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Abstract

Noble gases, and the way they fractionate, is a promising approach to better constrain origin,
migration and initial state distributions of fluids in gas and oil reservoirs. Thermodiffusion, is one of
the phenomena that may lead to isotope and elemental fractionation of noble gases. However, this
effect, assumed to be small, has not been quantified, nor measured, in oil and gas under reservoir
conditions. Thus, in this work, molecular dynamics simulations have been performed to compute the
thermal diffusion factors of noble gases, in a dense gas (methane) and in an oil (n-hexane) under high
pressures. Interestingly, it has been found that thermal diffusion factors, associated to both isotopic
(*8Ar, “°Ar) and elemental fractionations of noble gases (*He, 2°Ne, “°Ar, Kr and 31 Xe) in gas and
oil, could be expressed as linear functions of the reduced masses. Regarding the amplitude of the
phenomena, it has been found that, in a stationary 1D oil or gas fluid column, thermodiffusion due
to a typical geothermal gradient has an impact on noble gas isotopic and elemental fractionation
which is of the same order of magnitude than gravity segregation, but opposite in sign. In addition,
the relative impact of thermodiffusion on isotopic and elemental fractionations depends on the fluid
type which is another interesting feature. Thus, these first numerical results on isotopic and elemental
fractionation of noble gases by thermodiffusion in simple pure gas and oil emphasize their interest
as natural tracers that could be used to improve the pre-exploitation description of oil and gas

reservoirs.
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l. Introduction

Noble gases are interesting and promising natural tracers allowing characterizing the origin,
migration, and trapping of hydrocarbon reserves [1-3]. They are naturally present under traces in all
natural fluids and can be measured accurately [1-3]. Interestingly, Noble gases are chemically and
biologically inert under geological conditions and are so fractionated, i.e. partially separated, by
physical processes only. Furthermore, they can be fractionated from the elemental (i.e. between the
major isotopes of noble gases), and the isotopic (i.e. between isotopes of a given noble gas) points of
view [1-3].

Existing physical processes which may lead to noble gas fractionation have been reviewed in
literature [1-4]. They can be classified into two main families. The first one includes the mechanisms
yielding fractionations at the stationary state, such as phase equilibrium or gravity segregation [1-3].
The second one is corresponding to the fractionation mechanisms associated to transient state, such
as mass diffusion processes [1-4]. This work is a contribution to the former one.

The elemental and isotopic fractionations of noble gases in a gas and oil reservoir at the
stationary state could be, in principle, quantitatively estimated by an ad hoc thermodynamic model
[5-7], provided that corresponding physical processes are well defined and quantified. As a first
approximation, the fluids are usually assumed to be subject to only the gravity field, which, for the
noble gases, induces a relative enrichment of the heaviest isotopes and heaviest noble gases at the
bottom of the fluid column [8-9]. However, vertical compositions of the fluids computed from this
assumption may significantly differ from the actual ones [7, 10-12], i.e. the fractionations are

incorrect. So, one has to introduce other external forces that may occur.

One of other external forces that may have a non-negligible impact on the elemental and
isotropic fractionations of noble gases in a fluid column is due to a thermodiffusion induced by the
geothermal gradient [7, 12]. However, this phenomenon has not been paid much attention regarding
elemental and isotopic fractionation of noble gas in geological fluids [1-3]. This is probably due to
lack of data on the thermodiffusion (quantified by thermal diffusion factor) for the noble gases in
geological fluids under reservoir conditions. This effect has often been assumed to be small as it
could be deduced from the Kkinetic theory at low density gas conditions [13]. However, the thermal
diffusion factor in simple fluids usually increases with density [14], and so may be significant in
dense states such as those typical of reservoir conditions. Thus, one of the main objectives of this
work is to provide a quantification of the elemental and isotopic fractionation of noble gases in gas
and oil by the thermodiffusion under reservoirs conditions to check if it could be considered as a
negligible phenomenon compared to the gravity segregation.
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Despite of non-negligible number of theoretical and empirical models proposed in literature,
the thermal diffusion factor is difficult to predict in dense phase in particular when considering
multicomponent fluids [15-17]. Furthermore, experiments under high pressures and on
multicomponent mixtures, despite noticeable progresses [17], are still very difficult to achieve.
During the last twenty years, molecular dynamics simulations have proved to be an alternative tool
to estimate the thermal diffusion factor in simple fluids [15, 17]. The accuracy of this tool is mainly
controlled by description of potential energy between molecules, i.e. the force fields. With recent
progresses in the molecular modelling, molecular simulations have shown to provide reasonable
results for thermophysical properties, including the thermal diffusion factor, of various fluids
including noble gases, natural gases, n-alkanes [18-19]. Thus, in this work, to quantify the isotopic
(*®Ar, “°Ar) and elemental fractionation (“He, *Ne, *°Ar, 8Kr and *'Xe) of noble gases by the
thermodiffusion in gas and oil under high pressures, we have used molecular dynamics simulations

