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Recent field-based studies documented deformation bands in porous carbonates; these structures
accommodate volumetric and/or shear strain by means of pore collapse, grain rotation and/or sliding.
Microstructural observations of natural deformation bands in carbonates showed that, at advanced
stages of deformation, pressure solution helps to reduce the grain size, enhancing comminuted flow and
forming narrow cataclastic zones within the bands. In contrast, laboratory studies on the mechanics of
deformation bands in limestones identified grain crushing, pore collapse and mechanical twinning as the
micromechanisms leading to strain localization.

Here, we present a multidisciplinary field and laboratory study performed on a Cretaceous carbonate
grainstone to investigate the microprocesses associated to deformation banding in this rock. A quanti-
tative microstructural analysis, carried out on natural deformation bands aimed at defining the spatial
distribution of pressure solutions, was accompanied by a force chain orientation study. Two sets of
triaxial experiments were performed under wet conditions on selected host rock samples. The deformed
samples often displayed a shear-enhanced compaction behavior and strain hardening, associated with
various patterns of strain localization.

We constrained the pressure conditions at which natural deformation bands developed by repro-
ducing in laboratory both low and high angle to the major principal stress axis deformation bands. The
comparison among natural and laboratory-formed structures, allowed us to gain new insights into the
role, and the relative predominance, of different microprocesses (i.e. microcracking, twinning and
pressure solution) in nature and laboratory.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The inelastic deformation of porous rocks is a widely studied
problem among the scientific community. The specific failure
modes, faulting processes and overall strain rates are all aspects
that are currently investigated by both field and laboratory studies
with the purpose of better assessing the control exerted by defor-
mation on the petrophysical properties of porous rocks in
geotechnical engineering and reservoir management applications
(see Fossen et al., 2007; for a full review). In fact, both natural and
laboratory-induced modifications of pore volume, shape and,
na).
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hence, interstitial pressure in the subsurface may cause variations
of the effective stress possibly leading to faulting and/or inelastic
deformation, as well as alter the original fluid flow paths in the
shallow crust (see Faulkner et al., 2010 for a full review). In recent
years, Tondi et al. (2006) and Tondi (2007) described a new faulting
mechanism characteristic of porous limestones. By means of
detailed field and microstructural observations, four main defor-
mation processes representative of increased stages of deformation
were identified: (i) compaction and shear strain localization into
narrow bands (Aydin, 1978; Antonellini et al., 1994; Antonellini and
Aydin, 1994; Shipton and Cowie, 2001; Aydin et al., 2006; Rath
et al., 2011), (ii) pressure solution at the grain contacts, with
development of discrete pressure solution seams, within the
already compacted bands (Rutter, 1983; Groshong, 1988; Liteanu
in porous carbonate grainstones: Field and laboratory observations,
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and Spiers, 2009; Croizé et al., 2010c; Zhang et al., 2010), (iii)
subsequent shearing of the pressure solution seams (e.g. Alvarez
et al., 1978; Agosta and Aydin, 2006; Agosta et al., 2009) and (iv)
cataclasis localized along the sheared pressure solution seams (e.g.
Engelder, 1974).

In the laboratory, the mechanical behavior of carbonate rocks of
a wide range of porosities has been documented by many studies
(Fruth et al., 1966; Teufel et al., 1991; Renner and Rummel, 1996;
Fabre and Gustkiewicz, 1997; Baud et al., 2000, 2009; Vajdova et al.,
2004; Risnes et al., 2005; Zhang and Spiers, 2005; Baxevanis et al.,
2006; Croizé et al., 2010a, b; Zhu et al., 2010; Dautriat et al., 2011;
Vajdova et al., in press). These studies investigated the distinct
mechanical responses of carbonates to different stress conditions
and various level of plastic strain. By monitoring the evolution of
deformation, the aforementioned authors deduced that carbonates
with intermediate values of porosity (3e18%) display dilatancy and
shear localization in dry conditions and at low confining pressure.
Differently shear-enhanced compaction and strain hardening are
the prevailing mechanisms at higher confining pressures. After
a certain amount of strain hardening (this amount typically
increases with confining pressure), a switch from compaction to
dilatancy is observed (Baud et al., 2000; Vajdova et al., 2004). The
high-porosity carbonates (4 > 30%) studied in Baud et al. (2009)
show similar behavior to the less porous ones, but no dilatancy
occurs at low confining pressures. The results of microstructural
analyses performed, on the laboratory deformed samples, by
previous authors highlighted microcracking and plastic/cataclastic
pore collapse as the main deformation micromechanisms. More-
over, since calcite requires relatively low shear stresses to initiate
mechanical twinning and dislocation, these latter mechanisms play
also a significant role in particular at high levels of plastic strain
(Vajdova et al., 2010, in press). The complex interplay between pore
collapse, microcracking and crystal plasticity hence controls the
carbonates macroscopic compactive yielding (Vajdova et al., 2004,
2010, in press; Zhu et al., 2010).

While previous studies have shown that natural and laboratory
deformation bands have comparable characteristics (i.e. pore and
grain sizes reduction), many discrepancies among the mechanisms
responsible for their development have been found. The compar-
ison between field and laboratory failure processes remains to date
limited by the fact that most experimental studies on carbonates
have been performed on dry rocks whereas the natural deforma-
tion (i.e. compaction, pressure solution) likely happens in presence
of fluids.

In this paper we present the results of a multidisciplinary work,
which integrates field and laboratory studies on the porous
carbonate grainstones belonging to the Orfento Formation (Vecsei,
1991; Mutti et al., 1996). The goal is to gain a new knowledge on the
micromechanics of deformation bands in porous carbonates.

2. Geological setting, lithological description and rocks
characterization

The Majella Mountain is an East-vergent, thrust-related anti-
cline located in the external zone of the central Apennines, in
central Italy (Fig. 1; Vezzani and Ghisetti, 1998). The stratigraphic
succession includes a 2 km-thick sequence of Cretaceous to
Miocene carbonate units, which are related to different deposi-
tional settings (platform and slope/ramp) originally pertaining to
the northernmost sector of the Apulian Platform realm. The Apu-
lian carbonate units are overlain by siliciclastic deposits of
Messinian-to-Pleistocene age originally deposited within the Peri-
Adriatic foredeep basin of the central Apennines fold-and-thrust
belt (Scisciani et al., 2002). According to Ghisetti and Vezzani
(2002) and Agosta et al. (2009), the development of the Majella
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thrust-related anticline occurred during the Middle-to-Late Plio-
cene. The internal deformation of this box-shaped fold, character-
ized by two highly-steeping to overturned limbs, mainly consists of
high-angle normal, strike-slip and oblique-slip faults, small folds
and different sets of fractures (e.g. Marchegiani et al., 2006; Tondi
et al., 2006; Antonellini et al., 2008; Agosta et al., 2010; Aydin
et al., 2010).

This study focuses on natural and laboratory deformation bands
of the Upper Campanian to Maastrichtian Orfento Fm. (Vecsei,
1991). This formation consists of white, high porosity and friable
bioclastic grainstones rich of rudist fragments interpreted as
a package of proximal bioclastic turbidites (Mutti et al., 1996). The
study area corresponds to a small quarry named Madonna della
Mazza, which is located in the inner part of the Majella anticline’s
forelimb nearby the town of Pretoro (Fig. 1; see also Tondi et al.,
2006). By means of stratigraphic and sedimentological analyses,
of different parameters (e.g. measurement of bed thickness and
lateral extension, grain size estimation by comparison charts), we
were aimed at better defining the depositional architecture of the
studied rocks. Samples collection of the most representative strata
(see Fig. 2 and Table 1) was carried out for: thin section observa-
tions, porosity measurements (i.e. water saturation method and
helium pycnometer) and rock mineralogical composition by means
of x-ray diffraction analysis. Sclerometric testing, performed by
using a Proceq L/LR-type Schmidt Hammer, allowed us to estimate
the mechanical properties, namely the unconfined Uniaxial
Compressive Strength (UCS), of the sampled strata (Table 1). Even if
the provided results are only an estimation of UCS, on the other
hand this instrument is a very expeditious test that can be directly
performed in the field by applying the standard measurement
procedure (http://www.abbeyspares.co.uk): twenty rebounds are
measured in correspondence of each station. The twenty obtained
values are subsequently computed by discarding both the five
higher most and lowermost readings, and then hence by averaging
the 10 remaining values.

Our detailed stratigraphic/sedimentological loggings (Fig. 2)
showed that the bulk of the Orfento Fm., exposed at the Madonna
della Mazza quarry, is made up of poorly-cemented, whitish bio-
clastic carbonate grainstones (sensu Dunham, 1962; Table 1).

