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Abstract—Concentrations and isotopic ratios of dissolved noble g&8€s, 8D and 80 in water samples
from the ultra-deep gold mines (0.718 to 3.3 km below the surface) in the Witwatersrand Basin, South Africa,
were investigated to quantify the dynamics of these ultra deep crustal fluids. The mining activity has a
significant impact on the concentrations of dissolved gases, as the associated pressure release causes the
degassing of the fissure water. The observed under saturation of the atmospheric noble gases in the fissure
water samples (70-98%, normalized to ASW at 20°C and 1013 mbar) is reproduced by a model that considers
diffusive degassing and solubility equilibration with a gas phase at sampling temperature. Corrections for
degassing result ifHe concentrations as high as 1.55 ~3€m*STP'He g2, “°Ar/3°Ar ranging between 806
and 10331, and®**Xe/**2Xe and**®Xe/**?Xe ratios above 0.46 and 0.44, respectively. Correttét=Xe/
132 e and™*(*3®Xe/*He-ratios are consistent with their production ratios, whereas the nuclediafteAr,
and134138%e[*OAr ratios generally indicate that these gases are produced in an environment with an average
[U + Th])/K-content 2-3 times above that of crustal average. In two scenarios, one considering only
accumulation of in situ produced noble gases, the other additionally crustal flux components, the model ages
for 14 individual water samples range from 13 to 168 Ma and from 1 to 23 Ma, respectively.

The low*¢Cl-ratios of (4—37) - 10*°and comparatively higf°Cl-concentrations of (8—350) - 16° atoms
38CI I~ * reflect subsurface production in secular equilibrium indicating an age in excess of 1.5 Ma or 5 times
the half-life of *°ClI.

In combination, the results suggest residence times of the fluids in fissures in this region (up to 3.3 km
depth) are of the order of 1-100 Ma. We cannot exclude the possibility of mixing and that small quantities
of younger water have been mixed with the very old bullCopyright © 2003 Elsevier Ltd

1. INTRODUCTION these microbes, an understanding of the dynamics of the fluids
] ) ) ] o is necessary. Previold and 60 and hydrochemical analy-
The diversity and history of life on Earth is still one of the g5 of the fissure water samples indicate that they are meteoric
most fascinating questions. Researchers are pushing frontiersyng hence, originally derived from the surface but have un-
by looking at life forms in extreme environments, such as gergone significant enrichment in dissolved inorganic species

hydrothermal vents (Karl, 1995), arctic ice (Karl et al., 1999; (pyane et al., 1997; Takai et al., 2001; 2002). Residence times
Priscu et al., 2001), deep continental crust (Pedersen, 1997),5f these waters are expected to be very large.

pther planets (Bosto_n et gl., 1992), or at organisms trapped and  The purpose of this study is to characterize the fluid resi-
isolated over geological time scales in amber or rock salt (Cano gence times in this hydrogeological environment, using dis-

and Borucki, 1995; Vreeland et al., 2000). One of the newest so|yed noble gas concentrations, their isotope ratios, as well as
research areas is the ultra deep gold mines in South Africa, thesec| sp and 5120 data.

deepest continental sites on Earth that provide access to scien-
tists.

Pressurized, saline fissure waters were sampled from flowing 2. GEOLOGY OF THE WITWATERSRAND BASIN
roof boreholes, cover boreholes and fractures associated with
subvertical dykes and faults in deep mines ranging in depth ) TS g A - "
from 0.7 to 3.3 km. The fluids collected have been shown to gold mineralization and has thus been intensively investigated.
host living microbes with diverse phylogenetic and phenotypic Since the first mention of mining of gold in 1836 (Whiteside et
properties (Kieft et al., 1999: Moser et al., 2001; Moser et al., &+ 1986), about 45000 tons of gold (Handley, 1990) and

2002; Takai et al., 2002). To better characterize the evolution of 120000 tons of uranium have been produced from the Witwa-
tersrand and Ventersdorp supergroups (Robb and Meyer,

1995).

* Author to whom correspondence should be addressed The basin lies within the Archaean Kaapvaal Craton of South
(Lippmann@gfz-potsdam.de). Africa (Fig. 1a and b) and formed episodically between about
" Present address: GeoForschungsZentrum (GFZ) Potsdam, Germany 3074 Ma and 2714 Ma (Robb and Meyer, 1995) as a result of
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The Witwatersrand Basin is well known for its exceptional
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Fig. 1. aand b: The Witwatersrand Basin in southern Africa (a), and the schematic geology of the Witwatersrand basin
(b): The four gold mines from which the samples were obtained are Beatrix near Welkom in the south, Kloof and
Driefontein near Western Deep Levels in the north and Evander Gold Mine in the east of the basin (source: Reimold et al.,
1995). ¢: Geological cross section of the Witwatersrand basin at its northern margin at Driefontein mine. This cross-section
gives a general overview of the geology of the sampling sites for mine samples. The Ventersdorp Contact Reef (VCR) is
the contact between the Witwatersrand Supergroup and the Ventersdorp Supergroup (here the Klipriviersberg lava). The
Carbon Leader occurs approximately 200 m below this contact. The Malmani Dolomite Supergroup (part of the Transvaal
Supergroup) is present in the Kloof and Driefontein mines and has a thickness of 900 to 2000 m. At Evander Goldfields,
the Transvaal Supergroup is present only in the northern part of the mine. In the south, the dolomite has been removed in
pre-Karoo erosion. At Beatrix mines, the dolomite (Transvaal Supergroup) does not exist and the Ventersdorp lavas are
covered directly by and 400 m of Karoo sediments (source: Driefontein Consolidated Limited, 1998)

several discrete tectonomagmatic events (deWitt et al., 1992). prised of approximately 7000 m of terrigenous sediment. The
The basin is 320 km along a northeasterly axis by 160 km along elevation ranges between 1340 m and 1820 m. The Vredefort
a northwesterly strike. The Witwatersrand Supergroup is com- Dome, near the center of the basin, formed as the results of a
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Table 1. U, Th and K concentrations of rock samples.

No. of
Formation Lithology samples Prock U [ppm] Th [ppm] K (*He/"°Ar),
[ppm] [ppm] [%]
Carbon Leader Reef, Driefontein conglomerate 2.6* 1.8% - 0.3* 183.689
Ventersorp Contact Reef conglomerate 1 2.6* 676,0 16,5 0,05 41.636
Beatrix Reef, average conglomerate 4 2.6* 1127,0 81,2 0,55 6.383
Kimberley Reef, Evander conglomerate 2 2.6* 247,0 17,5 0,34 2.262
Beatrix, average quartzite 10 2.6* 74 £ 75 73+x75 134 173
Beatrix, selected hanging & foot quartzite 7 2.6* 47 31,2 1,32 29
Beatrix, quartzite, lowest in U quartzite 1 2.6* 3,0 2,7 1,69 7
Kliprieviersberg Lava, Kloof lava 1 2,85 419,0 <0.05 1,53 838
Eldorado Group, Evander quartzite 2 2.6* 211,0 39 0,46 1411
Mooidraai Dolomite dolomite 1 2,85 17,6 2,0 0,16 346
Average Upper Crust (Taylor 28 10,6 34 49
and McLennan, 1985)
Sandstone (Ballentine et al., 45 74 1,8 10,8

1994)

* Estimated values. Gravimetrically determined porosities range from 0.1 to 0.8%, values reported for the Mooidraai Dolomite range from 14%
(weathered) to below 2% (Vegter, 1992). 1.8% U for the Carbon Leader islowest reported value: Hallbauer (1986) analyzed and reported (1.8—7.0)%;

Calculated (*He/*°Ar), 4-ratio are based on the stated U, Th and K contents.

meteorite impact 2025 Ma ago (Whiteside et a., 1986; Grieve
et al., 1990; Leroux et al., 1994). The Witwatersrand Super-
group is underlain by either the 3450 Ma granite-greenstone
terrain or by the 3074 Ma volcano-sedimentary Dominion
Group; it is overlain by the volcanics of the Ventersdorp
Supergroup (2714 Ma). The combined sequence of the Domin-
ion, the Witwatersrand and the Ventersdorp stratais also called
the Witwatersrand Triad. The Triad is partially covered by the
sediments and volcanics of the Transvaal Supergroup (2560
Ma). The southern and eastern portions of the Witwatersrand
Basin are overlain by the Karoo System (254 to 190 Ma).

In this study, water samples from four different minesin the
Witwatersrand Basin were analysed: Evander Goldfield is lo-
cated approximately 120 km east-south-east of Johannesburg at
the eastern extension of the Witwatersrand Basin (Fig. 1ab);
Beatrix gold mine is located approximately 340 km south-west
of Johannesburg at the southern end of the Witwatersrand
Basin; Kloof and Driefontein gold mines are located in the
northern margin of the basin, near Carletonville.

A geological cross section of the northern margin of the
Witwatersrand Basin near Driefontein gold mine (Fig. 1c)
depicts the stratigraphic succession encountered at al four gold
mines, athough structural details vary between the mines.
Except for the Ventersdorp Contact Reef (VCR), all exploited
gold and uranium reefs in the area are within the Central Rand
Group. This is a subgroup of the Witwatersrand Supergroup
consisting mostly of quartzite and conglomerates and was
deposited some time after 2914 Ma and before 2714 Ma years
(Armstrong et al, 1991; Robb et al., 1997). The Ventersdorp
Contact Reef (VCR) islocated at the unconformity between the
Witwatersrand and the overlying Ventersdorp Supergroup. The
rock formations of the Witwatersrand Supergroup are mostly
quartzites and conglomerates; the overlying Ventersdorp Su-
pergroup are mostly lavas. The Transvaa sequence consists
primarily of athick dolomitic unit, which acts as an aquifer in
large areas of the basin, especially where the dolomite was
exposed to weathering processes before being buried under the

terrigenous sediments of the Transvaal Supergroup. The Karoo
System in this region forms isolated pockets of shale.

Evander Goldfield

In most of the Evander Goldfield, the Transvaal and upper
parts of the Witwatersrand Supergroup (Central Rand Group)
have been partially removed by pre-Karoo erosion. Dolomite
exists only in the northern part of the Evander Goldfield. The
degree of faulting and structural dislocation within the Evander
Goldfield is greater than that encountered at the other three gold
mines (Tweedie E. B., 1986). The hydrology of the Evander
Goldfield has been studied and reported by Brand (1986).

Beatrix Gold Mine

At the Beatrix gold mine the Witwatersrand Supergroup lies
beneath 400 to 800 m of carboniferous Karoo sediments
(Tweedie K. A. M., 1986). The Beatrix Reef is a quartz-pebble
conglomerate up to 130 cm thick with moderate gold and
generaly low uranium concentrations.

Kloof and Driefontein Gold Mines

Kloof and (East and West) Driefontein gold mines are lo-
cated in the West Rand portion of the basin, where northerly
trending, 1.4 Ga Pilansherg dykes have compartmentalized the
Transvaal dolomitic aquifer and the underlying Witwatersrand
and Ventersdorp sequences. These dykes act as conduits for
vertica fluid recharge from the overlying dolomitic aquifer. At
Kloof, the VCR and the Main Reef are mined, whereas, at
Driefontein the VCR and Carbon Leader are mined. The latter
is significantly enriched in U (see Table 1).

3. MATERIAL AND METHODS
3.1. Basic Principles

The atmosphere is the major source of noble gases dissolved in
ground water. In addition, the isotopes 3He, “He, “°Ar, ?!Ne, %°Ne,
134x e, and 36X e are produced in the host rock by decay of U, Th, and
K and secondary nucleogenic production processes. (Hereafter, we will
refer to all these isotopes as ‘ nucleogenic’ noble gas isotopes regardiess
of their specific mode of production.) They are released from the
minerals and rocks into the corresponding pore water by recoil during
their production, by diffusion or by reaction of the minerals and rocks
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(Torgersen, 1980; Andrews, 1985; Solomon et al., 1996). In addition to
this in-situ production and accumulation of noble gases, A, crustal
fluxes, J;, contribute to the total dissolved concentrations (e.g., Torg-
ersen and Ivey, 1985; Stute et al., 1992b).

