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Primary N2–He gas field formation in 
intracratonic sedimentary basins

Anran Cheng1 ✉, Barbara  Sherwood Lollar2, Jon G. Gluyas3 & Chris J. Ballentine1 ✉

Helium, nitrogen and hydrogen are continually generated within the deep continental 
crust1–9. Conceptual degassing models for quiescent continental crust are dominated 
by an assumption that these gases are dissolved in water, and that vertical transport  
in shallower sedimentary systems is by diffusion within water-filled pore space (for 
example, refs. 7,8). Gas-phase exsolution is crucial for concentrating helium and 
forming a societal resource. Here we show that crustal nitrogen from the crystalline 
basement alone—degassing at a steady state in proportion to crustal helium-4 
generation—can reach sufficient concentrations at the base of some sedimentary 
basins to form a free gas phase. Using a gas diffusion model coupled with sedimentary 
basin evolution, we demonstrate, using a classic intracratonic sedimentary basin 
(Williston Basin, North America), that crustal nitrogen reaches saturation and forms a 
gas phase; in this basin, as early as about 140 million years ago. Helium partitions into 
this gas phase. This gas formation mechanism accounts for the observed primary 
nitrogen–helium gas discovered in the basal sedimentary lithology of this and other 
basins, predicts co-occurrence of crustal gas-phase hydrogen, and reduces the flux  
of helium into overlying strata by about 30 per cent because of phase solubility 
buffering. Identification of this gas phase formation mechanism provides a 
quantitative insight to assess the helium and hydrogen resource potential in similar 
intracontinental sedimentary basins found worldwide.

Helium (He) generated within the continental crust is an important 
societal resource and is also used as a natural tracer to determine fluid 
origin and residence in, for example, proposed geological carbon stor-
age and nuclear waste repositories. Co-produced gases, hydrogen (H2) 
and nitrogen (N2), provide an energy resource and key nutrients that 
define the limits to subsurface life1–7. The continental crust produces 
4He and associated radiogenic noble gases by the decay of uranium (U) 
and thorium (Th) (for example, refs. 8,9). H2 is generated by associated 
groundwater radiolysis as well as the hydration of mafic or ultramafic 
rocks4,5,10. N2 is always an important component in helium-rich (>0.1% 
helium) natural gases11–17; however, the mechanisms linking helium, 
a radiogenic gas, to nitrogen, radiochemically and physiochemically 
derived from minerals, in the crystalline continental crust have not 
been unambiguously resolved12–19.

In stable cratons, these gases accumulate within the basement 
crystalline rock fracture network, in some cases on billion-year time-
scales20–22. Crustal He, nevertheless, escapes, with a global mean flux of 
2.2 × 10−6 mol 4He m−2 yr−1 (ref. 23), comparable to the rate of He produc-
tion of the whole crust of 1.47 × 10−6 mol 4He m−2 yr−1 (refs. 20,24,25). The 
distribution of He in pore fluids of overlying sedimentary lithologies 
is broadly consistent with cross-lithology transport by diffusion in 
water-filled medium, modified by advective lateral flow in some more 
permeable lithologies1,7,20,26,27. Larger fluxes occur in regions of high heat 
flow such as Yellowstone or the East African Rift, which accelerates the 
release of the deep accumulated crustal gases23,28.

He itself as a non-renewable natural resource has recently been 
in short supply, historically discovered only serendipitously during 
hydrocarbon exploration29–31. Although He is relatively insoluble in 
groundwater, it is generated slowly. Reaching concentrations that 
cause gas-phase formation in the subsurface is a critical requirement 
to concentrate He and form a commercially viable resource (typically 
>0.1% He; ref. 6). The presence of gases, such as methane (CH4) and 
carbon dioxide (CO2), can ‘strip’ dissolved He from the groundwater 
system12,32, but these also serve to dilute the primary deep-crustal gases. 
Observed N2–He-dominated gases contain higher He concentrations 
(percent level) and are probably formed from little-diluted primary 
deep-crustal gases6. Here we present a quantitative approach that iden-
tifies the processes and conditions that enable a primary deep-crustal 
gas phase to form in a sedimentary system and, in turn, develop an 
understanding of how this gas-phase formation impacts the regional 
basinal dissolved-gas diffusional flux.

