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Abstract

Noble gases may be considered as the most prominent tracers of natural fluids, including
hydrocarbons. The atmosphere is the only source of 2°Ne, *°Ar, 84Kr, 3°Xe in subsurface
environments, and their concentrations in pore waters after recharge are known from the solubility
data. This allows modeling of noble gas partitioning between coexisting gas, oil and water phases in
the course of hydrocarbon formation, migration, and storage. Radiogenic isotopes, *He*, 2INe*, ©°Ar*,
136X e*, after being released from source rocks, are mixed with air-derived noble gases already present
in the pore space. Concentrations of radiogenic species in the pore space of “typical” hydrocarbon
fields are generally so high, that they can hardly be accumulated in situ and thus indicate noble gas
transfer from ground waters. The time bearing ratios “He*/*°Ne, 2!Ne*/?°Ne, “He*/*°Arar
OAr</*Arar in hydrocarbon fields are thus proportional to the time interval between the ground water
recharge and noble gases partitioning into the hydrocarbon phase(s), the ‘recharge — partition interval’.
The largest available data set allows the recharge-partition intervals to be constrained for a large
number of hydrocarbon fields, situated in different tectonic settings (ancient plates, young plates,
mobile belts). These intervals increase systematically with the ages of hydrocarbon source and trap
lithologies and are comparable with these ages. This important feature, valid in general for different
hydrocarbon fields, implies: (i) local sources of radiogenic noble gas isotopes in ground waters; (ii)
relatively recent formation of hydrocarbon fields and (iii) their short formation time scales.

In some cases the duration of formation of a hydrocarbon field can be constrained. For
example, nearly constant !Ne*/?°Ne, “°Ar*/*°Arar ratios, measured in samples from the Magnus oil
field (North Sea), give an accumulation time scale = 10 Ma. It should be emphasized that the above
noble gas isotope ratios give the time estimates, which are independent of geological reconstructions.

Sometimes the noble gas inventory in a hydrocarbon field and ground waters allows
characterization of the source rock volume, involved in formation of the field; generally this volume
exceeds that of the hydrocarbon field rocks by orders of magnitude.
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1. Introduction: Noble gas isotopes in ground waters

With our present state of knowledge, the classification of terrestrial noble gases might include
many different sources and domains that host them. However, for the sake of simplicity and with a
hope that this simplification will not affect substantially discussion of our major subject, time scales
derived from noble gas abundances in hydrocarbon accumulations, we consider here the two dominant
sources, the continental crustal rocks and the atmosphere.

Generally atmospheric noble gases are transferred into the subsurface by air saturated water
(ASW), either by aquifer recharge or during burial of surface rocks bearing air saturated pore waters
(e.g., Bosch and Mazor, 1988; Ballentine et al., 1991, 1996; Hiyagon and Kennedy, 1992; Aeschbach-
Hertig et al., 2008; Prinzhofer, 2013; Barry et al., 2016). Even though some fractionation and
degassing / ingassing processes take place at recharge, the “initial” concentrations of air saturated
noble gases (*Ne, *®Ar, 84K, 132Xe) in ground (or pore) waters can be reasonably well constrained
from the solubility data and some (generally not large) contribution from air in excess of the solubility
limits. This contribution can be estimated by using concentrations of all air-derived noble gases in
ground water samples (e.g. Ballentine and Hall, 1999; Peeters et al., 2002; Aeschbach-Hertig et al.,
2008).

After being produced in a mineral, radiogenic noble gas isotopes (we include in this term
nucleogenic and fission isotopes, e.g., 2!Ne*, *¢Xe*) are partially retained within the mineral and
partially released into a pore water. Comparison of apparent whole-rock 238U — 23U — 222Th — 4He*
and “°K — “Ar* ages with those known from e.g. 8’Rb - 8’Sr or U-Th-Pb isochron dating (for about 60
samples, Tolstikhin, 1985) allows the loss parameter L (L = fraction of radiogenic atoms released from
a host rock into pore space divided by the total amount produced) to be constrained. For *He* the loss
parameter, La, is generally quite high, > 0.9, whereas for *°Ar* Lao was found to be ~ 0.4 (see
Footnotes to Table 1). These values are likely to vary depending on the dominant mineral type and
thermal history of the system investigated (Ballentine and O’Nions, 1994; Baxter, 2003).

Measurable concentrations of U and Th in a rock along with He concentrations in the rock —
pore-water (gas, oil) system in principle allow the He residence time in this system to be quantified. To
apply such simplest modelling, expressed by Egns (1-4) below, the following assumption should be
taken into account: i) there has been no gain / loss of radioactive parent isotopes into or from the rock,
and ii) the radiogenic species generated in the water-bearing rocks is the only source of radiogenic
noble gas species present in the rock-water system.

These assumptions are in many cases valid for the U-Th-*He* system, especially if a helium
flux from external sources can be ruled out (e.g., Lehmann et al., 2003; Tolstikhin et al., 2011; Holland
et al., 2013) or constrained (e.g., Solomon, 1996). However “°Ar* is retained by the source minerals
substantially better than “He*and an essential “°Ar* fraction may have survived the weathering /
sedimentation processes; therefore only partial loss of “°Ar* atoms generates the time-bearing signal in
the pore space. These complications make the respective time scales less certain; however,
consideration of predicted “He*/?!Ne*/*3¢Xe* production (e.g. Holland et al., 2013) or the combined
study of the host rocks (minerals) and related ground (pore) waters (e.g., Tolstikhin et al., 2011) allows
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the noble gas mobility and losses to be constrained and thus obtain a more reliable time estimates.
Such studies should be considered as an important direction of our future efforts in understanding time
scales related to ground water flow, hydrocarbon production rates and hydrocarbon accumulation and
evolution.

1.1. Relating in-situ noble gas production rates to ASW noble gases

For relatively young (< 300 Ma old) rocks the radiogenic “He* produced and released into the
pore water, *He*ps [mol cm] and the residence time T [years], during which He has accumulated in
the pore water [¢ is the porosity] via the decay of U and Th [ ug g* ] in a host rock [with the rock
density p, g cm?] are related as (e.g., Zartman et al., 1961)

“He*pw= (540 x 108 U + 1.28 x 108 Th) x TxL x px (1 - §) / ¢ (1a)

Values of the “Loss” coefficient L (defined above) are presented in the Footnotes to Table 1.
For ancient samples with an age exceeding ~ 300 Ma, the exponential decay of the parent isotopes
should be taken into account. For U-Th-*He systematic Eqn 1a is translated into

“He*pw = [8 x 238U (Exp(Aazs T) — 1) + 7 x 235U (Exp(A23s T) — 1) +
6 x 22Th (Exp(A232 T) = 1) xLx px (1- @)/ ¢ (1b)

In Eqn (1b) the U, Th concentrations are mol cm™ of rock and *He*ps is in units of mol cm™ of pore
space. The exponential term should also be included in Eqgn (2) and Eqns (3, 4) for K-Ar and other
systematics in case of the ancient rock-water system.

