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South African crustal fracture fluids preserve paleometeoric water signatures for up to

tens of millions of years.
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Abstract

Fracture fluids in Earth’s crust may remain isolated for millions to billions of years, and contain
information on paleohydrogeology, subsurface microbial life, and conservative components

that help elucidate the atmospheric evolution of the early Earth. Examples include fluids in the
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South African Kaapvaal craton which host chemolithoautotrophic microbial communities that
survive independent of the photosphere, and billion-year-old fluids in the Canadian Shield,
which preserve the Xe isotopic signature of an evolving early atmosphere. Stable isotope
analyses of the aqueous phase combined with isotopic analyses of the dissolved noble gases
provide unrivalled insight into the time-alteration history of aqueous fracture fluids. Here we
report stable isotope and noble gas data for fracture fluids in the Witwatersrand Basin and
Bushveld Igneous Province systems, South Africa. We determine closed-system radiogenic
noble gas residence times of 0.77-97 million years (Myr). Open-system residence times range
between 6.0 Kyr and 10.8 Myr. One sample from Masimong Mine has a mean closed-system
residence time of 85 Myr, making it one of oldest paleometeoric waters ever recorded. The §°H
and 880 of water in this sample, and in previously reported samples from the same mining
district that are shown to have similar ages, require an isotopically depleted source of
groundwater recharge. This could reflect a recharge regime at a higher paleolatitude, elevation,
or with higher rainfall, established up to tens of Myr ago, and perhaps similar to the recharge
regime in the modern Lesotho Highlands. These data suggest that groundwater isotopes can
provide useful paleoclimatic information for many Myr.

Keywords: noble gases; groundwater dating; crustal fracture fluids; paleohydrogeology

1. Introduction

Noble gases are powerful tracers of volatile reservoirs and physical processes in geochemistry
and cosmochemistry (Porcelli et al., 2002). Systematic variations in their solubility and
diffusivity, chemical inertness, and production in long-lived nuclear reactions, make noble
gases an analytical tool offering unparalleled insight into the timescales of transport and mixing
of crustal fluids (Ballentine et al., 2002 and references therein). Combined, noble gas and stable
isotope studies enable determination of the age and origins of crustal fluids by distinguishing
fluids that originate as recharge from the surface from fluids that are crustal-radiogenic, or even
magmatic in origin (Holland et al., 2013; Lippmann et al., 2003; Lippmann-Pipke et al., 2011).
The non-radiogenic dissolved noble gas composition in fluids in contact with the atmosphere
depends on the temperature (T) and salinity (S) of the water which equilibrates with the
atmosphere (Ballentine et al., 2002). Radiogenic noble gases are generated in the crust by the

decay of U, Th and K via known and quantifiable nuclear decay and secondary nucleogenic
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activity (Ballentine and Burnard, 2002). The accumulation of non-atmospheric gas components
in the groundwater is controlled by the properties of the host rock, and the timescales over
which the water remains below the surface. Reaction and decay products may be produced in
situ; in the case that the fracture network is a closed system; or may be added to an open fracture
system by external crustal fluxes or fluid mixing as fractures open and close over geologic
timescales (Sherwood Lollar et al., 2007; Sleep and Zoback, 2007; Warr et al., 2018).
Radiogenic noble gases have previously been used to determine the residence times of fluids
sampled from the Precambrian shields of South Africa (Lippmann et al., 2003; Lippmann-
Pipke et al., 2011), and Canada (Holland et al., 2013). Fluids from the Witwatersrand basin,
South Africa, yielded closed system residence times of 13-170 Myr; whilst open system
residence times ranged from 0.6 to 23 Myr (Lippmann et al., 2003). Fracture fluids from 5
boreholes from Kidd Creek Mine, Ontario, Canada, recorded closed system residence times
>1.0 billion years (Gyr) (Holland et al., 2013; Warr et al., 2018). Further, the Kidd Creek Mine
samples contained mass-fractionated 1?4128Xe, which is consistent with a model of progressive
fractionating Xe loss from the early atmosphere, as previously reported from fluid inclusions
in Archean barites and hydrothermal quartz (Pujol et al., 2009, 2011).

In recent years the study of fracture fluids in Precambrian cratons has revealed the existence of
a deep microbial biosphere, isolated from Earth’s surface. A low-diversity community of
sulphate-reducing chemotrophic bacteria residing in fluids with radiogenic noble gas-derived,
open system residence times of 15.8-25 Myr were reported inhabiting 3-4 km deep, saline
fracture fluid from Mponeng gold mine in the Witwatersrand Basin, South Africa, in fracture
fluids with radiogenic noble gas-derived, open system residence times of 15.8-25 Myr (Chivian
et al., 2008; Lin et al., 2006). The extended fluid residence times derived from the noble gas
data were critical in establishing that low-diversity subsurface communities could be sustained
for millions of years without photosynthetic energy from Earth’s surface but instead by
radiolytic production of both Hz and sulphate (Lin et al., 2006). Fracture fluids from shallower
depths in South Africa and Finland that possess younger residence time estimates have yielded
more diverse communities (Bomberg et al., 2016, 2015; Borgonie et al., 2015; Gihring et al.,
2006; Lau et al., 2016, 2014, Magnabosco et al., 2016, 2014, Nyyssonen et al., 2014, 2012,
Pedersen et al., 2014; Purkamo et al., 2016).

For this study, new fracture fluids were sampled in four mines from the Witwatersrand Basin,
and one mine in the nearby Bushveld Igneous Complex, for major volatile, stable isotope, and

noble gas analysis. Previous work in the Witwatersrand Basin documented two distinct
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hydrogeologic domains (Onstott et al., 2006; Sherwood Lollar et al., 2008; Ward et al., 2004).
The first domain mostly, but not always, occurred at depths ranging from 0.7 to 1.5 km and
was characterized by paleometeoric fracture fluid with intermediate salinities (0.001 to 0.1 M),
predominantly microbially-derived methane, and §*H and &*80 isotopic values falling on or
near the Global Meteoric Water Line (GMWL) (Lippmann et al., 2003; Onstott et al., 2006;
Sherwood Lollar et al., 2006; Ward et al., 2004). The second hydrogeologic domain was
typically found at depths of 2 to 4 km and was characterized by fracture fluid with higher
salinities (0.1 to 3.6 M), high H2 contents, abiogenic methane, and §°H and 880 isotopic values
located significantly above the GMWL (Onstott et al., 2006; Sherwood Lollar et al., 2006;
Ward et al., 2004). The latter isotopic signature is characteristic of Precambrian Shield brines
globally, and attributed to extensive alteration by water-rock interactions (Frape et al., 1984;
Fritz and Frape, 1982; Onstott et al., 2006). Associated with this deeper hydrogeologic domain
were elevated 2'Ne/?’Ne end-members interpreted to be the remnants of hydrothermal fluids
related to the hydrothermal metamorphic alteration of the Witwatersrand Basin sequences by
the Vredefort Impact at 2 Gyr ago (Lippmann-Pipke et al., 2011). The Bushveld Igneous
Complex layered mafic intrusion provides a geological setting distinct from the above studies,
and paleometeoric fluid has been previously reported (Gihring et al., 2006; Magnabosco et al.,
2014). The objective of this study is to investigate the relationships between fluid age,
dissolved gas contents and the extent of water-rock interaction. These relationships will
illuminate the timescales over which fracture fluids may preserve paleometeoric signatures
informative of surface climate and atmospheric composition, and the degree of

interconnectivity with the surface as it relates to the subsurface microbial biogeography.

2. Geological setting
2.1 The Witwatersrand Basin

The Witwatersrand Basin (Fig. 1A, 1C) is a region much-explored because of its prodigious
gold deposits. The basin lies within the Kaapvaal Craton, one of two continental nuclei in South
Africa formed approximately 3.7-2.7 Ga by episodic pulses of tectonomagmatic activity (Robb
et al., 1997; Robb and Meyer, 1995). The Archean basement rocks are comprised of granite-
greenstone lithologies, a combination of tonalite-tronhjemite-granodiorite gneisses and mafic-
ultramafic volcanic rocks and associated sediments (Robb et al., 1997). The Witwatersrand

Basin formed between 3.074-2.714 Ga (Robb and Meyer, 1995) in several discrete pulses, and
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reached a maximum thickness of 7500 m. The Witwatersrand Supergroup overlies either the
Archean granite-greenstone basement or the Dominion volcano-sedimentary group, which was
deposited up to 3.074 Ga. Deposition in the basin was dominated by terrestrial and marginal
mudstones, sandstones, and minor conglomeratic reefs. Some of the highest-grade ore occurs
in organic-rich leaders which appear to be hydrothermal in origin. Sedimentation terminated
when post-collisional rifting formed the overlying Ventersdorp Supergroup lavas at 2.714 Ga
(Robb and Meyer, 1995).

Groundwater and exsolving gases were obtained from three gold mines in two gold mining
districts of the Witwatersrand Basin. Masimong Mine lies in the Welkom district, located in
the southwest portion of the basin. Here, the Witwatersrand Supergroup is overlain by 600 m
of Carboniferous Karoo sediments (Tweedie, 1986). Samples were taken from within the
Central Rand Group of the Witwatersrand Supergroup at Masimong gold mine at 1.9 km depth
(Lau et al., 2014; Magnabosco et al., 2014). Tau Tona and Driefontein gold mines lie in the
northwestern rim of the Witwatersrand Basin in the Carletonville mining district where the
Witwatersrand Supergroup is overlain by the dolomite aquifer of the 2.60-2.55 Ga Transvaal
Supergroup. At Driefontein gold mine, samples were taken within the Transvaal Supergroup
at 1.046 km depth, while at the Tau Tona gold mine samples were taken from within the Central
Rand Group at 3.048 km depth (Lau et al., 2014; Magnabosco et al., 2014). A fourth sample
was taken from within the Central Rand Group at Star Diamonds mine at a depth of 640 m.
This diamond mine is located approximately 40 km south of the Masimong gold mine, and
where the Witwatersrand Supergroup is overlain by Karoo sediments and both are intersected
by 124 Ma diamondiferous kimberlite (Field et al., 2008; Macintyre and Dawson, 1976).

2.2 The Bushveld complex

The Bushveld complex (Fig. 1B) is the largest layered mafic intrusion in the world with the
world’s largest platinum group element reserves (McCandless and Ruiz, 1991). The Bushveld
Complex is comprised of the Rustenberg layered mafic suite, the Lebowa granite, and Rashoop
granophyre suites which intrude the 12 km thick succession of calcareous and siliciclastic
sediments in the Transvaal Basin, and is overlain by the Rooiberg felsite volcanics (von
Gruenewaldt et al., 1985; Yudovskaya et al., 2013). One fluid sample was taken at 2.1 km
depth from a fracture associated with a NW-SE striking dike cutting the Rustenberg suite at
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Zondereinde platinum mine in the far Western lobe of the Bushveld complex (Magnabosco et
al., 2014).