Helium and nitrogen transport
The first consideration is recognition of the crucial role that the 
sedimentary basin architecture plays in promoting or impeding gas 
transport. Crustal He accumulation in shallower aquifers can provide 
a mean fluid residence time estimate when there is substantial lat-
eral water migration and discharge1,20,26,27. By contrast, within some 
deeper basinal sedimentary sequences, lateral fluid migration may be 
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limited (for example, ref. 33) and vertical helium diffusional transport 
over longer periods becomes dominant7. In the latter case, the basinal 
evolution of the temperature, porosity, permeability and thickness of 
each stratigraphic lithology becomes important in building up high He 
concentrations in sedimentary pore fluids proximal to the underlying 
crystalline basement. However, He alone cannot sustain concentra-
tions high enough in the sedimentary pore fluids, in even the deepest 
lithologies, to form a free gas phase7.

The co-occurrence of N2 with He provides the second critical consid-
eration. Multiple sources of N2 gas exist in sedimentary basins12,13, with 
natural gas N2/4He ratios in stratigraphic units distal from the crystalline 
basement ranging from hundreds to thousands14–17. He-associated N2 
has been unambiguously identified in the He-rich Hugoton Panhandle 
giant gas field (United States) with a basement N2/4He ratio observed 
between 20 and 50 (ref. 12). Whether the N2 is released from low-grade 
metamorphic12 or radiolytic routes18,19, regional N2/4He and local vari-
ance will be a function of mineral N2 content, and U and Th concentra-
tion and age.

N2/4He ratios observed in multiple sedimentary systems in gas fields 
proximal to the crystalline basement nevertheless show a relatively 
small range, between 6 and 59 globally. These include Sichuan Basin34, 
Alberta Basin16, Salina and Anardarko basins35, Appalachian Basin36, 
Southwestern Ontario Basin36 and Amadeus Basin13 (Extended Data 
Table 1). The co-occurrence of N2, at concentrations 6–59 times higher 
than He, provides the potential to exceed the local pore-water gas satu-
ration limit and form a free gas phase.

Modelling gas-phase formation
The He concentration of water-filled pore spaces within a sedimentary 
basin dominated by vertical He diffusion is sustained by: (1) the concen-
tration gradient generated by the crystalline basement He flux into the 
base of the sedimentary system; (2) in situ He production from local 
sediment U + Th; and (3) He loss at the top surface of the sedimentary 
system (Methods). Pore-fluid He concentrations increase as a func-
tion of depth and lithology until the rate of He input reaches the rate 
of He top-surface loss (steady state). Steady state is perturbed on the 
timescale of the formation of new sedimentary sequences and does 
not always recover between depositional events7. Like He, a N2 gradient 
in the water-filled pore space is also generated by the basement flux. 
This provides the chemical gradient for diffusive N2 transport and is 
calculated for He as different sedimentary strata develop (Fig. 1a and 
Methods). The approach is further adapted to consider the solubility 
limit of N2 and the effect of gas-phase formation when exceeded (Fig. 1b 
and Methods).

The upper concentration limit of N2 in pore water in these calcula-
tions is controlled by its saturation solubility, which is a function of 
temperature, pressure and salinity37. When exceeded, a N2 gas phase 
forms in the sedimentary unit. N2 gas-phase formation partitions other 
pore-water-dissolved gases from the water into the new gas phase, 
including He (and H2 if present), and provides a mechanism to generate 
a He-rich gas phase in such sedimentary units. As the N2 solubility limit 
cannot be exceeded, continuing gas flux from the basement contributes 
further to gas-phase accumulation, increasing the gas–water volume 
ratio (Supplementary Video 1). This, in turn, controls the proportion of 
dissolved He and any H2 partitioning into the gas phase. In our calcula-
tions, the initial N2 concentrations in water-filled pore spaces are set to 
air-saturated-water values (Methods) for all geological units on deposi-
tion and are calculated iteratively as a function of depth and sediment for-
mation with time. Although there can be multiple sedimentary sources 
of N2 (for example, ref. 12), or other co-generated gases such as H2 (ref. 5),  
the model here only considers He-associated N2 from the crystalline 
basement. As such, the calculated results are conservative, as gas-phase 
formation would occur earlier if additional sedimentary-sourced N2 or 
other gas sources such as H2, CH4 or CO2, are substantial.

