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a b s t r a c t

The Oligo-Miocene carbonates pertaining to the Bolognano Formation, cropping out at the Majella
Mountain, Italy, are diffusely crosscut by bed-parallel structural elements such as compaction bands and
pressure solution seams. These bed-parallel structural elements formed under a vertical loading, during
the progressive burial of the carbonates. The present work focuses on the control exerted on their
development and distribution by compositional, sedimentological and pore network characteristics of
the studied carbonates. The main results are consistent with the following statements: (i) bed-parallel
compaction bands developed only within the poorly cemented, porous grainstones (2D
porosity > 10%; 3D porosity > 15%); (ii) distribution of these bands was strongly controlled by both
sorting and sphericity of the carbonate grains, as well as by the amount of intergranular macroporosity;
(iii) bed-parallel pressure solution seams formed, mainly, within the fine-grained packstones, which are
characterized by small amounts of clayish matrix (2e4% of total rock volume), and well-sorted, spherical
carbonate grains.

Considering the impact that burial-related, bed-parallel structures may have on fluid flow, the results
provided in this contribution can help the management of subsurface geofluids, and overall prediction of
carbonate reservoir quality, by mapping/simulating/assessing carbonate facies.

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

Carbonate rocks are subject, during their burial history, to
complex interactions between overburden-related conditions (i.e.,
stress field, pressure and temperature, fluid composition) and rock
rheology (e.g. Bathurst, 1995; Bjørlykke and Høeg, 1997; Brown,
1997). These interactions can be responsible for the development
of bed-parallel structural elements, such as compaction bands and
pressure solution seams, which usually nucleate and grow during
diagenesis within sub-horizontal sedimentary beds (Fig. 1; Zhang
and Spiers, 2005; Aydin et al., 2006; Aydin and Ahmadov, 2009).
The aforementioned bed-parallel structures commonly represent
the oldest structural elements in carbonates. Although bed-parallel
compaction bands and pressure solution seams form thanks to
dissimilar deformation mechanisms, and develop in rocks charac-
terized by different petrophysical properties (Aydin et al., 2006;
and references therein), from a mechanical point of view they can
both be treated as contractional structures (anti-mode I) that
ustichelli).

All rights reserved.
develop perpendicular to the maximum principal stress axis
(Fletcher and Pollard, 1981).

Compaction bands are documented both in sandstones
(Mollema and Antonellini, 1996; Aydin et al., 2006; Aydin and
Ahmadov, 2009; Eichhubl et al., 2010) and carbonates (Tondi
et al., 2006, in press; Antonellini et al., 2008; Agosta et al., 2009;
Cilona et al., submitted for publication). In both cases, the local-
ized strain that accumulates within narrow, elongated and sharp
bands is the results of a slow ductile/brittle process (compaction
banding) operating in the upper crust within unconsolidated, or
slight consolidated, granular materials (Aydin, 1978; Antonellini
and Aydin, 1994; Baud et al., 2004, 2009; Tondi et al., 2006;
Fossen et al., 2007; Tondi, 2007; Aydin and Ahmadov, 2009;
Vajdova et al., 2010; Cilona et al., submitted for publication;
Vajdova et al., in press). In sandstones, compaction bands may
have different orientations with respect to bedding (Eichhubl et al.,
2010; and references therein); their documented micro-
mechanisms include grain translation, rotation, pore collapse and
grain crushing (Fig. 1a) due to Hertzian forces localized at a grain-
to-grain scale (Gallagher, 1987; Zhang et al., 1990; Baud et al.,
2000; Vajdova et al., 2004; Zhu et al., 2010; Brzesowsky et al.,
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Fig. 1. Microscale processes responsible for development of either bed-parallel pressure solution seams or compaction bands, and their features at the macroscale. a) Compaction
banding mechanism occurring in porous granular media (modified after Aydin et al., 2006). b) Two-dimensional cross-sectional views of bed-parallel compaction bands at outcrop
scale (modified after Aydin and Ahmadov, 2009). c) Intergranular pressure solution mechanisms (modified after Zhang and Spiers, 2005). d) Two-dimensional cross-sectional views
of bed-parallel pressure solution seams at outcrop scale. e) Different types (1, 2 and 3) and patterns (isolated versus anastomosed structures) of pressure solution seams. The
method used to measure spacing (valid for both bed-parallel structures) is shown in b.
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2011). In carbonates, compaction bands have been previously
documented in the field oriented exclusively parallel to bedding,
either within individual beds or adjacent to bedding interfaces
(Tondi et al., 2006). Recently, discrete compaction bands were
formed artificially in laboratory experiments, accompanied by
randomly oriented tiny cracks nucleating at the grain contacts
(Cilona et al., submitted for publication).

