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The contribution of the Precambrian continental
lithosphere to global H2 production
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Microbial ecosystems can be sustained by hydrogen gas (H2)-
producing water–rock interactions in the Earth’s subsurface and at
deep ocean vents1–4. Current estimates of global H2 production from
the marine lithosphere by water–rock reactions (hydration) are in the
range of 1011 moles per year5–9. Recent explorations of saline fracture
waters in the Precambrian continental subsurface have identified
environments as rich in H2 as hydrothermal vents and seafloor-
spreading centres1,2 and have suggested a link between dissolved H2

and the radiolytic dissociation of water10,11. However, extrapolation of
a regional H2 flux based on the deep gold mines of the Witwatersrand
basin in South Africa11 yields a contribution of the Precambrian litho-
sphere to global H2 production that was thought to be negligible
(0.009 3 1011 moles per year)6. Here we present a global compilation
of published and new H2 concentration data obtained from Precam-
brian rocks and find that the H2 production potential of the Precam-
brian continental lithosphere has been underestimated. We suggest
that this can be explained by a lack of consideration of additional
H2-producing reactions, such as serpentinization, and the absence of
appropriate scaling of H2 measurements from these environments to
account for the fact that Precambrian crust represents over 70 per
cent of global continental crust surface area12. If H2 production via
both radiolysis and hydration reactions is taken into account, our
estimate of H2 production rates from the Precambrian continental
lithosphere of 0.36–2.27 3 1011 moles per year is comparable to esti-
mates from marine systems.

Ancient saline fracture waters in the Precambrian continental subsur-
face, with groundwater residence times ranging from millions13 to bil-
lions of years14, provide a previously underestimated source of H2 for the
terrestrial deep biosphere. Until now, little of the information on H2 in
these settings, accessed via underground research laboratories and mines,
has been incorporated into global geochemical and biogeochemical
models. Figure 1a documents (to our knowledge) the continental sites
worldwide for which detailed H2 studies have been published, as well
as new data from our own research sites on the Precambrian Shield
in Canada and South Africa (Table 1 and the source data for Fig. 1).
Figure 1a shows that the high levels of H2 reported for the Witwaters-
rand basin in South Africa by Lin et al.1 are by no means a unique phe-
nomenon. Sites in Precambrian terrains globally have H2 concentrations
as high as those reported for the Witwatersrand basin and for marine
hydrothermal systems (Fig. 1a). Notably, sites on the Canadian and
Fennoscandian Precambrian Shields and at Phanerozoic ophiolite seeps
(such as in Luzon, Semail and Sonoma) and gas wells intersecting kim-
berlites (in Kansas), have even higher H2 levels (.30% by volume) than
those reported for the Witwatersrand basin (Table 1, Fig. 1a). The not-
able exposures of ultramafic and mafic rock at many of these sites are
consistent with hydration of mafic/ultramafic rocks providing an addi-
tional source of H2 at these sites above and beyond the H2 produced by
radiolysis. Drawing on this global data set, we provide, for the first time,
estimates of global H2 production for the Precambrian continental lith-
osphere that consider H2 production from both radiolysis and hydra-
tion reactions.

When estimating radiolytic H2 production, the ratio of H2 to He
(Fig. 1b) can provide important constraints, because He is an inert and
conservative tracer. Using measured U, Th and K concentrations,
natural a, b and c particle fluxes can be estimated. Assuming a water-
filled porosity of 0.1% and bulk rock density of 2.5 g cm23, Lin et al.10

calculated radiolytic H2 production rates in water ranging from 1028

to 1029 nM s21 for granite, basalt and quartzite lithologies. The radio-
genic 4He production can also be estimated from U and Th abundances,
allowing the H2/He for radiolytic production of H2 to be modelled
(details in Methods). Since both radiogenic 4He and radiolytic H2 are
correlated with U, Th and K concentrations, the H2/He ratio is, for any
given porosity, relatively insensitive to mineralogical composition (felsic,
mafic or ultramafic), but is sensitive to porosity changes.

Here we use the Precambrian shield surface area of 1.06 3 108 km2

(versus 1.48 3 108 km2 for the total continental surface area) to scale the
middle and upper continental crust 4He production rate15 to provide an
estimate of the 4He production rate for the Precambrian crust. Using
H2/He ratios as a function of porosity, we estimate H2 production from
radiolysis for the Precambrian continental lithosphere (details of all
calculations in Methods). Estimates of porosity16 vary from 1.6%–2%
in the near surface, down to 0.2% at 10 km and 0.03% at 20 km, averaging
0.96% between 0 km and 10 km (upper crust) and 0.12% between 10 km
and 20 km (middle crust). Calculated H2/He values from radiolysis using
the same assumptions as Lin et al.11 yield average H2/He values for the
upper and middle continental crust of 117 and 15 for average porosities
of 0.96% and 0.12%, respectively. Multiplying the 4He production rate
by the modelled H2/He ratios yields a total radiolytic H2 production rate
in the water-filled fractures of the Precambrian crust of 0.16 3 1011 mol
yr21 (Table 2). This is a minimum estimate as it does not include base-
ment rock fluid inclusions that also provide for at least an additional 1%
water-filled porosity (see, for example, ref. 17). The latter would pro-
duce a further 0.31 3 1011 mol yr21 to give a total Precambrian crustal
H2 production rate of at least 0.47 3 1011 mol yr21 (Table 2). This is pro-
bably conservative given that if we used typical porosity values published
for crystalline rock (up to 2%; details in Methods) rather than 0.12% to
0.96%, this value could be as high as ,1 3 1011 mol yr21. However, the
key point is that even before considering H2 production via hydration
reactions, our estimate of H2 from the Precambrian continental rocks
based on radiolysis alone is similar to marine estimates (Table 2).

