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ARTICLE INFO ABSTRACT

Keywords: Stylolites are pressure solution structures, the roughness of which yields quantitative information about the
Paleopiezometry magnitude of the normal stress applied to the stylolite plane. The stress magnitude is calculated from the cross
SFYIOHteS ) over length (L.) determined using the signal analysis of a 2D track. For a sedimentary, bedding-parallel stylolite
;ﬁ:;s;;fessmg (BPS), L, scales to the magnitude of the vertical maximum principal stress 61, hence to the burial depth at the

time the roughness of the stylolite froze. We present a dataset of nearly 200 BPS from Meso-Cenozoic folded
carbonates across the Umbria Marche Apennine Ridge. The BPS population is used to address the discrepancies
between L. values obtained by using different signal analysis methods. Assuming that in compressional settings
burial-related pressure-solution more probably halts because of the switch of 61 from a burial-related vertical
attitude to a tectonic-related horizontal attitude, the vertical stress magnitudes derived from the inversion of the
BPS roughness were combined to burial models at each investigated fold to reconstruct the absolute timing at
which the orogenic stress started to prevail. The results indicate that the onset of horizontal compression started
at ~10 Ma and ~8 Ma in the innermost and outermost folds, respectively, and predated fold development as
indicated by the age of growth strata. These results establish Stylolite Roughness Inversion Technique as a

Layer parallel shortening
Fold-and-thrust belts

reliable depth gauge that enables refining the timing of the onset of contraction in fold-and-thrust belts.

1. Introduction

Sedimentary stylolites are pressure-solution surfaces frequently
observed in sedimentary rocks, and usually developed parallel to
bedding in sub-horizontal strata during burial, i.e. when the state of
stress was dominated by the burial stress, so that the maximum principal
stress 61 was vertical (Stockdale, 1926; Alvarez et al., 1978; Koehn et al.,
2007; Ebner et al., 2009b; Ben-Itzhak et al., 2012; Toussaint et al.,
2018). They are characterized by physical properties such as amplitude,
morphology and roughness (Fig. 1A). The 1D roughness of the track of a
stylolite, defined as the difference in height between two points sepa-
rated by a set distance along the track, yields 2 self-affine regimes ac-
cording to the scale of observation (Renard et al., 2004; Schmittbuhl
et al., 2004). This is the base of the use of the roughness of stylolites as a
paleopiezometer, i.e. the so-called Stylolite Roughness Inversion Tech-
nique (SRIT). SRIT is a recently developed approach that enables the
quantification of the magnitude of the vertical stress when applied to
sedimentary stylolites (Schmittbuhl et al., 2004). The underlying sty-
lolite growth model (Koehn et al., 2007; Ebner et al., 2009a; Rolland

et al., 2012; Toussaint et al., 2018) discriminates two main scaling re-
gimes depending on the predominant energy, each regime being char-
acterized by a power law governed by a specific roughness exponent (i.
e., Hurst exponent) in the signal analysis spectrum (Fig. 1B): (i) the
surface energy-controlled scale, characterized by a steep slope and a
roughness exponent of 1.1 + 0.1, and (ii) the elastic energy-controlled
scale, associated with a gentle slope and a Hurst exponent between
0.5 and 0.6 (Barabasi and Stanley, 1995; Renard et al., 2004; Schmitt-
buhl et al., 2004). The spatial scale at which there is a transition between
these two regimes, the so-called crossover length L, is directly related to
the magnitude of prevalent mean and differential stresses in the strata at
the time the stylolite stopped to be an active dissolution surface.
Meanwhile the whereabouts of stylolite roughness evolution and
fossilization were further investigated (Ebner et al., 2009a; Koehn et al.,
2012, 2022; Rolland et al., 2012), SRIT has been applied to populations
of bedding-parallel (sedimentary) stylolites (BPS hereinafter) in order to
predict the maximum burial depth at which ¢1 was still vertical (e.g.
Beaudoin et al., 2016, 2019, 2020c; b; Bertotti et al., 2017; Labeur et al.,
2021; Lacombe et al., 2021; Bah et al., 2023; Zeboudj et al., 2023). That
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property was used in relatively undeformed sedimentary basins (Ebner
et al., 2009b; Beaudoin et al., 2019), at passive margins (Bah et al.,
2023; Zeboudj et al., 2023) or in foreland basins (Beaudoin et al., 2016,
2020c; Bertotti et al., 2017; Labeur et al., 2021). In most cases, the
combination of the reconstructed burial depth experienced during sty-
lolite development with the burial-time evolution of the strata hosting
the stylolites provided valuable time constraints on the burial and
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tectonic history (Fig. 1C), as well as new insights into the impact of fold
type and tectonic style on the timing and sequence of contractional
deformation in fold-and-thrust belts (e.g., Lacombe et al., 2021).
Through such case studies, the quantitative results returned by SRIT (i.e.
the magnitude of the vertical stress, converted into burial depth),
although limited to the maximum depth recorded by the deepest stylo-
lites developed during burial, are very impactful. SRIT then stands as a
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Fig. 1. (A) Photograph of stylolite, illustrating a sketch that defines the physical and morphological characteristics of stylolites, including amplitude, morphology,
roughness and spacing. (B) Representation of the two scale regimes on the Fourier Power Spectrum (FPS) and Average Wavelength coefficient (AWC), associated with
Hurst coefficients and separated by a characteristic cross-over length. Self-affine property is defined on the left-hand side for each signal analysis. (C) Contributions of
SRIT applied on BPS: using burial curves built for each case study, the technique yields either the maximum burial depth recorded by rocks from a poorly deformed
intracratonic basin (e.g. the Paris Basin) or helps constrain the timing of tectonic deformation, especially the onset of layer-parallel shortening, in a foreland (e.g.
the UMAR).



A. Labeur et al.

valid alternative for estimating the paleo burial depth of given strata
when compared to methods such as low temperature thermochronology,
vitrinite reflectance or organic matter analysis, that derive depth using
an estimate of the past geothermal gradient. SRIT becomes more rele-
vant in areas like fold-and-thrust belts, where it is highly challenging to
estimate the past geothermal gradient (e.g., Naeser and McCulloh, 2012;
Tissot et al., 1987; Yalcin et al., 1997; Beaudoin and Lacombe, 2018)
because it is affected by uplift and erosion (e.g., Roure et al., 2010;
Beaudoin et al., 2020b).

The defining application case of the Cirque de Navacelle (Ebner
etal., 2009b) demonstrated that L. can reliably be obtained by analyzing
the 1D track of a stylolite by the Fourier Power Spectrum (FPS), and by
the Average Wavelength Coefficient (AWC) with Daubechies D4 wave-
lets (Simonsen et al., 1998). These methods enable one to determine the
L. value with 23% of uncertainty (Rolland et al., 2014). Since then,
several studies have highlighted significant differences in the Lc values
according to the signal analysis methodology used (e.g. Beaudoin et al.,
2019), and most of the time favored FPS analysis (e.g. (Beaudoin et al.,
2016, 2020b; Bah et al., 2023; Zeboudj et al., 2023), as it was associated
to the lowest error relative to the quantification of L. value (Rolland
et al., 2012). In addition, there seems to be a direct influence of stylolite
morphology over L. values resulting from signal analysis (e.g. Beaudoin
et al., 2019; Bah et al., 2023). In all cases however, stress results derived
from the chosen methodology were found to be consistent with inde-
pendent geological markers, whether it was related to the depth evo-
lution or to the timing of the onset of tectonic contraction (Beaudoin
et al., 2020c¢).

