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Abstract—Based on water—rock interaction modelling and kinetic considerations, the present study is aimed
at testing the impact of organic matter maturation on two kinds of diagenetic reactions leading to the
alteration of the petrophysical properties of sandstones: (1) Clay mineral conversion to illite with K -feldspar
being a local potential source of K; and (2) Dissolution—precipitation processes produced in sandstones by
the action of water-soluble organic species derived from adjacent shales.

Assuming firstly that the chemical reactions take place in closed systems, the nature and timing of
diagenetic reactions in marine sandstone/shale formations were modelled for a 50-120°C temperature range
in order to improve understanding of the factors that control the illitization reaction with K-feldspar co-
existing with aluminous clay. Illite is modelled here as a muscovite type mineral. We tested the effects of an
energy barrier on illite growth by allowing or preventing the muscovite/illite precipitation reaction to occur,
while using several illitization reaction rates. We also compared the stable mineral parageneses predicted for
organic material-free systems with those predicted in the case of organic diagenesis (release of CO,, CH,,
acetic and oxalic acids). Similarities and discrepancies between numerical results and natural mineral
assemblages suggest that the illitization reaction depends on the nature of the reacting clays. Kaolinite
conversion to end-member illite involves high-energy conditions (> 2 kcal mol~"), which are not met when
the pore water equilibrates with the mineral matrix from undersaturated conditions in a closed system. To
overcome this barrier, the fluid should be oversaturated with respect to K-feldspar. An external source of K
or a pH increase in an open system is necessary for this reaction. No particular effect of organic diagenesis on
this reaction was found in the present study. On the other hand, smectite-to-illite conversion involves a lower
energy barrier and can operate in closed systems where K-feldspars are the source of K. The maturation of
organic matter may speed up the smectite-to-illite conversion rate by increasing the Gibbs Free Energy of
illite growth.

Interactions between sandstone and shale were examined by modelling the transfer of aqueous species of
organic origin from shale to sandstone. Fluid expulsion from shale had little or no effect on diagenesis in
adjacent sandstones during each flushing cycle, mainly because organic protons and ligands were neutralized
in the source rock. However, the diffusion of shale-derived cations through sandstone as organometallic
complexes (Mg > Ca > > Fe > > Al) appears to be an efficient process during carbonate cementation in
sandstones, where oxidizing conditions enhance the decomposition of such complexes. © 1997 Elsevier
Science Ltd. All rights reserved

INTRODUCTION compaction, the main causes of porosity and perme-

ability changes in the rocks. Increasing temperature

The chemical reactions affecting the rock-forming and pressure with depth, added to fluid flow through
minerals in sedimentary basins are, together with the sediments, has led to chemical disequilibria
between the aqueous phase and the mineral matrix.
In response to these disequilibria, dissolution and
* Laboratoire Géochimie, 38 rue des 36 Ponts, 31400 precipitation reactions have maintained the water—
Toulouse, France, tel: (33) 61 55 62 40 fax: (33) 61 520544, rock system close to chemical equilibrium. Petro-
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reactions. However, thermodynamic and kinetic con-
ditions are often useful in unravelling complex
geological histories.

Most of the mineralogical reactions observed in
clastic sediments are practically isochemical with the
sources and sinks of elements occurring in the vicinity
of reaction sites. Biotite chloritization and quartz
overgrowths produced by pressure solution, as well as
illitization of aluminous clays caused by concomitant
dissolution of K-feldspar, are all typical of this kind of
reaction. On a mm or c¢m scale, these reactions can be
modelled for a closed system as a function of time,
temperature or initial mineral assemblage, provided
that the kinetic laws governing the reaction are well
known. For most silicates and carbonates, the dis-
solution rates and relations of these rates to tempera-
ture, pH, fluid chemistry and chemical affinity are well
documented. However, much less is known about the
kinetics of nucleation and growth of authigenic
silicates during burial. As an example, Ehrenberg
(1991), Bjerlykke and Aagaard (1992) and Ehrenberg
et al. (1993) have reported the occurrence of residual
kaolinite or dickite and K-feldspar in North Sea
sandstones at 30004000 m depths. This is in contra-
diction with the existing thermodynamic conditions in
the boreholes, which indicate that the reaction K-
feldspar + kaolinite — illite + quartz should have
taken place at a much lower temperature leading to
the disappearance of either kaolinite or K-feldspar.
On the other hand, the observed kaolinite illitization
occurred within a restricted space of time (Platt, 1993;
Matthews et al., 1994; Lanson et al, 1996). In
contrast, the conversion of smectite to illite observed
in shales is described as a slow but systematic reaction
(Velde and Vasseur, 1992). This duality in clay
diagenesis raises questions about the factors control-
ling illitization.

On a larger scale, juxtaposed geological formations
of different compositions can also produce diagenetic
reactions either by diffusion of aqueous species or by
displacement of the whole fluid phase through the
sediment. In sandstone/shale sequences, for example,
dissolution of feldspar and precipitation of aluminous
clays in sandstones are interpreted as resulting from
the release of acid organic species from adjacent
organic material-rich shales or coals (Ehrenberg,
1991; Gaupp et al, 1993; Platt, 1993). However,
under such conditions, the capacity of a moving fluid
to produce diagenetic reactions is difficult to quantify
from petrographic data alone. Numerical simulation
of water-rock interactions appears here as a useful
tool in constraining the geochemical diagenetic
patterns in sedimentary basins.

In this study, we use thermo-kinetic modelling of
extreme cases in order to test several diagenetic
reaction pathways in sandstone/shale sequences. We
focus on two kinds of mineral reactions: (1) Clay
mineral conversion to illite with K-feldspar being a
local potential source of K; and (2) Dissolution—
precipitation processes produced in sandstones by

the action of water-soluble organic species generated
in the sandstone itself, or derived from adjacent
shales. In the latter case, the effects of the transfer of
water-soluble organic species (carbonates and ace-
tates) are modelled from source shales to adjacent
sandstones using advection or diffusion as the transfer
mechanism. From similarities and discrepancies
between the numerical results and field data, we first
identify the mechanism that controls the illitization
reaction observed in clastic sediments, and then we
discuss the effect of organic matter maturation on
diagenesis in sandstone/shale sequences.