Since the discovery of H2- and CH4-rich fluids at the Lost City hydro-
thermal vents in the mid-Atlantic Ocean18,19, there has been increasing
interest in the role of water–rock reactions producing energy for che-
mosynthetic microbial communities, both in marine systems proposed
to be analogues of the development of early biosynthetic pathways20, and
in continental Phanerozoic ophiolites4,21. Table 2 provides the estimates
for high-temperature venting at the mid-ocean ridges6,7, hydration reac-
tions at vents and slow-spreading ridges6,8,9,22, and Fe and sulphide oxi-
dation of basaltic crust5—each of which are of the order of 1011 mol yr21.
Although most of these studies refer to their estimates as H2 flux, it
would be more accurate to consider these to be H2 production rates, as
in fact only one of these8 is strictly based on a diffusion flux model. The
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others follow the approach typical for this literature, using reaction-
based models with a governing equation relating oxidation of FeO in
the crust to H2 production such as the following from Sleep and Bird6:

3FeO (in silicates) 1 H2O R Fe3O4 (magnetite) 1 H2(aq) (1)

Depending on the study, FeO contents are assumed to be between 5%
and 10%, reaction efficiencies range from 100% to the more conservative
estimate6 of 50%, and typical rock densities fall in the range 3,000–
3,500 kg m23. These estimates from the marine lithosphere yield H2 pro-
duction estimates in moles per square metre of surface area for oceanic
crust to an assumed depth of 1 km. These reaction model calculations are

then coupled to estimates of hydrothermal fluid or water circulation
through the spreading centres or ocean floor7 or to ocean crust produc-
tion rates5,6 to introduce a temporal term and finally express H2 produc-
tion in terms of moles per year (Table 2 and Methods).

To provide the most relevant comparison to the marine literature, we
took a similar reaction model approach (detailed calculations in Methods).
The iconic greenstone belts of the Precambrian, named for the coloration
of the mafic/ultramafic minerals, formed initially as island arcs, contin-
ental margin arcs, submarine plateaus, oceanic islands and in some cases,
Archean oceanic crust23. Owing to fundamental changes in the nature
of volcanism and heat flux24, the greatest production (and thickness) of
greenstone terrains are in the Archean, although formation continued

H2/He > 5

H2/He < 5

H2/He < 1

H2/He < 0.01

Exposed Precambrian rocks

Covered Precambrian rocks

<0.01    

0.94 3.4 

0.27
2.63

0.67

1.15

0.33

6.5

22

0.03

0.13

0.06

0.085

11.7
0.04

19

67.8

1.576.4

18.4

11.4

H
2
 > 30%

H2 > 10%

H2 > 1%

H2 < 1%

Exposed Precambrian rocks

Covered Precambrian rocks

Beatrix

Merriespruit 
Masimong 

Mponeng 
Driefontein 

Tau Tona Kloof 

Evander

Yellowknife

Thompson

Red Lake

Sonoma County

Timmins

Val d’Or

Sudbury

Semail

ophiolite

Oskarshamn

Hastholmen

Vammala

Olkiluoto

Pori Kivetty

Outokumpu

Enonkoski

Luzon

Lovozero

Ylistaro

Tatarstan

Kryvyi Rih
Smolensk

Kansas 1

Kansas 2

b

a

Figure 1 | Precambrian rocks of the continental crust. Geologic data are
from ref. 12. Total Precambrian crust, exposed (blue) and buried (green),
accounts for 1.06 3 108 km2, or .70% of total continental crust surface area12.
Symbols for each site show the highest reported H2 levels in volume per cent
(a) and H2/He ratios (b), with locations provided in Table 1. H2 concentrations

and H2/He ratios listed are the maximum observed at each location, but
represent a minimum estimate owing to simultaneous H2 consumption both by
microbial communities of sulphate-reducers and methanogens1 and reaction of
H2 to produce abiogenic hydrocarbons via Fischer–Tropsch synthesis21,28. Map
generated via open source software from ref. 29.
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more rarely throughout the later geologic record23. Precambrian green-
stone sequences can be many kilometres thick23,25 and thus differ
fundamentally from the Phanerozoic continental ophiolites (relatively
thin splinters of oceanic crust obducted onto the continents) that have
been the focus of most H2 production studies so far. Of the total surface
area of the continents (1.48 3 108 km2; ref. 12), exposed Precambrian
crust, including the uplifted exposed cratons (shown as the blue-shaded
areas in Fig. 1), accounts for approximately 30% of the total continental
surface area. Including both exposed cratons (blue) and Precambrian
crust beneath consolidated Phanerozoic sediments (green-shaded areas
in Fig. 1) the total Precambrian crust accounts for 72% of the continents
(or 1.06 3 108 km2; ref. 12). Using this value for the total Precambrian
continental crust, and based on estimates from ref. 12 that 86% is Pro-
terozoic (9.123 107 km2) and 14% is Archean (1.483 107 km2), and using
the 25% and 50% of mafic/ultramafic rock abundance for Proterozoic
and Archean crust respectively26, using a depth of 1 km, we obtain a com-
bined Precambrian rock volume with H2 production potential via hydra-
tion reactions of 3.02 3 1016 m3 (Extended Data Table 1).