The Williston Basin is a classic intracontinental sedimentary basin 
straddling the United States/Canada border. Brine compositions and 
the hydraulic head in the centre of the basin have been used to argue 
that the deepest formations have not been disturbed since the deposi-
tion of Silurian evaporites at about 420 million years ago (Ma)33. The 
basinal flux estimated to account for the observed He concentration 
profile in the Williston Basin fluids across multiple stratigraphic units 
ranges between 0.8 × 10−6 mol 4He m−2 yr−1 and 1.6 × 10−6 mol 4He m−2 yr−1 
(Fig. 2a), comparable to steady-state crustal He production and release7. 
Considering now the addition of a crystalline N2 basement flux, calcula-
tions (Methods) show that N2 solubility is exceeded in the pore fluids 
proximal to the crystalline basement if the crystalline basement He 
flux has a N2/4He ratio between 25 and 50 (Fig. 2b). This is consistent 
with the observation of N2–He-dominated gases recovered from the 
Wood Mountain well drilled into Cambrian sandstone (Deadwood 
Formation)38,39, and within the wide range observed for the crystalline 
basement (0.05–1,240; Extended Data Table 1).

Importance of nitrogen gas-phase formation
Exsolution and N2 gas-phase formation is a critical process resulting 
in He and N2 concentration profiles in the groundwater that are lower 
relative to a diffusion-only model (Fig. 3). For example, in the model 
with a He flux of 1.6 × 10−6 mol 4He m−2 yr−1 and N2/4He flux ratio of 50 for 
500 Ma, modern dissolved 4He concentrations in the Deadwood Forma-
tion are reduced by 19–32% and dissolved N2 concentrations are reduced 
by 2–50% relative to the models that do not incorporate exsolution. This 
is because when the N2 solubility limit is reached, further increases in 
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Fig. 1 | A schematic illustration of the concentration gradients (not to scale) 
of diffusion-controlled gases in pore water. a,b, The y axis shows sedimentary 
units overlying the crystalline basement and pore-water-dissolved N2 
concentration (x axis) changes as a function of time (t1 and t2). a, Considering 
diffusion only. b, Gas-phase formation caused when the N2 solubility limit 
(crosses in a) is reached. Diffusion calculations (Methods) consider:  
(1) deposition of each sedimentary unit from the start of its geological age;  
(2) porosity and tortuosity change with compaction; (3) increasing pressure, 
temperature and salinity; and (4) steady-state 4He and N2 flux from the 
crystalline basement. The schematic concentration of He at t2 is illustrated  
with the background colour; the darker the colour, the higher the concentration. 
Without considering N2 solubility, N2 and He diffuse through sedimentary units 
vertically into the shallower units (a). Integrating the effects of N2 solubility 
shows both N2 gas pool formation and how the solubility limit buffers gas 
concentration and reduces diffusive flux into overlying formations 
(Supplementary Video 1).
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the groundwater N2 concentration cease in the lithology hosting the gas 
phase (phase solubility buffering). Gas-phase formation thus results in 
lower N2 concentration gradients with depth and, therefore, lower rates 
of upwards N2 diffusion compared with a diffusion-only scenario. The 
formation of a gas phase, therefore, also has a crucial effect on the He 
concentration gradient in the water column, which, in turn, controls 
the rate of upwards He diffusion. The formation of a gas phase critically 
influences the diffusional transport through the gas-forming unit and 
results in lower pore-water He and N2 concentrations in shallower units 
due to the accumulation of gas-phase He in deep lithologies. Qualita-
tively, approaches that consider only diffusion may underestimate the 
basement He flux or conversely overestimate the local flux into the base 
of a lithological unit above a gas-bearing system.

When the N2 gas-phase generation is not considered (diffusion-only 
model), N2 concentrations greater than the saturation limit are pre-
dicted in multiple lithological units. The inclusion of exsolution in the 
model highlights the importance of considering gas-phase formation, 
which acts as an in-lithology sink for both He and N2 that would have pre-
viously been dissolved in the water column. If there are no additional gas 
sources within the different lithologies, gas-phase formation at depth 
reduces the probability of gas-phase formation in units higher up in 
the stratigraphic section. However, shallower gas-phase accumulations 

of thermogenic and biogenic methane, sedimentary N2 and magmatic 
CO2 provide an additional mechanism to strip accumulated He from 
the water phase12,32. These can provide commercially useful albeit lower 
gas-phase concentrations of He.

