content of the rock in contact with the
groundwater was estimated based on bulk rock analyses
and *Cl/Cl ratios of dissolved chloride which indicate con-
sistently an effective U content of the rock of at most
100 ppm. With this estimate, our data are in contradiction
with previously estimated fission yields of 8'Kr of <107'°
for spontaneous fission of *U but rather indicate either
a fission yield significantly higher than the current estimate
or alternative production reactions yet to be considered.
This presents a rare case where a geological analogy con-
strains physical constants owing to the long integration
time scale.

More studies will be necessary in order to further con-
strain the production channels for 8'Kr in the subsurface.
This study was carried out in an “extreme” hydrological
environment within the world’s greatest deposit of gold
and uranium. In aquifers with typical crustal composition,
the effect of underground production is negligible given the
current analytical precision and other processes that affect
the interpretation of dating tracers in terms of groundwater
residence times, even considering potentially higher fission
yields. Caution needs to be taken in U-rich and low poros-
ity formations and where simultaneously *°Cl/Cl ratios
above 20 x 107'° and *°Ar/*®Ar ratios significantly above
the atmospheric value are detected.
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