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Rock matrix structures in a zone influenced by a stylolite
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Abstract—A stylolitic structure is one of the visible manifestations of the pressure-solution process in arock. The
stylolitic ‘process’ zone (as defined in previous studies) on both sides of a stylolite, is studied by SEM. The chosen
samples concern tectonic stylolites within a high porosity limestone (16%) without tension gashes. This zone
corresponds to a local increase of porosity and comprises a large number of stylolitic joints showing a decreasing
size from the macroscopic structure to simple contact between two grains. Two hypotheses are presented for the
stylolite formation: (1) the macroscopic stylolite is the result of the coalescence of earlier minor pressure-solution
structures; (2) small stylolites nucleate gradually from a major stylolite joint.

The mass transfer can be realized either by diffusion between particles or by seepage through previously
undescribed process zone fractures. The mass deposition can be localized in the porous volume and the
microcracks, without requiring any additional tectonic openings including tension gashes. The rock deformation
is therefore limited to shortening parallel to g, without normal extension.

INTRODUCTION—PREVIOUS WORK

RECENT studies (Carrio-Schaffhauser er al. 1990, Ray-
naud et al. 1990) have shown the existence of a matrix
structure around a stylolite joint. A general scheme of
stylolitic structures was provided by the analysis of
vertical tectonic stylolites sampled from drill core
(1000 m in average depth) in limestones located in
south-eastern France (Provence). These pressure-
solution joints which caused a bulk shortening of 20%,
are several centimetres long and show one or two ter-
minations in the core plugs. They are outlined by insol-
uble residue concentrations. These stylolites are not
associated with tension gashes. The host rock is an
homogeneous micritic limestone (98-100% CaCOs),
made up of grains a few microns in diameter, with
random orientation. The original porosity of the rock
is 16% and the permeability is very low, less than
107'% m s™! (Carrio-Schaffhauser & Gaviglio 1990).

The investigation methods used here were chosen to
allow the description and interpretation of the internal
structure of the material. In particular the distribution of
the porosity within the samples has been studied using
computer-assisted tomography (CAT), a non-
destructive method used recently to study the defor-
mation of rock (Raynaud et al. 1989, 1990, Carrio-
Schaffhauser et al. 1990). The morphology of the grains
and voids and the size of the grains were examined by
SEM. Also, the porosity has been quantified, and the
distribution of pore sizes measured, using mercury injec-
tion. Using these methods several distinct zones are
detected in the stylolite (Figs. 1 and 2).
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The undeformed zone (A)

In zone A, remote from the stylolite, the porosity is
15%. The micropores are 0.2 um wide. SEM images
show a tight or interlocking structure of ovoid to
elongated micritic particles 0.6-1 um wide. The
computer-assisted tomography images (Fig. 2) indicate
small variations in the radiological densities due to
minor local sediment changes. This area can be taken as
a reference state for the quantification of petrophysical
variations near the stylolite (Carrio-Schaffhauser &
Gaviglio 1990).
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Fig. 1. Processes in stylolite tip propagation and diffusive transfer,
after Carrio-Schaffhauser er al. (1990, fig. 4). Features of zones B, C
and D are illustrated in Fig. 2.
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The stylolite end zone or transition zone (B)

In zone B the porosity is higher than in A (18%), but
the width of the micropores is unchanged (0.2 um). SEM
images show a growth of the porous network by a
micritic structure made up of smaller spheroidal par-
ticles 0.4-0.6 um with weak to tight contacts. The lower
radiological density in B corresponds to an increase in
porosity. Partial dissolution of calcite is considered to be
the cause of development of the porous network be-
tween particles. As a result of dissolution, particle sizes
decrease, contact areas are reduced and grain shapes
become more spheroidal.

The stylolite (C)

Within zone C, the same matrix structures are re-
vealed as in B (by SEM, CAT and porosimetry) with
local accentuations in the characteristics described
above. So, zones B and C are called the ‘process zone’
(Figs. 1 and 2).

Recrystallized matrix (D)

The recrystallized matrix on both sides of the stylolite
(D) has an increased density compared to the other
zones. The porosity is low (12%) and the micropores
have an average diameter of 0.1 um. The SEM images
show an interlocking to coalesced structure. Micritic
grain size growth of 1-1.5 um by micro-deposition and
the development of crystalline faces has resulted from
accentuated interlocking and welding of particles. A
higher radiological density confirms the porosity re-
duction. Area D seems to be the cementation zone of
solute diffusing from the process zone by mass transfer,
probably over very short distances, and in a closed
system probably owing to a low permeability of the sides
of the stylolite.