The model result is consistent with the N2-dominated He field 
observed close to the basement contact in the Williston Basin (Fig. 3). 
Mass-balance calculations suggest that for the Deadwood Forma-
tion, with a basement flux between 0.8 × 10−6 mol 4He m2 yr−1 and 
1.6 × 10−6 mol 4He m2 yr−1, a N2/4He flux ratio of 50 and in situ produc-
tion from U + Th, 0.03–6% of the total 4He influx over 500 Ma of basin 
history could be in the gas phase, 1–2% in the water phase and 93–98% 
lost to units above by diffusion (Fig. 4). Other studies from the Williston 
Basin report similar N2-dominated gas fields in the same formation with 
gas compositions of 97% N2 and 2% He (refs. 38,40). On the flank of the 
Sweetgrass Arch, the Red River Formation (Ordovician) overlying the 
magma-intruded Cambrian layer has 95.5% N2 with 0.98% 4He (ref. 39).  
Also, in the Williston Basin, He (0.1–0.2%) is reported in younger forma-
tions (for example, Milk River and Second White Specks formations of 
Cretaceous age). The shallower He-bearing gases all co-exist with CH4 
(>88%), which suggests that sedimentary CH4 sources, in this case, 
play a notable role in the mechanism of exsolution in the shallower 
stratigraphic units, in addition to N2.
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Fig. 2 | The Williston Basin groundwater concentration profiles of He and N2 
from diffusion-only models. a, Williston Basin diffusion-only model He 
groundwater concentration profiles, assuming a basement flux of 
1.6 × 10−6 mol 4He m−2 yr−1, converge with observations (coloured symbols) 
when recent shallow aquifer (blue shaded areas) flushing is considered7. 
Aquifer flushing was modelled to simulate the impact of aquifer recharge 
driven by glaciation or anthropogenic water flooding during hydrocarbon 
production7. 100–0 a indicates modern aquifer flushing, from 100 years ago  
to current; 0.023–0.010 Ma indicates an aquifer flushing event between  
0.023 million years ago and 0.010 million years ago, and so on. The horizontal 
lines are the lithological unit boundaries. Samples connected by a tie-line  
show before and after air correction, marking minimum and maximum He 

concentrations in the groundwater7. b, An example of the diffusive-only 
profiles (without exsolution) of N2 concentrations assuming a basement flux of 
1.6 × 10−6 mol 4He m−2 yr−1 and a N2/4He basement flux ratio of 25 (Methods). The 
dotted black lines are the solubility of N2 for different salinity, labelled to the 
right of each line. The solid red lines represent the solubility for different 
formation waters estimated from salinity maps produced by ref. 43. The N2 
concentration of the Deadwood Basal Aquifer exceeds its solubility in this 
modelling scenario, predicting the formation of a N2-rich gas phase. The 
geological unit names are marked to the right of panel b. Aquitard* refers to 
younger units collectively deposited above Belly River Aquitards, including 
quartenary glacial deposits.



Nature  |  Vol 615  |  2 March 2023  |  97

Previous work7 has shown the impact of a history of recent water 
flooding and produced water disposal in some shallower lithologies 
(Fig. 2a). Here our approach rather involves a test of the sensitivity of 
our calculations for predicting gas-phase formation timing and location 
over longer timescales by theoretically re-setting all formation water 
dissolved-gas concentrations to background air-saturated-water levels 
at arbitrary points in time. This effectively simulates a complete ‘flush’ 
of the entire sedimentary column with air-saturated water and deter-
mines how quickly at that point in the sedimentary basin evolution the 
dissolved-gas concentration recovers to eventually reach saturation. 
With the basin evolution starting at 500 Ma, we test re-set scenarios at 
300 Ma, 200 Ma and 100 Ma. Calculations show a weak dissolved-gas 
accumulation memory in the basin, resulting in gas-phase formation 

only being delayed from 145 Ma (no re-set) to 143 Ma, 131 Ma and 65 Ma 
for re-sets at 300 Ma, 200 Ma and 100 Ma, respectively (Methods). We 
conclude that the formation of a N2-dominated He gas phase close to 
the basement is insensitive to hydrogeological events before 200 Ma, 
and that the system is still prone to gas-phase formation in the event 
of more recent perturbations. This is because the accumulation of the 
dissolved gases in the deepest units is most efficient when the sediment 
column above the deepest units is thick enough to be compacted and 
shield diffusive loss effectively.