For more than three decades, the study of the noble gas concentra-
tions in water samples has improved our understanding of large hy-
drogeological systems. Mazor (1972) studied dissolved noble gases in
thermal ground waters of the Jordan Rift Valey in Israel and found the
concentration of dissolved noble gases did not reflect the sampling
temperature. He suggested that ground water can be used as an archive
of palaeoclimate, as it appeared to retain this information over many
thousands of years. The first palaeotemperature record was established
for the Bunter Sandstone of England (Andrews and Lee, 1979), and
followed by numerous noble gasin palaeoclimate studies (e.g., Heaton,
1981; Rudolph et al., 1983; Stute et al., 1992a; Stute et a., 1995a,
1995h, and Aeschbach-Hertig et al. 1999). Noble gas studies have also
contributed significantly to the understanding of the role of deep
circulating groundwater in hydrocarbon accumulation (Bosch and Ma-
zor, 1988; Ballentine et al., 1991; Pinti and Marty, 1995; and Ballentine
et a., 1996) and for migration and storage (Elliot et al., 1993; Ballen-
tine et a., 1994 and Torgersen and Kennedy, 1999). Groundwater
accumulations of nucleogenic noble gases and their concentration
distributions have been used to estimate residence times (e.g., Torg-
ersen, 1980; Andrews, 1985; Stute et al., 1992a; Solomon et al., 1996;
Pinti and Marty, 1997; Castro et a., 2000). More recently, determina-
tion of dissolved noble gas concentrations in the pore water of freshly
drilled rock cores has provided information on hydrodynamic proper-
ties of low permesbility formations, such as diffusion coefficients in
pore spaces, and the permeability and connectivity of the pore space
(Osenbriick et al., 1998; Lippmann, 1998; Ribel et a., 2002).

Although the production and release of “He and “°Ar from minerals
to the fluid phase at the microscopic scale is well understood (Torg-
ersen, 1980; Lippold and Weigel, 1988; Martel et al., 1990), the factors
that control this release on aregional scale are not as well constrained
(Tolstikhin et al., 1996). The release rate is greater at higher temper-
atures and may equal the production rate at temperatures of 130 to
230°C (Klemd et al., 1989). Furthermore, the ratio of nucleogenic
noble gas isotopes in pore fluids, e.g., “He/*°Ar, can be considerably
influenced by rock-fracturing and subsequent release of accumulated
noble gases (Torgersen and O’ Donnell, 1991). The measured ratios of
these nucleogenic noble gasesin the fluid phase may differ significantly
from their production ratio as fractionation occurs during the degassing
of the fractured blocks.

The utility of Chloride as a hydrological tracer has been greatly
extended by the recognition that the element has a long-lived radioac-
tive isotope: *6Cl (see Fabryka-Martin et al., 1987; Fontes, 1989, and
Torgersen et a., 1991). This isotope is produced in the higher atmo-
sphere by interaction with cosmic rays. The atmospheric deposition rate
depends on the geomagnetic latitude of the investigation area, the
annual precipitation rate and the Cl-concentration in the precipitation.
For South Africa, deposition is about 12-18 [atoms m~2 s~ * (Lal and
Peters, 1967). The *°Cl half-live is 301 ka. ®Cl is analysed by AMS
(Accelerator Mass Spectrometry). After about 5 half-lifes (15 Ma) the
signal typically is no longer distinguishable from background ratios.

3.2. Sample Collection

In 1998 and 2001, water-bearing fissures intersected by mining
operations were sampled for noble gases at 16 exploration boreholes
accessed in the deep mines. Four fissure water samples were collected
from Evander gold mine covering a depth range of 1500 m to 1800 m.
Eight fissure water samples, one core sample and one tap water sample
were collected from Beatrix gold mine. The fissure and pore water
samples cover a depth range of 718 m to 1400 m. Four fissure waters
each were collected from Kloof and Driefontein, one ground water and
one waste water sample were collected at Driefontein, covering adepth
range of 980 m to 3300 m. For more details on the individual samples,
see Table Al in the Appendix.

The 1 to 4 inch boreholes used to gain access to the fissure waters
were sealed with an adjustable packing system specially designed to
enable sterile water sampling (Moser et a., 2002). The 20-mL copper
tube sampling containers were connected with pressure-tight PVC
tubing to the packer, and on the other end to avalve for controlling and

reducing flow rate. After flushing the tube with sample water, the valve
was incrementally closed and the copper tube was sealed by crimping
it with stainless steel clamps at both ends. Considerable efforts were
made to avoid degassing during sampling. Nevertheless, in some cases
the water pressure in the formation was higher than the maximum
pressure tolerance of the packer/sampling system. Thus, not al dis-
solved gases could be kept in solution during sampling. Additionaly,
because of fracturing around stopes and pressure release during and
after mining activity, one might expect degassing to occur even far
back in the formation. In some cases, where the boreholes dipped
downwards into the hanging or footwall formations, the outflow of the
fissure water resembled geyser-like eruptions of gas and hot water
mixtures.

The ground water sample was taken from a valved borehole that
connects with a service water reservoir (Internal Pump Compartment)
and is fed by the regiona aguifer. The single pore water sample
(BE19BWBhDD13677) was taken 2—-3 h after core drilling of an
exploration borehole at the Beatrix mine. A fresh, 8 cm core segment
was immediately transferred into a stainless steel container, repeatedly
evacuated and flushed with pure nitrogen (grade 5.0) and finally sealed
vacuum tight, according to the method described by Osenbriick et al.
(1998).

For %°Cl-isotope measurements, 1 L of water was collected in aglass
bottle with plastic poly seal caps.

3.3. Analytical Methods
3.3.1. Noble gases

The noble gas concentrations were determined on a MAP215-50
noble gas mass spectrometer using the methods outlined by Stute et a.,
(1995a). The precision of the absolute concentration measurement is
+2% for “°Ar, 8Kr and **2Xe. As the *He concentrations were 2—6
orders of magnitude above ASW, the concentration was determined
with a spinning rotor gas friction manometer with an estimated uncer-
tainty of about +10%. The precision of the *He/*He isotope ratio
measurement was about (1-3) %,; the reproducibility of isotope ratios
of air standards was better than 1% for “°Ar/*®Ar and 2-4% for Xe
isotopes. For Ne, 2% precision is typical for regular water samples
(very near saturation samples where the signal of the 2°Ne-peak is
covered by the range of the standards and where the correction applied
for the “°Ar* *-contribution on mass 20 is checked by water standard
measurements). Because the fissure water samples were significantly
undersaturated with respect to atmospheric noble gases, the precision of
the *°Nee measurement is not as good as for regular water samples (the
mass 20 signal was about 1 order of magnitude below the range
covered by air standard measurements). Additionaly, as the fissure
water samples contained significant radiogenic  “°Ar, the
4OAr* *correction on mass 20 is not cross-checked by standard mea-
surements. Therefore, the 2Ne/®°Ne and 22Ne/*°Ne-ratios have a large
uncertainty, sometimes as high as 200%. We discard al Ne-ratios from
this paper due to the low quality of the data.

The noble gases dissolved in the pore water of the freshly drilled
cores are quantitatively released by molecular diffusion out of the pore
water into the container volume of about 450 cm?® within about a month
(Osenbriick et a., 1998). Subsequently, the gases are transferred into
the preparation line of the MAP215-50 for measurement. The water
content of the core sample is determined gravimetrically by drying at
100°C for a minimum of 24 h.

3.3.2. *cl/Cl

Cl was precipitated as AgCl in a clean lab at LDEO according to
guidelines issued by the Prime Lab, Purdue University (personal com-
munication). As most samples have low Cl-concentrations (<2 g/L),
they were first preconcentrated on anion exchange resin (1-X8, 100—
200 mesh, Eichrom Technologies, IL, #A8B500-NCL) and sulfate was
precipitated with Ba(NO;),. After concentration on a second resin
column, Cl was precipitated as AgCl (30—40 mg) and oven dried at
60°C. The ¢CI/*>Cl ratio of the AgCl target was analysed by acceler-
ator mass spectrometry at the PRIME laboratory, Purdue University
using the method of Elmore et a. (1979). As a control for 3Cl-
contamination during the preconcentration and AgCl precipitation pro-
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Table 2. Measured noble gas concentrations and isotope ratios.

4601

‘He  Ne “Ar ®Kr ¥2Xe °Hel*He
Sample [1074] [1077][1074 [1078] [107°] [107%] R/R, “Ar/PAr ¥Xe'®Xe Xe'%Xe PNe*Ar CoJCne
cm® gt (STP)
BE19BWBhDD13677  184.80 277 1046 408 238 334 0024 900+ 36 0.3919* 0.002 0.3378+0.003 0.24* 001 165
BE16FW-GDW #1 590 008 181 076 058 355 0026 1392=56 0.3964+ 0.007 0.3412 = 0.009 0.06 + 001 0.05
BE16FW-GDW #3 428 008 190 111 076 323 0023 75930 0.3922=*0.003 0.3360 + 0.004 0.03= 000 0.05
BE23FW-A4RD 1292 029 342 129 083 328 0024 1291 +52 0.3936 = 0.005 0.3371+ 0.007 0.11 =001 0.17
BE24FW-C17W18 #2 364 010 169 068 047 305 0022 1372+55 0.3959+ 0.004 0.3389 = 0.007 0.08+ 001 0.06
BE325FW-CTS 1262 011 363 0.86 058 258 0019 2309+ 92 0.3964 = 0.007 0.3411 +0.002 0.07 =001 0.06
BE327FW-CTS 1976 020 394 113 071 316 0023 176571 03972+ 0.004 0.3429 +0.004 0.09 = 001 0.12
B2-25-FW1 023 371 393 258 130 333 447 0.3914 0.3337 0.42 leak
E4-IPC-DW-2 027 170 302 444 242 232 0017 298=2 0.3902= 0.002 03312+ 0002 017+ 001 101
E5-46-Bhl 1173 021 2185 048 045 4.89 0.035 10816 = 433 0.3930 = 0.008 0.3409 + 0.005 0.11 = 001 0.13
EV522FW-HWD 924 038 228 119 078 342 0025 832=33 0.3918=+ 0.005 0.3358 = 0.005 0.14+ 001 0.23
EV818FW-FBH 706 006 177 032 025 149 0011 2985= 119 0.4142 + 0.016 0.3665 = 0.014 0.09+ 001 0.03
EV818FW-NEPD 802 006 284 049 035 146 0011 3438 =138 0.4239 + 0.009 0.3722 = 0.010 0.07 + 001 0.03
K4-41-FW1b 2132 051 589 187 140 148 0011 1197 =48 0.3900 = 0.002 0.3337 + 0.003 0.10 = 001  0.30
K4-41-FW-2 1499 029 322 046 028 152 0011 2456+ 98 04274+ 0015 0.3889 + 0.012 0.22* 001 0.17
KL739FW 1127 003 232 017 013 128 0009 6658 =266 04734 = 0.018 0.4547 + 0.011 0.10 = 0.01 0.02
K4-41-FW-1 1239 1875 1485 7.65 394 1.39 373 0.3878 0.3290 0.47 leak
W6-38-FW3 #1 728 58 458 354 158 137 340 0.3892 0.3309 0.43 leak
W6-38-FW3 #2 836 31.33 1824 1408 505 1.8 363 0.3862 0.3283 0.62 leak
ASW 45.10% 167 311 398 257 1360 1000 2955 0.3879 = 0.006 0.3294 + 0.004  0.16 1.00

If not explicitly stated, the measurement uncertainty is 2%. Four samples show unreesonably high excess air components (italic) as identified by
a®°Ne/*Ar isotope ratio close to that one of air of 0.55. They are probably affected by air contamination and will not be further discussed. The last
column states the degree of 2°Ne-saturation normalized to an air saturated water (ASW) at 20°C and 1013mbar (CNE/C = 1.0). Samples with values

smaller unity are affected by degassing.

cedure, a ¢Cl-dead material, Diamond Crystal® lodized Table Sdlt,
Cargill Foods, was dissolved in 18-MQcm™* water and subsequently
treated like a sample.