Ground water flow and noble gas diffusion in a rock-water system cause mixing of the
radiogenic and atmospheric noble gases (e.g., Ballentine et al., 1996; Ballentine and Sherwood Lollar,
2002), therefore concentrations of radiogenic species in ground water can be restored from the
radiogenic / air-derived isotope ratios and the ASW concentrations (hereafter subscript ASW defines
concentrations of air-derived noble gases in air-saturated waters). Because of the similar solubility of
He and Ne, especially in the case of saline waters (Smith and Kennedy, 1983), air-derived *°Ne is the
best proxy for *He*. Therefore it is possible to modify Eqn (1) by dividing its left and right sides by
Neasw = 8.5 x 10712 mol mlI™* (solubility for 10 ©°C, fresh water):

(“He* / °Neasw)pw = (6.35x 107 U + 151 x 107 Th)x TxLx px (1 - @) / ¢ (2)

The solubility of He and Ne vary within £10 % and +20 %, respectively, depending on temperature
(from 10 to 40 ©C) and salinity (from fresh to see water). As discussed below, other factors, which
affect the *He* time scales, are more significant. Therefore for the estimates presented below we
neglect: (i) variations of He and Ne solubility and treat them as constants and (ii) fractionation related
to noble gas partitioning between gas (oil) and water phases, i.e., (*He* / 2°Neasw)cas = (*He* /
Neasw)pw. A similar equation is available for 2*Ne*/?*Neasw and *He*/*°Arasw ratios, in which case
the two coefficients in Egn (2) should be replaced by 9.78 x10? and 2.32 x 107 (for !Ne*/*!Neasw)
and 3.15 x 1071 and 7.45 x 107! (for “He*/*°Arasw) respectively, providing fresh 10 °C water at
recharge. It should be noted that Ar solubility could vary by a factor of = 2; this should be taken into
account when “He*/*°Arair and / or °Ar*/*°Arar ratios are used for the time scale estimates (Section
3, Fig. 3, 4).



Similar to Eqn (1), concentration of “°Ar*in pore water [mol mI] can be calculated for a given
K concentration [g g™] following Zartman et al. (1961):

OArpy=1.79x 1008 KxTxLx px(1-¢)/ ¢. (3)

Substituting the average parent element concentrations in the upper crust, K =0.023 g g%, U=2.7 ug
g, Th=10.5 ug g* (Rudnick and Gao, 2003), hereafter referred to as the average crustal
concentration, in Eqns (1a, 3) gives the present-day crustal *He* /*CAr* production ratio of 6.7. Fig. 3
below presents a comparison of this value with those observed in hydrocarbon accumulations.

Assuming the gas phase was produced by degassing of pore water and substituting “°Arasw =
1.72 x 108 mol mI* (solubility for 10 ©C, fresh water) into Eqn (3) gives:

(Ar*/Arasw)cas = (PAr*/Arasw)ew = 1.04 x 108 x Kx Tx Lx px (1 - @) / ¢. 4)

In the course of hydrocarbon formation the atmospheric and radiogenic noble gases are
partitioning between the water and the hydrocarbon phase(s). To discuss this episode in noble gas
evolution we consider only partitioning between water and gas: the mass balance of the two phases
includes the ASW “initial” concentrations of air-derived isotopes 'Casw and those after gas/water
separation, 'Csas, 'Cwat [mol m3], as well as the volumes of the two phases, water, W, and gas, G
[mq], as discussed by Zartman et al. (1961):

'Casw W = 'Cgas G + 'Cwat W (5)

Assuming thermodynamic equilibrium between the two phases (both at recharge and in the course of
gas phase formation at depths) and using the dimensionless expression of the Henry solubility constant
'Hsor, (mol m H20) / (mol m™ gas) at 1 atm then 'Cwat = 'HsoL 'Ceas. Substituting this into Eqn (5)
gives the gas / water ratio under STP conditions:

'G /'W ='Casw / 'Coas — HsoL (6)

'G /'W ratios, calculated from 6Ar and 84Kr concentrations, correlate within a wide range, 0.1 <
G/ W <200 m¥m? (Fig. 1). A large number of data points shifting around the equality line indicate,
that the equilibrium gas / water partitioning of noble gases between ASW and hydrocarbon phases may
be considered as a reasonable approximation of formation of hydrocarbon accumulations in many
natural environments (Bosch and Mazor, 1988; Ballentine et al., 1991, 1996; Hiyagon and Kennedy,
1992; Prinzhofer, 2013). The deviation from the correlation can be used as a measure of degree of the
equilibrium or as evidence of other scenarios (e.g.Torgersen and Kennedy, 1999; Zhou et al., 2005;
Barry et al., 2016).

Fig. 1.

In some cases partitioning of He and Ar between co-existing water and hydrocarbon phases
could modify the *He* /*°Arar ratio due to different solubility of these species: for the gas / water
ratios = 0.1 the “He* /*°Arar ratio increases by a factor of =~ 1.5 in the gas phase compared with the
initial ratio in the ground water. However, the partitioning produces negligible effect on the ratios of
radiogenic to air-derived isotope of the same elements, e.g., *°Ar*/** Arair, 2Ne*/*!Near. With some
exceptions the low solubility of noble gases in water along with the equilibrium gas / water partitioning



provide almost complete transfer of noble gases from the ground waters into the hydrocarbon
accumulations.

1.2. Using ASW and radiogenic noble gases to understand hydrocarbon systems

In this paper we emphasise rather high abundances of noble gases in hydrocarbon
accumulations, situated in different tectonic settings: ancient plates, young plates and mobile belts (see
Table 1 and Footnotes to this Table). The contribution of in-situ-generated radiogenic noble gas
species appears to be negligible. The “time-bearing” ratios, “He*/?°Neair, *He*/*°Arair, 2*Ne*/*!Near,
OAr/Arar, 1¥Xe*/1*0Xeair, were inherited from the ground waters during hydrocarbon formation,
and “frozen” in the accumulations, which may be considered as “samplers” of noble gases extracted
from ground waters.

The main objective of this study is using these ratios, measured in hydrocarbons, in order to
constrain the ground water recharge - partitioning intervals and thus also shed light on sources of noble
gases in ancient ground waters and the time scales of formation of hydrocarbon accumulations. This
approach has already been applied to several hydrocarbon fields (see for example Ballentine et al.,
1991, 1996; Hiyagon and Kennedy, 1992; Pinti and Marty, 1995, 2000; Barry et al., 2016).

Here we use a large data set on He and Ar isotope abundances in hydrocarbon accumulations,
compiled in Table 1, in order to show some general features of hydrocarbon field formation, traced by
noble gas isotopes, i.e., (i) to reveal the sources of noble gas species in hydrocarbon fields, situated in
different tectonic settings, i.e., the ground waters, and to constrain their recharge — partition intervals;
(i) to compare durations of these intervals with the stratigraphic ages of respective source and trap
rocks and constrain hydrocarbon field formation time scales; it is important to note, that these time
constraints are independent on petrochemical modelling of hydrocarbon systems; (iii) to estimate
volumes of ground waters, required to fill the hydrocarbon fields, and the rates of hydrocarbon
formation.

2. Abundances of radiogenic noble gas isotopes in hydrocarbon accumulations

It should be emphasized that high abundances of radiogenic *He*, 2!Ne* and “°Ar* in the pore
space of rocks hosting “typical” hydrocarbon fields can hardly be accumulated in situ from the average
concentrations of the parent radioactive elements, even assuming that the rock — hydrocarbon-fluid
system has been “closed”: i.e. no loss or gain of the species of interest since the formation of trap
rocks.

In order to confirm this important issue, we assume the depth of an average hydrocarbon
accumulation, 1500 m, the temperature, 45 °C, the trap rock density 2.7 g cm™ and the porosity, 0.2.
Then the average concentration of “He*= 1.250 x 107 in accumulations, situated in the ancient plates,
corresponds to *He* amount in the host rocks, 1.43 x 10 mol cm™ (Table 1). Providing the average
crustal concentrations U and Th in these rocks (Footnotes to Table 1), then the age, required to
generate such *He* amount, 6300 Ma, would be well above the Earth’s age and by a factor of = 20
exceeds the average stratigraphic ages of the hydrocarbon source and trap rocks (line 1 in Table 1).
This is also valid for hydrocarbon accumulations situated in other tectonic settings (lines 2 and 3 in
Table 1). *He* amounts in the trap rocks can also be derived from relatively constant partial pressure
of “°Arar and the ratios of *He* /*CArar, available for different tectonic settings (Table 1). This
approach also gives the meaningless long accumulation ages: 4000, 2000 and 380 Ma for the ancient
plates, young plates and mobile belts, respectively.