N2-dominated He reservoirs close to the basement contact observed 
in other sedimentary basins have already been noted (Extended Data 
Table 1). There are also examples of N2-dominated He-rich gases in 
younger or shallower lithologies. In some of these, such gases may be 
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Fig. 3 | An example of the diffusion and exsolution model applied to  
the Williston Basin. The model is run for 500 Ma with a He flux of 
1.6 × 10−6 mol 4He m−2 yr−1 and a N2/4He flux ratio of 50. a, Concentration profile 
of 4He calculated from the diffusion-only model and the diffusion–exsolution 
model. b, Concentration profile of N2 simulated from the diffusion-only model 
and the diffusion–exsolution model. The solid lines represent He and N2 
profiles resulting from the diffusion–exsolution model. The dotted lines 
represent the diffusion-only profiles shown in Fig. 2. The red dashed lines in the 

N2 profiles demonstrate the estimated solubilities for different sedimentary 
units. c, Gas–water volume ratio (Vg/Vl) of the Deadwood Basal Aquifer 
throughout geological time. The deposition time of different sedimentary 
units is marked as dashed lines. A gas phase is predicted to form at about 
140 Ma (Supplementary Video 1). The decrease in Vg/Vl at about 90 Ma is due  
to an increase in basin pore-fluid pressure caused by the deposition of the 
Colorado Shale.
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formed due to the presence of an unconformity bringing younger litho-
logical units closer to the basement than modelled in the Williston Basin 
example. For example, in the Powder River Basin in Niobrara County in 
Wyoming (2°–40° N, 61° W), the Pennsylvanian strata are between less 
than 20 m and slightly over 100 m above the Precambrian basement41, 
containing a reported 60.9% N2 and 1.5% He (ref. 42). In other cases, 
regional uplift could result in decompression and exsolution, which 
are not considered in the Williston Basin analysis here. For example, at 
Harley Dome, the Entrada Formation ( Jurassic), situated 300 m above 
the Precambrian basement, has been uplifted owing to the reactiva-
tion of the Uncompahgre Fault and contains a reported 84% N2 and 
7.03–7.18% 4He (ref. 39). These examples suggest that N2-dominated He 
fields are also formed through additional mechanisms that enhance 
the conditions necessary for gas-phase formation.

Impact of crustal degassing and gas reservoir 
formation
Primary He-rich gas fields, such as those discovered at the base of 
the Williston Basin Palaeozoic column and commonly observed 
in other major sedimentary basins globally, can be accounted for 
by steady-state crustal degassing and appropriate basin architec-
ture. Calculations here, using a time-stepped one-dimensional 
diffusion and exsolution model with a basement He flux of 0.8–
1.6 × 10−6 mol 4He m−2 yr−1 and a N2/4He ratio of 25–50, typical for con-
tinental settings, predict gas-phase He concentrations and N2/4He 
matching those observed. This work demonstrates the importance 
of basement-sourced N2 as the major exsolving gas phase and its con-
trol on the timing and location of He-rich gas reservoir formation in 
intracratonic and tectonic stable sedimentary basins. This mechanism 
is also important for the accumulation of H2 sourced from basement 
rocks but requires an additional layer of complication because of 
the chemical reactivity and biological availability of H2. The forma-
tion of a N2- and He-rich gas phase is also shown to play a moderating 
role in the transport of dissolved components upwards through the 

stratigraphic section. This is by limiting the maximum He and N2 con-
centration in the water phase, thereby buffering the concentration 
gradient that controls upwards N2 and 4He diffusion. The accumula-
tion of gases in deep sedimentary units close to the basement is not 
sensitive to early hydrogeological events. The estimate of the onset 
time of gas-phase generation, as early as about 140 Ma in the Willis-
ton Basin, further provides information about the proportion of He 
fluxing the sedimentary system that may have accumulated in the 
reservoir gas phase and, together with system specific geological and 
hydrogeological information, can be applied to assist He exploration 
in similar sedimentary regimes.
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basement flux of 4He is between 400 mol m−2 and 800 mol m−2. This compares 
with the flux from the total in situ 4He production for the Deadwood Basal 

Aquifer and the sedimentary column since deposition of between 5 mol m−2 and 
44 mol m−2, respectively. For the entire sedimentary column, 0.03–6% of the 
total 4He influx partitions into the gas phase, 13–17% is in the water phase and 
81–83% is lost to the atmosphere. For the Deadwood Basal Aquifer, 0.03–6% of 
the total 4He influx is in the gas phase, 1–2% is in the water phase and 93–98% is 
lost to units above by diffusion.
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Methods