REACTION PATHWAY AND KINETIC
CONSTRAINTS USED FOR SIMULATIONS

The nature and timing of diagenetic reactions in a
marine sandstone/shale sequence were calculated
using the EQ3/6 software package (Wolery, 1983;
Wolery and Daveler, 1990). Briefly, 3 kinds of
quantitative information can be generated:

(1) The chemical force which drives a given reac-
tion (Gibbs Free Energy of reaction);

(2) The nature of the stable paragenesis as a
function of the temperature and initial sediment
composition;

(3) The time required to reach thermodynamic
equilibrium as a function of the specified kinetic laws.

A first set of calculations was performed for a clean
sandstone, an argillaceous sandstone and a shale
containing organic material, assuming dissolution
and precipitation reactions in a closed system at
temperatures of 50, 80 and 120°C. This thermal
window reveals the diagenetic events occurring in
sedimentary deposits to a depth of about 4000 m,
assuming a mean geothermal gradient of 27°C/km and
a surface temperature of 12°C. In the case of
sandstones, we compared the timing of reactions and
the stable mineral paragenesis predicted for organic-
free systems with the values predicted for water-
soluble organic species generated within sandstones.
We also modelled the fluid expelled from a shale
containing organic material towards to an organic-
free argillaceous sandstone, and the thermal decom-
position of acetate species at 120°C. The general
reaction pathway is shown in Fig. 1.

Starting fluid

The starting fluid is seawater. We used both
standard and ‘reduced’ seawater (pHs-:cy=4.2 and
Eh(zs:cy= —250 mV), assuming SO4 bacterial reduc-
tion during early diagenesis. Because of the low water—
rock ratios in closed systems (W/R <0.1), no
significant difference was observed in the final para-
genesis. The activity coefficients of water and aqueous
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Fig. 1. Reaction pathways in closed system simulations. At
each temperature, the starting mineralogy is reacted with the
starting fluid.

120°C decomposition of acetate

species were calculated using B-equations (Helgeson,
1969).

Starting mineral paragenesis:

Three mineral matrices were tested that correspond
to the main sedimentary lithologies observed in
sandstone/shale sequences:

(1) Mature sandstone containing 66% quartz, 6%
muscovite and 6% microcline (by volume) and having
22% porosity;

(2) Argillaceous sandstone made up of 60% quartz,
6% muscovite, 6% microcline and 6% Al-clays (by
volume), with 22% porosity. the Al-clays consist of
kaolinite, Mg-beideillite or Mg-montmorillonite
(‘Mg-’ means saturated with Mg). Note the increased
Mg/Al ratios in the clay fraction;

(3) Shale or silt, containing equal volumes of
quartz, microcline, muscovite, and Al-Mg-Fe-Ca—
clays (Ca-beidellite + Mg-nontronite). The porosity
of shale was estimated at 10%, assuming that the
compaction of these sediments occurred at a tempera-
ture of less than 50°C (=~ 1700 m).

Organic diagenesis

The main water-soluble species generated during
the thermal breakdown of kerogen are CO,, organic
acids and CHy. According to Barth (1991) and other
authors, acetate is the most abundant organic anion in
natural waters. Carbon dioxide has several possible
origins: thermal breakdown of kerogen or decarbox-
ylation of organic acids (Kharaka et al., 1983, 1985;
Drummond and Palmer, 1986; Bell ef al., 1994). The
relative amounts of CO,, organic acids, and CH,

generated from the thermal breakdown of kerogen
can be estimated from hydrous pyrolysis as a function
of the nature of the source rock and kerogen maturity
(Barth and Bjerlykke, 1993; Andresen et al., 1994). In
the present study, the progressive breakdown of
kerogen (50 mg per gram solution) is modelled by
dissolving increasing amounts of CO, and acetic acid
in the aqueous phase at increasing temperatures. The
cumulative amounts of released organic species are
selected from the above-mentioned studies, using the
maximum concentration of organic acids found in oil-
field water (10000 ppm; MacGowan and Surdam,
1988). We also modelled the thermal decomposition
of acetic acid into CH4 and H,COs acid at 120°C. The
association constants of Al, Fe, Mg and Ca acetate
complexes reported by Harrison and Thyne (1992) are
incorporated into the database to allow for the
existing organometallic complexes. In order to deter-
mine the reaction rate of the mineral matrix alone, the
organic species are added to the aqueous phase—at
the beginning of reaction—in amounts varying with
temperature, as shown in Table 1.

Dissolution rate of the mineral matrix

The rate of a chemical reaction at the solid-solution
interface depends on the surface area of the interface,
the reaction rate constant and the fluid chemistry.
These parameters are constrained for the dissolution
reactions as follows:

(1) The selected grain size of sediments is taken
arbitrarily as 200 pum for sandstones and 20 um for
shales. The interfacial area between the sediment and
pore fluid (i.e. the specific surface area of the fluid) is
determined using the equation for close-packed
spheres reported by Rimstidt and Barnes (1980).
These arcas are 42.75m?1™! for sandstones and
427.5m>?17" for shales. The macroscopic surface
area assigned to each mineral exposed to pore water
is assumed to be proportional to the mineral volume in
the rock. We also took into account the fact that the
surface area decreases as the mineral dissolves. Since
feldspathic minerals usually exhibit etch pits, fractures
and cleavages at their surfaces, the specific surface
area of microcline is estimated to be 10 times greater
than its macroscopic surface (White and Peterson,
1990). For clays, a crystallite size of 200 pm, or even

Table 1. Cumulative amounts of organic species supplied to
the aqueous phase

Temperature  CO, CH3;COOH CH, total mass
(mole kg™") (gkg™")
50°C 0.125 0.05 0.0 8.5
80°C 0.5 0.15 0.0 31.0
120°C 0.85 0.15 0.0 46.4
120°C* 1.0 0.0 0.15

*(decarboxylation of acetate)
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20 pm, appears to be a significant overestimation.
Their specific surface area is estimated to be 100 times
larger than the macroscopic surface area calculated as
above, thus corresponding to sheets of thickness 2.0
and 0.2 pm in sandstones and shales, respectively. No
geometric correction was made either for quartz or for
muscovite, according to Nonaka (1984).