Data available in Table 1 allow independent estimate of the “accumulation ages” via the “field”
concentrations of *He* (col. 15), the *He*/*°Ar* ratio (col. 11), and the average crustal concentration



of potassium (Footnote ‘c’ to Table 1): the apparent K-Ar ages, required to produce the “°Ar* in the
pore space of the trap rocks, approach [Ma] 6700, 2000 and 490 for the ancient plates, young plates
and mobile belts, respectively, also greatly exceeding the ages of the trapping lithologies.

According to these estimates, noble gases in the pore space of hydrocarbon bearing rocks could
only be sourced from a large volume of pore water (Fig. 2). These general relationships are in accord
with results discussed in the literature for several hydrocarbon accumulations even though in some
cases fluxes of species from external sources are also observed; examples are presented in Section 5.2.

Summarizing, hydrocarbon accumulations generally shows high concentrations of ground
water derived ASW and radiogenic noble gases. The accumulations work as giant natural “samplers”,
preserving the noble gases as well as their time-bearing isotopic ratios of “He* /°°Neair, *He*/**Arair,
ZINe*/!Near, “°Ar*/*0Arar, which can be translated into the recharge — partitioning time intervals,
important parameters highlighting sources of noble gases in ancient waters and hydrocarbon formation
time scales, as discussed in Section 3. Moreover, not only hydrocarbon fields but most terrestrial gases
are characterised by rather high noble gas concentrations (for example He) well above those observed
in ground waters (Fig. 2).

Table 1.
Fig. 2.

3. Recharge — partition intervals and hydrocarbon field formation time scales

3.1. The recharged partition intervals derived from *He*/ “°Arasw and “°Ar*/ )Arasw ratios in
hydrocarbon accumulations.

Several processes are not taken into account by Eqns (2, 4).
1) Mixing of ground waters with different ratios of radiogenic / stable isotopes or an external flux
of radiogenic isotopes, so that the radiogenic / stable isotope ratios do not indicate “aging” of the rock /
water system as envisaged by Eqns (2, 4), but instead then represent a mixing process (e.g., Marine,
1979; Hiyagon and Kennedy, 1992; Ballentine and Sherwood-Lollar, 2002). In some cases additional
data can help to resolve this dilemma for ground water dating (e.g., Tolstikhin et al., 2011).
@) After the hydrocarbon field has been formed, the gas phase can interact with underlying ground
water (e.g., Zhou et al., 2005, 2012; Gilfillan et al., 2008, 2011). The gases partitioning into the gas
field at that late stage include both air-derived and radiogenic isotopes. Depending on the composition
of these “post-gas-field-formation” injections the calculated recharge-partition interval can deviate
from formation values.
3) After an early stage of hydrocarbon formation, such as low temperature microbial
methanogenesis, the lithology containing the (already degassed) ground water can be buried further
during basin evolution. This ground water will contain low concentrations of air-derived and
radiogenic noble gases with the fractionated abundance pattern. The deficit of air-derived 2°Ne relative
to ASW concentrations could cause a large increase in the *He* /2°Ne and !Ne*/?°Ne ratios even in
case of low contributions of radiogenic “He* and 2!Ne*; this is also true for other radiogenic / air
derived noble gas isotope ratios. If the noble gases are partitioned between this “fossil” water and
hydrocarbon phases in the next hydrocarbon forming event, the ratios would indicate an excessive
recharge — partition interval. Strong fractionation of noble gases is indeed rarely observed, as it follows
from Fig. 1 and related Text. In a large data base available to Prinzhofer (2013) only one sample with
unusually high ratios Kr/?°Ne = 1.5 and 3Ar /°°Ne = 22 has been identified (3*Kr/?°Ne and 36Ar /*°Ne
in air are 0.0395 and 1.91, respectively). Also Verchovsky et al. (1988) observed the fractionation
parameter (*3Xe/*°Arar)sampLe / (33°Xe/ “°Ar)ar up to 14 and (B*Kr/*Arair)sampLe / (B*Kr/ “°Ar)ar up
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to 4 in the deepest segments of the Urengoi field, in a qualitative agreement with the lowest abundance
of °Arar in this segment. However these authors had not considered a possibility of transfer of
atmospheric heavy noble gases by coal-bearing rocks (e.g., Zhou et al., 2005).

Though the above list of problems looks pessimistic, the processes which control some
individual hydrocarbon systems can be recognised and their effects quantified (e.g. Pinti and Marty,
1995; Zhou et al ., 2005; Barry et al., 2016; Sathaye et al., 2016). Also in spite of these complications
the general “age” effect is directly visible as an increase in the ratio of radiogenic to air-derived noble
gas isotopes with the age of the hydrocarbon trap rocks (reservoirs). Low *He*/ °Arasw and “°Ar*/
“OArasw ratios are typical of hydrocarbon fields situated in “young” tectonically active regions (e.g.,
Sakhalin, Japan, see Footnotes to Table 1). Intermediate values characterize fields of the post-
Hercynian plates (e.g., West-Siberian, Scythian, Turanian). Hydrocarbon fields from ancient
Precambrian platforms (e.g., East-Siberian and East-European) show the highest “He*/ “°Arasw and
OAr*/ ©Arasw ratios. A reasonably good correlation between “CAr*</*°Arasw and *He*/*°Arasw for a
number of hydrocarbon fields illustrates that both systems work self-consistently (Fig. 3). This
“expected” behaviour of noble gas species stimulates an apparent qualitative interpretation: transfer of
the time bearing isotope ratios into the recharge - partition time intervals and comparison of these
intervals with the time scales typical for given tectonic setting.

Fig. 3.

Substituting “He*/*°Arar ratios, shown in Table 1, into Eqn (2, 4) gives the following time
intervals between (fresh, 10 °C) ground water recharge and noble gas partitioning into hydrocarbons
phase(s): 400, 165 and 28 Ma for hydrocarbon fields on the ancient plates, young plates and in
tectonically active regions, respectively. In case of recharge of warm (40 °C) salty (40 permil) water
Ar solubility decreases by a factor of =~ 2 (Weiss, 1970); in this case the time scales would be reduced
by a factor of two, giving the average values of 300, 120 and 22 Ma; these values are presented in col.
14, Table 1.

OAr</*Arar ratios give the same relative time sequence, but shorter absolute time scales, for
example 175 Ma for the ancient plates. The different behaviour of “He* and “°Ar* in crustal rocks
(Section 1) readily explains this discrepancy: “°Ar* is better preserved in “cold” environments (with
temperature gradient =~ 30 °C km™), therefore the loss coefficient in Eqn (4) plays an important role.
Assuming the loss coefficient Lao = 0.5 for “cold” ancient plates, =~ 0.7 for young plates and 1 for
tectonically active regions, then the “°K-*Ar*-*0Ara g systematics gives similar recharge-partition ages
for the three tectonic settings as derived above from the U-Th-He*-Arar data. The above estimates of
the loss parameter are in a qualitative accord with the “He*/*°Ar* ratios in the three hydrocarbon
accumulation environments (Table 1): this ratio in tectonically active regions is below the production
ratio (Section 1.2), thus indicating a substantial loss of radiogenic “°Ar*, whereas three times higher
ratios in ancient plates implies a better retention of this nuclide. Fig. 3 illustrates a reasonable
agreement between durations of the recharge partition intervals derived from the “°K-*0Ar*-*0Arar and
U-Th-He*-Ararr systematics.

3.2. The recharged partition intervals and ages of the source and trap rocks: a comparison.

The above time estimates seem reasonable, as they do reflect the chronology of the respective
geological environments: the average ages of hydrocarbon trap rocks on the ancient plates, young
plates and in mobile belts, presented in Table 1, amounts to 320 Ma 130 Ma and 35 Ma, respectively,

(Fig. 4).



Fig. 4.