Material and methods
3.1 Samples

Samples analysed in this study were collected between March 2011 and September 2012 from
three gold mines (Masimong, MM51940; Driefontein, DR5IPC; and Tau Tona, TT107), a
diamond mine (Star Diamonds, SD15), and a platinum mine (Zondereinde, NO14) at depths
ranging from 640 to 3048 m (Table 1). A sterile stainless steel Margot-type plug with a multi-
valve sampling manifold was inserted into the borehole opening and sealed to the inner rock
wall or casing following the procedure of (Lau et al., 2014). Gas and water were flushed
through the apparatus to displace any air. The temperature, salinity, pH, Eh, dissolved O3,
Fe?*/Fe®*, HxS and H,0, were measured using field probes (HANNA Instruments,
Woonsocket, Rl USA) and Chemet kits (Chemetrics, Inc., Calverton, VA). Gas samples were
collected by ‘gas separation’ of water directed through a gas-water separator to isolate the
hydrocarbon rich gases from the fracture water. Gas samples were then collected by attaching
pre-evacuated 160 mL borosilicate glass serum vials sealed with blue butyl rubber stoppers and
containing 100 pL of saturated HgCl> to the gas separator or by removing the gas from the
separator volume and injecting it into the vials using a gas-tight syringe. Water flow rates were
measured from the time taken to fill a graduated bucket. Gas flow rates were similarly measured
from the time taken to displace a known volume of water in the gas-water separator. Noble gas
samples were collected by directing the exsolved gas through plastic tubing attached to three
50 cm long, 10 mm diameter, refrigeration-grade copper tubes connected in series with tubing.
After gas had flowed through the copper tubes to flush out air they were sealed using stainless
steel refrigeration clamps, following procedures outlined in Ballentine and Sherwood Lollar
(2002), or by crimper coldwelding. Water samples for isotopic analyses were collected in acid-
washed Nalgene bottles filled to overflowing, from a separate valve on the manifold along with
other water samples for geochemical and isotopic analyses following the procedure of Ward et
al. (2004).

3.2 Analytical Methods

See Appendix A for full extended methods.
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3.2.1 Major volatile analysis

Gas and water samples were analysed for major volatiles and stable isotopes following
procedures outlined by Sherwood Lollar et al. (2006), and Ward et al. (2004). Compositional
analyses of gas samples were performed at the University of Toronto. Concentrations of CHa,
C2Hs, C3Hs, and CsH10 were measured on a Varian 3400 GC equipped with a flame ionization
detector. Concentrations of Hz, He, Ar, Oz, CO, and N2 were measured on a Varian 3800 GC
equipped with a micro-thermal conductivity detector and a Varian Molecular Sieve 5A PLOT
column (25 m x 0.53 mm inner diameter). Analyses were run in triplicate and reproducibility
was + 5%.Gas composition was also determined at Princeton University for Hz, He, O2 and N2
(thermal conductivity detector), H> and CO (reduced gas detector), and CO2 and CHa (flame
ionization detector) by gas chromatography (Peak Performerl series, Peak Laboratories, USA)
using Ultra-High Purity (UHP) Ar as a carrier gas.

3.2.2 Water stable isotope analysis

Hydrogen and oxygen isotope analyses of waters were performed at the University of
Waterloo. The §?H analyses were performed via manganese reduction at 900 °C using a method
modified from Coleman et al. (1982). The &'80 analyses were performed by the CO;
equilibration method of Epstein and Mayeda (1953). Reproducibility on duplicate analyses are
+ 0.4 %o, and + 0.1 %o with respect to V-SMOW for §°H and §*80 respectively.

3.2.3 Noble gas analysis

Noble gas analyses were conducted following the methods of Barry et al. (2016) and Warr et
al. (2018). Copper sample tubes were attached to the vacuum line and leak checked with
purified He and a Hiden Analytical HAL-201 quadrupole mass spectrometer before being
pumped overnight to < 10 Torr. Sample gas was released by crushing of knife edges in
vacuum and reactive gases were removed by sequential reaction with Ti sponge (held at 950
°C and then cooling to room temperature), 250 °C SAES GP50, and room temperature SAES
NP10 getters respectively. Water vapour was removed with a stainless steel cryotrap at 180 K.

Noble gases were cryogenically separated by the cycling of stainless-steel and charcoal traps
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cooled using He compressors. A ThermoScientific Helix SFT mass spectrometer with a single
Faraday cup and electron multiplier was used for analysis of *He and *He respectively. Neon,
Ar, Kr, and Xe were released sequentially and analysed using a ThermoScientific Argus VI
mass spectrometer with four Faraday cups and a single electron multiplier. Sample Kr and Xe
were released and measured together using a combination of multicollection and peak jumping.
At each release step, residual noble gas from the previous step was removed by several cycles
of heating, re-cooling and dynamical pumping. New aliquots of available replicate samples of
MM51940, TT107, and NO14 were analysed for Xe isotopes on a second system optimised
solely for Xe (and Kr) isotope measurements with a GVI Helix MC mass spectrometer
equipped with 5 Faraday cups in static collection configuration, which has produced consistent
high-precision results in earlier publications (Holland et al., 2009, 2013). Inline gas purification
was performed in a similar manner to that outlined above but without cryotrapping of water.
Analysis of all 9 Xe isotopes was accomplished by the retention of a 20 % aliquot of the purified
gas by trapping on stainless steel at liquid N2 temperatures during the analysis of 124Xe, 12°Xe,
129%e, B31Xe, and B4Xe. Afterwards, 12Xe, 1¥Xe, 32Xe, 13*Xe, and ¥Xe were measured in
this 20 % aliquot with **Xe used to normalise between runs. Sample data were corrected by
subtraction of procedural blanks which were < 1 % on all noble gas isotopes in both mass
spectrometer setups. Sample data are normalised to full procedural air calibrations run
periodically among sample analyses for the Argus-SFT setup, or on the same day as sample
analysis in the GVI setup. All analytical uncertainties on noble gas measurements were
combined in quadrature and in the following sections these uncertainties are reported and

interpreted at the +1 o level.

4. Results
4.1 Major volatiles

The observed gas to water ratios at sampling ranged from 0.002 to 0.2. The gas compositions
separated from the fracture waters were predominantly comprised of N (14.7-85.6 %),
hydrocarbons (1.77-76.6 % CHa, 0.002-2.80 % C2Hs, 0.13-0.30 % CsHg), and O2 (0 -21.6 %)
(Table 2), in addition to concentrations of percent levels of He (Section 4.3). H2 concentrations
ranged from 0.0004 to 1.26 %. Samples with air-like O2/N. yielded O, concentrations that were
higher than that expected from the dissolved O> measured at the borehole, which ranged from
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0.06 to 0.2 ppm, suggesting that some of the gas samples had been partially contaminated by
air (Table 2).

4.2 Groundwater stable isotopes

Fracture waters had 50 and §°H from -7.00 to -4.44 %o V-SMOW and -40.1 to -24.3 %o V-

SMOW, respectively (Fig. 2, Table 2). The values were all significantly lighter than the mean
annual weighted isotopic composition of rainfall for the two GNIP stations in South Africa,
Pretoria with 5180 = —3.8 %o and 8°H = —16.9 %o and Cape Town 580 = —3.4 %o, 6°H =—13.1
%o (West et al., 2014). The isotopic values for Zondereinde, Tau Tona and Driefontein in the
north are consistent with those reported by West et al. (2014) for groundwater-sourced water
supply wells in the same area, and with previous results reported for the dolomite aquifer
located at Driefontein gold mine (Onstott et al., 2006). The isotopic values for Masimong and
Star Diamonds fracture water, however, are much lighter than for groundwater-sourced water
supply wells in the same region, where the 580 ranges from —2.9 to -4 %o and the 6%H ranges
from —20 to -29 %o (West et al., 2014). The spatial variation in the groundwater-sourced water
supply wells is consistent with the 580 and §?H values predicted by the Online Isotopes in
Precipitation Calculator (OIPC, http://waterisotopes.org), indicating that the deeper fracture
waters from Zondereinde, Tau Tona and Driefontein have a predominantly paleometeoric
origin. This is consistent with the low salinity of these fracture waters (Magnabosco et al.,
2014). The light isotopic values of the Masimong and Star Diamond fracture fluids are
consistent with those reported for other mines in the Welkom mining district (Duane et al.,
1997; Lin et al., 2006). All of the Welkom fracture water data plot slightly left of the global
meteoric water line (Craig, 1961) and are consistent with 580 and §°H values predicted by
OPIC for the Lesotho Highlands (West et al., 2014; and shaded area in Fig. 2). The Lesotho
Highlands occur 250 km southeast of the Welkom mining district with an elevation of 2500 m
and an annual rainfall of 1 m compared to 1300 m elevation and 400 mm annual rainfall for
Welkom. This suggests that the more saline fracture fluid from Masimong gold mine and Star
Diamonds mine may have originated as paleometeoric water in the Lesotho Highlands or from

a similar hydrological regime.

4.3 Noble gases
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Sample noble gas concentrations varied by as much as a factor of 18 on %°Ne to less than 7 on
130Xe (Table 1). In part this reflects the variable abundance of hydrocarbons and other major
volatiles which control the dilution of noble gases in the gas phase. Hence, noble gas elemental
ratios enable more effective comparison between different samples. Most samples have
2ONe/*Ar which range from 0.200 (MM51940) to 0.306 (NO14), and similar to air-saturated
water (ASW 2°Ne/*®Ar = 0.160). Sample SD15 was more air-like with 2°Ne/*®Ar = 0.544 (air
2ONe/*®Ar = 0.524). This sample also featured air-like 8Kr/®Ar = 6.02 x 107, and 3°Xe/®Ar
=1.03 x 10, and has the lowest radiogenic *He/?°Ne and nucleogenic 2!Ne/?’Ne ratios of any
sample; further indication of a dominant contribution of air. We conclude that the noble gases
in this sample are dominated by air contamination. This most likely occurred during sampling
because this borehole only penetrated 1 m into the fracture wall and may have aspirated some
mine air through tunnel wall fractures when flowing. We note that whilst only SD15 showed
evidence of major air contamination, the elemental ratios of other samples,hereafter referred to
as ‘uncontaminated’, still have variable evidence for some air contamination (up to 22% in on
NO14; Section 5.2).

Concentrations of “He ranged from 3.22x10 to 0.102 cm®/cm? of gas at standard temperature
and pressure (STP). All samples were strongly radiogenic (Table 3), with *He/*He ranging from
9.62 +0.36x10° t0 0.114 + 0.003 Ra (Air *He/*He = 1 Ra = 1.40x10°%; Mamyrin et al., 1970).
The 3He/*He of sample gases reflects the accumulation of crustal radiogenic He (0.007 Ra) and
demonstrates that the fracture fluids have remained isolated from the atmosphere, consistent
with a paleometeoric origin (Ballentine and Burnard, 2002). Mantle He contributions are
considered negligible, consistent with studies for fracture fluids in other Precambrian Shield
studies (Holland et al., 2013; Kietdvainen et al., 2014; Lippmann-Pipke et al., 2011; Sherwood
Lollar et al., 1993; Warr et al., 2018).

