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ABSTRACT

In recent years stylolites, which are rough 
dissolution surfaces commonly found in car-
bonates, have been used for paleopiezometry 
estimates. The Stylolite Roughness Inversion 
Technique (SRIT) applied on sedimentary 
bedding-parallel stylolites (BPS) grants ac-
cess to the maximum principal vertical stress 
experienced by the host carbonates and thus 
to their maximum burial paleo-depth. This 
study reports the results of SRIT applied 
to a BPS population hosted in carbonate 
platform reservoirs of the Paris basin sub-
surface (France). Middle Jurassic carbon-
ates from two well cores from the depocenter 
and margin of the basin, for which the burial 
and thermal history are known, based on a 
thermally calibrated 3-D basin model, were 
analyzed. By defining a consistency criterion 
and using two signal treatment methods, we 
propose a new approach to select which BPS 
can be reliably used to reconstruct the maxi-
mum vertical stress undergone by the host 
carbonates, which then can be converted into 
maximum burial depth. The study of a BPS 
population shows that there is a control oper-
ated by the host rock texture and the stylolite 
morphology on the burial depth recorded. 
Especially suture and sharp peak BPS are 
better suited to estimate the real maximum 
depth, whereas seismogram pinning BPS re-
cord preferentially intermediate depths. Me-
dian values of maximum depth derived from 

our data set (1300 and 1650 m for the mar-
gin and depocenter cores, respectively) are 
in line with maximum burial estimates pro-
vided by conventional basin modeling (1450 
and 1800 m, respectively), thus showing that 
SRIT is a standalone robust depth gauge in 
sedimentary basins, provided sample selec-
tion and data treatment are carried out in a 
rigorous and thoughtful manner.

INTRODUCTION

Stylolites are localized rough dissolution 
surfaces that are encountered in all sedimen-
tary rock types (Alvarez et al., 1978; Koehn 
et al., 2007) and are particularly common in 
carbonates, which represent significant host 
rocks of natural resources (water, oil, gas, ores) 
worldwide. The chemical compaction process 
occurring during burial and/or tectonic load-
ing significantly affects the physical properties 
of carbonate reservoirs by reducing porosity 
(Raynaud and Carrio-Schaffhauser, 1992; Eh-
renberg, 2006). The occurrence of sedimentary 
stylolites, usually oriented parallel to bedding 
(bedding-parallel stylolites or BPS) impacts 
fluid flows, by forming either barriers or drains 
in reservoir rocks (Koepnick, 1987; Ehrenberg 
et al., 2006; Hassan, 2007; Heap et al., 2014; 
Baud et al., 2016; Koehn et al., 2016; Bruna et 
al., 2018; Martín-Martín et al., 2018, Toussaint 
et al., 2018). The characteristic teeth of stylolites, 
oriented oblique or normal to the dissolution sur-
face, are related to the distribution of insoluble 
elements in the host rock, leading to local pin-
ning under an oriented applied stress (Fletcher 
and Pollard, 1981; Merino et al., 1983; Koehn et 

al., 2007). Various genetic models were proposed 
to account for the initial localization of dissolu-
tion along a surface and the lateral propagation 
of BPS. The pressure-solution model (Merino 
et al., 1983) considers that stylolites are related 
to local dissolution under an applied stress field 
and that the lateral propagation is controlled by 
the stress concentration at a stylolite’s tips (anti-
crack model, Fletcher and Pollard, 1981). This 
model was questioned by Aharonov and Kats-
man (2009) because stress concentrations at the 
tips of a stylolite are relaxed once the stylolite 
itself supports the applied stress. The clay-
enhanced dissolution model (Bjorkum, 1996; 
Oelkers et al., 1996; Walderhaug et al., 2006), 
originally developed for quartz-mica interfaces, 
considers that stylolites develop on a clay-rich 
interface related to an electrochemical potential 
at the contact between the host rock and the clay. 
The clay-enhanced model can explain the local-
ization of dissolution at a surface and also the 
lateral propagation of stylolite planes (Aharonov 
and Katsman, 2009) along clay-rich areas. Both 
the pressure-solution and the clay-enhanced 
models can be combined where clay particles, 
that accumulated during the host rock dissolu-
tion under applied stress, enhance the dissolution 
kinetics (Renard et al., 2001). Since stylolites 
are features that form during chemical compac-
tion, which is a function of the sediment over-
burden and since the tooth flanks are parallel to 
maximum the principal compressive stress, the 
stress clearly plays a key role in the formation of 
these features. In carbonates, the type of facies 
(chiefly dependent on depositional texture, pri-
mary mineralogy, and abundance of allochems, 
mud and pores), the morphology (Andrews and 

For permission to copy, contact editing@geosociety.org 
© 2018 Geological Society of America

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/131/7-8/1239/4729825/1239.pdf
by CNRS_INSU user
on 22 June 2019

mailto:editing%40geosociety.org?subject=
http://www.geosociety.org


Beaudoin et al.

1240	 Geological Society of America Bulletin, v. 131, no. 7/8

Railsback, 1997), the presence of clays and or-
ganic matter, as well as the vertical heterogeneity 
of the strata and the applied stress are the main 
parameters that govern stylolitization (Shinn and 
Robbin, 1983; Bathurst, 1987, 1991; Aharonov 
and Katsman, 2009; Koehn et al., 2012; Van-
deginste and John, 2013; Koehn et al., 2016). 
Today still, assessing the mechanisms that gov-
ern BPS development as well as the quantifica-
tion of the stress experienced by the stylolite host 
rock are key points to understand sedimentary 
basin evolution aiming at improving geological 
simulations at both the basin and the reservoir 
scales (Braithwaite, 1989; Andrade Ramos, 2000; 
Gratier et al., 2005; Peacock and Azzam, 2006; 
Baron and Parnell, 2007; Benedicto and Schultz, 
2010; Angheluta et al., 2012; Koehn et al., 2012; 
Heap et al., 2014; Khair et al., 2013, 2015; Baud 
et al., 2016; Bertotti et al., 2017).

In addition to being used to estimate chemical 
compaction during burial diagenesis (Peacock 
and Azzam, 2006; Angheluta et al., 2012; Koehn 
et al., 2016) and to refine deformation history 
of strata (Benedicto and Schultz, 2010; Tavani 
et al., 2006, 2015), stylolites have been used 
to access the magnitude of applied stress. The 
stylolite roughness inversion technique (SRIT, 
Schmittbuhl et al., 2004) is based on a signal 
analysis of the stylolite’s roughness. Successive 
studies (Renard, 2004; Karcz and Scholz, 2003; 
Schmittbuhl et al., 2004; Brouste et al., 2007; 
Ebner et al., 2009a; Ebner et al., 2009b; Croizé 
et al., 2010; Ebner et al., 2010a; Rolland et al., 
2012; Koehn et al., 2012) established SRIT as 
a novel paleopiezometric technique, indepen-
dent from dissolution kinetics, temperature, and 
fluid pressure, that quantifies (1) the maximum 
vertical stress at the time the dissolution along 
the stylolite plane stops, and thus the corre-
sponding burial depth, if the method is applied 
to sedimentary stylolites (Brouste et al., 2007; 
Ebner et al., 2009b, 2010a, 2010b; Rolland et 
al., 2014; Beaudoin et al., 2016; Bertotti et al., 
2017), and (2) the complete stress tensor, by 
applying SRIT on coeval sedimentary and tec-
tonic stylolites (Ebner et al., 2010a; Rolland et 
al., 2014; Beaudoin et al., 2016). SRIT relies on 
the self-affine properties of the stylolite plane 
roughness to access the magnitude of the stress 
oriented normal to the stylolite plane (consid-
ering a 2-D signal, Schmittbuhl et al., 2004) or 
of both the stresses oriented normal and parallel 
to the stylolite plane (considering a 3-D signal, 
Ebner et al., 2010b). Even if SRIT was success-
fully applied to BPS in natural samples and the 
method reproduced applied external stresses in 
numerical simulations (Koehn et al., 2012), the 
magnitudes of the vertical stress reconstructed 
in published studies show a variability, leading 
authors to either use averaged values (Bertotti 

et al., 2017), or to discuss what this variability 
can mean. Indeed, variable SRIT results were 
accounted for by considering elastic parameters 
of the host rock (Rolland et al., 2014), morpho-
logical sensitivity of the roughness (Brouste et 
al., 2007), polyphase burial history, or method-
ological limitations (Beaudoin et al., 2016).