Deriving 4He groundwater concentrations from natural gas 
samples
Twenty-seven gas samples from different stratigraphic horizons 
(Cretaceous to the Cambrian) in the Williston Basin were collected 
for noble gas isotopic and gas composition (Extended Data Table 2)7. 
The original 4He concentration in groundwater before degassing can 
be estimated as:
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degassing, 20Neasw is the concentration in air-saturated seawater and 
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 is the ratio measured from gas samples (Extended Data 

Table 2)7. The 20Ne concentration in this water (seawater (salinity 35‰) 
at 298 K at 1-atm pressure) can be calculated from Henry’s law as 
1.33 × 10−7 cm3 20Ne STP cm−3 water (H2O), where cm3 STP refers to the 
volume of the gas at standard temperature and pressure.

Modelling in situ and basement helium flux in a developing 
sedimentary basin
A vertical one-dimensional model is constructed from first principles 
to be compared with sample observations. The model allows each 
stratigraphic unit to be added incrementally at the start of the forma-
tion age and interactively calculates the evolution of the dissolved He 
concentration in the water-filled pore spaces as a function of depth and 
time. The model accounts for both in situ radiogenic 4He production 
and 4He flux from the Precambrian basement.

4He transport is governed by the following equation
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where ϕ is the rock porosity, C is the mass concentration of the solute, 
t is time, z is the distance from the crystalline basement, p is the pro-
duction rate per volume of rock and q is the average linear velocity. For 
diffusion-only scenarios, q = 0. De is the effective diffusion coefficient 
and is defined according to Fick’s first law
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where Jd is the diffusive mass flux rate. The parameters used for trans-
port modelling, including porosities, U and Th concentrations, diffu-
sion coefficients, compaction and isopach thickness, are from ref. 44.

The basement 4He flux fitting the observed 4He distribution is 
between 0.8 mol 4He m−2 yr−1 and 1.6 × 10−6 mol 4He m−2 yr−1 (available 
in ref. 7) and is comparable to the steady-state flux estimated for the 
average continental crust (1.47 × 10−6 mol 4He m−2 yr−1)19. 4He-depleted 
lithologies (Fig. 2a) are consistent with a history of water flooding and 
produced water disposal in shallow aquifers by decades of hydrocarbon 
industry exploration (Extended Data Fig. 1).

Basin model porosity changes during geological time
The Williston Basin is an oval intracratonic basin overlying a Pre-
cambrian crystalline basement with sediments preserved as a result 
of episodic subsidence throughout the Palaeozoic44, cycles of 
proto-Pacific connection43,45 and progressive uplift forming a clastic, 
shale-dominated foreland basin46,47.

The model incorporates sediment compaction, which is calculated 
based on standard effective stress48 using BPA-CAULDRON, a propri-
etary program owned by the Shell oil company7. Porosity reduction is 

considered as a time-step function that happens when the next unit 
is deposited. The reduction of pore space at each step is assumed 
within the model to displace pore-water laterally and therefore has 
a negligible effect on dissolved-gas concentrations in the residual 
pore water.

Including exsolution of nitrogen in the model
To investigate the effect of N2 gas formation in the distribution of He 
in the sedimentary column, the model considers the diffusion of N2 in 
parallel with He. Model air-saturated-water N2 is 0.012 cm3 cm−3 H2O 
(ref. 37; seawater at 298 K at 1-atm pressure), and trivial at depth (Fig. 2b). 
The diffusion coefficient of N2 is, like He, dominantly controlled by 
temperature49. DN

water
2

 is approximately linearly proportional to tem-
perature (T, in K). The extrapolated linear correlation is

D T= 6.83 × 10 − 1.86 × 10 (4)N
water −9 −6

2

in cm2 s−1.
At each time step, the model first updates the N2, He and Ne concen-

tration profiles considering a diffusive transport following steps and 
factors discussed in ‘Modelling in situ and basement helium flux in a 
developing sedimentary basin’.