Concentrations of ?Ne ranged from 6.9 x 107 t0 9.0 x 10 cm®cm? gas at STP. The °Ne/?’Ne
ranged from 9.047 + 0.007 to 10.077 = 0.013 (Table 3; Fig. 3). The lowest value (MM51940)
indicates a large addition of crustal nucleogenic 2°Ne to initially air-like Ne (air °Ne/?’Ne =
9.80; Eberhardt et al., 1965). The sample with a 2°Ne/?’Ne ratio higher than air (DR5IPC) falls
close to the trajectory in 3-isotope space taken by a mass-dependent fractionation process such
as diffusive transport. Measured 2*Ne/??Ne values ranged from 0.0300 + 0.0001 to 0.0643 +
0.0003. All samples have excesses in ?!Ne relative to air (air 2*Ne/??Ne = 0.0290; Eberhardt et

al., 1965) indicating a resolvable contribution of nucleogenic **Ne.
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Concentrations of Ar ranged from 3.45 x 10°t0 2.93 x 10> cm3/cm?® gas at STP, and *°Ar/*Ar
values in all samples were enriched relative to the atmospheric ratio of “°Ar/*®Ar = 298.56 (Lee
et al., 2006). Specifically, measured “°Ar/*®Ar values varied between 323.6 + 0.6 and 2636 *
5, indicating a resolvable contribution of crustal radiogenic “°Ar from “°K decay (Table 3). All
samples have ®Ar/*®Ar similar to the atmospheric value (0.1885; Lee et al., 2006), ranging
from 0.1828 + 0.0005 to 0.1906 + 0.0005. The sample with the lowest 8Ar/*®Ar, DR5IPC, also
had the highest 2°Ne/??Ne ratio and is indicative of coherent mass dependant fractionation such
as diffusion (Zhou et al., 2005).

Concentrations of 3Kr ranged from 3.43x 108 to 2.39 x 107 cm3/cm?® gas at STP. Measured
isotope ratios were similar to air (8Kr/2*Kr = 0.305; Basford et al., 1973).

Concentrations of 1*Xe ranged from 8.1 x 101%t0 5.4 x 10°® cm3/cm? gas at STP (Table 5 and
Fig. 4). Measurements made with the Argus VI showed light isotope ratios of 124126:128 /130X e
to be within analytical uncertainty of the atmospheric value at 1 ¢ in all samples (1**Xe/*3°Xe
=0.02337; 126Xe/"0Xe = 0.02180; 1?8Xe/***Xe = 0.4715; Basford et al., 1973); except sample
MM51940 which had a 5 % depletion in '?6Xe/**Xe relative to the atmospheric value.
MM51940, TT107 and the air-contaminated SD15 featured 13413¢Xe excesses, which deviated
from air by more than 1. For all samples, 13¢Xe/*3*Xe was consistent with the predictions of
atmospheric Xe mixing with spontaneous 2*8U fission products (Fig. 5, Eikenberg et al., 1993;
Wetherill, 1953). Determinations of Xe isotope ratios made on the GVI Helix MC mass
spectrometer for samples MM51940, TT107, and NO14, exhibited minor discrepancies
compared to the measurement made by the Argus VI. The depletion of MM51940 in
126%e/130Xe measured on the Argus VI was absent from the GVI data; all light Xe isotope
measurements (124126128%e) were air-like. The excesses in *4136Xe/*30Xe from Argus VI
measurement of TT107 were also different from the GVI results, which indicated air-like
isotope ratios for this sample across the isotope spectrum. The analytical error on some Argus
VI Xe isotope ratio measurements for TT107 and NO14 exceeded 2 %, whereas GVI
measurements all had < 1 % error. Due to the demonstrably higher precision of Xe isotope
measurements on the GVI instrument, Xe isotope ratios measured on the GVI are used for
samples MM51940, TT107, and NO14, whereas Argus VI measurements of Xe in these
samples are used to interpret Xe elemental concentration, as for all other noble gases in all
samples in this study. By necessity Xe isotope ratio measurements made with the Argus VI are
reported for those samples (DR5IPC, SD15) which did not have duplicates measured on the
GVLI.
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5. Discussion
5.1 Atmospheric noble gases in groundwater

Air-derived noble gases (e.g. 2°Ne, *Ar, &Kr, 130Xe) are not significantly produced by crustal
nuclear decay processes, therefore deviations from their estimated initial air-saturated water
(ASW) concentrations track physical degassing and mixing processes. Noble gas solubility,
depends on temperature and salinity at the time of water-atmosphere equilibration and
increases from the light to heavy noble gases. The co-sampled waters are all less saline than
seawater (Magnabosco et al., 2014, 2016) and we assume a meteoric origin for all
groundwaters sampled in this study. The ASW reference used here is fresh ‘Lake Baikal’ water
at 20°C (Kipfer et al., 2002) to be consistent withLippmann et al. (2003).

5.2 Initial noble concentrations in fracture fluids

Ideally, gas separation during sampling would remove all of the dissolved noble gases from
the sampled fracture water. In that case and assuming a single phase pristine fluid, multiplying
sample gas concentrations by measured gas to water flow rate ratios, Fg/Fw (where Fq and Fw
are gas and water flow rates respectively) obtains the initial fracture water dissolved gas
concentrations. Estimates made with available flow rate data (Table 6) show significant
variability in atmospheric noble gas contents relative to ASW. Samples MM51940, TT107,
and NO14 have ?°Ne contents, which are approximately 97%, 84%, and 89% of the ASW
values respectively. Sample gases are also enriched in 2°Ne/*Ar and depleted in 8Kr/*®Ar and
130X e/*8Ar relative to ASW. We infer that not all gas was stripped from fracture waters during
sampling, and a solubility fractionation occurred, with the lighter, less soluble noble gases
being more effectively (but still incompletely) exsolved from their co-sampled waters during
sample collection. As a result, the original dissolved noble gas concentrations are
underestimated by the simple calculation using flow rate ratios, and we apply a model of
solubility fractionation to correct for this partial exsolution, using established quantitative
approaches (Ballentine et al., 2002 and references therein). Following the hypothesis that
incomplete exsolution of noble gases to the sample gas during gas stripping, we tracked
elemental compositions of a sample gas generated by different degrees of partial exsolution

after generation of a headspace (in the gas-water separator), using a simple model of noble gas
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solubility and initial fresh ASW at 20°C (Kipfer et al., 2002). The number of moles [i]g of gas
species i exsolved into a gas volume Vg from a volume of water Vy, is calculated as

22400 T pyp0 Vi
18 x 273 v, K; Vg

[i]; = [ilr( + 1) 1)

where [i]r are moles of i in the gas phase and total system respectively, T is temperature in K,
pH20 is the density of water in g/cm?, yi is the T- and salinity (S)-dependent liquid phase activity
coefficient of i, and Ki; is the Henry’s Law solubility constant of i in atmospheres (Ballentine
et al., 2002). We used a closed-system degassing model that assumes that exsolved gas enters
a single batch gas volume that remains in equilibrium with the parent fluid. This simulates the
case where some noble gas may remain dissolved in co-produced water in the gas separator if
gas separation was incomplete. Equilibrium degassing of fresh ASW at 20 °C was modelled
with between Vg/Vw = 0.001 and V¢/Vw = 1.0 in Equation 1. Degassing curves (Fig. 6) were
constructed for each sample at the T, S corresponding to measurements of co-produced water
(Magnabosco et al., 2014, 2016). Initial gas compositions show strong dependence on
degassing T and S, but the curves converge at higher V¢/Vw as compositions evolve towards
total degassing of the same initial model ASW. All sample points fall above equilibrium
degassing curves in [*°Ne] vs Ne/*®Ar space, which suggests some contamination by
extraneous air during sampling. When extrapolated along an air-mixing line to their respective
degassing curves, sample data indicate produced gas/water ratios from Vy/Vw = 0.299 for
MM51940, to V¢/Vw = 0.012 for NO14. For comparison, the estimated volume flow rates ratios
recorded for these samples were Fg/Fw = 0.235, and Fg¢/Fw = 0.017 respectively. For comparison
we also display the trajectory for open-system degassing (Figure 6), wherein small gas volumes
in instantaneous equilibrium with the fluid are exsolved and transported away as a separate
phase. Gases remaining in the water are fractionated more strongly than in a closed system,
and ratios follow Rayleigh distillation:

([1/TATDy, = ([1/[ATDo P*! )

where ([i1J/[Ar])ois the initial i/Ar in the water, P the fraction of Ar remaining in the water and
a is the gas/liquid fractionation coefficient (Ballentine et al., 2002 and references therein).
Groundwater gas can be fractionated in this way when a free gas phase is able to escape from
fractures separate from the water. This process cannot have controlled the composition of a

bulk gas phase obtained by (incomplete) gas stripping of water within sampling apparatus.
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Taking closed-system partial degassing of fluids during gas stripping during sampling as the
most reasonable scenario, a simple two-component mixing calculation was used to determine
air contributions. These were estimated to range from <1 % in MM51940 to approximately 22
% in NO14 from mixing calculations, and we anticipate that the most plausible explanation for
the source of these air additions is, as discussed previously, that air was incorporated during
sampling. The process of draining the fluids from the fractures by the mining operations cannot
exclude the possibility of drawing in modern mine air. If air is entrained or dissolved in portions
of the draining fracture fluid that is subsequently sampled this could account for the extensive
degree of ‘air contamination' observed in the samples collected for noble gas analysis.
Contamination by mine air may have occurred because the seal between the fracture walls and
the sampling manifold was not airtight, because the sampling apparatus were not flushed with
fracture water and gas for a sufficiently long time to displace all air before samples were
collected and sealed, or because the borehole itself aspirated air; as is observed to occur
significantly in the Star Diamonds borehole and explains the total contamination of that sample.
However, whilst we consider it most likely that air was introduced in sampling rather than in
the laboratory (as all copper sample tubes were leak checked in the laboratory with He), the
atmosphere should be homogeneous with respect to non-radiogenic noble gases to the margin
of error we are interested in, so functionally the exact point at which an air component was
introduced will not affect our concentration corrections. Air contributions to each noble gas are
corrected for by subtracting the volume fraction of air multiplied by the concentration in air
from each sample and renormalized through dividing by (1 — vol% air). Dissolved
concentrations are then obtained by dividing air-corrected concentrations by their respective
degree of degassing in the closed system model, taking the ratio to the corrected [*Ar], and
multiplying by [*®Ar] in ASW. The corrected 2°Ne/*®Ar and 8Kr/*®Ar values are close to the
ASW values (®°Ne/*Arasw = 0.16, ®Kr/*Arasw = 1.15 x 107?; Kipfer et al., 2002); but
corrected 139Xe/*®Ar values range from 2.30 to 4.31 x 10" around the ASW value of 3.68 x 10°
4 (Table 7). Preferential absorption of the heavy noble gases into minerals in organic rich
sedimentary rocks (e.g. Podosek et al., 1981) may contribute to Kr and Xe enrichments in
groundwater interacting with these buried lithologies. In the case of NO14, which is from a
layered igneous complex, any interaction with organic-rich sediments would have to have
occurred in the surrounding country rock, either the immediately adjacent Transvaal
Supergroup, or the nearby Witwatersrand basin sediments themselves, before fracture fluids
migrated to their current location. Adsorption to sedimentary rocks could have had the opposite

effect of stripping some Xe from the lower temperature fracture fluids, which appear Xe-
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undersaturated. Air contamination dilutes the radiogenic noble gas isotopes in fracture fluid
samples. Therefore, we also correct noble gas isotopic ratios using a simple two-component
mixing calculation like that used above for concentrations. These corrected ratios, which are
representative of the original fluid, are also presented in Table 7. In addition to the solubility
control of noble gas elemental ratios, sample DR5IPC features enrichment in 2°Ne/?’Ne
depletion in *®Ar/*®Ar, which is consistent with a mass-dependent isotope fractionation process.
This phenomenon was observed previously in San Juan Coal Basin gases by Zhou et al. (2005)
and was modelled as the result of the rapid diffusion of noble gases from groundwater under
non-equilibrium conditions. In DR5IPC this rapid diffusive transport could have occurred
during gas stripping of fracture waters during sampling or as an in-fracture process.
Importantly, Zhou et al. (2005) note that whilst the process can create severe mass-dependent
fractionation of the light noble gas isotope ratios, elemental ratios are still overwhelmingly

controlled by solubility.