Although the total thickness of the continental crust is between 30 km
and 50 km, we based our estimate on a depth of 5 km, the estimated
depth of the habitable zone6 (details in Methods). Assuming a rock den-
sity of 3,000 kg m23, an average FeO of 10% for these mafic/ultramafic
rocks (based on the values of 9.2% to 11.3% given by ref. 27), and a
FeO:H2 ratio of 3:1 as in equation (1), and incorporating the age of the
rock, we obtain an estimate of 0.78–1.8 3 1011 mol yr21 H2 from the
mafic/ultramafic Precambrian crust (Extended Data Table 2).

A more conservative lower boundary can be calculated by incorporat-
ing the variation in reaction efficiency. Rather than using 100% reaction
efficiency (Dj 5 1), as above, we used a second approach that assumes
Dj 5 1/2 in the uppermost kilometre,Dj 5 1/4 in the second kilometre,
Dj 5 1/8 in the third kilometre, and so on as in ref. 6. Applying this series
to the H2 production rate of 0.78–1.8 3 1011 mol yr21 produces a min-
imum estimate of 0.2–0.43 1011 mol yr21 (details in Methods). These
upper (1.8 3 1011) and lower (0.2 3 1011) boundary estimates are pro-
vided in Table 2. Even these are probably conservative, because alterna-
tive methods of calculating production rate—based on incorporation of
exhumation rates or on extrapolation of published experimental rates of
H2 generation via hydration reactions—all yield estimates of H2 produc-
tion that are even higher (details in Methods).

These findings all support the major conclusion of this paper that
H2 production from the Precambrian continental lithosphere, hitherto
assumed to be negligible, is in fact an important source of H2 production.
Although H2 estimates from marine systems provide an important end-
member, we suggest that a thorough assessment of the global H2 poten-
tial for supporting a deep subsurface biosphere should not neglect the
Precambrian terrain. H2 production from either radiolysis or hydration
of mafic/ultramafic rocks alone revises upward previous published esti-
mates of global H2 production. The initial estimates provided here suggest
that incorporation of H2 production from the Precambrian continental
lithosphere could double existing estimates of global H2 production from
these processes that have been based on marine systems alone.

Table 1 | Maximum H2 and H2/He at Precambrian sites and selected Proterozoic ophiolites
Site Name Location Latitude Longitude H2 H2/He

Red Lake Canada 51u49 20.999 N 93u469 45.999 W 1.60% 0.33
Sudbury Canada 46u299 33.899 N 81u09 38.499 W 57.8% 22
Thompson Canada 55u449 51.099 N 97u519 4.799 W 2.75% 1.15
Timmins Canada 48u289 42.299 N 81u199 55.399 W 12.7% 6.5
Val D’Or Canada 48u69 26.899 N 77u479 11.199 W 0.51% NA
Yellowknife Canada 62u279 46.299 N 114u229 41.199 W ,0.01% NA
Enonkoski Finland 62u59 22.099 N 28u549 57.999 E 0.04% 0.04
Hastholmen Finland 60u19 44.099 N 24u99 23.099 E 1.1% 0.13
Kivetty Finland 62u509 7.899 N 25u399 2.699 E 0.001% 0.085
Olkiluoto Finland 61u149 19.099 N 21u289 33.099 E 0.11% 0.06
Outokumpu Finland 62u439 34.199 N 29u09 58.799 E 12.8% 11.7
Pori Finland 61u299 12.199 N 21u479 53.599 E 30.4% NA
Vammala Finland 61u209 28.599 N 22u549 34.899 E ,0.01% NA
Ylistaro Finland 62u569 25.899 N 22u309 47.199 E 11.4% NA
Beatrix S. Africa 27u589 28.999 S 26u449 4.299 E ,0.01% ,0.01
Driefontein S. Africa 26u239 60.099 S 27u309 0.099 E 10.3% 3.4
Evander S. Africa 26u249 59.099 S 29u49 59.599 E 0.01% 0.67
Kloof S. Africa 26u209 51.399 S 27u379 27.199 E 9.25% 2.63
Masimong S. Africa 27u559 60.099 S 26u459 0.099 E ,0.01% NA
Merriespruit S. Africa 28u69 60.099 S 26u519 0.099 E ,0.01% NA
Mponeng S. Africa 26u259 30.099 S 27u249 60.099 E 11.5% 0.94
TauTona S. Africa 26u239 60.099 S 27u249 60.099 E 2.40% 0.27
Oskarshamn Sweden 57u249 5199 N 16u399 5599 E 0.08% 0.03
Lovozero Russia 67u519 2.599 N 35u59 58.299 E 35.2% 67.8
Tatarstan Russia 55u129 59.499 N 50u459 11.499 E 96.1% 1.57
Smolensk Russia 54u479 6.999 N 32u39 1.699 E 13.5% 6.49
Kryvyi Rih Ukraine 47u559 0.099 N 33u159 0.099 E 23.2% 18.4
Kansas 1 USA 38u489 19.799 N 96u529 5.899 W 80.0% NA
Kansas 2 USA 39u569 17.499 N 95u309 20.799 W 17.2% 11.4
Sonoma USA 39u59 45.599 N 122u269 20.399 W 51.7% NA
Semail Oman 20u369 44.099 N 55u589 57.699 E 99.0% NA
Luzon Philippines 16u389 48.299 N 121u159 54.999 E 42.6% 19