The noble gases are mainly partitioned between ground waters and hydrocarbon phases: (i) in
the course of hydrocarbon generation within source rocks and (ii) during hydrocarbon migration from
these rocks through overlaying strata into a trap structure. Therefore the recharge — partition intervals
should be compared with the stratigraphic intervals containing hydrocarbon source rocks. These
intervals are not available in our data set (Table 1). However, because we consider the data in Table 1
to be representative for the world hydrocarbon systems, the world wide source rock chronology,
compiled from the literature, may be used for the comparison. Such detailed compilation was
presented by Klemme and Ulmishek (1991) and Fig. 5 shows that relationships between the recharge —
partition intervals and the source rock ages are very similar to those seen in Fig. 4 for the trap rocks.
This is an expected result as the age differences between the source and trap rocks are generally small.
For example, 25 % of the world hydrocarbon resources were produced in the Upper Jurassic and 14 %
were preserved in trap rocks of the same age interval: difference between the sedimentation ages of the
source and trap rocks is within ~ 25 Ma and cannot be resolved (Fig. 5) by not precise noble gas
chronometry. These close sedimentation ages of the source and trap rocks are typical for the whole
Phanerozoic (see Fig. 16 in Klemme and Ulmishek, 1991). As discussed below the filling of structural
traps generally occurred well after the sedimentation.

Fig. 5.
3.3. Relatively “young” ages of the hydrocarbon accumulations

The similarity between the duration of the recharge-partition intervals and the ages of the source and
trap rocks (Fig. 4, 5) sheds light on the chronology of the hydrocarbon production / filling processes.
The most straightforward and simple explanation of this similarity envisages formation of the (source
and trap) rocks within a short time interval (Fig. 16 in Klemme and Ulmishek, 1991) and simultaneous
recharge of the related ground waters, for example ~ 300 Ma ago for the ancient plates (col. 13 and 14
in Table 1). Hydrocarbons were continuously generating, releasing from the source rocks and
migrating to the Earth’s surface (thus producing hydrocarbon fluxes from “geological sources”), while
radiogenic noble gas isotopes were accumulating in the pore waters, migrating towards the
hydrocarbon generating domain. The structural traps (e.g., the anticlines, salt domes, their
combination, etc.) had been formed and filled by hydrocarbon materials relatively recently, as recorded
by partitioning of noble gases from the ancient waters into hydrocarbon phases. Indeed in case of very
early filling of a hydrocarbon field (e.g., ~ 300 Ma ago, assuming the trapping and seal lithologies and
the trap structure were formed at that early time), the field should contain noble gases with rather low
ratios of radiogenic over ASW species.

To illustrate a possibility of recent fast filling of a hydrocarbon field, we consider the present
day average methane flux through the continental area. This flux took place if hydrocarbons are
generated within the source rocks and expelled into overlaying strata, but the trap structure has not
been formed yet; in this case hydrocarbons migrate through tectonic dislocations to the earth surface.
Etiope et al. (2008) derived the average methane flux, emitted from the geologic sources into the
atmosphere, between (2 and 4) x 102 mol m2 a™.

Independent estimate of this flux follows from the CHa4 / “He* ratio in hydrocarbon gases and
the *He* flux from “geological sources”. According to a compilation by Ma et al. (2005) the average
value of the latter approaches =~ 1 x 10°® mol m? a. The methane / helium isotope plot, proposed by
Welhan and Craig (1983), was later discussed by Jenden et al. (1988, 1993) and by Pinti and Marty
(2000) for selected data, illustrating mixing of mantle and crustal methane / helium duo. Fig. 6



presents a much greater data set, including almost all data available in the scientific literature (Polyak
et al., 2015). Even though the spread of the data points is large, Fig. 6 in principle agrees with the
previous versions as it also shows mixing of crustal and mantle gases. According to this Figure, the
typical crustal CH4 / “He* ratio is = 2 x 10*. The product of “He* flux x CHa4 / *He™* ratio gives the
average methane flux = 2 x 102 mol m? a, in a good agreement with the value compiled by Etiope et
al. (2008).

This flux could fill the giant Urengoi gas field during =~ 1 Ma. A time scale of a few million
years, required for accumulation of a hydrocarbon field, is short indeed relative to the stratigraphic
ages of the hydrocarbon source and trap rocks in any tectonic environment as well as to the duration of
the respective recharge — partition intervals (Table 1, see Section 4).

Fig. 6.

Examples of the relatively recent filling of hydrocarbon fields have been known for a long time.
Thus, Pinty and Marty (1995) highlighted the similarity between noble gas isotope signatures in the
Dogger aquifer and in related oil fields (the Paris Basin, France): partitioning of noble gases between
ancient ground water and oil had occurred relatively recently. Important is that detailed studies of
stratigraphy and tectonics of geological provinces, enriched ingas and oil resources, resulted in a
similar conclusion. For example, the source rocks in the Central Arabian Paleozoic Petroleum System
and Arabian Sub-Basin Petroleum System (the Greater Ghawar Province, Arabian Peninsula) are of the
Early Silurian (425 Ma) and the Middle Jurassic (175 Ma) ages, respectively. However, the major
tectonic events that created the traps for hydrocarbons occurred in both sites much later, mainly during
two Alpine tectonic episodes, the Late Cretaceous (70 Ma) and the Late Tertiary (20 Ma), and filling
of these traps took place from =~ 40 Ma till = 10 Ma ago (Pollastro, 2003).

From the above discussion it becomes clear, that the relatively “young” ages of the generation /
expulsion / filling process is a general feature of hydrocarbon accumulations. An early filling followed
by a long preservation (=300 Ma) of a hydrocarbon field, presented as example by Magoon and Dow
(1994, see Fig. 1.5 in their paper), should be considered as an exception.

3.4. The recharge — partition time interval and the helium fluxes through the continental crust

The similarity between the duration of the recharge-partition intervals and the ages of source
and trap rocks in different tectonic environments, indicates the dominantly “local” environments and
the relatively “simple” fractionation processes. Such similarity is not expected if trans-continental
fluxes of noble gas species were responsible for the noble gas abundances in hydrocarbon
accumulations.

Rocks of the continental crust have lost almost all radiogenic in-situ produced He (Mamyrin
and Tolstikhin, 1984). Assuming the steady state relationships between He production and loss, and
taking into account the reasonably well known abundances of the parent elements (U and Th) in the
crustal rocks, the hypothetical transcontinental “He* flux, ~ 1.5 x 10 mol m2 a’* has been derived
(O’Nions and Oxburgh, 1988). This value is useful for understanding an average crustal He flux into
the atmosphere, for comparing observed fluxes in different localities, and also can be used for other
“average” estimates, for example the methane flux, as has been done in the above Section 3.3.

The observable manifestations of the He flux from continental crustal domains are highly
dependent on the local tectonic structure and vary within a wide range from = 102 (and less) to ~ 10
mol m a’*. Therefore the average crustal value of the continental He flux can hardly be applied to any
given local environment. Moreover, before applying to an external flux the local sources should be
investigated carefully enough; otherwise the interpretations may be reconsidered. Well known



examples are aquifers within the Great Artesian Basin (e.g. Torgersen and Ivey, 1985) and Molasses
basin, Northern Switzerland (Pearson et al., 1991). Subsequent careful studies of the radioactive
element concentrations and radiogenic noble gas content in adjacent aquifer / aquitard systems show
that the local environments can adequately account for the radiogenic noble gases in the Great Artesian
Basin (Love et al., 2000; Lehmann et al., 2003) and in the Permian - Carboniferous sandstone/shale
interlay in the Molasses Basin (Tolstikhin et al., 1996, 2011).

Because of the anomalous mobility of He, the external He fluxes should have been revealed by
rather high *He*/*°Arasw ratios and “He*/**Arrap, which is in full contrast to the general
characteristics of hydrocarbon fields, presented in Table 1 (column 7) and rather large volumes of
ground waters sourced the fields (Section 5). This does not mean that He fluxes from depths are absent
or never observed (Section 5.2, Fig. 7): they should be considered as rare events compared with
accumulations of radiogenic noble gas isotopes in local environments. It should be noted that the latter
term, local environments, defined crustal domain(s) below the hydrocarbon field and above the
hydrocarbon source rocks.