5.3 Noble gas residence times

We calculate closed-system and open-system noble gas residence times. The residence time of
a fracture fluid is the time required for the excess radiogenic noble gas (defined as the
concentration of noble gas in excess of that explainable by equilibration with the atmosphere
during recharge) to have accumulated via in situ and external fluxes. Excess noble gas

concentrations in fracture waters (in cm® STP/gwater) are calculated as:

[ZINC*] = [(21Ne/20Ne)Samp]e - (ZING/ZONe)ASW] X (20N6/36Ar)5ample X [36Ar]ASW (3)
[“°Ar*] = [(*°Ar/*®Ar)sample — (**Ar/*0Ar)asw] % [2°Ar]asw 4)
[136Xe*] — [(136Xe/130Xe)Sample _ (136Xe/130Xe)ASW] x (130X6/36Ar)5ample x [36AT]ASW (5)

where the degassing-corrected values of (*’Ne/*®Ar)sample, and (**°Xe/*®Ar)sample are used. It is
assumed that essentially all “He is radiogenic so that [*He*] is simply the degassing-corrected
[“He] given in Table 7. The values of [*He*], [2!Ne*], [®Ar*], and [***Xe*] are given in Table
8.

It is convenient to express radiogenic noble gas excesses as concentration of atoms per gram
of porous host rock, in order to equate accumulation in pore waters to local production and

external fluxes which both depend upon radioactive decay of rock-forming elements:
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[i*]arer = 2.6868 x 10" x [i*]ecrgw * [N/(1 = N)] < (pw/pr) (6)

where [i*]agr and [i*]cciqw are concentrations of excess noble gas i* in atoms/grock, and cm?®
STP/gwater respectively, 2.6868 x 10'° is the conversion factor from cm3 STP to molecules (in
this case noble gas atoms), N is bulk porosity, and pw and pr are the densities of the fracture
fluid and host rock. Based upon the salinities, the fracture fluid densities range from 1.0002 to
1.002 g/cm?®. The bulk densities of the Witwatersrand quartzite, Mooidrai Dolomite, and
Merensky Reef (Bushveld) are 2.68 + 0.03 g/cm?® (Silver et al., 2012), 2.85 g/cm? (Lippmann
et al., 2003), and 3.2 g/cm® (Cawthorn, 2010) respectively. The bulk porosity of the
Witwatersrand quartzite is 0.7 £ 0.14 % (Silver et al., 2012). The porosity reported for the
Mooidraai Dolomite ranges from <2 % to 14 % (Vegter and Foster, 1992), and here we use a
value of 2 % which makes age estimates conservative. The fracture porosity is typically much
less than the matrix porosity in fractured metamorphic and igneous rocks (Nordstrom et al.,
1989) and could be as high as 0.05 % for heavily fractured rock to as little as 0.002 %. Here
we use a value of 0.05 % for porosity in the Bushveld to encompass matrix and fracture
porosities. Porosities reported with an associated analytical uncertainty are reflective of the
matrix porosity of an intact piece of rock core and are thus likely underestimate both the true
bulk porosity of the fractured rock system, and the uncertainty in the value of the porosity. To
account for this we follow the approach of Sherwood Lollar et al. (2014) and adopt a 45 %
relative uncertainty, selected to demonstrate the effect of varying estimates of porosity within
a wide range for crustal rocks. The resulting uncertainties on age estimates are therefore not
analytical error bars, but demonstrations of uncertainties in residence times in the most
conservative sense, which encompass both overly large and overly small values of porosity and
any changes that may occur with porosity change on depth and compaction over time (Warr et
al., 2018).

The in situ production of *He, “°Ar and **¢Xe in fracture host rocks is governed by the nuclear
decay equations:

“He* =8 x [BU] x (2387~ 1)+ 7 x [35U] x (357~ 1) + 6 x [32Th] x (e"327 - 1) @)

WOAr* =0.105 x [*K] x (eM07— 1) (8)
36X e* = hpxe/Aaszs X [28U] x (87— 1) 9)

Where *He*, °Ar*, and (*¥Xe*) are the concentrations of radiogenic (fissiogenic) noble gas
produced in a rock with [28U], [2°U], [22Th], and [*°K] concentrations in atoms/grock, OVer

time T N yr. A23s, A23s, A232, and A4o are the decay constants for these radioisotopes respectively
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in yr?, 0.105 is the proportion of *°K that decays to “°Ar (opposed to “°Ca), and Arxe = 6.83 x
1018 yrl s the decay constant of 223U spontaneous fission events which produce *Xe (Ragettli
et al., 1994; Steiger and Jager, 1977). The production of nucleogenic 2!Ne* is calculated
assuming a *He/?!Ne* production ratio = 2.24 x 10’ (Ballentine and Burnard, 2002; and
references therein). The release factors Ane, Ane, Aar, and Axe, Which describe the fraction of
radiogenic atoms which can leave the host rock and accumulate in fracture fluid, are all
assumed to be 1, following the approach of Holland et al. (2013), and therefore release of all
radiogenic noble gas is assumed to be quantitative.

Average mass concentrations U, Th and K in the host rocks of each sample are taken from the
published literature. These host rocks are the Merensky unit of the Bushveld at Zondereinde
(0.11 ppm U, 0.41 ppm Th, 0.054 % K; Lee, 1983), the Central Rand group of the
Witwatersrand at Masimong and Tau Tona, and the Transvaal Dolomite aquifer hosting the
sample from Driefontein. We use U data from representative lithologies measured in Lippmann
et al. (2003) and the Th and K concentrations from Nicolaysen et al. (1981). Lippmann et al.
(2003) study reported 17.6 ppm U in the Mooidraai Dolomite and U concentrations spanning
several orders of magnitude in the underlying Witwatersrand Supergroup. Radiogenic
“He*/**Ar* ratios in the MM51940 and TT107 are 12, higher than the crustal average of 4.9
(Taylor and McLennan, 1985) indicating a source with U/K enriched relative to average crust
but lower than the very U-rich host rock of fluids with “He*/*°Ar* in the hundreds (Lippmann
et al., 2003). We therefore use a U value of 4.7 ppm, the average of 7 selected hanging and
footwall samples of Witwatersrand quartzite sampled from Beatrix mine (Lippmann et al.,
2003), which is higher than the crustal average of 2.8 ppm (Taylor and McLennan, 1985). We
assume homogeneous radioelement concentrations in host rocks, because the fracture networks

are much larger than the thickness of individual stratigraphic units (Manzi et al., 2012).

Open-system residence time calculations incorporate an additional external flux of radiogenic
noble gases from the underlying crust. We model this accumulation with the equation:

C7=2.69 x 10" x I x t/(hx p x (1=N)) (10)

where Ci” is the concentration of radiogenic noble gas i in atoms/g of pore fluid-hosting rock
accumulated from external fluxes over time t, Ji iS the accumulation rate of noble gas in
cm®/cm?2-yr in the crustal column, h is the sampling depth (cm), and pr is the rock density in
g/cm?® (Lippmann et al., 2003). The external flux is treated here following the approach of
Lippmann et al. (2003), by assuming crustal average production of “He with the remaining
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noble gases produced in relative abundances reflecting an average crustal composition
(Ballentine and Burnard, 2002; Taylor and McLennan, 1985; Torgersen and Clarke, 1985).

Residence times are estimated by equating observed radiogenic noble gas excesses to the
source terms (the decay equations and external fluxes) and solving for 1. Closed-system
residence time estimates are independently calculated for each of the He, Ne, Ar and Xe noble
gas systems (Table 8). Disagreement between age estimates from different isotope systems in
each sample can indicate where the assumptions of the closed system radiogenic accumulation
model break down, such as through the addition of external fluxes of noble gas, or if the release
behaviour of all the different radiogenic noble gases is not quantitative. Our results show a
broad range in closed-system residence times amongst samples (Table 8, Fig. 7). Sample
MM51940, has residence times from 40-97 Myr (based on 1¥Xe, “He respectively) and has a
mean residence time of 85 Myr given by “He, Ne, and “°Ar. Sample TT107 has residence
times from 0.77-6.1 Myr (based on***Xe, ?*Ne respectively) and has a mean residence time of
5.9 Myr given by “He, Ne, and “°Ar. The “He- and “°Ar-derived residence times agree to
within 2% and 5% of each other in MM51940 and TT107 respectively, and *Ne also gives
similar residence time in each case. Additionally, MM51940 and TT107 both feature **Xe (40
and 0.77 Myr, respectively) residence times significantly lower than those given by “He, 2'Ne,
and “°Ar. Lower *®Xe residence time determinations likely result from some xenon retention
within the host rock which was not factored in our initial model which assumed 100 % release
of Xe from the host lithology. 1*Xe residence times may be reconciled with the mean
determination given by the other noble gas systems by assuming values of Axe for Xe of 0.47
and 0.13 in MM51940 and TT107, respectively. For comparison, the range of values for Axe
found by Lippmann et al. (2003) was 0.20-1.00, so our results are consistent with previously
reported inefficient Xe release in the Witwatersrand Supergroup (Lippmann et al., 2003).
Closed-system residence times range from 2.7-12.0 Myr (based on 1%Xe, 2!Ne, respectively)
for NO14 and from 2.6-12.0 Myr (based on *He, *°Ar, respectively) for DR5IPC. We do not
compute 2!Ne ages for DR5IPC because the Ne isotopes in this sample are altered by a mass
dependent isotope fractionation signal unrelated to radiogenic accumulation. This process was
also observed to have fractionated *8Ar/*8Ar in DR5IPC. Although it cannot be assessed due to
the lack of a third normalizing isotope, the implied diffusive transport is expected to have
affected the isotopic ratio and elemental abundance of He more severely than Ne. It would
therefore be unreasonable to expect that the radiogenic noble gases in DR5IPC bear

straightforward interpretation with either a simple closed- or open-system model, because

18



568
569
570
571
572

573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600

processes other than radiogenic accumulation have acted to alter the isotopic ratios of the light
noble gases in this sample. In NO14, there is a general trend towards decreasing closed-system
residence time estimates with increasing atomic radius, which in the context of a closed system
would suggest some role for inefficient release behaviour of the radiogenic noble gases from

minerals in the Bushveld Igneous Complex.