Considering the important constraints provided by SRIT applied to
BPS, especially when coupled to basin-scale burial-time models, we
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believe it is timely to provide the structural geology community with a
quantitative and critical assessment of SRIT, refining the methodology
to facilitate its use in structural studies.

In this work, we applied both the AWC and FPS methods of signal
analysis on a large population of BPS (n = 186, Table S1) mainly
collected in four folded structures (n = 176) throughout the Umbria-
Marche Apennine Ridge (Apennines, Italy, Fig. 2A), with the addition
of a few samples (Corona Anticline, near Perugia and the Gubbio Fault
zone, n = 10). Pressure-solution was subjected to early classification in
the region (Alvarez et al., 1978) which since then has also been the
target of a number of paleopiezometric studies conducted using stylo-
lites to reconstruct the depth and timing of early contractional defor-
mation at fold scale, along with the duration of the so-called folding
event (encompassing the layer parallel shortening stage, fold growth,
and late stage fold tightening; Beaudoin et al., 2016, 2020a; Labeur
et al., 2021; Lacombe et al., 2021). We define two criteria that can be
used to assess the quality and reliability of the L. value given by the
inversion process for each stylolite: (i) the validity, when the inversions
return well defined regression lines of which the slope is consistent with
the Hurst exponents; (ii) the consistency, when the results obtained by
the FPS and the AWC are consistent with each other’s, considering the
23% methodological uncertainty. We then confront the statistically
significant highest depths of active pressure solution to local burial-time
models to (1) discuss potential reasons for which BPS could have
stopped developing, and (2) estimate at what time horizontal tectonic
contraction (i.e. Layer-Parallel Shortening) started across the belt. The
latter sequence, compared to the well-constrained tectonic calendar of
regional folding and thrusting, further supports this combination as a
reliable tool to estimate the timing of the early folding contractional
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deformation and progressive orogenic stress transfer into forelands.
2. Geological setting

2.1. Geodynamic and tectonic setting

Resulting from the convergence of Eurasian and African plates, the
Apennines are a mountain belt extending from the Po Plain to the
Calabrian Arc over a distance of 1500 km (Lavecchia et al., 1988; Elter
et al., 2012). The Apennines are commonly divided in the Northern and
the Southern Apennines because of different geological and structural
characteristics (Boccaletti et al., 2005; Mazzoli et al., 2006; Satolli et al.,
2014). The southernmost area of the Northern Apennines is a succession
of paleo-domains that are stacked onto each other by top-to-the-east
thrusting, and which are named from west to east as the Ligurian,
Tuscan, and Umbria-Marche. The Umbria-Marche Apennine Ridge
(UMAR) is a 450 km long fold-and-thrust belt with eastward convexity
and displaying a succession of east-verging anticlines separated by
narrower synclines (Scisciani et al., 2014) (Fig. 2A). Its outermost active
contractional part is located offshore in the Adriatic Sea, while
post-orogenic extension currently affects its innermost part (Lavecchia
et al., 1988; Cello et al., 1997; Ghisetti and Vezzani, 2002; Tavani et al.,
2012, Pace et al., 2017, 2022; Sabbatino et al., 2021). The Late Oligo-
cene to Pleistocene onshore shortening across the UMAR (Lavecchia
et al., 1988; Brozzetti et al., 2021) has been estimated on the basis of
restored cross sections to up to 10% (Scisciani et al., 2014), yet the
structural style of deformation for the UMAR, either thin-skinned or
thick-skinned, has long been debated (e.g. Tozer et al., 2002; Scisciani
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et al., 2006; Lacombe and Bellahsen, 2016, Fig. 2B) until recent studies
supported that both styles were involved during the building of the
chain (Barchi and Tavarnelli, 2022). The assumption of thrusts rooted
on inherited pre-orogenic structures, mostly pre-existing normal faults
formed either during the evolution of the Mesozoic passive margin or
during the foreland flexure, is also suggested in several studies (Hip-
polyte et al., 1995; Tavarnelli, 1996a; Tavarnelli, 1996b; Mazzoli et al.,
2000; Scisciani et al., 2001; Calamita et al., 2003; Rusciadelli et al.,
2005; Pace and Calamita, 2014).

2.2. Sedimentary and structural setting

The characteristic succession of the UMAR, a carbonate-dominated
succession deposited from the earliest Jurassic to Oligocene (Fig. 3A)
(Lavecchia et al., 1988; Santantonio, 1993; Carminati et al., 2010),
consists of four main sedimentary wunits: (i) the pre-rift Tri-
assic-Mid-Jurassic sequence, that includes evaporites considered as the
main décollement level. Up to 5 km of evaporites can be found in the
central part of the UMAR (Scisciani et al., 2014, Fig. 2B); (ii) the syn-rift
Mid Jurassic-Cretaceous pelagic sequence, (iii) the post-rift Upper
Cretaceous-Paleogene pelagic sequence; and (iv) the Miocene hemi-
pelagite and turbidite deposits which recorded the progressive eastward
involvement of the Meso-Cenozoic succession into the fold-and-thrust
belt and its associated foreland basin to the East (Calamita et al.,
1994; Bigi et al., 2009). A thickness of more than 3000 m of turbidite
deposits ahead of the advancing fold-and-thrust belt during foreland
flexure (Sabbatino et al., 2021). The studied strata belong to the
Umbria-Marche succession (Fig. 2B). In stratigraphic order, this
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Fig. 3. (A) Ideal stratigraphic column, not to scale, showing the whole Umbria Marche sedimentary succession (in the area of Cingoli Anticline, after Labeur et al.
(2021) modified from Petracchini et al. (2012)). (B) Relative overburden of the stratigraphic succession considering the Massiccio Formation as the 0 (bottom) and
the Laga Formation as the top. This represents the current stratigraphic thickness of each unit of interest (Jurassic — Paleogene) for the area of the Subasio Anticline
(after the geological map, sheet 123 from the Servizio Geologica d’Italia, 1969), the Cingoli/San Vicino pair (after Petracchini et al., 2002) and for the Conero