Pressure solution is a slow, ductile process operating in the upper
and middle crust (diagenetic and low grade metamorphic condi-
tions, Rutter, 1976; Paterson, 1995). This process is evident in sedi-
mentary rocks, especially carbonates, at scales ranging from mm-to-
cm (intergranular dissolution) to 10’s mm-to-m (pressure solution
seams;Bathurst,1958).Often, this process is associatedwithmineral
precipitation within nearby pores and/or fractures. The material
removed is transported in solution by the dissolving fluids and,
eventually, precipitates as cement either close to the dissolution
sites (Fig.1c) or at distances up to severalKm’s (Park andSchot,1968;
Agosta and Kirschner, 2003; Agosta et al., 2008). The resulting
pressure solution seams commonly consist of serrated, interlocked,
tooth-like surfaces made up of several columns and troughs, which
can be either isolated or anastomosed (Fig. 1d and e). The columns
and troughs are characterized in cross section by a typical zig-zag
morphology; the former ones represent the zones of localized
dissolution whereas the latter ones represent the undissolved
portions of the rock consisting of clayish insoluble residues, organic
matter and/or pods of undissolved grains (Bathurst, 1993). Outcrop
observations, as well as theoretical and experimental studies, show
that themain controls onpressure solution are the amount of stress,
temperature, pore fluid chemistry and pressure, grain mineralogy,
size, sorting and shape (Schmoker and Halley, 1982; Halley and
Schmoker, 1983; Passchier and Trouw, 1996; Ehrenberg and
Nadeau, 2005; Ehrenberg, 2006; Ehrenberg et al., 2009).
In this work, it is investigated the role exerted by compositional,
sedimentological and pore network characteristics of carbonates on
the development and distribution of both bed-parallel compaction
bands and pressure solution seams. The present field and labora-
tory study is, therefore, aimed at the assessment of the relation-
ships among the intrinsic characteristics of a variety of carbonate
lithofacies (i.e., skeletal grainstones to packstones, marly wacke-
stones to mudstones) and both presence and distribution of the
bed-parallel structures in the Oligo-Miocene Bolognano Formation
(Majella Mountain, Italy).

The results may have important applications in the manage-
ment of subsurface geofluids. It is well-known, in fact, that bed-
parallel compaction bands and pressure solution seams form
permeability barriers to fluid flow (Aydin, 2000; Davison et al.,
2000; Tondi, 2007; Agosta et al., 2010), and may act as mechan-
ical interfaces in layered media (Huang and Angelier, 1989; Gross
et al., 1995; Agosta et al., 2009).

2. Geological setting

The study area is located along the northern flank of the
Majella Mountain, Italy. This mountain consists of an east-verging,
box-shaped anticline comprised of Meso-Cenozoic carbonates of
the paleo Apulian Platform (Fig. 2). This anticline fold formed,
during the Middle-Upper Pliocene, at the hanging wall of a west-
dipping thrust (Ghisetti and Vezzani, 2002). The western portion
of the Majella Mountain, which corresponds to the anticline’s
backlimb, is crosscut by a major normal fault named Caramanico
Fault (Vezzani and Ghisetti, 1998). In addition to this fault, the
Majella Mountain is crosscut by several sets of normal, reverse
and strike-slip faults, some which are characterized by oblique-
slip components (Graham et al., 2003; Marchegiani et al., 2006;



Fig. 2. Geological setting of Majella mountain. a) Schematic geological map (modified after Ghisetti and Vezzani, 1997). b) Stratigraphic scheme of the carbonate succession
(modified after Vecsei, 1991). c) Schematic geological section (modified after Scisciani et al., 2002).
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Tondi et al., 2006; Antonellini et al., 2008; Agosta et al., 2009;
Aydin et al., 2010). Based upon crosscutting relationships with
Messinian-to-Pleistocene sediments topping the carbonates, most
of the faulting activity in the Majella Mountain is interpreted to
have occurred during the Middle-Upper Pliocene (Ghisetti and
Vezzani, 2002) or, alternatively, the Messinian (Scisciani et al.,
2002). Detailed analysis of the deformation mechanisms associ-
ated with folding and faulting are consistent, for the northern-
most portion of the Majella, with a Middle Pliocene age of faulting
(Agosta et al., 2009).

The study was carried out along the vertical walls of the Roman
Valley Quarry, and vertical outcrops in areas nearby, which are
located in thenorthernslopesof theMajellaMountainnear the town
of Lettomanoppello (Figs. 2 and 3). There, the Oligo-Miocene ramp
carbonate deposits of the Bolognano Formation, which represents
the most recent stratigraphic unit of the Majella carbonate succes-
sion (Vecsei and Sanders, 1999) and references therein, crops out
extensively. These carbonate rocks include skeletal grainstones,
packstones, marly wackestones and mudstones. At the Roman
Valley Quarry, the Bolognano Fm. is crosscut by two NW-SE-
trending oblique-slip normal faults characterized by minor left-
lateral components of slip; the oil show located in the quarry
suggests the occurrence of hydrocarbonmigration through the fault
damage zones (Agosta et al., 2009, 2010).

3. Methodology

The results presented in this work required an integrated field
and laboratory investigation to obtain, both qualitatively and
quantitatively, an exhaustive characterization of the outcropping
bed-parallel structural elements and the carbonate rocks in which
these elements developed. This research takes advantage of the
results of a recent project focused on the roles played by sedi-
mentological and diagenetic factors on preservation and modifi-
cation of pore network characteristics (i.e. porosity type, estimates
and distribution) in the carbonates of the Bolognano Formation
(Rustichelli, 2010).