3.3.3. U, Th and K composition of rock samples and porosity

Thirty (30) rock samples were collected in mines and their pore
water content was gravimetrically determined by drying at 100°C for a
minimum of 24 h. The U, Th and K contents were determined at
Princeton University by pulverizing the rocks and dissolving weighed
aliquots in a heated mixture of concentrated HF and 50% HCI. The
dried residue was then dissolved in heated, concentrated H,SO, and
almost completely evaporated before adding 50% HCI. The acidified
solution was then diluted 100:1 with distilled water and analysed on an
ICP-AES.

4. RESULTS AND DISCUSSION
4.1. General Results

Four different types of water samples were analysed and will
be discussed: one tap water, one ground water, one pore water,
and 16 fissure water samples. The pore and the fissure waters
originate from the ultra deep levels in the mines.

The ground water sample taken from the lower parts of the
local Mooidraai Dolomite aquifer at 4 shaft, Driefontein mine
(E4-1PC-DW-2), is fresh water of meteoric origin. The concen-
trations of dissolved atmospheric noble gases (*°Ne, °Ar, &K,
132 ) were eval uated as a recharge temperature (Mazor, 1972;
Stute et al., 1992b) using the partial re-equilibration model,
with temperature, excess air, and degree of fractionation as free
parameters (PR model, Aeschbach-Hertig et al., 1999). This
resulted in a noble gas temperature of 17.8 = 0.5°C at 1750 m
as.l. (above sealevel) and an air excess value of ANe = 218%.
The “°Ar/*°Ar ratio of 298 + 2 iscloseto the air ratio of 295.5
and the “He concentration of 2.7 - 10~ %cm®STPg~* exceeds the

concentration of air saturated water (ASW, 4.5 - 10~ %cm®STPg ™)
by two and ahalf orders of magnitude. The *He/*Heratio of 2.3
~8 identifies the “He as radiogenic in origin.

The pore water sample BEI9BWBhDD13677 from an ex-
ploration bore hole at Beatrix mine yields a “He-concentration
of 1.85 - 1072 cm®STP g~ %, five orders of magnitude greater
than ASW water. 3He/*He = 3.34 - 10~ 8 clearly identifies the
“He as of radiogenic origin. “°Ar/*®Ar = 900 requires a radio-
genic “CAr-contribution of ~ 67%. “He/*°Ar,_, = 26.3 exceeds
the crustal average production ratio of 4.9 (Taylor and McLen-
nan, 1985, Table 1).

139xe*3%Xe = 0.3919 * 0.002 (1l0) and **6Xe/**2Xe =
0.3378 =+ 0.003 (10) exceed the atmospheric ratios of 0.3879
and 0.3294, respectively, and indicate a contribution from
spontaneous fission of 2*8U. The inverse fitting technique was
applied to interpret the dissolved atmospheric noble gases
(*°Ne, Al gmosphericr KT, 13°Xe) of the pore water sample,

With “CAr 4 mosoneric beiNg the atmospheric “°Ar-component
from the measured “°Ar-concentration:
R.
4OAratn‘K)spherit: = 4OArmeas ’ - (41)
Rsample

with R, = (*°Ar/*°Ar),. The best fit (59% probability) was
achieved with the CE-model (closed system equilibration, ta-
1), using temperature and excess air as free parameters (Ae-
schbach-Hertig et al., 1999). The model results for this pore
water sample reveal anoble gas temperature of (22.1 + 0.7)°C,
with ANe = 80.6% excess air at elevation of 1750 m as.l., the
elevation of Beatrix mine.

The results of 12 fissure water samples (4 out of 16 sampling
containers were leaky, namely B2-25-FW1, K4-41-FW-1, W6-
38-FW3 #1, and #2) are comparable in most respects, although



Table 3. Degassing corrected noble gas concentrations.

Chd Cnd Cad Cyi Cyd (CHe (PXeed (PXed  (BPXeed  (PXened  (PUXenod
Cue® Cne’ Car® Ci® Cxe® 2% (*He)q (PAra (PXeda (P*Xeida  Aliadg *He)q *He)y Al ad)a PArada P Xedd
remaining fractions of
Sample noble gases [%0] [1079 [1079 [1071Y [1071Y [1079]  [1079 [1079] [1079]
cm® gt (STP)

BE19BWBhDD13677 (ar) 1.00 1.00 1.00 1.00 1.00 - 184.8 £ 0.9 7.0+ 05 13*+07 25*09 263*20 0704 14*+05 186+95 355*+129 19*12
BE16FW-GDW #1 diff 002 005 0.08 0.12 015 164 3193+524 168=*=22 30%x38 34*+44 190+x40 09*+12 11*14 179+226 200*+261 11+20
BE16FW-GDW #3 diff 000 0.05 0.11 0.16 0.20 22.8

+sal.
BE23FW-A4RD diff 010 017 024 030 033 36 129447 109+ 11 14+17 15+x22 118*12 11*+13 12*+17 128+ 157 140*+19.7 11*20
BE24FW-C17W18 #2 diff 003 006 0.10 015 018 55 1419+78 127+ 16 20x15 17*x23 112*15 14+10 12+16 158+118 135+184 09*13
BE325FW-CTS diff 003 0.06 0.10 0.14 0.17 153 456.9 = 69.9 304 = 3.6 27+33 30x10 150*+29 06*0.7 0702 90*x108 100+x34 11*14
BE327FW-CTS diff 006 012 017 022 025 100 3232+323 192*20 28*=16 35*15 169+24 09*+05 11+05 148*+85 184*+78 12*+09
B2-25-FW1 leak
E4-IPC-DW-2 (@r)y 100 1.00 1.00 1.00 1.00 - 03+00 0.02 = 0.0 109*9.0
E5-46-Bhl diff 008 013 0.17 020 022 189 1508=*+285 1237+118 08=*x22 19*x13 12*x03 05*x15 13*x09 07=x18 16*+11 24*66

@ 70°C

EV522FW-HWD diff 014 023 030 0.35 0.39 11.7 640+ 75 49+ 05 07+14 10x13 131*+20 11*+22 16+20 141+*286 208+ 258 15=* 35
EV818FW-FBH diff 0.01 003 0.06 009 011 44 5687+250 267*=36 73*x51 89+40 21.3+30 13*+09 16=*0.7 27.3*+195 333*+158 1.2+10
EV818FW-NEPD diff 001 0.04 0.06 0.09 0.11 116 606.6+704 419+55 144=*x43 147*x43 14525 2408 24+08 344+113 350=x113 1.0=x04
K4-41-FW1b diff 021 030 044 050 055 33 99233 100+08 04*07 09%=10 100+09 04*07 09+10 43x71 90x96 21=*40

+sol.
K4-41-FW-2 diff 0.02 005 0.08 0.11 0.13 157 6811+ 1069 347*43 105*47 140+38 197*39 15*+07 21*0.6 304 =140 405=*+122 13+07

(air)
KL739FW diff 0.01 0.02 0.04 0.06 0.07 151 15489+ 2339 57284 212=*57 275*49 271*+57 1404 18+x04 37.1+t114 480=*111 13*04
K4-41-FW-1 leak
W6-38-FW3 #1 leak
W6-38-FW3 #2 leak
Theoretical production ratios for average crustal composition 49 19 23 89 10.7 12
Average measured results and standard deviation 159+6.7 11*+05 14+05 182+ 10.7 23.0*+ 135 14+04

1 Model-resuits: degree of saturation C/C;. (normalized to ASW at 20°C and 1013mbar);
2 mean mode! offset; index d = corrected for degassing. The applied correction accounts for the under saturation due to diffusive degassing since mining activity and during sampling. For K441FW1b
solubility equilibrium with a gas phase is additionally considered: V/V; = 0.002.
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Table 4. Fractionation corrected noble gas isotope ratios and concentrations.

meas.
(*Hel*He); (*°ArFeAT); (**Xe**Xe) (X el**Xe), uncert (AT o) (X et (Xedr T Te
me&_Rf
Sample [1078] + 5% [%] R * AR e A [%)] [1079 [107%Y [107%Y
°C °C

BE19BWBhDD13677  3.34 = 0.17 0.0 900 +36  0.3919 = 0.0020  0.3378 * 0.0030 356 703+050 131+066 250*089 33 ANe= 80.5%
BE16FW-GDW #1 478+ 0.24 25.7 1305 + 103 0.3935 + 0.0070  0.3364 + 0.0090 128.4 140+ 018 045+056 050+ 065 34 34
BE16FW-GDW #3
BE23FW-A4RD 3.90 + 0.20 15.8 1244 =70  0.3920 = 0.0050  0.3344 = 0.0070 140.9 261+024 047+057 051+072 34 34
BE24FW-C17W18#2  4.01 = 0.20 23.9 1293 =96  0.3933 + 00040  0.3346 = 0.0070 135.8 1.30+016 035+026 030+041 33 33
BE325FW-CTS 337+ 0.17 235 2177 + 161  0.3938 = 0.0070  0.3367 = 0.0020 27.6 313+036 047+056 052+014 39 39
BE327FW-CTS 3.89 = 0.19 188 1685 = 106  0.3951 + 0.0040  0.3394 = 0.0040 40.0 325+032 071+039 089+035 40 40
B2-25-FW1 35
E4-IPC-DW-2 232 +0.12 0.0 298 = 2 0.3902 = 0.0020  0.3312 *+ 0.0020 112.7 0.02 + 0.02 25  ANe = 218%
E5-46-Bhl 591 + 0.30 17.3 10331+ 649  0.3909 + 0.0080  0.3372 + 0.0050 64.3 21.22+191 018+050 043+028 37 37
EV522FW-HWD 3.95+0.20 13.4 806 =42  0.3904 = 0.0050  0.3335 + 0.0050 123.1 144+ 014 027+054 040+049 37 37
EV818FW-FBH 2.07 +0.10 27.9 2773+ 243  0.4107 = 0.0160  0.3605 *+ 0.0140 451 158+021 078+055 095+043 45 45
EV818FW-NEPD 2.02+0.10 276 3198 + 277  0.4204 = 0.0090  0.3661 + 0.0100 27.2 257+033 159+044 161+044 45 45
K4-41-FW1b 1.65 + 0.08 10.8 1172 + 54  0.3891 + 0.0020  0.3322 + 0.0030 106.1 441+034 024+039 049+052 58 58
K4-41-FW-2 2.03+0.10 24.8 2301 + 184  0.4241 +0.0150  0.3830 *+ 0.0120 24 281+034 138*057 184+041 52 52
KL739FW 1.85 + 0.09 30.7 6118 + 603  0.4687 = 0.0180  0.4459 + 0.0110 9.4 220+031 151+034 195+018 54 54
K4-41-FW-1 60
W6-38-FW3 #1 45
W6-38-FW3 #2 45
ASW 136 2955 0.3879 0.3294

Index f = corrected for fractionation during degassing.
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Table 5. Cloride and stable isotopes.