The N2 gas solubilities are calculated following the thermodynamic 
model determined by ref. 37 for N2–H2O–NaCl water systems. These 
are nonlinear and calculated for reservoir temperature and pressure, 
which increases with depth, and the salinity of the corresponding unit:
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where, i refers to N2 in the corresponding system (in this scenario, we 
consider the N2–H2O–NaCl system), yi is the mole fraction of i in the 
gas phase, mi is the molality mol kg−1 of i in the liquid phase, P is the 
total pressure (bar), that is, P P+i H O2

, where PH O2  is the pressure of water 
vapour, ∅i is the fugacity coefficient of i, μi

l (0) is chemical potential in 
a hypothetically ideal solution of unit molality, where l indicates liquid 
and (0) refers to the standard state, and λi and εi are second-order and 
third-order interaction parameters, respectively. yi, the mole fraction 
of N2 in the gas phase, yN2

, can be calculated assuming that water vapour 
is the only other gas content in the system

y y= 1 − (5)i H O2

All parameters used for calculations are summarized by ref. 37.
The N2 diffusion profile with a 1-m resolution is compared point 

to point with the solubilities calculated to identify depths where N2 
exceeds saturation and forms a gas phase. For those depths where a gas 
phase is formed, the groundwater N2 concentration is then set to the 
solubility values at the corresponding depth, and the excess N2 forms 
a gas phase. The corresponding gas–water ratio can be calculated. The 
gas phase then extracts He and Ne from the groundwater. The He and 
Ne concentrations from the diffusive profiles will equilibrate between 
the gas and water phase based on Henry’s constant. Overall, when a gas 
phase is formed, the N2, He and Ne profiles in the groundwater will be 
updated and the gas phase content is calculated.

Then, at the next time step, again, the first calculation is to establish 
new diffusive profiles from the groundwater concentrations concluded 
at the previous time step and considering the accumulation of N2, He 
and Ne from their sources between the time steps (‘Modelling in situ 
and basement helium flux in a developing sedimentary basin’). The 
model then compares the sum of N2 in the groundwater and the gas 
phase (exsolved from the previous time step) at each depth with the 
corresponding solubility. If the N2 budget (sum of N2 dissolved in water 
and in gas) is greater than the solubility, the groundwater concentration 



is set to its solubility at the depth and the amount that exceeds solubility 
forms a new gas phase. The total amount of He and Ne at each depth 
are calculated and then redistributed between the new gas and water 
phases. The model takes another path if the N2 budget (sum of N2 dis-
solved in water and in gas) is smaller than the solubility. When this hap-
pens, the gas phase disappears and the groundwater N2 concentration 
is then the sum of the N2 content in both the water and the gas phases, 
which simulates the re-dissolution of N2 gas back to the water phase. If 
re-dissolution happens, He and Ne are also redissolved simultaneously, 
updating the He and Ne concentrations in the groundwater system.

Model parameter sensitivity and key input parameter ranges 
considered in the sensitivity assessment
Time resolution. The model with a 4He basement flux of 1.6 ×  
10−6 mol m−2 yr−1 and a basement N2/4He ratio of 50 was run with time 
steps of 1 Ma, 0.1 Ma, 0.05 Ma and 0.01 Ma, to test the sensitivity of 
the model response to higher time resolution. The test results are pre-
sented in Extended Data Table 3. Although the estimated gas volume 
increases with a higher temporal resolution, the gas volume estimation,  
4He concentration, N2/4He and 4He/20Ne in the dissolved-gas phase show 
exponentially converging trends with higher time resolutions. Models 
with a time resolution of 0.1 Ma provide good modelling results for the 
purpose of the paper.

Basin-wide groundwater re-set sensitivity to hydrogeological 
events. The model with 4He basement flux of 1.6 × 10−6 mol m−2 yr−1 and 
a basement N2/4He ratio of 50 was run starting from 500 Ma (default), 
300 Ma, 200 Ma and 100 Ma to simulate the model sensitivity to past 
basinal hydrogeological events. The 500-Ma model starts diffusive 
transport since the deposition of the oldest unit in the basin and as-
sumes no perturbation of water during the past 500 Ma. To simulate 
a basin-wise complete water turnover event, the entire sedimentary 
column is re-set with air-saturated water at t = 300 Ma, t = 200 Ma and 
t = 100 Ma. These values are arbitrary. In all scenarios, a gas phase is pre-
dicted with Vg/Vl of 0.0478, 0.0474, 0.0422 and 0.0251, with estimated 
gas-phase formation time starting from 145 Ma, 143 Ma, 131 Ma and 
65 Ma for 500 Ma (default), 300 Ma, 200 Ma and 100 Ma, respectively. 
All models give comparable 4He concentration, N2/4He and 4He/20Ne. It 
is therefore suggested that for this basin architecture, hydrogeological 
events more than 200 Ma ago do not play a  major role in delaying the 
formation of gas pools.

