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A B S T R A C T   

Abiotic H2 produced in the Precambrian lithospheric crust is a key substrate at the base of the metabolic chain of 
chemosynthetic and photosynthesis-independent microbial communities, significant to our understanding of life 
on early Earth and other planets. H2 cycling processes are also relevant to recent hydrogen exploration efforts 
and engineered subsurface environments such as radioactive waste disposal sites. In the lithospheric crust, H2 is 
produced through water-rock reactions (serpentinisation) and radiolysis; the latter directly linked to He through 
radioelement decay (U, Th). The Witwatersrand Basin in South Africa is an ideal place to study the radiolytic 
production pathway in particular, because of the low abundance of ultramafic and mafic minerals and therefore 
low potential for serpentinisation reactions. Gas samples and gas flow rate data (n = 12) were collected from the 
surface of exploration boreholes tapping the Witwatersrand and Ventersdorp Supergroups. The samples were 
predominantly composed of CH4 (65–99%), N2 (3–27%), He (0.1–15%), and trace amounts of C2+ hydrocarbons. 
Notably, H2 in these samples was below detection limit, despite the presence of He - providing a critical indicator 
of processes removing H2 from the system. Using a Bayesian modelling approach, we test the hypothesis that the 
observed fluids are generated in-situ, driven by radioelement decay and subsequent microbial methanogenesis, 
and controlled by porosity of the host rock. The observed data is consistent with this hypothesis, and can be 
accounted for by a variation in porosity between 0.3 and 2.2% (typical values to Precambrian basement) across 
the different sampling sites. These He-rich hydrocarbon gases observed at the surface originate from a hydro
geological system that is porosity-constrained and isolated from externally-sourced fluids. Radioelement decay is 
the primary process driving the generation of H2 and therefore energy production in this subsurface system, 
utilised by hydrogenotrophic methanogens at the base of the deep carbon cycle. Microbial utilisation is the key 
mechanism for H2 consumptions and, conversely, preservation, suggesting that conditions favourable to com
mercial H2 discoveries are likely constrained to hypersaline environments where microbial activity is inhibited. 
The model results under the proposed hypothesis (consistent N2/H2 ratio between different boreholes) raises the 
possibility that N2, which often co-occurs with He-rich deep fluids, is also produced through radiolysis, and 
future work is needed to fully evaluate this hypothesis.   

1. Introduction 

Saline fracture fluids in Precambrian crystalline rocks, rich in H2, N2, 
He and hydrocarbons, have been shown to host diverse subsurface mi
crobial ecosystems, including chemoautotrophic-dominated 

metabolisms (Kietäväinen et al., 2017; Knipe, 1997; Lau et al., 2016; Lin 
et al., 2006; Lollar et al., 2019; Magnabosco et al., 2014; Pitkänen and 
Partamies, 2007; Telling et al., 2018; Magnabosco et al., 2018). In 
tectonically quiescent regions, fluid residence times in crystalline 
basement rocks can be on the order of thousands, to millions, and in 
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some cases even billions of years (Greene et al., 2008; Holland et al., 
2013; Kietäväinen et al., 2014; Lin et al., 2006; Lippmann-Pipke et al., 
2011; Lippmann et al., 2003; Warr et al., 2021, 2018), creating condi
tions favourable for accumulation of H2, through a combination of 
processes including radiolysis (Lin et al., 2005a, 2005b; Warr et al., 
2019) and hydration of ultramafic and mafic minerals (serpentinisation) 
(Coveney et al., 1987; McCollom and Bach, 2009), with net production 
rates from Precambrian crust comparable to the annual production 
within oceanic crust (Sherwood Lollar et al., 2014; Warr et al., 2019). H2 
is a readily utilised source of energy in the subsurface by chemosynthetic 
autotrophs, combining H2 oxidation to reduction of electron acceptors 
such as NO3

−, Fe3
+, SO4

−2 and CO2 (Chivian et al., 2008; D’Hondt et al., 
2019; Lau et al., 2016; Magnabosco et al., 2014). Radiolytic dissociation 
of water by energy released from radioelement decay (U, Th, K) presents 
a primary production pathway for elements that are incorporated in key 
geochemical and biological processes in the deep subsurface (Li et al., 
2016; Sherwood Lollar et al., 2021). Radiolytic H2 feeds CH4 formation 
via both methanogenetic (microbial CH4) production and abiotic pro
cesses including Fisher-Tropsch synthesis (Sherwood Lollar et al., 2002; 
Warr et al., 2020). Further, oxidants produced by radiolysis may react 
with dissolved species to produce electron acceptors such as SO4

2− in the 
presence of sulphide minerals (Li et al., 2016) or organic acids in the 
presence of carbonates (Sherwood Lollar et al., 2021). Irradiation ex
periments indicate that radiolysis can play an important part in abiotic 
cycling of N2 through denitrification of ammonium, however current 
experimental verification at relevant thermodynamic conditions exists 
only for NH3 to NO3

− radiolytic oxidation (Silver et al., 2012). The 
products of radiolysis (aqueous electrons, O and H radicals) are rapidly 
incorporated in other species though abiotic and biological processes, 
not all of which are currently well understood, and therefore rarely 
observed. The α decay of U and Th produces radiogenic He (Ballentine 
and Burnard, 2002), which, in contrast to highly bioavailable radiolysis 
reaction products, is inert and conservative. In isolated hydrogeological 
systems such as the saline fluids of the Witwatersrand Basin, the He 
contents of the fluids thus provide a conservative tracer to evaluate the 
relative rates of radiolysis that occurred in the system. 

Subsurface microbial communities utilise H2 through a variety of 
metabolic pathways dependent on the availability of electron acceptors. 
CH4 is a common by-product of microbial H2 utilisation in the Pre
cambrian lithospheric crust, whether through direct methanogenesis or 
via acetogenesis further leading to methanogenesis (Onstott et al., 2006; 
Telling et al., 2018; Warr et al., 2019), the former pathway being more 
common (Kietäväinen and Purkamo, 2015; Lollar et al., 2019). Hydro
genotrophic methanogenesis reduces CO2, which can be sourced from 
carbonate mineral dissolution, fungi assisted degradation of carbona
ceous minerals (Sohlberg et al., 2015), organic material derived from 
weathering of metasedimentary rocks (Petsch et al., 2001) or bioavail
able carbon produced via radiolysis such as acetate and formate (Sher
wood Lollar et al., 2021). CH4 itself is an important energy source in the 
subsurface and a key intermediate component between abiotic water- 
rock reaction products, heterotrophic food chains, and carbon cycling 
in the deep subsurface (Kotelnikova, 2002). Links between radiogenic 
He, radiolytic H2 and hydrogenotrophic CH4 must exist, however the 
observed H2/He and CH4/He ratios in continental crust environments 
are highly variable (e.g. Kietäväinen et al., 2017; Sherwood Lollar et al., 
2008; Warr et al., 2019) and controls on these ratios are yet not fully 
understood due to uncertainty in both production rates and sinks. 