Anticline (after Fancelli and Radrizzani, 1964a, b).
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succession comprises the pre-rift Calcare Massiccio, 700 m-thick
massive limestone deposited in peritidal environments. Sealing the
rifting that affected the Calcare Massiccio, a few formations compose the
Umbria-Marche pelagic succession. (i) The Sinemurian-Pliensbachian
biomicritic limestones with chert bed intercalations of the Corniola
Fm.; (ii) the Toarcian Rosso Ammonitico Fm., composed by nodular
marly limestones; (iii) Aalenian marls and cherty limestones of the
Calcari e Marne a Posidonia Fm.; (iv) Bajocian to Oxfordian Calcari
Diasprigni Fm., radiolarian-rich cherty limestones evolving from to-
wards micritic limestones and marls, and (v) Tithonian Calcari a Sac-
cocoma e Aptici Fm. Note that the Hettangian to Tithonian succession is
condensed on the platform and referred to as the Bugarone group
(Lavecchia et al., 1988; Alvarez, 1989; Cipriani et al., 2019). During the
early Cretaceous, micritic limestones of the Maiolica Fm., and marls of
the Marne a Fucoidi Fm., were successively deposited. The overlying
Cretaceous to Paleogene Scaglia Group is subdivided into four succes-
sive members which end the Umbria-Marche succession: (i) the Scaglia
Bianca; (ii) the Scaglia Rossa; (iii) the Scaglia Cinerea and (iv) the
Scaglia Variegata (Alvarez et al., 1977). Above these pelagic deposits,
the flysch, namely, the Bisciaro, Schlier and Marnoso-Aranacea forma-
tions, deposited during the Pliocene contraction in an asynchronous
fashion with an eastward younging (Guerrera et al., 2012). Deposition
started in the late Burdigalian in the belt, and in the Serravallian on the
Adriatic coastline. For more detailed information about the sedimentary
history of the UMAR, please refer to e.g. Conti et al. (2021).

The establishment of the timing and sequence of deformation in the
UMAR has been initially done by the structural investigation of thrusts
and folds and dating of the related growth strata (Calamita et al., 1994;
Mazzoli et al., 2002). Further insights came from the analysis of the
mesoscale fracture-stylolite network that established a relative sequence
within each fold (Decandia et al., 2002; Tavani et al., 2008; Diaz General
et al., 2015; Beaudoin et al., 2016; Labeur et al., 2021; Lacombe et al.,
2021) and across the ridge (Beaudoin et al., 2020a) that were further
constrained by the use of U-Pb geochronology applied on synkinematic
calcite in veins and faults (Beaudoin et al., 2020a; Labeur et al., 2021;
Lacombe et al., 2021). The following five stages of deformation were
recognized: (i) the foreland flexure stage, dated from late
Oligocene-early Miocene in the western part of the ridge (i.e., eastern
Tuscany-Monte Subasio) and from the middle Miocene in the eastern
part of the ridge (i.e., Gubbio, Monte Nero, San Vicino, and Cingoli areas
(Tavani et al., 2015; Brozzetti et al., 2021)). Some early mesostructures
including joints, veins, and dilation deformation bands perpendicular to
bedding, as well as mesoscale faults, can be related to this extensional
stage (Tavani et al., 2015); (ii) the early-folding layer-parallel short-
ening (LPS) stage, under a NE-SW-oriented Apenninic contraction
(Marshak et al., 1982; Tavarnelli, 1997; Storti et al., 2001; Tavani et al.,
2008; Barchi et al., 2012), occurred from the Burdigalian to the West,
and from the Tortonian to the East (Brozzetti et al., 2021). Fractures
related to LPS include vertical veins oriented perpendicular to bedding,
while postdating BPS; they are striking NE-SW (i.e. perpendicular to the
strike of the fold axis) and are associated with bed-perpendicular tec-
tonic stylolites with peaks trending NE-SW and plunging parallel to
bedding dip (Beaudoin et al., 2020a; Labeur et al., 2021). These veins
were dated by U-Pb calcite geochronology at 6.1 + 2 Ma in the San
Vicino Anticline (Lacombe et al., 2021); (iii) the folding stage, starting at
the Langhian time in the western part and at the Messinian time in the
eastern part of the UMAR. This stage is characterized by a maximum
compressional stress oriented NE-SW (Tavani et al., 2012), i.e. parallel to
regional shortening, and local extension perpendicular to fold axes
associated with strata curvature at fold hinges (Beaudoin et al., 2020a).
NW-SW-striking veins, bed-perpendicular and parallel to the fold axis,
were linked with folding, and dated at 3.5 £ 1 Ma in San Vicino
(Lacombe et al., 2021); (iv) the Late Stage Fold Tightening (LSFT), still
associated with a NE-SW contractional trend, corresponding to the
moment when shortening is no longer accommodated, by e.g. limb
rotation (Tavani et al., 2015; Beaudoin et al., 2020a). Vertical, NE-SW
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striking veins, kinematically consistent with tectonic stylolites with a
vertical plane and peaks trending NE-SW, were dated at 3.7 + 0.3 Ma in
the San Vicino (Lacombe et al., 2021). Also strike-slip faults that
developed during the LSFT were dated ~5 + 1 Ma in the Camerino
syncline, located just at the rear of the San Vicino anticline (Beaudoin
et al., 2020b); (v) the post-orogenic extension, starting by Pliocene times
in the western UMAR (Barchi et al., 2012) and continuing westward
today. This extensional stage is associated with NNW-SSE striking
normal faults causing the downfaulting of the fold succession (Bally
et al., 1986; Calamita and Deiana, 1988; Barchi et al., 2012).

3. Sample collection and preparation

A dataset comprising a total of 186 BPS distributed along a SW-NE
cross section across the central portion of the UMAR is used for this
study, including some previously published data (Labeur et al., 2021;
Beaudoin et al., 2020b (Fig. 2A-Table S1). Mainly, four folded structures
were sampled (Fig. 2). From West to East, Monte Subasio (39 BPS in the
Maiolica and Scaglia Fms.), Monte San Vicino (28 BPS in the Maiolica
Fm.), Monte Cingoli (77 BPS in the Maiolica and Scaglia Fms.), and
Monte Conero (32 BPS in the Maiolica and Scaglia Fms). In this dataset,
only 7 BPS come from Monte Subasio, and the ones from Monte Cingoli
were published before, hence 102 new stylolites are introduced in the
dataset considered in this study.

The sampled carbonates show mud-supported textures (mudstone to
wackstone) in which early mesoscale deformation is mainly accommo-
dated by pressure-solution (Fig. 3). Stylolites of various morphologies
(following the classification of Koehn et al., 2016), i.e. seismogram
pinning type (2) or suture and sharp peak (3) types (Fig. 1), and origin
(tectonic or sedimentary) were recognized (Fig. 3). The chronological
relationships established in the field show that the studied BPS predate
bed-perpendicular veins oriented perpendicular to the fold axis, that
likely developed during the LPS (e.g. Decandia et al., 2002; Tavani et al.,
2006; Beaudoin et al., 2020a). Type 2 and type 3 morphologies were not
restricted to specific sampling sites. Sampling was carried out on blocs
using a hammer and chisel to preserve the stylolite morphology from
damages induced by vibrations of a portable core-drill. For each sam-
pling site, the orientation of the bedding Sy was measured as well as the
strata polarity. Selected hand samples comprise isolated BPS tracks, with
peaks locally striking perpendicular to their plane, so with negligible
shearing during or after pressure-solution (Koehn et al., 2007). The
samples displaying dominantly anastomosed stylolites or stylolites cut
by veins were discarded for the SRIT.