Thus at the stylolite tip, porosity enhancement occurs
in a process zone (Fig. 1). The growth of the porous
network seems to be due to a pressure-solution mechan-
ism, characterized by the formation of smaller and more
ovoid grain shapes in the matrix zone. This process
induces a diffusive transfer towards both sides of the
stylolite where the porosity reduces. This reduced poro-
sity area must be the site of crystallization of the soluble
species generated in the process zone. A similar transfer
must occur on the fringe of the stylolite.

In a later state, after an increment of stylolite growth,
the stylolite tip process zone has migrated into undis-
turbed material ahead of the stylolite tip. The previously
enhanced porosity zone has now become cemented. The
diffusive transfer process provides mass deposits in the
host rock, on either side of the seam.

Several problems appear to have been posed by the
work of Carrio-Schaffhauser ez al. (1990) including the
quantity of mass loss, nature and dynamics of fluid in the
system and the behaviour of process zone. In this paper,
further investigations are carried out on the process zone
to improve the understanding of the dynamics of the

S. RayNAUD and E. CARRIO-SCHAFFHAUSER

process. This analysis has been carried out using the
same samples as in Carrio-Schaffhauser et al. (op. cit.)
and so, certain petrophysical characteristics are known
in advance from analysis of the SEM images and the
porosity, radiological and permeability data. Other
techniques have been employed in the process zone, in
particular semi-quantitative chemical analysis has been
carried out by EDS (energy dispersive spectrometry)
with the SEM and chemical back-scattered electron
images. In this paper, only chemical back-scattered
electron images are presented, but the conclusions,
especially concerning the porous network, are con-
trolled by topographic secondary electron images.

RESULTS

Structural description of the process zone

The process zone is complex. The results of the
analysis of the process zone are compiled in Figs. 3 and
4.

Figures 3(a) and 4(a) are a generalized SEM view of
the stylolitic structure. The other views are successively
greater magnifications of the stylolitic structure. Images
in Fig. 3(a) and 4(a) confirm the increased porosity in the
process zone. The grey colour, which is darker in this
area, is due to a greater number of pores of various sizes,
each black in colour.

At different observational scales. the presence of a
high volume of voids is evident within the process zone:
intergranular spaces, joint openings, voids were all
probably occupied by fluids during the functioning of the
process zone. In Figs. 3(a) and 4(a), 3(b) and 4(b), and
3(c) and 4(c), the stylolite interface is sinuous and is
positioned near the centre of the process zone.

When viewed macroscopically, the stylolite joint is
seen to be composed of stylolites with different dimen-
sions which become more apparent at greater magnifi-
cations (Figs. 3b—e and 4b-e). The amplitude of the
macroscopic joint has a mean value of 0.2 mm; it is
0.4 um for the smallest. In this case, the amplitude of the
macroscopic stylolite is larger than the grain size, con-
trary to the hypothesis of Gratier (1987).

Insoluble elements such as pyrites, can be clearly seen
in the stylolite opening and within the rock matrix at
greater magnifications (Figs. 3d, f & g and 4d, f & g).

On both sides of the stylolite joint, but within the
process zone, sinuous discontinuities are present which
are oblique or perpendicular to the stylolite. These
structures, named here ‘process zone fractures’, are
previously undescribed and their possible role will be
discussed below.

Chemical composition in the process zone

For the chemicai study, a semi-quantitative and punc-
tual analysis has been made along profiles perpendicular
to the stylolite joint. This detailed analysis at different



Rock matrix structures associated with stylolites

Zone A: Undeformed
matrix
Zone B: Transition zone

Zone C: Process Zone
Zone D: Recrystallized
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Fig. 2. Tomography. porosity and SEM data for undeformed and stylolitized rock . modified from Carrio-Schaffhauser et al.

(1990, fig. 3). SEM views illustrate stages in the transformation from a tightly interlocking structure in the undeformed state

(zone A). transitional through to the stylolite ‘process zone' (zone C). to a recrystallized matrix with coalescent structure
(zone D). Variations in grain size. grain shapes. contacts and porcs can be distinguished.
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Fig. 3. SEM results at different scales. (a) High porosity in the process zone. {(b) Process zone fractures. (¢) & (d) Different
sizes of stylolite structure. with geochemical analysis points shown in (d). (c) Calcite scale pressure solution. (f) & (g)
Concentration of pyrites on stylolite rims, due to calcite solution.
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Rock matrix structures associated with stylolites
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positions has been carried out with a step interval of
2 mm, towards 2 cm of the stylolite. To obtain the
chemical characteristics of the undeformed matrix, and
so provide a reference state, other analyses were made
on a surface of several square millimetres.