The studied carbonate grainstones are arranged into normal
graded, planar beds gently dipping toward NE with dip angle of
about 18� showing erosional bases, lateral extensions up to 10 s of
meters and thickness of tens of decimeters (Fig. 3; Rustichelli,
2010). Centimeter-thick, strongly cemented layers of whitish cal-
cilutites (mudstones, wackestones and packstones, sensu Dunham,
1962) are often present at the top of individual carbonate beds.
Intraformational carbonate breccia horizons, up to tens of meter-
long and reaching tens of centimeters of thickness, consist of sub-
angular-to-sub-rounded rudist fragments (mainly Radiolitidae)
and intraclasts dispersed into a fine- to very fine sand-grained
bioclastic matrix.

According to the facies model proposed by Mutti et al. (1996),
the large-scale planar geometry of beds, as well as the erosional
bases and normal gradation of individual beds, represent the
diagnostic elements that allowed us to interpret these carbonate
rocks as a package of proximal bioclastic turbidites (Fig. 4). The
lower portion of each individual turbidite bed is broadly consti-
tuted by decimeter-thick normally-graded grainstones, which
gradually evolve upwards into centimeter-thick calcilutites.

Both bioclastic carbonate grainstones, which range in size from
fine sand to silt, and intraformational carbonate breccias are
constituted by predominant rudist fragments and intraclasts
(Table 1; Fig. 4a and b). Rudist shells can be partially replaced by
either micrite or detrital sparry calcite; on the contrary, intraclasts
and calcilutites consist of micrite mixed to detrital microsparry
in porous carbonate grainstones: Field and laboratory observations,
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Fig. 1. Geological setting of Majella Mountain. a) Schematic geological map (modified after Vezzani and Ghisetti, 1998). b) Stratigraphic sketch of the carbonate succession (modified
after Vecsei, 1991). c) Schematic geological section (modified after Scisciani et al., 2002).
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calcite. The amount of microsparite clasts decreases upward, being
responsible for the grading texture of calcilutites (frompackstone to
mudstone, Fig. 4c). Rare echinoid plates (Fig. 4b) and spines, as well
as sporadic Orbitoides, are also present in the bioclastic grainstones
and within the matrix of the intraformational carbonate breccias.

In thin section, the studied lithofacies are characterized by both
intergranular and minor intragranular porosity (sensu Choquette
and Pray, 1970), the pycnometer measurements gave us porosity
values reaching up to 32% of the total rock volume (Table 1;
consistent with Mutti, 1995; Tondi et al., 2006; Baud et al., 2009;
Zhu et al., 2010; Vajdova et al., in press). The intragranular pores are
mainly concentrated within rudist fragments (Fig. 4a).

A negligible amount of vuggy porosity (<1%) is also present
within both fine-grained carbonate grainstones and intraforma-
tional carbonate breccias, this last lithofacies is not the object of the
present study. In thin section the very fine sand (S18 Low.) and silt-
grained carbonate grainstones (S18 Upp. and S19), as well as the
calcilutites (Table 1) present a quite uniform porosity because of
many pores characterized by similar diameter sizes (S18
Low.¼ 60 mm; S19¼ 20 mm) and shapes. On the contrary, in the fine
sand-grained carbonate grainstones (S11 Upp. and S11 Low) and
intraformational carbonate breccias (Table 1), pore diameters are
more heterogeneous in size (S11 Upp. ¼ from 9 mm to 75 mm;
breccias from 15 mm to 600 mm), shape and distribution. Pore throat
statistics, determined from mercury injection on sample S18 Upp.,
shows a peak value centered at 16.2 mm with no pore throat
Please cite this article in press as: Cilona, A., et al., Deformation bands
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diameters <0.2 mm (Baud et al., 2009). Within all of the analyzed
lithofacies, low amounts (<2%) of microsparry calcite cement are
present as thin discontinuous rims, which surround individual,
intergranular and intragranular pores.

In Fig. 5 we provide some outcrop images of both natural
compactive shear bands and compaction bands from Madonna
della Mazza Quarry. Deformation bands (DBs) are easily recogniz-
able in the field because they are lighter-colored with respect to the
host rock and show a positive relief due to their better resistance to
the erosion. In this workwe focused on themicrostructural analysis
of four structural elements representing different stages of defor-
mation. The sample location is highlighted by the colored boxes in
Fig. 5. Further details on kinematics and dimensional attribute of
these deformation bands can be found in Tondi et al. (2006).

3. Natural deformation bands

3.1. Microstructural observations

The quantitative textural and microstuctural analyses, pre-
sented in this section, extend the observations previously carried
out by Tondi et al. (2006) on the natural DBs of Madonna della
Mazza Quarry. By means of petrographic thin section observations
(Figs. 6 and 7), performed by using both an optical polarizing
microscope (Nikon Eclipse E600 Pol microscope) and a Field
Emission Scanning Electron Miscroscope (FESEM), we analyzed the
in porous carbonate grainstones: Field and laboratory observations,



Fig. 2. Stratigraphic scheme of the carbonate succession analyzed for this study. This
turbidite succession pertains to the Orfento formation and is exposed at both southern
and western walls of the Madonna della Mazza Quarry. The sample location (refer to
Table 1) along the stratigraphic succession is shown.
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inner fabric of the DBs and assessed the micromechanisms
responsible for their formation. A computer-based quantitative
image analysis was carried out on redrawn microphotographs
(pixel sizes from 0.5 to 2 mm), using the Image-J 1.32 software. We
quantified the textural parameters (i.e. grain and pore sizes distri-
bution, sorting) from the mean of the minimum and maximum
Feret’s diameters of the measured particles as well as the
percentage of different rock components (i.e. grains, pores and
matrix; see Table 2 and Fig. 9). The accuracy of the applied method
is strongly dependent on the picture quality; on optical microscope
pictures, we were able to measure only features (i.e. grains and
pores) with the major axis longer than 10 mm. The sorting values of
grain size and pore size distribution curves were calculated as the
ratio between D75 and D25 (where the value D75 represents
a diameter size, which is longer than the 75% of the measured
diameters, whereas D25 represents a diameter size longer than the
25% of the measured diameters), the grain and pore size values are
computed from the D50, which represents a diameter longer than
Table 1
Quantitative parameters (mean values) measured in the carbonate lithofacies (here listed
S¼ sorting; SF¼ shape factor; P¼ porosity [%]; UCS¼Uniaxial compressive strenght [N/m

Lithofacies GS S

Calcilutites (packstones to mudstones) 0.02 0.006
Silt-grained grainstones 0.05 0.015
Very fine sand- to silt-grained grainstones 0.08 0.023
Very fine sand-grained grainstones 0.11 0.045
Fine sand-grained grainstones 0.14 0.069
Intraformational breccias > 0.14 /
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50% of the measured diameters (Casadio and Elmi, 2006). We
specifically focused on four representative structural elements
cross cutting the strata, which were subsequently sampled for the
deformation experiments (see Fig. 2 and Table 1): i) single defor-
mation bands with negligible amount of cataclasis, occurring
parallel or oblique with respect to bedding, ii) deformation bands
with pressure solution and discontinuous pockets of cataclasis and
iii) deformation bands characterized by continuous tabular zone of
cataclasis overprinted by sheared pressure solutions.

The inner portions of the single deformation bands (Figs. 6 and
7) are characterized by low values of porosity, which range between
0.5 and 4% (Table 2; values for pores with the major diameter
>10 mm; see also Zhu et al. (2010)). Due to the porosity decreasing
within the bands, and on the basis of the orientation of the kine-
matic vector (Aydin et al., 2006), the bed-parallel DBs are classified
as compaction band (CB), while the other five sets as compactive
shear bands (CSB) (in agreement with Tondi et al., 2006). CBs and
CSBs with negligible amount of cataclasis show a fitted-fabric, but
they have maintained almost the same grain-to-matrix ratio with
respect to the adjacent host rock (Table 2). Within the CB, the grain
size value (D50) is 65 mm, whereas in the host rock the grain size
value is 75 mm. Pore size distribution curves show a notable pore
size reduction, indeed within the CB D50 ¼ 40 mm and in the
surrounding host rock the pore size is 62 mm (Fig. 9). The grain size
values, measured inside and outside the CSB with negligible
quantities of cataclasis, are almost the same, in fact within the CSB
D50 is 75 mm whereas in the host rock D50 is 70 mm. The pore size
distribution curves show a reduction of the size within the CSB:
D50 ¼ 38 mm with respect to the host rock where D50 ¼ 45 mm,
which is mainly due to the collapse of the biggest pores (Fig. 9a).