The field work component of the current research included
three main phases: (i) qualitative macroscopic analysis of the bed-
parallel structural elements by detailed outcrop analysis accom-
plished by taping acetated to the studied walls; (ii) measurement of
the different dimensional parameters (e.g., spacing, length, thick-
ness) of the bed-parallel structures by performing 1D scan lines
oriented perpendicular to bedding (Fig. 1B; Ortega et al., 2006), was



Fig. 3. Geological map (a) and statigraphic scheme (b) of the carbonates cropping out in the northern sector of Majella mountain (modified after Rustichelli, 2010).
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carried out along the 100’s m-long and about 80 m depth, vertical
walls of the Roman Valley Quarry (Fig. 4); (iii) hand-sample
collection of the structural elements and carbonate host rocks for
subsequent laboratory investigation.

Petrographic thin section analysis was carried out, by using an
optical polarizing microscope (Nikon Eclipse E600), to document
the inner structure of the bed-parallel structural elements, as well
as both texture and main components of the carbonate host rock
(skeletal grains, matrix, cements and pores). Then, by means of
digital image analysis of thin section microphotographs (Image-J
1.32 software), the sedimentological rock parameters (grain size,
sorting, shape factor) as well as the percentage of different rock
components (grains, matrix, cement, 2D porosity) were quantified.
Specifically, in the following text, as a grain size we refer to the
mean value of the measured diameters assuming that the indi-
vidual grains are characterized by rounded shapes. Differently,
sorting is expressed as an “inclusive graphic standard deviation” si
(sensu Folk and Ward, 1957; Flügel, 2004):

si ¼ F84 � F16=4 þ F95 � F5=6;6 (1)

where F represents the logarithm on base 2 of the mean grain size,
according to the Wentworth e Udden scale. This parameter is
compared with the chart edited by Longiaru (1987) for a qualitative
classification of the carbonate rocks (e.g., well-sorted). Shape factor,
instead, is expressed as the mean value of the dimensionless ratio
between perimeter (P) of each individual grain and a parameter



Fig. 4. a) Plant aerial view of the Roman Valley Quarry. b, c, d) Outcrop view of the three sub-vertical walls of the quarry along which the structural analysis was carried out. The
most representative structural sections for each studied lithofacies/facies (see Fig. 5), are highlighted. The outcrop pictures of both Figs. 9 and 10 are referred to these structural
sections.
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proportional to its area ð2
ffiffiffiffiffiffi

pA
p

Þ. The shape factor represents the
grain circularity in 2D; the value of 1 is associated to a circular grain,
whereas higher values are related to more elliptical grains. The
percentages of the different rock components were calculated by
automatic point counting, based on recognition of chromatic
differences, on thin section microphotographs. In particular, this
method provided 2D values of porosity, both total porosity and
intergranular versus intragranular porosity. The latter porosities
were recognized by mean of optical microscope analysis, which
also allowed us to determine, by applying digital image analysis,
sizes, shapes and distribution of macropores, which have a diam-
eter >20 mm (Anselmetti et al., 1998).

In order to take into account also microporosity (pore diameter
<20 mm), 3D connected total porosity measurements were per-
formed by means of the Micromeritics e Multivolume Helium
Pycnometer 1305. According to Anselmetti et al. (1998), micropo-
rosity can be easily calculated as the difference between 3D values
(macroporosity þ microporosity) and 2D ones (macroporosity).



Fig. 6. Scheme showing the depositional paleoenvironments along a ramp profile,
within which the studied lithofacies of the Bolognano Formation were deposited
(modified after Rustichelli, 2010).
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Considering that the bulk of porosity (about 98%) is connected in all
analyzed facies (Antonino Cilona, personal communication), the
bulk of the measured 2D porosity can be inferred as connected and,
mostly, fully comparable with 3D porosity.

Finally, HCl testing of rock powders was employed in laboratory
to decipher the insoluble residue (% in volume), while X-ray
diffraction analysis, carried out by mean of a KM-4 KUMA diffrac-
tometer, were aimed at inferring the rock mineralogical composi-
tion. Relationships among field and laboratory quantitative data are
shown by either dispersion graphs or bar charts obtained with the
“KaleidaGraph 3.5” software.

4. Host rock characterization

The carbonates pertaining to the Oligo-Miocene Bolognano
Formation consist of (i) relatively shallow-water skeletal grain-
stones and packstones, which are made up of fragments of larger
benthic foraminifera (LBF), bryozoans, red algae and lamelli-
branches, echinoid plates and spines, and (ii) deeper water marly
wackestones and mudstones with planktonic foraminifera (Fig. 5;
Vecsei and Sanders, 1999; Pomar et al., 2004; Rustichelli, 2010).
These marine carbonates were deposited on an isolated, gently
dipping, homoclinal carbonate ramp under tropical conditions,
which were characterized by a sea water rich in nutrients (Fig. 6;
Pomar et al., 2004; Westphal et al., 2010; Rustichelli, 2010). On the
basis of a variety of diagnostic characteristics, namely dominant
biota in the skeletal grain assemblages and depositional architec-
tures, Rustichelli (2010) subdivided the Bolognano Fm. carbonates
in 5 lithofacies (A, B, C, D, E), as reported in Table 1 and Fig. 3. Each
lithofacies is comprised of several facies with specific rock texture
and dominant grain size (Table 1 and Fig. 5).
Fig. 5. a) Stratigraphic scheme of the lithofacies pertaining to the Bolognano Formation (
platform margin showing the large-scale architecture of the lithofacies under study (modifi
studied lithofacies.
Based upon presence, distribution, and dimensional parame-
ters (length, spacing and thickness) of the bed-parallel structural
elements, six carbonate facies (Au1, B, C1, C2, E1 and E2,
respectively, Tables 1, 2 and 3) were selected. The six carbonate
facies, which contain different amounts of calcite and clay
minerals (Table 2), cover a large range of grain size, sorting,
shape, and type and amounts of skeletal grains, matrix, cements
and pores (Tables 1 and 2; Figs. 7 and 8). In order to simplify our
quantitative analysis, due to the similar bed-parallel structural
elements they contain, E1 and E2 are conventionally considered
as an individual facies, named E, hereafter in the present
contribution.
modified after Rustichelli, 2010). b) Schematic cross section of the Majella mountain
ed after Mutti et al., 1997). c) Scheme of the internal stratigraphic architecture of the