(2) The dissolution rate constants for quartz at 50,
80 and 120°C are calculated from the rate-temperature
dependence in pure water, as reported by Dove and
Crerar (1990). For microcline and muscovite, the rate
constants at low temperatures reported by Busenberg
and Clemency (1976) and Lin and Clemency (1981)
are extrapolated using an activation energy of
40 kJ mole ~!, which characterizes the dissolution
rate of most of the silicates under near-neutral pH
conditions (Helgeson e al., 1984). In the case of clay
minerals, for which the hydrolysis rates are poorly
documented, the rate constants and activation ener-
gies are used for neutral pH values as reported for
kaolinite by Carroll and Walther (1990). We dis-
regarded the pH dependence because preliminary tests
show that pore waters are buffered by the mineral
assemblage under near-neutral pH conditions.

(3) According to the transition state theory, the
dissolution or precipitation rate of silicates is also a
function of the degree of solution saturation, or
equivalently the Gibbs Free Energy of reaction.
Rimstidt and Barnes (1980) and Berger et al. (1994)
have shown that the dissolution rate of quartz in near-
equilibrium conditions obeys a first-order affinity
relation. Nagy er al. (1991) reported a similar
behaviour for the dissolution of kaolinite. In contrast,
Burch ez al. (1993) and Oelkers et al. (1994) found that
a single-rate relation controlled by solution saturation
does not accurately describe the aluminosilicate
dissolution rates over the complete range of chemical
affinity. However, the data reported by these last
authors were obtained in acidic or basic conditions,
i.e., in conditions where charged surface species
promote the far-from-equilibrium dissolution rates.
In the absence of more constrained kinetic models,
using conditions close to equilibrium in the 5-8 pH

range characterizing the natural waters, the dissolu-
tion rates of the starting phases were all described
using a first-order affinity relation and assuming a
stoichiometric release of chemical constituents.

The dissolution rate constants and the surface area
for the starting mineral phases are shown in Table 2.
Note that shale and sandstone are not only defined by
their grain size (by an appropriate choice of specific
surface areas), but also by their different mineralogical
compositions.

Precipitation rate of secondary phases

Several assumptions are made for the precipitation
rates of secondary phases:

(1) No specific precipitation rate is selected for a
first set of calculations. The stable secondary phases
are precipitated at each step of the reaction in the
amounts required to maintain the pore water in
equilibrium with these phases. Illite is modelled on
secondary muscovite, according to the composition of
end-member illite reported by Lanson and Champion
(1991). For this case, the precipitation rates of
secondary phases are assumed to be much higher
than the dissolution rates of source minerals. Thus,
the amounts of precipitated secondary phases are
controlled by the hydrolysis rate of the starting
mineral matrix.

(2) Even if the above assumption is valid for the
precipitation of oxides, hydroxides and carbonates
during silicate alteration, it seems questionable in the
case of illite growth (see Introduction). To allow for
the commonly observed preservation of kaolinite at
high temperatures in K-feldspar-bearing sandstones,
the secondary parageneses in mature and argillaceous
sandstones is also calculated by impeding the pre-
cipitation reaction of muscovitefillite. The degree of
supersaturation of the pore fluid is thus calculated
with respect to muscovite/illite, or the Gibbs Free
Energy of illite growth, when the fluid is in equilibrium
with the starting mineral matrix, in particular with Al-
clays and K-feldspar. The absence of muscovite/illite

Table 2. Input constraints for the starting mineral phases

Temperature Quartz Muscovite  Microcline  Al, Mg-clays (kaol. Beid. mont.)  Fe,Mg-clays (nont.)
rate (mole m~257")
50°C 7410712 3910°2 211071 47101 471071
80°C 38107 " 131072 71107 791071 791071
120°C 5010710 501072 27107" 1.010°12 1.0 10713
Lithology surface area (m? kg ™)
Mature sand. 28.2 2.56 25.6 / /
Argil. sand. 25.6 2.56 25.6 256 /
Shale 96.5 96.5 965 4809 4809
mineral/solution ratio (moles kg~ ")
Mature sand. 132 20 2.5 / /
Argil. sand. 120 20 2.5 2.50r2.7 /
Shale 100 16.5 20.6 8.3 8.3
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precipitation in shales is not tested here because the
illitization reaction occurred systematically.

(3) Finally, for the kaolinite-bearing sandstones,
the illitization reaction is constrained by the precipita-
tion rate of muscovite/illite rather than by the
dissolution rate of source minerals. Chermack and
Rimstidt (1990) have determined experimentally the
kaolinite-to-illite conversion rate in the presence of
muscovite as a function of temperature (250-307°C),
surface area of muscovite, pH and the concentration
of K in solution. We use the rate value and the
activation energy proposed by Chermack and Rim-
stidt (1990), assuming that the K*/H" ratio in
solution is given by the coexistence of microcline and

kaolinite and that illite nucleates at the surface of-

muscovite as observed by these authors.

TIMING AND MINERALOGICAL CHANGES
DURING SIMULATIONS

Four parameters are systematically tested from
simulations: temperature, organic diagenesis in sand-
stones, nature of clays in argillaceous sandstones, and
the kinetics of muscovite/illite precipitation in sand-
stones. The effects of these parameters on the reaction
timing and final paragenesis are described below for
each type of rock.

Diagenesis in organic-bearing shales (no kinetic
constraints on illite growth)

The solution very quickly approaches equilibrium
with quartz and primary muscovite after dissolution
of trivial amounts of these phases. The main mineral
reaction involves dissolution of microcline and bei-
dellite, with production of secondary muscovite/illite
and quartz until complete disappearance of beidellite.
The reaction is complete within less than 2000 a at
50°C, with decreased duration at higher temperatures.
Minor reactions include the precipitation of traces of
carbonate, anhydrite and zeolite, as well as the
exchange of Mg with Ca in nontronite. Although
acid species of organic origin are generated in the
aqueous phase (CO,, acetic acid), the solution is
buffered at near-neutral pH at all temperatures. A
more detailed description is given in the discussion on
interactions between shales and sandstones.