The aforementioned results are in agreement with Tondi et al.
(2006) and Tondi (2007) and confirm that pore collapse, due to
grain rotation and sliding, was the earliest deformation micro-
mechanism. Moreover, within deformation bands with negligible
amount of cataclasis, we observed some indented grains and few
dark discontinuities, interpreted as pressure solution (PSs; Figs. 6a,
7a and 8c, d) in agreement with the previous scanning electron
microscope analyses of Tondi et al. (2006). Further detailed FESEM
analyses within a CSB with negligible amount of cataclasis, allowed
us to documented tiny (>100 mm, not discernible under optical
microscope) Hertzian cracks (Zhang et al., 1990; Brzesowsky et al.,
2011) at the grain contacts (Fig. 8 aeb). These cracks, only affecting
the bands with negligible amount of cataclasis, reduce the grain
size, and at the same time, are likely to enhance the pressure
solution process by increasing the surface area of the rock (in
agreement with experimental data of Zhang and Spiers 2005;
Croizé et al., 2010c and Zhang et al., 2010). The occurrence of
Hertzian cracks is the evidence that the CSBs nucleated within an
already lithified rock (Fossen et al., 2007). On the other hand, due to
a more abundant presence of PSs at the grain contacts with respect
to cracks, we could classify the single DBs as “solution and
cementation bands” (Fossen et al., 2007). The inner parts of some
DBs are rimmed in both sides by an area, called ‘boundary zone’ by
Antonellini and Aydin (1994) and by Tondi et al. (2006) or ‘rim’ in
in a grain size increasing order) analyzed in this study. Legend: GS¼ grain size [mm];
m2]. The sample codes are referred to the lithofacies later deformed in the laboratory.

SF P UCS Sample code

1.08 0.2 58
1.14 30 53.75 S19; S18 Upp.
1.13 31.89 45.25 S18 Low.
1.14 30.5e32 41.5 S11 Upp.; S11 Low.
1.16 29 37
/ 12.4 49.5

in porous carbonate grainstones: Field and laboratory observations,



Fig. 3. Outcrop views of the studied lithofacies of the Orfento formation cropping out at the western wall of the Madonna della Mazza Quarry. a) Finer-grained upper part of
a turbidite bed unconformably overlain by the coarser-grained lower part of another turbidite bed. Clast types (pointed out by the arrows): intraclasts b) and rudist fragments c),
which constitute the intraformational breccias present at the bottom of a few turbidite beds.
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Rath et al. (2011), in which the porosity decreases less than in the
inner band itself (Fig. 6d). The CB also shows an incipient process of
cementation within its ‘rim’ zone (Fig. 7). By means of FESEM, we
also found “dissolution channels” (Fig. 8b) characterized by
a decreasingwidthwith depth. The formation of these channels can
be related to fluids that moved along pre-existing cracks.

The grain-to-matrix ratio measured of the CSBs overprinted by
intergranular PSs and discontinuous pockets of cataclasis is almost
half of the ratio that characterizes the surrounding host rock
(Fig. 6c, d and Table 2). Moreover, the grain size and pore size
distribution curves of these CSBs show a notable reduction of the
pore size (band ¼ 38 mm; host rock ¼ 70 mm) but a very low grain
size reduction (band ¼ 79 mm; host rock ¼ 80 mm) due to disso-
lution (Fig. 9). The diminution of grain-to-matrix ratio and grain
size observed within the CSBs, overprinted by PSs, could represent
an incipient process of cataclasis (Fig. 6). Within these CSBs we
document a higher frequency of intragranular PSs, some of which
are sheared parallel to the bands The dissolution process localized
within these CSBs allowed us to classify them as “solution and
cementation band” (sensu Fossen et al., 2007).

The grain-to-matrix ratio, measured within the CSBs over-
printed intragranular PSs and cataclastic material (Fig. 6 and
Table 4), is almost four times less than in the surrounding parental
rock. The grain size and pore size distribution curves show
a notable reduction of both pore size and grain size (Fig. 9). In these
bands we did not observe any evidence of grain crushing, in
Fig. 4. Optical microscope view (crossed-nicols) of the studied lithofacies. a) Fine sand-gr
intraclasts (I) are highlighted. Note the presence of intergranular porosity (P). b) Sand-grain
plates (E; note also the syntaxial overgrowth cement forming clearer discontinuous rim arou
bed) unconformably overlied by very fine sand-grained grainstones (lowermost part of a tu
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contrast with the observations on the CSBs with low amount of
cataclasis and with the recent data provided by Rath et al. (2011)
and Rustichelli et al. (2012).

Within the CSB overprinted intragranular PSs and cataclastic
material, the process of cataclasis (Fig. 6f) appears more developed.
Indeed, the inner part of the band presents a matrix-supported
texture instead of a grain-supported one (see the isolated rudist
fragment survived within a cataclastic zone; Fig. 6f). Band-parallel
PSs present within the cataclastic CSBs appear sheared, as evi-
denced by the second set of short and poorly-developed band-
oblique PSs (tail PSs). From both petrophysical and structural point
of view, the above mentioned cataclastic zone is similar to the
cataclastic deformation zones described in earlier studies (e.g.
Aydin, 1978; Fossen et al., 2007). PSs (i.e. intergranular) are widely
diffused in the CSBs, on the contrary (in agreement with Tondi et al.,
2006), we documented mechanical twinning, similar to the
experimental observations reported by Baud et al. (2009) and
Vajdova et al. (2010) in porous limestones, only in few coarse calcite
grains. The twinned calcite frequency seems not to be directly
related with increased stages of deformation.

For each of the analyzed DBs, pressure solution density analysis
was performed with the aim of characterizing their spatial distri-
butions. A squared grid of 1mm2 of areawas superimposed on each
analyzed microphotograph. Using stereological techniques (Wu
et al., 2000), the number of pressure solution intersections with
a test array of 10 parallel lines spaced at 0.1 mm was counted.
ained grainstones of the Orfento Formation. Abundant rudist fragments (R) and rare
ed grainstones. Abundant intraclasts (I), minor rudist fragments (R) and rare echinoid
nd them) are highlighted. c) Normally graded calcilutites (uppermost part of a turbidite
rbidite bed).

in porous carbonate grainstones: Field and laboratory observations,



Fig. 5. a) Field picture of the conjugate sets of CSBs, the three boxes highlight the sampled CSBs (blue ¼ CSB with negligible amount of cataclasis; red ¼ CSB þ PS;
green¼ CSB þ cataclasis); b) map; c) bed-parallel CB; the box highlights the sampled CB (modified after Tondi et al., 2006). (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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Measurements were made in two orthogonal directions parallel
and perpendicular to the inferred s1, respectively. We denoted the
linear intercept density (number of pressure solution intersections
per unit length) for the array oriented parallel to s1 by PkL , and that
for the perpendicular array by PtL . Following themethod applied by
Wu et al. (2000), we used the approximation of equation (1) to
define the value of the pressure solutions anisotropy factor
(Underwood, 1970):

U23 ¼ PtL � PkL
PtL þ

�
4=P� 1

�
PkL

(1)

The parameterU23 represents the ratio between the surface area
of pressure solution parallel to s1 and the total pressure solution
surface area. The results of the spatial distribution of PSs, relative to
different stages of the deformation, are listed in Table 3. We high-
lighted the evolution of the anisotropy factor (U23) in the different
natural DBs. In the CSB with negligible amount of cataclasis, where
intergranular PSs are randomly distributed at the grain contacts, we
measured U23 ¼ 0.029 that represents an isotropic distribution,
whereas in the CSB with band-parallel PSs we measured U23 ¼ 0.2,
probably because the PSs follow the band orientation and form and
angle of about 35� with respect to the inferred s1. On the other
hand, we found negative values (anisotropic but in the direction of
s3) of U23 in both the CSB with cataclasis and the CB. In the first
structure it is likely due to the presence of a second set of tail PSs
localized in the contractional quadrants of the sheared PSs,
whereas in the CB it is due to the parallel orientation of the PSs with
respect to the band, which developed perpendicularly to the s1.
Pressure solutions overprinting the bed-parallel CBs were not
shown in Tondi et al. (2006), but have been documented on
samples of the Oligo-Miocene Bolognano Formation by Agosta et al.
(2009); Rustichelli et al. (2012).
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Finally, we determined the degree of microtextural ordering
inside and outside the CSB and the CB, by studying the preferred
orientation and trace of chains composed of grains, which are in
concave-convex contact. These chains were obtained by connecting
a minimum of three adjacent grains with concave-convex contacts.
The chain trajectories were drawn perpendicular to the grain
contacts, we refer to these trajectories as force chains (Potyondy
and Cundall, 2004) and consider them a two-dimensional proxy
for the orientation of the load-bearing framework in the three-
dimensional granular aggregate (Eichhubl et al., 2010). The force
chains were drown on the thin section maps (Figs. 6b and 7b), we
then measured the angles formed by each chain and the vertical
direction by considering 0 to �90� anticlockwise and 0e90� the
reverse (chain angles). We plotted all the angles using symmetric
rose diagrams (Fig. 10), each petal of the diagrams covers 10�. The
petals length provides information about the percentage of chain
angles included in that range. In the host rock (Fig. 10a) the chain
angles show twomain orientation: 30e50� and 0 to�30�; whereas
in the CSB Fig. 10b there is a preferential orientation of 0e20�,
which is parallel to the maximum shortening direction. The host
rock of Fig. 10c shows a pronounced angle iso-orientation
(�20e0�), which is perpendicular to the bedding. Even if in the
CB (Fig. 10d) the chains have a predominant vertical orientation,
two other trends are also visible (�40 to �30� and 30�).
4. Laboratory deformation bands