This contribution proposes a statistical ap-
praisal of SRIT applied to a natural BPS popu-
lation in a weakly tectonized sedimentary basin. 
Our approach aims at inverting BPS from two 
cores of the Paris basin sub-surface (France) 
(Fig. 1) where Middle Jurassic carbonates suf-
fered different maximum burial depth. We use 
established signal treatment methods (Simonsen 
et al., 1998; Renard et al., 2004; Ebner et al., 
2009b), Fourier power spectrum (FPS) and av-
erage wavelet coefficient (AWC), to reconstruct 
the maximum vertical stress recorded by BPS, 
and hence the maximum burial depth undergone 
by the host carbonates. The SRIT is conducted 
regarding the stylolite morphology, following 
the recent classification proposed in Koehn et al. 
(2016), and regarding the depositional texture of 
the host-rock. On the basis of the direct com-
parison between the inversion results and the 
known maximum burial depth independently 
provided by 3-D basin modeling (Fig. 2), we de-
velop a data treatment workflow for BPS popu-
lations that show how to use SRIT to access to 
the maximum burial depth experienced by strata 
as a reliable paleopiezometer in future studies.

STYLOLITE ROUGHNESS INVERSION 
TECHNIQUE (SRIT)

Principles of the Technique

SRIT assumes that the stylolite roughness re-
sults from a competition between (1) destabiliz-
ing (roughening) forces due to pinning particles 
on the stylolite surface, that resists dissolution in 
specific locations, locally increasing the Helm-
holtz free energy and producing peaks and teeth; 
and (2) stabilizing (smoothening) forces: long-
range elastic forces and local surface tension, 
that tend to reduce the Helmholtz free energy of 
the solid, leading to flattening of the surface by 
localizing dissolution on areas of local rough-
ness (Schmittbuhl et al., 2004; Koehn et al., 
2007, Rolland et al., 2012). The stylolite rough-
ness displays self-affine properties, i.e., a ge-
ometry that is invariant across a range of scales 
typically with a different scaling in x than in y so 
that the surface becomes rougher toward smaller 
scales. The two stabilizing forces are efficient at 
different spatial scales so that two regimes can 
be defined: an elastic energy-dominated regime 
at a large-scale (above mm, typically), and a sur-
face energy-dominated regime at a small-scale 

(below mm, Schmittbuhl et al., 2004). Each of 
the stabilizing forces is characterized by a spe-
cific roughness coefficient (called Hurst coeffi-
cient) that can be determined by conducting a 
fast Fourier transform, wavelet analysis, or ap-
plying a correlation function on the roughness 
profile along a stylolite. This Hurst coefficient 
has been extensively documented in natural sty-
lolites (Brouste et al., 2007), and the transition 
from one stabilizing force spatial scale domain 
to the other is called the crossover length (Lc). 
Lc is related to both the mean stress and differ-
ential stress the rocks sustained during stylolite 
growth according to Schmittbuhl et al. (2004) 

	 Lc =
γE

βσ
m
σ

d

,	 (1)

 
where the crossover length Lc (mm) is linked to 
the Young’s modulus E (Pa), to the solid-fluid 
interfacial energy g (J/m2), to the dimension-
less constant β = υ(1 –1υ)/p with υ being the 
Poisson’s ratio, and to the mean and differential 
stress, sm and sd, respectively. It is noteworthy 
that this equation is valid considering that the 
stylolite localized along a water-rock interface, 
and that the mechanical properties of the dis-
solved rock remain constant during dissolution. 
Provided the rock properties are known, SRIT 
therefore grants access to the stress acting nor-
mal to the BPS plane.

Measurement Methodology

The roughness signal was studied follow-
ing the approach described in Schmittbuhl et 
al. (2004) and Ebner et al. (2009b). Surfaces 
of core samples, cut perpendicular to the stylo-
lite planes, were hand-polished using abrasive 
grinding papers from coarse (250 µm) to extra 
fine (2.5 µm) allowing gentle polishing in or-
der to prevent any alteration of the material. 
Once the stylolite track visually contrasts with 
the host rock, the surface is scanned in 2-D at 
a resolution of 12800 dpi. Stylolite tracks were 
hand-drawn using the drawing software GIMP 
with a 5 pt. thick line. We then used scripts pre-
sented in Ebner et al. (2009b) to rotate the stylo-
lite plane back to horizontal. The resulting 1-D 
signal was analyzed using the Fourier power 
spectrum (FPS; Renard et al., 2004) and the av-
erage wavelet coefficient (AWC) methods with 
Daubechies D4 wavelets (Simonsen et al., 1998; 
Ebner et al., 2009b). Both methods have been 
applied to roughness 1-D profiles, and returned 
similar results (Simonsen et al., 1998; Candela 
et al., 2009; Ebner et al., 2009b). The general 
signal analysis resolves around the self-affine 
properties of the stylolite roughness, defined as 
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Figure 1. (A) Geological map of the Paris basin (France) with the location of the studied cores (Rigny and Parly, from depocenter and 
southern margin, respectively), and the WNW-ESE cross-section displayed below in (B). Modified after Perrodon and Zabeck (1990) 
and Delmas et al. (2002).

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/131/7-8/1239/4729825/1239.pdf
by CNRS_INSU user
on 22 June 2019



Beaudoin et al.

1242	 Geological Society of America Bulletin, v. 131, no. 7/8

Time (Ma)

Carboniferous Permian JurassicTriassic Cretaceous Paleogene Neogene Q
Lower Middle Upper

D
ep

th
 (

m
)

L Middle Upper Lower Upper

2500

500

1000

1500

2000

3000

0

320 300 140160180200220240260280 20406080100120

Time (Ma)

D
ep

th
 (

m
)

1600

200

600

1000

1800

2000

0

320 300 140160180200220240260280 20406080100120

0

120

80

60

40

20

100

160 120 100 80 60 40 20 0140

Te
m

pe
ra

tu
re

 (
°C

)

Time (Ma)

400

800

1400

1200

2200
0

0

0

120

80

60

40

20

100

160 120 100 80 60 40 20 0140

Te
m

pe
ra

tu
re

 (
°C

)

Time (Ma)

Carboniferous Permian JurassicTriassic Cretaceous Paleogene Neogene Q
Lower Middle UpperL Middle Upper Lower Upper

A

 B

Rigny

Parly

Peak burial conditions:
- Late Cretaceous: 90-70 Ma
- Temperature: 92 °C
- Depth: 1800 m