4. Recharge — partition and oil filling intervals: the Magnus oilfield case study

As has already been mentioned, in many cases radiogenic and air-derived noble gas species have been
well mixed before hydrocarbon formation. Ballentine and Sherwood Lollar (2002) noted that the
duration of the hydrocarbon formation interval, including the generation of hydrocarbon phase(s) and
hydrocarbon removal from the source domain, should be short: otherwise production of radiogenic
isotopes during these events would result in an increase radiogenic / air derived noble gases ratios
directly in the course of accumulation of a hydrocarbon field. Also some difference of the time
bearing ratios in segments of a field could result from hydrocarbon supply from different sources (see
Section 5). To minimize these effects, very similar isotope ratios (e.g., 2:Ne*/*!Neair or/and
OAr</*°Arar), measured in different sections of a hydrocarbon field, are required to estimate the
duration of the hydrocarbon formation interval along with evidence for limited mixing after the field
has been formed; the estimate would be efficient if the radiogenic to air isotope ratios (*:Ne*/*!Neair,
OAr</*Arair) were near constant while the concentrations of the elements used (e.g., Ne or Ar) were
variable.

Ballentine et al. (1996) presented such a case study: perfect mixing of radiogenic and air-
derived Ar and Ne isotopes for 9 samples collected from different boreholes producing from the
Magnus oilfield, North Sea (the maximum distance between the boreholes being = 6 km, the depth
difference ~ 300 m). These samples present an almost constant “°Ar* / “°Arasw = 0.48 + 0.01 and
ZINe*/*!Neasw = 0.132 + 0.0053 (the average value + 1 o) along with slightly variable “He*/?°Neasw =~
7700, whereas “He*, “°Ar* and 2!Ne* concentrations vary within a factor of =~ 2, eliminating the
possibility of post-field-formation mixing.

The above ratios give ~ 100 Ma long recharge — partition interval (Fig. 4). Thisisina
reasonable agreement with the interval, that passed by between the age of formation of trap lithology,
150 Ma ago, and time when the trap had been filled by oil, 65 Ma ago, and the noble gas ratios were
“frozen in oil”. It should be noted that this noble gas chronology is in accord with the estimates
derived from geological considerations (see Ballentine et al., 1996, and references therein).

The deviation from the average values, presented above, allows the filling time interval to be
constrained. Thus, the average + 3 x 1 ¢ values are substantially outside all measured “°Ar* / ©°Arasw
and 2!Ne*/?'Neasw ratios [Table 2 in Ballentine et al., 1996]. Therefore A “°Ar* / “0Arasw =3 x 16 =
0.03 may be considered as an “observable” effect of “aging in the course of filling”. Substituting the
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latter value, K content from Ballentine et al. (1996) and other parameters from Footnote to Table 1 in
Eqgn (4) gives the Magnus oilfield formation interval = 5 Ma.

Applying the same approach to the results of Ne isotope measurements and thus considering
the observable effect as A 2!Ne*/?!Neasw = 0.016, then Eqn 2 (re-arranged for the above ratio with U
and Th contents from Ballentine et al. 1996) gives a somewhat longer time interval, = 14 Ma. Both
estimates (the average value being 10 + 5 Ma) indicate a short duration of the oil filling interval. This
result is in contrast with the extended burial history of the regional hydrocarbon producing system
(Johnson et al., 2005), but likely shows the rate and impact of quartz cementation formation at the base
of this hydrocarbon reservoir; this formed concurrently with hydrocarbon filling, sealed the reservoir
and stimulated the original noble gas investigation.

5. Noble gas isotope abundances in selected hydrocarbon accumulations and related ground
waters
5.1. The bulk gas / water ratios as recorded by noble gas inventory

In Section 2 we highlighted that rather high abundances of noble gases in hydrocarbon fields is
a general feature of hydrocarbon systems and ground waters are the only source of these gases; here
several selected individual examples are presented. At the beginning we consider the *°Arair balance in
the largest Cenomanian field of the giant Urengoi gas deposit, West Siberia. A discovery gas capacity,
1.7 x 10'* mol, corresponds to the total rock volume of the this field ~ 130 km?, taking the initial total
gas pressure, ProraL = 122 atm, the average temperature, 310 K, and the average porosity of the gas
bearing rocks, ¢ =0.27. The average concentration of “°Arar = 55 x10® in gases from this field
(Prasolov, 1990) gives the total amount of *°Arair = 9.3 x 10° mol. Comparing this value with the
ASW concentration of argon in sea water, “°Arasw = 1.0 x 10 mol m= gives the water volume
required to supply the “°Arair in the Cenomanian field, Vw = 900 km?3, far in excess of the in-situ field
volume. This estimate is a minimum as it assumes complete partitioning of *°Arair from ground water
into the gas phase.

A similar estimate can be derived from the *He* inventory in the gas and water phases. The
“He* content, 1.4 x 10", and the field capacity give the total amount of “He* = 2.4 x 10%° mol.
Assuming that: (i) the field has been formed relatively recently and the *“He* was generated in
sedimentary rocks and accumulated in the ground waters since 100 Ma ago (the Cenomanian age); (ii)
concentrations [ug g*] of U=2.5, Th = 6.9, proposed for an “average” sedimentary rock of West
Siberia by Prasolov (1990); (iii) an average porosity of water bearing rocks ¢ = 0.1, then Eqgn (1) gives
*He*pw = 5.4 x 102 mol m=. Correspondingly, ~ 440 km? of ground water is required to supply the
Cenomanian field with radiogenic “He*.

The two estimates of the ground water volume, 900 and 440 km?, derived from “°Arar and U-
Th-*He* systematics, respectively, may be considered as being in reasonable agreement, taking into
account several poorly determined parameters involved in these estimates. The volume of water-
bearing rock (with the same porosity as above, 0.1) required to supply the noble gases in the
Cenomanian field, i.e., Vwer ~ (900 + 440)/(2 x 0.1) =~ 6700 km?, exceeds the Urengoi trap rock
volume by a factor of = 50.

Ballentine et al. (1991) used noble gases to constrain the scale of the processes, involved in
formation of the Hajduszoboszlo and Ebes hydrocarbon gas fields in the Pannonian basin, Hungary
(total gas capacity 1.5 x 10'?; reservoir volume ~1.5 km®). Comparison of the total amounts of air-
derived ®Nearr (= 3.1 x 10° mol) in this field and the ASW concentration of 2°Ne in sea water (~6.70 x
102 mol mlI) gives the volume of rocks (with 10% porosity) = 470 km?, from which all Ne dissolved
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in pore water should be partition into the gas phase. Regarding radiogenic isotopes, assuming the
maximum time of their accumulation in rocks with average crustal concentrations of U and Th to be
equal to the age of the Pannonian basin, 20 Ma, then Eqn. (1a) gives “He* = 1.34 x 10"° mol cm™,
Taking into account the total amount of *He* in the gas field, ~ 8.9 x 108 mol, then the volume of
rocks, from which all generated He should partition into the gas phase, is equal to = 670 km?, similar to
that calculated from ASW Ne. The volume of the water-bearing rock required to account for the ASW
noble gases in the reservoir exceeds the size of the gas reservoir rock volume by a factor of Vwer /
Vher =~ 450. A close similarity of observed CH4 /*°Arar ratio and that predicted from the solubility
equilibrium is consistent with a model envisaging gas transfer by CH4 - saturated ground water
following by gas separation due to water cooling or decompression.