In this study, we investigate the effects of bulk porosity on the 
radiolytic, radiogenic and microbial processes governing the relation
ship between He, H2, N2 and CH4 in gas samples from boreholes tapping 
into Witwatersrand and Ventersdorp Supergroups in the Free State, 
South Africa. Bulk porosity (referred to as porosity in this paper) rep
resents the mean fluid to rock ratio within the entire rock volume in 
which sampled fluids are produced in-situ and as such differs from 
matrix porosity (see also Holland et al., 2013; Warr et al., 2018). 

The Witwatersrand Basin is particularly favourable for investigating 

the relationship between radiolytic H2 and He due to the low abundance 
of ultramafic minerals that elsewhere in the continental lithosphere 
contribute an additional source of H2 (Frimmel, 2019; Lin et al., 2005a, 
2005b; Sherwood Lollar et al., 2014). Deep crustal lithospheric hydro
geological systems are rarely accessible, therefore developing models for 
the primary chemical and microbial processes which can be extrapo
lated from geochemical and proxy signals at the surface is extremely 
important for exploration of deep subsurface ecosystems on Earth and 
other planets, as well as commercial utilisation of naturally occurring He 
and H2. 

This paper combines methods for He and H2 production calculations 
(Ballentine and Burnard, 2002; Blair et al., 2007; Lin et al., 2005a, 
2005b; Warr et al., 2019) to investigate the effects of abiotic parameters 
on the observed CH4/He/N2 budgets and to evaluate evidence for 
hydrogenotrophic methanogenesis using a Bayesian modelling 
approach. 

2. Geological background 

The Witwatersrand Basin is located at the centre of the Kaapvaal 
Craton which formed during a series of discrete pulses of tectono- 
magmatic activity between 3.074 and 2.642 (Cornell et al., 2021; 
Robb and Meyer, 1995), overlain by the Ventersdorp andesitic volcanic 
extrusive sequence at 2.7 Ga (Coward et al., 1995). The setting is one of 
the best preserved Archean basins in the world and an active site of ore 
mining, primarily of gold and uranium (Frimmel, 2019). Major thermal 
perturbations include the emplacement of the Bushveld complex at 
2054 Ma (Robb et al., 1997) and the Vrederfort impact event at 2020 Ma 
(Kamo et al., 1996). The samples for this study were collected from 
exploration boreholes located on the south-western margin of the basin, 
within 20 km of Welkom in the Free State (Fig. 1). Mining is predomi
nantly targeting ore zones within the quartzites of the Witwatersrand 
Supergroup, which dip to the northeast. The Ventersdorp Supergroup 
overlies the Witwatersrand Supergroup in the northern part of the re
gion. The Karoo Supergroup unconformably overlays both strata, 
comprising fluvial sedimentary lithologies and occasionally dissected by 
Karoo dykes (Onstott et al., 2006 and references therein). Numerous 
deep exploration boreholes provide access for sampling deep fluids at 
high flow rates that have lasted for decadal timescales. Many of these 
legacy gas mineral exploration boreholes had unexpectedly high gas 
flows and were capped due to dangerously high emission rates. High gas 
flow rates correspond to crustal fracture zones, trending N-S and E-W. 
Gas emissions (primarily CH4) are encountered in underground mining 
and present a significant safety and mine explosion hazard (Mkhabela 
and Manzi, 2017). 

2.1. Sampling methods 

Gas samples were collected from 12 uncased boreholes drilled to 
depths between 514 and 1750 m, tapping into the Witwatersrand and 
Ventersdorp Supergroups. Sampling was undertaken at the borehole 
collars at the surface using a method described in (Sherwood Lollar 
et al., 2002; Ward et al., 2004). Plastic tubing was attached to the end of 
the packer and the flow of water from the borehole was directed into an 
inverted graduated funnel. Borehole gas was flowed through the tubing 
long enough to displace any air remaining in the borehole or the 
equipment before sampling (typically 10× the volume of tubing). 
Collected gases were then transferred into pre-evacuated vials using a 
needle on a Luer attachment at the top of the beaker. Vials were prefixed 
with saturated HgCl2 solution to prevent microbial activity in the vials 
post-collection after the methods of Oremland (1988). In 2007, gas flow 
meters were installed in 12 boreholes for continuous flow measurement 
over a period of 14 consecutive months. This included 4 additional 
boreholes that were not sampled for major gas concentration analysis, 
and another 4 boreholes sampled for major gas concentrations were not 
monitored for gas flow rate (full summary of data types available for 
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each borehole is in Table S1). Methane concentrations were also 
measured monthly over a 5-month period in 2008, using a hand-held 
meter to monitor the temporal gas composition fluctuations on a sub
set of boreholes. 

2.2. Compositional and isotopic analysis 

Compositional analyses of gas samples were performed at the Stable 
Isotope Laboratory at the University of Toronto. A Varian 3400 GC 
equipped with a flame ionization detector (FID) was used to determine 
concentrations of C1-C4 hydrocarbons, while a GC equipped with TCD 
was used for concentrations of the inorganic gas components (H2, He, 
Ar, O2, CO2 and N2). Reproducibility of major gas concentrations was 

±5%. The reported bulk gas concentrations are corrected for air 
contamination during sampling, as previous work has established that 
the saline fluids are highly reducing with no detectable natural O2 levels 
(Sherwood Lollar et al., 2006). Analyses for δ13C values were performed 
by continuous flow compound specific carbon isotope ratio mass spec
trometry with a Finnigan MAT 252 mass spectrometer. The total error 
incorporating both accuracy and reproducibility is ±0.5‰ with respect 
to V-PDB standard (Sherwood Lollar et al., 2007). The δ2H analysis was 
performed on a continuous flow Finnigan MAT delta+-XL isotope mass 
spectrometer that consists of an HP 6890 gas chromatograph, with a 
total uncertainty of ±5‰ with respect to V-SMOW (Sherwood Lollar 
et al., 2007). 

Fig. 1. Map showing the locations of sampled boreholes in the vicinity of Welkom, Free State, South Africa. The sampled sites (yellow circles) are surface exploration 
boreholes. Previously sampled mines (Lippmann-Pipke et al., 2011; Lippmann et al., 2003; Sherwood Lollar et al., 2008, 2006; Ward et al., 2004) are shown for 
reference (green triangles). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3. Results and discussion 

3.1. Gas flow rate 

Gas flow rate was relatively constant in the majority of monitored 
boreholes, with an exception of the first month of sampling, where 
recorded gas flow was 60%–360% higher than the mean flow rate within 
the whole observation period. As this may represent a sampling artefact, 
data from this first time point were excluded from the following analysis. 
The median flow rate during the observation period was 2 × 106 L/day 
per borehole. This results in a total of 1.4 × 1011 L of gas emitted from all 
boreholes over the ~ one year observation period. The gas flow rate was 
generally consistent within individual boreholes, with standard devia
tion between monthly readings within 3–9%, with an exception of 4 
boreholes where gas flow readings varied more significantly (Fig. 2). 
CH4 concentrations were measured with a hand-held meter monthly 
between March and July 2008 (Table S2). CH4 concentrations remained 
stable within 2–4% between different sampling times and were in 
agreement with concentration measurements carried out later in the 
laboratory by GC. Major gas concentrations and stable isotope ratios 
from discrete samples collected for GC and mass spectrometry mea
surements are representative of the gases emitted through the period of 
observation time. 