The table shows the maximum reported H2 concentrations (in volume per cent of total gas phase) and maximum observed H2/He ratios (see text) for each site in the Precambrian subsurface shown in Fig. 1, with
values for boreholes intersecting kimberlites from Kansas, USA; and samples from younger, surface-exposed Phanerozoic ophiolites (Sonoma County, California; Semail, Oman; and Luzon, Philippines) shown for
comparison. In addition to .50 new boreholes/samples published here for the first time, ,150 other boreholes/samples have been compiled from the literature in order to provide a quantitative global context for
this phenomenon. For individual data points see the source data for Fig. 1 and for site locations and geologic descriptions see Methods. NA, not analysed.

Table 2 | Estimates of H2 production from water–rock reactions
System H2 production (1011 mol yr21) Reference

Ocean crust 0.8 to 1.3 Ref. 7
Ocean crust 1.9 Ref. 6
Ocean crust 2.0 Ref. 9
Slow-spreading ridges 1.67 Ref. 8
Basaltic ocean crust 4.5 6 3.0 Ref. 5
Continental Precambrian radiolysis 0.16 to 0.47 This study
Continental Precambrian hydration
reactions

0.2 to 1.8 This study

The table shows global estimates of H2 production from water–rock alteration reactions (in units of
1011 mol yr21) from marine lithosphere and H2 production estimates from radiolysis and hydration of
mafic/ultramafic rocks from Precambrian continental lithosphere derived in this study. Estimates
made using conservative assumptions. For details of all calculations see Methods. Volcanic, mantle-
derived or microbial sources of H2 are not incorporated.
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Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
In Table 1, for each site, the maximum measured H2 (percentage of total gas) and
H2/He are reported. Maximum H2/He ratios provide a conservative (minimum) mea-
sure of H2 production, given that there has probably been loss of H2 to biological and
chemical sinks relative to inert He1,11,21,22,28, as has also been noted by studies for the
marine H2 sub-seafloor biosphere where measured H2 concentrations were low or
below detection limit for many samples3,30. Specific measurements of H2 and H2/He
for each of the .200 samples/boreholes, including 56 previously unpublished, are
provided in the source data for Fig. 1. Data are for gases discharging from exploration
boreholes in subsurface mines at 19 Precambrian Shield sites from Canada, Finland
and South Africa2,31–34. Originally dissolved in saline groundwater in sealed fracture
systems in the rocks, gases are released via depressurization into mine workings at
rates of 1 to .30 litres of gas per minute per borehole14,34. For comparison, samples
from 13 additional sites are included35–43 for a total of 32 sites worldwide (see source
data for Fig. 1). Although marine and groundwater systems can typically report all
measurements as dissolved moles per litre, the database in this paper is drawn from
degassing boreholes, in some cases from gas seeps with no corresponding water flow,
or from historic data, as well as from fluid inclusions results. The data are all therefore
reported as volume per cent of the total gas phase as the only commonly available
unit. Sampling methods are described in the relevant publications for each site, and
for the mine boreholes in Canada, Finland and South Africa in refs 14 and 33. Com-
positional analyses of gas samples were performed after the methods of ref. 33. All
analysis were run in triplicate and mean values are reported. Reproducibility for trip-
licate analyses is 65%. Additional details of the geologic settings, sampling methods
and analytical methods are provided in the specific references for each site (listed
above and in the source data for Fig. 1).
Previous radiolytic H2 estimates for Precambrian continents. Natural emission of
a, b and c particles released due to decay of U, Th and K was calculated by Lin et al.10

for representative granite, basalt and quartzite lithologies as the basis for calculating
radiolytic H2 production. For each lithology a water-filled porosity of 0.1% and
bulk rock density of 2.5 g cm23 was used and stopping powers of 1.5, 1.25 and 1.14
were used for a, b and c particles respectively. Lin et al.10 calculated the rate of H2

accumulation within the water from radiolysis (that is, the H2 production rate in
water) to be 9.0 3 1028, 9.4 3 1029 and 2.63 1028 nM s21, respectively, on the basis
of typical ranges of U, Th and K contents for granite, basalt and quartzite lithologies.
H2 production rates of approximately 1028 nM s21 were reported for a range of
felsic lithologies, while for a range of U, Th and K contents typical of mafic and
ultramafic lithologies26,44 values of 1029 nM s21 were calculated10.