In most of the undeformed rock mass, only Ca
appears (CaCOs in each case). In places, algal fragments
in the limestone matrix are present and occasionally
contain Mg (Figs. 3d and 4d). Only in one place are Fe
and S detected in matrix, indicating the presence of a
grain of pyrites. Along the profile, towards the stylolite,
and even very close to the joint, the same results are
obtained. However, at a micrometric scale, occasional
pyrite grains are revealed (Figs. 3g and 4g).

Other materials were detected mainly in the opening
of the stylolite. They are either isolated elements such as
sulphur, aluminium, silicon and iron, or minerals.
Grains of pyrite were more often seen in the opening of
the stylolite than in the rock, thus indicating a concen-
tration. Otherwise, the punctual analysis indicates that
the rock matrix appears to have very few insoluble
chemical compounds. Si and Al could be the com-
ponents of a decalcified clay present in insufficient
quantity to be identified using this method.

The insolubles present could have two origins. Either
they could have been introduced hydrothermally from
outside (i.e. the system was open), or they were concen-
trated by the pressure-solution phenomenon. Figures
3(g) and 4(g) show a pyrite grain passing from the matrix
to the opening of the stylolite , which supports the second
hypothesis.

The process zone fractures

The process zone fractures can be described by com-
parison with the stylolite. A stylolite joint typically
extends through the whole rock, is perpendicular to oy,
appears with a sinuous aspect and contains insoluble
matter. By contrast, a process zone fracture is limited to
the process zone, appears with a sinuous aspect oblique
to, or parallel to o, and does not contain insoluble
matter.

Although the process zone fractures seem to contain
some material in their opening (Figs. 3c and 4c), chemi-
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cal analysis reveals only Ca and no insoluble matter. The
process zone fractures therefore do not seem to be minor
stylolites.

MECHANISMS
Stylolite formation and evolution

Two hypotheses can be suggested concerning the
different orders in the size of the stylolites observed in
the process zone. In the first hypothesis, very small
stylolites appear, at a scale of a few micrometers, and
coalesce to produce larger stylolites (Fig. 5). In the
second hypothesis a major stylolite or a pre-existing joint
enhances the circulation of fluids in its vicinity which
dissolves the calcite and induces, after a certain time,
stylolites of several dimensions in the matrix around the
joint through the first mechanism.

In the example studied these two processes may be
considered. It appears that the first hypothesis can
explain the initiation of the process zone (zone B; Figs. 1
and 2) in the matrix where no macroscopic joints exist,
but where the porosity increases by pressure solution at
grain scale and mass transfer (Fig. 5). In an impermeable
rock the existence of fluids trapped in certain zones, in a
closed system, which are otherwise identical to the rest
of the rock, could explain the localization of the appear-
ances of the stylolites.

Later when the stylolitic joint is formed, the second
proposed process could start to produce the stylolites of
different sizes observed on both sides of the main stylo-
lite (Fig. 5). As stylolites are created, according to the
above hypothesis, their evolution can be illustrated as
follows (Fig. 6).

(i) Pressure solution acts across the three stylolites
and the zone between them decreases.

(i1) With time the material between §2-83 and §3-S1
is dissolved and S3 disappears.

(iii) Eventually the material between S2 and S1 is
dissolved and S2 ceases to exist.

The rock deformation is only a shortening parallel to
o; without perpendicular extension, because there are
no tension gashes.

Eirst hypothesis (S5to S1),
N
<3 (s3]

S5 LS5

L] T 84 T 82
um pm
scale scale
Second hypothesis (S7 1o S5).
s1 82 s3 S4 ——S5

Fig. 5. Alternative hypotheses for stylolite formation. See text for details.
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Fig. 6. Association of rock shortening and stylolite formation.

The behaviour of the process zone

Several features of the process zone must be recalled
(Fig. 7). First, the process zone reduces in width from
the tip of the seam to the maximum development of the
joint. Secondly, on both sides of the porous process zone
a cementation zone is present (Fig. 2) where porosity is
strongly decreased by calcite deposition. Thirdly, the
process zone fractures exist only in the process zone.