Peak burial conditions:
- Late Cretaceous: 90-70 Ma
- Temperature: 80 °C
- Depth: 1450 m
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the height difference (Dh) between two points of 
the rough surface separated by a distance (Dx). 
A self-affine signal is characterized by Dh≈DxH, 
where H is the Hurst coefficient. In the case of a 
FPS analysis, in which the signal is considered 
as a sum of periodic sines and cosines, the wave 
number k (mm–1) and the squared Fourier trans-
form modulus P(k) are related as P(k) + k2H+1. In 
the case of an AWC analysis, in which the signal 
is reconstructed in a sum of different wavelets, 
starting with a mother function (Simonsen et al., 
1998), the scale a (mm) and the averaged wave-
let coefficient W(a) are related as W(a) + a2H+0.5. 
For each method, it is possible to access the H 
coefficient based on the slope that links the data, 
picked following a binning interval, on a log-log 
plot, and using the relations reported above. In 
an ideal case, two straight lines should be trace-
able on log-log plots, a steep line at the lower 
scale values, characterized by a H of 1 (corre-
sponding to surface energy), and a gentle slope 
line at the higher scale values, characterized by 
a H of 0.5 (corresponding to elastic energy). 
The observation scale (k for FPS, a for AWC) at 
which the two slopes intersect is the crossover 
length (Lc) that is related to the vertical stress 
for sedimentary stylolites. In order to reduce un-
certainty on Lc, we fit the line that goes through 
the maximum of binned data points and use 
slopes that satisfy the theoretical H coefficients. 
To estimate the error on the Lc value obtained, 
we consider a domain of transition between the 
two regimes using the scale at which there is a 
clear separation of the two slopes on each side 
of the intersection. This domain represents an 
error graphically evaluated from ±4% to ±10% 
of the Lc, depending on where the Lc sits on the 
log-log plot. It is noteworthy that the SRIT is 
independent of the dissolution kinetics, the sur-
rounding fluid pressure, and the amount of dis-
solution. Thus, the amount of chemical compac-
tion accommodated by the stylolites is beyond 
the scope of this study.

BPS inversion for vertical stress and depth 
assessment

For BPS, we can assume a zero horizontal 
displacement in the stylolite plane, correspond-
ing to a perfect isotropy of the horizontal princi-
pal stress, such as sv>sH = sh (sH and sh are the 
notation for the maximum and minimum hori-
zontal principal stress, respectively), leading to 
the simplification of the Equation (1) as:

	 σ2 =
γE

κLcv ,	 (2)

 
with κ = ×

ν
3π

(1−2ν)2(1+ν)
(1−ν)2  (Koehn et al., 

2012). Finally, the depth (h) is obtained using sv = 
rgh, with r the rock density and g the gravita-
tional field acceleration. In our study, we use the 
classic solid-fluid interfacial energy value for 
calcite (n = 0.27 J/m2), the averaged mechanical 
parameters obtained from mechanical testing 
conducted on the Comblanchien carbonate for-
mations (Bemer and Lombard, 2010): a Pois-
son’s ratio of 0.22, a Young’s modulus of 
34 GPa, and a density for carbonates of 2700 g/
cm3. Considering the error on the Lc values, and 
the range of the mechanical parameters (E = 
[31–36] GPa, Poisson’s ratio [0.21–0.23]), the 
uncertainty on the inversion results is ±10%.

CASE STUDY OF THE MIDDLE 
JURASSIC CARBONATES OF  
THE PARIS BASIN

Geological and Thermal History

The Paris basin is a Meso–Cenozoic intracra-
tonic basin which initiated in Late Carbonifer-
ous and Permo–Triassic times in response to the 
extensional collapse of the thickened Variscan 
lithosphere and reactivation of inherited Va-
riscan structures (Perrodon and Zabek, 1990; 
Guillocheau et al., 2000; Le Solleuz et al., 2004; 
Averbuch and Piromallo, 2012). It is mainly 
filled by Mesozoic sediments lying unconform-
ably on a Paleozoic basement (Fig. 1), with the 
whole sedimentary column (from Triassic to 
Tertiary) reaching ~3000 m of thickness in the 
central part of the basin (Fig. 1). During Meso-
zoic times the Paris basin experienced a simple 
burial history, punctuated by periods of rapid 
subsidence in the Jurassic and Late Cretaceous 
and of minor uplifts. A major tectonic inversion 
occurred at the Mesozoic-Cenozoic boundary, 
which led to the main uplift phase causing the 
exposure of the entire basin (Brunet and Le Pi-
chon, 1982; Guillocheau et al., 2000; Barbarand 
et al., 2013). At the southern and eastern basin 
margins evidence for three Cenozoic tectonic 
events were recorded: the Pyrenean orogeny 
(N-S compression; Eocene), the opening of the 
Bresse and Rhine grabens related to the West 
European Rifting (E-W to WNW-ESE exten-
sion; late Eocene–Oligocene), and the Alpine 
orogeny (WNW-ESE compression; Miocene–
Pliocene) (Lacombe et al., 1990, 1993, 1994; 
Guillocheau et al., 2000; Andre et al., 2010).The 
sedimentary succession has been extensively 
explored for oil and gas resources (Espitalié 
et al., 1988; Delmas et al., 2002, 2010), which 
migrated mostly in Late Cretaceous time into 
reservoir rocks from different stratigraphic in-
tervals (mainly Upper Triassic, Middle Jurassic, 
and Lower Cretaceous; Wendebourg and Lami-
raux, 2002; Delmas et al., 2002, 2010).

In this study, a 3-D basin model for the Paris 
basin was used to extract the burial and thermal 
history of the studied cores. The original geo-
metric model was constructed with the Temis-
Flow software for basin modeling (Teles et al., 
2014), and was recently improved by consider-
ing a lithospheric model for heat transfer, and 
by reconstructing paleobathymetry maps and 
eroded thicknesses through time (Torelli, 2018) 
(Fig. 2). Thermal calibration was accomplished 
with present-day bottom hole temperatures 
(BHT) and conventional organic thermometers, 
like vitrinite reflectance and Rock-Eval py-
rolysis data (Torelli, 2018). Further constraints 
were also made available from absolute thermo-
chronometry of carbonate cements from the 
same stratigraphic unit studied here (Mangenot 
et al., 2016, 2017, 2018).

Studied Sedimentary Cores

This study focuses on the sedimentary, 
bedding-parallel stylolite (BPS) population 
hosted in two exploration well cores, one from 
the depocenter (Rigny-la-Nonneuse; hereafter 
referred as Rigny) and one from the south-
ern margin (Parly) of the Paris basin (France) 
(Fig. 1). The stratigraphic interval studied con-
sists of the upper Bathonian–lower Callovian 
platform carbonates corresponding to the Com-
blanchien and Dalle Nacrée formations, sepa-
rated by a major transgressive surface (Guil-
locheau, 1991; Guillocheau et al., 2000) and 
differentiated based on their biostratigraphic 
content (Garcia, 1993; Garcia and Dromart, 
1997). This corresponds to a large isolated 
platform, recording no detrital input from the 
continent. The two cores exhibit a different 
thermal and burial history (Fig.  2). Currently, 
the studied interval is buried at a depth of 1537–
1574 m in the basin depocenter (Rigny) and at 
a depth of 640–663  m on the basin southern 
margin (Parly). The 3-D model further predicts 
that at peak burial conditions the Middle Juras-
sic carbonates experienced depths of 1800 and 
1450 m and temperatures of 92 and 80  °C in 
the Rigny and Parly cores, respectively (Fig. 2). 
Figure 2 also illustrates that the carbonates ex-
perienced a simple burial history characterized 
by a nearly continuous burial until Late Creta-
ceous, followed by a main uplift event. Thus, 
the rocks mainly underwent normal overburden 
pressure (inducing development of BPS) and 
escaped major tectonic deformations.