4.1. Experimental procedures

For the experimental part of the research we followed to two
parallel strategies. Each strategy was performed in an individual
laboratory. First a systematic investigation of the brittleeductile
transition of S18 Upper (“Majella grainstone” in Baud et al., 2009)
was conducted at the Ecole et Observatoire des Sciences de la Terre
in porous carbonate grainstones: Field and laboratory observations,



Fig. 6. Microphotographs collages (pixel size 2 mm) of natural CSBs. a) CSB with negligible amounts of cataclasis, occurring oblique to the bedding, b) map; c) CSB with pressure
solutions and discontinuous pockets of cataclasis, d) map; e) CSB characterized by continuous tabular zone of cataclasis and f) map (modified after Tondi et al., 2006).
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(EOST) in Strasbourg (Table 4). This study aimed at extending towet
conditions the work published by Baud et al. (2009) on dry Orfento
grainstone. Second, based on EOST data, a few pilot experiments on
different layers of the Orfento grainstones were performed at
selected pressures and using different strain rates to tentatively
assess the strain rate dependence of the different processes
(Table 5). These last experiments were carried out on three layers
(S11 Low., S18 Low. and S19) at the Utrecht University, Faculty of
Geosciences, Department of Earth Sciences (HPT-Lab). In this part,
we were limited by the small number of samples available, thus we
could not repeat systematically the same experiments on all layers
and we therefore did some exploratory work aiming at identifying
Please cite this article in press as: Cilona, A., et al., Deformation bands
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various types of DB. After deforming the samples, microstructural
analysis was however systematically carried out on all samples.

4.1.1. EOST experimental procedure
Cylindrical samples (20-mm of diameter and 40-mm of length)

were cored from same block of Orfento Formation (“Majella
grainstone”) used by Baud et al. (2009) and in the same orientation
(see Fig. 2 and Table 1). Starting porosity was determined using two
techniques: water saturation, and gas pycnometer (Accupyc 1330)
(Baud et al., 2009). The cores were first wrapped in a 0.05mm-thick
copper foil to avoid horizontal cracking during unloading, than
jacketed bymean of a heat-shrinkable neoprene tube in order to be
in porous carbonate grainstones: Field and laboratory observations,



Fig. 7. Microphotographs collage (pixel size 2 mm). a) Bed-parallel CB overprinted by pressure solutions, b) Microphotographs map.
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isolated from the confining medium. 10 specimens were deformed
in conventional triaxial configuration at room temperature with
effective confining pressures ranging from 5 to 20 MPa, see Baud
et al. (2009) for apparatus and measurements details. The
samples were saturated with deionized water and the pore pres-
sure was kept constant at 10 MPa under fully drained conditions.
The pore volume change was recorded by monitoring the
displacement of the pore pressure generator with an angular
encoder, the porosity change was calculated from the ratio of the
pore volume change to the initial bulk volume of the sample. A
computer-controlled stepping motor, connected to a pressure
transducer, regulated the confining pressure with an accuracy of
0.05 MPa. The axial load was applied by a piston controlled by
a second computer-controlled stepping motor, axial displacement
was measured outside the pressure vessel with a capacitive
transducer with accuracy 0.2 mm mounted on the moving piston
and servo-controlled at a fixed rate (corresponding to a nominal
strain rate of 10�5 s�1, Table 4).

4.1.2. HPT lab experimental procedure
Seven cylindrical samples (25-mm of diameter and 55-mm of

length) were cored from 3 blocks of Orfento Formation (see Fig. 2
and Table 1, characterized by similar porosities but different grain
sizes) perpendicularly with respect to bedding. Starting porosity
Table 2
Summary of the rock components (2D measurements): pores (not comprehensive of mi

Rock component [%] CSB CSB þ PS

Surr. HR Band Surr. HR

Grain 43.7 52.24 47.7
Pore 9.7 0.53 6.7
Matrix 26.4 25.4 23.56
Grain/Matrix 1.65 2.06 2.025
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wasdeterminedusing two techniques:water saturationof the cores,
and gas pycnometer (Accupyc 1330). The cores were jacketed by
mean of a 0.9-mm thick butyle tube in order to be isolated from the
confining medium. The specimens were deformed in a self-
compensating volume triaxial deformation apparatus, at room
temperature, with effective confining pressures ranging from 5 to
30 MPa (Table 5). The samples were saturated with demineralized
water and the pore pressurewas held constant towithin 0.01MPaof
a desired value (8 MPa in the present experiments) using a three-
term (PID) electro-servo mechanical pump. Axial force on the
sample was measured using a Differential Variable Reluctance
Transducer (DVRT) located in the loading piston near the bottom of
the pressure vessel. The DVRT used has a full-scale of 100 kN, along
with a �35 N resolution. The change in pore volume of the sample
assembly was monitored by recording the volume of the servo-
mechanical pump. We used these data to determine the porosity
change of the sample (i.e. by calculating the ratio of the pore volume
change to the initial bulk volume of the sample). Axial displacement
wasmeasuredusinga LinearVariableDifferential Transducer (LVDT)
attached outside the pressure vessel to the electro-servo controlled
ram foraxial loading. Twosets of experimentswereperformedusing
nominal strain rates of 10�5 s�1 and 10�7 s�1 respectively, this
allowed us to investigate the possible influence of strain rate on the
micromechanisms occurring within the of DBs.
cropores < 10 mm), grains and matrix.

CSB þ Cataclasis CB

Band Surr. HR Band Surr. HR Band

43 43 15.7 46.4 67.3
4 8.1 0.31 12.6 0.7
35.8 40 65 41.1 32.1
1.20 1.08 0.24 0.89 0.48

in porous carbonate grainstones: Field and laboratory observations,



Fig. 8. FESEM images of a natural CSB, the inferred s1 is along the vertical direction. a) Fractured elongated rudist fragment, Hertzian microcracks (HC); b) Intragranular pore with
pore-emanated cracks (PEC) and dissolution channels (DC); c) Pressure solution (PS) at the grain contacts; d) Pressure solution at the grain contacts and Hertzian cracks.
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4.2. Mechanical data

In the following section, we consider the compressive stresses
and compactive strains (i.e. shortening and porosity decrease) as
positive. The maximum and minimum (compressive) principal
stress axes are denoted by s1 and s3, respectively, whereas the pore
pressure is reported as Pp. The difference between the confining
pressure (Pc ¼ s2 ¼ s3) and pore pressure is referred as the effective
pressure (Peff.). Moreover, the effective mean stress ((s1 þ 2s3)/
3) � Pp and the differential stress s1 � s3 are denoted by P and Q,
respectively. We define brittle failure a mode in which in a stress-
strain curve strain softening is recorded beyond reaching a peak
stress, while ductile a failure mode in which a stress-strain curve
displays strain hardening after a yield point.

Baud et al. (2009) published data on a wet hydrostatic
compaction experiment carried out on a sample of the Orfento
Formation (dashed line Fig. 11b). The aforementioned authors
observed two trends associated to two different stages of defor-
mation: i) an approximately linear poroelastic stage at low pres-
sure, which indicates that no significant crack porosity is present;
and ii) a second stage showing deviation from linearity, corre-
sponding to the onset inelastic deformation (grain crushing and
pore collapse). The effective pressure at the transition is denoted P*,
which corresponds to an inflexion point (26.5 MPa) in the hydro-
static curve. Moreover, by comparing the wet hydrostatic experi-
ment with the dry one, Baud et al. (2009) showed a significant
weakening effect of water in Orfento grainstone.

4.2.1. EOST experiments
Mechanical data relative to selected experiments (Table 4) are

shown in Fig. 11. The differential stress as a function of axial strain is
shown in Fig. 11a, while, in Fig. 11b, we show the porosity reduction
as the function of the effective mean stress.

The experiments performed at 5 MPa of Peff, showed a typical
a brittle behavior for which the stress-strain curves reached a peak
beyond which strain softening followed. Several experiments were
repeated at this effective pressure.While the peak stress was quasi-
Please cite this article in press as: Cilona, A., et al., Deformation bands
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constant in all tests, we observed some variability in the post-peak
behavior, stress drops ranging from 2 to 5 MPa. Beyond 10 MPa of
effective pressure strain hardening was always observed in the
ductile regime.

In wet conditions, the mechanical behavior of these Orfento
samples was always compactant, as previously observed in dry
conditions (Baud et al., 2009; Zhu et al., 2010). Wong et al. (1997)
showed that the hydrostatic and non-hydrostatic loadings are
coupled in a triaxial compression experiment. In the compactive
regime, they identified the yield point as the critical pressure C*, at
which the deviatoric part of the loading resulted in an acceleration
of the compaction with respect to the hydrostatic behavior. This
phenomenon of shear-enhanced compaction (Curran and Carroll,
1979) was observed in all the performed experiments (Fig. 11b).