3.2. Major gas geochemistry 

The samples were predominantly composed of CH4 (65–99%), N2 
(3–27%) and He (0.1–15%), with an exception of sample SQ which does 
not contain N2 (Fig. 3). H2 was below detection limit in all borehole 
samples (<0.01%) (Table S3). He concentrations are significantly higher 
than the current economic threshold for He production from sedimen
tary basins (>0.3%) (Bare et al., 2016), and comparable to recent dis
coveries in Tanzania (Danabalan, 2017). The last episode of volcanic 
activity within the basin was during late Archean to early Proterozoic 
(Bowen et al., 1986) and previously recorded 3He/4He ratios in deep 
fluids are within the crustal He range (0.0015–0.04 R/Ra) (Heard et al., 
2018; Lippmann-Pipke et al., 2011; Lippmann et al., 2003), so mantle He 
contribution is discounted. Radiogenic 4He produced in the crust by α 
decay of 235,238U and 232Th is typically directly proportional to the 
concentrations of these elements, which are most concentrated in 
accessory minerals (Ballentine and Burnard, 2002). With the average He 
production rate of 2.9 × 10−11 μM/year per gram of rock, using average 

U/Th concentrations in the upper crust (Rudnick and Fountain, 1995), 
either long residence times in tectonically quiescent regimes, or fluid 
mobilisation and secondary migration over long distances are required 
to account for these concentrations (Ballentine and Sherwood Lollar, 
2002). Though migration cannot be ruled out, fracture water flow rates 
in crystalline rock basements are typically low (Kloppmann et al., 2002; 
Warr et al., 2019), and noble gas residence times in the fracture fluids in 
the Witwatersrand Basin are typically in the range of thousands, and up 
to hundreds of millions of years (Borgonie et al., 2019; Heard et al., 
2018; Lippmann et al., 2003). Helium is highly diffusive and reaches 
equilibrium between host mineral and pore fluids within tens of thou
sands of years (at ambient temperature) (Tolstikhin et al., 2011; Rufer 
et al., 2018). Over fluid residence times quoted above, virtually all He 
will likely be partitioned into the pore fluids. Low hydraulic conduc
tivity and low porosity in these fractured rock hydrogeologic environ
ments suggest that long-term in-situ accumulation over geological 
periods of time is the more likely cause of these observed He concen
trations (Sherwood Lollar et al., 2014). 

He/N2 ratios in the sample suite range between 0.2 and 1.4, with two 
exceptions: SQ which does not contain N2, and FL1 with an exception
ally low He/N2 ratio of 0.01. He concentrations in this sample are 0.1%, 
more than an order of magnitude lower than the median value observed 
in the other boreholes (5.6%), suggesting preferential He loss, which 
could have occurred either naturally or during sampling. The range of 
He/N2 ratios observed in the present study fall within the distribution 
and close to the median value (0.23) observed in previous fracture fluid 
studies from the Witwatersrand Basin (Fig. 4) (Heard et al., 2018; 
Onstott et al., 2006; Sherwood Lollar et al., 2006; Ward et al., 2004), 
suggesting a common source. High N2 concentrations are commonly 
associated with high He (Ballentine and Sherwood Lollar, 2002). Ni
trogen species (NH4, NH3, NO3

−, NO2
−, N2) are introduced to subsurface 

fluids through the devolatilisation of NH4
+ in silicates, thermal 

decomposition of organic matter, release of fluids in mineral inclusions 
and microbial cycling (Doane, 2017). In a tectonically quiescent setting, 
the kinetics of low-temperature devolatilisation reactions, which occur 
at ambient and metamorphic temperatures (20–900 ◦C) (Li et al., 2009; 
Li et al., 2012 and references therein), may be the primary control of N 
species transfer from solid to aqueous state (Li et al., 2021). In Witwa
tersrand basin lithologies specifically, N species primarily exist as NH4

+

within the phyllosilicate mineral structure and NH3/NH4
+ in fluid in

clusions (Silver et al., 2012). In solution, multiple abiotic pathways exist 
for N2 production from the N species, including further thermal 
decomposition and radiolytic reactions (Doane, 2017). Much more is 
known about microbiological cycling of N species. Denitrification is 
driven by microbial cycling (Granger et al., 2008) with evidence for a 
complete metabolic pathway to N2 discovered in the deep subsurface 
environments globally (Sheik et al., 2021). N2 production is likely a 
result of a combination of all of these processes and the relative 
importance of each remains an active area of research. N2 concentra
tions in fluids ultimately are likely to be strongly controlled by the 
composition of phyllosilicates and the kinetics of nitrogen cycling in the 
subsurface, therefore a range of He/N2 ratio values between different 
sampling sites is expected. Sample SQ is the only sample which does not 
contain N2 but does contain He concentrations comparable to those in 
the other boreholes, which may suggest a larger abiotic and/or micro
bial N2 sink in the borehole relative others. 

3.3. The occurrence of methane and its dependency on hydrogen 

Hydrocarbon species are primarily dominated by CH4 with trace 
amounts of C1-C4 hydrocarbons (Table S4). CH4 isotopic ratios are 
relatively depleted in 13C and enriched in 2H, with most samples giving 
values that are commonly associated with microbial CO2 reduction 
(Fig. 5a), a plausible CH4 source also consistent with high C1/C2+ ratios 
(1108–40,850) (Fig. 5b). The wider literature of Witwatersrand basin 
fracture fluid gases investigated over the past few decades indicates a 

Fig. 2. Major gas concentrations in sampled boreholes. The dominant gas 
species are CH4, N2 and He. The relative gas mass balance is highly varied 
between different boreholes: CH4 varies between 65 and 99%; N2 3–27%; He 
0.1–15%. Trace amounts of C2-C4 hydrocarbons are present and not plotted 
(see Table S2). 
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range of CH4 sources from other sites, from microbial-dominated CH4, to 
signatures characteristic of abiotic end-members (Sherwood Lollar et al., 
2006, 2008). In addition to stable isotope composition of CH4, previous 
studies demonstrated evidence for abiotic origin of some of these gases 

based on δ13C and δ2H patterns in C2-C5 alkanes, reaction spectrum 
characterisation as well as hydrogeological and geological context 
(Etiope and Sherwood Lollar, 2013; Sherwood Lollar et al., 2002, 2008, 
2006; Warr et al., 2021). Samples from the previous studies lie on binary 
mixing trend between microbial and abiotic end-members (the former 
include Beatrix, Evander, Masimong (Ward et al., 2004; Sherwood Lollar 
et al., 2008; Simkus et al., 2016), the latter Mponeng mine (Sherwood 
Lollar et al., 2006) (Fig. 5). The samples presented here plot close to the 
microbial end-member. 