Diagenesis in clean sandstones

Diagenesis in clean sandstones produces few miner-
alogical reactions. In the absence of organic diagen-
esis, the pore fluid equilibrates with the starting
mineral assemblage under near-neutral pH conditions
at all temperatures, with no significant change for
solids. Upon addition of CO, and acetic acid to the
aqueous fluid, a small fraction of initial microcline is

seen to dissolve (passing from 10% at 50°C to 16% at
120°C), producing secondary muscovite/illite and
quartz, or kaolinite if the precipitation reaction of
muscovite/illite is impeded. The time required to reach
equilibrium never exceeds 500 years.

Diagenesis in argillaceous sandstones

The results obtained for argillaceous sandstones are
more scattered given the number of parameters tested
(temperature, nature of the starting clays, muscovite/
illite precipitation reaction, with or without con-
straint, presence or absence of organic materials,
illite growth rate relation, using the shale-derived
fluid at 120°C).

When precipitation of muscovite/illite is unim-
peded, microcline and initial clays, whatever their
nature (kaolinite, beidellite or montmorillonite), dis-
solve into illite + quartz until complete disappearance
of feldspars or other clays. The CO, and organic acid
generated by organic diagenesis has no significant
effect on the reaction pathway. The pH of the
equilibrated pore water ranges in the 4.2—6.5 interval.
The time required to reach equilibrium decreases as
temperature increases, passing from 5100 a at 50°C to
360 a at 120°C.

If the precipitation of muscovite/illite is impeded,
microcline does not dissolve and the behaviour of Al-
clays is conditioned by the nature of the clay,
temperature conditions, and organic diagenesis. The
last factor can be viewed as a source of protons for
mineral reactions. The secondary parageneses are
shown in Fig. 2. Kaolinite is stable in all cases.
Beidellite is converted to kaolinite, montmorillonite
and quartz, depending on temperature as well as the
amounts of CO, and acetic acid released into the

muscovile
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Fig. 2. Changes in the mineral paragenesis of argillaceous

sandstones assuming no precipitation of muscovitefillite.

Sectors are proportional to the volumetric mineral mode in

the rock, while secondary phases are indicated with an
expanded radial scale.
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aqueous phase. Montmorillonite remains stable in
organic matter-free systems, but is partially converted
to kaolinite + quartz upon release of protons of
organic origin into the pore water. It is noteworthy
that the initial Al-clays are the precursors of authi-
genic kaolinite and that K-feldspar remains stable. In
all cases, the time necessary to reach equilibrium does
not exceed 150 a. The Gibbs Free Energy of the
impeded muscovite/illite precipitation (i.e. the chemi-
cal potential which should drive the impeded reaction)
is plotted against temperature and starting clays in
Fig. 3 (the higher the absolute value of the Gibbs Free
Energy, the higher the chemical potential for pre-
cipitation of illite). Using montmorillonite as the
starting clay, and in the absence of organic diagenesis,
the |AGlreaction for illite growth decreases with
temperature from 1.4kcalmole™' at 50°C to
1.18 kcal mole ™! at 120°C. In all other cases, illite
oversaturation is controlled at the end of the reaction
by the same mineral assemblage (microcline—quartz-
kaolinite), and the |AG| eqction for illite growth
increases from 1.4 kcal mole™" at 50°C to 1.96 kcal
mole ™" at 120°C.

When the precipitation of muscovite/illite is con-
strained by the rate value proposed by Chermack and
Rimstidt (1990), the reaction is completed after
4.5 Ma at 50°C, 0.015 Ma at 80°C and 417 a at 120°C.

When reacting the organic material-free argilla-
ceous sandstones with the shale-derived fluid at 120°C
(Fig. 1), results are similar to those obtained when
using unreacted seawater with the only difference that
traces of carbonate precipitate after decomposition of
the acetate species contained in the shale-derived
fluid.

KINETIC CONTROL OF ILLITE GROWTH

As appears from the above calculations, the
theoretical time required for the system to reach
chemical equilibrium is very short if it is dependent
on dissolution reactions alone (no kinetic constraints
on the precipitation reactions). The longest elapsed
time (5100 a in argillaceous sandstones) is obtained
upon dissolution of microcline and Al-clays into illite
+ quartz at 50°C. It is clear that these calculated times
are underestimated by several orders of magnitude. In
particular, they suggest that K-feldspar dissolution in
the presence of Al-clays must have been complete at
the time of early diagenesis, unlike the situation
generally observed in sandstones (Ehrenberg, 1991;
Bjerlykke and Aagaard, 1992; Ehrenberg e al., 1993).
According to Bjorkum and Gjelsvik (1988), the
coexistence of K-feldspar and kaolinite in North Sea
sandstones may indicate pore water supersaturation
with respect to quartz at low temperatures. But
according to Kharaka et al. (1985) and Egeberg and
Aagaard (1989), the silica contained in pore water is in
equilibrium with quartz at temperatures higher than
70°C. Consequently, the occurrence of kaolinite in

deep K-feldspar-bearing sandstones raises a question
as to the true factors controlling illitization and the
validity of the kinetic constraints used in our calcula-
tions. Four assumptions are problematic:

Illite composition. In this study, we use a mica
(muscovite) to model end-member illite. This
assumption is based on the mica-type composition of
the latter, as reported in Srodon er al. (1986) and
Lanson and Champion (1991). However, natural end-
member illite contains some smectitic sheets due to
restricted substitution of Al by divalent cations
(mainly Mg). Considering the end-member illite as a
true Mg phase, the availability of Mg could then
become the limiting factor of kaolinite-to-illite
conversion as modelled in Ben Baccar et al. (1993).
This explanation is rejected here because: (1) The
smectitic sheets in end-member illite can be viewed as
defects; (2) Natural shales or sandstones always
contain Mg; and (3) Chermack and Rimstidt (1990)
transformed kaolinite into illite in Mg-free
experimental systems.