5.2. Excess radiogenic noble gases in hydrocarbon field: flux from deep crust

In this section we compare the noble gas characteristics of “average” gas fields (Section 3) with
those highly enriched in radiogenic species. Hiyagon and Kennedy (1992) reported rather variable
contributions of radiogenic noble gas isotopes within Cretaceous and Devonian reservoirs in the
Alberta Basin, Canada. In some samples, group A, enhanced 3He /*He ratios were observed, probably
indicating some contribution of mantle He to the hydrocarbon reservoirs, while other samples, group
B, were highly enriched in radiogenic isotopes. In group B the ratios of f “He /%°Ne, ?!Ne /?Ne and
“OAr /*Ar approach 1.4 x 10°, 0.08 and 6500, respectively, corresponding to rather long apparent
recharge — partition time intervals. Using the first ratio with parameters, shown in Footnote “c” to
Table 1, gives apparent RPTI = 1600 Ma, whereas the last ratio corresponds to >1400 Ma, both values
substantially exceeding the stratigraphic ages of reservoir rocks (below 400 Ma). This discrepancy
indicates a contribution of radiogenic isotopes from external sources. Taking into account that the He
partial pressure in hydrocarbon field increases with decreasing distance between the field site and the
basement surface (Fig. 7) the authors consider the flux from the basement to be responsible for the
high abundances of radiogenic species in the Alberta. The inferred flux of *He* in selected reservoirs
of the Alberta Basin approaches ~ 6.6 x 10”7 mol m? al, somewhat below the average crustal flux ~
1.5 x 10°® mol m? a! (e.g., O’Nions and Oxburgh, 1988; Hiyagon and Kennedy, 1992). Pinti and
Marty (1995) studied noble gas isotope abundances in crude oils from Paris Basin (France) and also
concluded that the radiogenic isotopes were transferred into Keuper reservoirs from the underlying
basement.

Fig. 7.

Concentrations of air-derived Ar and Kr in the Alberta sedimentary basin correspond to the G /
W ratios which range from 2 to 20, in overall agreement with those obtained for other hydrocarbon
fields (Fig. 1). Also, air Xe has probably been transferred underground via sorption.

5.3. Sources of highly radiogenic noble gases in Brazil hydrocarbon fields: in situ accumulation versus
partitioning from ancient ground waters

Rather high concentrations of “He*, 2!Ne*, 22Ne*, “*Ar* and high “He*/*°Neasw,
ZINe*/*!Neasw, 22Ne*/?2Neasw “PAr</**Araswr ratios were reported for hydrocarbon reservoirs in the
Brazilian sedimentary basin (Prinzhofer and Battani, 2003). To explain these observations (seen in
Fig. 8), the authors proposed that “The good consistency between values of slope ratios confirms the
quantitative estimate of the relative residence time of hydrocarbons in these reservoirs, the
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hydrocarbons of reservoirs C and D having a residence time approximately 35% longer than in the
reservoirs A and B”, the trap rock ages of these reservoirs being younger then Cambrian (Milani and
Zalan, 1999).

To comment on this interpretation, we performed an additional “quantitative estimate” of
residence times of the hydrocarbon gases. *He* concentration in the gas samples varies from 0.0027 to
0.001 (see Fig. 11 in Prinzhofer and Battani, 2003). Assuming an average depth of the hydrocarbon
fields of = 2000 m, a temperature of 70 °C, a porosity of 20 % (e.g., Milani and Zalan, 1999), then
maximum and minimum “He* concentrations in the host rocks are 3.8 x 10 and 1.4 x 10" mol cm?,
respectively. Substitution of these concentrations along with the average crustal U and Th in Egn. 1b
gives meaningless “He* accumulation time intervals, 7.6 and 6.3 Ga, respectively. Similar enormously
long time scales follow from ?!Ne* and “°Ar* concentrations seen in Fig. 8; for example 7.6 Ga is
required to generate 2!Ne* = 1 x 10"% in a gas reservoir with the same parameters. These estimates
indicate that reasonable accumulation time intervals can’t be obtained by varying the field parameters
assumed above as well as that it is not possible to explain the different concentrations of radiogenic
noble gas species by in situ accumulation, in contrast to the proposal by Prinzhofer and Battani
(2003).

Fig. 8.

Rejecting the in situ accumulation hypothesis, we suggest the “general” scenario discussed in
Section 3: in the course of hydrocarbon field formation hydrocarbon phases contacted with more
ancient (fields C,D) and less ancient (A,B) ground waters. Assuming ASW concentrations of air-
derived species for sea water, other parameters from the Footnotes to Table 1 and a 5 % porosity of
water bearing layers, the recharge — hydrocarbon production interval, corresponding to the
radiogenic/air-derived isotope ratios (*He*/*°Neasw =~ 1 x 10°%; 2!Ne*/!Neasw = 1; Ar*/*®Arasw = 5
(see Fig 7 and Prinzhofer and Battani, 2003), amounts to ~ 450 Ma for U-Th-*He*-2!Ne* and > 320
Ma for K-Ar* systematics. This time interval is comparable with the stratigraphic ages of Ordovician-
Devonian Sequence in the Amazonian Basin (Fig. 4). The low porosity can result from large depths of
the Amazonian sediments, down to 6 km (Milani and Zalan, 1999). The correlations seen in Figure
7ab could reflect variable mixing between hydrocarbons and noble gases in the course of field
formation or/and from variable losses of noble gases (postulated by Prinzhofer and Battani, 2003).

Summarizing, even though certain parameters, used for the noble-gas-derived time scales,
are generally poorly known, the above examples show that the respective estimates are useful for better
understanding of formation and evolution of hydrocarbon accumulations.

6. Hydrocarbons with small contribution of radiogenic noble gas isotopes

The lowest concentrations of radiogenic noble gases isotopes are typical of young hydrocarbon
manifestations and low-capacity fields, situated in active tectonic settings. Island arcs belong to such
settings and as an example we present data obtained for gases collected from boreholes (200 to 1200 m
deep) and methane seepages in the Green Tuff province and in Kanto district, Honshu Island, Japan
(Sano et al., 1982; Wakita et al., 1990). From data available in the noble gas data base (Polyak et al.,
2015) we selected samples with (*°Ne /*°Ar) ratios varying between AIR and ASW values, thus
indicating a small noble gases fractionation during underground noble gases transfer. In this case the
assumption that (*He* /°Ne)rore water = (*He*/?°Ne) cas prase appears to be correct. These samples
show variable concentrations of air-derived noble gases, [2°Ne]air varies from 1.4 x 107 to 2.4 x 10,
whereas the “He*/ °Near ratio is less variable, within a factor of ~ 2. The simplest explanation of
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these observation implies mixing of air and radiogenic noble gases in the course of ground water

migration following by their different dilution by methane.

Assuming (*He /?°Ne)air in methane to be equal to the ASW value (0.254) and correcting a
minimum measured ratio (1.78) for the contribution of air-derived *Heair, we obtain *He*/?°Near ~
1.5. Substituting this value in Eqn. 2 gives a recharge —partition interval as short as = 18 Ka. Several
other samples show similar ratios of *He*/*’Neair (< 4) and thus similar recharge — partition time
intervals, which are orders of magnitude younger than the stratigraphic ages of organic-bearing shale
(within 16 to 10 Ma age interval) and hydrocarbon trap rocks (older than =5 Ma).

Even though the time interval obtained above, = 20 Kyr, includes groundwater migration time
as well as time of methane generation and uplift, this interval is so short that it may be used to estimate
the lower limit of the rate of hydrocarbon generation. Multiplying the *He* production rate in a
present day rock (having average upper-crust U and Th concentrations), 2.8 x 10" mol g* a%, by the
highest CH4 / *He* ratio (= 2 x 10°) observed in gas emanating from the surface of the Chonan gas
field, Kanto district, gives the CHa production rate at 5.4 x 10"1* mol g*a. Interestingly, this value is
similar to the independent estimates for sediments from the Caspian depression and sea sediments
(Neruchev et al., 1998, Tables 5.5, 5.7). If some part of the above time interval could be constrained
from a priori data, for example from the rate of ground water flow in a given environment, the
hydrocarbon formation rate can be determined more precisely by this “noble gas approach”.

A similar approach can be used with respect to other hydrocarbon manifestations, such as mud
volcanoes, sometimes also showing quite high CH4 / “He* ratios = 10° (e.g., Baciu et al., 2007).