Table 1
Sedimentological, diagenetic and pore network characteristics of the carbonate facies selected for the study (highlighted in bold), in the framework of the stratigraphic units scheme proposed by Rustichelli (2010).
T(m) ¼ thickness (in meters).

Lithofacies T (m) Facies
code

T (m) % vol. Lithological description Depositional components Depositional architecture Diagenetic description Pore network characteristics

A Lepidocyclina
grainstones

35-40 (AI) All 0.1-2 29 Whitish to grayish, medium
e to coarse e grained
bioclastic grainstones
(in some cases reddish
due to hydrocarbon
invasion).

LBF (Lepidocyclina, Amphistegina,
and Operculina), whole or as
fragments, minor contents in
bryozoan and red algae
fragments, echinoid plates
and spines.

Stacks of dm’s to up to 4
m-thick crossbed packages
bounded by sub-horizontal
truncation surfaces. Each
package is made up of 5-80
cm-thick crossbed foresets
which downlaps (normally
dipping <10�) towards NNW
onto the lower truncation
surfaces. Individual
crossbeds are
sigmoidal, from 1 to 10
m-long in dip direction, and
are quite planar, up to 10’s
m-long in strike direction.
Argillaceous to marly
interlayers, up to 3 cm thick,
are rarely present. Individual
bed packages bounded by
truncation surfaces of the
lithofacies A can be composed
of i) alternation of 10 cm to
2 m-thick bed packages of
different facies, ii) only a facies
types (as for lithofacies B).

Moderate amounts of
syntaxial overgrowth,
clear calcite cement
around echinoid plates
and spines. Low amounts
of microsparry, clear
calcite cement.

Uniformly distributed, small
specific surfaces, macropore
network, which is dominated
by both abundant large
(0.1e0.5 mm) intergranular pores
and smaller (0.05e0.2 mm)
intragranular pores.

AI2 0.1-2 11 Whitish to yellowish,
fine-grained bio clastic
grainstones.

40-60 (Au) Au 1 0.1-2 28 Whitish to gray, medium
e to coarse e grained bio
clastic grainstones
(commonly reddish
or blackish due to
hydrocarbon invasion).

LBF (mainly Lepidocyclina,
minor contents in
Amphistegina and Operculina,
rare Miogypsina), whole or as
fragments, minor contents in
bryozoan fragments, echinoid
plates and spines, Less
abundant lamellibranches and
red algae fragments.

Au2 0.1-2 31 Whitish to gray, medium
e grained bio clastic
grainstones (commonly
reddish or blackish due to
hydrocarbon invasion).

Au3 2-3 1 Whitish to gray, medium
e to coarse e grained
bio clastic grainstones with
cm-sized lamellibranches
and echinoids spines
(commonly reddish or
blackish due to hydrocarbon
invasion).

B Bryozoan
grainstones

10-15 B 10-15 100 Whitish to gray, medium
-grained bio clastic
grainstones (commonly
reddish or blackish due to
hydrocarbon invasion).

Bryozoan fragments with
minor contents in LBF (mainly
Amphistegina and Operculina,
rare Miogypsina, and sporadic,
probably reworked, Lepidocyclina),
whole or as fragments,
echinoid plates and spines,
red algae and lamellibranches
fragments.

(continued on next page)
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Table 2
Sedimentological, compositional and pore network parameters of the carbonate facies considered in this study (mean values and ranges from 8 samples for each facies; solely for the 3D total porosity are considered 3 samples for
each facies). Legend:GS ¼ grain size (mm); S ¼ sorting (vw ¼ very well; w ¼well; m ¼moderate; p ¼ poorly); SF ¼ shape factor; Ca ¼ calcite (% vol.); IR ¼ insoluble residue, composed of clay minerals (% vol.). Rock components
(% vol.): G¼ grains; M¼matrix; Lp¼ Lepidocyclina; Bz¼ bryozoans; Ec¼ echinoids; PF¼ planktonic foraminifera; C¼ cement; (2D)Pt¼ 2D total porosity; (2D)Pì¼ 2D intergranular porosity; (2D)Pìì¼ 2D intragranular porosity;
3D(Pt) ¼ 3D total porosity. Empty cells ¼ incalculable values.