Lin et al.11 used a steady-state diffusive flux model to calculate a regional flux of
H2 from radiolysis out of the topmost 20 km of the Witwatersrand basin. Using the
estimates of 4He production and H2 production for the different stratigraphic for-
mations of the Witwatersrand basin, as described above, assuming a water-filled
effective porosity of 1% and complete interconnection of pore space, they used a
steady-state diffusion model, the diffusion coefficient for H2 in water45, and a dC/dz
term based on calculating concentration gradients between the stratigraphic formation
thickness of the Witwatersrand basin units, to derive a concentration C versus depth z
profile for dissolved H2 in the water. From this they estimated a regional flux specific
to the Witwatersrand basin of ,8mmol m22 yr21 of H2 produced by radiolysis10,11.
Given the surface area of the Witwatersrand basin of 5.25 3 1010 m2 (,350 km 3

150 km), this corresponds to a H2 diffusive flux of 4.2 3 105 mol yr21, which, if extra-
polated to the surface area of the Precambrian continents (1.06 3 108 km2) yields a
global H2 flux estimate of 0.009 3 1011 mol yr21. Based on these estimates, and on
the prevailing assumption that radiolysis is the sole H2-generating mechanism, the
contribution of the Precambrian continental lithosphere to global H2 production has
typically been neglected (for example, in ref. 6), since global estimates from alteration
of oceanic crust are typically two orders of magnitude higher (Table 2).

It is unlikely that the Witwatersrand basin can be considered truly steady state in
terms of diffusion. The diffusion models on which the Lin et al.11 model was based
were developed for sedimentary basins rather than crystalline fractured rock. An
inherent limitation is using a regional estimate such as this (dependent on the specific
formation thicknesses and H2 concentrations of one regional basin) to extrapolate
to a global estimate. Most importantly, by focusing only on H2 dissolved in fracture
waters (H2 production in waters), this estimate neglects any 4He and H2 stored in the
lithological formations. Lin et al.11 assumed that all of the 4He was released from the
mineral phases to the pore water, after the method of ref. 46. It is necessarily therefore
an underestimate of overall radiolytic H2 production in these rocks. Here we attempt
to address this by focusing instead on developing an estimate based on lithology
production rates for H2 (production rate within a given volume of lithology).
Radiolytic H2 estimates for Precambrian continents. In this study, we discuss how
the ratio of 4He to radiolytic H2 production changes as a function of depth in the
crust, and we use the continental 4He production rate and calculated 4He/H2 ratios to
estimate radiolytic H2 production from the continental crust. The contributions of

H2 to both the water-filled fracture porosity, and to storage in the form of fluid
inclusions, are included in this approach (see main text). The production of 4He and
radiolytic production of H2 in the continental crust are due to the radioelements U
and Th (and K, which produces H2 but does not produce 4He). For a given porosity,
H2 and 4He production rates scale to the radioelement concentrations of the host
rock. Hence production rates for H2 and 4He are correlated, and H2/He ratio and H2

lithology production rates increase with increasing porosity.
Reported porosities for granite basement rocks range between 0.9% and 2.3%

(ref. 47). Bucher and Stober48 report a characteristic porosity for basement rocks of
1.0%, while well tests for effective porosities for the Black Forest basement49 and from
the Canadian Shield50 report a range from 0.1% to 2.1%. To incorporate changes in
porosity with depth in the crust, the minimum water available for radiolysis in the
continental crust can be estimated by assuming a water-filled fracture porosity T that
exponentially declines with depth in kilometres z after the models of ref. 16:

T 5 1.6e2z/4.8 (2)

This porosity expression yields a porosity that varies from 1.6% down to 0.2% at
10 km and 0.03% at 20 km, averaging 0.96% between 0 km and 10 km (upper crust)
and 0.12% between 10 km and 20 km (middle crust)16. The porosities predicted by
this expression are compatible with He porosities measured in rock units from the
Witwatersrand basin51 and fracture porosities in other crystalline systems47–50. Cal-
culated H2/He values from radiolysis using the same assumptions as Lin et al.11 then
yield average H2/He values for the upper and middle continental crust of 117 and 15
for average porosities of 0.96% and 0.12%, respectively.

The continental crust 4He production rates based on the radioelement content of
the upper and middle continental crust are estimated to be 1.83 108 mol yr21 and
1.63 108 mol yr21 (ref. 15). The lower continental crust accounts for ,6% of the
4He (ref. 15) and we neglect this portion of the crust in these calculations. Given that
,70% of the remaining continental crust is comprised of Precambrian basement12,
the production of H2 from the upper and middle Precambrian shield is 1.2 3

108 mol yr21 and 1.13 108 mol yr21. Using the H2/He values calculated above for the
fracture porosity (117 and 15 respectively) yields H2 production in the upper and
middle crust of 1.443 1010 mol yr21 and 1.643 109 mol yr21 to give an initial Precam-
brian crust fracture porosity H2 production rate of 0.16 3 1011 mol yr21 (Table 2).