In order to apply SRIT, samples were prepared in two steps: (1)
samples were cut perpendicular to the stylolite plane. A single cut is
required to perform the inversion in the case of BPS; however 2
perpendicular cuts were made on randomly selected samples to check
the similarity of L. values in both planes and so the in-plane stress
isotropy, a prerequisite to apply the SRIT to BPS (Ebner et al., 2009a);
(2) the cut faces were polished and the stylolite tracks scanned at high
resolution (12,800 dpi).

4. Methods
4.1. Petrography and diagenesis

The petrography and the diagenetic state of the collected carbonate
samples were checked on 69 thin sections (30 pm thickness) cut on the
mirror face of the scanned surface. Classical optical microscopy was
performed on a Nikon BH2 microscope equipped with a Nikon MK1
camera, and cathodoluminescence was performed with a cold cathode
Cathodyne CITL CCL 8200 Mk4 coupled with a Sony Alpha III camera.
Observations were carried out at the LFCR (Université de Pau et des Pays
de I’Adour, France).
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4.2. Stylolite roughness inversion technique

The studied population of 186 BPS is characterized by stylolites
displaying mainly a suture and sharp peak morphology (75%, versus
25% seismogram pinning).The application of SRIT to stylolite roughness
for stress requires the reliable estimate of the cross-over length L.
(Schmittbuhl et al., 2004). The process starts with the digitization of the
stylolite track by means of an image-analysis routine that uses color
thresholding tools to isolate the stylolite from the surrounding host rock.
In case this process fails, the stylolite track is hand-drawn following the
protocol presented in Ebner et al. (2009b).

The stylolite track is then transformed into a distance-height matrix
that represents the top part of the stylolite track. To facilitate signal
processing, the baseline of the track is corrected from the average trend
of the track (e.g. Ebner et al., 2009a; b; Rolland et al., 2012) by applying
the difference between the local height of the track and the best
straight-fit line. This process is repeated until the average trend of the
track is as close as possible to the horizontal. Finally, the whole average
trend is set to a vertical value of 0. The corrected track is then processed
by either Fourier Power Spectrum or Average Wavelet Coefficient
methods. The FPS considers the track as a sum of periodic sines and
cosines from which a wave number k (mm’l) and the squared Fourier
transform modulus P(k) are extracted. The AWC technique uses the
Daubechies D4 wavelet to consider the signal as a sum of different
wavelets originating from a mother function (Simonsen et al., 1998),
from which the scale a (mm) and the average wavelet coefficient W(a)
are extracted. Log-log plots P(k) = f(k) and W(a) = f(a) are used to bin
the raw data at a given interval (1.5 after Ebner, 2009). As both signal
processing methods can be used to estimate the Hurst coefficient (i.e. the
slope of the binned data) using the relationships given in Fig. 1B valid in
log-log space (P(k) = k12 and W() = a0'5+H), we used a non-linear
least-square regression with fixed value of H to estimate the value of
L, i.e. the scale at which one slope changes to the other slope.

The crossover length value estimated in mm by the signal processing
approach (Renard et al., 2004; Schmittbuhl et al., 2004; Ebner et al.,
2009a, 2009b) is directly related to the magnitude of the prevalent mean
stress oy, and differential stress 64 in the strata at the time the stylolite
stopped to be an active dissolution surface (Equation (1)):

__1E
B chcd

(equation 1)

c

where L. is the crossover length (in mm), E the Young modulus of the
rock (in Pa), y is the solid-fluid interfacial energy (in Jm™2), p a

. . . . . 1-2
dimensionless constant depending on the Poisson ratio (v) (p = %),

m+632+_<’3) and o4 the differential

om the mean stress magnitude (6, =
stress magnitude between o; and either o2 or o3 according to the
orientation of the studied track.

Assuming a vertical attitude of the maximum principal stress c;
related to burial at the time of BPS development, the calculation of o1
magnitude is based on the uniaxial strain hypothesis which implies no
horizontal strain within the plane of the stylolite so that the horizontal
stresses oy and oy, are equal in the plane of the stylolite (6, = oy =
150+). This hypothesis is valid at first order as BPS are supposed to form
during the basin formation in response to burial only. However as tec-
tonic stress may apply at the boundaries of the basin, we need to check
the validity of this hypothesis by studying two tracks cut at an angle on
the same stylolite, that should return the same Lc value if the in-plane
stress is isotropic (i.e. 65 = 03; e.g. Beaudoin et al., 2016). Under this
assumption, the differential stress o4 is always the same regardless of the
orientation of the studied track, and Equation (1) can be simplified as
follows:
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(equation 2)
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Equation (2) therefore yields the value of the vertical stress, i.e. the
lithostatic stress, applied to the rock at the end of stylolite development,

that can be converted into the overburden value (z) using z :%

with o defined as a =

(equation 3).

Considering equation (2) and the uncertainty of 23% quantified for
the L. value (Rolland et al., 2014), the propagation of the uncertainty
allows to fix the uncertainty associated with o, estimate at 12% if
assuming no uncertainty on E, v, or y.

4.3. Rock mechanical properties

In order to solve equation (2), the Young modulus (E) must be esti-
mated, as it is the most uncertain elastic parameter considering car-
bonate rocks (Regnet et al., 2019). To do so, we use the non-destructive
Schmidt hammer, that measures the rebound of a spring-loaded piston
when pressed orthogonally against the surface of a rock. The rebound
value R is considered to be a proxy of the surface stiffness and conse-
quently allows the calculation of E following an empirical relationship
(e.g. Sachpazis, 1990; Katz et al., 2000; Aydin and Basu, 2005). In this
work, we have used the equation of Katz et al. (2000):

E=0.00013 x R¥®0704 (equation 4)

A Silver Schmidt 0S8200 type N (manufactured by PROCEEQ) was
used on 11 sites in Jurassic and Cretaceous formations in the Subasio
and Conero anticlines, in order to complement the previously published
dataset for San Vicino and Cingoli anticlines (Labeur et al., 2021). In
each site, 40 to 50 rebounds were performed perpendicularly to the
surface, in most cases flat-lying (i.e.,, the hammer being vertical), from
which rebound values were averaged as a single rebound value valid for
the site. In order to ensure that this value is free from any outlier due to
local heterogeneity, we calculated a moving average incremental mean
until the mean rebound value stabilizes.

4.4. Burial-time models

To reconstruct the burial evolution of the sampled formations (Ma-
iolica, Corniola and Scaglia fm.) over time, we have built 1-D burial-time
models for all four folded structures using the TemisFlow basin
modeling software. The burial-time simulation follows two steps: first, a
backward modeling, consisting of the backstripping the stratigraphic
column that includes a progressive decompaction of the sediment (or
compaction in case of erosion) as the overlying strata are removed from
the youngest to the oldest. Decompaction is calculated following
porosity vs depth or compaction curves (Atashbari and Tingay, 2012),
that predicts the thickness of a strata according to its lithology, with
respect to physical and chemical processes that affect compaction. This
backward modeling is done under the assumption that a hydrostatic
pressure regime prevails at the basin scale (Perrier and Quiblier, 1974).
The second step consists of a forward simulation of the sequence of
deposits and associated erosion considering the geodynamic history that
affected the sedimentary stack, in other words, it is a simulation of the
burial evolution of each formation of interest.