The upper Bathonian–lower Callovian strati-
graphic interval investigated is 37 and 23 m thick 
in the Rigny and Parly cores, respectively. Sedi-
mentary logging and macro-facies analysis were 
accomplished at the 1:100 scale and sampling 
for thin section preparation and petrographic 
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micro-facies analysis was performed on aver-
age every 1 m of core and specifically in close 
vicinity of the BPS selected for SRIT analysis 
(Fig.  3A). Gas and water porosimetry on this 
stratigraphic interval at basin scale revealed a 
wide range of porosities from 0% to 22%, with 
average and mode values that are 5.5% and 
3%–4%, respectively (Delmas et al., 2010). 

However, 2-D point counting estimates on thin 
sections from the studied cores point toward po-
rosity mostly below 5% (Mangenot et al., 2018).

Macro- and micro-facies analyses and com-
parison with previously published works (Gau-
met, 1994, 1997; Granier, 1995; Gaumet et al., 
1996) allowed us to distinguish a total of 23 
carbonate facies from the two studied cores. 

Based on sedimentary structures, depositional 
textures, as well as type and proportion of al-
lochems, mud and primary pores, the 23 facies 
were ascribed to six depositional environments 
(Fig. 4): (1) Intertidal deposits are mainly com-
posed of packstone and grainstone dominated 
by intraclasts (1–10  mm) and reworked on-
coids (0.5–1.5 cm) with oblique lamination and 
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Figure 3. (A) Simplified stratigraphic 
columns for the Rigny and Parly 
core sections investigated from the 
Paris basin (France), with the depo-
sitional environments reconstructed 
by macro- and micro-facies analysis. 
Horizontal thickness of the column 
indicates the carbonate dominant 
texture of the different depositional 
environments also illustrated in Fig-
ure 4. The texture code is as follows: 
M—mudstone; W—wackstone; P—
packstone; G—grainstone. Asterisks 
locate the samples used in this study. 
(B) Examples of core samples investi-
gated, exhibiting various density and 
morphology of stylolites. White scale 
bars represent 5 cm.
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fenestral pores, typical of high-energy sedi-
ments subjected to periodic emersions; (2) Sub-
tidal lagoon deposits are mainly composed of 
wackstone to packstone dominated by oncoids, 
locally reaching 2 cm in diameter (floatstone), 
and peloids, associated with planar microbial 

mats, suggesting a low- to medium-energy en-
vironment; (3) Deep lagoon deposits are mainly 
composed of mudstone and wackstone contain-
ing small (<1 mm) oncoids, locally associated 
with lenses of organic-rich sediments, indicat-
ing a very low-energy environment; (4) Back-

shoal to shoal deposits. The former are mainly 
composed of the lagoonal facies containing 
spill-over deposits derived from the shoal. 
The latter include high-energy grainstone and 
packstone composed of ooids (<2 mm), coated 
grains (1–2  mm), peloids (<0.5  mm), bioclast 

Intertidal Deep lagoonProximal lagoon

Fore-shoal Proximal offshoreShoal

Intertidal Deep lagoonProximal lagoon

Fore-shoal Proximal offshoreShoalD E F

BA C

D E F

BA C

Figure 4. Example of macro-facies (top, scanned hand-sample) and micro-facies (bottom, microphotograph) observed in the 
studied core of the Paris basin, France, along with corresponding depositional environments. (A) Grainstone with oncoids in 
a groundmass of fine intraclasts and fenestral pores cemented by calcite (intertidal). (B) Floatstone with large oncoids (proxi-
mal lagoon). (C) Highly bioturbated mudstone (deep lagoon). (D) Grainstone with coated grains, bioclasts, and ooids (shoal).  
(E) Packstone with ooids and large crinoid fragments (fore-shoal).(F) Fine packstone to wackstone alternated with marly layers 
containing crinoid and brachiopod fragments (proximal off-shore). Red and black scale bars represent 2 cm.
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fragments (crinoids, corals, bryozoans, brachio-
pods, bivalves) locally with cross-stratification 
and rare evidences of emersion associated with 
geopetal features and fenestral pores; (5) Fore-
shoal deposits include mud-, wack-, pack-, and 
grainstone with dominant peloids (<0.5  mm) 
and bioclast fragments (mainly crinoids, bra-
chiopods, and bivalves) and encrusting serpu-
lids; (6) Off-shore deposits include wackstone 
with wavy bedding containing few crinoid frag-
ments (<0.5 mm), commonly recrystallized and 
locally associated with dark lenses of clay-size 
particles (organics or siliciclastics), deposited in 
a low-energy setting.

Petrographic analysis did not identify phyllo-
silicates like micas in any of the 23 sedimentary 
facies. Minor clay-size particles, likely silici-
clastic, were identified only in the off-shore en-
vironment and are possibly linked to upwelling 
from distal plains, whereas clay-size particles, 
likely organic, were identified in the deep la-
goon environment where anoxic conditions 
could have favored their preservation.

For the scope of this survey the 23 facies 
identified were gathered into four main groups 
based on the dominant carbonate textures (sensu 
Dunham, 1962) irrespective of the depositional 
environment of provenance: (1) Mudstone to 
wackstone (locally with clay-size siliciclas-
tic and organic particles) with minor oncoids, 

peloids, and bioclast fragments (<0.5  mm);  
(2) Wackstone to floatstone mainly with on-
coids, peloids, and locally intraclasts (<2 mm); 
(3) Floatstone to packstone with oncoids, intra-
clasts (<1.5 cm), and locally peloids; (4) Pack-
stone to grainstone with ooids, coated grains, 
intraclasts, bioclasts (mainly brachiopods and 
crinoids), and locally oncoids (up to 2  cm). 
These groups will be further used to assess the 
role of the carbonate depositional texture on the 
results of SRIT analysis.

Stylolite Populations

Stylolite populations in the cores consist 
exclusively of BPS that formed in response to 
vertical stress during burial (Fig. 3B), in a set-
ting where the horizontal stress is likely to re-
main isotropic. All peaks are observed normal 
to the stylolite planes, indicating that the gov-
erning stress direction was vertical (Koehn et 
al., 2012), and that no horizontal displacement 
occurred along the stylolite plane. The inves-
tigated core samples were typically 15–20 cm 
long (Fig. 3B). Twenty-five (25) samples (core 
slabs) containing single-trace stylolites were 
considered for the SRIT, and 48 stylolites 
were selected with lengths ranging from 1.5 to 
7.4 cm. Sampling covers different depositional 
facies and corresponding environments in both 

cores (Fig.  3A), comprising 14 samples (32 
stylolites) from the Parly core (covering the 
643–663-m-depth interval) and 11 samples (16 
stylolites) from the Rigny core (covering the 
1542–1559-m-depth interval), respectively. 
Stylolites were characterized regarding their 
morphologies, following the classification 
proposed by Koehn et al. (2016). This clas-
sification comprises four classes of stylolites 
based on the shape of the roughness, which 
itself is related to the stylolite growth (Fig. 5). 
In the following description the stylolite mor-
phology is split into a baseline corresponding 
to above-mm scale morphology and peaks re-
ferring to below-mm scale morphology. Class 
1 stylolites (rectangular layer) consist of a 
large rectangular baseline with small peaks on 
the rectangle flat top. Class 2 stylolites (seis-
mogram) are characterized on the large scale 
by the occurrence of narrow top-hat like rect-
angles, with small-scale peaks. Class 3 (suture 
and sharp peak) includes all stylolites that 
have a flat or wavy base line with locally tall 
peaks. Finally, Class 4 stylolites (simple wave) 
display a wavy base line and sparse small 
peaks. Numerous core samples comprise sty-
lolites with various morphologies, indicating 
that the morphology is independent from the 
depositional textures/facies and corresponding 
environments. A rough minimum estimate of 