36Cl [107] Cl=/L 820 %o 8D %o
- secl/cl
Name of sample atoms/I [10719] mg/L V-SMOW

BE16FW-IDW 84.3 34+4 1.458 —5.49 —40.1
BE16FW-GDW #1 65.7 32=*4 1.206 —5.85 —42.3
BE23FW-A4RD 525 25+5 1.235 -6.17 —41.0
BE24FW-C17W18 #2 825 B4 1.385 —6.13 —42.7
BE325FW-CTS 66.2 27+3 1435 -6.71 —43.2
BE327FW-CTS 101.5 3710 1.612 —6.66 —41.2
B2-25-FW1 59.5 27+8 1.295 1.92 —36.9
E4-1PC-DW-2 55 209 =9 16
E5-46-Bhl 346.0 9+9 22.600 —13.14 —24.4
EV522FW-HWD 33.0 11+5 1.765 —5.63 —-27.7
EV818FW-FBH -10.87 —-36.9
EV818FW-NEPD 55.3 12+ 3 2.730 —10.24 —35.9
KL739FW —7.24 —204
K4-41-FW-1 139 4+4 1.898 —-571 —-27.7
WDF2b 8.7 8+9 639 —6.58 -
EV811FW-1XCA 245 24+5 600 —5.02 —30.0
E5-46-sump 7.6 3*+6 1.789 -0.15 —
tap water. #2 shaft 9.6 704 = 14 8
calcul. atmos. Input 0.01 420 *= 200 0.01
line blank 04 1.000

they were sampled at four different gold mines from all over
the basin and cover awide depth range (Table Al). Unlike the
ground and pore water samples, the noble gas abundance pat-
tern of the fissure water samples showed significant undersatu-
ration relative to solubility equilibrium with air. This under-
saturation ranges between 70 to 98% for Neon normalized to
air saturated water (ASW) at 20°C at 1013 mbar (see Table 2,
Cn/Cre”)- Processes causing this undersaturation and affecting
elemental and isotopic noble gas composition will be discussed
in detail in sections 4.4.2 to 4.4.4.

Measured “He-concentrations ((3.6-21) - 10~ 4 cm®STP g™ %)
of the fissure waters are high and range over less than one order
of magnitude. *He/*He = (1.3-4.9) - 10~ 8 identifies the “He as
radiogenic in origin. The *3*Xe/**2Xe and X e/**?X e-ratios
are higher compared to air values of 0.3879 and 0.3294, re-
spectively. Most Xe-ratios range between 0.390 and 0.398 for
134X e/*32X e and 0.330 and 0.343 for 16X e/*%2X e, respectively,
with four exceptions (EV818FW-FBH, EV818FW-NEPD,
KL739FW, and K4-41-FW-2) where values are between 0.410
and 0.473 for ***Xe/**2Xe and between 0.366 and 0.455 for
136X e/*¥2Xe (Table 2). The 13°Xe;J/***Xe;ratios with an
average of 1.4 + 0.4 (Table 3) identify ***Xe; and X e,
as due to spontaneous fission of 22U as their theoretical pro-
duction ratio is 1.2 (Shukoljukov et al., 1974). The “CAr/*°Ar
ratios of all mine water samples were very high (Table 4, 806
to 10331).

4.2. 35Cl-Ratios and 3¢Cl-Concentrations

The atmospheric (hypogene) **CI/Cl-input ratio for southern
Africa of (420 + 200) - 10~ *® is calculated from a proposed
value for natural, atmospheric *°Cl fallout at 27 ° S (South
Africa) of (12-18) atoms 3*Cl m~2s~* (Lal and Peters, 1967),
a mean annual precipitation of (688 + 20)mm yr—* (IAEA/
WMO, 2002): GNIP database for Pretoria, 27-yr long, monthly
record), and Cl concentrations in precipitation of (0.1 = 0.05)

mg CI 17, This calculated meteoric input is equivalent to a
36Cl-concentration of 0.01 - 107 atoms |~*. This should be
regarded only as crude estimate for the initial 3°CI/Cl-ratio or
38Cl-concentration. First, because the sea spray contribution to
Cl decreases exponentially with the distance from the coast
(Bentley et a., 1986). And secondly, because additional 6Cl
produced near the surface may be released by weathering
(epigene *°Cl) into the water cycle. Therefore, we measured the
36Cl/Cl-ratio in local ground water: ground water from the base
of the local dolomite aquifer (E4-1IPC-DW-2) and tap water
from #2 shaft at Beatrix gold mine (public water supply, most
likely from the top of the local dolomite aquifer) were sampled.
The measured 3°CI/Cl ratio of the tap water is the highest of the
data set with (704 + 14) - 10~ (Table 5). The *CI/Cl ratio of
the ground water sample is (204 + 9) - 10~ *5(E4-IPC-DW-2).
The estimated atmospheric input ratio agrees within 20~ with
the measured ratios of the tap water and the ground water
sample.

All fissure water samples have significantly lower *6Cl/Cl
ratios and range between 4 - 10°*° and (37 = 9) - 10 *®
(overall 3CI/Cl blank is (0 = 4) - 1079). To identify the
source of the *°Cl, the 3*CI/Cl ratio is plotted versus the
38CI-concentration of all water samples (Fig. 2a). The tap water
sample is considered to best represent the °Cl/Cl-input ratio
and input *Cl-concentration of the atmospheric fallout of *Cl.
If the atmosphere were the only source of *6Cl, the results of all
other water samples should plot along a straight line between
the tap water sample and the origin of the plot as aresult of *°Cl
decay (Fig. 2d). Only the dolomite ground water sample is
interpreted to be the result of *°Cl-decay of atmospheric input
and/or addition of dead Cl to surface (tap) water.

In contrast, all fissure water samples plot significantly off the
decay line between the tap water and the origin of the plot and
have higher 35Cl-concentrations than surface water with about
10 - 107 atoms 3°Cl |~* (tap water, Beatrix #2 shaft). The
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Fig. 2. a: Ratios of *®CI/Cl versus *°Cl concentrations. The high 36CI/Cl ratios of the tap water and the ground water
(E4-IPC-DW-2) are due to atmospheric input. The low 3°Cl/CI ratios and high 3°Cl concentrations of the fissure water
samples are due to subsurface production (inclining arrow at bottom of figure). b: 8D versus 8'20. Results of this study
(cross symbol) are compared with results from Duane et a. (1997): mine water (rectangle), Vaal River water (triangle); the
Global (GMWL, Craig, 1961) and Local (LMWL) Meteoric Water Lines (Mazor and Verhagen, 1983), and mean
precipitation from Pretoria, SA, derived from a 27-yr, monthly record (filled circle) (IAEA/WMO, 2002).

measured high *°Cl-concentrations of the fissure waters (7.6 to
346) - 10"atoms®Cl | ~* exclude the atmosphere as the source
of this 38Cl. Thus, subsurface production (secondary neutron
capture by *°Cl; Bentley et al., 1986; Andrews et al., 1989) is
the source for *°Cl and dominates the 3°Cl budget in the fissure
water samples. But the observed *°Cl and Cl signatures are till
ambiguous: The high *Cl-concentrations could originate from
dissolved ClI with a *®Cl/Cl-ratio close to secular equilibrium.
Then the data would not tell much about the age of the water.
Only if substantial dissolution of subsurface Cl can be ex-
cluded, then high 3*Cl-concentrations substantiate that the bulk
of al fissure water samples are older than 1.5 Ma, 4-5 times
the half-live of %Cl of 301 kyr. Although the occurrence of
evaporites in the Witwatersrand Basin is not documented, a
final decision will only be made after comparison with calcu-
lated model ages derived from the nucleogenic noble gas sig-
natures in section 4.4.9.

The secular equilibrium ratio R, was calculated for sample
E5-46-Bhl according to Bentley et a. (1986, Egn. 6) and
yielded aRy, = 11 - 10~ ** compared to the measured value of
9 + 91075, equivalent to a **Cl-concentration of 346 - 107
atoms |~ (Table 5). The high uncertainty of this particular
result is caused by interference with 3¢S,

These calculations for Ry, are based on the mineral compo-
sition of the Klipriviersherg Lava (Antrobus et al., 1986, p.573,
Table 3), U and Th concentrations of 4 and 10 ppm, a porosity
of n = 0.01%, a neutron flux ®,, of ~8 n kg~ 'yr—*, a decay
constant A, of *°Cl of 2.3 - 107° yr~* and a Cl concentration
of 22.4 g I~ In doing so, we ignore the results of our own
analysis of the U concentration for the Klipriviersberg Lava
(Table 1). Thus, we do not consider our value of 419 ppm to be
representative for the average host rock formation.

4.3. Stable I sotopes 6D and 620

The 8D and 680 of most fissure water samples fall on or
close to the meteoric water line. However, as they are more
depleted in 8D and 80 than present local mean annual pre-
cipitation, the Vaal river, and the dolomite ground water (Fig.
2b), the fissure water most likely infiltrated at either higher
elevations or during a time when the mean annual temperature
was cooler than today. Noble gas temperatures can not con-
strain these two options, as the significant degassing of the
fissure water samples obliterated this sensitive palaeotempera-
ture information effectively. Sample B2-25-FW1, to the right
of the GMWL, ismost likely affected by isotope exchange with
the surrounding rock that enriches the pore water in 8*20.

Of specia interest are the two samples E5-46-Bhl and D1
(Duaneet al., 1997) that lie to the | eft of the meteoric water line
(Fig. 2b). Both are sdline fissure water samples from the Ven-
tersdorp Supergroup, D1 from the Mpening mine, which is
proximal to E5-46-Bhl from the Driefontein mine. Such de-
pleted 6*80 values indicate water-rock interaction by alteration
of silicates to clay minerals coupled with a low water-rock
ratio.

D1 aso has the highest 87Sr/%6Sr ratio in the data set pre-
sented by Duane et a. (1997), and E5-46-Bhl yields the
highest “°Ar/*%Ar (>10000) in this study. For sample D1, the
relatively high 8"Sr/%°Sr-value indicates release of radiogenic
87Sr from the mineral phase into the fluid phase (Duane et al.,
1997). Similarly, “°Ar/**Ar of E5-46-Bh1 impliesthe release of
significant amounts of radiogenic “°Ar from the mineral phase
and its accumulation in the fluid. The significantly higher
salinity of these two samples is consistent with hydrologic
isolation from the other fissure waters (see also 4.10).

These factors indicate that two different types of deep sub-
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Fig. 3. Measured atmospheric noble gas concentrations C; (i = *°Ne,
36Ar, 84Kr and 1*2Xe) of the fissure water samples, normalized to air
saturated water C,° (ASW, 20°C and 1013 mbar). C,/C,° expresses the
fraction of ASW present in the samples. For all fissure water samples
C/CP° is smaller than 100%. The labels on the left side refer to the
dashed lines, those on the right to the solid lines. Error bars are shown
exemplarily only for one sample, but valid for al samples. Measure-
ment uncertainty for C,/C° ranges from 1.0% to 1.6% and is minor
compared to the significant uncertainty arising from a variation of
+5°C and +20/—200 mbar for the equilibration conditions of ASW.
The combined uncertainty of the initial atmospheric noble gas concen-
trations C,° and of the measurement uncertainty is considerable, rang-
ing from (+20.6/—5.5) % to (+26.4/—17.4) % for C,/C°.

surface water may exist in the Witwatersrand Basin. First,
moderately saline fissure water is widely dispersed over the
Witwatersrand Basin in various depths. It is the most abundant
type and is interpreted as originating from an extended network
of water-bearing fractures, always associated with faults and
dykes; with long residence times in the subsurface and migrat-
ing along extended pathways. Second, there exists highly saline
fissure water distinctively enriched in radiogenic isotopes and
significantly affected by water rock interaction. This second
type of fissure water is interpreted as originating from hydro-
logically isolated water and gas pockets, analogous to huge
fluid inclusions. If it ever was of meteoric origin, it has lost its
characteristic isotopic signature due to water-rock interactions.

4.4. Noble Gas Data
4.4.1. Undersaturated fissure water samples

A striking characteristic of the fissure water samplesis their
undersaturation with respect to dissolved atmospheric noble
gases. Toillustrate the degree of undersaturation, the measured
noble gas concentrations are compared to those of air saturated
water (ASW). Figure 3 shows these relative noble gas concen-
trations C;/C,°, where i stands for ?°Ne, 3°Ar, ®Kr and **?Xe.
ASW at 20°C, 1013 mbar, no excess air and zero sdlinity is
chosen arbitrarily (equilibration conditions are not known, but
should fall into arage of (20 + 5)°C and (1013 + 20/—200)
mbar). The resulting uncertainties of the relative noble gas
concentrations C,/C° are significant (ranging from (+20.6/
—5.5) % to +26.4/—17.4) %) and exceed the analytical uncer-
tainties of +1.0% to *=1.6%. The pore water and the ground
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Fig. 4. Measured noble gas concentrations of fissure water samples
divided by their *®Ar concentrations, and normalized to the respective
air ratio (x/*°Ar)sample/(x/*Ar)air, with x; = 2°Ne, %6Ar, 84Kr, 12X e.
All samples show an elemental fractionation pattern relative to ASW:
The 2°Ne/*Ar-ratio is smaller—in comparison to ASW—and the 8Kr/
36Ar- and the 32X e/*®Ar-ratio is larger—in comparison to ASW. This
elemental separation pattern is due to the processes causing the under-
saturation: diffusive gas loss in non-equilibrium and/or equilibration
with a non-atmospheric gas-phase.

water sample are not under saturated (C,/C,° ~ 100%, Table 2)
and are therefore not displayed in Figure 3.

