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ABSTRACT

Preliminary Gibbs free energy minimization calculations indicate that high molecular weight
compounds in kerogen may be in metastable equilibrium with hydrocarbon species in petroleum
during the incongruent partial melting process responsible for the generation and maturation of
petroleum, which is accompanied by progressive oxidation of kerogen with increasing depth of
burial. It appears that H,0 plays a crucial role in the process, which may be driven by escape
from. the system of methane as the ultimate product of the irreversible hydrolytic
disproportionation of the light paraffins.'

INTRODUCTION

Although the overall process responsible for the generation of bitumen from kerogen and the
chemical evolution of high molecular weight compounds in bitumen to the lower molecular
weight species that predominate in petroleum is irreversible (Tissot and Welte, 1984; Béhar et
al.,, 1992; Helgeson et al., 1993; Planche, 1996), thermodynamic calculations indicate that
metastable equilibrium states probably prevail among liquid hydrocarbon species with carbon
numbers 2 6-15 and carbon-bearing aqueous species such as CO, and CH,COOH at the oil-water
interface (Helgeson et al., 1993). In addition, it appears from the results of recent calculations
that mature kerogen may be in metastable equilibrium with maturing crude oil in hydrocarbon
source rocks. Thermodynamic calculations lead to the conclusion that the maturation process
may be driven by the extent to which methane escapes from the system as the ultimate product of
the irreversible hydrolytic disproportionation of hydrocarbons with carbon numbers < 6-15. The
large chemical affinities of these reactions are an attractive energy source for thermophilic
microbes, which may then mediate the maturation process if the system is open at the
hydrocarbon-water interface (Helgeson ef al., 1993). It follows that irreversible hydrolytic
disproportionation reactions among the light hydrocarbons should perturb to the right reversible
reactions representing hydrolytic reduction of the higher molecular weight compounds to form
lighter species.

HYDROLYTIC OXIDATION/REDUCTION AND DISPROPORTIONATION
REACTIONS

To illustrate the hydrolytic oxidation/reduction process in a maturing source rock, reversible
reaction of the highly branched isoprenoid liquid species corresponding to 2,6,10,14,18-
pentamethyl-7-(3-methylpentyl)nonadecane (C,Hy,) in kerogen or bitumen to form a light
paraffin species such as liquid decane (C,jH;, ) in petroleum can be described in terms of the
overall reaction represented by

+ 2H)0p === 3 ossa Oy 1)
CsoHe2 CioHpyqg
(2,6,10,14,18-pentamethyl-7- (n-decane)

(3-methylpentyl)nonadecane)

! The term hydrolytic disproportionation refers to reaction of a given hydrocarbon with H,0 to form a lighter
hydrocarbon and oxidized carbon-bearing species.

2 The chemical affinity of the rth irreversible reaction (A, ) can be expressed as A, =2303RTlog(X, /Q,),
where. A, stands for the chemical affinity of the rth reaction, R refers to the gas constant, K, represents the
equilibrium constant for the reaction, and Q, designates the activity quotient for the subscripted reaction, which is

given by
’i:,r
o =[1a" .
i

where a; denotes the activity of the ith species in the system and #;, stands for the reaction coefficient of the ith
species in the rth reaction, which is positive for products and negative for reactants. Although X, is computed from
the standard molal thermodynamic properties of the species in the reaction, Q, is evaluated from compositional
data. Hence, if Q, =K,, A, =0and the reaction is reversible. Otherwise, A, d& >0 where¢, stands for the
progress variable for the rth reaction.

415



for which the logarithmic analog of the law of mass action can be expressed for unit activity of
H,0 as

10g(a2 11,y / acm,) = 108K =108 /o, e)

2(g)

where ac . 8cH, and foz(,) stand for the activity and fugacity, respectively, of the

subscripted species and K represents the equilibrium constant for Reaction (1). Hence, at
constant temperature, pressure, and log f, O’ ifac m,, is lowered by the irreversible hydrolytic
o

disproportionation of n-decane in accord with

28 A~~~ 2H0g — 31 o~ + COyy 3
CioHng) CoHagg)
{n-decane) (n-nonane)
reaction (1) will be perturbed to the right. Alternatively, changes in temperature, pressure, or the
fugacity of oxygen may perturb Reaction (1) to the right. The dependence of the latter process on
these variables can be quantified explicitly by combining the partial derivatives of Eqn. (2) with
a differential equation of the form