Facies code GS S SF Ca IR G M Lp Bz Ec PF C (2D)Pt (2D)Pi (2D)Pii (3D)Pt

Au1 Mean value 0.52 0.92 (m/p) 1.31 99.5 0.5 79.3 0 51.6 20.1 5.2 0 4.1 16.6 10.8 5.8 23.9
Range 0.23e0.62 0.8e1.06 1.23e1.35 99.3e99.7 0.3e0.7 42.5e71.4 11.8e27.7 4e11.2 3e6.3 10.4e25.9 7e19.1 3.9e7.1 15.3e33.2

B Mean value 0.3 0.6 (m/w) 1.22 99.5 0.5 70 0 0.5 44.1 12.8 0 4.5 24.6 19.4 5.2 32.1
Range 0.18e0.35 0.48e0.69 1.18e1.26 99.3e99.7 0.3e0.7 0e1 37.9e68.8 8.9e16.5 3e7.2 21.2e28.6 16e22.5 3.8e8.3 26.4e35.3

C1 Mean value 0.15 0.54 (w/m) 1.15 98.9 1.1 82 4 0 0 25.5 3.5 7.5 6.5 3.9 2.6 10.2
Range 0.14e019 0.47e0.62 1.14e1.17 98.2e99.5 0.5e1.8 79.3e87.5 0e7.5 19.4e31.2 0.5e6.1 4.5e10.4 4.2e8.7 2.8e5.2 2e4.1 5.8e14

C2 Mean value 0.14 0.37 (w/vw) 1.15 97.2 2.8 74.7 16 0 0 20.1 7.8 8.8 0.5 0 0.5 3.9
Range 0.12e0.15 0.33e0.42 1.14e1.16 96e98.1 1.9e4 70.2e83.1 7.5e22 12.6e25.9 4.1e10.2 6e11.9 0.1e2.1 0.1e2.1 1.4e7.2

E Mean value 89.7 10.3 12.1 85 0 0 0 11.1 1.8 1.1 0 1.1 29.9
Range 82.2e94.8 5.2e17.8 2.9e31.2 65e95 3.3e22.4 0.8e4.4 0.4e2.1 0.4e2.1 24.9e33.1

Table 1 (continued )

Lithofacies T (m) Facies
code

T (m) % vol. Lithological description Depositional components Depositional architecture Diagenetic description Pore network characteristics

C Echinoid
grainstones to
packstones

3-5 C1 0.1-1 52 Grayish to yellowish,
fine e grained bio
clastic grainstones.

Echinoid plates and spines, LBF
(Amphistegina, Lepidocyclina and
Operculina) and bryozoan
fragments. Minor contents in
planktonic foraminifera
(Globigerinoides,
Globoquadrina, Catapsydrax),
lamellibranches and red
algae fragments, Poorly
abundant micrite-clay matrix.

Stacks of laterally extensive,
5-70 cm-thick planar beds.
These lithofacies are
composed of alternation
of bed packages of different
facies. The thickness of
individual bed packages
ranges from 10 cm to 1 m
(lithofacies C), and from
10 cm to 2 m (lithofacies E).
Argillaceous to marly
interlayers, up to 3 cm thick,
are present.

Abundant syntaxial
overgrowth, clear calcite
cement around echinoid
plates and spines. Minor
amounts of microsparry,
clear calcite cement.

Patchly distributed macropore
network, which is dominated
by 0.05-0.15 mm large intergranular
and intragranular pores.

C2 0.1-1 48 Grayish to yellowish,
fine e to very fine e

grained bio clastic
packstones.

Abundant microsparry,
clear calcite cement.
Minor amounts of syntaxial
overgrowth, clear calcite
cement around echinoid
plates and spines.

Patchly distributed, high specific
surfaces, macropore network, which
is dominated by scattered, 0.05-0.1
mm large intragranular pores.

D Echionoid/
planktonic
foraminifera
packstones to
wackestones

8-10 / / / Whitish to yellowish,
very fine-grained bio
clastic packstones to
marly wackestones.

Echinoid plates and spines, LBF
(Amphistegina, Lepidocyclina and
Operculina) and broyozoan
fragments, planktonic foraminifera
(Globigerinoides, Catapsydrax,
Globoquadrina), sponge
spicules and radiolarians. Poorly
abundant to dominant micrite-clay
matrix.

/ /

E Planktonic
foraminifera
wackestones
to mudstones

60-65 E1 0.1-2 55 Grayish, marly
wackestones.

Planktonic foraminifera (e.g.,
Praeorbulina and Orbulina),
minor radiolarian and sponge
spicules. Dominant micrite-clay
matrix.

Moderate amounts of
microsparry, clear calcite
cement, within internal
chambers of planktonic
foraminifera.

Uniformly distributed, intra-matrix
micropore network with scattered
intragranular macropores, 0.05-0.1
mm large with low specific surfaces.E2 0.1-2 45 Grayish, marly

mudstones.
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Table 3
Dimensional parameters (mean values and ranges from 30 measures per bed-parallel structure type in each facies) of the bed-parallel compaction bands (CB) and pressure
solution seams (PSS) localized within individual carbonate beds, analyzed in this study. “PSS thickness” is the thickness of the clayish insoluble material associated to the PSS.