Assuming the mine waters were once equilibrated with
atmospheric noble gases during the recharge process, two pro-
cesses can cause the observed undersaturation of the atmo-
spheric noble gases: (1) diffusive degassing in a non-equilib-
rium state, and (2) equilibration of the water with a non-
atmospheric gas phase, eg., CH,, and H,, etc. These two
processes are discussed in more detail below. In section 4.4.4.
the maximum isotopic fractionation associated with diffusive
degassing is quantified to ascertain whether the elevated “°Ar/
S6Ar- and 34IOX g/132X e-isotope ratios are the result of frac-
tionation during the diffusive degassing or the result of radio-
genic and fissiogenic enrichment. This is essential to the
interpretation of the isotopic ratios and the subsequent calcu-
lation of model ages.

4.4.2. Elemental fractionation accompanying undersaturation

The undersaturation of the fissure waters is accompanied by
elemental fractionation. To illustrate this the ratios of the mea-
sured concentrations of 2°Ne, 6Ar, 8Kr and *?Xe relative to
the 3®Ar concentration are normalized to the corresponding
ratios for air (Fig. 4). Water samples (thin lines) should be
compared with the thick dashed line that represents water
saturated with atmospheric noble gases (ASW at 1013 mbar,
20°C). All fissure water samples exhibit an elemental compo-
sition that is not consistent with ASW. The normalized °Ne/
38Ar-ratios are lower than ASW and normalized 8K r/3®Ar- and
132% ef*®Ar-ratios are larger than ASW (for 2°Ne/*®Ar-ratios
see Table 2). The calculated error of the normalized ratios is
3.6—4.3%, reflecting just measurement uncertainty. Only sam-
ple (K4-41-FW-2) indicates some 'Ne-excess, which we at-
tribute to mine air entrapped in the sampling container during
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sampling. The Kr signal of E5-46-Bhl was affected by dis-
crimination during measurement by the extremely high radio-
genic “°Ar-concentrations and will not be included in this
discussion.

4.4.3. Conceptual model explains degassing

We apply a conceptual model to the noble gas data of the
fissure water samples to explain the undersaturation of the
atmospheric noble gases and the elemental fractionation pattern
within the given uncertainties. For an initial ASW that is
subject to rapid degassing without reaching equilibrium, the
dissolved noble gases are fractionated according to their diffu-
sion coefficients. The diffusion coefficients D;, of the differ-
ent noble gas components i = He, Ne, Ar, Kr and Xe are
temperature dependent (Eyring, 1936):

DT) = A e(#r) [10°5 enig (4.2)

with R the universal gas constant of 8.3143J K ~* mol ~*, T the
temperature of the water during the degassing process [K] (for
the sampling temperature T see Table 4, for values D, see
Table A2 in the appendix). The parameter A and the activation
energy for diffusion in water E, were derived from experimen-
tal results covering the temperature range between 5 and 35°C
(Jahne et ., 1987). As the sampling temperature exceeds this
range, we consider an uncertainty of 3% instead of the reported
1%. The degree of undersaturation of one noble gas component
C,/C;° is proportional to the degree of undersaturation of an-
other noble gas—in this case Ne in ASW at 20°C and 1013
mbar—and depends on the ratio of the diffusion coefficients
Di(t Of these two gas components, i and Ne:

Di(T1)

C (CNE> Dne(T2)

c~\ch *3)
with i = 3®Ar, 8Kr or *?Xe (Zartman et al., 1961; Stute et al.,
1992b).

In a second scenario, we consider the total observed loss of
gas into a gas phase consisting of only non-atmospheric gases,
such as CH,. Here the degree of undersaturation C,/C,° depends
on the volume ratio of the gas phase to the liquid phase V /V,
a STP (standard temperature and pressure, 20°C, 1013 mbar)
and the solubility by, of each gas component (Zartman et d.,
1961; Stute, 1989):

C 1

Cf"<1+l L E)
B(T Ts V,

(4.4)

with T, the sampling temperature and T° = 273.15 K. The
concentration of the dissolved gases in the liquid is in equilib-
rium with this headspace concentration C; according to Hen-
ry’s Law:

Cy
C= Bi(T) : 79 (4.5)

where p isthe density of the water and C; the concentration of
the gas component i in the head space in volumefraction [STP).
Looking at the relative depletion of one element compared to a
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Fig. 5. Data (solid lines) and model results (dashed lines) of two
selected samples: For KL7-39FW the amount of undersaturation and
the elemental separation pattern can be explained within the stated
uncertainties of C;/C;° by both scenarios: (a) diffusive degassing at
sampling temperature and (b) solubility equilibrium with a non-atmo-
spheric gas phase. For the mgjority of samples, only scenario (a) fits or
fits significantly better than scenario (b). For three samples, neither
scenario fits the data within the uncertainty of C;/C;°, and a combina-
tion of (&) and (b) — (c) is used to explain undersaturation and
fractionation. For K4-41-FW-1b, 55% of the observed loss of Ne was
lost due to (a) and, 15% was due to (b).

reference, Cyo/Cpe» the degree of undersaturation of anynoble
gas component i relative to that of Ne is

Ci 1
c 14 Pl <g%e_ 1)
Bi(T)  \Chre
with i = 3Ar, 8Kr or *2Xe.

The temperature dependent solubilities 8;, of Crovetto et
a. (1982) for the range between 30 and 330°C were used in
Eqn. 4.6. The authors state the overall precisionin Henry’sLaw
constants is 1-2%.

Pressure release and dewatering might have enabled a gas
phase to develop into which the dissolved gases could exsolve.
This scenario has been discussed in detail by Andrews and
Wilson (1987). The elemental separation pattern caused by this
solubility equilibrium with an open gas phase is more pro-
nounced in comparison to the diffusive process at the same
temperature T (Fig. 5), compare the steeper dashed line ‘b’
with line ‘a).

Using the measured C,/C%,. valuesin Eqn. 4.3 and Eqn. 4.6,
and T = T, the relative concentrations C,C? can be cal cul ated
for i = 3°Ar, 8Kr, and **2Xe for both scenarios—diffusive
degassing and solubility equilibrium. (For sample K4-41-FW-2
the air-excess has a four times larger effect on CJ/CR, than on
csBA,/chN. Therefore, here the relative Ar concentration is
used in instead of the relative Ne concentration in Eqn. 4.3 and
4.6.). For 10 samples (BE16FW-GDW#1, BE23FW-A4RD,
BE24FW-C17W18 #2, BE325FW-CTS, BE327FW-CTS,
EV818FW-FBH,  EV818FW-NEPD, EV522FW-HWD,
KL739FW and E4-46-Bhl) the diffusive degassing scenario
explains the measured data within the uncertainties stated for
C/C/, and better explains the fractionation pattern than the

(4.6)
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equilibration model. For sample K4-41-FW-1b, we consider a
combination of diffusive degassing and equilibrium with a gas
phase as the most likely scenario, as only then can the model
explain the data within the uncertainty given for C/C° (see
dashed line “c” in Fig. 5).

For sample BE16FW-GDW #3 the cal culated elemental sep-
aration pattern is depleted compared to the observed pattern.
Here, the model fit—the mean deviation between modeled and
mesasured relative concentration—exceeds 20%, whatever sce-
nario or combination of scenarios we choose. Therefore, we do
not consider this sample in the following discussions (see
“mean model offset” in Table 3).

Mean model offset

i=Ar Kr,Xe

1
= (3 E \/[(Ci/cio)model - (Cilcio)nmwred]z)/

Generaly, we conclude the undersaturation is due to rapid
degassing in non-equilibrium. For on exception—sample K4-
41-FW1b—the model best fits the observed fractionation pat-
terns when the loss due to diffusion controlled degassing
amounts to 55% and a loss due to solubility equilibrium de-
gassing with an open gas phase of another 15%; corresponding
with avolume ratio V (/V, = 0.002. Note that the equilibration
model is quite sensitive to variations in V/V,. At a sampling
temperature of 58°C, the mean deviation between the modeled
and the measured relative concentrations amounts to only
3.3%. The model results C/C° for i = *Heymosphericr _N&,
S6Ar, 84Kr and **2Xe are given in Table 3.

Based on these model results, the concentrations of “He,
2ONe, “°Ar, and 32X e are corrected for degassing losses. The
corrected nucleogenic isotope concentrations of “He, *Ne,, .,
OAr, 0 X e and 38X e, arelisted in Table 3 and marked
with index ‘d’ (corrected for degassing).

For sample E5-46-Bhl the model results were improved
significantly by considering a degassing temperature (T =
70°C) that is significantly higher than T (37°C). For a detailed
discussion on that sample see 4.10.

Generally, we conclude the undersaturation is due to rapid
degassing in non-equilibrium. However, given the important
uncertainties of the assumptions for the equilibration condi-
tions, also the corrected concentrations that result from this
model have important uncertainties. More relevant, the models
quantitatively explain the undersaturation and enable an eval-
uation of the impact of the process on the isotopic ratios.

4.4.4. |sotopic fractionation

To derive residence times from isotopic ratios - in particular
from “CAr/®Ar and 34139X g/32X e—the effect of non-equi-
librium degassing on the isotopic fractionation must be consid-
ered. Jahne et al. (1987) studied theisotopic fractionation in the
diffusion coefficient and interpreted them as proportional to the
inverse of the square root of the reduced mass. D « 1/Vm*.
The reduced mass m* of the isotope of interest is

m; - m,
T m+m

m? 4.7
with m, the mass of the medium of the boundary layer (Marty,
1984).

We consider the diffusion coefficientsin the water to control
the flux of noble gas atoms across the air-water interface. And
because of the hydrogen bondsin the liquid phase, the effective
mass is not 18 (mass of H,0), but far larger. Therefore, in the
limit x — o Egn. 4.7 becomes m¥ = m. In fact, the experi-
mental results from Jahne et al. (1987) do agree within the
uncertainty with both scenarios, with m, = 18 as well with
m¥ = m; in the limit x—c.

This isotopic fractionation provoked by non-equilibrium de-
gassing is summarized in the following equation, for example
for the **X e-1*2X e-isotope fractionation:

134)(6/132Xe 134Xe/134xeo

134y g0/ 132y 0 = 182y /132y 0

F 134xg/132Ke —

with Xe/**Xe® = Cy,/Cyzp, and

134Xe/l34xe0 — (Cl32x e/C132Xe“) /D134(T)/D132(T) (48)
(seeeq. 4.3) andmf = m,

Fuosenoxg (Cuand Ciap,) ¥ VMMt

The index O refers again to the concentration of ASW at
20°C and 1013 mbar. The isotope fractionation increases with
the relative difference of the mass and the degree of degassing.

I sotopic fractionation caused by diffusion is largest for *He/
“He and is 10-30% of the measured ratio or 2—6 the measure-
ment uncertainty of the ratio. Still, the correction of the isotope
ratio has no effect on the calculated “He-model age as the
overal shift from air ratio is so large. For the **°Xe/**?Xe-
ratio, on the other hand, the calculated elemental fractionation
caused by diffusion is the smallest due to the small relative
difference of the masses. The correction for isotope fraction-
ation due to degassing amounts to less than 2% of the ratio,
about the same as the measurement uncertainty (Table 2). All
relevant ratios, *He/*He, “°Ar/*°Ar, 3*Xe/**2Xe and *3°Xe/
132X e, are corrected for this isotopic fractionation due to de-
gassing in non-equilibrium. The corrected ratios are list listed
in Table 4 and marked with the index ‘f’ (corrected for frac-
tionation due to degassing). These corrected ratios indicate the
fissure water isotope ratios are an offset from air ratio due to
radiogenic or fissiogenic production and not an artefact due to
diffusive degassing during mining and sampling.