73-S03 - Parly - Class 1: Rectangular columns - Texture 4 (Packstone to Grainstone)

18-S01 - Parly - Class 3: Suture and sharp peak  - Texture 2 (Wackstone to Floatstone)

205-S03 - Rigny - Class 4: Simple wave like type - Texture 1 (Mudstone to Wackstone)

70 -S14 - Parly - Class 2: Seismogram with narrow columns - Texture 3 (Floatstone to Packstone)

A

B

C

D

A

B

C

D

1 cm

1 cm

1 cm

1 cm

Figure 5. (A–D) Examples of stylolite classes based on morphology as proposed by Koehn et al. (2016), with high-resolution scan (left-hand 
side), stylolite track drawn for stylolite roughness inversion technique (middle) and sketch showing general morphology class characteris-
tics (right-hand side). Illustration photographs from the studied cores in Paris basin, France.
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the vertical displacement (compaction) that 
the studied stylolites accommodated can be 
obtained by measuring the maximum ampli-
tude of the teeth along the 2-D profile (Koehn 
et al., 2016, Toussaint et al., 2018). These am-
plitude values are reported in Table 1, showing 

stylolites accommodated a minimum of 1.14 
to 8.4  mm vertical displacement. Superposi-
tion of stylolite teeth also suggests a complex 
polyphase development of pressure-solution in 
the strata, and the anastomosed pattern results 
from complex interactions between stylolite 

planes that likely destroyed the original rough-
ness (Sinha-Roy, 2002; Laronne Ben-Itzhak et 
al., 2014). Consequently, we discarded over-
printed or fused stylolites from our study so 
that SRIT analysis focused on single, isolated 
stylolites only.

TABLE 1. RESULTS OF STYLOLITE ROUGHNESS INVERSION TECHNIQUE APPLIED TO TWO LOCATIONS OF THE PARIS BASIN, FRANCE

Stylolite characteristics (n = 48) FFT inversion results* AWC inversion results*

Sample Class Texture Length
(mm)

Teeth max 
amplitude

(mm)

Crossover 
length
(mm)

Hurst 
small 
scale

Hurst 
large 
scale

σv
(MPa)

Depth
(m)

Crossover 
length
(mm)

Hurst 
small 
scale

Hurst 
large 
scale

Σv
(MPa)

Depth
(m)

Parly (current depth 643–653 m)  

10-S01 2 Pack-Grain 57.99 4.43 1.00 0.54 0.16 25.01 945.00 0.7000 0.92 0.33 29.90 1129
10-S03 2 Pack-Grain 59.99 3.85 0.25 0.88 0.41 50.03 1889.00 0.3900 1.00 0.35 40.05 1513
10-S06 3 Pack-Grain 57.69 3.16 0.37 0.83 0.17 41.12 1553.00 0.2100 1.16 0.39 54.58 2061
120-S02 4 Mud-Wack 39.00 1.66 0.83 0.93 0.40 27.46 1037.00 0.9000 0.99 0.46 26.37 996
120-S04 2 Mud-Wack 54.99 1.95 1.05 1.06 0.51 24.41 922.00 1.2500 0.95 0.51 22.37 845
133-S5 3 Float-Pack 59.39 3.29 0.55 0.96 0.42 33.73 1274.00 0.5 0.99 0.40 35.37 1336
135-S02 4 Float-Pack 59.99 6.37 NA 0.90 NA NA NA NA 0.91 NA NA NA
144-S16 4 Mud-Wack 52.79 1.84 NA NA 0.50 NA NA 0.26 1.07 0.54 49.05 1853
147-S01 3 Pack-Grain 57.39 2.70 0.62 0.94 0.44 31.77 1200.00 0.61 1.04 0.54 32.03 1210
147-S02 4 Pack-Grain 58.45 5.65 NA 1.00 NA NA NA 0.19 1.06 0.53 57.38 2167
167-S01 4 Mud-Wack 57.00 1.14 0.20 1.14 0.45 55.93 2112.00 0.19 1.09 0.49 57.38 2167
167-S01b 4 Mud-Wack 61.66 8.65 0.20 1.14 0.45 55.93 2112.00 0.19 1.09 0.49 57.38 2167
168-S21 3 Mud-Wack 60.57 7.07 0.10 0.86 0.49 79.10 2987.00 0.16 1.07 0.56 62.53 2361
17B-S18 2 Pack-Grain 56.14 6.92 0.90 1.03 0.51 26.37 996.00 0.88 0.95 0.43 26.66 1007
18-S1 3 Wack-Float 50.69 4.44 0.50 1.12 0.35 35.37 1336.00 0.8 0.93 0.45 27.97 1056
18-S6 3 Wack-Float 50.69 2.36 0.22 0.97 0.30 53.33 2014.00 0.2 1.03 0.48 55.93 2112
37-S02 4 Pack-Grain 22.00 1.62 0.90 0.75 0.57 26.37 996.00 0.3300 0.99 0.47 43.54 1644
50-S01 2 Pack-Grain 31.00 1.74 0.40 0.73 0.37 39.55 1494.00 0.4000 1.05 0.48 39.55 1494
50-S01b 2 Pack-Grain 31.99 2.87 0.97 0.92 0.26 25.40 959.00 0.8000 1.03 0.48 27.97 1056
50-S02 3 Pack-Grain 46.59 7.40 0.83 0.90 0.52 27.46 1037.00 0.4700 1.08 0.59 36.49 1378
50-S03 2 Pack-Grain 34.20 3.21 0.55 0.97 0.47 33.73 1274.00 0.5700 0.80 0.50 33.13 1251
52-S02 2 Pack-Grain 31.60 2.30 0.27 1.00 0.47 48.14 1818.00 0.8000 0.96 0.58 27.97 1056
52-S03 2 Pack-Grain 41.99 1.95 0.29 0.92 0.38 46.45 1754.00 0.3800 0.97 0.30 40.58 1532
70-S14 2 Float-Pack 46.59 5.84 1.45 1.00 0.57 20.77 785.00 1.5 0.96 0.40 20.42 772
73-S01 3 Pack-Grain 35.99 1.85 0.34 0.78 0.32 42.90 1620.00 0.3900 1.01 0.24 40.05 1513
73-S03 1 Pack-Grain 59.99 5.04 1.23 0.90 0.49 22.55 852.00 0.9000 1.03 0.51 26.37 996
73-S06 3 Pack-Grain 46.99 2.28 0.16 0.90 0.41 62.53 2361.00 0.2900 1.05 0.28 46.45 1754
93-S03 4 Float-Pack 28.00 2.69 1.25 1.00 0.50 22.37 845.00 1.5000 0.93 0.51 20.42 772
93-S05 4 Float-Pack 28.99 1.93 0.41 1.00 0.53 39.06 1475.00 0.5100 1.00 0.50 35.03 1323
93-S07 2 Mud-Wack 19.00 3.33 1.00 1.03 0.45 25.01 945.00 NA 1.00 NA NA NA
B-S1 3 Mud-Wack 72.09 8.40 NA NA NA NA NA NA 0.83 NA NA NA
B-S2 3 Mud-Wack 20.00 1.31 NA NA NA NA NA 0.9 1.04 0.60 26.37 996