Within the CH4 stable isotope distribution of previously reported 
fracture fluids from the Witwatersrand Basin, samples with abiotic sig
natures in CH4 isotope ratios are often associated with the highest 
concentrations of H2 (Sherwood Lollar et al., 2006) (Fig. 5). H2 has a 
high enzymatic potential as a key electron donor (pairing with a wide 
range of electron acceptors) for chemosynthetic microbial communities 
present in fracture water and deep sea sediments (Lau et al., 2016; Lin 
et al., 2006; Magnabosco et al., 2014; Sauvage et al., 2021). H2 therefore 
does not accumulate to high concentrations compared to less bioavail
able crustal fluids, such as He and N2, unless microbial metabolisms are 
inhibited by other environmental factors such as salinity (Telling et al., 
2018) or other substrate limitations (Lin et al., 2006; Lollar et al., 2019). 
Hydrogenotrophic methanogens (Takai et al., 2001; Ward et al., 2004) 
and methane oxidisers (Gihring et al., 2006; Lau et al., 2016; Magna
bosco et al., 2014; Simkus et al., 2016) have been detected in multiple 
sites across the Witwatersrand Basin at depths between 0.7 and 3 km. 
The absence of H2 and abundance of microbial CH4 in some systems is 
consistent with hydrogenotrophic microbial communities changing the 
proportion of H2 relative to CH4 in these fluids. The scarcity of radiolytic 
H2 due to rapid microbial utilisation has been previously observed in 
subsurface marine (D’Hondt et al., 2009, 2019) and continental settings 
(Ward et al., 2004; Sherwood Lollar et al., 2006). Methanogens exhibit 
the highest growth rate between 40 and 50 ◦C and can survive up to 
80 ◦C (Doerfert et al., 2009), at pH values between 4 and 8 (Zinder, 
1993). Given the low geothermal gradient in the Witwatersrand basin 
(10 ◦C/km (Omar et al., 2003), the optimal window is at 2.5–3.5 km 
depth, but can potentially extend to 6 km depth. While fluid samples 

Fig. 3. Gas flowrate (in L/day) in observation boreholes from November 2007 through to December 2008.  

Fig. 4. Histogram of He/N2 ratios from this study (n = 12) compared to pre
viously reported data from fracture fluids in Witwatersrand Basin (Heard et al., 
2018; Onstott et al., 2006; Sherwood Lollar et al., 2006; Ward et al., 2004). The 
observed He/N2 ratios are consistent with the regional median value (0.23) of 
deep fracture water samples, suggesting a common source and no significant 
secondary fractionation. 
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from this dataset were unavailable, pH values reported in fracture wa
ters from mine samples were 8.2 ± 0.5 pH (Magnabosco et al., 2014), 
suitable for methanogenesis. 

Methanogenesis typically requires a stoichiometry of 4 H2 molecules 
to produce one CH4 molecule, a ratio that is the same for both microbial 
and abiotic methanogenesis (full reaction list in Warr et al., 2019). 
Converting the measured CH4 contents to H2 using a 1:4 ratio and 

neglecting other H2 sinks (other microbial H2 utilisation and H2/He 
diffusion) gives a first order H2/He production range of 19–411. These 
values overlap with estimates similarly calculated for the theoretical 
upper and middle continental crust (15–117) by Sherwood Lollar et al. 
(2014), with two outliers. While the overwhelming isotopic evidence 
supports primarily microbial CH4 origin at the specific sites investigated 
in this study (Fig. 5a), minor abiotic component is also taken into ac
count by this conversion (Warr et al., 2019), however it is likely to be 
negligible. Where abiotic hydrocarbons are dominant, high concentra
tions of C2+ hydrocarbons produced from abiotic CH4 polymerisation 
are often observed (e.g. Sherwood Lollar et al., 2002; Sherwood Lollar 
et al., 2006). At the sites discussed here, concentrations of C2+ hydro
carbons are negligible (up to 0.06%, Table S3), suggesting that abiotic 
signatures are overwhelmed by a much larger microbial hydrocarbon 
(principally CH4) component, in line with previous observations (Sher
wood Lollar et al., 2006; Simkus et al., 2016; Ward et al., 2004). 

One possible explanation of this apparent variability in H2/He pro
duction rates is bulk porosity of the crystalline basement largely 
controlled by fracture density. H2 production rates scale with porosity as 
more water is available for radiolysis, but He production rates are un
affected. The availability of water in proximity to radioelements in rocks 
may therefore be the limiting factor for H2 production in tight rocks. 
Bulk porosity estimates are between 0.1 and 2% globally for crystalline 
basement (Sherwood Lollar et al., 2014), but are based on relatively few 
empirical studies (e.g. Stober and Bucher, 2007 and references therein). 
The relative differences in basement architecture expressed as porosity 
present a key variable in these highly heterogeneous and isolated 
hydrogeological systems. In the following sections, the role of porosity 
as an important parameter controlling the crustal He, N2, CH4 and H2 
budget is explored. 

3.4. The production of H2, He and N2 in the subsurface 

Radiolytic H2 is naturally produced within the subsurface by ionising 
radiation emitted as α, β and γ particles as part of the U, Th and K decay 
chains splitting the water molecule to produce H2 and short-lived 
oxidized radicals (Lin et al., 2005a, 2005b). The production of H2 is 
directly linked to He through the rate of α particle generation. The 
production ratio of these two elements by radiolysis is correlated and 
can be assumed to be constant over time (due to long radioelement half- 
lives). The sites from the Witwatersrand basin discussed in this study are 
an ideal case study location for radiolysis because ultramafic minerals 
(source of water-rock reaction produced H2) are absent in the sampled 
units, primarily composed of quartzites, banded ironstones, mudstones, 
conglomerates (Witwatersrand Supergroup) (Robb and Meyer, 1995), 
overlaid by the Ventersdorp andesitic extrusive volcano-sedimentary 
sequence that has undergone medium grade metamorphism (Coward 
et al., 1995). The thermodynamic potential for H2 generation from 
sparse ultramafic intrusions is orders of magnitude lower than the 
observed concentrations and can be considered negligible (Lin et al., 
2005b). 