4.4.5. Crustal fluxes and accumulation of in-situ produced
isotopes

The time required to produce the observed dissolved radio-
genic, nucleogenic and fissiogenic noble gas concentrations, C;,
depends on the in-situ accumulation rate A, and the accumu-
lation of a crustal flux, J;, in the sampling depth h (Torgersen
and Clarke, 1985):

t= v (4.9)
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The in situ accumulation rate in the pore water, A;, depends
on the production rate P;, the porosity n, the release factor, A;,
and the rock and water densities p, and p,,:

Ai) = A -

n
e P (MPSTPGe Y
n o py

(4.10)

with i = “He, “°Ar, ¥**Xe. For calculation of model ages, we
use A\ye = An, = 1for therelease coefficients of Heand Ar. For
Axe Ragettli et al. (1994) determined values between 0.023 and
0.112 for median grain sizes between 30 and 250 mm. But we
consider this Xe-release coefficient as a model parameter in
section 4.4.9 and alow A, to range from 0.1 to 0.5.

The production rate of *He, ., “Ar, ., and 343X e, _ (P,
Pao» and Pi34136)) are proportional to the U-, Th-content [ppm]
and K-content [%)] of the host rock matrix:

P, = 1.19-10° U + 2.88 - 10 Th (cm*STPg,oe 2yr )
(4.12)

Pi = 3.887 - 10 K (cm®STPg yrY)  (4.12)
Py = 414 - 1072 U (cm*STPgoe yr ) (4.13)
P136 =498 - 10722 U (CmSSTPgrockilyril) (414)

(Shukoljukov et al., 1974), with resulting production ratios of
P,/P,, = 4.9 (crustal average, see Table 1) and P,5¢/P, = 2.3
- 107° (Wasserburg and Mazor, 1965). “He and “°Ar crustal
flux values have been derived from various ground water field
studies and J,, ranges from 2.1 - 10~ ‘cm®STPcm ™~ 2yr—* (Ger-
many, Osenbriick et al., 1998), to 4 - 10~ 7 cm*STPem ™ 2yr—*
(Hungary, Stute et al., 1992a) to 36 - 107 cm*STPem ™ 2yr—*
(Australia, Torgersen and Clarke, 1985). For “°Ar, the crustal
flux (Jyoa,) estimates range from (2.5-105) - 107
cm*STPecm2yr~—* (Wasserburg et al., 1963), to 6.3 - 107
cmiSTPcm ™2 yr~* (Australia, Torgersen et al., 1989) to (21—
28) - 1077 em®STPcm™?yr~—* (atmospheric model, Hamano
and Ozima, 1978).

“OAr/*®Ar values of the fissure water samples are all greater
than the atmospheric ratio of R,, = 295.5. The radiogenic
4OAr, 4 component is calculated from the “°Ar concentration
corrected for degassing (*°Ar, )4 and the “°Ar/*°Ar ratio of the
sample corrected for fractionation (*°Ar/*°Ar);, Rempie:

Rs%\mple - Rajr

OAr g = - OArg (em®STPg™Y)  (4.15)

Rmple

The fissiogenic Xe was calculated from the (*3*9Xe/
132) g), ratios and the concentration derived after correction for
degassing (**?X ;)4 Using the relationship

iniss
Xeye = (Ris = Rair) - (Rgpie — Rar) - 12Xey (cm®STPg™)
(4.16)

where 'R, stands for either 2R, = P(***X&/**2Xe) = 1.398
or ¥R, = P(***X&/**?Xe) = 1.681; 'R, standsfor theair Xe
ratio of either ***Xe/**2Xe = 0.3879 or **Xe&/**?Xe = 0.3294
(Ozima and Podosek, 1983). This equation takes into account
the **Xe, **Xe, and ***Xe production by fission processes.

136Xe /132Xe

+ fissure water
< pore water
—————— O air

0.32 \i\‘\‘\‘m\fﬁa""'\uu\‘\w\

038 040 042 044 046 048 0.50 0.52
134Xe/132Xe

Fig. 6. 13X e/*32X e versus 13X /132X e of the all samples. Thecircle
and the vertical and horizontal dashed lines indicate the value for
ASW). The solid line indicates the theoretical production ratio P54/

Pias

4.4.6. “Helium and **®Xenon

The *He/*He-ratios of all fissure water, pore water and
ground water samples clearly identify the “He to be of radio-
genic origin. The average (*He/*He)-ratio is (3.3 = 1.3) -
1078 The isotope ratios (***Xe/**2Xe); and (**°Xe/*32Xe);
clearly correlate and fall on the theoretical production line with
adope of 1.2 (Fig. 6). The average fissiogenic isotope ratio of
(**Xe***Xe), = 1.4 + 0.4 (Table 3, bottom line, last column)
compares well with the theoretical production ratio P, 3/P;5, =
1.2 (Shukaljukov et a., 1974).

Furthermore, the average *3X e;/*He and ***X g, J*He val-
ues of the fissure water samples {(1.1 = 0.5) - 10 °and (1.4 =
0.5) - 10~} lie within a factor of <2 of the predicted produc-
tion ratios of 1.9 - 10° and 2.3 - 10~°, respectively (Fig. 7a,
and Table 3, bottom line). As all three isotopes originate from
U, this systematic offset from the production ratio is best
explained by different release coefficients for He and Xe: Ay,
must be in the order of 0.5.

4.4.7. “°Argon and its ratios with >34 Xenon and “He

Calculated “He/*°Ar, 4-production ratios based on U-, Th-
and K-concentration measurements of 30 rock samples from
reefs (conglomerates), hanging and footwall quartzites, volca-
nic rocks and dykes range from 7 to 184000 (Table 1). Very
high U-concentrations were reported for the reefs, but not for
the quartzite and volcanic rock samples originating from for-
mations in the vicinity of the reefs (reviews by Koen, 1961,
Pretorius, 1976, 1981; Hallbauer, 1986).

Observed (*“He/*Ar, ) -ratios in the fissure water samples
range from 1 to 27, with an average of 15.9 = 6.7 (Table 3).
This average value is significantly less than the “He/*°Ar,
ratios calculated for the U-enriched reefs (Table 1) but within
a factor of 3 above the average crustal rock production ratio
(4.9). The “He/*°Ar,_, values also compare well with “He/



4610 J. Lippmann et al.

a  SE-09 S
- - 1
|
4 |
& 4E-09 !
v |
X |
s |
« i
~ |
$ | ‘
s
(]
> w - ‘
5 2E09 —f— T“- S i
1
1
I Sk
0E-09 = i I e
0E-09 1B-09 2E-09 3E-09 4E-09

1 36X9ﬁss/4Herad

b 6E-09 —— e
| i
_ 4E-09 — \ ‘
g
é‘f + L
"~ 2B-09 —*‘W_ i | .‘.4
I N |l [ |
I =y Sum s S
| + F[, .
0B-09 —— e B
0E-09 20E-09 40E-09 60E-09

136 r
Xeg,, / “AL,,

Fig. 7. a: (**®Xe&/*®*Xe)4 versus (XX g;J/*He), of fissure water samples (cross symbols) compared to production ratios
in the average crust (solid dot). The average (***Xe&/***Xe), (square) agrees with the production ratio, but the mean
136X g/ *He istoo small by afactor of 2. Thisisexplained by different release coefficients for He and Xe. b: (**¢Xe/***Xe),
versus (136X e, /*°Ar), of fissure water samples (cross symbols) compared to production ratios in the average crust (solid
dot). The average (***Xe/***X €)4 ratios (square) agree with the crustal production ratio, but the average *°X ;J*°Ar-ratios
are higher by a factor of 2.5. This can not be explained by the release coefficients, as Ay, > Ay This is explained by

elevated U/K-ratios compared to the crustal average.

“OAr, ratios of hot springs in South Africa (Mazor and Ver-
hagen, 1983) that range from 1 to 7.

Sample E5-46-Bhl is exceptional with respect to the mea-
sured “He/*°Ar, -ratio: The corrected ratio (Table 3) of 1.2 is
the lowest in the data set and an order of magnitude smaller
than the ratios of al other fissure water samples. Thus, like the
[CI], the “He/*°Ar, -ratio also suggests that this fissure water
is isolated from the fissure water network, where large-scale
mixing/flow is likely to occur.

The observed “He-concentration of 0.3 - 10~ %cm®STPg~*in
the dolomite aquifer (E4-IPC-DW-2) suggests a locally impor-
tant crustal flux from the underlying sediments. The “He/
4OAT, 4 ratio of the pore water (BE19BWBhDD13677; 26.3) is
slightly higher than the average ratio of the fissure water and is
similar to the local production ratio of the hanging wall quartz-
ites (see Table 1, ‘Beatrix, selected hanging and footwall).
However, the average 3*Xe;J/*°Ar,,q and *5Xe; J*°AT,
values of (18.2 = 10.7) - 10~ ° and (23.0 + 13.5) - 10~ ° are
about a factor of two times higher than the calculated produc-
tion ratios from average crustal U and K composition (2.8 ppm,
3.4%) of 8.9 - 107° and 10.7 - 10~ ° (Fig. 7b).

Summarizing, the observed isotope ratios of individual ele-
ments (®He/*He, “CAr/*°Ar or 16X e, J/***X &) each indicate
a significant shift from air ratio and their signatures agree with
radiogenic or fissiogenic production. Secondly, ratios of iso-
topes that originate from the same mother elements—*He/
134X &« and “He/*38X e, —are enriched in respect to ~*He by
afactor around 2. Thisis due to a larger release factor for He
(Ape = 1) than for Xe (Ay ~ 0.5). Thirdly, ratios of isotopes
that originate from different mother elements, “He and
134130y . on the one hand and “°Ar,, on the other, are
likely affected by: (a) different release factors (Aye > Aar >
Axo) and (b) (U + Th)/K-concentration ratios in the host
formations that are larger than crustal average composition.

4.4.8. Mixing and aging of fissure and pore water

With respect to the nucleogenic isotope concentrations, the
process of ageing is indistinguishable from the process of
mixing: Mixing of old water (with high nucleogenic noble gas
isotope concentrations) with younger water would fall along a
line with the same slope as the production line.

In Figure 8a raw data and corrected concentrations
(***X e, 4 are plotted versus (*He,,y)4 concentrations. The
corrected data fall within 20 of the theoretical ***Xe;J*He,
production ratio of 1.9 - 10~° cm®. The offset towards higher
“He,,4 concentrations can be explained by a greater release
coefficient of He (A, = 1) than of Xe (Ay. ~ 0.5)

In Figure 8b raw data and (***Xe;.)4 concentrations are
plotted versus (“°Ar, ;)4 The theoretical *3*X e, J/*°Ar, 4-pro-
duction line of 8.9 - 10~° for average crustal [U+Th]/K-ratio
(Table 3) isindicated. The corrected fissure and pore water data
fall (within 2¢) aong this production line, but are systemati-
cally enriched in ***Xe; . With A5, > Ay, the local forma
tions must have a [U + Th]/K-ratio that is higher than the
average crust. This is likely as some of the gold bearing
formations in the area have remarkably high U concentrations
(Table 1). This agrees with higher (*He, o4/ *°Ar, ) g-ratios than
expected in the average crust (Fig. 8c): Except for one sample
(E5-46-Bh1) the “He, /*°Ar, -ratios are 2-5 times larger than
the “He, o/ *°Ar, 4-production ratio in the average crust.