4.2.2. HPT-lab experiments
Themechanical data relative to seven experiments are shown in

Fig. 12. Since this study mainly focused on the development of
compactive shear bands, we decided to perform most of the seven
experiments at 5 MPa of Peff. As shown in Table 5, we performed the
experiments at two different strain rates of 10�5 s�1 and
10�7 s�1(Table 5).

For these experiments we used three different blocks of the
Orfento formation (Fig. 2 and Table 5). Accordingly, we plot the
experimental data in different graphs related to the individual
blocks. We show the differential stress as a function of axial strain
curves for samples S11 Low., S18 Low. and S19 in Fig. 12a, c, e. In
Fig. 12b, d, f we show the porosity reductions as a function of axial
strain, moreover the Fig. 12g shows the mean stress versus porosity
reduction of the experiment T1. Samples S11 Low and S18 Low
depicted a compactant behavior in all the experiments (T1; T2; T10
and T12), while in the three tests carried out on sample S19 (T7;
T11; T14) we observed evidence of dilatancy. By comparing the
results (Fig. 12) of the experiments T12 (S18 Low.) with T7, T11 and
T14 (S19) it comes out that, at the same strain rate (10�7 s�1), silt-
grained grainstone are stronger than very fine sand to silt-grained
grainstone, which suggests that grain size might be negatively
in porous carbonate grainstones: Field and laboratory observations,



Fig. 9. Pore size (on the left) and grain size (on the right) distribution curves (red ¼ host rock; blue ¼ DB). The plotted values are referred to pores and grains with a longer diameter
>10 mm, hence micropores are not considered in these distribution. a) CSB with negligible amount of cataclasis; b) CSB with pressure solutions and discontinuous pockets of
cataclasis; c) CSB characterized by continuous tabular zone of cataclasis; d) CB parallel to bedding. (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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Table 3
Values calculated for natural DBs by means of stereological technique.

Sample PS for linear intercepts
perpendicular to s1

[mm�1]

PS for linear intercepts
parallel to s1 [mm�1]

Anisotropy
factor U23

CSB 2.807 � 2.3 2.91 � 1.63 0.029
CSB þ PS 4.6 � 2.1 6.1 � 7.1 0.20
CSB þ Catac. 1.9 � 1.91 1.2 � 1.08 �0.39
CB 1 � 0.75 0.51 � 0.31 �0.63
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related to the strength of these carbonates, in agreement with Baud
et al. (2009) and previous data on porous sandstone (Wong and
Baud, 1999).

All the experiments carried out at 5 MPa of Peff, showed a brittle
behavior with post-peak stress drops ranging between 1 and
4 MPa. In the experiments carried out Peff: 24 and 30 MPa, signifi-
cant strain hardening was observed beyond the onset of shear-
enhanced compaction (Fig. 12).

In Fig. 13 we compiled our data in the stress space (Effective
mean stress vs Differential stress) in order to compare them with
the dry ones published by Baud et al. (2009). The comparison of the
yield points highlights furthermore the weakening effect of water
on the strength of the Orfento grainstones. Moreover, by comparing
the wet experiments performed at 5 MPa Peff (lying on the dashed
line, Fig.13) the influence of both porosity and grain size on the rock
strength is visible (in agreement with Baud et al., 2009 and Zhu
et al., 2010). In fact coarser and more porous samples are also the
weakest (Fig. 13). If we compare the peak stresses of the experi-
ments: Orfento #3 (layer S11 Upp.) and T1 (layer S11 Low, this layer
is coarser but 1% less porous than S11 Upp.) we notice that T1 has
a higher peak than Orfento #3. Since both grain size and porosity
are negatively related to strength (i.e. Baud et al., 2009) a more-
pronounced effect of porosity than grain size can be inferred.
4.3. Sample analyses

Selected samples deformed at different level of axial strainwere
unloaded and retrieved from the pressure vessels. The deformed
samples were carefully removed from the jacket (neoprene or
butyle) then macroscopically analyzed in order to identify some
possible strain localization zones. As examples of the work done,
we present three pictures of deformed samples from the HPT-lab
experiments (Fig. 14). From a macroscopic point of view, strain
localization occurred along DBs, which are lighter-colored, and
appear more compact with respect to the other portions of the
specimens. These DBs present a powdery texture due to the local-
ized cohesion loss among the grains (Fig. 14). The angles formed by
these structures with respect to the s1 axis vary between 20� and
45� for the experiments at 5 MPa of Peff (Fig. 14, T1 and T11) and
between 74� and almost 90� for the two experiments at 30 and
24 MPa of Peff respectively (Fig. 14 T2 and Fig. 16b). In the experi-
ments T1 and T11 (Peff. ¼ 5 MPa) we observed conjugate CSBs, the
angle between the CSBs ranges between 40� in T11 and 90� in T1.
Table 4
Summary of EOST experiments.

Sample Code Experiment
Code

Porosity
[%]

Eff. confining
pressure [MPa]

Axial strain
[%]

S18 Upp. Ma#13 30 16 3
S18 Upp. Ma#14 30 10 1.6
S18 Upp. Ma#15 30 19 4
S18 Upp. Ma#33 30 20 3.2
S18 Upp. Ma#34 30 5 0.65
S11 Upp. Orfento #3 32 5 0.7
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4.4. Microstrutural observations

We vacuum impregnated the samples with epoxy resin and
sawed them along a plane parallel to the axial direction to prepare
petrographic thin sections. The thin sections were subsequently
polished for using FESEM and optical polarizing microscope (Nikon
Eclipse E600 Pol microscope). The analyses of the textural param-
eters, as well as the micromechanical characterization of the
laboratory DBs, were carried out following a procedure similar to
that one described for natural DBs. In addition, for laboratory DBs,
we calculated the crack surface area per unit volume (SV). Previous
studies (Wu et al., 2000 and references therein) have demonstrated
that since the spatial distribution of damage is approximately
axisymmetric in a triaxially deformed sample, SV can be inferred
from linear intercept measurements along two orthogonal direc-
tions, see equation (2):

Sv ¼ P

2
PtL þ

�
2�P

2

�
PkL (2)

The mechanical data of the deformed carbonate grainstones
(Section 4.1) suggest that shear-enhanced compaction is followed
by the three main failure modes: shear failure, compaction locali-
zation and cataclastic flow. In this section, we present the results
relative to five selected microstructures: two low-angle to s1 CSBs
and three high-angle to s1 DBs. The studied specimens (i.e. Ma#34;
Orfento#3; T1; T2; T10) represent different stages of deformation,
from 0.65 to 4.5% of axial strain (Tables 4and 5). Independently
from the grain size of the undeformed host rock, all the analyzed
DBs are thinner than 0.5 mm, indeed the thickest one (0.5 mm) is
the Ma#34, which formed in the finest of the deformed lithofacies.
The porosities of inner portions of the laboratory DBs, measured in
thin section, are lower than the surrounding host rock (between 3.3
and 8.2%; Table 6; values not comprising of pores with the major
diameter <10 mm). The observed porosity reduction, which in 2D
represents around the 75% of the original host rock values, is
consistent with the CSBs documented in dry experiments by Baud
et al. (2009). The deformation bands formed during T1 and T2
experiments (both from sample S11), are alternating fine powder
layers sub-parallel to the band orientation and heterogeneously
cracked grains (Figs. 15b and 16a). These bands appear similar to
those previously documented by Baud et al. (2009) in dry experi-
ments. Differently, the other bands that nucleated in the samples:
S11 Upp., S18 Upp. and S18 Low. show a more chaotic texture, clear
evidence of particulate flow and significant comminution are
detectable (Fig. 15a, c, d and Fig. 16b). The grain-to-matrix ratio of
these latter DBs (calculated on photographswith pixel sizes ranging
from 0.5 to 2 mm) is lower than in the bands T1 and T2 (Table 6). The
laboratory DB nucleated at Peff ¼ 24 MPa during the experiments
T10 is oriented perpendicular to s1 (Fig. 15b). In thin section it
appears continuous and shows pore and grain sizes reduction in its
internal portion (Fig. 15b FESEM magnifications). We observed
similar zones of localized grain and pore size reduction in the
experiment Ma#33 too (Fig. 18f), but in that sample they only
represent few discontinuous patches.

The pore and grain sizes distribution curves relative to the CSB
Ma#34 (Fig. 17) were calculated by using a combination of both
optical and FESEM images because optical microphotographs alone
were not able to describe the grain size and pore size reduction
within the band. Indeed for the host rock the pore size
D50 ¼ 4.5 mm, in the damage zone ¼ 6.5 mm and in the CSB ¼ 3 mm.
The grain size, on the other hand is 9.5 mm in the host rock, 4.5 mm
in the damage zone and 3.5 mm in the CSB.