Facies code CB length (cm) CB spacing (cm) CB thickness (mm) Pattern PSS length (cm) PSS spacing (cm) PSS thickness (mm) Pattern

Au1 Mean value 3 38 1 Isolated 15.6 36.7 0.5 Isolated
Range 0.9e8.7 10.2e80.4 0.5e3.2 2.6e36.7 10.1e146.2 0.1e2

B Mean value 10 20 2.5 Isolated 17.5 29.7 0.6 Isolated
Range 2.4e23.8 6.1e82.2 0.5e5 3.1e33.4 12.1e82 0.1e2.1

C1 Mean value 28.8 8.5 1 Isolated
Range 5.6e56.3 0e29.9 0.2e3.5

C2 Mean value 84.8 2.4 1.6 Anastomosed
Range 2.4e167 0e5.6 0.4e8.2

E Mean value 28.7 17 0.8 Isolated
Range 2.7e50.5 7.7e34 0.2e2.3
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5. Structural analysis

The structural elements object of this study consist of one set of
deformation bands and one set of pressure solution seams both
oriented sub-parallel to bedding (Figs. 9 and 10). Bedding,
Fig. 7. Studied facies under a cross-nicols optical microscope view. a) Lepidocyclina-domina
the facies B. c) Fine-grained grainstones of the facies C1. d) Fine- to very fine-grained packst
facies E2. Legend: Lepidocyclina (L), bryozoan fragment (B), Amphistegina (A), planktonic for
and microsparry (M) cements, intergranular (Pi) and intragranular (Pii) porosities. Note the
d), e) and f).
deformation bands and pressure solution seams are all dipping
10e15� toward north (Fig. 11a). The two sets of bed-parallel
structures represent the first elements that developed within the
studied carbonates (Agosta et al., 2009). Both deformation bands
and pressure solution seams, in fact, pre-date all bed-perpendicular
ted, skeletal grainstones of facies Au1. b) Bryozoan-dominated, skeletal grainstones of
ones of the facies C2. e) Marly wackestones of the facies E1. f) Marly mudstones of the
aminifera (PF), echinoid plate (E), red algae (R), matrix (MX), syntaxial overgrowth (S)
intragranular porosity (black) internal to the highlighted planktonic foraminifera in c),



Fig. 8. Bar chart showing the relative mean amounts of the rock components (i.e., skeletal grains, matrix, cements and pores) for the different facies of the Bolognano Formation
(modified after Rustichelli, 2010).
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and bed-oblique fractures, compactive shear bands, and both bed-
bounded and through going slip surfaces (Figs. 9 and 10).

In the field, the bed-parallel deformation bands appear lightly
colored with respect to the surrounding host rock (i.e. grainstones)
Fig. 9. Compaction bands (CB) parallel to bedding (B) analyzed along the sub-vertical walls o
scale. The grainstones (blackish) are strongly invaded by hydrocarbons that highlights the
affecting the grainstones of the facies Au1. Coin is for scale.
which, in many cases, is black in color due to hydrocarbon invasion.
No evidence of shearing was found across deformation bands.
These structural elements form narrow bands localized either at
the bed interfaces (Fig. 9a) or, alternatively, within individual
f the Roman Valley Quarry. a-b-c) CB affecting the grainstones of the facies B. Pen is for
CB (whitish). d) One of the longest CB, localized within an individual carbonate bed,



Fig. 10. Pressure solution seams (PSS) parallel to bedding (B) analyzed along the sub-vertical walls of the Roman Valley Quarry. Distribution of PSS in the facies Au1 (a and b), C1 (a
and c), C2 (a and d) and E (e). Hammer is for scale. f) Isolated PSS, marked by reddish residue material, localized within an individual carbonate bed of the facies Au1. Note that PSS is
sub-parallel to elongated grains (G), which have the long axis iso-oriented relative to bedding. g) Isolated PSS localized within an individual carbonate bed of the facies E.



Fig. 11. a) Contour plots (with associated mean cyclographs) of poles of the planar elements (i.e. bedding, compaction bands, CB, and pressure solution seams, PSS, localized within
individual carbonate beds) documented in the host rock. Stereographic projection, lower hemisphere. b) Dispersion graphs showing the best-fitting quantitative correlations
(power-law) between length and thickness of either CB or PSS. c) Bar charts showing the (i) length, (ii) spacing and (iii) thickness of either CB or PSS versus frequency for each of the
studied facies.
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carbonate beds (Figs. 9b, c and d). In the latter configuration, the
bands consist of individual straight-to-wavy structures, up to
25 cm-long, and 0.5 to 5 mm-thick (Figs. 9, 11b and c). In many
cases, the longest bands also represent the thickest ones (Fig. 11b).
Less commonly, zones of sub-parallel bands, spaced less than 1 m,
are present (Fig. 9b). All the deformation bands are oriented sub-
parallel to the long axes of the grains composing the rock (G, in
Fig. 9d) which are, in turn, iso-oriented relative to bedding.