4.4.9. Calculation of the subsurface residence time

We calculate model agesin two scenarios with Egn. 4.9 from
the (*He.o0)a (Al and (*9Xe, ), concentrations.
First, we consider only local production and no contribution
from crustal fluxes and the expression for t; in Egn. 4.9 sim-
plifies to t; = C/A;g;. In a second scenario we additionally
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Fig. 8. a- Raw data (open rectangles) and corrected ***X g, and “He, .4 concentrations (solid triangles) of fissure and pore
water samples (open circle). The corrected datafall along the theoretical *3*Xe/*He-production ratio of 1.9 - 10~° cm® from
U (solid ling). The small offset (within 20) towards higher “He, 4 concentrations is due to a greater release coefficient (Ao
> Ay of He than for Xe. b: Raw data (open rectangles) and corrected concentrations (solid triangles) of 3*X e, versus
4OAr, 4 for the fissure and pore water samples; *3*Xe/*CAr ratios are on average 2-3 times higher (see Table 3) than the
average crustal production ratio. Therefore, the U/K-concentration ratio must be larger by a factor of 5 to 6 (2 times 2-3)
than in the average crust to compensate for the release coefficient A, being smaller than A,,. ¢: Raw data (open squares),
corrected “°Ar,, versus “He,,, concentrations (solid triangles) and average crustal production (line). “He/*°Ar ratios are 2-5
the average crustal production ratio of 8.9 - 10 ° (based on U = 2.8 ppm, Th = 10.8 ppm, and K = 3.4%). Assuming
identical release coefficients for Ao = A5, = 1, this offset is interpreted to reflect an elevated [U + Th]/K-ratio compared
to crustal average. The “°Ar, 4 concentration of E5-46-Bh1 is higher than expected according to average crustal production,
and may be due to inherited “°Ar, 4 from metamorphic fluids; the “°Ar,,, concentration of the ground water sample
E4-IPC-DW?2 is close to detection limit.
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consider crustal flux contributions. (For both scenarios, as-
sumptions include a porosity and density of n = 0.01 and p, =
2.6 gom 3 Aye = As, = 1 and crustal average K and Th
concentrations of 3.4% and 10.4 ppm; Taylor and McLennan,
1995). The two parameters A is varied between 0.1 and 1 and
the U-concentration is varied between 1 and about 1000 ppm.
For both scenarios, we fit the parameters A, and U for each
sample individually to optimize the agreement between the

calculated model ages t,,., ta, and ty, for each sample. In the
second scenario we consider both, accumulation of in situ
production (with only U as a variable parameter), and contri-
butions from crustal flux components, J,,., Ja,» @d Jy.. The gas
flux from the aquifer to the atmosphere is assumed to be
negligible. The geologica structure of the Vredefort impact
crater in the center of the Witwatersrand Basin offers the
unique opportunity to sample rock material at shallow depth



Table 6. Calculated model ages according to two scenarios.

Txeﬁd (Ai3134) Txeﬁd (Aisl38) Theﬁd (AI54) Tarfd (AI540) [U] Theﬁd (A|s4 + AJ) Tarfd (Ais40 + A]) Txeﬁd (A|Sl34 + A]) TXe (Ai5136 + AJ) [U]

Sample Ma Ma Ma Ma Ae  PPM Ma Ma Ma Ma Ae  PPM
BE19BWBhDD13677 16+4 25+1 21+0 21+ 2 030 26 09=*05 09=*05 06=*03 12+ 06 033 520
BE16FW-GDW #1 51+ 14 472 51+8 49=+7 031 18 20+10 20+10 19+09 20+ 10 0.32 400
BE16FW-GDW #3
BE23FW-A4RD 3BH*1 31x1 33*1 32=*3 038 10 11+05 1.0=05 11+05 11+06 0.38 230
BE24FW-C17W18 #2 45+1 32+1 37+ 2 37+5 042 10 12+06 13+07 14+07 11+06 0.44 230
BE325FW-CTS 92=+3 842 90+ 14 89+ 10 020 14 48+ 24 51+25 48+ 24 51+25 020 220
BE327FW-CTS 52+ 2 54+ 2 54+ 5 56 + 6 030 17 36=*18 34+ 17 32+ 16 39+ 19 032 210
B2-25-FW1 leak
E4-1PC-DW-2
E5-46-Bh1l (770 = @) (1510 = (5) (136) = (26) (364) = (35) 100 1
EV522FW-HWD 13+ 044 6+1 14+2 14+1 040 12 11+06 12+ 06 10+05 14+07 0.43 120
EV818FW-FBH 8=*5 9=*5 82=*4 79*11 044 20 6.0+ 30 6.0+ 30 5427 64+ 32 0.46 240
EV818FW-NEPD 129+5 109=5 119+ 14 123+ 16 075 14 95+ 48 95+ 47 9.6 48 9.4+ 47 0.80 140
K4-41-FW1b 211 3Bl 28*1 29+2 0.22 9 39+19 39+19 27+ 14 53+27 023 45
K4-41-FW-2 B *+5 1055 98 + 15 102+ 13 052 20 132+ 6.6 135+ 6.8 120+ 6.0 156+ 7.8 055 130
KL739FW 158+ 9 170+ 8 165 + 25 168 + 25 045 28 202+ 101 211+ 10.6 180+9.0 228+ 114 048 210

W6-38-FW3 #1 leak
W6-38-FW3 #1 leak
W6-38-FW3 #2 leak

Mode! ages calculated for fissure and pore water samples for two scenarios: The results in the left columns are based on accumulation of in situ production only (eg. 4.9 with 3 = 0 cm®STPem 2 yr™%).
The model ages listed on the right result from the scenario that considers crustal flues.
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that is representative of the upper 14 km of the crust (Nicolay-
sen et al., 1981). The crustal composition below the Witwa-
tersrand Triad indicates the production ratio P,/P,, of 4.9 isan
upper value for the Basin, as the U (and Th) concentration
decreases with depth from about 3.6 ppm to 0.4 ppm (17.9 ppm
to 6.6 ppm for Th) while the K concentrations remains constant
around 3.4%. Thus, we may assume the He, Ar or Xefluxesare
identical or close to those derived from crustal average produc-
tion. We use J,, = 36 - 1077 cm3STPcm~2yr~* (Torgersen
and Clarke, 1985) and J,, = 7.3 - 1077 cm®STP “CAr
cm™?yr~* with aratio of J,J/Ja, = 4.9 representing average
crustal composition. Jy, is estimated from:

P Axe
Jizs,e = %zﬁ : ﬁ - Jhe [cMPSTPBeXe cm™2yr ™Y

(4.17)

with a production ratio for ***Xe/*He of P,5¢/P, = 2.3 - 10~°,
and a release factor of Ay, = 1. With an assumed release
coefficient of A, = 0.5 the estimated crustal Xe-flux according
to Egn. 4.17 would amount to ~35 *3®Xe atoms m~—2s™ ™. This
agrees with results from Drescher et a. (1998) who stated an
upper limit of the continental crustal degassing flux of 60 %X e
atoms m~2s L. For h, the thickness of the structure within
which the crustal fluxes accumulate (see Eqgn. 4.9), we use the
individual sample depth of the fissure waters (Table Al). If it
is assumed that nucleogenic isotope concentrations always in-
crease with depth, then applying the observed concentration at
the maximum depth of the layer of thickness h is equivalent to
assuming the measured concentration to be the maximum con-
centration in that layer. If the nucleogenic i sotope concentration
profiles are linear, the calculation can only be high by a factor
of two since the nucleogenic isotope concentration at depth =
zero is approximately zero. Furthermore, as we do not know
either there was any loss of gas into the atmosphere, the
minimum age is calculated. The resulting model ages calcu-
lated for in situ only are listed in the left-hand block in Table
6; the results of in situ plus crustal flux are listed in the
right-hand block. For both scenarios, the individual model ages
t; (withi = He, Ar and Xe) can be brought to agreement for all
samples (except E5-46-Bh1) by fitting the two parameters Ay,
and U. Second, release coefficients in both scenarios, 0.20 <
Axe < 0.80, are rather high compared to Ragettli et al. (1994)
and therefore, the t,, model ages may underestimate the sub-
surface residence time. Third, the U-concentration in the local
formations (9—28 ppm for in situ only; 45-520 ppm for in situ
plus crustal flux) represent the average U-concentration in
those formations that are intersected by the network of fissures
from which the water samples are derived. Both sets of U-
concentrations are not unlikely. In the first scenario, the U-
concentrations are 3 to 10 times higher than crustal average, but
such values have been analysed in the hanging and footwall
formationsin the vicinity of the sampling sites (Table 1). In the
second scenario, this influence of the local formation on the
fissure water concentrations is overprinted by the contribution
of the crustal flux components. Here the U-concentrations in
the local formations are close to those observed in some se-
lected reefs (Table 1). For the pore water sample, this second
scenario seems to produce unrealistically high average U-
concentration (520 ppm); the average concentration of 10

quartzite samples from the hanging and footwall at Beatrix
mineis (74 = 75) ppm.

The model ages derived without a crustal flux contribution
range between 13 and 168 Ma for the individual samples, the
model ages derived with a crustal flux contribution range
between 1 and 23 Ma. Within the uncertainty of these model
ages, both model ages indicate al samples are older than 1.5
Ma. We consider the results of the first scenario to be maximum
ages and the second scenario to be minimum ages. Given the
high [U] necessary to fit the noble gas measurements and the
measured [U] in local rock the first scenario results might
represent better estimates of the subsurface residence time.

In section 4.2 the *°Cl-data could not unambiguously be
interpreted. There was still the possibility of interpreting the
water as significantly younger than 1.5 Ma by leaching Cl with
a 6Cl/Cl-ratio in secular equilibrium concentration from the
formations. With a comparison to the noble gas model ages, it
seems likely that al the fissure water samples are older than 1.5
Ma. Fissure water 3°Cl/Cl-ratios (4 - 10~ *° to 37 - 10~ %) can
reflect secular equilibrium in formations with U-concentrations
of 9 to 29 ppm (first scenario), but would be too low in
formations with 45 to 520 ppm U (second scenario).

The influence of the assumed Xe crustal flux on the overall
model agesin the second scenario is very small and could fully
be explained by slightly increasing the release coefficient Ay..
This data set is thus not suitable to determining whether a
crustal Xe-flux exists or not.

4.4.10. Sample E5-46-Bhl

The fractionation pattern of sample E5-46Bhl is best ex-
plained as degassing at 70-120°C, significantly above the
sampling temperature of 37.2°C. For any other fissure water
sample, this finding could lead to the conclusion that the water
is upwelling from even greater depths. A temperature of 90°C
would correspond to an unrealistic great depth of about 10 km,
using the observed local geothermal gradient of only 9°/km
(Nicolaysen et a., 1981; Omar et al., 2003). But E5-46-Bhl
shows distinct evidence of originating from an isolated, highly
saline water pocket that has been draining since it was inter-
sected in 1996. Thus, we suggest that this temperature reflects
the formation temperature of the site, similar to the closure
temperature of afluid inclusion than the formation temperature
at greater depth.

Following this interpretation, the §'®0 value of E5-46-Bhi,
indicates that it has been significantly affected by water-rock
interactions. The 80 represents either in situ weathering of
silicates or low temperature precipitation of clay. During either
of these alteration processes radiogenic “°Ar would be released
from the rock matrix into the pore fluids. Alternatively, this
fissure water may represent a metamorphic fluid that formed at
350°C 2.05Ga ago and was affected by degassing of local rock
as the formation cooled to 70-120°C. According to Omar et al.
(2003), this formation temperature (70—-120°C) was reached
about 80 Ma before today. If thisis true, then these metamor-
phic fluids should have been sterile until they were intersected
by the mining activities. In any case, assuming this water
pocket to be isolated and sealed for geologic times scales, the
accumulation of crustal flux during its subsurface residence
time would—like fluid inclusions—contribute only minor
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amounts to the total observed “°Ar, ., concentration. Thus, the
total observed nucleogenic gases rather reflect the nucleogenic
concentrations of the metamorphic fluids, that is gradualy
increasing since the inclusion formed and is due only to in situ
production.