Dissolution rates as constraints. Based on our
calculations, the rate-limiting reaction is the
dissolution of microcline when the illitization rate is
constrained by the dissolution of source minerals. We
established that any change in the kinetic parameters
of microcline leads to an equivalent change in the
calculated reaction time and that the kinetic
parameters of clays are of secondary importance, due
to the high specific surface area used for clays. The
parameters determining the reaction rate of
microcline are the surface area, the rate constant, the
order of the affinity relation, and solution chemistry.
Assuming that all these parameters are overestimated,
we calculate the rate of the reaction, microcline +
kaolinite — quartz + muscovite/illite by decreasing
the surface area and rate constant of microcline by one
order of magnitude, and by controlling the
concentration of silica in solution using chalcedony
instead of quartz. The recalculated time values
required to reach equilibrium in sandstone are
0.486 Ma, 0.180 Ma and 0.045 Ma at 50, 80 and
120°C, respectively. Although these new constraints
result in a 120~ to 150-fold reduction of the reaction
rate, they do not resolve the question of metastability
of the kaolinite + K-feldspar assemblage in
sandstones. This suggests that illite nucleation and
growth are likely to be a limiting factor in illitization.
Furthermore, the pore water equilibrates very rapidly
with the mineral present in the rock, at least ‘from the
bottom’ (undersaturated conditions).

Precipitation rate as a limiting step. Using the rate
values proposed by Chermack and Rimstidt (1990) to
constrain the precipitation of muscovite/illite, the illite
growth reaction appears to be a limiting factor only at
low temperature (4.5 Ma for the complete reaction at
50°C). However, it cannot be regarded as a limiting
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factor for deeply buried sandstones on a geological
time scale.

Nucleation as a kinetic barrier. Nucleation is the
final process capable of limiting the rate of an
illitization reaction. Calculations carried out in the
case of an impeded muscovite precipitation reaction
help determine the oversaturation of muscovite/illite
in clastic sediments with pore water in equilibrium
with microcline, clays and quartz. Figure 3 shows how
the Gibbs Free Energy of the muscovitefillite
precipitation reaction depends on the nature of the
clays co-existing with K-feldspar. Using kaolinite, the
|AGreaction fOr muscovite/illite precipitation increases
with temperature, while it decreases (with
temperature) in the presence of montmorillonite.
This suggests that the activation barrier to illite
growth (i.e. the minimum |AG/ eacion fOr the reaction
to occur) is more easily overcome with burial in the
presence of kaolinite rather than smectite. However,
this assumption is in apparent contradiction with the
fact that K-feldspar and kaolinite can survive
illitization in sandstones at depths up to 4000 m
(Ehrenberg, 1991; Bjerlykke and Aagaard, 1992;
Ehrenberg et al., 1993), while, in shales, the
conversion of smectite to illite is described as a slow
but systematic reaction (Velde and Vasseur, 1992).
This can be explained by the nature of the reaction.
The illitization of smectite in a mixed-layer structure
involves a progressive enrichment in end-member
illite, while illitization of kaolinite involves
precipitation of the pure end-member illite without
any intermediate members of the series. Note that
direct precipitation of end-member illite is also
envisaged in the smectite-to-illite transformation, but
as a late and very slow reaction (Lanson and
Champion, 1991). In the first type of reaction, the

2.0

\

initial clays= - kaol., beid., mont., with organics
- kaol. or beid. without orgartics

|AGlreaction for illite growth
(Kcal/mol)
&

initial clays= montmorillonite without organics

T T T
50 80 120

temperature (°C)

Fig. 3. Gibbs Free Energy for muscovitef/illite precipitation,
(when this reaction is ignored in calculations), plotted versus
the temperature and nature of initial clays (triangles indicate
kaolinite, circles beidellite, squares montmorillonite). The
open symbols are for organic matter-free systems and closed
symbols are for the organic matter-bearing systems.
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K-feldspar + smectite -> illite + quartz
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dissolved
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Fig. 4. Illitization process as a function of the nature of the
initial clays.

activation barrier is likely to be lower than in the case
of direct precipitation of a muscovite-type mineral.
Thus, it appears that smectite is more suited as a
precursor to illite than kaolinite. Based on these
considerations, we propose two different reaction
pathways to account for the illitization of
sedimentary clays, depending on the nature of the
clays rather than the lithology (shale or sandstone).
These pathways are shown schematically in Fig. 4.

Kaolinite-to-illite conversion

Two reactions can account for this conversion:
K-feldspar + kaolinite — muscovite/illite

1
+2 quartz + H,O (closed system) M

kaolinite + 2/3K* — 2/3 muscovite/illite 5
+2/3H* + H,0 (open system) 2)
The survival of K-feldspar and kaolinite—as
observed in North Sea sandstones—demonstrates
that the metastability of this assemblage can continue
through geological time. Even a |AGleaction Of
2 kecal mole™ !, calculated at 120°C, is insufficient to
produce the direct precipitation of end-member illite
in these sediments according to reaction (1). Thus, if
kaolinite is illitized at a shallower depth, it can be said
that increasing temperature is not the controlling
factor. According to Rossel (1982), Pye and Krinsley
(1986) and Lanson et al. (1996), the intense illitization
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120°C

saturation of K-zeolites

1AGlreaction for illite growth
(Kcal/mol)

saturation of K-feldspar

0 . - — .
0,0 0,5 1,0
KYH* « 107

(= molality of potassium for pHT= 5)

Fig. 5. Increase in the scale of the |AG/reqaction for illite growth

versus the K*/H* activity ratio, when impeding the

precipitation of all potassic phases. The vertical dashed lines
show the stability limits of K-feldspar and K-zeolites.

of kaolinite in North Sea sandstones may be related to
an invasion of sediments by brines. As a result, these
saline solutions, which are enriched in K, increase the
degree of saturation of all the K-bearing phases,
including muscovite/illite and K-feldspar. We tested
the hypothesis of water flushing by increasing the K ¥/
H™ activity ratio in the pore water (increase of
aqueous K or pH) and by assuming that SiO, and Al
are buffered by quartz and kaolinite. Increase in the
|AGireaction for illite growth (oversaturation of illite) is
shown against the K" /H™ activity ratio in Fig. 5 with
impeded precipitation of all potassic phases. Figure 5
suggests that if K-feldspar does not precipitate
immediately when it becomes oversaturated, then the
|AG reaction for illite growth can reach a critical value
beyond which the reaction (2) will start. Under these
conditions, K-feldspar is oversaturated and cannot be
a source of K. This implies that an external source of
K is necessary for kaolinite illitization. This also
implies that the degree of illitization depends on the
supply of K and equivalent consumption of protons
(toavoid a decrease in the K ¥ /H™ activity ratio). The
buffering capacity of aqueous or mineral carbonates
appears here to be an optimizing factor in kaolinite
illitization. No effect of organic matter maturation on
the kaolinite-to-illite conversion is indicated by the
calculations. According to Small (1993), transporta-
tion of aluminum and potassium as oxalate complexes
could also drive reaction (2) in an open system.
However, the conditions for such a process are
restricted and are discussed in the latter section.