Residence times calculated with external fluxes Ji representative of average crust (Ballentine
and Burnard, 2002; Taylor and McLennan, 1985; Torgersen and Clarke, 1985) also show
diversity in fluid residence times amongst samples (Table 8). Open-system residence times
range from 3.4-10.8 Myr (based on *®Xe, “He, respectively), in MM51940, and from 0.1-1.0
Myr (based on *®Xe, 2!Ne, respectively) in TT107. In this open-system framework, residence
times show a generally decreasing trend with increasing atomic number, potentially indicative
of a mobility control on the external noble gas flux, with the lighter, more readily mobile noble
gases accumulating more rapidly in the fracture network. Alternatively, inefficient release of
Xe may explain the deficient **Xe ages, in which case there is still a mismatch in “°Ar versus
‘older’ “He and 2!Ne residence times. This could at least in part reflect the enrichment of U/K
in the Witwatersrand Basin relative to average crust, which causes underestimation of the
external flux of noble gases from U decay (Lippmann et al., 2003). This is borne out by the
observation that the “He-derived open-system residence time (10.8 Myr) is approximately
twice the *°Ar-derived value (4.7 Myr); while the *He*/*°Ar* ratio in the sample (12.1) is
roughly double the upper crustal average value (4.9; Taylor and McLennan, 1985). Open-
system residence times range from 6.0-47 Kyr (based on “°Ar, 2!Ne respectively) for NO14 and
from 200-690 Kyr (based on “°Ar, “He respectively) in DR5IPC. In both cases, ratios of *He,
(**Ne,) and *®Xe residence times to “°Ar residence times are higher than those from closed-
system calculations for the same samples, which implies that average crustal values for the
external fluxes of noble gases are inappropriate in crustal lithologies enriched in U/K. This is
the case for NO14 even though the host Bushveld Igneous Complex lithology is not enriched
in U, unlike Witwatersrand Basin sediments. This suggests that the external flux of noble gases
to NO14 was at least partially sourced from surrounding sedimentary lithologies and provides
strong evidence for the open-system accumulation scenario for this sample. As with the closed-
system interpretation, the much higher residence time determinations from the light noble gases
“He, and 2!Ne in NO14 again could result in part from greater mobility of these noble gases
either at the local (in situ) or regional (external flux) scale, and incomplete release of the heavier

noble gases from rock into porewater.
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Samples contain active **C in DIC at concentrations ranging from ~2 (MM51940) to over 50%
(NO14) of the modern atmospheric value (Table 9; Magnabosco et al., 2014; Simkus et al.,
2016). Radiogenic noble gas ages indicate these samples should be **C-dead. In Appendix B,
we show that numerous plausible pathways exist for introducing *4C in the small quantities
observed in MM51940 naturally or during sampling, whereas 1“C ages taken at face value are
irreconcilable with large observed radiogenic noble gas excesses (Table 9; Appendix). Higher
14C in TT107 implies a significant young water contribution, in support of combined evidence
from &%H and §'80, salinity, and Ne isotopes.

5.4 Paleohydrological implications

Estimates of residence time provide important context when interpreting the processes
occurring in the fracture fluid environment. Sample TT107 provides one example of how
residence times aid in understanding fluid systematics. Ne isotopes in this sample fall along an
evolution line previously associated with 2 Ga metamorphic fluids, and fluids which have
undergone extensive alteration through water-rock reaction and are generally enriched in H:
and hydrocarbons (Lippmann-Pipke et al., 2011). However, even our oldest residence time
estimates indicate that the bulk TT107 fluid is far younger than this highly altered component,
and it contains significant active *C. In addition, TT107 §°H and §*80 fall near the GMWL
and salinities are low and close to those of the source aquifer (Simkus et al. 2016), in contrast
with the signature anticipated for a ?’Ne-enriched 2 Ga hydrothermal component (Lippmann-
Pipke et al., 2011). The aggregated signals indicate mixing between an old metamorphic fluid
potentially dating to 2 Ga, which carries high concentrations of radiogenic noble gas and
anomalously enriched 2!Ne, with fresh groundwater recharge. The margins of Jean’s dyke,
which intersects the TT107 fracture network, could act as a conduit for fresh young meteoric

water enabling admixture of the ancient and modern fluids in TT107 (Simkus et al. 2016).

The closed-system calculation shows that MM51940 has retained a paleometeoric water
isotope signature over several tens of Myr isolated in the crust (Figs. 2, 7). A mean residence
time of 85 Myr, and individual *He and *°Ar ages of 97 and 95 Myr respectively, would make
this, to our knowledge, one of the oldest paleometeoric waters ever discovered. Water-rock
interaction, or mixing with waters that have undergone such interaction, can move
paleometeoric waters away from the GMWL. Groundwaters from other Precambrian shields

show evidence of such water rock interaction in being highly saline and with §?H and 520 that
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lie above the GMWL. These characteristics reflect water rock reactions such as the alteration
of feldspars to clay minerals (Fritz and Frape, 1982; Ward et al., 2004; Warr et al., 2018).
There is no such altered component in fracture fluids sampled near the Masimong gold mine
which could be added to MM51940 fluids (Onstott et al., 2006), so the upper age limit for
retention of the paleometeoric signature should only depend on the time required to for the
fluid to reach a sufficient crustal depth such that ambient temperatures enable isotopic
equilibration between water and rock. Evidently in favourable cases paleometeoric water
signatures can evade such alteration for timescales approaching 100 Myr; and equally
prolonged contact with water in fractures by no means guarantees that crustal rocks will
undergo appreciable water-rock reaction. This finding could extend the geological timescales

for which groundwater isotopes have the potential to yield useful paleoclimatic information.

Rainfall in the Witwatersrand at the time that MM51940 groundwaters were infiltrating was
2H- and *O-depleted relative to the present (IAEA/WMO, 2002). It is widely observed that
precipitation becomes progressively depleted in 2H and 0 with higher altitude, higher
latitude, increasingly continentality, higher rainfall, or under cooler climatic conditions
(Dansgaard, 1964; Rozanski et al., 1993). Paleogeographic reconstructions for Gondwana
place South Africa at higher southern latitudes than its current location throughout the
Mesozoic and early Cenozoic, and its location within the Gondwana supercontinent implies an
enhanced continental effect on precipitation (Besse and Courtillot, 1988; Scotese et al., 1999;
Torsvik and Cocks, 2013; Torsvik and van der Voo, 2002). Furthermore, a mean age of 85 Myr
for MM51940 groundwater roughly coincides with the beginning of a proposed phase of rapid
uplift and erosion of the South African Plateau, which was associated with a sharp transition
from semiarid to very humid conditions beginning around 85 Ma and persisting until the late
Eocene (ca. 40 Ma), potentially due to the change in orography brought about by plateau uplift,
and enhanced rainfall (Braun et al., 2014). All the above effects would deplete precipitation in
H and 180, as is observed in MM51940 paleometeoric water. We recalculate closed-system
*He, *°Ar, and 1*®Xe residence times for another sample from Masimong mine, MM51870, and
several samples from Beatrix mine, all of which also derive from the Welkom district and are
also on the GMWL with strongly depleted in 2H and 80 consistent with similar recharge
conditions to MM51940 (Fig. 2; Table 10; Lippmann et al., 2003; Lippmann-Pipke et al., 2011;
Onstott et al., 2006). Residence times were recalculated using noble gas data from Lippmann
et al. (2003), and Lippmann-Pipke et al. (2011) and otherwise identical model parameters to

those used for MM51940 (Table 10). All recalculated residence times show agreement between
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“He and “°Ar, demonstrating the robustness of this consistent approach to residence time
calculations, and have deficient %Xe ages indicating release factors between 0.22-0.54,
consistent with data reported herein and with the earlier calculations of Lippmann et al. (2003).
Mean residence times range from 39-121 Myr. The oldest sample BE325 is older than
MM51940 and the hypothesised date of plateau uplift around 85 Ma; however model
uncertainties are large, and interlocational variability in the radiogenic source parameters are
not considered. All other samples are consistent with duration of the inferred humid
paleoclimate period (Braun et al., 2014). Sample MM519870 is younger than MM51940, with
a mean age of 73 Myr; which is consistent with the fracture fluid being sampled at a slightly
shallower depth of 1.88 km. These data do not exclusively require an interpretation of Late
Mesozoic-Early Cenozoic recharge, because similarly depleted water is sourced from relatively
recent recharge in the Lesotho Highlands where higher elevations and greater annual rainfall
create precipitation isotopically depleted with respect to ?H and 80 (West et al., 2014; Fig. 2).
However, coupled with coherent closed-system residence times, these data indicate that
paleometoric groundwaters in the Welkom district record the establishment of an isotopically
depleted groundwater recharge regime following uplift of the South African plateau. This
regime has apparently persisted to the modern day in the erosionally-resistant remnant of the

high plateau which the Lesotho Highlands represent.

6. Conclusions

Exsolved gases and co-sampled waters have provided us data which revealdiverse histories
for a suite of crustal fracture fluids. Estimated closed-system residence times from multiple
independent noble gas systems ranged from 0.77 to 97 Myr depending on the site. 1¥Xe
persistently gives the youngest age determinations agreeing with previous studies that
highlight the inefficient release of fissiogenic Xe from host rocks into groundwater, relative
to the lighter noble gases. Open-system noble gas residence times ranged from 6.0 kyr -10.8
Myr. With a mean closed-system residence time of 85 Myr, sample MM51940 is to our
knowledge among the oldest paleometeoric waters ever recorded. We suggest that water
isotopes could provide a useful source of paleoclimatic information for timescales
approaching 100 Myr. A first order interpretation of §°H and &0 in this sample implies a
depleted moisture source relative to the modern mean as a result of various paleoclimatic and

paleogeographic factors. A reconsideration of noble gas data in similarly depleted
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paleometeoric fluids sampled in the same mining district as MM51940 indicates a range of
closed-system residence times which encompass the age of MM51940 and are consistent with
an inferred period of uplift and increased humidity and rainfall in the South African plateau.
These data record the establishment of a high-elevation groundwater recharge regime, a

remnant of which has perhaps persisted in the Lesotho Highlands through to the modern day.
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Figure Captions

Figure 1 — A: Simplified geological map of the Witwatersrand Basin, after Reimold et al.
(1995). Coloured circles show locations of mines from where samples were collected
(Masimong — green; Tau Tona — purple; Star Diamonds — yellow; Driefontein — blue). B:
Simplified geological map of the Western Lobe of the Bushveld Complex, South Africa, after
Yudovskaya et al. (2013). The red circle marks the location of Zondereinde, which is

approximately 200 km North of Johannesburg and the Witwatersrand.