combined with a recently developed force field.

Organization of the paper is as follows. In section I1, thermodynamic model used to compute
fractionation by gravity segregation and thermogravitation (gravity segregation + thermodiffusion)
is presented. Details on molecular dynamics simulations are provided in section Ill. In section 1V,
results obtained from molecular simulations and the application of thermodynamic model are

discussed. Finally, main results are summarized to form the conclusion in section V.

Il. Thermodynamic model of thermogravitation

We consider here a one-dimension multicomponent oil/gas column, containing noble gases,
with impermeable boundaries. If the gravity field effect is first considered, taken as constant, on the
fluid column species distribution, the isothermal distribution of noble gases at equilibrium can be
estimated by [8]:

(2e) = Mygxg 0

where uyc and My are the chemical potential and the molecular weight of the considered noble gas,
respectively, z is the direction of the gravity field applied, T is the temperature, and g is the
gravitational acceleration. As the noble gases are highly diluted in the oil and gas under reservoir

conditions, their chemical potential in the mixture can be expressed as [20]:

pnc = RT Inxye + po (2)



where, R is the gas constant, xy is the molar fraction of noble gas, and y, is a function independent
of xy¢. In addition, we can write that [20]:

(f29), = vwe )

where vy is the partial molar volume of the considered noble gas and P is the pressure. From Eqgs.
(2) and (3), the differential of the chemical potential of the considered noble gas in an isothermal

mixture is so given as:

NG VUngdp (4)

d
XNG

dung = RT

In addition, the hydrostatic equilibrium of the fluid column imposes that:

dp = pgdz ®)

where, p is the density of mixture. Substituting Egs. (4) and (5) into Eq. (1), we obtain:

d
%NGG = g_T (Myg — pvyg)dz (6)

When the vertical geothermal gradient, which is typically of 0.03 K/m, is taken into account in the

modeling, a thermodiffusion term should be added to Eq. (6) which becomes:

deG ar

XNG

X2 (1 — xyg)dT (7)

= % (Myg — pvng)dz — p

where ar v is the thermal diffusion factor of the considered noble gas in the mixture which is defined

as usually by:

T Vxneg
X 8
xne(1-xNg) vT (8)

At NG = —

Once the vertical composition has been known at the stationary state from Eq. (6) (gravitational
segregation) or Eq. (7) (thermogravitation), it is possible to quantify the fractionation F between two
noble gases, or two isotopes of a given noble gas, using:

&] _ (xNG1/xNG2)

g

(9)

N (xNG1/xNG2)Ref

where (... )grer IS the value at a reference point.

I11. Fluid models and molecular simulations

3.1. Fluid models



The Mie chain coarse-grained (MCCG) force field has been used to model the noble gases
(Helium, Neon, Argon, Krypton and Xenon) and n-alkane molecules (methane and n-hexane), as it
has shown a good capability to describe thermophysical properties of these species [21-23]. The
MCCG model consists in a simple homo-nuclear chain composed of N particles which are freely and
tangentially bonded. The non-bonded interactions between particles are described by the Mie A-6
potential:

uMie(Tij) = Ceyj l(ﬁ)lu - (ﬂ)j (10)

rij Tij
where r;; is the distance between the two particles, ¢;; is the potential well depth, o;; is the collision
diameter, 4;; is the exponent characterizing the repulsive interactions between the non-bonded
particles and C is the normalization factor defined as:

e~ () ()

lij—6 6

Two adjacent particles in a chain are connected by a bond with a fixed length of g;;. Hence, the

MCCG force field requires four parameters (N, A, €, o) to describe a compound.