Smectite-to-illite conversion

Velde and Vasseur (1992) derived a two-step
kinetic model for smectite-to-illite conversion based

on the reactions observed in three sedimentary basins
(U.S.A. and Japan). Although the behaviour of the
K-feldspar contained in the samples taken from these
basins is not studied, one can assume with Hower er
al. (1976) and Eberl (1993) that feldspar hydrolysis is
the source of potassium for the fastest step in the
Velde and Vasseur’s model (reaction Ry -+ R;), as
defined in the present study. This assumption is also
supported by the experimental results reported in
Hellmann (1994) and Berger (1995), which suggest
that the activation energy of the dissolution of
feldspar minerals (68.8 KJ mol~! for albite at neutral
pH) is much higher than that proposed by Helgeson
et al. (1984) and close to that found by Velde and
Vasseur (1992) for the Ry — R; reaction
(69.7 KImol™"). In this case, the similarity in the
activation energy values could reflect the control of
the dissolution step of feldspar on the overall Ry — 1y
reaction rate. However, Velde and Vasseur’s model
predicts complete conversion of smectite to illite at a
much slower rate (several Ma, depending on tem-
perature) than that calculated from the present
simulations when the overall rate is controlled by
dissolution of the primary minerals. These rate
differences can be attributed to uncertainties in
kinetic constraints (surface area of starting minerals,
aqueous silica concentration at low temperatures,
rate constants for clays, etc.), and also because the
natural precipitation of illite proceeds in oversatu-
rated conditions. Thus, the higher the oversaturation
of illite, the slower the |8Gl eaction for K-feldspar
dissolution and the slower the illitization rate. The
second and much slower step in Velde and Vasseur’s
model, which corresponds to the addition of an end-
member illite to the i/s material, can be viewed as a
transition from a first generation of illite (or detrital
muscovite?) to another end-member illite. This
reaction was not modelled here because we used
muscovite as an analogue for all the different
generations of end-member illite. It is likely that this
reaction is driven by a low Gibbs Free Energy, given
the small differences between such mica-type miner-
als, and therefore that it should proceed at a very
slow rate. Although this interpretation for the two-
step kinetic model of Velde and Vasseur (1992) is
only speculative, it raises a question concerning the
nature of the source minerals involved in the
illitization reaction.

The effect of organic matter maturation on the
illitization rate in shales is illustrated in Fig. 3. In the
absence of muscovite/illite precipitation, and with
initial coexistence of K-feldspar and montmorillonite,
the release of carbonic and acetic acid into the pore
water increases the scale of the |AG|reaction fOT
muscovite/illite growth, or, in other words, the
degree of saturation of the final solution with respect
to muscovite/illite. This is due to the occurrence of
kaolinite in the paragenesis controlling the fluid
composition (see Fig. 2). In the case of shales, this
also suggests that the maturation of organic matter
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promotes the illitization of smectites by increasing the
growth rate of the end-member illite or by helping to
overcome the energy barrier of the nucleation steps.

Natural shales and sandstones are defined essen-
tially by their grain size, which generally reflects
different mineralogical compositions. Thus, the differ-
ences observed in clay diagenesis between shales and
sandstones are indicative of the composition of the
clay fraction. A ‘sandstone-type’ behaviour is
expected in shales where clays consist of kaolinite,
and a ‘shale-type’ behaviour is expected in sandstones
containing smectites.

SHALE/SANDSTONE INTERACTIONS

Many authors have advanced the hypothesis that
CO, and organic complexes released from source
rocks have a major influence on mineral diagenesis in
adjacent sandstones. As pointed out by Bjerlykke
(1984), Giles and Marshall (1986), Bjerlykke and
Aagaard (1992) and Barth and Bjerlykke (1993),
such an effect implies that organic protons and ligands
are not neutralized by mineral reactions before the
migration of the relevant aqueous species.

Transfer of acid species

The calculations presented in the first part of this
study show that when CO; and acetic acid are released
into a mineral matrix containing hydrolysable phases,
the mineral reactions are able to neutralize the acid
species. Thus, when modelling the reaction at 120°C
between an organic matter-free sandstone and a fluid
previously equilibrated with an organic matter-bear-
ing shale (one flushing cycle), the aqueous species of
organic origin generated in the shale has little or no
effect on diagenesis in the host sandstone. This is
probably characteristic of most situations in shale/
sandstone sequences. As a matter of fact, it is difficult
to imagine convection circulation through shales
and—except for coals, where the organic fraction
may dominate the mineral fraction—shales and
source rocks generally contain sufficient amounts of
detrital feldspar to neutralize organic protons. As an
example, Bjerlykke and Aagaard (1992) have sug-
gested this effect could explain why the Upper Jurassic
Sandstones of the North Sea, which are interbedded
with source rocks, show very little evidence of feldspar
leaching and kaolinite precipitation at the contact
with the source rocks. In the case of coals, Gaupp ez al.
(1993) and Platt (1993) have proposed that the
kaolinitization of feldspar in adjacent sandstones
might result from the supply of coal-derived acid
material to the sandstones. When acid species of
organic origin are free to leave the source rocks
(insufficient hydrolysable minerals in the source rock,
or transfer by a hydrocarbon phase), the diagenetic
reactions in the host sandstones can be accounted for

by the simulations of the organic material-bearing
sandstones. In the light of the discussion about the
illitization reaction in sandstones, it can be stated that
feldspar hydrolysis produces kaolinite—not illite—
because the critical |AG: eaction for illite growth is not
reached if the pore water is undersaturated or
equilibrated with respect to K-feldspar. The illitiza-
tion of kaolinite reported by Gaupp et al. (1993) and
Platt (1993) can be more realistically attributed to an
influx of brines from the overlying Zechstein forma-
tion (see Lanson et al., 1996 for further evidence), or
any other posterior mechanism increasing the pH of
the organic-derived fluid (dissolution of distant
carbonates by aqueous diffusion of protons?) and
causing pore water to reach the critical oversaturation
state for illite growth.