7. Concluding remarks

More than five decades ago the pioneering paper by Zartman, Wasserburg and Reynolds (1961)
opened the modern noble gas isotope geochemistry. Since then this branch of Earth Sciences has seen
remarkable progress, from study of sources and the origin and evolution of noble gases themselves
(Ozima and Podosek, 1983; Mamyrin and Tolstikhin, 1984) to applying the knowledge obtained to a
wide variety of geochemical problems (Porcelli, Ballentine and Wieler, eds, 2002; Burnard, 2013),
including those related to the origin of hydrocarbon materials, their fluxes from different sources,
formation and evolution of the hydrocarbons.

Even a short list of problems of terrestrial hydrocarbons, to which noble gases tracers are being
applied, appears to be quite impressive:

- Using noble gas isotopes to understand sources of hydrocarbons and constrain processes of their
generation.

- Using noble gases to model partitioning among gas, oil and water phases.

- Quantitative estimates of gas / water / oil ratios using air-derived noble gas species.

Quantitative estimates of ratios of water-bearing over hydrocarbon trap rocks using both air-
derived and radiogenic noble gas isotopes.

Using a large available data base on noble gas isotopes in hydrocarbon fields allows an important
conclusion to be derived on time scales of accumulation of hydrocarbon fields: ages of the ground
waters, participating in hydrocarbon formation, and the hydrocarbon source and trap lithologies are
similar. This is typical for hydrocarbon fields in different tectonic environments. This also means that
hydrocarbon fields were formed relatively recently, generally they are much younger than the
hydrocarbon trap structures. The dependence of time bearing isotope ratios, such as *He*/*°Neasw,
ZINe*/?!Neasw, *Ar*/*°Arasw, on tectonic environment also indicates that local processes are
generally responsible for accumulation of radiogenic noble gas isotopes in ancient ground waters,
presently observed in hydrocarbon accumulations. Fluxes of radiogenic noble gas species from
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external sources should be considered as exceptions; these fluxes are revealed by the long recharge —
partition time intervals, greatly exceeding the stratigraphic ages of the hydrocarbon source rocks.

The translation of the radiogenic / air-derived noble gas ratios into apparent time scales bridges
the noble gas data with geological environments. Even though the time scales, obtained by such
approach, are not precise at present, we would like to emphasize that the studies of noble gas isotope
inventories in fluid phases and in rocks hosting these phases, is a promising way to make better
estimates. Studies of rock-water systems are still very narrow. The authors of fluid-related papers
generally ignore studies of associated solids (rocks, minerals), typically considering that they know
about solids well enough from hypothetical “average” data. Meanwhile rare contributions, in which
attention was paid to both mineral and fluid reservoirs, indeed show the validity of both rock- and
water- studies.

Another poorly investigated problem relates to “fossil” pore waters with small concentrations
of highly fractionated noble gases, retained after their partitioning between the water and hydrocarbon
phase(s). Gases released from such waters and avoided mixing with ASW waters are also interesting
rarely observed samples, able to shed light on post fractionation evolution of crustal fluids.
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Figure Captions

Fig. 1. Gas/ Water ratios [m® / m®, STP conditions] derived from Ar and Kr concentrations in natural
gases from different gas accumulations.

The grey line shows equal G / W volume ratios for the two gases implying their equilibrium
partitioning between gas and water phases. The array of the data points (127) defines the median ratio
of G/ W = 6 shown as a dotted line (64 samples to the right-top off this line and 63 samples to the left-
bottom). “°Arair concentrations presented in Table 1 give somewhat higher G / W ratios: 10, 14 and
17 for the ancient plates, young plates and mobile belts, respectively. Note that under “field”
conditions the G / W ratios are much (by a factor = 100) lower. Data from Bosch and Mazor (1988),
Hiyagon and Kennedy (1992), Prinzhofer (2013).

Fig. 2. “He amounts in water- and gas- bearing rocks shown as a function of depth.

He amounts in gas (mainly hydrocarbon) bearing rocks were calculated using the He concentrations in
gas samples and the depths of the boreholes, assuming the rock porosity to be 10 %. Gas temperatures
and pressures (if not available in the sources of the data) were calculated assuming a geothermic
gradient 0.03 °C m™ and hydrostatic pressure in the boreholes. N2, CO2 and CH4 define samples in
which the contribution of a given component exceeds 50%; MIX means gas composition if the
concentration of each component is less than 50%. Notice high “He in N-bearing gases. Taking into
account: (i) an average time-integrated production ratio of *He*/*°Ar* = 1.6; (ii) almost complete
transfer of “°Ar* from the solid earth into the atmosphere with (*°Ar*/N2)air = 0.012, then the *He / N
ratio in a “non-dissipating” atmosphere amounts to ~ 0.02. This ratio is expected to be higher in the
present day average degassing flux because nitrogen was transferred into the atmosphere early in the
earth history.

He amounts in water samples and in air-saturated water (dashed line) are those available in 0.1 ml
water (or in 1 cm?® of a rock with 10 % porosity). Note that He amounts in gas bearing rocks greatly
exceed those in water bearing ones, up to a factor of = 1000. Data from the noble gas data base
(Polyak et al., 2015).

Fig. 3. Correlation between “He* /*°Arair and “°Ar */*°Ar arr ratios in hydrocarbon accumulations and
the recharge — partition intervals, derived from these ratios.

Grey solid and dashed lines show regression of the data and the present day crustal production
“He*/*OAr* ratio, respectively. General parameters used for calculation of the recharge — partition
intervals are presented in Footnotes to Table 1. Because of a better retention of “°A* compared with
“He*, specific parameters related to this plot are: the “°Ar* loss coefficient Lo = 0.5; *°Arasw solubility
for fresh water 10 ©C.

This plot indicates: (i) loss of “He* atoms from a parent rock into pore fluids is accompanying by “°Ar*
loss; (i) durations of the recharge — partition intervals appears to be those expected for sedimentary
basins in different tectonic settings; (iii) an overall agreement between the two estimates.

Data are from the noble gas data base (Polyak et al., 2015) and from Prasolov (1990).

Fig. 4. Durations of the recharge — partition intervals (derived from *He*/*°Arasw ratios) versus the
average ages of hydrocarbon bearing rocks for different tectonic settings.

Equal values are shown by dashed line. Limits of the recharge — partition intervals correspond to Ar
solubility in fresh 10 °C water (top) and saline (sea) 40 °C water (bottom; see Table 1, Footnotes to
this Table and Eqn 2). Notice that the average durations of the recharge — partition intervals are
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similar to the ages of hydrocarbon bearing lithologies; these relationships also envisage young ages for
formation of hydrocarbon fields (see Text).

For comparison with the general trend the recharge-partition intervals for the Magnus oil field
(the age of oil bearing lithology 150 Ma) are shown: 80 Ma (circle) obtained for *He*/*°Neasw = 7700,
110 Ma (rhomb) for 2!Ne*/**Neasw = 0.132 and 100 Ma (cross) for “°Ar*/*°Arasw = 0.48 (U, Th, K
concentrations and the above isotopic ratios are from Ballentine et al., 1996; other parameters from
Footnotes to Table 1).

The interval, calculated using high ratios of 2!Ne*/?!Neasw ~ 1 and **Ar*/*Arasw = 5 in
hydrocarbons of the Amazonian basin, Brazil (shown as square in the right top corner, see also Fig. 8),
can also be reconciled with the Devonian stratigraphic ages of sediments in this basin (see Text,
Section 5). The arrow shows a rather long recharge — partition interval, = 1500 Ma, derived from such
ratios for the Alberta Basin, Canada, indication external flux of radiogenic species (see Text, Section
5.2, and Fig. 7).

Fig. 5. Comparison of the recharge — partition intervals (derived from *He*/*°Arasw ratios) for
different tectonic settings (see Table 1 and Footnotes to this Table) versus the average ages of
hydrocarbon source rocks.