The spatial distribution of cracks was investigated within three
different structures (Ma#34, T1 and T10). The measured values,
listed in Table 7, allow us to highlight the evolution of the both
in porous carbonate grainstones: Field and laboratory observations,



Fig. 10. Symmetric rose diagrams showing the orientation of the force chains. a) and c) host rocks, b) CSB and d) CB.
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anisotropy factor (U23) and crack area per unit of volume (Sv). In
both the CSBs Ma#34 and T1 the Sv increases significantly from the
host rock to the band, U23 is almost zero in the experiment Ma#34
both inside and outside the CSB, whereas in T1, it is zero in the host
rock and 0.39 in the CSB. The CB of experiment T10 is more
damaged than the host rock, while the U23 values show anisotropy
within the band and isotropy in the host rock.

4.4.1. Micromechanisms
The microstructural analysis we performed allows us to define

grain crushing as the dominant deformation microprocess within
the laboratory DBs. As shown in Fig. 18, at low confining pressures,
the cracks form either at the grain contacts (Hertzian cracks, Zhang
et al., 1990; Brzesowsky et al., 2011) or, alternatively, in the prox-
imity of slip surface (Wing cracks, Ashby and Sammis, 1990). These
two typologies of cracks are characterized by different preferential
orientation of propagation with respected to s1. Thus, Hertzian
cracks are almost randomly oriented within the CSBs and in less
amount they are present also outside the CSBs, whereas wing
Table 5
Summary of HPT-lab experiments.

Sample code Experiment
code

Porosity
[%]

Eff. confining
pressure [MPa]

Axial
strain [%]

Strain rate
[s�1]

S11 Low T1 31 5 3.5 10�5

S11 Low T2 31 30 4.5 10�5

S19 T7 30.15 5 0.65 10�7

S18 Low T10 31.89 24 0.9 10�7

S19 T11 30.15 5 0.52 10�7

S18 Low T12 31.89 5 0.9 10�7

S19 T14 30.15 5 0.65 10�7
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cracks tend to propagate parallel to the local s1 direction and
cluster in the extensional quadrants of the CSBs. At the higher
confining pressures (beyond 10 MPa), grain crushing due to Hert-
zian cracks are generally diffuse in the samples, even if we docu-
mented examples of localization of this process (Fig. 19) in the
experimentsMa#33 (S18 Upper) and T10 (S18 Lower) characterized
by grain sizes of 50 and 80 mm, respectively. In every analyzed
sample, we observed indentations between neighboring grains.
This phenomenon likely occurred because water better transported
the comminuted material, formed at the grain contacts, enhancing
the grain rearrangement (Figs. 18b and 19e).

In the deformation of these carbonates, another important role
is played by intergranular pores size reduction, which can be either
due to the infilling of fine-grained material or to their cataclastic
collapse. At low confining pressures, within the CSBs, the inter-
granular pores are obliterated by shear surfaces and/or filled by
fine-grained material product by grain crushing and sliding
(Fig. 18d). On the contrary, at the highest confining pressures,
intergranular pores tend to collapse by elongating themselves in
the direction parallel to s3 (Fig. 19b). Along the collapsed pore
boundaries, we document damaged grains (in agreement with
Vajdova et al., 2010, in press). Intragranular pores appear stiffer
than the intergranular ones and less prone to collapse or be filled by
fine-grained material. On these regards, in inner parts of two CSBs
(i.e. Orfento#3 and Ma#34), we note some residual intragranular
pores (Fig. 15aec). Since equant pores act as stress concentrators,
pore-emanating cracks can start departing from the residual
intragranular pores present within the CSBs, similar observations
have been provided by Vajdova et al. (2004) and (2010) and Zhu
et al. (2010). We documented pore-emanating cracks in both low
and high confining pressure experiments (Figs. 18f and 19d), but
in porous carbonate grainstones: Field and laboratory observations,



Fig. 11. Mechanical data for triaxial compression experiments on wet Orfento grainstone (Ma#34; Ma#14 Orfento 3; Ma#13; Ma#15; Ma#33). a) Differential stress versus axial
strain for experiments at confining pressures. b) Mean stress versus volumetric strain, with the dashed line the hydrostatic experiment from Baud et al. (2009).
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while in the low-pressure experiment they were concentrated
within the CSB, in the high pressure experiments these cracks were
diffused in the whole sample. Calcite mechanical twinning
(Fig. 18a) activity was not particularly developed in the deformed
samples. In agreement with previous experimental works on
carbonates (e.g. Baud et al., 2009; Vajdova et al., 2010, in press), we
observed twinned calcite grains at every confining pressure.
Indeed, by comparing the thin section observation, of two samples
deformed at various confining pressures but at similar axial strains
(i.e. T1 and Ma#33), we highlight that the number of twinned
grains seems to be positively correlated with the increasing of the
Fig. 12. Mechanical data for triaxial compression experiments on Orfento grainstone samp
30 MPa S18 Low. c) Differential stress versus axial strain for experiments: T10 24 MPa and T1
5 MPa b) porosity reduction versus axial strain T1 5 MPa and T2 30 MPa; d) porosity reduc
strainT7, T11 and T14 at 5 MPa. g) Mean stress versus axial strain for the experiment T1, w
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confining pressure (Figs. 18c and 19c; in agreement with Vajdova
et al., 2010, in press).

5. Discussion

We integrated field and laboratory observations carried out on
natural and laboratory deformation bands formed in the grain-
stones of the Orfento formation. In order to constrain the pressure
conditions at which natural deformation bands nucleate and to
investigate the micromechanisms responsible of their formation,
we carried out two sets of triaxial compression experiments. The
les. S11 Low. a) Differential stress versus axial strain for experiments T1 5 MPa and T2
2 5 MPa S19: e) differential stress versus axial strain for experiments T7, T11 and T14 at
tion versus axial strain T10 24 MPa and T12 5 MPa; f) porosity reduction versus axial
hich shows how the C* was picked.

in porous carbonate grainstones: Field and laboratory observations,



Fig. 13. Yield points of wet (this study) and dry (Baud et al., 2009) experiments on
Orfento formation.

Fig. 14. Three deformed samples from HPT-lab; a) pictures CSBs in T1 and T11 and DB
in T2. b) corresponding interpretation.
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experiments were performed at room temperature under wet
conditions and at effective confining pressures ranging from 5 to
30 MPa.

At 5 MPa of Peff (Figs. 11 and 12) the deformed samples showed
a brittle behavior, the peak stresses were quasi-constant in all tests.
Some variability was shown in the post-peak behavior with stress
drops ranging from 2 to 5 MPa. Differently from Baud et al. (2009),
who documented brittle behavior up to 10 MPa of confining pres-
sure, in this work, under wet conditions, ductile failure was
observed already at 10 MPa Peff,. These data are consistent with
water having an important weakening role in these carbonates and
lowering the brittleeductile transition. Generally, a temperature
increase promotes ductility and increases the strain rate sensitivity
of carbonates (Paterson and Wong, 2004). On the other hand,
Croizé et al. (2010a) demonstrated that a temperature up to 70 �C
(corresponding to a depth >2 km, under a normal geothermal
gradient 25 �C/km) does not affect the mechanical compaction of
bioclastic carbonate sand. Based upon these data, we consider that
our room-temperature mechanical data represent a valid proxy for
a variety of natural conditions. For all the wet experiments we
observed a shear-enhanced compaction behavior in agreement
with the dry data shown by Baud et al. (2009) and Zhu et al. (2010),
with the exception of the experiment carried out on the sample
S19, that documented a slight dilation.

Importantly both low- and high-angle to s1 structures were
reproduced and compared to natural compactive shear bands and
compaction bands. The aforementioned features will be discussed
separately in the following sub-sections.

5.1. Compactive shear bands

Both natural and laboratory structures are lighter-colored and
more compact with respect to the parent rock (Figs. 5 and 13).
While the laboratory show to be poorly cohesive, the natural ones
are even more lithified than the surrounding host rock (e.g. Tondi
et al., 2006, 2012; Tondi, 2007; Rustichelli et al., 2012). This is
a first macroscopic evidence of the different processes acting
within the two typologies of DBs.

Previous field-based studies evidences that Orfento Fm. suffered
amaximum overburden ranging between 0.7 and 1.3 km (e.g. Mutti
et al., 1996). Based upon the failure modes and the similar angles
among the laboratory low-angle to s1 CSBs (nucleated at 5 MPa of
Peff.) and the natural CSBs, we infer that the natural structures
developed at a depth shallower than 0.5 km (z10 MPa).