N2 has multiple sources and sinks in the subsurface (thermal 
decomposition, microbial, radiolytic) and quantifying the link to H2/He 
production is challenging. The radiolytic source presents an intriguing 
possibility for a direct link to He with existing evidence for multiple 
relevant reaction pathways. In the presence of oxygen, these include 
irradiation through dissociation of N2O and reactions between N and O 
radicals (Spinks and Woods, 1990). In anoxic conditions that are more 
applicable to the fracture fluid setting, N2O has been shown to scavenge 
hydrated electrons to form N2O− radicals that spontaneously decompose 
to form N2 (Eq. 1) (LaVerne and Pimblott, 1993; Nakken and Pihl, 1965). 
The kinetic rates of this reaction increase at alkaline pH conditions 
(Nakken and Pihl, 1965) which are observed in fracture fluid environ
ments (Onstott et al., 2006). The electrons and hydrons required for the 
reaction are by-products of H2O radiolysis and could in theory provide a 
framework for coupled radiolytic H2 and N2 production. Radicals 

Fig. 5. a) δ13C vs δ2H of CH4 plot showing the empirically determined fields of 
gas origin (Etiope and Sherwood Lollar, 2013) adapted from (Schoell, 1988). 
Abbreviations indicate: MH – hydrogenotrophic methanogenesis; MF – micro
bial acetate fermentation. The solid line shows an example of a theoretical 
mixing between abiotic and microbial end-members. b) Plot of δ13CCH4 values 
versus CH4/C2+ ratios. Microbial field from (Etiope and Sherwood Lollar, 2013; 
Hunt, 1996). Circles with black edges are data from this study, smaller circles 
are from a literature compilation of fracture fluids in Precambrian basement 
rocks from the Witwatersrand Basin (Sherwood Lollar et al., 2006; Simkus et al., 
2016; Ward et al., 2004). Symbol colour indicates sample hydrogen concen
trations. Samples with H2 concentrations below detection limit (typically 
<0.01%) are also displayed in colour at the bottom of the colour bar (yellow). 
Dashed line shows a hypothetical mixing relationship between microbial and 
abiotic end-members as discussed in the main text. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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liberated during radiolysis can also oxidise the N species in solution to 
supply N2O. Irradiation experiments indicate NH3 oxidation to NO3

−

(Silver et al., 2012), formation of NH2O2 radicals (Pagsberg, 1972), and 
further evidence for reactions between N radicals and O2 to from NO2

−

(Dwibedy et al., 1996). 

N2O + e−
aq→N2O− →

H+ N2 + • OH
)

(1) 

While multiple lines of evidence exist for the theoretical basis of 
radiolytic N2 production pathways, further studies at relevant thermo
dynamic conditions and gas/water volumes are required to confirm the 
full chain of radiolysis-induced reactions, their kinetic rates and the 
relative contribution to the overall N cycle. 

3.5. H2, He and N2 production rates 

Theoretical He and H2 production rates can be predicted for given 
radioelement concentrations using Eqs. (2)–(5). He is produced through 
α decay of U and Th and expressed in molecules kg−1 s−1 (Eq. (2)) 
(Ballentine and Burnard, 2002). YH2 represents the total H2 production 
rate (molecules kg−1 s−1) (Eq. (2)) calculated based on methods by (Blair 
et al., 2007; Lin et al., 2005b); and equal to the sum of radiation doses 
(ENet, i) emitted through α, β and γ decay (particle denoted as i) multi
plied by the radiolytic H2 yields per unit of energy produced in water by 
radiolysis (G) in molecules/MeV (after Lin et al., 2005b). The radiation 
doses for a given type of radiation (Eq. 3) depend on radioelement 
concentration in ppm (X), decay energy (E) in Gy/ka (Adamiec and 
Aitken, 1998) converted to eV kg−1 s−1, pore water to rock weight ratio 
(W), and the relative stopping power ratio (S) which indicates the ability 
of water to stop radiation relative to the rock (Hofmann, 1992). The 
weight ratio W (Eq. 5) depends on the relative densities (ρ) in g/cm3 of 
water and rock (denoted w, r) and porosity (φ), which is the main var
iable in the presented model. U, Th and K concentrations are of average 
upper continental crust (2.8 ppm, 10.7 ppm and 3.1 wt%, respectively 
(Rudnick and Fountain, 1995)). The parameters that are kept constant 
present a source of uncertainty (e.g. G values derived from laboratory 
experiments), however they are not expected to vary between different 
sampling sites. 

(2)  

YH2 =
∑

ENet,i × Gi (3)  

ENet,i = Exi × X × W × Si
/

(1 + W × Si) (4)  

W =
φ × ρw

ρr × ( 1 − φ)
(5)  

3.6. Bayesian modelling of porosity influence to volatile mass balance 

The control of porosity on the measured mass balance of observed 
volatiles (He, CH4, N2) can be tested using a Bayesian modelling 
framework. The advantage of the Bayesian method in this case is the 
possibility to use a priori knowledge about the plausible porosity ranges 
in the crystalline basement and therefore exclude unrealistic parameter 
values. This information can be formally included into the model as a 
prior probability distribution (referred to as ‘prior’) based on established 
knowledge about the system before the data is observed. Prior knowl
edge of the porosity parameter is combined with likelihood of the data 
given the model to obtain posterior probabilities for the hypothesis 
given the observed data. 

The model considers a single variable (porosity) neglecting other gas 
sources and sinks (primarily non-methanogenic H2 utilisation and gas 
loss through diffusion) and therefore represents the maximum effect 
porosity might have in the system. Negligible diffusive gas loss out of the 
system is supported by long residence times reported by previous studies 

(Heard et al., 2018; Lippmann-Pipke et al., 2011; Lippmann et al., 
2003). Radioelement concentrations are those of average upper crust 
(Rudnick and Fountain, 1995). Two alternative scenarios relevant to the 
local geological setting were tested and rejected: 1) Extreme localised U 
enrichment based on observed values in reefs within Witwatersrand 
Basin in the order of 500–2500 ppm (Pienaar et al., 2015) 2) Variable 
U/Th contents in the order of 50–80% from average crustal values as 
reported from individual core sample studies in the Witwatersrand (Lin 
et al., 2005b). Both of these scenarios result in enrichment in both H2 
and He and therefore cannot account for the low H2/He ratios (discussed 
further in the results section). 

The Bayesian approach makes statistical conclusions about param
eters (θ) based on the observed data (y) in terms of probability state
ments. All unknown quantities are treated as random variables that are 
assigned a prior probability distribution p(θ) based on the existing in
formation about the system. The observed data is assigned a joint 
probability distribution p(y|θ) through a likelihood function, which 
describes the causal relationship between model parameters and data. In 
order to make inferences about model parameters, we construct poste
rior distribution p(θ|y), which is a joint distribution of all model pa
rameters that are conditional on the observed data, and is constructed 
following the Bayes’ rule (Gelman et al., 2013): 

p(θ|y)∝p(y|θ)p(θ) (6) 

In this model, He concentrations are the observed data y and porosity 
is the unknown parameter θ. The dependency of y on θ is described 
through a likelihood function. The final He concentrations in percent 
mole are expressed as He production rate (Eq. 2) normalised to the total 
production rate of all gases in the system (Mt[b]) in mol/kg−1 s−1 (Eq. 6). 
NA is the Avogadro number, b denotes borehole. 