Figure 2 — Stable O and H isotope ratios in South African fracture water. Coloured circles
represent individual sample sites (Masimong — green; Zondereinde — red; Tau Tona — purple;
Star Diamonds — yellow; Driefontein — blue). Greyed out data points are for previously
measured samples from the Welkom District (Beatrix mine, Lippmann et al., 2003 — squares;
Masimong mine at 1.88 km depth, Onstott et al. 2006 — diamond) The black diamond
represents the time averaged modern precipitation in Pretoria (IAEA/WMO, 2002). The
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dashed line is the global meteoric water line (GMW.L,; Craig, 1961), the solid line is the local
meteoric water line (LMWL; IAEA/WMO, 2002), and the dashed and shaded area is the
range of values predicted from the OIPC for the Lesotho Highlands (West et al., 2014)

Figure 3 — Ne isotope ratios in fracture water gases. Coloured circles representing samples are
as for previous figures, and 1 o error bars are smaller than the symbols. The black diamond is
air. Greyed out squares are data for South African fracture waters which show anomalous
enrichment in nucleogenic 21Ne (Lippmann-Pipke et al., 2011). The solid line is the modern
crustal production trend (Kennedy et al., 1990), the short-dashed line is the South African
Archean crustal production trend (Lippmann-Pipke et al., 2011), and the long-dashed line is a
mass fractionation line (MFL) for diffusive gas loss.

Figure 4 — Xe isotope ratios in fracture water gases, expressed as per mil (%o) deviations from
air relative to 130Xe. Coloured circles representing samples are as for previous figures, and
error bars are 1 o. The green dashed line indicates the 238U fission spectrum for a 136Xe

excess equal to that measured in the sample from Masimong.

Figure 5 — Excesses in fissionogenic 134Xe and 136Xe. Coloured circles representing samples
are as for previous figures, and error bars are 1 6. The black diamond is air. The solid lines are
Mixing lines between air 238U fission end members (steeper line - Eikenberg et al., 1993;
shallower line — Wetherill, 1953).

Figure 6 — Ne concentrations vs. 20Ne/36Ar in fracture water gases. Coloured circles
representing samples are as for previous figures, and error bars are 1 ¢ where larger than
symbols. The black diamond is air. Coloured solid lines are closed system degassing trends for
ASW at T and S conditions at which the sample with the corresponding colour was collected.
For reference the open system degassing curve for Tau Tona sampling conditions (52.1 °C and
0.0058 M salinity) is shown as a purple dotted line, however sample collection procedure
makes open system degassing extremely unlikely. Dashed lines represent mixing between air
and the partially exsolved gas composition which best matches sample data. Degassing and air
mixing trends are not shown for the sample from Star Diamonds mine because the signal for

that sample is dominated by air contamination.

Figure 7 — Closed-system radiogenic noble gas residence times for South African fracture
waters. Coloured circles representing samples are as for previous figures. A: Masimong. B:
Tau Tona. C: Zondereinde. D: Driefontein. Error bars incorporate a 45 % uncertainty in the

fracture porosity model, selected to demonstrate the effect of varying estimates of porosity
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within a wide range for crustal rocks, and hence demonstrate the most conservative sense of

residence time estimates.

Appendix A
Analytical methods
Major volatiles

Gas and water samples were analysed for major volatiles and stable isotopes following
procedures outlined by Sherwood Lollar et al. (2006), and Ward et al. (2004). Compositional
analyses of gas samples were performed at the University of Toronto. Concentrations of CHa,
C2Hs, C3Hs, and CsH10 were measured on a Varian 3400 GC equipped with a flame ionization
detector. Hydrocarbons were separated on a J and W Scientific GS-Q column (30 m x 0.32 mm
inner diameter) with a helium gas flow and temperature programme: initial 60 °C hold 2.5 min,
increase to 120 °C at 5 °C/min. A Varian 3800 GC equipped with a micro-thermal conductivity
detector and a Varian Molecular Sieve 5A PLOT column (25 m x 0.53 mm inner diameter)
was used to determine concentrations of Hz, He, Ar, Oz, CO2, and N2. To determine Ar, O,
and N2 concentrations the helium gas flow rate was 3 mL/min and the temperature program
was: initial 30 °C hold 6 min, increase to 80 vC at 15 °C/min, hold 4 min. For CO> concentration
the helium gas flow rate was 50 ml/min and the temperature program was: initial 60 °C, increase
to 250 °C at 20 °C/min, hold 6 min. For Hz and He concentrations, the argon gas flow rate was
2 ml/min and temperature program was: initial 10 °C hold 10 min, increase to 80 °C at 25

°C/min, hold 7 min. Analyses were run in triplicate and reproducibility was + 5%.

Gas composition was also determined at Princeton University for Hz, He, Oz and N (thermal
conductivity detector), H2 and CO (reduced gas detector), and CO, and CHa (flame ionization
detector) by gas chromatography (Peak Performerl series, Peak Laboratories, USA) using

Ultra-High Purity (UHP) Ar as a carrier gas.

Water stable isotopes

Hydrogen and oxygen isotope analyses of waters were performed at the University of
Waterloo. The §%H analyses were performed via manganese reduction at 900 °C using a method

modified from Coleman et al. (1982). The §'80 analyses were performed by the CO;
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equilibration method of Epstein and Mayeda (1953). Reproducibility on duplicate analyses are
+ 0.4%o, and = 0.1%o with respect to V-SMOW for §°H and &80 respectively.

Noble gas analysis

In the laboratory, for noble gas analysis, sample tubes were attached to the vacuum line and
pumped overnight to a pressure of <10 Torr. Seals between the line and sample passed leak
checks utilising purified helium and a Hiden Analytical HAL-201 quadrupole mass
spectrometer. Samples were opened by crushing of knife edges in vacuum to release sample
gas to the line. Sample gas was expanded to a calibrated volume and diluted by volume
expansion. Following the methods of Barry et al. (2016) and Warr et al. (2018), active gases
were removed by reaction for 15 minutes with titanium (Ti) sponge at 950°C. Hydrogen was
removed by cooling the Ti sponge toward room temperature for 20 minutes. Remaining active
gases were removed by reaction for 15 minutes with hot SAES GP50 and cold SAES NP10
getters held at 250 °C and room temperature respectively. Residual water was removed in a
stainless-steel trap held at 180 K. Cryogenic separation of noble gases was performed using
stainless steel and charcoal traps cooled using He compressors. The heavy noble gases (Ar, Kr,
and Xe) were trapped on stainless steel at 20 K for 15 minutes. The light noble gases He and
Ne were then trapped on charcoal at 20 K for 15 minutes. The charcoal was heated to 31 K to
release He to a second preparation line, and dilutions were performed with calibrated volumes.
Sample He was analysed using a ThermoScientific Helix SFT mass spectrometer with a single
electron multiplier and a single Faraday cup. After He analysis any residual trace He was
removed by 4 cycles of heating the charcoal trap to 50 K, cooling to 31 K, and dynamically
pumping. Sample Ne was released by heating the charcoal trap to 90 K for 15 minutes, and
analysed in a ThermoScientific Argus VI mass spectrometer with four Faraday cups and a
single electron multiplier. Masses 40 and 44 were also measured by simultaneously peak
jumping to correct for interference of doubly charged “°Ar and >C*0, with ?Ne and ?*Ne
respectively. Sample Ar was released from the stainless-steel trap by heating to 52 K and inlet
to the Argus V1. Any residual trace Ar was removed from the trap using 4 cycles of heating to
70 K, cooling to 52 K and dynamic pumping. Sample Kr and Xe were released by heating the
stainless-steel trap to 200 K for 15 minutes, and inlet to the Argus VI where they were measured

using a combination of multicollection and peak jumping.
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Procedural blanks were measured using the same procedure but with no gas released to the
line. Sample data are corrected by subtracting the blank measurements, which were <1 % on
all noble gas isotopes. Sample data are normalised to full procedural air calibrations run
periodically among sample analyses, to determine the sensitivity and discrimination of mass
spectrometry. Procedural air calibrations made use of an air cylinder collected in University
Parks, Oxford, UK on November 24, 2014 (Temperature: 4°C, humidity: 95%, pressure:
1027hPa). Samples were tied to recent procedural air calibrations by observed consistency in
daily automated air calibrations run overnight after sample analyses.

Fresh aliquots of samples with available replicates (MM51940, TT107, NO14) were analysed
for Xe isotopes on a second system optimised solely for Xe (and Kr) isotope measurements
which has produced consistent high-precision results in a number of earlier publications
(Holland et al., 2013, 2009). Sample tubes were loaded, opened and reacted with hot and cooling
Ti as described for the Argus-SFT dual setup above. The last active gases were removed by
reaction for 15 minutes with a SAES GP50 getter at 250 °C. Sample Xe was purified using a
stainless-steel trap cooled by immersion in liquid nitrogen. Purification consisted of 5 cycles
of freezing, dynamically pumping, thawing, and refreezing, each for 3 minutes, to reduce the
fraction of highly abundant Ar adsorbed along with Kr and Xe, all while exposed to a SAES
NP10 getter held at room temperature. Purified Xe was inlet to a GVI Helix MC mass
spectrometer equipped with 5 Faraday cups in static collection configuration. Five isotopes of
Xe; 124Xe, 1%6Xe, 129Xe, 131Xe, and 134Xe were measured in a first run. Approximately 20 % of
sample gas was retained in order to analyse the remaining Xe isotopes; 128Xe, 13Xe, 1¥2Xe, and
136X e; and **Xe was measured again to be used as a normalising isotope between runs. Static
collection with Faraday cups and the larger sample volumes input to the GVI mass
spectrometer should provide more precise Xe isotope ratio measurements than those made by
peak jumping with the Argus VI, in what represents a new application for that instrument in
the lab.

Procedural blanks were performed using the same procedure but with no gas released to the
line. Blank measurements were irresolvable against background voltage fluctuations in the
mass spectrometer, indicating the primary blank source was electrical noise. This is accurately
corrected for in our data by subtraction of baseline voltages measured at the start of sample
analysis. Sample data were normalised to procedural air calibrations performed every day on
the same day as sample analysis. These procedural air runs did not make use of the Ti sponge

getter but were otherwise identical to sample runs. One air standard showed significant
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deviation from air, so the sample data from that day are normalised to the mean of the remaining

air calibrations made during the analysis window, and uncertainties are adjusted accordingly.

All analytical uncertainties on noble gas measurements were combined in quadrature and in

following sections these uncertainties are reported and interpreted at the +1 o level.