Effect of ligands on fluid chemistry in source rocks

The effect of organic diagenesis on fluid chemistry
can be examined using simulations of shale diagenesis.
We found that the formation of organic complexes in
solution increases the solubility of Mg, and, to a lesser
extent, Ca, whereas Al- and Fe-acetates were present
only as traces. As an example, the speciation of Ca,
Mg and acetate in the shale fluid at 120°C is shown in
Fig. 6 (light-coloured bars). Although the CH;COO™
ion dominates the acetate species in solution (> 90%),
the acetate complexes account for 55% of the
dissolved Mg and 22% of the dissolved Ca. The
degree of complexation of cations depends both on
pH and on the amount of released organic acid. Thus,

T=120°C
acetate
pH (120°C) = 5.75 in standard shalc
AICHyCOO**  |<10® =S10in sourcerock” |
FeCH00° el —— |
CaCH,CO0* [ —— ot
MgCHL€00* = §,
CH;COOH E FECHICO0 *
CH3CO0- ar }
0 E E A
2 Ferl ReCl
o iAo
magnesivm calcium
MECH 00 200
500
Ca*t* CaCHACO0*
50 5001 MECHIC00*
o g -,
§ i 100} § &
F] N5
E 5 4CHC00*
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Fig. 6. Speciation of the shale fluid at 120°C before the

decomposition of aqueous acetate species. The light-

coloured bars correspond to a ‘standard’ shale according to

Table 2 (~0.18% TOC in rock). The dark-coloured bars

correspond to a shale rich in organic matter (= 1.8% TOC in
rock and fO2(g) = 1073 bars).
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the complexation of cations may become an essential
parameter for controlling fluid chemistry in natural
source rocks, due to the amount of CO, and organic
acid generated by the thermal degradation of kerogen,
since this amount can be much higher than that
expected here. To illustrate the effect of organic acids
on fluid chemistry in source rocks, we simulated shale
diagenesis at 120°C by increasing the amount of CO,
and acetic acid by one order of magnitude. Assuming
hydrocarbon phase generation at 120°C, we also fixed
the fugacity of O»(g) at 10~3* bars. Under these
conditions, fugacity for the aqueous phases of
CHy(g), CO,(g) and H,S(g) at the end of reaction
was 400 bars, 2.5 bars, and 0.4 bars, respectively. The
partial pressures of these components are consistent
with the composition of a hydrocarbon phase.
Compared with the preceding diagenesis, the second-
ary paragenesis is characterized by the occurrence of
traces of pyrite, a carbonate fraction making up 3% of
the rock, and conversion of nontronite to daphnite
(allowing for a slight oversaturation of annite and
minnesotaite). Figure 6 shows the speciation of the
aqueous phase (dark-coloured bars) with significant
changes in the solution chemistry, especially for Mg
whose concentration approaches that of Na.

Stability of ligands in shales and sandstones

Taken alone, the complexation of cations by
organic anions does not significantly alter the mineral
matrix in shales or sandstones given the low water/
rock ratios used in this study (W/R <0.1). However,
the decarboxylation of organometallic complexes
produces carbonates with associated cations. Khar-
aka et al. (1983), Palmer and Drummond (1986) and
Bell et al. (1994) have shown that the decomposition
of acetate depends on temperature, fluid chemistry
and the nature of the mineral surfaces exposed to pore
waters, and, more particularly, the rate of acetate
decomposition is increased by the reduction of Fe**
to Fe?* on available surfaces. From this experimental
evidence, it appears that organic complexes are less
stable in oxidizing conditions (i.e. in sandstone
containing Fe?* -bearing phases) than under reducing
conditions (i.e. in source rock where £ O,(g) is buffered
at low values).

Transfer of organometallic complexes from shale to
sandstone and carbonate cementation in sandstone

An attempt was made to determine the effects of a
mass transfer mechanism caused by the production
and decomposition of organic acids that are spatially
disconnected due to the Eh gradient. The production
of metastable organometallic complexes in shales rich
in organic matter is assumed to be followed by their
transfer and decomposition (carbonate precipitation)
in adjacent sandstones where Fe** -bearing phases act

as catalysts. For the illitization reaction, shale and
sandstone may be differentiated not only by their
grain size but also by their chemical composition (Eh
conditions). As a first approach, we assumed advec-
tive transfer of aqueous species by replacing the
sandstone fluid by the shale fluid previously equili-
brated at 120°C. In this simulation, the amount of
precipitated carbonate for one flushing cycle is
negligible. Since convective fluid flow through shales
is hardly conceivable, the diffusion of aqueous species
was adopted as an alternative migration mechanism.
Drummond and Palmer (1986) and Barth and Nielsen
(1993) reported values of activation energy as high as
250-275 kJ mol ! for acetate decarboxylation. Com-
pared with the low activation energy values obtained
for the diffusion of aqueous organic species
(13.8 kJ mol ™! at temperatures above 100°C; Oelkers,
1991), the probability that acetate decomposition is
faster than diffusion increases with temperature. This
suggests that carbonate cementation may occur at
high temperatures within the source rock. However,
within the range of the moderate temperatures
considered here (<150°C), Fe’*-bearing minerals
are thought to have an important catalytic effect on
acetate decomposition (Bell er al.,, 1994). Accurate
modelling of such a process should incorporate the
kinetics of organic species formation in shales as well
as the rate of decarboxylation in sandstones, using
mass transfer equations versus time, space and
temperature. The significance of diffusion in diagen-
esis can be more easily measured by the steady
concentration gradient observed in the acetate com-
plexes occurring in shales and sandstones. The
amount of Mg- or Ca-acetate transferred from shales
to sandstones during one million a at 100°C is
calculated here by application of Fick’s law in a
steady flow regime. Taking porosity as equal to 22%,
the diffusion coefficient of acetate as
463x10 > cm?s! (Oelkers, 1991) and the acetate
gradient as 10~°molal cm !, the resulting acetate
flux at the shale/sandstone interface is
3.2x 1073 mole m®>~! a~'. Assuming each mole of
acetate complex produces one mole of carbonate in
the sandstone, the corresponding filling of the pore
space is shown in Fig. 7 together with the thickness of
a sandstone layer containing 10% authigenic carbo-
nate by volume. The thickness of carbonate cementa-
tion produced during one million a amounts to about
1.2 m. It should be noted that this amount of such
authigenic carbonate depends on the amount of
organic C produced in the adjacent source rock.
Although this model is oversimplified and the acetate
gradient is chosen arbitrarily, Fig. 7 illustrates, never-
theless, the importance of the diffusion of aqueous
species in heterogeneous systems. The diffusion of
aqueous species has also been reported by Berger et al.
(1992) to explain mass transfers between the wall-rock
and fractures of a hydrothermally altered granite. It is
noteworthy that chemical gradients can produce a
mass transfer provided that the boundary conditions
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reducing
conditions