To determine the four parameters of the MCCG force field, we have used a parameterization
strategy proposed by Hoang et al. [23], except for Helium. This strategy is based on an extended
corresponding states principle that requires the critical temperature, one saturated liquid density, the
acentric factor and one saturated liquid reduced viscosity for each compound. This strategy could not
be applied to Helium due to the quantum effect on the critical properties [24]. Hence, a Lennard-
Jones potential, which is corresponding to the MCCG force field with N=1 and A=12, with the
parameters proposed in literature has been used to model these compounds [25]. The values of the

four parameters of the studied species are given in Tab. 1.

It is worth noting that the thermal diffusion factor is known to be very sensitive to the cross-
interaction description [26-27]. In this work, we have employed the classical Lorentz-Berthelot

combining rules to determine the cross-interaction parameters of o;; and €;; using [28-29]:

O'l'l'+0']'j
2

Eij = . €; X E]] (12b)

And, the repulsion exponent of the cross-interactions, 4;;, has been deduced from an arithmetic

0 = (123.)

average as [30]:



_ hitdy

/1ij = > (12C)

Hoang et al. have shown that the MCCG force field combined with these combining rules is able to
reasonably predict the thermal diffusion factors for Ar-Kr mixtures and n-pentane/n-decane mixtures

at atmospheric pressures [23].

To evaluate the capability of this force field, with the chosen combining rules, to deal with
mixtures of n-alkane with noble gases we have considered the Henry’s constant of Xe in n-C6 defined
as [31]:

lig
q X
xNG—>0 NG

lig . UNG,ex
HNG = hm fNG] = pélquTe( /kBT) (13)
where, f,éicq and x};g are the fugacity and the mole fraction of Xe in the liquid n-C6 respectively, p?q

is the number density of the liquid n-C6, and uyg ., is the excess chemical potential of Xe in the

liquid n-C6. To determine pgl'", the Gibbs Ensemble Monte Carlo simulations have been carried out
[32-33], whereas the Widom method has been employed to compute pyg e, [34-35]. As for
thermodiffusion, this quantity is very strongly controlled by the cross-interaction potential [20].
Results shown in Figure 1 indicate a good agreement between the Henry’s constant from the
experiment and from molecular simulations [36], confirming the good capability of the chosen force

field to deal with the studied mixtures.

3.2. Molecular simulations
Numerical details:

In all molecular simulations, a cutoff radius equal to 3.5¢ has been used and long range
corrections have been included [37]. To constrain the bond length, we have employed the classical
RATTLE algorithm [38]. When required, temperature and pressure have been controlled using a

Berendsen algorithm [39].

Simulation boxes composed of between 1000 and 3000 molecules were used to compute the
properties. After equilibration or after reaching the steady state, samplings have been carried out
during about 5x107 time steps. To improve the statistical uncertainties, self-diffusions and thermal
diffusion factors presented in the following correspond to averages on between 5 to 10 independent

runs for each configuration, and the error bars are corresponding to the standard deviations [18].



Transport Properties computation:

To estimate the thermal diffusion factor of noble gases in the studied fluids, we have
employed a boundary driven non-equilibrium molecular dynamics (NEMD) scheme proposed by
Miiller-Plathe [40]. In this scheme, a simulation box is divided into Ns slabs (24 in this work) along
the direction of the thermal gradient, and the thermal gradient is generated by exchanging the kinetic
energies of molecules in the central part of simulation box, Ns/2 and Ns/2+1, with the edge slabs, 1
and Ns. At the stationary state, the local composition and temperature are computed, and the thermal
diffusion factor is simply deduced from Eq. (8). According to this formulation, a positive (negative)

value of a; corresponds to a relative migration of the noble gas towards the cold (hot) region.