At each folded structure (Subasio, San Vicino-Cingoli and Conero),
and for every formation since the Jurassic (Massiccio Fm), thickness and
related age of deposition have been defined from the published strati-
graphic sections (Fig. 3) considering the most preserved stack (i.e. not in
the fold-hinge). Exception was made for the Conero Anticline, where the
oldest considered formation is Cretaceous in age (Maiolica fm). The rock
properties (initial porosity, solid density) and the constitutive law of
each formation’s average lithologies are reported in Table S2. We
selected an average compaction law adapted for limestones based on an
empirical model that accounts for both mechanical and chemical com-
pactions, issued from compilation of carbonates porosity measurements
at different depths (e.g. Atashbari and Tingay, 2012). The erosional
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events, the most uncertain parameters in terms of removed thickness on
the folded structures, were defined from literature (Mazzoli et al., 2002;
Brozzetti et al., 2021).

5. Results
5.1. Petrography

In all studied folds, microscopic observations under classical micro-
scope reveal mud-supported carbonates in both Miaolica, Scaglia Bianca
and Scaglia Rossa fms. (Fig. 4). Mudstone to wackestone texture are
documented, with numerous foraminiferae in the Scaglia formation,
blocky calcite veins, and sedimentary or tectonic stylolites surrounded
by an altered area (Fig. 4). These are ideal texture for the use of SRIT as
suggested in Beaudoin et al. (2019) and Bah et al. (2023). Under cath-
odoluminescence, both host rocks and veins are dull orange, with
neither evidence of recrystallization events nor alteration related to
diagenesis like dissolution or mineralogical replacement.

5.2. Young modulus estimates

In 15 sites in the Subasio and Conero anticlines, 542 R rebound
values were measured on flat homogeneous surfaces to estimate rock
elastic properties for the Maiolica, Scaglia Bianca, Scaglia Rossa for-
mations. These representative R values and the resulting calculated
Young moduli are reported in Table S3. R values range at Subasio from
54 to 59 in the Maiolica Fm., and from 49 to 65 in the Scaglia Rossa and

200 pm

Journal of Structural Geology 182 (2024) 105098

Bianca Fms. At Conero, R values for the Maiolica Fm. Range from 53 to
62. In the Cingoli anticlines, R values for the Maiolica Fm. Range from
36 to 52, and from 50 to 70 in Scaglia Rossa and Variegata Fms (from
Labeur et al., 2021), and are estimated to be similar in the nearby San
Vicino anticline. The curves associated with the values from Subasio and
Conero are available as supplementary material (Fig. S1).

Using these values with equation (4) returns an overall range of E
values from 14 GPa to 17 GPa in Cingoli Anticline (average E = 15 GPa),
from 18 to 45 GPa in Subasio Anticline (average E = 29 GPa), and from
23 to 37 GPa in Conero Anticline (average E = 30 GPa). These average
values are 10-25% higher than the 23 GPa value found by Beaudoin
et al. (2016) by applying SRIT and VP/VS inversion in the Monte Nero
Anticline, located in the western part of Central UMAR, suggesting a
rather homogeneous distribution of the elastic properties of the UMAR
succession despite the intrinsic natural variability of carbonates.

5.3. Cross-over length estimates

186 stylolites of which the width distributes between 0.6 and 12 cm,
with a modulus value of 3 cm, were used for the SRIT using both signal
processing methods, i.e. FPS and AWC (Table S4). Two values of L. were
therefore obtained for each BPS analyzed.

Out of the 186 tracks analyzed with both FPS and AWC, 167 are
valid, ie. both self-affine regimes are fitted through the binned data
(Fig. 5). 85% of the inversions are thus conclusive. Among the 29 invalid
treatments, 7 are for AWC only (i.e. 4% of the 186 initial data), 13 for
FPS only (i.e. 7%), and 9 for both (i.e. 5%) (Fig. S2).

ok

T
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E g * 200 ym

Fig. 4. (1-4) Field photographs of the Maiolica and Scaglia Rossa formations as observed in both Subasio and Cingoli anticlines, with the red arrows pointing at
bedding parallel stylolites. (5-6) microphotographs (in natural polarized light) of the Maiolica and the Scaglia Rossa formations, that show a mudstone-wackstone
texture with a micritic matrix (m) and the occurrence of Globigerina (g). The red arrow points at a bedding parallel stylolite. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Selected examples of application of stylolite roughness inversion techniques that returned a valid inversion result (i.e.; two lines with set slopes). For each
example, are reported from top left to bottom right: the track of the stylolite with an estimate of the minimum dissolution; the signal analysis with Fourier Power
Spectrum with original and binned data following the protocol established by Ebner (2009); the plot of the binned data using the Average Wavelet Coefficient signal
analysis, with in blue the modelled regression line that is constrained by 2 preset roughness coefficients (Hurst exponents), returning the Lc value (green star); plot of
the FPS binned data with in blue the modelled regression line that is constrained by 2 preset roughness coefficients (Hurst exponents), returning the Lc value (green
star). For each example, the A value is reported (see text for details), and defines if the inversion is consistent (A<23%) or not consistent (A> 23%). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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The variations of L. values were also considered against the
morphology of the stylolites analyzed. The morphologies considered are
“seismogram pinning type” and “suture and sharp peak type”, corre-
sponding to type 2 and 3 in the classification of Koehn et al. (2016),
respectively. Both types of morphologies were observed in all the sam-
pling sites.

The use of violin plot, of which the envelope represents a probabi-
listic modeling of the population based on its limited statistical distri-
bution, allows to determine if the population is likely to follow a
unimodal or bimodal distribution model (Hintze and Nelson, 1998).
Fig. 6A shows differences in L. values according to the stylolite
morphology: for seismogram pinning type (type 2) the distribution is
bimodal (violin plot envelope shows two separated bumps) and L. values
are higher (considering median and quartile values), for suture and
sharp peak type (type 3), the distribution is unimodal (violin plot
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envelope show one bump), and the L. values are lower.