Fig. 7. Reaction pathway for the diffusion of organic
complexes from shales to sandstones and decomposition of
these organic complexes in sandstones.

are maintained. In the case of organic acid migration,
acetate decarboxylation can also lead to CH, produc-
tion. If this reducing species is not removed from
sandstones, the O, fugacity in pore waters and the
decomposition rate of acetate will decrease with time
regardless of the chemical potential for transfer. Fluid
flow through sandstones appears here as the most
appropriate mechanism for maintaining the boundary
conditions. However, even if such a process is
physically possible, the presence of diagenetic Ca—
Mg-Fe-carbonates at the sandstone/shale contact
zone has only been described in a few studies
(Moncure et al., 1984; Galy et al., 1993). Deep
carbonate cementation in sandstones is rarely of
organic origin, a conclusion based on the fact that
the isotopic signature of C is generally not of organic
origin. If the pore fluid of the host rock contains
aqueous carbonate of mineral origin, which is usually
the case, the isotopic signature of the carbonate
cement could be dominated by mineral C, even
though Ca, Mg and Fe may be transported by organic
complexes.

Transfer of aluminum

Transfer of Al by means of organometallic com-
plexes has been proposed by some authors as a
mechanism likely to induce precipitation of cements
distant from the corresponding source mineral dis-
solution sites (MacGowan and Surdam, 1988; Surdam
et al., 1989a, 1989b; Fein et al., 1994). For the present
calculations, we only took into account acetate
complexes. Results show that the complexation of Al
as acetate is negligible when Mg, Ca and Fe compete
with Al and when pore water with a near-neutral pH is
buffered by the mineral matrix. According to Harri-
son and Thyne (1992) and Fein et al. (1994), oxalic
acid appears to be a more efficient ligand for Al in the
4-6 pH range. Using the association constant of

organic tich shale at 120°C  pH (120°C) = 6.09 Log f02(g) = -54

AICOOHCOO * =
FeCOOHCOO +
CaCOOHCOO+
MgCOOHCOO * jamsem

COOHCOOH [z
COQHCOO"

-4 3 -2 -1 0
Log molality
Fig. 8. Speciation of the aqueous oxalate species in a shale

rich in organic material, using oxalic acid to model the
formation of organic acid.

metal--oxalate complexes proposed by Harrison and

Thyne (1992), we modelled the diagenesis at 120°C in

a shale (source rock) rich in organic matter with

oxalate as the organic acid. The speciation of
equilibrated pore water is shown in Fig. 8. It can be

seen from this figure that even though oxalate

increases significantly, the solubility of Al, compared

with that of acetate, Mg-, Ca-, or Fe-oxalates are still

dominant in the organic complexes in solution. Note

that this modelled situation corresponds to an extreme

case. In particular, the precipitation of Ca or Fe-

oxalate minerals (not considered here) can buffer the

oxalate contents in the fluid. From these simulations,

it appears that conditions such as low pH, absence of
Mg or Ca, Fe, as well as predominance of oxalates
over other organic anions must combine additively to

complex and transport Al selectively so as to form

aluminous phases (kaolinite). Such a process has been

investigated experimentally by Small (1993). How-

ever, this set of conditions indicates that subsequent

Al transfer (in the form of organic complexes) is of
minor importance in natural environments.

CONCLUSIONS

From similarities or discrepancies between the
numerical results of thermo-kinetic modelling and
field data, we identify two mechanisms that control
the illitization reaction observed in clastic sediments,
depending on the nature of the clay. We also evaluate
the effect of organic matter maturation on diagenesis
in sandstone/shale sequences.

(1) Kaolinite conversion to end-member Iillite
involves a high energy barrier (> 2 kcal mol™"),
which is not overcome when the pore water equili-
brates with the mineral matrix in closed systems. To
overcome this barrier, the fluid must be oversaturated
with respect to K-feldspar. The metastability of the
kaolinite-quartz—K-feldspar assemblage is not attrib-
uted to a lack of time but to the absence of appropriate
conditions. An external source of K or a pH increase
in an open system is a necessary condition for this
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reaction. No particular evidence can be found of the
effect of organic diagenesis on this reaction.

(2) The slow but systematic conversion of smectite
to illite observed in shales indicates that smectite
precursors weaken the barrier to illite nucleation and
growth. The time-temperature dependence of this
reaction reported in the literature suggests that the
hydrolysis of K-feldspar is the source of K during
most of the reaction. Organic matter maturation may
increase the reaction rate by increasing the Gibbs Free
Energy of illite growth.

(3) Asthe mineral matrix tends to buffer pore water
at near-neutral pH values, except for extreme cases
such as coals, the migration of shale-derived water-
soluble organic species to sandstones does not seem to
be capabie of initiating subsequent acid-base reactions
in the host sandstone. On the other hand, the diffusion
of Mg and Ca in the form of organic complexes and
the decomposition of these complexes under oxidizing
conditions in sandstones may lead to carbonate
cementation in the adjacent sandstones. An oxidizing
fluid flow through sandstones appears here as a factor
maintaining the boundary conditions (Eh gradient)
rather favouring the transfer mechanism for Ca™ ™,
Mg**,Fe™ " and CO;™.
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