4Hemod[b] = 4Heprod ×
100 NA

Mt[b]

(7)  

Mt[b] =
( 4He + CH4[b] + N2,prod[b]

)
× NA (8) 

To calculate Mt[b], CH4 and N2 production rates have to be defined. 
Based on the isotopic and compositional data in Fig. 5, the samples in the 
dataset are dominantly microbial CH4 produced by hydrogen utilisation. 
CH4 production rate is calculated by multiplying H2 production rate YH2 
by a conversion factor Z (Eq. 9) which is a constant of 0.25, based on the 
stoichiometric 4:1 ratio between H2 and CH4. Y and CH4 values are 
modelled for individual boreholes, while the parameter Z is constant. N2 
production rate, as discussed previously, is the most challenging to 
constrain due to multiple sources and the total budget might consist of 
large volumes released episodically (thermal events) as well as contin
uous low temperature devolatilisation, radiolytic and microbial input. 
As previously discussed, the abiotic sources strongly depend on the NH4 
content of the host rock, and therefore are expected to vary across 
different sampling locations. The scenario tested in this model uses the 
observed N2/He in individual boreholes to relate N2 and He production 
(Eq. 10). This approach represents an ‘apparent’ N2 production ratio and 
encompasses both the possible N2/He link through radiolysis as well as 
the episodic release during thermal events, where He degassing would 
also be expected. 

CH4[b] = Y[b] × Z (9)  

N2[b] = (10) 

By combining Eqs. 2–10, the final He concentrations in boreholes can 
be expressed as a function of porosity (Eq. 7), taking into account the 
associated radiolytic production of H2 (and subsequent conversion to 
microbial CH4) and N2. The model samples parameters from prior dis
tributions to achieve the best fit to the measured He values. The esti
mated model CH4 concentrations can then be compared to the observed 
ones (not seen by the algorithm) to evaluate how accurately the model is 
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describing the real system. The hierarchical model structure allows to 
pool parameters between different samples, as well as individually fit for 
each borehole. He concentrations were modelled as a normal distribu
tion with means μ = [μ b1 .. μB] and a half-normal distribution for the 
standard deviation hyper-prior. For the φ parameter (Eq. 5) an infor
mative prior (N ~ (1,1) was used, where N is a normal distribution, 
numbers in brackets are mean and standard deviation, respectively), 
based on the existing empirical and modelling data constrains of 
porosity in crystalline basement of 1 ± 0.45% (Sherwood Lollar et al., 
2014 and references therein). Models were run using a Python package 
PyMC3 (Salvatier et al., 2016) for 10,000 iterations with NUTS (No-U- 
Turn Sampling) (Hoffman and Gelman, 2014) using two independent 
Markov chains. Each chain simultaneously performs 2000 burn-in steps 
which are discarded. Model posterior traces and posterior predictive 
checks were carried out to ensure model convergence, R-hat values were 
equal to 1 indicating convergence based on Gelman-Rubin statistics 
(Gelman et al., 2014). 

3.7. Model results 

The estimated posterior means for He concentrations are in agree
ment with the observed data points (RMSE = 0.9). Fig. 6a shows the 
posterior predictions within 95% highest density interval for He con
centrations compared to the observed values. This result is consistent 
with porosity means for individual boreholes ranging between 0.3 and 
2.2%, with a mean value of 1.2 ± 0.6% (1σ) (Fig. 6b). The predicted H2/ 
He ratios range between 21 and 166 (Table 1). The observed data is 
consistent with the hypothesis of in-situ fluid generation through 
radioelement decay and subsequent microbial utilisation, within a 
closed system. 

Posterior predictions of CH4 concentrations based on H2 production 
rate and total conversion to CH4 are also in good agreement with the 
observed CH4 concentrations (Fig. 6c). The model underestimates the 
mean CH4 contents by 7% on average. FL1 is an exception where the 
model fit is poor due to low He contents (factor of 70 lower than the 
median sample), likely related to secondary He loss from the system. 
This leads to model underestimation of H2 and subsequent CH4 con
centrations. FL1, SQ and EX1 (lowest He concentrations) are sensitive to 
the porosity prior and are also compatible with higher porosities (31%, 
6.1% and 4.5% respectively) when an uninformative prior is chosen. In 
the case of FL1, this scenario can be discounted as not plausible in a 
crystalline basement setting, while SQ and EX1 could either represent 
outlier porosity cases, or indicate that other sources and sinks not rep
resented by this model are significant. FL1 and SQ represent the lowest 
(3 × 105–4 × 105 L/day in the observation period) and the most variable 
flow rates in the sample set indicating low hydraulic conductivity, 
however the opposite would be expected if the low He concentrations in 
these samples were due to dilution by large gas volumes as a conse
quence of high porosity. It is therefore most likely that diffusive He loss 
occurred in FL1 and SQ. In contrast, the flow rate is among the highest 
(6 × 106 L/day) and sustained through the observation period in EX1, 
compatible with high porosity. 

A simplified version of the model is also considered where N2 pro
duction, which presents the highest degree of uncertainty in terms of 
sources, is excluded. He, H2, CH4 are modelled according to Eqs. 3–5 and 
8 using the measured CH4/He ratios as the observed data and a flat prior 
for porosity. The porosity values here represent a simple best-fit sce
nario, and are in agreement with the original model in Fig. 6 and with 
high porosity estimates for the three samples discussed above (Sup. 
Fig. 1). 

3.8. Potential radiolytic cycling of nitrogen 

The model results show an intriguing relationship between N2 and H2 
in the fluids (consistent ratio) in contrast to the variable porosity- 
dependent H2/He ratio (Fig. 7a). Consistent N2/H2 ratio raises the 

possibility of a co-genetic link between radiolytic H2 and N2 and could 
suggest that radiolytic production might play a role in the nitrogen cycle 
at these sites. Indeed, previous work, (e.g. Silver et al., 2012) revealed 
how radiolysis can result in NO3

− formation in these types of fluid. The 
consistency of the N2 and H2 model values in this study may suggest that 
a similar process acting on N-bearing compounds in the water phase 
could also directly produce N2, or indirectly through the generation of 
substrates for microbial activity such as NO3

−, N2O or NO (Sheik et al., 
2021). Using the limited available experimental data, we use the rela
tionship between NH3 conversion rates to NO3

− and required radioac
tive dosage rates (Silver et al., 2012) to model NH3 concentrations 

Fig. 6. a) Helium posterior predictions (the distribution of possible unobserved 
values given the observed helium values) for individual boreholes compared 
with the observed data. Blue line shows the 95% highest density interval. b) 
Posterior means for the porosity parameter. c) CH4 posterior predictions based 
on full H2 conversion to methane, using a 4:1 ratio where 4 H2 molecules 
produce 1 CH4 molecule. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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needed to explain the N2 contents, assuming that NO3
− is fully converted 

to N2 either through further radiolytic or microbial reactions. The 
required NH3 contents (solid line, Fig. 8b) are similar to those that have 
been measured in the pore fluids of Witwatersrand Basin core (Silver 
et al., 2012). Although the potential role of radiolytic production of N2 is 
postulated here, this study highlights how additional work is needed to 
fully evaluate all possible pathways of production and processing of 
nitrogen in the deep subsurface. 