Under the optical microscope, the inner texture of the bands
consists of tight grains with very little amount of 2D porosity
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(commonly 0e5%). Typically, the long axis of the individual grains
internal to the bands is parallel to these (Fig. 12a), which is
consistent with their rotation during compaction. The individual
bands are separated by the surrounding host rock by two outer,
transitional zones, not visible at an outcrop scale. Individual tran-
sitional zones, commonly thick from 1/2 to 1/5 of the adjacent
bands, are made up of less tight grains and higher amount of 2D
porosity (in the order of a few percent; Fig. 12a). From the external
to the internal zones of the bands, a progressive grain size reduc-
tion was, in some cases, observed along the thickest bands
(Fig. 12a). This determines a change from coarse e to medium sand
grain sizes, of the host rock, to fine sand-to-mud (<0.025 mm)
grain sizes of the internal zones of the bands (Fig.12a). An increased
number of fractured grains (commonly <30%), furthermore, is
associated to the zones of reduced grain size (Fig. 12a and b).
Immediately adjacent to individual bands, and within them, a very
few grains show calcite twinning, as reported by previous works
(Ferrill and Groshong Jr., 1993; Vajdova et al., 2010). Sutured grain-
to-grain contacts (Fig.12a and b) are observed in the thickest bands.
These sutured contacts mainly affect grains characterized by
minimal internal pores (echinoids). The thickest bands may also
contain microsparry cements infilling both primary and secondary
porosity (mode I fractures). These cements can decrease the
porosity even further in some bands relative to the surrounding
host rock (Fig. 12a and b). As a consequence of the progressive
packing of the grains from the external transitional zones to the
inner portion of the individual bands and lack of clear evidence of
shearing, these structural elements are classified as compaction
bands (CB).

At an outcrop scale, the bed-parallel pressure solution seams
(PSS) are characterized by a columnar to wavy form (Fig. 10) and,
commonly, show a negative relief with respect to the host rock due
to erosion along the weaker, mm-thick clayish material marking
the structure (Fig. 10f and g). PSS localize either at the contacts
between adjacent beds and/or within individual beds. In a few
cases, PSS are present within individual bed-parallel compaction
bands (CB-PSS in Fig. 8a; Fig. 12a). Locally, PSS at contacts between
adjacent beds show striation and, therefore, evidence of shearing.
PSS within individual beds are long up to 1.7 m (Fig. 11c), and
commonly form isolated structural elements (Fig. 10b and e); in
a few cases, they are arranged with anastomosed patterns (Fig. 10c
and d). Spacing of PSS present within individual beds varies from
<1 cm to a few 10’s of cm (Fig. 11c).

At a microscope scale, PSS appear as 10’s mm tomm-thick seams
made up of reddish clayish material (Fig. 12c, d, f, g). Within the
thickest, mm-thick seams present in the skeletal grainstones, the
undissolved grains, mainly echinoid fragments, show evidence of
size reduction due to fracturing (sizes from fine sand to silt). These
tiny undissolved grains are enveloped within a reddish clayish
matrix, and display sutured grain-to-grain contacts (Fig. 12c and d).
Differently from CB, PSS contained in grainstones are characterized
by a sharp 2D porosity reduction (down to 0e5%) and absence of
any microsparry cements (Fig. 12c and d). Clear evidence of
pervasive intergranular dissolution (sutured grain-to-grain
contacts) are present, primarily, at the contact points between
adjacent skeletal grains (mainly echinoids and red algae) charac-
terized by lack of internal porosity (Fig. 12d and f).

6. Correlation among compositional, sedimentological and
structural parameters

In order to avoid any effect due to (i) presence of sedimentary
structures such as bed interfaces and (ii) possible shearing during
bed tilting (Agosta et al., 2009), in the present contribution only
bed-parallel compaction bands (CB) and pressure solution seams
(PSS) localized within individual carbonate beds are considered
(Fig. 10). Hereafter, in fact, the correlations among compositional,
sedimentological and pore network characteristics of carbonate
rocks (Table 2) and both spacing and length of the studied bed-
parallel structural elements, will be assessed.

CB are present only within the medium- to coarse-grained
grainstones of facies Au1 (mean grain size comprised between
0.23 and 0.62 mm) and the medium-grained grainstones of facies B
(mean grain size comprised between 0.18 and 0.35 mm). In the two
facies, however, CB are characterized by different length, spacing
and thickness (Fig. 9). Individual CB are, in fact, longer, less-spaced
and thicker within facies B than in Au1 (Table 3 and Fig. 11c).

Even though PSS are present within all the studied carbonates,
they show significant differences with respect to their dimensional
parameters and patterns among the different facies (Table 3 and
Fig. 10). In particular, the length of individual PSS is up 1.7 m in the
fine- to very fine-grained packstones of facies C2 (mean grain size
comprised between 0.12 and 0.15 mm), in which PSS show the
lowest spacing values, the highest thickness of clayish residue
material and a peculiar anastomosed pattern (Table 3, Figs. 10d and
11c). Microscope observations are consistent with these packstones
being characterized by the most pervasive intergranular pressure
solution evidence (sutured grain-to-grain contacts) among the
studied carbonates (Fig. 12f).

The most meaningful quantitative correlations, documented
among the various compositional, sedimentological, pore network
and structural parameters of the studied carbonate rocks, are
shown in Figs.13 and 14. The individual data points displayed in the
correlation graphs represent the mean value for each studied
carbonate facies (see Tables 2 and 3).

As reported above, CB are exclusive of grainstones characterized
by mean 2D and 3D values of total porosity higher than about 10
and 15%, respectively (facies Au1 and B). CB are longer and closely
spaced in the facies B, which is characterized by the highest 2D and
3D mean values of porosity (Fig. 13). Conversely, as shown in the
correlation graphs of Fig. 14, the individual PSS show the highest
mean values of lengths, as well as the lowest mean values of
spacing, within the fine- to very fine-grained packstones of facies
C2. These carbonate rocks containing a specific range of clayish
insoluble residue (2e4% in volume, in which the most prevalent
mineral is illite; Fig. 14a). The mean spacing of PSS is positively
correlated to the mean grain size, grain sorting and shape factor,
while their mean lengths are negatively correlated to the afore-
mentioned sedimentological parameters (Figs. 14b, c and d).