Appendix B
Consideration of active **C in apparently ancient samples

All samples dated in this study contain active **C (Table 9; Magnabosco et al., 2014; Simkus
et al., 2016). In consideration of closed- or open-system age estimates derived from the
radiogenic noble gases, these fluids would in the simplest case be expected to be radiocarbon
dead. There are a few possible sources of live **C within the samples analysed. The first is that
the system is open to a source of recharge from a more modern fluid, and that an external flux
of radiogenic noble gases larger than the crustal average accounts for the radiogenic noble gas
content. Similarly, an ancient fluid that has some modern water admix might account for the
observation of low levels of active *C. A further possibility is that there is a modern air
contribution to the *C, dissolved into the fluids prior to analysis. Finally, the it has been
suggested that in old enough fracture systems, low levels of *C may accumulate through
subsurface secondary nuclear reactions (Andrews et al., 1989). In such a case, *C is not
reflective of the fluid residence time in the way it is traditionally used. We cannot rule out this
exotic pathway, however in the following discussion it is not treated quantitatively in any way

and we do not consider it to be strictly necessary.

Taking the model *C age for each sample at face value we determine the external flux of noble
gases required to reconcile the dating systems in the open system model (Table 9). We find
that all samples require external fluxes of both *He and “°Ar greater than average upper crustal
values (3.6x10° and 7.3x107 cm®STP cm yr! respectively; Taylor and McLennan, 1985;
Torgersen and Clarke, 1985). This result is most pronounced in samples MM51940 and TT107,
where “He fluxes 210-850 times, and “°Ar fluxes 85-340 times the upper crustal average are
required to satisfy respective model **Cpic age estimates of 32.1, and 1.41-5.68 kyr respectively
(Simkus et al., 2016). The magnitudes of the required crustal fluxes, for MM51940 and TT107
are so large that we also consider how higher local U and K concentrations could offset the

need for such a large open-system source term. This approach is entirely reasonable for U,
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which can range up to 1000°s of ppm in selected Witwatersrand lithologies (e.g. Lippmann et
al., 2003; Silver et al., 2012), but K concentrations impose an inflexible constraint on the local
production term. For example, if external flux Jsoar is held at the average upper crustal value,
then to satisfy model 1“C age constraints, in situ K concentrations are required to be several
hundreds to several thousands of times larger than the literature values we use (Table 9), a
result which is nonsensical and thus provides a strong argument against such a scenario and
indicates that *4C in these sample does not straightforwardly reflect an open-system residence

time.

We next consider an end-member mixing scenario where a young water component contains
essentially modern 1*C and the DIC concentrations in both components are assumed to be equal
and dominated by atmospheric recharge. A*C of fracture fluid DIC (MM: -981.7 %o; TT: -
496.6 %o; NO: -417.2 %o; DR: -930.0 %o) was used to calculate the proportion of *C-active
modern water incorporated in each sample (MM: 1.8 %; TT: 50.3 %; NO: 58.3 %; DR: 7.0 %).
The simple mixing calculation indicates that young **C-active water should dilute radiogenic
noble gas excesses leading to an underestimation of closed- or open-system residence times.
The effect should scale with the size the young water contribution, with less than 2% young
water contribution to MM51940 resulting in an underestimate by less than 2 Myr in closed-
system and 0.2 Myr in open-system calculations respectively; small uncertainties easily
encompassed by the error bars of residence time calculations; whilst sample TT107 and NO14,
a young water contribution of more than 50% indicates noble residence times could be
underestimated here by over a factor of 2. Such a large contribution of young water in the two
latter samples will be similarly reflected in the water stable isotope ratios and salinities. Young
water will have shifted sample 5?H and &80 approximately towards modern mean precipitation
and diluted the more saline waters of the old fluid end-member. Indeed, in the case of TT107,
82H and &80 fall near the GMWL and salinities are low and close to those of the source aquifer
(Simkus et al. 2016), a result that is surprising given its !Ne enriched signature, which has
been associated with a 2 Ga hydrothermal component. The margins of Jean’s dyke, which
intersects the TT107 fracture network acts as a conduit for fresh, young meteoric water
enabling admixture of the ancient and modern components in TT107 (Simkus et al. 2016). We
cannot rule out such a scenario in the case of other samples but note that it is less obvious how
to introduce a small proportion of modern fluid to depth a system that has otherwise retained a
closed system noble gas mean residence time up to many tens of Myr, unless the introduction

of small amounts of modern water is related to onset of mining or sampling activity. Even in
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this case, the mixing model suggests that noble gas residence times calculated are conservative

and represent minimum values.

The process of draining the fluids from the fractures by the mining operations cannot exclude
the possibility of drawing in modern mine air. If air is entrained or dissolved in portions of the
draining fracture fluid that is subsequently sampled this could account for both the extensive
degree of 'air contamination' observed in the samples collected for noble gas analysis and the
14C activity observed; and have no effect on the radiogenic closed system noble gas mean

residence estimates.

We considered the effect of air contamination in water DIC samples equal to the air addition
calculated from exsolved noble gas samples. The %air contamination from noble gas samples
multiplied by measured gas flow rates give an estimate of the relative volumetric rate of air

addition to the system:
Fair=F gas Xair (1)

where Far, Fgas are the flow rates of contaminating air and groundwater-exsolved gas,

respectively, in L/min, and Xair is the volume fraction of air contamination.

The partial pressure of CO- in air is 400 ppm or 4 x 10 atm. By the ideal gas low, the number

of moles of CO; per liter of air is:

Mgop=4-10"/(RT) (2)

where R is Gas Constant = 8.206 x102 L atm/K/mol and T is the temperature in K.

From here, the moles per liter addition of modern CO> to sample groundwater is calculated as:
Mcos= FairME6, /Fy, 3)

where Mco2 is in mol/L (M) and F is the measured water flow rate in L/min.

The amount of added CO- that will dissolve into the sample water and be recorded as DIC is:
dis . 22400-p, T'Fy, -1
Mc62=Mcoz (1' (1000273»1(302-1:&&r H) ) )

where pw is the density of the sample water in g/cm®, and Kco2™ is the molar form of the
Henry’s Law constant for the dissolution of CO2. The result is in units of M and thus its

contribution to the overall DIC of sample waters can be compared directly.
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At such lower air/water mixing ratios, over 99% of the contaminating air will be dissolved into
the sample water. However, even with near-total dissolution of the modern-air derived COy,
the contributions to DIC are only 1.3-53 nM, in comparison to native DIC 430-2400 uM
analyzed in fracture water samples, and thus any modern *C added through air-contamination
will not affect the measured “Cpic at the per mil level or higher. If the DIC were assumed to
be 1C dead, then §**Ceac is -1000 %o at 3 s.f. This result is reflective of the weak leverage that
adding a fixed volume of air can have on the sample 1*C content and indicates small additions
of air to an otherwise closed sampling system is not a sufficient explanation of active 4C

concentrations in any sample.

If sampled waters were even briefly exposed to open air, partial isotopic equilibration with
atmospheric CO, could lead to apparent 4C concentrations up to at least a few percent of
modern (R. Yokochi, personal communication). Such an effect would reasonably explain low
levels of *C in MM51940 without the addition of any modern water being required. The fact
that CHs in MM51940, which was generated in the fracture environment, features lower
concentrations of 4C than the coexisting DIC at levels close to zero (Simkus et al., 2016),
provides further evidence that the source of *4C is from modern inorganic carbon. Although
this provides a feasible explanation we cannot test it through simple comparison to air
contamination in the noble gas samples analysed in this study. However, we conclude from the
above discussion that on balance, the potential pathways for additions of small concentrations
of active *C such as present in a geologically old sample like MM51940 are numerous, and
far more plausible than an alternative scenario whereby kyr-age fracture waters somehow
accumulated massive excesses of radiogenic noble gases in a manner explainable only with

unphysical source terms.
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Table 1
Noble gas concentrations of South African fracture fluid gas samples

Sample Mine Geology Depth [*He] [°Ne] [*°Ar] [®°Kr] [*°Xe]
kmys. [107] [10] [10] [10%]
[cm3STP cmSTP gas]
MM51940  Masimong Witwatersrand ~ 1.900 0.1023 (+0.0009) 6.91 (+0.06) 3.42 (0.02) 3.43 (£0.02)  8.15 (+0.05)
TT107 Tau Tona Witwatersrand ~ 3.048 0.0418 (+0.0008) 42.4 (+0.7) 18.11 (£0.06) 17.2 (+0.3) 45.1 (+0.8)
SD15 Star Diamonds ~ Witwatersrand ~ 0.640 0.0092 (+0.0002) 126 (+3) 23.0 (x0.5) 14.0 (#0.3)  23.8 (+0.6)
NO14 Zondereinde Bushveld 2.100 0.0494 (+0.0009) 90 (+2) 29.1 (x0.5) 239(+0.4) 54.5(x1.0)
DR5IPC Driefontein Transvaal 1.046 0.0032 (+0.0002) 12.1(+0.2) 4.79 (+0.08) 4.14 (x0.07) 8.1(%0.1)
Reported errors are 1 o.
Table 2
Major volatile compositional and stable isotope data and water stable isotope data from South African fluid fracture samples
Sample N, 02 H, CH4 CzHe C3H8 510 (Hzo) 8D (Hzo)
Vol. % %o
MM51940 14.7 (13.6) 1.06 (0.15) [0.02]* b.d.I. (0.0018) 76.6 (82.25) 0.06 b.d.l -7.00 -40.06
TT107 64.2 (38.9) 16.2 (0.96) [0.04] b.d.1.(0.11) 16 (54.96) 0.87 0.13 -4.78 244
SD15 61.7 (60.5) 14.6 (14.4) [0.31] b.d.1. (0.0004) 19.8 (20.84) b.d.l. b.d.l. -6.27 -38.6
NO14 85.6 (78.6) 0 (0.05) [<0.20] 1.26 (0.27) 12 (16.7) b.d.l b.d.l -4.56 -25.0
DR5IPC 75.7 (75.25) 21.3 (19.11)[0.15] b.d.l. (0.000434) 1.77 (1.93) 0.002 b.d.l. -4.44 -24.3
*The equivalent % O, present in the headspace based upon the dissolved O, measured in the fracture fluid at the borehole corrected for the gas/water flow rate and Henry’s Law solubility constant at the in situ
temperature.
Table 3
He, Ne, and Ar isotope data from South African fracture fluid gas samples
Sample *He/*He (R,) Ne/*Ne 2INe/?Ne OAr/Ar BArSAr
MM51940 0.0161 (+0.0005) 9.047 (+0.007) 0.0643 (+0.0003) 2663 (+4) 0.1859 (+0.0007)
TT107 0.0096 (+0.0004) 9.785 (+0.003) 0.0335 (+0.0001) 449.5 (£0.5) 0.1911 (+0.0005)
SD15 0.0221 (+0.0006) 9.821 (+0.003) 0.0293 (+0.0001) 370.4 (£0.4) 0.1869 (+0.0005)
NO14 0.114 (+0.003) 9.811 (+0.002) 0.0300 (+0.0001) 345.3 (£0.4) 0.1894 (+0.0005)
DR5IPC 0.00115 (+0.0003) 10.08 (+0.01) 0.0306 (+0.0001) 326.9 (+0.5) 0.1828 (+0.0005)

Reported errors are 1 o.
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Table 4

Kr isotope data from South African fracture fluid gas samples.