4. Implications 

4.1. Abiotic controls on gas generation within a closed system 

The dataset is consistent with a hydrogeologically closed system 
where the He/H2/CH4 mass balance can be accounted for by radiogenic 
decay products and hydrogenotrophic methanogenesis, with a potential 
significant radiolytic control on N2 among other sources (summarised in 
Fig. 9). The model demonstrates the maximum effect porosity may have 
on abiotic production of crustal volatiles in fractured Precambrian 
basement. Alternative processes cannot be discounted and may result in 

similar mass balance distributions, most notably H2 loss to other mi
crobial metabolisms, in particular sulfate-reducing bacteria observed in 
many fracture fluid environments (Kieft et al., 2005; Lau et al., 2016; Lin 
et al., 2006; Chivian et al., 2008). The relative uptake of H2 for sulfate 
reduction in this system is unknown, however the end-product of this 
metabolic pathway (H2O) (Li et al., 2016) replenishes the total water 
budget that can be further ionised to create more H2. If the availability of 
water (as a function of porosity) is the limiting factor for H2 and sub
sequent microbial CH4 generation, the presence of sulfate reducing 
bacteria should not have a significant impact on the final gas mass 
balance because the water is recycled through their metabolism. 

Given the highly heterogeneous architecture of fracture networks, 
slow water flow rates, long residence times characteristic of these en
vironments as well as variation in lithologies (Witwatersand Super
group, Ventersdrop, Karoo) and depths (Table S4), the proposed 
porosity control scenario is highly plausible. The predicted values 
represent bulk porosity over the volume of rock in which the sampled 
fluids are produced, which might vary between the sampling sites, 
however all volumes are substantially large to produce continuous gas 
flow over the period of 14 months (Fig. 3). Using the depth-porosity 

Table 1 
Model posterior predictions. Last two columns show borehole depth and expected depth of the system based on the modelled porosity values.  

Borehole Porosity  
% 

Porosity  
sd 

He  
% 

He 
sd 

CH4% CH4 

sd 
H2/He H2/He 

sd 
N2/H2 N2/H2  

sd 
Borehole depth (m) Expected depth (m)* 

BC 1.8 0.5 3.4 0.9 95.7 1.2 116 45 0.010 0.004 1092 na 
SQ 2.2 0.6 2.9 0.8 100.0 3.0 143 54 0 0 1750 na 
FL1 1.2 0.7 1.0 0.1 18.0 8.6 79 46 1.070 0.621 1288 1380 
RE 0.9 0.3 6.2 1.4 91.4 2.1 60 24 0.022 0.009 514 2761 
HA 0.3 0.1 14.8 1.6 87.5 1.6 21 4 0.034 0.007 – 8035 
EX1 1.9 0.6 2.8 0.8 85.7 4.1 127 52 0.039 0.016 – na 
ML1 1.4 0.4 4.3 1.1 93.3 1.8 91 36 0.016 0.007 1237 641 
ML1–08 0.6 0.2 8.5 1.6 91.4 1.8 42 15 0.022 0.008 1237 4708 
SAP11 0.6 0.2 8.6 1.6 88.9 2.2 40 14 0.029 0.010 – 4708 
ST23 1.6 0.5 3.6 1.0 92.0 2.2 106 42 0.020 0.008 580 310 
13 W 0.6 0.2 7.7 1.6 81.7 4.1 42 18 0.052 0.021 – 4708 
14 W 0.7 0.3 6.8 1.5 73.8 6.4 44 21 0.080 0.038 – 3968  

* Based on Bethke (1985) depth-porosity model using the modelled porosity values. Note that larger than 1.6% porosity is outside the model fit (na – not applicable). 

Fig. 7. a) H2/He vs N2/H2 plot (model results). N2/H2 ratios are consistent while H2/He ratios vary, suggesting that N2 and H2 production is linked. b) H2/He vs N2/ 
He plot showing a strong non-parametric positive correlation between N2 and H2 (Spearman’s rho = 0.6, p = 0.05). Dashed line shows the dependency between 
radiolytic H2 production and NO3

− production using experimental data in Silver et al. (2012), assuming that all NO3
− subsequently is converted to N2 through either 

abiotic or biological processes, and using NH3 concentrations in their experiment. Solid black line shows the NH3 concentrations required for a best fit line to the 
observed data. 
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model (Bethke, 1985) applied in Sherwood Lollar et al. (2014), the ex
pected porosity values at the bottom of the sampled boreholes (where 
depth is known) should range between 1.1 and 1.4%. The model- 
predicted porosity values are lower in many of the boreholes 
(0.3–2.2%, Table 1), suggesting that H2 generation might be occurring 
within fracture networks at lower depths, intersected by a fault or 
fracture network (potentially produced during drilling) that transports 
the fluids to the surface (Fig. 9). The modelled porosity values are 
consistent with depths between 310 and 8035 m (Table 1, note that 
values with higher than 1.6% porosity are outside of the model fit). 

The variation of porosity as a single parameter within the range of 
typical crustal values (0.1–2.1%) using the average upper crust radio
element concentrations produces H2/He range of 6.5–138 (Fig. 8a). 

Theoretically, if only in-situ He and H2 production is considered, and all 
H2 is subsequently converted to CH4, porosity can account for resulting 
He concentrations between 3 and 62%. This effect is much higher than 
from other important abiotic parameters such as local enrichment of U 
and Th that may lead to lower H2/He ratios (but still >80), while 
enrichment in K sharply increases the ratio because the α particle is not a 
part of the K decay chain (Fig. 8b). 

4.2. Abiotic controls on subsurface habitability 

Radiolysis may play a key role in controlling the subsurface habit
ability of the Earth and other planets, with increasing body of evidence 
showing not only production of H2, but also electron donors (Li et al., 

Fig. 8. a) H2/He ratio as a function of porosity which controls the amounts of water available for radiolysis. Typical crystalline basement porosity values yield H2/He 
ratios between 6.5 and 132. Modelled H2/He ratios for the borehole samples are shown with 1σ error. b) H2/He ratio as a function of radioelement concentration 
expressed as an enrichment factor from average upper crust values assuming 1% porosity. Variation of radioelements cannot account for H2/He ratios below 80. 