In addition, the thermal diffusion coefficients of the noble gases have been computed from

the thermal diffusion factors, the mass diffusion coefficients Dy, and the temperature using [16]:

Drng = Dng aT’TNG (14)

In which, the mass diffusion coefficients are simply equal to their corresponding self-diffusion
coefficients, Ds n¢, as the noble gases are highly diluted for the studied systems [41]. To compute
the self-diffusion coefficients of noble gases, we have used a usual Einstein relation during

equilibrium molecular dynamics (EMD) simulations as [42]:
Dy = lim ={[r(8) — 1, (0)]%) (15)

where, t is the time, (...) is the average over molecules and r;(t) is the position of molecule i at the

time ¢t.

One of the main challenges of the proposed strategy to compute thermal diffusion factors of
noble gases in methane and in n-hexane under reservoir conditions is that noble gases are highly
diluted (with typical mole fraction of the order of 10°+102 [43]). This may lead to simulation results
with a poor statistics and so to very large error bars [44-45]. So, to improve the statistics, we have
computed the dependence of the density and the thermal diffusion factor of the “°Ar+nC6 mixture on
the mole fraction of “°Ar at T=323K and P=10 MPa. Figure 2 indicates that simulation systems
containing about 1.0% mole fraction of “°Ar are a good approximation of highly diluted systems such
as those found in natural reservoirs. Hence, the number of noble gas molecules used in this work

corresponds to a mole fraction equal to 1.0% in all studied systems.

IV. Results and Discussions



4.1. Thermal diffusion factor and thermal diffusion coefficient

Molecular dynamics simulations have been performed at thermodynamic conditions
corresponding to a temperature of 323K and a pressure of 100MPa for methane (dense gas) and of
10MPa for n-hexane (oil). Such pressure range from 10 to 100 MPa covers what usually found in oil
and gas reservoirs. However, it should be noticed that the gas pressure used in this work is relatively
high compared to what usually found in natural reservoirs. This choice was guided by the idea of
mimicking a more complex dense gas mixture with the use of a simple gas composed of methane

under high pressures.

4.1.1. Thermal diffusion factor
A. Noble Gases

Figure 3 shows the thermal diffusion factor for the major isotopes of noble gases in the dense
gas and in the oil obtained from NEMD simulations. As expected, thermal diffusion factors increase
with the weight of the of the noble gas both in the dense gas and in the oil with values typical of those
encountered for simple fluids, i.e. values of thermal diffusion factors of the order of one [14, 46],
which is not negligible. Furthermore, in the dense gas all noble gases bigger than Ne tends to migrate
to the cold area (ar ys>0), Whereas only those bigger than Ar tends to migrate to the cold area in the
oil. Thus, a noble gas that has a molecular mass greater than that of its solvent, tends to migrate,
relatively to the solvent, to the cold region. In addition, except for Helium in dense gas, it seems that

thermal diffusion factors of the noble gases are linearly related to the reduced mass oM defined by:
M = (Myg — Ms)/(Myg + M) (16)
where M; is the mass of the solvent (here Methane or n-Hexane).

To understand this linear relationship, it should be first recalled that the thermal diffusion

factor of a binary mixture is usually decomposed in two contributions as [17, 47]:

ar = A1 50 + AT Cchem (17)

where a 15, IS the isotopic contribution, i.e. a mass effect, and a cpem IS the chemical contribution,
i.e. a contribution from molecular interactions. The isotopic contribution is known to be well

described by:

aT‘,SO = aé\w/{o X 6M (18)



where, a7, is a coefficient independent on the molecular mass. Thus, a linear relationship between
ar and 6M for noble gases in the dense gas and the oil implies that the parameters of the interaction

potential, which contributes to ar cpem, possess a “peculiar” relationship with the molecular mass.