Sample BKr/S4Kr SOK r/*Kr B2K r/4Kr S3K /Ky K /84K r
MM51940 0.00622 (x0.00002)  0.03932 (x0.00005)  0.2014 (+0.0002) 0.2008 (+0.0003) 0.3064 (+0.0004)
TT107 N/A N/A N/A N/A N/A
SD15 0.00619 (+0.00002)  0.03943 (+0.00004)  0.2018 (+0.0001) 0.2011 (+0.0002) 0.3056 (+0.0003)
NO14 0.00617 (0.00002)  0.03953 (x0.00003)  0.2019 (x0.00009)  0.2012 (+0.0002) 0.3050 (+0.0003)
DR5IPC 0.00633 (+0.00002)  0.03952 (+0.00005)  0.2020 (+0.0002) 0.2009 (+0.0003) 0.3042 (+0.0004)
N/A: No data reported. Reported errors are 1 .
Table 5
Xe isotope data from South African fracture fluid gas samples
Sample 124Xe/130xe 126Xe/130xe 128xe/130Xe 129xe/130Xe 131Xe/130xe 132xe/130Xe 134Xe/l30xe l36xe/130xe
MM51940a 0.02336 (+0.00015)  0.02190 (+0.00017)  0.4740 (+0.0018) 6.495 (+0.014) 5.225 (+0.012) 6.706 (+0.010) 2.687 (+0.006) 2.326 (+0.005)
MM51940b 0.02337 (+0.00013)  0.02066 (+0.00014)  0.4727 (+0.0016) 6.511 (+0.020) 5.223 (+0.017) 6.695 (+0.015) 2.696 (+0.009) 2.325 (+0.007)
TT107a 0.02338 (+0.00012)  0.02177 (£0.00016)  0.4723 (+0.0010) 6.496 (+0.013) 5.212 (+0.011) 6.610 (+0.007) 2.564 (+0.006) 2.178 (+0.004)
TT107b 0.02338 (+0.00017)  0.02152 (+0.00032)  0.4735 (+0.0024) 6.522 (+0.041) 5.216 (£0.022) 6.640 (+0.029) 2.615 (+0.028) 2.212 (+0.034)
SD15 0.02357 (+0.00014)  0.02194 (+0.00015)  0.4719 (+0.0015) 6.493 (+0.019) 5.210 (+0.016) 6.613 (+0.013) 2.578 (+0.008) 2.194 (+0.006)
NO14a 0.02336 (+0.00015)  0.02184 (+0.00020)  0.4728 (+0.0012) 6.488 (+0.016) 5.214 (+0.014) 6.619 (+0.009) 2.565 (+0.007) 2.179 (+0.005)
NO14b 0.02313 (+0.00056)  0.02217 (+0.0003) 0.4706 (+0.0030) 6.485 (+0.030) 5.218 (+0.023) 6.623 (+0.020) 2.579 (+0.019) 2.183 (+0.012)
DR5IPC 0.02320 (+0.00017)  0.02161 (+0.00018)  0.4723 (+0.0018) 6.5024 (+0.020) 5.207 (£0.018) 6.610 (+0.014) 2.570 (+0.009) 2.183 (+0.007)

Where duplicate samples are listed, a denotes samples analysed on GVI Helix, and b denotes samples analysed on Thermo Argus VI. GVI Helix results are used for interpretation of all duplicated samples.

Reported errors are 1 o.
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Table 6
Apparent noble gas concentrations of South African fracture fluid gas samples

Sample Fuater Fgas [4He] [ZONe] [35Ar] [EGKI«] [l30xe]
[LW/min] [L/min] [104 [107] [106] [10] [10]
[cm®STP g water]
‘Lake Baikal air saturated water at 20 °C, 1013 mbar 0.000447 1.67 1.05 121 0.0387
MM51940 8.0 1.8 240 (x2) 1.62 (+0.01) 0.810 (+0.005) 0.806 0.0192 (+0.0001)
(+0.005)
TT107 3.0 0.1 13.9 (x0.3) 1.41 (+0.02) 0.609 (+0.002) 0.573 0.0150 (+0.0003)
(x0.010)
SD15 7.5 N/A *02 (£2) *126 (+3) *23.2 (0.5) *14.0 (£0.3) *0.238 (£0.006)
NO14 6.0 0.1 8.2 (x0.2) 1.50 (+0.03) 0.489 (+0.009) 0.398 0.0091 (+0.0002)
(x0.007)
DR5IPC 131 0.0316 0.077 (x0.004) 0.0291 (+0.0005) 0.0117 0.0100 0.000195 (+0.000003)
(+0.0002) (+0.002)

Note that reported water concentrations are apparent concentrations, generated using flow rates. N/A: Data not available. *Concentrations in sample gas [cm®STP cmSTP gas]. ‘Air saturated water data from

Kipfer et al. (2002). Reported errors are 1 o.

Table 7
Reconstructed noble gas concentrations and radiogenic isotope ratios of South African fracture fluid samples
Sample [“He] [*°Ne] [*°Ar [®°Kr] [*0Xe] ZNe/2Ne OAr/EAr 136X e/130Xe
[10] [107] [10] [10] [10]
[cm3STP g* water]
'ASW 0.000447 1.67 1.05 121 0.0387
MM51940 326 (£7) 1.69 (£0.04) 1.05 1.16 (£0.02) 0.0300 (+0.0006) 0.00846 (+0.00019) 2873 (61) 2.331 (+0.049)
TT107 20.1 (+0.5) 1.74 (+0.05) 1.05 1.27 (+0.03) 0.0424 (+0.001) 0.00349 (+0.00009) 454 (+9) 2.178 (+0.057)
NO14 14.6 (+0.4) 1.63 (+0.04) 1.05 1.29 (+0.03) 0.041 (£0.001) 0.00309 (+0.00008) 346 (+9) 2.179 (+0.059)
DR5IPC 8.2 (+0.5) 1.69 (£0.04) 1.05 1.05 (0.03) 0.0242 (+0.0006) 0.00310 (+0.00008) 333 (+9) 2.183 (+0.059)

'ASW data from Kipfer et al. (2002). Reported errors are 1 G.
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Table 8

Radiogenic noble gas concentrations, and residence times of South African fracture fluid samples

Sample [“He*] [Ne*] [“Ar<] [**6Xe*] | Closed system ages Open system ages
[104 [10%9] [104 [10%3]
4He* 21Ne* 4°Ar* 136Xe* 4He* ZlNe* 40Ar* l36xe*
[cm3STP g* water] [Myr] [Myr]
MM51940 326 (+8) 9.3 (10.4) 27.0 (20.6) 46 (¥2) | 97 62 95 40 10.8 (+4.9) 7.7 (£3.6) 4.7 (£2.1) 3.4 (£1.5)
(+44)  (£29)  (+43)  (£18)
TT107 20.1 091 1.64 (20.03) 8.85 6.0 6.1 57 0.77 1.0 (20.4) 12(206)  045(£0.20)  0.10 (+0.45)
(+0.5) (+0.04) (£0.04) | (#27)  (#2.9)  (#26)  (£0.35)
NO14 14.6 0.86 0.50 (x0.01) 1.21 9.1 12.0 3.8 2.7 0.035 0.047 0.0060 0.0062
(£0.4) (£0.03) (£0.05) | (#41)  (#5.6) (¢17)  (£12) (£0.016) (£0.022) (£0.0027) (+0.0029)
DRS5IPC 8.23 N/A 0.359 1.74 2.6 N/A 12.0 1.1 0.69 (£0.31) N/A 0.20 (£0.09) 0.31 (+0.14)
(+0.47) (+0.01) (+0.08) | (+1.2) (#5.4)  (+0.5)

Sample SD15 is omitted due to overwhelming air contamination. N/A: No age calculated. Ages calculated from **Xe use results from analyses on the GV instrument for all samples

except DR5IPC, where 13Xe was only analysed with the Argus VI instrument.

Table 9

Model *C ages, and open-system flux terms, for South African fracture fluid samples

Sample [“He*] [*°Ar<] Model **C age | Host rock radioelement concentration Calculated open-system crustal flux
[107] [107] [Th] [U] [K] Jame Jaoar Jareldane™C Jaond Jaon™©
[cm*STP gt water] [kyr] [ppm] [wt %] [cm3STP cm2 yr]

Average Upper 10.6® 2.80 3.40 3.6x10°® 7.3%x107%2 1 1
Crust (AUC)
MMS51940 328 (£8) 328 (£8) 321 10.99 479 1914 1.37 x 10° 113 x 10* 380 150
TT107 20.1 (+0.5) 1.64 (+0.03) 1.41-5.68® 10.99 479 1.91® 7.6-31 x 10 6.2-25 x 10° 210-850 85-340
NO14 14.6 (£0.4) 0.49 (+0.0006) 4.00 0.410 0.110® 0.054©® 3.2x10° 1.1 x10° 8.9 15
DR5IPC 8.23 (+0.47) 0.359 (+0.01) 16.4-22.9®) 5.0@ 17.69 0.56% 1.5-2.0x 10* 6.4-9.0 x 10°® 40-57 8.8-12

External fluxes are calculated to give agreement between radiogenic noble gas and model *C residence times. ®Taylor and McLennan (1985); @Torgersen and Clarke (1985); ®@Simkus et al. (2016); “Nicolaysen
et al. (1981); ®Lippmann et al. (2003); ©Lee (1983).

Table 10
Water isotope, radiogenic noble gas, and closed-system residence time data for Welkom District fracture fluids
Sample 580 (H,0) 3D (H,0) [*He*] [“°Ar=] 136X e* Closed system ages'
[104] [10] [10%]
4He* AOAr* 136Xe*
%o [cm3STP g* water] [Myr]

MM51940! -7.00 -40.06 328 (+8) 27.0 (+0.6) 46 (+2) 97 (+44) 95 (+43) 40 (+18)
BE16#12 -5.85 -42.3 319 (¢52) 16.8 (+2.2) 30 (+38) 95 (+45) 60 (+28) 30 (¢41)
BE23? -6.17 -41.0 129 (+5) 10.9 (#1.1) 14 (+17) 39 (x17) 39 (+18) 13 (+20)
BE24#2? -6.13 427 142 (£8) 12.7 (£1.6) 20 (+15) 42 (£19) 45 (£21) 15 (+21)
BE3252 -6.71 -43.2 457 (£70) 30.4 (+3.6) 27 (¥33) 136 (+64) 107 (£50) 26 (x15)
BE327? -6.66 -41.2 323 (£32) 19.2 (+2.0) 28 (+16) 96 (+44) 68 (+32) 31 (x19)
MM519870 -6.52° -37.96° 274 (14)* 18.5 (0.5)* 45 (£2)* 81 (+37) 66 (+30) 39 (¢18)

‘Closed system residence times of all samples are calculated using the same model parameters as for MM51940 in Table. *This study. 2Lippmann et al. (2003) Tables 3, 5. *Onstott et al. (2006)
Appendix. “Calculated using radiogenic isotope ratios in Lippmann-Pipke et al. (2011) and degassing-corrected atmospheric noble gas concentrations for MM51940 from this study.
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