Fig. 9. Schematic cartoon depicting processes 
contributing to the production of gases sampled at 
surface boreholes. The image on the left shows the 
borehole intercepting an interconnected fracture 
network and fluids are transported to the surface. 
Radioelement (U, Th, K) decay produces 4He 
(directly) and H2 (through radiolysis). H2 is consumed 
by methanogens producing microbial CH4. Water 
molecule radiolysis also produces highly reactive 
radicals and ions which react with fracture minerals 
(Li et al., 2016; Sherwood Lollar et al., 2021). These 
reactions (either with NH4 contained within phyllo
silicates or dissolved N species (Silver et al., 2012)) 
may potentially form N2, however more work is 
needed to investigate this pathway.   
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2016) and organic acids (Sherwood Lollar et al., 2021). The extent of all 
viable radiolytic reactions under relevant thermodynamic conditions 
require future studies, however these early results demonstrate the po
tential for closed-system radiolytically-driven nutrient supply for mi
crobial ecosystems. The hydrogeological environment described in this 
study is an example of a such a cycle at the basis of an organic C cycle 
dominated by methanogens. 

Methanogenesis is typically limited by water salinity when the bio
energetic cost of H2 utilisation approaches the energy available from the 
metabolic pathway. Such environments are expected to be at least >1.9 
M in ionic strength (Telling et al., 2018), providing a bracket to the 
range of extreme environmental conditions where microbial ecosystems 
are unable to utilise this molecule above its slow synthesis rates. The 
sampled system is likely below this threshold (in line with observations 
in South African mine samples reporting relatively low salinities be
tween 188 and 4473 ppm (Magnabosco et al., 2014) and represents an 
environment where H2 source has been exhausted and the microbial 
community is dormant. This means that porosity and therefore the 
availability of water for radiolysis might be one of the limiting factors 
for certain types of life, such as hydrogenotrophic methanogens in the 
deep subsurface. Certainly, the variable total methane contents in 
different sampling locations (inferred from flow rate data and the degree 
of He dilution) demonstrate how the basement architecture is a signif
icant limiting factor in the productivity of chemosynthetic microbial 
communities. 

4.3. Closed system high-He and CH4 environments 

From the perspective of He exploration in crystalline basement en
vironments, lithologies with the lowest porosity are favourable for 
limited H2 and therefore CH4 production that would otherwise dilute 
He. This is demonstrated by sample HA which has the highest observed 
He contents (15%) and the lowest predicted porosity value of 0.3 ±

0.1%. Typically, high He systems require long periods of quiescence for 
He accumulation, followed by fluid mobilisation, typically by another 
migrating gas phase, followed by transport over long distances and high 
degree of interaction with groundwater (e.g. Ballentine and Sherwood 
Lollar, 2002; Danabalan, 2017; Gilfillan et al., 2008). The Witwa
tersrand Basin presents an alternative closed system model, where the 
hydrogeological systems are isolated, gas generation occurs in-situ 
driven by radioelement decay, and no external input is required. The 
proposed gas generation mechanism is also novel in the context of our 
understanding of CH4 in the subsurface in potentially commercial vol
umes. Contrary to conventional hydrocarbon systems, the system 
described here is not associated with the presence organic source rock, 
and offers an alternative interpretation to previously proposed hydro
carbon generation models in the Karoo Basin (Eymold et al., 2018). The 
prevalence of methanogens in this system is however controlled by the 
availability of C-bearing substrate, which may be available in the form of 
carbonate minerals (Sohlberg et al., 2015), organic matter in meta- 
sediments (Petsch et al., 2001) or indeed produced through radiolysis 
(Sherwood Lollar et al., 2021). 

4.4. Implications for H2 exploration 

Anthropogenic activity through borehole drilling and introduction of 
oxygen-rich meteoric water into the system (e.g. Ebigbo et al., 2013) 
may catalise sudden microbial blooms, if any H2 is present in the system 
prior to exploration. In this scenario, aerobic oxidation (2H2 + O2 - >
2H2O) would be the dominant and energetically more efficient H2 uti
lisation in the presence of oxygen (Telling et al., 2018). CH4 generation 
through meteoric water introduction is therefore unlikely, however any 
residual H2 in the system could be converted to H2O during fluid ascent. 
The implications of this discussion to commercial H2 exploration are 
two-fold. In this particular system, the bulk of hydrogenotrophic mi
crobial H2 utilisation is operating over geological timescales rather than 

rapidly due to fluid mixing after anthropogenic activity (drilling), 
therefore H2 discoveries in these particular localities are unlikely. 
However, the closed system model implies strictly in-situ H2 utilisation 
without evidence for external flux from depth. It is therefore likely that 
H2 produced at lower depths is not lost to overlying formations through 
diffusion or fracture-induced mixing, and may be conserved in fracture 
systems where methanogens are limited by hypersalinity (e.g. Sherwood 
Lollar et al., 2006). 

5. Conclusions 

Gas samples from exploration boreholes in Witwatersrand Basin (n =
12) are dominated by microbial hydrocarbons (primarily CH4), 
concurring with high levels of N2 (3–27%) and He (0.1–15%). Despite 
high He concentrations, radiolytic H2 (linked to production of He 
through U/Th decay) is below detection limit. Using a Bayesian 
modelling approach, we demonstrate that the observed gas mass balance 
is consistent with in-situ fluid generation primarily through radioele
ment decay-driven processes, and subsequent conversion of radiolytic 
H2 to CH4 through hydrogenotrophic methanogenesis. The range of 
observed gas concentrations is consistent with a variation in in-situ 
porosity between 0.3 and 2.2%. The Witwatersrand basin presents an 
intriguing case of a closed-system He-rich natural gas, which is gener
ated without an organic-rich source rock and does not require fluid 
mobilisation and migration over long distances. The activity of hydro
genotrophic microbial communities is the limiting factor for commercial 
H2 discoveries, which are more probable in hypersaline systems which 
inhibit the microbial metabolisms. The clear differences in porosity 
values between boreholes located in 80km2 area suggest that these 
systems are localised, heterogeneous and not laterally interconnected. 
This study demonstrates how abiotic parameters such as porosity may be 
key in supporting or limiting the occurrence and productivity of 
chemosynthetic microbial communities, relevant to the search of life on 
other planets. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

BSL and CJB are CIFAR Fellows in the Earth-4D Subsurface Science 
Exploration Program. This research is based on work supported by the 
CIFAR Program in Earth 4D: Subsurface Science and Exploration 
through a catalyst award and the Africa Oxford Initiative grant. This 
study was financially supported by the Natural Sciences and Engineering 
Research Council of Canada (NSERC) Discovery and Accelerator grants. 
EH was supported by Technology Innovation Agency in South Africa. We 
thank D.J. Opperman and A. P. Bester for assistance in sample collection, 
mine operators for allowing to access the sampling sites, and K. Bayliss 
for insightful comments. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemgeo.2022.120788. 

References 

Adamiec, G., Aitken, M.J., 1998. Dose-rate conversion factors: update. Ancient TL 16, 
37–50. 

Ballentine, C.J., Burnard, P.G., 2002. Production, release and transport of noble gases in 
the continental crust. Rev. Mineral. Geochem. 47, 481–538. https://doi.org/ 
10.2138/rmg.2002.47.12. 
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