The laboratory CBSs (nucleated at Peff¼ 5MPa) formwith s1 axis
angles ranging between 30 and 40�, whereas the angle formed by
the DB (Ma#34; also at Peff ¼ 5 MPa) and the s1 axis is around 80�.
Since the DB (Ma#34) angle was measured in thin section, the
discrepancy among the angles could be due to an inappropriate
direction of the thin section cutting (not crossing perpendicularly
the CSB). In two of the experiments performed at Peff ¼ 5 MPa,
conjugate structures nucleated forming angles ranging between
40� (T11) and 90� (T1). Both specimens were characterized by
similar porosity values (31 and 30.15, respectively) and the only
differences between them were the grain sizes (S11 Low coarser
than S19; see Table 1) and the strain rate (T1 ¼ 10�5 s�1 and
T11 ¼ 10�7 s�1). Accordingly, at least, one of these two variables
could be responsible for the angle variation. Further systematic
experiments should be addressed to define the influence of grain
size and strain rates on the angles formed by conjugate sets of CSBs.
Also Tondi et al. (2006) documented a wide range of angles among
the conjugate sets of natural CSBs. The aforementioned authors
interpreted this variability as the consequence of slight different
lithostatic pressures, which is actually consistent with the positive
correlation we found between DBs angles and confining pressures
in porous carbonate grainstones: Field and laboratory observations,



Table 6
Summary of the rock components (2D measurements): pores (not comprehensive of micropores <10 mm), grains and matrix.

Component [%] Ma#34 Orfento#3 T1 T2

HR DZ CSB HR CSB HR CSB HR CB

Porosity 24.5 25.5 8.2 12.5 3.3 9.5 3.5 5 4
Cement þ matrix 5 42 86.3 24.2 72.7 28 37.5 26 46
Grains 70.5 32.5 5.5 63.3 24 62.5 59 69 50
Grain-to-matrix ratio 14.1 0.77 0.064 2.6 0.33 2.23 1.6 2.65 1.1
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and also in agreement with the experiments on sandstone of Baud
et al. (2004) and on Saint Maximin limestone of Baud et al. (2009).

In agreement with Tondi et al. (2006) in the natural CSBs we
observed randomly oriented PSs nucleating at the grain contacts.
Throughout high-resolution FESEM observations we were also able
to show tiny cracks at the grain contacts (in agreement with Rath
et al., 2011 and Rustichelli et al., 2012). The presence of cracks
within the inner part of one of the natural CSBs, as documented in
this paper shows that they did not nucleate as disaggregation bands
(sensu Fossen et al., 2007), and that they formed in a sediment that
was already lithified. Furthermore, the Hertzian cracks locally
reduced grain size and accelerated the pressure solution process (in
agreement with Croizé et al., 2010c; Zhang et al., 2010). Dissolution
channels developed for the leaching of fluids along pre-existing
cracks. This is a further evidence that the deformation process
took place in presence of fluids. Differently from Tondi (2007) and
Rath et al. (2011), we did not document any porosity reduction
induced by calcite precipitation in the carbonates surrounding the
natural DBs.

Based upon the aforementioned data, we infer that the studied
carbonates deformed in an open system (at least at an outcrop
scale). Fluids may trigger chemical process such as pressure solu-
tion, the kinetics of this process depends on grain size and applied
stress (e.g. Liteanu and Spiers, 2009), but it is strongly affected by
Fig. 15. Microphotographs collages of CSBs formed in experiments at 5 MPa: a) Orfento 3
magnification of the CSB internal structure; b) T1 (HPT-lab); c) MA#34 (EOST) in red a F
magnification of the CSB internal structure, please notice the residual intragranular pores,
legend, the reader is referred to the web version of this article.)
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fluids composition too. To decipher the influence of fluid chemical
composition on the speed of the pressure solution, many experi-
mental studies have been carried out (e.g. Zhang and Spiers, 2005;
Croizé et al., 2010c; Zhang et al., 2010). The lack of calcite veins, in
the study area, did not allow us to carry out fluid inclusions anal-
ysis, which could have given information on the fluid chemistry.

The PS and Hertzian cracking processes were a consequence of
grain rotation and sliding and, hence, pore collapse (Fig. 20). The
band-parallel PSs could grow (oblique to s1) within an already
compacted rock. The dissolution of calcite determines accumula-
tion of fine residual clay and/or organic matter, which, due to
a lower frictional coefficient (Byerlee, 1978), may enhance slip and
further dissolution (with formation of tail PSs, Fig. 20). Importantly,
we did not find any correlation between the frequency of calcite
mechanical twinning and the three typologies of natural structures
(i.e. CSBs, CSB overprinted by PSs and CSBs overprinted by PSs and
cataclastic material). This observation suggests that in nature, due
to the very slow strain rates, twinning is a pressure-dependent
process and not a strain-dependent one, as observed in the labo-
ratory (see Vajdova et al., 2010). Twinning plays an important role
in strain accommodation (Vajdova et al., 2010, in press), moreover,
the qualitative observations we carried out on the laboratory DBs
suggest that positive correlation exists between twinning density
and confining pressure (Figs.18e20). In addition, within the CSBwe
(EOST) in red a FESEM image of a collapsed pore at the CSB border, in blue a FESEM
ESEM image of a incipient grain crushing within the damage zone, in blue a FESEM
d) map of the CSB MA#34. (For interpretation of the references to color in this figure

in porous carbonate grainstones: Field and laboratory observations,



Fig. 16. Microphotographs collages of high-angle to s1 DBs. a) experiment T2 30 MPa (HPT-lab); b) experiment T10 24 MPa (HPT-lab), in blue a FESEM image of the CB internal
structure, please notice the progressive grain crushing in the orange box, in green a FESEM magnification of the almost undeformed host rock. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 17. Pore size (on the left) and grain size (on the right) distribution curves of #Ma34. For the host rock the plotted values are referred to macroparticles (i.e. pores, grains) with
a longer diameter > 10 mm. On the contrary for both damage zone and CSB we measured the particles from FESEM images.
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Fig. 18. Microphotographs of the observed samples deformed at 5e10 MPa Peff, in the pictures s1 is along the vertical direction. a) Twinning (T) and indented grains (IG) experiment
T1; b) Hertzian cracks (HC) and indented grains, please notice the grain size reduction due to mechanical indentation, experiment Ma#34; c) Shear surface (SS) and grain crushing
(GC) due to wing cracks, experiment T1; d) Shear surface (SS) and grain crushing (GC) due to cataclasis and wing cracks, experiment Orfento #3, e) Grain crushing and pile-up of sub
grains leaded by shear along two surfaces, experiment Orfento #3; f) Pore-emanated cracks (PEC), experiment Ma#14.
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documented a more pronounced iso-orientation of the force chain
with respect of the CB. Eichhubl et al. (2010) documented similar
iso-orientation, and suggested that the grain movement associated
with CSBs formation is more organized than grain movement
within CBs. We also hypothesize that the wide range of force chain
orientations, within the CB, is the consequence of a better grain
packing induced by grain size reduction, indeed a higher number of
smaller grains promotes an isotropic distribution of the force
chains.

In laboratory CSBs, randomly distributed grain crushing starts
from Hertzian cracks (Zhang et al., 1990; and Brzesowsky et al.,
2011) at the grain contacts, this process enhances the reduction
of intergranular pore sizes bymeans of infilling of fine material and
Table 7
Summary of the rock components of the laboratory DBs: pores, grains and matrix.

Experiment Crack for linear
intercepts
perpendicular
to s1 (mm�1)

Crack for linear
intercepts
parallel to s1

(mm�1)

Crack area
per unit
volume Sv
(mm�2/mm�3)

Anisotropy
factor U23

CSB Ma#34 81.1 � 11.9 86.6 � 21.74 164.6 �0.053
DZ Ma#34 52 � 22.9 56.7 � 28.06 93.4 �0.21
CSB T1 59.74 � 16.8 33.11 � 9.1 108.1 0.39
DZ T1 24.8 � 5.4 15.9 � 4.4 45.73 0.31
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particulate flow (Fig. 20). Twinned calcite grains are weaker and
may localize shear surfaces. When shear localization occurs, the
comminuted material facilitates the slip along discrete slip surfaces
and the formation of wing cracks (Figs. 18 and 21; Baud et al., 2000;
Vajdova et al., 2010). Other cracks can also originate from the stiffer
intragranular pores as pore-emanated cracks (Vajdova et al., 2004).

The result of our crack counting on laboratory CSBs (Ma#34 and
T1) showed higher amount of damage in both the bands with
respect to the host rocks (see Table 7). The calculated anisotropy
factor in Ma#34 is almost zero inside and outside the band,
meaning that we dealt with an isotropic damage distribution,
related to the localized high comminution degree within the CSB
(Fig. 15c). The isotropic damage in the host rock is consistent with
data of high porosity sandstone (Wu et al., 2000). The CSB in T1 has
higher anisotropy factor values than the host rock, which shows
isotropic damage. In this structure the isotropy can be due to the
additional contribution of wing crack growth on its extentional
quadrants, easily visible in Fig. 15b on the top of the dark shear
band.