$-3), B, ] TEe o
dz \oT Pfoy, dz \oP Tfos dz \dlog [y, ot dz

to give
dy _AH; dr AV dp dlogfo,,
dz  2303RT* dz 2.303RT dz dz ’

(5)

where AH and AV, refer to the standard molal enthalpy and volume of Reaction (1), z stands
for depth in km and

y=log(a JCan(I) / acanu) : (6

1t follows from Eqns. (5) and (6) that formation of C,H,,, from C,;H, in accord with reaction
(1) during burial of source rocks is favored by a negative log foun gradient, a positive value of

AH; and/or a negative value of AV,” . Thermodynamic calculations indicate that AH; and AV,
for Reaction (1) are indeed positive (~ 72 kcal mole™ and ~ 31 cm® mole”, respectively, in the
temperature interval 25-200°C). However, Reaction (1) and other hydrolytic reductive
maturation reactions like it will also be perturbed to the right in the absence of an appreciable
increase in temperature and pressure if d log So /dz is strongly negative, as it is along profile
ec in Fig. 1. Although dlogf, /dz is positive along profiles ad and cb in Fig. 1,
thermodynamic calculations using data and equations taken from Helgeson e al (1998) and
Richard and Helgeson (1998) indicate that the absolute value of the third term on the right side of
Eqn. (5) is smaller along these profiles than that of the first term. Hence, Reaction (1) will be
perturbed to the right during burial along these profiles, despite the negative contribution of the
last two terms in Eqn. (5). The results of pretiminary calculations summarized below suggest that
this is probably true of both maturation and analogous incongruent partial melting reactions in
general. Under these conditions, log f, O is buffered by the metastable equilibrium coexistence

of the different hydrocarbons in the liquid, or in the latter case, the solid and liquid species in
kerogen and bitumen. It can be demonstrated that AH; for hydrolytic disproportionation
reactions like Reaction (3) is generally positive, which also favors thermal maturation. Although
the positive AV, for Reaction (3) favors the left side of the reaction during burial, it is so small

that its contribution can be considered to be negligible compared to that by AH; .

PRELIMINARY CALCULATION OF METASTABLE EQUILIBRIUM STATES
AMONG HYDROCARBON SPECIES IN KEROGEN, BITUMEN, AND PETROLEUM
Calculated values of the logarithms of the activities of four liquid hydrocarbon species (n-
hexane [CH,], n-decane [C,H,), tricyclohexaprenane [C,H,], and 178(H)-decakishomo-
hopane [C,,H,,]) in hypothetical bitumen or petroleum coexisting with crystalline naphthalene in
kerogen are shown in Fig. 2 as a function of temperature at constant specified values of log f, O

in the range of log fou,, represented by curves ab and cd in Fig. 1. Although naphthalene units

in kerogen are bonded to neighboring compounds, crystalline naphthalene will serve as a suitable
proxy for these units in this idealized and simplified analysis. The curves depicted in Fig. 2 were
generated using thermodynamic data and equations taken from Helgeson et al. (1998) and
Richard and Helgeson (1998) to calculate equilibrium constants as a function of temperature and
pressure for
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6 + 46H0q === 10 <N 4 230y U

CioHge : CeHuagy
(naphthalene) (n-hexane)
2 + 14H0p == 2 VN 7 Oy ®)
CioHgyy CioHaog
(naphthalene) (n-decane)
3 + 16H0p === + 80,y
CigHgyy ~ CaoHsep
(naphthalene) (tricyclohexaprenane)
and
4 + 20H20(1) -_— + 100y, . (10)
Cy4oH
CioHge) 0
(naphthalene) (17 A H)-decakishomohopane)

The logarithmic analogs of the law of mass action for these reactions can be written for unit
activity of crystalline naphthalene as

logaC‘Hum =(log K - 231°gfo,(,, )/10 11

logaqn,,,m” = (log Kg) - 7logfom))/2 (12)

log ac,m,,, =108Kq) - 810gfom) (13)
and

k’g”c,,,H,,(,, = logK(m) - 1010gf0m) , (14)

where K5y, Ky, Ky, and Kq stand for the equilibrium constants for the subscripted
reactions. Equations (10)-(14) represent the curves shown in Fig. 2, where it can be seen that the
curves in each of the four diagrams cross each other over narow temperature intervals at log
activity values which are slightly below zero. It follows that the liquid hydrocarbons represented
by these curves can coexist with appreciable concentrations in a single liquid phase in metastable
equilibrium with crystalline naphthalene at the temperatures and fugacities of oxygen
corresponding to those of the curve-crossings in Fig. 2. A log fO;(,,_ temperature profile

consistent with this observation is depicted in Fig. 3, where it can be compared with the profile in
the hydrocarbon reservoirs of the Texas Gulf Coast (Helgeson et al., 1993). It can be seen in Fig.
3 that the two curves are separated by only 2 log units or ~10°C.