The fracture porosity estimate alone, however, is an underestimate of the H2O
volume exposed to irradiation, because it does not include the fluid inclusion volume,
which for basement rocks is typically at least 1% (for example, ref. 17). Radiolytically
produced H2 has been reported in fluid inclusions52 and their migration into the
fracture water can occur via solid-state diffusion through the host mineral phase,
or episodically through metamorphic/tectonic events53 or inclusion decrepitation via
fracture propagation13. We assumed that the decreasing density of water with in-
creasing temperature and pressure was offset by increasing salinity so that the water
density remained ,1 g cm23. Calculated H2/He values from radiolysis in water-filled
fluid inclusions following Lin et al.11 yields minimum H2/He values for the upper and
middle continental crust of 133 and 135 in this case. As above, using the calculated
H2/He values for the water-filled fluid inclusions yields H2 production in the upper
and middle crust of 0.16 3 1011 mol yr21 and 0.15 3 1011 mol yr21 to give a total
Precambrian crust fluid inclusion H2 production rate of 0.31 3 1011 mol yr21. The
sum of the fracture porosity (0.163 1011 mol yr21) and fluid inclusion estimates
(0.31 3 1011 mol yr21) produces a calculated H2 Precambrian crustal production
rate of 0.473 1011 mol yr21 (Table 2).

This is a conservative estimate, because the porosity-to-depth relationships used
reflect average values of porosity. Using the function from ref. 16, which gives a value
of 0.96% average porosity for the upper crust and 0.12% for the lower crust, means
that in essence we have taken the average porosity of the crust to be (1.0 1 0.12)/
2 5 0.56%. For the more representative estimates of porosity for crystalline rock of
1% to 2% described above, the estimated H2 production from radiolysis could be as
high as 1 3 1011 mol yr21. Importantly, even before an estimate is incorporated for
H2 production via hydration reactions, this estimate of H2 from the Precambrian
continental rocks based on radiolysis alone is similar to marine estimates (Table 2).
H2 production from hydration reactions in marine systems. Several studies have
produced estimates of global H2 production from marine systems, including both
volcanic/magmatic sources (not considered here) and H2 production from the abio-
genic water–rock alteration reactions that are the focus of this paper. Table 2 pro-
vides the estimates for high-temperature venting at the mid-ocean ridges6,7, for warm
vents and slow-spreading ridges6,8,9,22, as well as for Fe and sulphide oxidation of
basaltic crust5. Only one of these marine studies8 is based on a diffusion model. All
the others follow the approach typical for the marine literature, using reaction-based
models with a governing equation relating oxidation of FeO in the crust to H2 pro-
duction at a ratio of between 3:1 to 2:1 that is either of the form of equation (1) of
ref. 6, or of the following form, from refs 5 and 7:

3Fe2SiO4 1 2H2O R 3SiO2 1 2Fe3O4 1 2H2(aq) (3)
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All the marine studies cited in Table 2 use the following assumptions: FeO content
typically between 5% and 10%; reaction efficiencyDj varying from 100% (Dj 5 1) to
the more conservative estimate from ref. 6 of 50% (Dj 5 0.5); and rock density of
3,000–3,500 kg m23. These marine literature estimates then calculate H2 production
in moles per square metre of surface area for oceanic crust to a depth of typically 1 km
and are then coupled to estimates of hydrothermal fluid or water circulation through
the spreading centres or ocean floor7 or to ocean crust production rates5,6 to intro-
duce a temporal term and then express H2 production in terms of moles per year
(Table 2). Two of the cited studies take a slightly different approach, based on
empirical measurements (see discussion below)8,9.
Definition of terms for flux versus production estimates. As the details above
indicate, the major references cited in the field for marine global H2 flux estimates are
actually based on reaction-based models rather than diffusion models in many cases.
Each of the above papers calculated global H2 flux from marine water–rock reaction
models, as outlined above. In this sense, only ref. 8 can strictly be called a flux
estimate, yet—importantly—all the cited papers used the term ‘H2 flux’ to describe
the results of their reaction-based models. Only ref. 5 use what is likely to be the more
appropriate term: ‘production rate’. To provide the best basis of comparison to the
marine estimates, we took a similar reaction-based approach for the calculation of H2

production in this study, as outlined in detail below. For consistency, we have also
chosen to use ‘production rate’ to refer to both the previously published marine esti-
mates and the continental Precambrian estimates resulting from this study (Table 2).
Definition of terms for H2 production via hydration reactions. Although the term
serpentinization specifically refers to reaction of the Mg-rich olivine end-member
(Fo) to produce serpentine, brucite and magnetite, it is in fact widely used as an
umbrella term encompassing a suite of reactions all of which produce H2 as a by-
product of hydration of mafic and ultramafic minerals4,8,21,54. Recent experimental
work supports this, demonstrating that H2 production can occur under a range of
temperatures and minerals, including mafic and ultramafic rocks containing peri-
dotite, pyroxene, olivine and magnetite55,56. It is in this sense that the term serpenti-
nization is used here, encompassing the full range of hydration and redox reactions
that produce H2 from alteration of ultramafic and mafic rock.
H2 production from hydration reactions in Precambrian rocks. In this study,
we took a reaction model approach similar to those in the marine literature refer-
ences described above, using equation (1) from ref. 6, assuming a rock density of
3,000 kg m23, and initially an extent of reaction ofDj 5 1. It is important to note that
the Precambrian continental crust differs substantially from average continental crust
in certain pertinent parameters, in particular, the proportion of mafic and ultramafic
rocks and hence FeO content. While the Phanerozoic continental crust is composed
of ,20% mafic/ultramafic rock, the percentage increases in the Precambrian and
is estimated at 25% of Proterozoic crustal rock and between 45% and 51% of the
Archean crust26 (Extended Data Table 1). In addition, whereas the total continental
crust has an average FeO weight per cent of only 6.6%, the more mafic and ultra-
mafic Archean and Post-Archean rocks range between 9.2% and 11.3% (ref. 27).