5.4. Burial depth estimates

The crossover lengths L. values and the corresponding values of the
vertical stress were determined using SRIT considering the following
mechanical and/or chemical parameters: Young modulus E, estimated
from the Schmidt Hammer measurements, averaged for a given forma-
tion at the scale of a studied structure (Table S3), Poisson ratio v and
solid-fluid interfacial energy v fixed to classical values of 0.25 and 0.32
J/m~2 (Wright et al., 2001), respectively. Then, the vertical stress values
were converted into burial depths following Equation 3. They are
rounded to the closest 10 m. Detailed values of vertical stress and burial
depth magnitudes are summarized in Table S4. In order to discuss the
impact of the variability of E onto the calculated vertical stress
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Fig. 6. Violin plots (model of the probabilistic distribution of a population based on a limited population) with whisker and box plots (grey box, white dot is the
value of the average for the population) of the whole dataset of BPS. (A) Distribution of the valid Lc values according to the morphology of the stylolite (type 2 or type
3) and to the signal analysis method used. (B) Corresponding distribution of the A value, where the consistency criterion is met if a data is below the 23% line
reported (see text for details). (C) Distribution of all the Lc values including the not valid ones as a function of if the SRIT was applied to a single track (yellow
population) or on a composite track, made by a succession of stylolite of the same morphology found in the same sample (purple), according to the signal analysis
methodology. (D) Corresponding distributions of the A values according to if the SRIT was applied to a single track (yellow population) or on a composite track
(purple population). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



A. Labeur et al.

magnitudes, we also considered a value of E fixed to 23 GPa for the
whole samples (Beaudoin et al., 2016), of which values are reported in
Table S4, with distributions plotted as Supplementary Fig. S2.

Considering local E values, the ranges of maximum depth of stylolite
activity are graphically represented in Fig. 7 using violin plots for each
formation and locality. In each anticline except in the Conero Anticline,
the median burial depths recorded in the different formations are in the
same range of values. They vary along the regional transect, with deeper
values obtained in Subasio and Conero anticlines and shallower values
obtained in San Vicino and Cingoli anticlines.

5.5. Burial-time models

The four burial-time models built (Subasio, San Vicino, Cingoli, and
Conero anticlines) are considered representative of the innermost
(Subasio), central (San Vicino-Cingoli) and outermost (Conero) parts of
the UMAR, respectively (Fig. 8, Table S3). In the innermost area, one can
observe first a fast burial rate (112 m/My) concomitant to the beginning
of the rifting phase, followed by a gentle burial rate (<30 m/My) that
started at the Sinemurian time until 25 Ma ago when a strong subsidence
phase begun, with a burial rate of ca. 50 m/My and accelerated to reach
a rate of 190 m/My during the Serravalian-Tortonian interval. The
maximum depth experienced by the bottom of the Maiolica Fm. Is ca.
3700 m. If one considers that the exhumation started with, and is mainly
caused by, folding and associated erosion, growth strata indicate that
exhumation started at around 7 Ma. In the center-east of the UMAR, the
models constructed for the San Vicino and Cingoli anticlines reveal a
similar evolution, with the increase of burial rate due to rifting, followed
by a slow burial phase that lasted until 20 Ma ago, followed by a phase of
high burial rate up to 70 m/My during the building of the UMAR. The
maximum burial depth experienced by the bottom of the Maiolica Fm. Is
ca. 2300 m and the exhumation started ca. 5 Ma ago (Mazzoli et al.,
2002; Lacombe et al., 2021). Finally, in the outermost part of the UMAR,
the maximum depth reached by the bottom of the Maiolica Fm is ca.
2500 m. In this area where the thickness of the syn-rift Massiccio Fm. Is
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not documented, the model reconstructed a mainly slow mean burial
rate of 5 m/My until 20 Ma ago when the burial rate jumped up to 150
m/My then to 1300 m/My until 4 My ago. Syn-folding exhumation
started 4 Ma ago (Calamita et al., 1994).

6. Interpretation of results and discussion
6.1. Reliability of SRIT applied to BPS

In order to help the community critically interpret the results of SRIT
and apply it confidentially, we propose to assess first the reliability of
the inversion of the roughness of individual stylolites using the two
following criteria.

First, the validity of a stylolite roughness inversion is related to the
occurrence of a clear breakout in the regression on the signal analysis
log-log plot with the Hurst exponents of the two power laws fitting the
model proposed by Schmittbuhl et al. (2004, e.g. Fig. 5). Because of data
binning and because of the actual signal itself, it might happen that
either the signal exhibits only one power law (e.g. Karcz and Scholz,
2003), or there are 2 power laws but with Hurst exponents that do not fit
the model, or both. If any of this occurs, then the stylolite roughness
inversion is not valid, and Lc must be discarded for the dataset. In the
population of 186 stylolites presented in this study, 85% of the dataset, i.
e. 157 stylolites, return a valid inversion either using FPS, AWC, or both
methods.

Second, the consistency of a stylolite roughness inversion is related to
the similarity of the Lc values provided by the two signal analysis
techniques within the methodological uncertainty of 23% (Rolland
et al., 2014). A parameter A can be calculated as the norm of the dif-
ference between Lc values obtained by different signal analysis methods
divided by the highest Lc value, reported as a percentage. In the liter-
ature, a majority of studies analyzing stylolite roughness use the Fourier
Power Spectrum or the Average Wavelet Coefficient signal analyses (e.g.
Karcz and Scholz, 2003; Renard et al., 2004; Schmittbuhl et al., 2004;
Ebner et al., 2009a, 2009b; Rolland et al., 2014; Beaudoin et al., 2016;
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Fig. 7. Distribution of the burial depth derived from Lc values for each studied fold and with respect to the formations. The distributions are represented as box-and-
whiskers plots (black boxes limited by the first and third quartile, white circle is the value of the average) included in the corresponding violin plot, as a function of
the average longitude of the host structure, represented below on the cross section (see Fig. 2).
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Fig. 8. Burial-time models resulting from the protocol described in the text,
with the input values reported in Table S2. The models correspond to, from top
to bottom, the Conero Anticline, the Cingoli Anticline, the San Vicino Anticline,
and the Subasio Anticline. Dash red lines correspond to the minimum depth at
which the shallowest stylolite stopped developing. Solid red lines correspond to
the maximum burial depth and the corresponding age at which development of
BPS stopped for a given formation. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

Bertotti et al., 2017; Beaudoin et al., 2020c), so we exemplify the con-
sistency criterion using these methods, set by defining the parameter A as

A — Lerps) —Leawe)
Legps)

can be extended to include other signal analysis methods that have been
proven successful for SRIT, such as the Root Mean Square, the
Maximum-Minimum height difference, the Correlation Function, or the
RMS Correction function (see Candela et al., 2010; Rolland et al., 2014).

,if Legps) > LC(awc)- 1t is noteworthy than this criterion
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As illustrated on Fig. 5, some valid inversion can return significantly
different Lc values according to the signal analysis method used. Over-
all, in the population of the 157 valid inversions, only 34% of the dataset
meet this consistency criterion (Fig. 6B).