To support this idea, it is interesting to note that, when considering noble gases (except

2/3 scales linearly with M~1/2, see Fig. 4, where Ve

Helium for quantum reasons) and n-alkanes, V.
is the critical volume [48]. This means that, for these species, the reciprocal of the square root of
molecular mass M~1/2 scales with the reciprocal of square of molecular size r~2. For mixtures
composed of species possessing such a relation between mass and size, the kinetic theory [13] leads
to a thermal diffusion factor in gaseous states exhibiting a linear variation with the reduced mass. In
addition, in dense states, Galliero et al. [14] and then De Mezquia et al. [49] have found that the
thermal diffusion factors in binary liquid mixture of n-alkane can be quantitatively defined as a linear

function of the reduced mass.

B. Isotopes of Ar

Thermal diffusion factors for “isotopes” of Argon, with isotopic mass going from 10 g/mol
to 90 g/mol, have been computed in the dense gas and in the oil. By using such unrealistic isotopes,
it is possible to amplify the differences so as to better quantify them from the simulation point of
view. Results are displayed in Fig 5. As expected, the heavier isotopes migrate more to the cold

region than the lighter isotopes [13-14] in both the dense gas and in the oil.

It is interesting to notice that the thermal diffusion factor has a linear relationship with the
reduced mass for the isotopes of Argon, see Fig. 5. This can be easily understood as the chemical
contribution to thermal diffusion is constant, see Egs. (17) and (18). Regarding the value of the slopes
of the linear relationship, i.e. af!y , they have been found to be equal to 2.5+0.4 and 4.3+0.9 in the
dense gas and in the oil, respectively. These values are consistent, especially in the dense gas state,
with what could be deduced from the correlation developed by Galliero et al. [14] to deal with
isotopic mixtures. More precisely this correlation yields a4, =2.53 for the dense gas and af/, =3.14
for the oil. Such a results means, that, in a first approximation, the correlation developed in Galliero
et al. [14] seems to be adequate to deal with such systems.

4.1.2. Thermal diffusion coefficient

A. Noble Gases
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Figure 6 shows thermal diffusion coefficients, D, of the major isotopes of noble gases in the
dense gas and in the oil. Similarly what obtained on thermal diffusion factor, Dy increases with the
noble gas weight. Interestingly, it has been found that a linear relationship can be observed when D
is plotted against the reciprocal of the square root of the molecular mass My>-° of the considered
noble gas. This is probably related to the fact that mass diffusion Dy is known to scale well with

My 2> when dealing with noble gases diffusion in dense fluids (water) [50].
B. Isotopes of Ar

Thermal diffusion coefficients for unrealistic isotopes of Argon in the dense gas and in the
oil have been computed and are displayed in Fig. 7. Results indicate that D, increases with the
isotopic mass, and linearly scales with the reduced mass as found for thermal diffusion factor a;.
This is probably partially due to the fact the mass diffusion of isotopes does not change strongly with

the mass when dealing with diluted solute in a dense solvent [50].

4.2 Elemental and isotopic fractionation

In this part, Egs. (6) and (7) have been used to quantify the fractionation of noble gases in the
dense gas (T=323 K, P=100 MPa) and in the oil (T=323K and P=10 MPa) due to gravitational
segregation and thermogravitation at the stationary state. The models have been applied to a 1D fluid
column of 200 m height with constant thermophysical properties, using the values computed from
molecular simulations at the reference point. Regarding the partial molar volumes vy, they have
been obtained using the Kirkwood-Buff theory [51] combined with the method proposed by Milzetti
etal. [52].

4.2.1. Elemental Fractionation

Figures 8 and 9 show the isothermal distribution of the elemental fractionations between
noble gases and “°Ar along a fluid column from the reference position z, to z, — 200m due to the
gravity field only in the dense gas and oil, respectively. As expected from the choice in the modeling
(constant thermophysical properties), the elemental fractionation F[NG/*°Ar], computed using eq.
(9), linearly varies with the deep of fluid column (z, — z). More interesting is that the noble gases
larger than “°Ar are more enriched at the bottom of the fluid column than “°Ar, whereas it is opposite
for the other noble gases. It is worth noticing that the elemental fractionations in both dense gas and

in oil are rather similar. This can be explained by the fact that the partial molar volume varies slightly
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with the type of noble gas compared to the molecular mass, which leads to |p(vyg — Var)| K
|Mye — My,-|. So, FING/ATr] is weakly dependent on the solvent (e.g. methane and n-hexane), see
Egs. (6) and (9).