Of the total surface area of the continents (1.48 3 108 km2; ref. 12), exposed Pre-
cambrian crust (including the uplifted exposed cratons (for example, the Canadian
Shield, Kola Peninsula, the Kaapval Craton) shown as the blue shaded areas in Fig. 1)
accounts for approximately 30% of the total continental surface area. Including both
exposed cratons (blue) and Precambrian crust beneath consolidated Phanerozoic
sediments (green shaded areas in Fig. 1) accounts for 72% of the continental crust (or
1.06 3 108 km2; ref. 12). Using this value for the total Precambrian continental crust,
and based on estimates from ref. 12, 86% is Proterozoic in age (9.12 3 107 km2) and
14% is Archean (1.48 3 107 km2) (Extended Data Table 1). Knowing from ref. 26
that approximately 25% of the Proterozoic is ultramafic/mafic in composition; and
approximately 50% of the Archean is ultramafic/mafic, then for a 1 km depth of crust
the volume that has H2 production potential can be estimated to be 2.28 3 1016 m3

(Proterozoic) and 0.74 3 1016 m3 (Archean) respectively.
Assuming a rock density of 3,000 kg m23, an average FeO of 10% for these mafic/

ultramafic rocks (based on the values of 9.2% to 11.3% from ref. 27), and a FeO:H2

ratio of 3:1 as per equation (1), then H2 production from the ultramafic/mafic Pre-
cambrian can be calculated as follows:

(3 3 106 g m23 3 0.1)/(3 3 71.845) g mol21 5 1.4 3 103 moles H2 m23 (4)

Over a depth of 1 km, this corresponds to an estimate of 3.19 3 1019 moles H2

from the Proterozoic crust and 1.04 3 1019 moles H2 from the Archean crust. Over
an estimated habitable zone of 5 km depth6, the above estimates scale to 16.0 3 1019

moles H2 and 5.23 1019 moles H2 respectively (Extended Data Table 1).
Incorporation of temporal component. Estimates of H2 production from the mar-
ine crust typically convert such reaction-based estimates of H2 production for a given
volume of oceanic crust by incorporating time, either by coupling estimates of total
moles H2 produced to the estimated rate of formation of ocean crust, or by coupling
estimates of the rate of hydrothermal fluid circulation and heat flux5–7. Fluid circulation

within Precambrian cratons is more difficult to estimate. However, even in the
absence of active tectonism in the Precambrian continents, stress-induced fracturing
due to erosion and uplift, and penetration by fracture waters will continue to drive
hydration reactions at some finite rate. Typical conceptual models for such systems
envisage (1) fracture fluids driving local chemical gradients and renewal of reaction
zones at the mineral and fracture interfaces55; (2) positive feedback mechanisms
wherein reaction-driven cracking further increases permeability and reactive surface
areas57; and (3) episodic H2 production due to destabilization of mineral surfaces
during progressive water–rock reactions2,56. The episodic nature of these fracture
and fluid driven processes means that reaction times will necessarily then be smaller
than the total age of the rock. In the absence of detailed information on reaction
zones and rates in natural systems, however, by using the age of the rocks as a first
approximation, we can derive a conservative estimate of rate. Actual rates could only
be larger than these estimates.

Extended Data Table 2 takes this approach and derives global estimates of H2

production rates in moles per year using the range of ages for the Proterozoic (roun-
ded up to one billion years (Gyr), and to a maximum of 2.5 Gyr) and for the Archean
(2.5 to 3.8 Gyr). The resulting estimates of H2 production rates from Archean
and Proterozoic mafic/ultramafic rocks range from 0.14 3 1011 mol yr21 to 1.6 3

1011 mol yr21 of H2 for a total global estimate from the Precambrian lithosphere to
a depth of 5 km of 0.783 1011 mol yr21 to 1.83 1011 mol yr21 of H2 (Extended Data
Table 2).
Consideration of the extent of reaction, Dj. Considerations of the likely extent of
reaction could provide an even more conservative estimate of H2 production. The
above estimates followed the approach of many of the marine studies, assuming 100%
reaction of available FeO (that is, the reaction progress variable Dj 5 1; ref. 58). In a
second approach, rather than assuming 100% reaction, we assume that Dj 5 1/2 in
the uppermost kilometre, Dj 5 1/4 in the second kilometre, Dj 5 1/8 in the third
kilometre, and so on, as in ref. 6. Applying this series to the H2 production rates from
5 km of Precambrian crust derived above (0.78–1.83 1011 mol yr21) reduces esti-
mates to 0.2–0.43 1011 mol yr21. This range of estimated rates 0.2 3 1011 (lower
boundary) to 1.83 1011 mol yr21 (upper boundary) are the values listed in Table 2.
Erosion and exhumation rates and experimental constraints. It is helpful to explore
additional possible approaches for estimating global H2 production from the Precam-
brian in order to constrain the estimates discussed above that form the basis for this
paper. Two possibilities are to couple the H2 production based on the reaction-based
models either to erosion rates or to the existing (albeit limited) information on
experimental rates of H2 production via hydration reactions56,59.