The reliability of SRIT improves significantly when proceeding to the
inversion of the roughness of the virtual composite stylolite that is made
up by linking all stylolites that have the same morphology and are found
in the same hand sample. Creating a composite stylolite by concate-
nating selected stylolite tracks (from 2 to 16 in this case) increases the
range of roughness that is sampled during the signal analysis. Our
dataset allowed to create 56 composite stylolites (Table S5), and the
distribution of the results obtained on composite stylolite is narrower
than on single tracks regardless the signal analysis method (Fig. 6C).
Using inversion of the roughness of composite stylolite returns more
valid inversions (98% for the FPS and 95% for the AWC) and more cases
where the inversion is consistent (66% of the dataset, Fig. 6D). This
significant improvement strongly suggests that the limited range of
available roughness on the studied track of a single stylolite may prevent
the roughness inversion to return a consistent value. However, Fig. 6C
illustrates that the statistical distribution of the Lc values from a
representative population remains similar (within the methodological
uncertainty) whether one considers the valid inversion on composite
tracks or on single tracks. This means that using a single signal analysis
method on a large population of stylolites will provide reliable results in
terms of Lc values. It is interesting to note that recent investigations on
scaling of stylolite roughness on long tracks (>10 cm) highlighted
another change in the scaling regime at the large scale, termed by Koehn
et al. (2022) as the correlation length. Above the correlation length, the
stylolite amplitude remains constant, and this length was proposed as a
proxy to estimate compaction. In concatenated stylolites, such a scaling
behavior of the roughness is not observed, supporting that the addition
of different stylolites only increases the sample size for the signal anal-
ysis, without creating a signal of which amplitude becomes constant at
large scale.

Consequently, we recommend to future users to either increase the
population of studied stylolites to a statistically significant number (ca.
>50) and to apply SRIT with the best suited method of choice, or in case
there is not enough data, to conduct the concatenation process to create
obviously fewer composite stylolites but the roughness inversion of
which will return more reliable and consistent Lc values. An alternative
approach that would theoretically provide similar results than concat-
enation, consists in applying the SRIT process on a binned signal coming
from averaging the signal analysis of numerous stylolite tracks in the
same sample.

It is also worth noting that the distribution of the Lc values from the
studied population differs slightly when considering type 2 (seismogram
pinning) stylolites apart from type 3 (suture and sharp peak) stylolites
(Fig. 6A). Indeed, the inversion of the roughness of a subpopulation of
type 2 stylolites shows a bimodal distribution of Lc values (the corre-
sponding violin envelope has two bumps) while type 3 shows a unim-
odal distribution (the corresponding violin envelope has one bump).
Both types share the same modal value of Lc (0.3-0.5 mm), but the
second mode found only considering type 2 stylolite is higher (Lc =
0.9-1.3 mm). If considering the extreme teeth of type 2 do not disturb
the signal analysis, type 2 stylolites would corresponds to lower mag-
nitudes of the vertical stress at which pressure solution was active,
hence, to lower burial depths. Regardless the physical reason for this
behavior of type 2 roughness analysis (i.e. intrinsic to stylolite devel-
opment, or induced by signal analysis disturbance), similar observations
were made in other case studies (Beaudoin et al., 2019, 2020a, b, ¢; Bah
et al., 2023), which suggests that the best suited BPS to consider for
finding the maximum burial depth experienced by the rock while
pressure solution along horizontal planes was active belong to the type 3
BPS. We hence suggest focusing on the type 3 stylolites.
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6.2. Geological implications

6.2.1. Dependency of SRIT on rock physics

An important point to stress out is the dependence of the calculated
vertical stress values on the mechanical and chemical parameters that
are involved in equations (1) and (2). While the solid-fluid interfacial
energy is rather well constrained from experiments (Wright et al., 2001),
the elastic parameters are hard to quantify as they were at the time
pressure solution was active and stopped around the stylolite. The nat-
ural variability of the Poisson’s ratio in carbonates is rather low
(0.18-0.35), and this uncertainty impact on the calculation of the stress
is about 10% for extreme values. However, the Young modulus (E) has a
much bigger impact, naturally varying in carbonates from 5 GPa to 100
GPa (Hadi and Nygaard, 2023) namely according to porosity. Yet, if it is
possible that the effect of pressure solution itself over the elastic prop-
erties of carbonates is limited (Wingender et al., 2021), the redistribu-
tion of dissolved material in the surrounding pores will likely increase
the value of E with time. Also, it was demonstrated that the value of the
E increases with applied stress (Pimienta et al., 2015), so it is likely the
measurement of E in outcrops underestimates the value of E at the time
pressure solution occurred. It is also a matter of debate to use a bulk
measurement of E for representing the grain-fluid-grain interface
pressure-solution occurs along. There have been several different
methods proposed to reconstruct E for the case of SRIT. For instance, one
can derive a unique value of E using a population of BPS along a vertical
profile (Ebner et al., 2009b), alternatively, SRIT has been used in a case
where expected depth was well constrained to show a quantitative
evolution of E during stylolite development (Rolland et al., 2014). Other
studies rather use the measured value of E derived from triaxial tests on
homogeneous material (Beaudoin et al, 2019) or derived from
field-scale measurements by Schmidt Hammer (Labeur et al., 2021). In
all cases, a variation of +100% in the E value results in a variation of
+50% of the calculated vertical stress magnitude (Beaudoin et al.,
2016). Because this issue is very impactful on the individual results, we
tested the effect of such variation at the scale of the BPS population
(Fig. S2). On Fig. 7 the Young moduli used to calculate the vertical
stresses and associated burial depths are those determined by the
rebound method from field data, established for all studied formations
and in each anticline (Table S3). On Fig. S2, the Young moduli corre-
spond to 23 GPa, a value given by Beaudoin et al. (2016) considering a
mechanically homogeneous carbonate reservoir. If considering the me-
dian value of the distribution, the difference between the calculated
depths with an average E or with a locally measured E is below 20% in
all cases, suggesting at first order that the distribution of the vertical
stress and depth among a studied population is not dramatically affected
by the uncertainty on E. It is a complicated topic to discuss the evolution
of the elastic parameters of a rock undergoing diagenesis, and more
specifically if the E value in the laboratory is a good representative of the
E at the pressure conditions at which deformation occurs (e.g. Pimienta
et al., 2015), and consequently which value of E is to be used for each
given strata. However, we suggest conducting SRIT using, when
possible, the value of E calculated from stress-strain plots obtained from
rock mechanical tests under a triaxial press applied to homogeneous,
undeformed portions of the studied rock, because it should return the
highest value of E, consequently the closest to the one prevailing at the
time the deepest stylolite stopped developing.