5.2. Compaction bands

The laboratory DB, nucleated at Peff ¼ 24 MPa perpendicular to
s1, consists of a continuous structure characterized by a fitted-
in porous carbonate grainstones: Field and laboratory observations,



Fig. 19. Microphotographs of observed of samples deformed at 20e30 MPa Peff, in the pictures s1 is along the vertical direction. a) Bended rudist fragment (BG) and collapsed pores
(CP) experiment T2; b) collapsed pore elongated at the equator, the surrounding damaged grains are also visible, experiment T10; c) twinned calcite grains and pore-emanated
crack, experiment Ma#33; d) pore-emanated cracks and collapsed pore, experiment T10; e) Hertzian cracks, experiment T10; d) patch of localized grain crushing and pore
collapse, experiment Ma#33.
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fabric due to both pore and grain sizes reduction. The DB shows
evidences of cataclastic pore collapse and grain crushing (Fig. 16),
thus it can be compared with the compaction bands formed in
sandstones by Baud et al. (2004). In the experiment Ma#33 we
documented discontinuous patches characterized by a similar
fabric too (Fig. 19), due to an inferred incipient stage of compaction
localization. Sedimentary heterogeneities (e.g. pore and grain size
variations, preferred grain and pore orientations, increased clay or
cement amount) can enhance the compaction localization (Baud
et al., 2004; Stanchits et al., 2009; Charalampidou et al., 2011;
Rustichelli et al., 2012). Based upon our data, we suggest that since
the sample S18 Low. (T10) was coarser, and characterized by
a bigger pore size than the sample S18 Upp. (Ma#33) it was more
prone to compaction localization because smaller pores are more
regular in shape and, hence, stiffer. The band in sample T10 pres-
ents a texture that is comparable with the natural CBs (Fig. 7) and
we therefore concluded that this structure is a compaction band. To
our knowledge, the only laboratory study (Baxevanis et al., 2006)
reporting compactions bands in a carbonate rock was performed on
Tuffeau de Maastricht calcarenite. While Baxevanis et al. (2006)
showed convincing evidences of compaction localization in their
laboratory deformed samples, it was however unclear in their study
if CBs could actually be observed in the field in the Tuffeau de
Maastricht formations. Our analyses of CBs observed for the first
Please cite this article in press as: Cilona, A., et al., Deformation bands
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time both in the field and in the laboratory-deformed samples
provided a base to systematically study the development of these
structures in grainstones.

The crack counting on the laboratory CB (T10) showed higher
damage in the band with respect to the host rock (see Table 7). The
anisotropy factor is almost negligible in the host rock if compared
with the CB, which has a high anisotropy. We interpreted this data
due to the lack of shear within the band and a more dominant pore
collapse with respect to the particulate flow. The second high-angle
to s1 DB formed at Peff ¼ 30 MPa, shows similar angle and petro-
physical properties (i.e. grain size and pore size reduction with
respect to the host rock) to those one developed in dry experiments
on the St. Maximin limestone (Baud et al., 2009) and to the natural
“shear-enhanced compaction bands” documented for sandstones
(Aydin and Ahmadov, 2009; Eichhubl et al., 2010). For the afore-
mentioned reason, we refer to this structure as a shear-enhanced
compaction band.

The effective pressures at which we formed the two high-angle
(to s1) structures (24 and 30 MPa) raises a question on the burial
condition at which the natural CBs of Madonna della Mazza Quarry
nucleated. In fact, according to Tondi et al. (2006), they are the
oldest set of DBs of the quarry, but the experimental results pre-
sented in this paper show that, with the present host rock char-
acteristics (i.e. porosity, grain size, cement amount), CBs need
in porous carbonate grainstones: Field and laboratory observations,



Fig. 20. Conceptual model of natural (on left) and laboratory (on right) CSBs nucleation and development.
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higher confining pressure to form with respect to the CSBs.
According to Tondi et al. (2006), natural CBs localize within the
coarser beds, moreover Rustichelli et al. (submitted for publication)
show how coarser better-sorted grainstones are less cemented than
the finer ones. Accordingly, during burial the coarser beds could
have preserved their skeleton porosity (up to 47%, according to
Tondi et al., 2006) for a longer time with respect to the finer ones. If
so, these coarser beds could have kept the product P*fðfRÞ�0:7

(f ¼ porosity and R ¼ grain radius (mm); Baud et al., 2009), on
a lower value with respect to the finer and more cemented beds
and, therefore, nucleate CBs prior to CSBs. This hypothesis is also
Fig. 21. Possible dilatant shear band formed during the experiment T7 at 5 MPa Peff.
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coherent with the mechanical data, which show that higher values
of differential stress are needed to form CSBs than CBs (in agree-
ment with Bésuelle et al., 2003; Baud et al., 2004 and Fossen et al.,
2011).

5.3. Dilatant shear bands?

In the set of experiments (T7; T11 and T14) performed on the
sample S19 at Peff ¼ 5 MPa with a strain rate of 10�7 s�1, we
observed evidence of a slight dilation associated with axial strains
up to 0.65%. This behavior was really unexpected because it differs
from that depicted by the analog experiment T12 (Peff ¼ 5 MPa;
strain rate of 10�7 s�1; axial strain of 0.9%, sample S18). The
discrepancy between wet and dry experiments suggests that some
chemical process (i.e. pressure solution, stress-corrosion crack
growth) occurred. Since pressure solution would likely lead to
a compactant behavior, the possible cause for the observed dilat-
ancy could be stress-corrosion cracking. Heap et al. (2009) docu-
mented brittle creep in sandstones at similar strain rates, and also
found that subcritical crack growth is very sensitive to effective
pressure. This would explain why we did not observe major
differences between experiments performed at higher pressures, at
low and high strain rates. One question still needs to be answered:
why was dilatancy not also observed in the experiment T12? A
possible reason could be related to the pore size in S19 (20 mm)
being three times smaller than in S18 (60 mm) and its influence on
subcritical crack growth. Since there is to our knowledge a paucity
of data on stress-corrosion and creep in porous limestone (Liteanu
and Spiers, 2009; Croizé et al., 2010c), more work is needed to
confirm our observations. The observed dilatancy is however sup-
ported by the microstructural observations carried out on sample
T7 (Fig. 21). In this sample, we documented a zone of localized
porosity increase, which rarely crosscuts the grains. This structure
can be compared to the dilatant shear bands described by Aydin
et al. (2006) and Fossen et al. (2007).
in porous carbonate grainstones: Field and laboratory observations,



A. Cilona et al. / Journal of Structural Geology xxx (2012) 1e2120
6. Conclusions

The present study compares natural and laboratory deformation
bands formed in the Upper Cretaceous carbonate grainstones of the
Orfento formation. The aim was to constrain the pressure condi-
tions at which natural deformation bands nucleate, and detail the
micromechanisms responsible of their formation and develop-
ment. The microstructural analysis of natural structures allowed us
to define the spatial distribution of PSs within the DBs, to quantify
the evolution of their spatial anisotropy factor and compute both
grain size and pore size distributions. We also found tiny Hertzian
cracks at the grain contacts within the natural CSB, which is
consistent with these structures enhancing pressure solution
processes by locally decreasing the grain size. On the surface of
some grains, we also observed dissolution channels developed for
the leaching of fluids along pre-existing cracks, which is a further
evidence that natural deformation bands formed under wet
conditions.

Two sets of triaxial compression experiments were carried out.
Most of the deformed samples displayed a shear-enhanced
compaction behavior and often showed strain hardening at the
higher confining pressures. Only one of the deformed samples
showed dilation at low strain rates. The comparison between wet
(this study) and dry (Baud et al., 2009) experimental data indicated
the weakening effect of water on the strength of these carbonates.
Compactive shear bands, at different angles with respect to the s1,
nucleated mainly during the low-confining pressure experiments.
A dilatant shear band was also observed. Compaction localization
occurred and a discrete compaction band was documented.

The petrophysical properties of the laboratory deformation
bands have been studied by means of detailed microstructural
analyses. We documented Hertzian cracks starting from the grain
contacts, which determined the infilling of intergranular poreswith
fine material and enhanced particulate flow. The comminuted
material promoted shear localization and discrete slip surfaces with
wing cracks at their tips developed. Other cracks originated from
the stiffer intraganular pores, the frequency of calcite mechanical
twinning showed a positive correlation with the increasing of the
confining pressure.

By comparing natural and laboratory DBs we were able to
constrain the pressure conditions at which natural CSBs formed
(<10 MPa). It was also possible to understand the geological
reasons that allowed natural CBs in Madonna della Mazza quarry to
develop before CSBs.

In summary, CSBs formation presents important differences
among natural and laboratory conditions: i) Particulate flow, in
nature, takes place without significant grain crushing; ii) grain
contacts in nature have a more ductile response with respect to the
laboratory experiments. Indeed Liteanu and Spiers (2009) docu-
mented intergranular pressure solution of calcite in laboratory only
after 30 days at 80 �C. When grain crushing occurs in nature, it
enhances the process of pressure solution; iii) in the natural
deformation, after shear localization, tail pressure solution can
form at the contractional quadrants of the sheared parental struc-
tures. On the contrary, in laboratory conditions, wing cracks
nucleate at the extensional quadrant of the slip surfaces.

By means of this study we gained new insights into the mech-
anisms occurring in nature and laboratory and key results to better
assess the role of intergranular PSs at shallow depths.
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