Rigny (current depth 1542–1559 m)

117-S03 2 Wack-Float 19.99 3.92 0.62 1.00 0.52 31.84 1203.00 0.6100 1.06 0.55 32.03 1210
117-S06 2 Wack-Float 39.99 6.97 0.71 0.78 0.15 29.69 1121.00 0.3500 0.92 0.52 42.28 1597
132-S01 3 Wack-Float 57.00 10.65 0.62 1.02 0.56 31.77 1200.00 0.67 0.83 0.48 30.56 1154
146-S2 3 Wack-Float 44.69 7.62 0.32 1.00 0.52 44.22 1670.00 0.37 0.94 0.42 41.12 1553
146-S5 3 Wack-Float 54.89 5.06 0.28 0.96 0.41 47.27 1785.00 0.4 0.94 0.43 39.55 1494
1556-S6 3 Wack-Float 74.22 4.96 0.16 1.02 0.54 62.53 2361.00 0.26 0.99 0.59 49.05 1853
1556-S8 3 Wack-Float 65.31 6.50 NA 1.00 NA NA NA 0.38 0.97 0.54 40.58 1532
17-S18 3 Wack-Float 26.52 3.79 0.60 0.94 0.52 32.29 1220.00 0.2 1.05 0.53 55.93 2112
201-S02 4 Mud-Wack 32.00 1.79 0.66 0.92 0.40 30.79 1163.00 1.1000 1.03 0.52 23.85 901
205-S03 4 Mud-Wack 28.99 2.62 1.10 0.82 0.52 23.85 901.00 NA NA NA NA NA
205-S05 3 Mud-Wack 15.00 1.68 NA 0.95 NA NA NA 0.3100 1.04 0.58 44.92 1697
21-S1 3 Wack-Float 30.59 3.47 NA 0.84 NA NA NA 0.31 1.07 0.44 44.92 1697
227-S05 2 Pack-Grain 29.99 2.18 0.50 0.74 0.11 35.37 1336.00 0.5000 1.17 0.17 35.37 1336
243-S01 4 Pack-Grain 30.00 1.27 1.30 0.97 0.54 21.94 829.00 NA 1.07 NA NA NA
72-S04 2 Float-Pack 31.50 2.65 0.70 0.82 0.39 29.90 1129.00 0.1400 0.92 0.53 66.85 2524
72-S11 2 Float-Pack 62.55 16.06 0.90 1.09 0.43 26.37 996.00 0.56 0.93 0.46 33.43 1262

Notes: Results reported in italic font correspond to stylolites failing to exhibit two slopes (marked NA) or the expected Hurst coeffi cient within ±0.1. NA stands for non-
available and represents missing Hurst coeffi cient, crossover length, and inversion results.

*Inversion results are calculated considering E = 34 GPa, ν = 0.22, γ = 0.27 J/m2, d = 2700 g/cm3, and g = 9.81 m/s. Values are given with 5% uncertainty.
FFT—fast Fourier transform; AWC—average wavelet coefficient. 
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Figure 6. Fourier power spectrum (left-hand side) and average wavelet coefficient (right-hand side) log-log plot 
obtained from three different bedding-parallel stylolite tracks documented in the studied cores from the Paris 
basin, France. Data are represented as red crosses. Straight lines representing growth regimes are reported in 
black with corresponding Hurst coefficient values (H) calculated, and crossover values (Lc) obtained from the 
intersection (if any) between both lines are reported in mm in the black frame. Please refer to the “Measurement 
Methodology” part of the text for details.
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SRIT RESULTS

The roughness of 48 stylolites was stud-
ied using both the FPS and AWC methods 
(Table  1). Figure  6 shows representative ex-
amples of the obtained treatment. By calculat-
ing the values of the Hurst coefficient for each 
stylolite, we can divide the population into 
three categories: (1) stylolites of which both 
small-scale and large-scale Hurst coefficients 
correspond to 1 ± 0.1 and to 0.5 ± 0.1, respec-
tively. These values are the theoretical ones 
expected from the growth model (Schmittbuhl 
et al., 2004), and we consider an uncertainty 
of ±0.1 to account for user-related sources 
of error (stylolite drawing and value read-
ing mainly, Fig. 6A). Thirty-five (35) and 26 
stylolites satisfy this criterion when analyzed 
using AWC and FPS, respectively; (2) stylo-
lites of which either one or both small-scale 
and large-scale Hurst coefficients do not cor-
respond to the theoretical values (Fig.  6B). 
8 and 13 stylolites belong to this category, 
when analyzed using AWC and FPS, respec-
tively; (3) stylolites where roughness analysis 
does not show two growth regimes, hence no 
crossover length (Fig. 6C). 5 and 8 stylolites 
belong to this category, when analyzed using 
AWC and FPS, respectively. The fact that both 
small-scale and large-scale Hurst coefficients 
reconstructed satisfy the theory is the key fac-
tor to select the stylolites among the popula-
tion that are the best suited to be used as pa-
leopiezometers. This characteristic is hereafter 
referred to as the consistency.

In order to characterize the stylolites that are 
the best suited to be used for SRIT, we stud-
ied the statistical distribution of the population 
considering the consistency with the growth 
model, the stylolite morphology, and the host 
rock texture. Vertical stress and corresponding 
burial depth distribution modes (first and third 
quartiles and median) of the population were 
compared to the depth predicted by the burial-
thermal modeling. This approach enables us to 
establish the most efficient way to use SRIT 
to access the maximum depth experienced by 
the strata on one hand, and to assess the impact 
of the stylolite morphology or of the host rock 
texture on the other hand. It is worth noting 
that the results from SRIT analysis are more 
consistent with the modeled depths when ana-
lyzed using the AWC method rather than the 
FPS method.

To account for the difference in the depth 
estimates depending on the signal analysis 
method used, we considered FPS and AWC 
averaged depth values for the stylolites that 
are referred to as consistent, i.e., those with 
Hurst coefficients consistent with Schmitt-
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buhl et al. (2004). More than 80% of the sty-
lolites satisfy the consistency criterion in our 
sample population, considering either results 
from AWS, or from FPS or from both, the 
latter case encompassing 50% of the whole 
population. The depth median value obtained 
from the average between FPS and AWC in-
version for these stylolites is very close to 
the maximum burial depth predicted by the 
burial-thermal model (Figs.  2 and 7). In-
deed, SRIT returns maximum depths of 1300 
± 130 m for the Parly core and 1650 ± 160 m 
from the Rigny core, while maximum depths 
estimated by the basin model are 1450 m in 
Parly and 1800 m in Rigny. This shows that 
the depth median value derived from a stylo-
lite population can be used to reliably access 
the maximum burial depth, provided stylolites 
satisfy the consistency criterion previously 
defined in this study.

Figure 7. Box-and-whisker plots of the burial 
depth derived from magnitude of vertical 
stress obtained from stylolite roughness in-
version technique for each studied core of the 
Paris basin (France), considering only the 
bedding-parallel stylolites that are consistent 
(see text for details). Distribution is reported 
as horizontal lines from bottom to top: the 
minimum value in the population, the first 
quartile, the median value, the third quar-
tile, and the maximum value of the popula-
tion. Values of the medians are reported on 
the plot. Dotted lines represent the maximum 
burial depths predicted independently from 
basin modeling for the two cores (P—Parly; 
R—Rigny). FPS—Fourier Power Spectrum, 
AWC—average wavelet coefficient.