As noted, ref. 8’s estimate of H2 production from the marine lithosphere was
derived using a different approach from those cited in Table 2 and used 16 H2

production profiles based on actual H2 measurements and, for a unit length of ridge
axis of a given thickness, calculated a flux by introducing a temporal component
using an estimated exhumation rate of 1 cm yr21 (ref. 8). Their reasoning is that the
exhumation rate provides the rate of consumption of the crust owing to hydration
reactions as exhumation drives propagation of fluid penetration and the reaction
front to depth8. Applying a similar line of reasoning, the rate of exhumation of the
Precambrian lithosphere could be used as an alternative way of incorporating time
and deriving rates to compare with those in Extended Data Table 2. Estimates of
long-term erosion rates for the Precambrian continents range from ,10mm yr21 to
2.5mm yr21 (ref. 60). Taking the total surface area of ultramafic and mafic rock for
the Proterozoic and Archean of 3.02 3 1013 m2 (Extended Data Table 1), even the
lower estimate of exhumation rates (2.5mm yr21) results in an erosion volume of
7.55 3 107 m3 yr21. Given the value of 1.4 3 103 moles H2 m23 (from equation (4)),
this annual erosional volume results in an estimate of H2 production of 1.06 3

1011 mol yr21. Hence, this alternative approach yields an estimate in the same range
as we provide in Table 2—suggesting that indeed the estimated values calculated in
the current study are conservative—given that using higher exhumation rates (up to
10mm yr21) would only increase the contribution of H2 from the Precambrian crust
by this approach, to .4 3 1011 mol yr21.

Using experimentally derived rates of H2 production is challenging, given both
the paucity of such experiments so far, and the inherent difficulty of extrapolating
laboratory-derived rates to natural systems. H2 generation rates via hydration reac-
tions will vary with mineralogy, temperature–pressure–oxygen fugacity, and the
degree of mineral alteration61. The presence of komatiite (unaltered ultramafic)
textures26 indicates the potential for continuing hydration reactions in Precambrian
rocks, although H2 production rates via hydration reactions in these ancient systems
will certainly be slower than in less altered Phanerozoic ophiolites or young ocean
floor, owing to the lower temperatures of water–rock reactions in the ancient crust.

Nonetheless, it is useful to explore the implications of H2 production results via
low-temperature water–rock reactions from recent studies. Neubeck et al.59 pub-
lished CH4 production rates during weathering of olivine at 30–70 uC of (2.7–
7.3) 3 10211 moles per metre squared per second (with an associated H2 production
rate, at an H2/CH4 ratio of 4:1, of approximately (10.8–29.2) 3 10211 moles per
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metre squared per second). Assuming a surface area per volume of rock of 300 cm2 per
cm3 (after ref. 16), and extrapolating the rates of ref. 59 to the surface area for
Precambrian mafic/ultramafic (Extended Data Table 1; 3.02 3 1013 m2), the esti-
mated H2 production over 1 km is of the order of ,1 3 1018 mol yr21 of H2. This is
orders of magnitude larger than any of the estimates in the current study (Table 2).
This again suggests that the values we derived in this study (Table 2) are conservative,
because other published rates of H2 production from hydration of mafic and ultra-
mafic minerals at T , 100 uC report rates56,62 even greater than those of ref. 59.
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Extended Data Table 1 | Volumes of mafic/ultramafic rock with H2 production potential and H2 production to depths of 1 km and 5 km

(See Methods for detailed calculations and discussion.)
*Based on total surface area for Precambrian continental lithosphere of 1.06 3 108 km2 (ref. 12).
{Based on Proterozoic and Archean surface areas, accounting for 86% and 14%, respectively, of the total Precambrian continental surface area (refs 12 and 27).
{Mafic and ultramafic from ref. 26.
1 Based on 1.4 3 103 moles H2 per cubic metre of mafic and ultramafic rock from equation (4) (Methods) and based on Dj 5 1 (100% reaction efficiency).
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Extended Data Table 2 | Estimated H2 production rates from Precambrian mafic/ultramafic rock for a 5 km volume

(See Methods for detailed calculations and discussion.)
*From Extended Data Table 1.
{Minimum age for Proterozoic rounded up to 1.0 Gyr. Using values of ,1 Gyr would only increase the estimates of H2 production rates in this table. Throughout this study, we attempted to provide lower
boundaries on H2 production (conservative estimates). Actual production is thus likely to be higher.
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