Calculated changes in speciation are depicted in Fig. 4 for maturation of the hypothetical
hydrocarbon liquid represented by the curve-crossings in Fig. 2 and the upper temperature —
log fo, , profile in Fig. 3. The curves shown in this figure were generated from Eqns. (11)-(14)

and the relation ZX ; =1 (where X, stands for the mole fraction of the ith species in the liquid)
assuming in a first approximation ideal mixing of the four hydrocarbon species in the
hypothetical liquid.® It can be deduced from Fig. 4 that increasing burial of naphthalene in

kerogen coexisting with this liquid along the upper temperature — log fo,(,, profile in Fig. 3
would be accompanied by “maturation” of the liquid from ~ 90 mole percent
tricyclohexaprenane (C;oHsq) and 17XH)-decakishomohopane (CyoHy, ) at low temperatures to

~ 80 mole percent n-hexane (C¢H,,q) and n-decane (C,oHy, ) at 125°C. Preliminary calculations
indicate that similar, but much more complex behavior can be expected in actual bitumen and

3 The mole fraction of the ith hydrocarbon species ( X‘-) in bitumen or petroleum is related to its activity (a; )by
X, =a;/\;

where A; stands for the rational activity coefficient of the subscripted species, which is unity in the case of ideal

mixing.
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petroleum during burial of hydrocarbon source rocks along profiles like those depicted in Fig. 1.
Although the incongruent partial melting of kerogen in source rocks may not occur to an
appreciable extent at low temperatures, the metastable equilibrium calculations represented by
the curves shown in Figs. 2, 3, and 4 indicate that the incongruent partial melting of kerogen
species and the maturation process are simultaneous interrelated processes.

CONCLUSIONS

The fact that the curves in each of the diagrams in Fig. 2 cross each other over narrow
temperature ranges is a consequence of the actuality that hydrocarbon species are members of
closely related homologous series. However, the observation that they cross each other at log
activities corresponding to appreciable concentrations at geologically reasonable values of
log fozm and temperature is a manifestation of the physical, chemical, and thermodynamic

reality of metastable equilibrium states among many (but not all) hydrocarbon species in
kerogen, bitumen and petroleum in the Earth. Under these circumstances, if hundreds of curves
were drawn in Fig. 2 representing reversible hydrolytic reduction reactions for the muititude of
hydrocarbon species found in bitumen and petroleum, all of them would be expected to cross in
approximately the same narrow temperature ~ log foz(n interval shown in Fig. 3. A similar result

would be expected for metastable equilibrium among these species in the liquid phase and other
hydrocarbon compounds in kerogen. Gibbs free energy minimization calculations are currently
being carried out to explore the extent to which these metastable equilibrium states may obtain in
hydrocarbon source rocks. Preliminary results of these calculations indicate that oxidized
kerogen may coexist in metastable equilibrium with crude oil in source rocks during progressive
burial and maturation of the oil. Furthermore, the maturation process may persist at temperatures
in excess of 200°C. Because the composition and speciation of both the kerogen and maturing oil
generated in the Gibbs free energy minimization calculations are consistent with geologic reality,
it appears that the process is not controlled by chemical kinetics, but instead by the thermal
gradient, rate of burial, availability of H,O, and the degree to which methane can escape from the
system.
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Fig.1 Temperature - 1°gfon,,—

25°C. Curve efg is a hypothetical profile
representing more oxidized conditions at
greater depths then those along ea and ec.
Curves cab and cad are consistent with
the temperature — log fow profiles in

hydrocarbon reservoirs
Helgeson et al. (1993).
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Fig.2 Graphic representation of Eqns. (11) - (14) as a function of temperature at constant

pressure and log fox(,) (see text).
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Fig. 3 Temperature — log fozm profile

consistent with the curve-crossings in

Fig. 2 (upper curve) and profile ab in

hydrocarbon reservoirs in the Texas Gulf

Coast taken from Helgeson ez al. (1993).
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Fig. 4 Mole fraction (X) - temperature
maturation diagram for the hypothetical
hydrocarbon liquid represented by the
upper curve in Fig. 3 coexisting with
naphthalene in kerogen (see text).