DISCUSSION

Impact of the Stylolite Morphology on 
SRIT Reliability

Sedimentary rocks host stylolites of various 
morphologies, which can be described based 
on teeth frequency, wavelength, and amplitude 
at different observation scales (Andrews and 
Railsback, 1997). Stylolite morphology affects 
estimates of the chemical compaction and the 
efficiency of fluid flow along the dissolution 
planes (Braithwaite, 1989; Heap et al., 2014; 
Koehn et al., 2016). Morphology is likely to be 
controlled by both the growth regime (Koehn 
et al., 2016) and the host rock heterogeneity 
distribution such as porosity (Andrews and 
Railsback, 1997) or pinning particles (Koehn et 
al., 2007, 2012). Both these parameters deeply 
affect the ability of a stylolite to record two-
scales of growth regimes, hence reliable stress 
magnitudes (Renard, 2004; Ebner et al., 2009b; 
Ebner et al., 2010a; Ebner et al., 2010b; Rol-
land et al., 2014). The case study of the Middle 
Jurassic carbonates from the Paris basin sub-
surface enables us to discuss how reliable the 
SRIT is with respect to the stylolite morphol-
ogy. We studied stylolites clearly related to the 
vertical stress applied, with teeth oriented verti-
cal and perpendicular to the dissolution plane, 
and formed in rocks containing very few clays 
and no micas. In order to assess whether mor-
phology plays a noticeable role on the SRIT 
results, we reported a statistical analysis of 
the BPS populations as box-and-whisker plots 
as a function of the morphology (Fig.  8A). It 
is worth noting that provided that the stylolite 
2-D profile is long enough for both the rough-
ness Hurst exponents to be found (>1.5  cm, 
Table 1), our data set shows that SRIT returns 
a Lc independent from the stylolite length and 
from the amount of vertical displacement it ac-
commodated. Also, no correlation can be found 
between 2-D profile length and the validation of 
the consistency criterion.

SRIT results vary depending on the stylolite 
morphology (classes 2, 3, and 4, Fig. 8A): sty-
lolites from class 2 are systematically underesti-
mating the maximum burial depth, with median 
values ranging between 1000 and 1150 m, and 
up to 65% of the population satisfying the con-
sistency criterion. Stylolites from class 3 return 
a depth in line with the estimated maximum 
burial depth (1350–1600 m) and up to 80% of 
the population is consistent with the depths de-
rived from burial-thermal model (Fig. 2). Stylo-
lites from class 4 show the most scattered dis-
tribution, with no systematic behavior regarding 
the depth, suggesting they are not the best suited 
to obtain a reliable depth estimate, despite 75% 
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of them satisfying the consistency criterion. Sty-
lolites belonging to class 3 seem to be the best 
suited to calculate the maximum burial depth, 
while class 2 stylolites are better indicators of 
intermediate depths. We suggest avoiding the 
simple wave-like stylolites (class 4), which will 
not return a reliable depth, probably because of 
the lack of teeth, most of the signal then relying 

in a small-scale roughness which is difficult to 
digitize and so to analyze.

Impact of the Host Rock Depositional 
Texture on SRIT Reliability

The texture of the host also seems to affect the 
inversion results (Fig.  8B), with consistent re-

sults for the four textures documented. Texture 1 
(mudstone to wackstone) returns the most scat-
tered depth distribution, with 75% consistency, 
and a clear difference in the median value for 
FPS (1100 m) or for AWC (1700 m). Texture 2 
(wackstone to floatstone) hosts stylolites that re-
turn a narrow depth distribution (1400–1650 m)  
in the range of the depths expected from the 
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burial-thermal model considering both cores, 
and 100% consistency. Texture 3 (floatstone to 
packstone) and texture 4 (packstone to grain-
stone) host stylolites of which quartile distri-
bution is narrow (1000–1400 m), with median 
values slightly underestimating the maximum 
burial depth modeled with a consistency of 90% 
for texture 3 and of 50% for texture 4. From this 
statistical representation, it returns that wack-
stone, floatstone, and packstone are the best 
suited host rock textures to assess the maximum 
burial depth, grainstone hosting more than half 
of the inconsistent stylolites, and mudstone 
being the less suited texture to assess a burial 
depth, should it be maximum or intermediate.

Limitations of SRIT and Application 
beyond the Case of Sedimentary Basins

The application of SRIT requires a good 
estimate of mechanical parameters (Young’s 
modulus and Poisson’s ratio) and of the solid-
fluid interfacial energy. If the latter is strictly 
related to the host lithology and does not vary 
much with the conditions of deformation (com-
paction, temperature, pressure), mechanical pa-
rameters are likely to evolve as the host under-
goes shortening or compaction, as emphasized 
in Rolland et al. (2012). The Young’s modulus 
E is the most critical parameter to assess, and 
determining it at the time of the deformation is 
not trivial. One solution was proposed by Ebner 
et al. (2009b) that uses the SRIT results carried 
on several BPS hosted in the same rock to as-
sess the value of E prevailing at the time stylo-
lites formed. The method inverts Equation (2), 
using the difference in vertical stress from BPS 
separated by a measured distance to access E. In 
cases where the studied succession is not long 
enough to apply this approach (i.e., <10  m), 
a minimum requirement to carry out SRIT is 
to know the value of E from mechanical tests 
(e.g., this paper). It is important to be aware of 
these limitations when assessing vertical stress 
in deep conditions of deformation, or in differ-
ent lithologies. In addition, the SRIT presented 
in this paper is tied to the assumption that the 
stress in the plane of the stylolite is isotropic. It 
is very likely that the horizontal stress remained 
isotropic in settings with very limited shorten-
ing or extension like the subsidence phase of 
the Paris basin, however, in other settings where 
SRIT was successfully applied such as foreland 
basins this isotropy may not be valid (Beaudoin 
et al., 2016; Bertotti et al., 2017; Beaudoin and 
Lacombe, 2018). In such settings, it appears 
important to check that the horizontal stress 
remained isotropic for a given BPS, (1) by en-
suring the teeth are perpendicular to the dissolu-
tion plane (so that the surface contains no shear 

component) and (2) testing a sample with SRIT 
applied to a stylolite in three cuts at 60 degrees 
to each other that should return identical values 
for Lc, as anisotropy in stress creates an anisot-
ropy of the Lc values (Ebner et al., 2010b). Oth-
erwise, alternative approaches exist for aniso-
tropic stresses along the stylolite plane, which 
typically occurs for tectonic stylolites (Ebner et 
al., 2010b; Beaudoin et al., 2016).

Formational fluids involved in the pressure-
solution process have a strong impact on sty-
lolite development (Toussaint et al., 2018, and 
reference therein). In order to test the impact of 
fluids onto SRIT, we consider the paleo-fluids 
circulating within the Middle Jurassic reservoirs 
of the Paris basin, assessed on several cores 
from the basin depocenter and margin (includ-
ing Rigny core, Mangenot et al., 2017, 2018, 
2018; Dassié et al., 2018). The studied interval 
in the Rigny core consists in a highly saline-
dominated fluid system during the whole burial 
time (Cretaceous), yet various vertical stresses 
were reconstructed by applying SRIT on this 
interval. Consequently, it suggests that the pore 
fluid chemistry is not affecting the SRIT results. 
Also, the study of both Parly and Rigny cores 
illustrates that the occurrence of oil migration 
at maximum burial, observed in Rigny but ab-
sent from Parly, does not impact the SRIT re-
sults in spite of being able to affect stylolite 
development. This highlights that the external 
parameters such as fluid chemistry or environ-
ment temperature affect stylolite development 
(reviewed in Toussaint et al., 2018) but are not 
involved in SRIT equations and do not affect the 
SRIT results.