During the evolution of the stylolite, the width of the
process zone tends to decrease and settle. The size of the
stylolitic process zone could be reduced by shortening
and pore cementation (Fig. 7). The shortening is due to
pressure solution. The pore cementation is due to crys-
tallization in pore and process zone fracture spaces. The
crystallization front migrates inwards as the stylolite
develops (the reverse is impossible).

The stable distance between stylolite joint and crystal-
lization front could confirm the progressive and continu-
ous aspect of the solution—deposition process along the
structure, due to a diffusive transfer (Figs. 3 and 7) in a
closed system.

In an open system, the ‘process zone fracture’ could
have a drainage function and could induce a higher
crystallization around the PZF tips. Therefore, the inho-
mogeneous distribution of PZF might probably induce
an irregular cementation front. This is not observed, so
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diffusive transfer is probably the major mechanism and
infiltration transfer along PZF the minor mechanism. In
the open system, part of the crystallized matter could
have an allochthonous origin, and some soluble species
could migrate outside the system, along the stylolite
joint.

Experimental hydraulic fractures, with the mor-
phology of process zone fractures, were obtained at a
low velocity by Gratier (1984). PZF could be interpreted
in the same way. However, in the light of his studies on
cleavage seams (Fueten & Robin 1991) Robin has
suggested (personal communication 1992) that the pro-
cess zone fractures are not hydraulic fractures but,
independently of whether the system is open or closed,
the fractures form to accommodate the relative displace-
ment between the transition zone and the intact rock. If
we consider that the amplitude of the macroscopic
stylolite joint (0.2 mm) is the minimum amount of
shortening, the minimum displacement is 0.2 mm be-
tween the intact rock and the deformed rock in the
process zone. It cannot be accommodated by elastic
processes alone and results in localized fracture in the
process zone, more or less paraliel to g;. Part of this non-
elastic strain may also be accommodated by grain-to-
grain pressure solution such as shown in the stages S5
and S4 (Fig. 5).

In this model, a stylolite can be considered as an anti-
crack as defined by Fletcher & Pollard (1981). The stress
concentration at the tip of the stylolite could result not
only in pressure-dissolution phenomena but aiso in PZF
formation and could provide the motor for the propaga-
tion of the process zone.

So, whatever the initial heterogeneity, the initiation

less evolved zone

more evolved zone

"N+ Diffusive transfer
_— Infiltration transfer along PZF or stylolitic joint
l - Progression sense ot CaCO3 cementation

Fig. 7. Model for the variation in width of the process zone. A is site of
shortening by solution; B is arca of shortening by displacement of the
retrograde crystallization front.
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and propagation of a stylolite seems to correspond to an
evolution in space and time of a self-organized system,
as proposed by Merino (1987).

DISCUSSION AND CONCLUSIONS

This study provides evidence for an unknown aspect
of stylolites that has been discovered using computed
tomography and SEM. The pressure-dissolution
phenomena, as in the example used of a rock with an
initial high porosity (16%), and no tension veins,
resulted in the following conclusions.

The dissolution is effective within a process zone, and
not just between two grains along a macroscopic joint.
This results in the individual nature of macroscopic
stylolitic seams. The amplitude of the stylolite macro-
scopic peaks is larger than the grain size of the rock.
Process zone fractures are observed approximately per-
pendicular to the main stylolitic plane and limited to the
process zone. The transfer of material could depend on
two mechanisms related to the fluid pressure: a transfer
by intergranular diffusion, and a transfer by intergranu-
lar infiltration in the process zone fractures. The dis-
tance of transfer could not be evaluated in the samples
studied. In this example with a high porosity and an
absence of tension veins, the recrystallization occurs in
pores in the proximity of the process zone and moves
inwards towards the stylolite. Evolution of the stylolitic
systems does not produce extension parallel to the
stylolites since cementation takes place within pre-
existing voids, and the process zone fractures are of only
limited extent. The existence of these voids allows the
process of pressure-solution-crystallization to function
without a requirement for tension gashes. From this
perspective, it can be suggested that stages S5 and S4
apply to the large volumes of rock undergoing diagenesis
with recrystallization in the neighbouring pores, and the
absence of extension. In the case of rocks with a very low
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original porosity, tension gashes are probably essential
for the process to continue.

Several problems are therefore evoked by this work.

(1) What is the origin and the role of the PZF?

(2) Is there coexistence or alternation in space and
time of the closed/open system?

(3) If the closed/open system coexists in space-time,
what is the mass transfer balance?

(4) What is the driving force that leads the fiuid flow
in the open system case?
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