In Table 6, model agesfor E5-46-Bh1 are calculated only for
the scenario without crustal flux contribution and we consider
U-concentrations as in the average crust (2.8 ppm) since any
influence of elevated U-concentrations from a U-bearing reef
located in some distance is excluded. On average, the model
ages of 3413xe. (77 = 3) Ma (151 = 5 Ma) and “He,
(136 = 26) Madeviate from the Ar, 4, model age of (364 = 35)
Ma by afactor of larger 3. This discrepancy indicates that the
“dating”-method applicable on all other fissure water samples
should not be applied here. These calculated model ages are the
least reliable in the data set. First, in such a water pocket the
‘porosity’ significantly exceeds the value of n = 0.01 that is
assumed in the model. Secondly, the quantity of inherited
nucleogenic gas concentration of this particular sample is un-
known. And third, the model result of the degassing tempera-
ture of 70°C supports the interpretation of a metamorphic fluid
and Egn. 4.9 and the following are not applicable.

5. IMPLICATIONS WITH RESPECT TO THE DEEP
BIOSPHERE

It is known from apatite dating (Omar et al., 2003), that the
Ventersdorp Supergroup located at Driefontein Gold Mines at
adepth of 3.7 km bs (below surface) did not cool below 120°C
until 90 million years ago. The corresponding maximum tem-
peratures at the depths where the fissure water samples were
collected (3.1 km bs) would have been ca. 110-115°C, which
is a the upper temperature limit for the hyperthermophilic
microbes. Fissure waters that yield t., model ages exceeding 90
Ma must therefore be sterile or we must assume some mixing
has occurred. Non-sterile fissure water (containing apparently
indigenous thermophilic microorganisms) indicates mixing be-
tween fissure water from greater depth with even greater nu-
cleogenic isotope concentrations, and hence more ancient age,
and microorganism-bearing ground water from more moderate
depths.

Microbes inhabiting ground water with temperatures below
about 120 °C are well-adapted (thermophilic or hypertermo-
philic) to colonize the deeper, sterilized subsurface as the
formation cools at 1°C/Ma or equivalent to migrating down-
wards at a rate of 50—-100 m/Ma.

In the case of E5-46-Bhl, no hyperthermophilic DNA sig-
natures were recovered, but some deeply rooted bacterial
16SrDNA sequences were found that may represent ancient
inhabitants of this fissure (Moser et a., 2003) and further
examination of their physiology is being pursued.

In the case of less saline water, e.g., K4-41-FW1b, 16SrDNA
that is 99% similar to the hyperthermophile, Pyrococcus Abysii
was recovered. The t,, model ages for this fissure water range
from (11 = 6) Mato (17 = 9) Ma. From this we infer that this
environment has been open to groundwater circulation and
hence microbial migration and colonization since 90 Ma and
that the Pyrococcus Abysii represents a subsurface inhabitant
from greater than 3.3 km bs that has been carried upwards with
the older groundwater enriched in nucleogenic isotopes.

The similarity in the calculated residence times for the pore
water and the fissure water samples suggests isotopic equilib-
rium between the pore water and fracture associated fissure
water exists. This can be attained only when the fluid flow is
extremely slow and extends over long and deep subsurface
pathways; otherwise the fissure water would be expected to be
much younger. This slow movement of fissure water does not
contradict the interpretation of mixing along extended horizon-
tal and vertical pathways. Omar et a. (2003) estimated vertical
fluid velocities of <3 km Maup to —1 based upon a 1-D fluid
advection model and measured geothermal gradients. Thisfluid
velocity and the above residence times suggest that the subsur-
face flow path distances vary from 1 to 300 km.

6. CONCLUSIONS

1. Thirteen fissure water samples, one pore water and one
ground water sample were collected from localities widely
dispersed over the Witwatersrand Basin covering a depth
range up to 3.3 km.

2. All fissure water samples are significantly (70—98%) under-
saturated with respect to the Ne concentration of ASW at
20°C and 1013 mbar. The elemental fractionation pattern of
the atmospheric noble gases identifies two processes that
cause this undersaturation both originating as a result of
depressurization of the formation with the mining activities.

3. A simple model reproduces the fractionation pattern of all
individual samples and allows the correction of the observed
gas losses.

4. Ten of the fissure water samples reflect an elemental frac-
tionation pattern that can be explained by diffusive degas-
sing at the sampling temperature (BE16FW-GDW #1,
BE23FW-A4RD, BE24FW-C17W18 #2, BE325FW-CTS,
BE327FW-CTS, EV522FW-HWD, EV818FW-FBH,
EV818FW-NEPD, K4-41-FW-2, KL739FW).

5. Two fissure water samples reflect a fractionation pattern that
is best reproduced by combined processes of diffusive de-
gassing and solubility equilibrium with an open gas phase at
sampling temperature (BE16FW-GDW#3, K1-41-FW1b).
We suggest that this gas phase developed recently during
mining activity.

6. For one water sample (E5-46-Bhl), the applied conceptual
model can best explain the results when we assume the
diffusive degassing has occurred at temperatures signifi-
cantly above sampling temperature (70 to 120°C).

7. These results indicate that two different types of deep sub-
surface water were encountered in the Witwatersrand Basin:
e The majority of water samples are moderately saline fis-

sure waters that originate from a network of water-bearing
fractures that channel fluid flow. The basin-wide existence
of these potential pathways for vertical and horizontal
fluid flow is well documented. This type of fissure water
is interpreted to originate from an extended network of
water-bearing fractures, always associated with faults and
dykes; with long residence times in the subsurface and
migrating along extended pathways.

e The second fissure water type is distinctively more saline
and is significantly affected by water-rock interaction. Itis
interpreted to originate from hydrologically isolated water
pockets. This water type is characterized by sample E5-
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46-Bhl that likely originates from an isolated water
pocket of metamorphic fluids similar to a huge fluid
inclusion. The calculated degassing temperature of 70—
120°C is interpreted to reflect the temperature of the
sampling site back in time, similar to the closure temper-
ature of a fluid inclusion.

8. The combined interpretation of the noble gas model ages
and the *°Cl-content of the fissure water samples indicates
subsurface water (and therefore microbe) residence times
older than 1.5 Ma. The measured **Cl concentrations are
identical to calculated secular equilibrium concentrations
based on the radioelement concentrations as reported for the
Klipriviersberg Lava

9. From the nucleogenic noble gas isotope concentrations, A,
= Ay = 1, K = 3.4% and Th = 10.8 ppm, model ages for
two scenarios (with and without a contribution of crustal
flux components) are calculated (with Ay and the U-con-
centration in the local formation as free parameters to opti-
mize the agreement of the model ages t*34,,, t*%%,,, t*°,,,
and t%,..), With only local production, the model ages for
individual samples are 13-168 Ma (except E5-46-Bh1, that
is considered to be a metamorphic fluid). When a crustal
flux is considered model ages for individual samples are
1-23 Maand are considered minimum subsurface residence
times. 3®Cl/Cl-ratios might favor the first scenario as the
more likely
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Appendix
Details on sampling locations; see Table Al. Parameters used for the
diffusion coefficients see Table A2.
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Table Al. Sample details.
Shaft/  sampling Depth T 8D
Sample Type Mine Level date km °C ng 3c &%0 Sample location

BE19BWBhDD13677 pw Beatrix 19 28.03.01 1.050 - X 40.8m exploration borehole, below the
reef, sampled 2—4h after drilling

BE16FW-GDW #1 fw Beatrix /6 16.03.01 0866 340 x X X G drive west, uncemented, 60m
horizontal borehole, < 2 weeks old

BE16FW-GDW #3 fw Beatrix 16 16.03.01 0866 34.0 x douplicate of BE1I6FW-GDW #1

BE16FW-IDW fw Beatrix 16 140301 0.870 34.0 X X | drive west, 10-month-old borehole
intersecting a water-bearing fault

BE23FW-A4RD fw Beatrix 2/23 130301 0718 335 x X X crosscut A, reef drive, 6 month old
water emanating borehole, high flow
rate

BE24FW-C17W18 #2 fw Beatrix 2/24 260301 0.768 330 x X X hanging wall borehole drilled into reef,
intersecting Karoo-age dyke,
actively mined stope

BE325FW-CTS fw Beatrix 3/25 27.03.01 1300 39.0 «x X X borehole proximal to recently sunk
shaft, formerly labeled “BE339FW-
CcTS

BE327FW-CTS fw Beatrix 3/27 27.0301 1400 400 x X X borehole proximal to recently sunk
shaft, formerly labeled “BE340FW-
CTS

B2-25-FW1 fw Beatrix 2/25 051298 1.000 350 X X X noble gas sample contained high
amounts of air-discarded as leaky

E4-IPC-DW-2 gw  Driefontein  4/- 171198 0945 250 x X X dolomite aquifer, valved borehole (3.6
MPa), Intermedediate Pump
Compartment

E5-46-Bhl fw Driefontein  5/46 02.0299 3200 372 x X X 120 m subhorizontal borehole
intersecting a high-pressure saline
water pocket

EV522FW-HWD fw Evander 5/22 08.03.01 1904 36.7 x X X hanging wall drive in the Ventersdorp
lavas

EV818FW-FBH fw Evander 8/18 21.0601 1830 450 x X same location as EV818FW-NEPD

EV818FW-NEPD fw Evander 8/18 06.03.01 1830 450 x X X north-east prospect drive, vertical
borehole above reef, high flow rates

K4-41-FW1b fw Kloof 4/41 05.0299 3300 582 «x 56 hanging wall drive south

K4-41-FW-2 fw Kloof 4/41 050299 3300 524 x 56 hanging wall drive north, 3y old
water emanating borehole

KL739FW fw Kloof 7/39 29.06.01 3100 540 x X sampled from a three days old
borehole intersecting a water bearing
fracture

K4-41-FW-1 fw Kloof 4/41 081298 3300 600 x X X noble gas sample contained high
amounts of air-discarded as leaky

W6-38-FW3 #1 fw Driefontein  6/38 26.11.98 2700 450 x noble gas sample contained high
amounts of air-discarded as leaky

W6-38-FW3 #2 fw Driefontein  6/38 26.11.98 2700 450 x noble gas sample contained high
amounts of air-discarded as leaky

WDF2b fw Driefontein  6/38  10.05.98 2.720 - X X 70m borehole drilled in 9/98, intersects
water bearing fracture, initial flow
rate: 3600L/hr

EV811FW-1XCA fw Evander 8/11 03.05.01 1.340 - X N1, crosscut A, total flow rate of about
3000 L/min,

E5-46-sump ww  Driefontein  5/46 02.03.99 2300 342 X X subsurface drainage basin, mix of
service and fissure water

tap water, #2 shaft tw Beatrix 2/-  28.03.01 0.000 - X tap water from public water supply on

Beatrix mine property

Details of the sample name, type of sample taken, origin, location, sampling date, depth, and sampling temperature T,. The initial lettersin the
sample name reflect the same of the mine (BE = Beatrix, E = (East)Driefontein, W = (West)Driefontein, EV = Evander, K or KL = Kloof); pw
stands for pore water, fw = fissure water, gw = ground water, ww = waste water from a surface reservoir and tw = tap water; cross symbolsindicate
the type of sample taken at a particular location; ng = noble gas sample, 3C1 = sample for **C1-analysis, 8D, 8'®0 for stable isotope analysis of

H,0.
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Table A2. Parameter for diffusion coefficients.

A o (Fit) [%]
[1079] [1079] Ea o (Ea) [%]
Gas cm?/s cm?s kJmol kJmol
He 818 2,1 11,70 5
Ne 1608 3,5 14,84 8
A (2023) ) (16.32) (10)
“OAr (2225) (5) (16.67) (10)
Kr 6393 1,6 20,20 3
Xe 9007 35 21,61 5

Fit parameters A and Ea for experimentally determined diffusion
coefficients for He, Ne, Kr and Xe in the temperature range of 5 to
35°C, (Jahne et a., 1986) Dx(t) = A - exp(—Ea/RT), with x = He, Ne,
Kr, Xeand T [K]. For Ar, first the diffusion coefficients for each of the
given temperature in the range between 5 and 35°C are fitted from the
given values for He, Ne, Kr and Xe, using the relation D ~ 1/m°5,
then, the parameters for the diffusion coefficient are fitted from these
data.
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