Lessons Learnt on Sedimentary  
Stylolite Development

The study from the Middle Jurassic carbon-
ates of the Paris basin highlights that 80% of 
the stylolite population is consistent with the 
growth model, hence that they are suitable for 
SRIT. Twenty percent (20%) of the population 
of stylolites fail to return consistent Hurst co-
efficients with both methods. This failure takes 
two shapes: (1) a single growth regime, always 
related to the surface energy scale, in which case 
it is safe to assume that the 2-D portion is too 
small to encompass where the Lc sits, empha-
sizing that the 2-D stylolite used for SRIT must 
be longer than the Lc by at least two orders of 
magnitude, or (2) two growth regimes, but the 
Hurst exponent being different from what the 
model predicts. In that case, the roughness may 
have been altered during chemical compaction 
either by excessive pinning, an effect that is 
especially visible in morphology classes 1 and 
2 (Koehn et al., 2007; Ebner et al., 2009a), or 

by a transient stop in the dissolution history, al-
tering the roughness and Hurst exponent of the 
large-scale elastic energy (Laronne Ben-Itzhak 
et al., 2014).

Half of the stylolites that show consistency 
with the growth model stopped developing at 
an intermediate depth, returning an intermedi-
ate vertical stress value. The results of SRIT 
suggest two possible scenarios to account for 
the development of stylolites that do not finish 
their growth at the same depth: (1) all stylolites 
start dissolution at the same time, some stop-
ping before others, or (2) stylolites start dissolu-
tion in sequence, class 2 forming and stopping, 
then class 3 forming and stopping. The depth 
distribution shown in Figure 8A seems to sup-
port the latter case. However, such a scenario 
requires that there is enough space in between 
dissolving stylolites to localize new ones. As the 
dissolution increases during burial, the spacing 
between stylolites tends to decrease, because 
of the physical effect of dissolution on the one 
hand, and because of the effect of increasing 
vertical stress coupled to an increase in local 
fluid pressure (Kelka et al., 2017) due to a de-
crease in local permeability around the stylolite 
(Koehn et al., 2016). Thus, it is physically un-
likely that sedimentary stylolites developed in 
sequence (class 2 then class 3) and it is more 
sound to consider that all dissolution planes start 
at the same time, with some stylolites stopping 
before others.

Our study shows that the seismogram pin-
ning type morphology (class 2) statistically 
yields a fossil stress signal that corresponds 
to an intermediate burial depth (Fig. 9). Alter-
natively, the suture and sharp peak type mor-
phology (class 3), where pinning is distributed 
along the plane, tends to record the maximum 
burial depth-related stress, suggesting that 
growth and so dissolution were active until the 
maximum burial depth was reached (Fig.  9). 
This suggests that the strong localized pin-
ning can kill the roughness ability to record 
deep stress. The role of pinning may govern 
the impact of host texture on SRIT results, i.e., 
that coarser grained texture returns intermedi-
ate values of vertical stress (Fig. 8). Indeed, if 
we do not expect that heterogeneous grain size 
distribution in a sample would affect SRIT, the 
range of grain sizes in a homogeneous sample 
will control the distribution of the pinning 
particles (e.g., oxides). In a rock with coarser 
grains, pinning particles will be further apart 
from each other, and so the pinning will be 
localized in those points, leading to a shorter 
lifespan of the stylolite. This idea corroborates 
the observations of Andrews and Railsback 
(1997), that reported that more serrate stylolites 
(class 1 and class 2 here) seem to predate less 
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serrate stylolites (class 3). Authors related this 
to the development of stylolites in sequence, 
affected by the evolution of the rock lithology 
with burial, where destruction of porosity and 
decrease in amount of heterogeneities tends to 
decrease the pinning effect. We propose that 
this observation rather reflects that most BPS 
initiated at the same time, with the more ser-
rate stylolites stopping their development ear-
lier than the less serrate stylolites because of 
the localized pinning, itself controlled by the 
distribution of pinning particles in the rock 
(Koehn et al., 2012). Our study also reports that 
the minimum burial depth recorded by a BPS at 
the time it stopped developing is 800 m, which 
suggests that dissolution started at lower depth. 
That supports the studies reporting sedimentary 
stylolites developing at very shallow depth (150 
m, e.g., Rolland et al., 2012), and contradicts 
the previous attempts to infer a minimum burial 
depth needed for stylolite formation (from 800 
to 1000 m, Finkel and Wilkinson, 1990; Rails-
back, 1993; Dunnington, 1967; Nicolaides and 
Wallace, 1997). Our study results suggest that a 
combination of SRIT applied on classes 2 and 3 
stylolites in carbonate rocks, considering each 
stratigraphic unit as hosting a population, can 
be used to reconstruct a major part of the basin 
subsidence history.

CONCLUSIONS

Using two cores from Middle Jurassic car-
bonate reservoirs of the Paris basin (France), 
of which the burial-thermal history is well con-
strained, this contribution presents a first statisti-
cal appraisal of the stylolite roughness inversion 
technique (SRIT) applied to sedimentary, bed-
ding-parallel stylolites (BPS) aiming to access 
maximum paleo-depth experienced by their host 
rocks. By direct comparison between inversion 
results and modeled maximum burial depths, we 
define a mathematical consistency criterion, ful-
filled if stylolite roughness analyzed with either 
the Fourier power spectrum (FPS) or the average 
wavelet coefficient (AWC) methods returns two 
growth regimes with Hurst coefficient of 1 ± 0.1 
for the surface energy (typically encountered at 
a scale below 1 mm) and 0.5 ± 0.1 for the elastic 
energy (above 1 mm). Then, the median values 
of the depth considering the stylolites consistent 
with the growth model approach the maximum 
burial depths giving 1300 ± 130 m for the south-
ern margin core and 1650 ± 160 m for the dep-
ocenter core. These values are close to (within 
10%) those independently deduced from a ther-
mally calibrated basin model, yielding maxi-
mum paleo-depths for the studied carbonates of 
1450 and 1800 m, respectively.

From a distribution analysis, we assess the 
impact of stylolite morphology and host rock 
depositional texture on the reliability of SRIT, 
and we propose that suture and sharp peak 
stylolite types are the best suited to access the 
maximum paleo-depth, while the seismogram 
pinning type provides intermediate depth val-
ues. This survey encourages future basin stud-
ies to use SRIT since a moderate number of 
stylolites (<5) is needed to consistently return 
the maximum burial depth, or an intermediate 
burial depth, provided that a selection of the 
stylolites based on their morphology is prop-
erly made and that the Hurst coefficient consis-
tency is respected. In cases where such selec-
tion proves to be hard, we suggest that future 
studies should avoid using the simple wave-like 
stylolites and the mudstone host rock textures, 
since both show the largest variability on SRIT 
results. We also suggest to work on a population 
of a minimum of 15 stylolites to obtain a reliable 
estimate of the maximum depth.

Beyond presenting a workflow to assess the 
maximum burial depth from BPS population, 
our study points out that nearly 100% of the sed-
imentary, bedding-parallel stylolites developed 
in accordance to the stress-driven growth theory 
that links the stylolite roughening to the ap-
plied stress. Eighty percent (80%) of the studied 
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population retain this relationship intact. We pro-
pose that BPS development starts from the same 
depth (≤800  m), with localized strong pinning 
tending to stop the dissolution at intermediate 
depths during burial. Thus, only the stylolites 
where pinning is distributed along the plane can 
yield the maximum vertical stress magnitude.
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