When a geothermal gradient is applied to the dense gas and the oil, the elemental
fractionations are induced by coupling between gravity segregation and thermodiffusion
(thermogravitation), see Eq. (7). Results shown in Figs. 8 and 9 indicate that the smaller noble gases,
i.e. “He and ?°Ne, migrates more toward the bottom than “°Ar, which is opposite to what obtained
when only the gravity field is considered. In addition, elemental fractionation of the larger noble
gases, i.e. #Kr and 1Xe, exhibits the same trend than when only the gravity is taken into account
but in a reduced manner. It is worth noticing that these behaviors are similar in both the gas and the

oil phases.

These observations imply that the thermodiffusion has a crucial impact, sometimes even
larger than gravity segregation, on the stationary state elemental fractionation of noble gases in the

gas and oil reservoirs.
4.2.2. Isotopic Fractionation

Regarding the isotopic fractionation, we have studied the fractionation between 3Ar and “°Ar
in the dense gas and in the oil. Figure 10 displays the distributions of this fractionation when only
gravity field is applied. It is expectedly found that the isotropic fractionation F[*Ar/*°Ar] linearly
varies with the deep of fluid column (z, — z), and the light isotope is less enriched at the bottom of
fluid column than the heavy isotope. It should be noticed that F[*®Ar/*°Ar] due to the gravity field is
similar in dense gas and in oil. This is simply due to the fact that the partial molar volumes of the two

isotopes are the same as previously discussed for the elemental fractionation.

To investigate the fractionation between *Ar and “°Ar when adding the geothermal gradient
to the gravity field, we have used thermal diffusion factors of 3Ar and *°Ar deduced from a linear
fitting on the simulation results obtained for Ar masses ranging from 10 g/mol to 90 g/mol, see Fig.
5. The distribution of this fractionation is shown in Fig. 10. In the dense gas, the gravity segregation
still dominates the fractionation but in the oil the effect of thermodiffusion is larger than that of the
gravity field which leads to a reversed gradient compared to the gravitational case alone. It should be
emphasized that contrary to what was obtained on the elemental fractionation, isotopic fractionations

in the dense gas and in the oil are noticeably different when the thermodiffusion is taken into account.
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IV. Conclusions

In this work, we have studied the effect of thermodiffusion on isotopic (*°Ar, “°Ar) and
elemental fractionations of noble gases (*He, ?°Ne, “°Ar, 8Kr and **Xe) in dense gas (methane) and
in oil (n-hexane) under reservoir conditions. To do so, we have used non-equilibrium molecular
dynamics simulations to compute thermal diffusion factor and thermal diffusion coefficients of noble
gases in both gas and oil. The Mie Chain Coarse Grained force field has been employed to model
noble gases and n-alkanes molecules. Then, using a classical thermodynamic model and the
properties computed from simulations, isotopic and elemental fractionations by gravity segregation

and thermogravitation (gravity segregation + thermodiffusion) have been evaluated.

Interestingly, it has been found that thermal diffusion factors, associated to isotopic and
elemental fractionations of noble gases in the dense gas and in the oil, could be simply expressed as
linear functions of the reduced mass. Such a behavior was expected for the former, and for the latter
this behavior could be explained by the fact that for the noble gases there is a linear relationship
between the reciprocal of square root of molecular mass and the reciprocal of square of molecular
size. In addition, it has been noticed that thermal diffusion coefficients exhibit a linear relationship
with the reciprocal of square root of the molecular mass for the major isotopes of noble gases and
with the reduced mass for isotopes of Argon. These behaviors could be attributed to behavior of the
mass diffusion coefficient which was found to be linearly dependent on the reciprocal of square root
of molecular mass for the major isotopes, whereas it is weakly dependent on the molecular mass for

the isotopes of Argon.