6.2.2. Lessons learned on stylolite development during burial

At first order, the maximum burial depths at which compaction-
related pressure solution was active along BPS are consistent at the
scale of the individual fold and at the scale of the entire UMAR (Fig. 7),
falling in the range 0.5-3 km range and never exceeding the maximum
burial depth of the formations hosting the BPS as reconstructed using
burial modeling (Fig. 8). In each fold, the highest 75% of the depths
obtained from SRIT correspond to the period of increase of the burial
rate associated with the fast sedimentation during local flexure. The
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possible reason(s) why stylolite development can halt massively (i.e. for
most individuals in a population) can be numerous: (i) a saturation effect
at the stylolite plane scale related to the depth of deformation (Toussaint
et al., 2018); (ii) the clogging of the porosity due to dissolved material
reprecipitation that prevents further development of the stylolite plane
(Hou et al., 2023); or (iii) the switch of the maximum principal stress
from a vertical to a horizontal attitude in response to prevailing tectonic
forces (e.g. Peacock et al., 2017b; Beaudoin et al., 2020c); (iv) alterna-
tively a local fluid migration in the reservoir could locally create over-
pressure around a stylolite/at the grain-fluid interface, inhibiting its
development (e.g. Peacock et al., 2017a), with a potential effect on
different layers affecting then the whole reservoir (as tentatively pro-
posed to explain a sudden stop in stylolite development during burial
concomitant to hydrocarbon migration in pre-salt formation of the lower
Congo basin; Bah et al., 2023). To differentiate between these causes is
impossible in our case, yet the coevality between the halt of activity of
most of the studied stylolites and the increase in burial rate suggests that
pressure solution could be the most effective way to accommodate
vertical shortening up to a certain point, especially once at depth where
physical grain reordering is limited, while fluid-rock interactions
become more potent. It is worth noting that similar observations that
most stylolites would halt during periods of fast burial rates were made
in cores from offshore Congo (Bah et al., 2023; Zeboudj et al., 2023).

6.2.3. Regional validation: estimates of the timing of the onset of orogenic
stress loading related to apenninic contraction

As previously demonstrated, SRIT applied to a population of sedi-
mentary stylolites is a powerful tool to estimate the first order maximum
paleodepth experienced by the strata under a vertical maximum prin-
cipal stress. In the present case, the reconstructed maximum paleodepth
of active pressure solution is lower than the maximum burial depth
predicted by the models, which is consistent with the onset of orogenic
stress loading during continuing burial of strata; in other words, the
maximum principal stress 61 did not remain vertical up to the maximum
burial depth of strata. When projecting the depth distribution obtained
from SRIT applied on BPS collected in the Maiolica and Scaglia Fms onto
the burial-time model for each fold, it is possible to estimate the timing
when BPS halted. In the Subasio Anticline, such stop of pressure solution
development seems to have occurred ca. 9 Ma ago, while it was ca. 10
Ma ago in both the San Vicino and Cingoli anticlines. In the Conero
Anticline, this method dates this halt to ca. 4.5 Ma ago. This method was
used as a proxy to estimate the very beginning of tectonic contraction in
various orogenic forelands (Beaudoin et al., 2019, 2020b, 2021; Labeur
et al., 2021; Lacombe et al., 2021). Here, we tentatively compare the
timing at which BPS stopped developing to the independently recon-
structed timing of fold development (Fig. 9), constrained either by the
age of growth strata (Calamita et al., 1994; Mazzoli et al., 2002), or by
U-Pb geochronology of syn-kinematic calcite mineralization in tectonic
veins and faults (Beaudoin et al., 2020a, b; Lacombe et al., 2021), or
both (see general discussion in Lacombe and Beaudoin, 2024). For each
individual fold, the reconstructed time at which pressure solution along
BPS stopped being active predates the time of fold development at the
same place by ca. 3 My. Consequently, when integrating this timing at
the scale of the UMAR, we document an eastward sequence of ending
compaction-related stylolitization, which is consistent with, and older
by 1-4 My than, the reconstructed sequence of younging eastward
folding and thrusting (Tavani et al., 2021). The consistently younging
eastward sequence of the end of stylolitization and folding throughout
the belt validate SRIT as a reliable tool to constrain the timing of the very
onset of orogenic stress loading in fold-and-thrust belts and associated
foreland domains. These 1-5 My gaps also are locally the maximum
duration of the LPS, that might be even shorter if one considers a tran-
sient period of progressively increasing tectonic stress loading until the
stress level needed to initiate LPS is reached. This short duration is in
line with previous studies based on U-Pb dating of syn-kinematic calcite
mineralization from tectonic veins that suggested that the duration of
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Fig. 9. (A) Plot of age of burial/tectonic history (in Ma) vs eastward current distance from the Subasio Anticline (km). In orange are reported the end period of the
BPS development as calculated from SRIT in the present study. In blue is reported the only available absolute age (U-Pb) of synkinematic calcite mineralization
related to layer-parallel shortening (Lacombe et al., 2021), and in red are reported the duration of the folding events as estimated from the age of growth strata
(Calamita et al., 1994; Mazzoli et al., 2002). (B) Sketches idealizing the evolution of the strata corresponding to the three phases highlighted in (A), with an emphasis
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of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the LPS may be as short as 1 My (Lacombe et al., 2021; Lacombe and
Beaudoin, 2024). The results based on SRIT across the belt strengthen
the model of rapid propagation of the deformation and quick sequence
of activation of décollement level that developed folds in the UMAR,
mitigating a tectonic model where the UMAR developed by
thick-skinned tectonics and inversion of basement faults only.

7. Conclusions

The goal of this study applied to the Umbria Marche Apennine Ridge
was to confidently and critically assess the best way to conduct SRIT so
that the inversion reliably yields the paleodepths experienced by car-
bonate strata at the time pressure solution mechanism was efficient to
accommodate burial related compaction. We define two criteria to
assess the quality of the inversion results: the validity, reached when the
signal treatment of the 1D profile returns two well-defined slopes of
auto-affine behavior that are consistent with the Hurst exponents pre-
dicted by Schmittbuhl et al. (2004); and the consistency, reached when
two signal analysis methods (FPS and AWC) return the same Lc value
within intrinsic uncertainty (23%). We show that the discrepancy be-
tween the Lc returned by FPS and AWC applied on the same track in
>75% of cases is likely related to the limited sampling of the roughness
along a stylolite track. Indeed, by conducting SRIT on composite stylo-
lites, created by concatenating numerous stylolites of the same
morphology found in the same rock, the SRIT returns a better consis-
tency in the results, while not changing the Lc value of stylolites of
which inversion is valid.

The study of a large-scale population of sedimentary stylolites
teaches us that while the selected values of the Young modulus have a
massive impact on the uncertainty of the SRIT (up to 50% for 100%
variation of the E value), this impact is mitigated when considering the
distribution of Lc obtained from a large population of stylolites, i.e. the
values of quartiles and medians are impacted by less than 20%. Using
the distribution of depths at which pressure-solution was active as
derived from the Lc values of the population of sedimentary stylolites in
combination with burial-time models to constrain the timing of stylolite
development under a vertical 61, e.g., during compaction with negligible
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horizontal stress, is a powerful tool when studying the structural evo-
lution of an area. To validate this approach, we considered the calendar
of halting of the sedimentary stylolite development in four folds across
the UMAR. This calendar shows an eastward sequence consistent with
the recorded sequence of folding across the UMAR, with a time gap of
1-5 My between the end of BPS development and the oldest age of
growth strata in each fold. The consistency between the timing and
sequence of the halt of BPS development on the one hand and the timing
of folding given by absolute dating of either synfolding strata or fold-
related fractures on the other hand, is a strong support to using SRIT
applied to BPS in fold-and-thrust belts to assess the timing of when the
tectonic-related horizontal o; has increased enough to overcome the
burial-related vertical stress, triggering first layer parallel shortening,
then later folding and thrusting.
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