Basement nitrogen and helium flux. To investigate the model sen-
sitivity response to the basement N2 and He flux, the model was run 
for 31 He flux values, from 0 to 3 × 10−6 mol m−2 yr−1 with an interval 
of 0.1 × 10−6 mol m−2 yr−1, and 11 N2/4He values, from 10 to 60 with an 
interval of 5. The modelled 4He concentrations, N2/4He ratios, 20Ne/4He 
ratios in the gas phase and gas–water ratios (Vg/Vl) in the Cambrian 
Deadwood Formation are plotted for different combinations of 4He 
flux and N2/4He flux ratios (Extended Data Fig. 2). The contour maps 
can be compared with the observation from the Cambrian Deadwood 
Formation for the best estimate of basement N2/4He ratios. With an 

estimated 4He basement flux of 0.8 × 10−6–1.6 × 10−6 mol 4He m−2 yr−1, 
the range of basement N2/4He ratios is between 30 and 50.

Data availability
All data are previously published and available in ref. 7, with data tables 
uploaded to an open-source repository at https://doi.org/10.5281/
zenodo.7267734. Source data are provided with this paper.

Code availability
The code for the numerical model developed for this paper can be 
accessed on an open-source repository at https://doi.org/10.5281/
zenodo.7271773.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Examples of diffusive concentration profiles of 
helium and nitrogen with the diffusion-only model. The diffusive 
concentration profiles of helium (a,b) from the diffusion-only model are shown 
for a basement flux of 0.8 × 10−6 mol 4He m−2 yr−1 and 1.6 × 10−6 mol 4He m−2 yr−1. 
The concentration profiles presented are modelled results considering several 
aquifer flushing events in the past million years (natural recharge and 
anthropogenic flooding)7. For each helium flux value, the nitrogen profiles 
modelled are with N2/4He basement flux ratios of 13, 25 and 50, respectively 
(c,d) with the diffusion-only model. The horizontal lines are the boundaries of 
lithological units. The dotted black lines are the solubility of nitrogen over a 
range of salinities (labelled to the right of each line). From right-most to the left, 

the lines correspond to salinities of 0, 10, 25, 50, 100, 150, 200, 250 and 300‰ 
respectively. The solid red lines represent the saturation limit for different 
formation waters estimated from salinity maps produced by ref. 43. If the 
predicted nitrogen concentration for a particular 4He flux and basement 
N2/4He exceeds solubility (that is, the coloured concentration line is higher 
than the solid red line), a nitrogen gas phase is predicted. When helium 
basement flux is 0.8 × 10−6 mol 4He m−2 yr−1, gas is predicted to form only in  
the basal units when N2/4He is 50. As demonstrated in the figure, when helium 
basement flux is 1.6 × 10−6 mol 4He m−2 yr−1, gas is predicted to develop in the 
bottom unit when N2/4He is 25 and in units from Cambrian up to Devonian when 
N2/4He is 50.
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Extended Data Fig. 2 | Gas composition obtained from diffusion and 
exsolution model over a range of basement helium and N2/4He flux. The 
plots present the modelled (a) 4He/20Ne ratios, (b) 4He concentration, (c) N2/4He 
ratios in the gas phase and gas–water ratio (Vg/Vl) in the Cambrian Deadwood 
Formation. The shaded areas are constrained by the lower and upper limits of 

the samples. By overlapping plots (a) (b) and (c), plot (d) demonstrates the 
best-estimated combinations of 4He basement flux and N2/4He ratios to be4He 
basement flux of 0.8 × 10−6–1.6 × 10−6 mol 4He m−2 yr−1 and basement N2/4He 
ranges between 30 and 50.



Extended Data Table 1 | N2/4He or N2/He ratios of sedimentary basin fluids sampled proximal to the basement and samples 
from the crystalline basement refs. 11–13,15,18,32,34–36,50–55
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Extended Data Table 2 | 4He and 20Ne concentrations of gas samples collected in the Williston Basin and the estimated 
helium in groundwater before degassing

Mannville Formation (Cretaceous Aquifer) samples are gas exsolved from groundwater through a gas–water separator at the surface, while others are gas samples collected from borehole well 
heads. 4He groundwater concentrations with air correction7 are shown in bold and values before correction are in parentheses.



Extended Data Table 3 | Sensitivity tests for the diffusion and exsolution model with different time-step resolution and 
re-setting scenarios when the helium basement flux is 1.6 × 10−6 mol 4He m−2 yr−1 and N2/4He is 50
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