In a second step, these results on thermodiffusion of noble gases have been used to compare
the isotopic and elemental fractionations due to gravity segregation alone and due to
thermogravitation using a typical geothermal gradient in a 1D fluid column. For the elemental
fractionation, results have shown that the larger noble gases are more enriched at the bottom of the
fluid column when only gravity field is present, with a similar amplitude in both the dense gas and
in the oil. In the thermogravitation case, the relative noble gases distribution is drastically changed.
More precisely, the distribution of the smaller noble gases, i.e. “He and ?°Ne, is reversed compared
to gravity segregation alone, whereas the magnitude of the fractionation of the larger noble gases, i.e.
84Kr and 31 Xe, is noticeably diminished. These behaviors have been found similar in both the dense
gas and in the oil. Regarding isotopic fractionation between 3Ar and “°Ar, it has been found that “°Ar
is enriched at the bottom of fluid column compared to 3®Ar if gravity segregation only is considered.

When taking into account the additional contribution of thermodiffusion, this behavior is reversed in
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the oil, and noticeably diminished in the dense gas. Thus, it appears that the type of reservoir fluid

has noticeable effect on the isotopic fractionation, but only a weak one on the elemental fractionation.

Thus, even if this work is only preliminary and deals only with pure gas and pure oil, these
results emphasize the need of taking into account thermodiffusion when modeling noble gas isotopic
and elemental fractionations in a stationary 1D oil or gas fluid column. In addition, because of the
differences in the relative impact of thermodiffusion on isotopic and elemental fractionation of noble
gases, these natural tracers are probably good candidates to confirm or infirm the stationary state,

and probably the stability, of a fluid column.
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Table 1: Parameters of the MCCG force field used to model the noble gases in normal alkanes.

Compound N A g (J/mol) o (A)
He 1 12.00 90.628 2.640
Ne 1 12,51 290.28 2.813
Ar 1 13.93 1044.1 3.407
Kr 1 13.43 1423.0 3.634
Xe 1 14.22 2029.8 3.962
CH4 1 11.06 1150.2 3.707
nCs 3 13.38 2227.3 3.862
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Figure 1: Henry’s law coefficients of Xenon in Hexane obtained from experiments [36] and from

molecular simulations using MCCG force field.
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Figure 2: Dependence of thermophysical properties on the molar fraction of noble gas for the binary
mixture of Ar+nC6at T=323 K and P=10 MPa. (a) Density. (b) Thermal diffusion factor.
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Figure 3: Reduced mass dependence of thermal diffusion factor of noble gases in dense gas (a) and

in oil (b). Symbols correspond to the simulation results. Curves are linear fitting to the simulation

results and serve a guide for the eye.
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Figure 4: Relationship between M~1/2 and VC_Z/3 in n-alkanes and in noble gases [48].
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Figure 5: Reduced mass dependence of thermal diffusion factor of “isotopes” of Argon with isotopic
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Figure 6: Thermal diffusion coefficients versus reciprocal of square root of molecular mass of noble

gases. (a) In dense gas. (b) In oil. The legend is the same as that in Fig. 3.
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Figure 7: Thermal diffusion coefficients versus reduced mass of “isotopes” of Argon. (a) In dense

gas. (b) In oil. The legend is the same as that in Fig. 5.
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Figure 8: Vertical distribution of elemental fractionation due to gravity segregation (red) and due to

thermogravitation (green) in dense gas.
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Figure 9: Vertical distribution of elemental fractionation due to gravity segregation (red) and due to

thermogravitation (green) in oil.

1.04 —
1.02
z |
FoRRL
z [
L
0.98 i ]
: —8— Grav 0-98:' —— Grav ':
| | =———— Grav+AT ] [ | =———— Grav+AT ]
PR T A P - - . oy -
0.96 50 100 150 200 09 50 100 150 200
2,-2 (M) z,-z (M)

14k K

| | ———@—— Grav F —— Grav
| | =——o—— Grav+AT 0.96 || ——— Grav+aT
PR T S T T P B . L L L ! !
0.985 50 100 150 200 0 50 100 150
2,z (M) z,-z (m)

23



Figure 10: Vertical distribution of the isotopic fractionation between *Ar and “°Ar due to gravity

segregation (red) and due to thermogravitation (green). (a) In dense gas. (b) In oil.
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