See also Captions to Fig. 4. Modified after Klemme and Ulmishek (1991).

Fig. 6. CH4 /3He and “*He /°He ratios in terrestrial gases, Russia.

The CHa /*He vs. “He/*He coordinates allow two-component mixing to be interpolated by a straight
line. Most continental hydrocarbon fields (rhombus) show radiogenic He isotope signature with
negligible or only a small contribution of mantle He as indicated by data-points concentrated near the
crustal production ratios “Crust (this work)”. CrustJ1993 is the crustal end member proposed by
Jenden et al. (1993). An admixture of mantle He to the crustal methane + crustal helium gases is
traced by the dashed line. A vertical trend with MORB-like “He /°He ratios (triangles) above or
overlapping the mantle end member is defined by gas samples from tectonically active regions with
small variable contributions of methane and variable contributions of mantle *He. Data points with
only a small amount of variance from the air helium isotope ratio (circles) generally belong to
relatively young ground water samples. Data are from the noble gas data base (Polyak et al., 2015).

Fig. 7. Correlation between partial pressure of radiogenic He in hydrocarbon fields of the Alberta
sedimentary basin, Canada, and the depth interval between a field and the Precambrian crystalline
basement.

Figure shows an exponential decrease of He concentration in a field with increasing distance from the
basement. Samples from group B, highly enriched in radiogenic noble gas species, reside close to the
surface of basement; therefore flux of fluids through faults in the basement is considered as a source of
radiogenic isotopes in the Alberta Modified after Hiyagon and Kennedy( 1992).

Fig. 8. Correlation between concentrations of radiogenic and air derived noble gas isotopes, 2*Ne* vs.
ZINear (a) and “°Ar* vs. ®Arair (b), in the four hydrocarbon fields, the Amazonian hydrocarbon
accumulations, Brazil. Modified after Prinzofer and Battani (2003).

The apparent regression lines passing through zero could originate either from mixing of noble gases
and hydrocarbons, or from different partial loss of noble gases. Grey square and diamond show
assumed “end-member” concentrations. Extremely high concentrations of radiogenic species in the
samples require meaningless accumulation time scales, exceeding the earth’s age (see Text).

However, substituting 2!Ne*/?!Neair and “CAr*/*°Arar ratios (seen as slopes of the regression lines) as

well as “He*/?°Ne from the above paper in Eqns (2, 4, or similar one adopted for 2!Ne*), give
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reasonable recharge — hydrocarbon contact intervals = 500 Ma, approaching the stratigraphic ages of
Brazilian sediments (Milani and Zalan, 1999).
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Table 1. Noble gas abundances, the average stratigraphic ages, durations of recharge - partition time intervals (RPTI) and
U-Th-He accumulation ages for the “average” hydrocarbon fields in different tectonic settings.

Tectoni | “Arar ‘He* “He*/“Arps | “Ar*/ “He*/*°Ar | Stratigraphi | RPT | “He | U-
c W “OArasw * c ¢ | *9 | Th-
] ) He*
Setting age age
e
N2 | x| N# N? | Ratio | N* | Rati | N* | Rati | N? Ma Ma | mol | Ma
10 0 0 cm
-5
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Ancient 12 3. 130 1.2x1 13 16 13 10 15 19 149 320 300 14 630
plates 1 7 6 03 3 4 9 X 0

10°®

Young 82 2. 641 29x10 13 6.5 13 072 19 89 164 130 120 33 330

plates 7 4 4 2 8 X 0
107
Mobile 32 2. 38 2.0x1 20 11 38 023 30 4.2 28 35 22 23 300
belts 2 0° x
108

Footnotes to Table:

& N shows number of hydrocarbon fields, for which the average value is given in the next column.

b The average age of host rocks, bearing hydrocarbon accumulations in different tectonic settings: Cenozoic mobile belts
(e.g., Kamchatka, Sakhalin, Japan); young (post-Hercynian) plates (e.g., Turan, Scythian, West-Siberian); ancient
(Precambrian) plates (e.g., East European, East Siberian).

¢ Time interval between ground water recharge and noble gas partitioning between water and hydrocarbon materials. To
calculate the intervals we use *He*/*°Arasw, “°Ar*/ ©Arasw , *He*/?°Neasw, and 2Ne*/2Neasw ratios (Eqns 2 and 4) and
apply the following parameters: the average crustal U = 2.7 (g g%, Th=10.5 (g g%, K =0.023 g g* (Rudnick and Gao,
2003); the production ratio of “He*/?!Ne* = 2.2 x 107 (Porcelliu et al., 2002); the water-bearing rock density 2.7 g cm™; the
porosity 0.1; the loss parameters: Ls = 1.0, L4 = 0.5, 0.7, 1.0 for the ancient plates, young plates and mobile belts,
respectively, Lo = 0.75; the concentrations of 22Neasw = 8.5 x10*? mol cc H,0; **Arasw = 1.7 x 108 mol cct in 10 °C
fresh water (Peeters et al., 2002) and “°Arasw = 8.6 x 10° mol cc* H,O in 40 °C sea water (Weiss, 1970). In column 14 we
present the average RPTI values, calculated by using “He*/*°Arasw ratio for both, fresh and saline waters at recharge. Note
a good correlation between RPTI values (col. 14) and the average stratigraphic ages (col. 13, see also text in Section 3.2).
d4He* concentrations in host rocks [mol cm] were calculated by using the following parameters of the average
hydrocarbon fields: *He* concentrations from the Table (col. 5), depth 1500 m, temperature 45 °C, host rock density 2.7 g
cm®, porosity 0.2. Similar rather high “He concentrations can be derived for the “field conditions” from (i) the average
partial pressure of “°Arar, 0.0034 atm (in 180 hydrocarbon fields, 0.003 to 0.0039 is a 95% confidence interval),
corresponding to “°Arair = 2.7 x 108 mol cm3, and (ii) “He*/*°Arair ratio in column 7. This approach gives *He*
concentrations in host rocks [mol cm=] 4.5 x 107, 1.7 x 107 and 2.9 x 10 for the ancient plates, young plates and mobile
belts, respectively.

35




¢ Apparent U-Th-He “accumulation ages” obtained via substitution of “He concentrations from column 15 along with the
average crustal concentrations of U and Th in Egn 1b; meaningless values (much exceeding the stratigraphic ages) indicate
a negligible contribution of in-situ produced radiogenic “He in the rock - pore fluid system of hydrocarbon fields. This is
also valid for “He* amounts obtained via partial pressure of °Arair (see Footnote %): the corresponding apparent
accumulation ages are [Ma] 4000, 2100 and 380 for the ancient plates, young plates and mobile belts, respectively.

The K-Ar “accumulation ages”, obtained by using *He* concentrations (col. 15) and *He* / “°Ar* ratios (col. 11) from the
Table 1 along with the average crustal K are 6700, 2000 and 490 Ma for the fields situated in the ancient plates, young
plates and mobile belts, respectively. Similar meaningless accumulation ages result from “°Ar* concentrations, obtained
from ©°Arair (col. 3) and *°Ar*/*°Arasw (col. 9).

Sources of data to Table 1: Ballentine et al. (1991), Ballentine and O'Nions (1992), Dai et al. (2008), Elliot et al. (1993),
Gavrilov et al. (1972), Gavrilov and Teplinskiy (1973), Gerling et al. (1967), Jin et al. (2009), Jenden et al. (1993),
Kamensky et al. (1974), Lobkov and Prasolov (1976), Marty (1995), Nagao et al. (1981), Nesmelova et al. (1975), Nesterov
et al. (1976), Ni et al. (2014), Prasolov et al. (1980), Prasolov (1981, 1990), Prasolov et al. (1981), Prasolov et al. (1987),
Prinzhofer et al. (2010), Voronov and Prasolov (1974), Voronov et al. (1974), Xu et al. (1995a, 1995b, 1982).
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