7. Discussion

Similar to what it has been previously documented for bed-
parallel compaction bands (CB) by Tondi et al. (2006), thin
section observations suggest that physical compaction of grain-
stones determined progressive strain localization and porosity
reduction within narrow, mm-thick tabular bands (Fig. 12a). This
process has also been observed in limestone samples characterized
by a wide range of 3D porosity (3e37%) deformed in the laboratory
under triaxial loadings (Baud et al., 2000, 2009; Vajdova et al.,
2004; Zhu et al., 2010; Vajdova et al., 2010). The aforementioned
studies addressed a mechanism of inelastic compaction and cata-
clastic flow, which was characterized by pore collapse and in some
cases, grain crushing (Vajdova et al., in press). For the first time, in
this article the contribution of intergranular pressure solution and
subsequent cement precipitation to compaction and porosity
reduction in the internal zone of CB is reported. In fact, in corre-
spondence of the thickest CB it is possible to note that intergranular
pressure solution is accompanied by extensive precipitation in situ
of syn-compactional microsparry cements infilling the intra-grain,
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mode I fractures (Fig. 12a and b). Thin section observations show
precipitation of microsparry cements which are coeval to inter-
granular pressure solution; these cements represent the re-
precipitation of dissolved calcite at skeletal grain-to-grain
contacts (Fig. 12e, cf. Rustichelli, 2010). The fact that, within the
bands, pressure solution processes post-date grain fracturing and
inelastic compaction is analogous to what it has been previously
documented for compactive shear bands (Tondi et al., 2006; Tondi,
2007).

Field observations show that the individual CB grew in length
and thickness at the same time. The longest structures, in fact,
correspond to the thickest ones (Fig. 11b). The powerelaw correla-
tion between CB length and thickness (Fig.11b), characterized by an
exponent¼ 0.63, is quite similar to that documented by Tembe et al.
(2008) and Schultz (2009) for compaction bands in sandstones.

The results of field and, mainly, thin section analyses are
consistent with intergranular pressure solution determining the
development of localized bed-parallel pressure solution seams
(PSS), in agreement with numerous previous studies (Bathurst,
1958; Weyl, 1959; Petit and Mattauer, 1995; Renard et al., 2004).
Both intergranular pressure solution evidence in form of suturated
grain-to-grain contacts (Fig. 12e), and localized 10’s mm thick, iso-
lated PSS were observed (Fig. 12f and g). In order to explain the
data, it is invoked a process consistent with the propagation of
individual PSS perpendicular to the maximum, compressive prin-
ciple stress axis, due to intergranular pressure solution accelerated
by stress concentration around the PSS tips, similar to what it has
been proposed for anticrackmodel (Fletcher and Pollard, 1981). The
lateral propagation of individual PSS was accompanied by contin-
uous formation of clayish insoluble material, which probably
became progressively thicker, from 100’s mm to mm, during
ongoing deformation (Figs. 10b, e, f, g) enveloping undissolved,
strongly fractured and size-reduced grains (Fig. 12c and d). Along
this line, the development of closely spaced anastomosed PSS by
merging of isolated elements is inferred to have occurred during
advanced stages of deformation (Fig. 10d).

In the next chapters, the role of compositional, sedimentological
and pore network characteristics of the carbonates on the devel-
opment and distribution of the studied bed-parallel structural
elements is discussed by assuming similar boundary conditions
(burial depth: 200e2500 m; pressure: 4e60 MPa; Ori et al., 1986;
Mutti, 1995).

7.1. Controls of rock characteristics on development of bed-parallel
compaction bands

Among the studied carbonate facies, the bed-parallel compac-
tion bands (CB) are present only within medium- and medium- to
coarse-grained grainstones. These rocks are characterized by 2D
and 3D values of porosity comprised between 10 and 29%, 15 and
35%, respectively (Table 2 and Fig. 13). Our observations show that
CB are more developed within the medium-grained grainstones of
facies B (25% of mean 2D total porosity, 19% of mean 2D inter-
granular porosity) than in the medium- to coarse-grained grain-
stones of facies Au1 (17% of mean 2D total porosity, 11% of mean 2D
intergranular porosity), and suggest that CB formationwas strongly
dependent on porosity (Baud et al., 2004; Tondi et al., 2006).
Moreover, the aforementioned empirical relationships highlight
Fig. 12. Bed-parallel compaction bands (CB) and pressure solution seams (PSS) under an op
present within the facies B. Note the extensive presence of microsparry cement. c-d) PSS wit
microsparry cement precipitated into plastically deformed Lepidocyclina internal pores, near
pressure solution within facies C2. Intergranular pressure solution mainly focused on echin
(dark grains). g) Incipient PSS within the facies E. Legend: (F) ¼ fracture; (S) ¼ sutu
(M) ¼ microsparry cement; (L) ¼ Lepidocyclina; (Lb) ¼ lamellibranch.
the control exerted by porosity type and distribution on compac-
tion banding. A high amount of uniformly distributed, well-
connected intergranular macroporosity strongly enhanced CB
formation because, probably, it facilitated the process of pore
collapse by mean of grain translation and rotation. On the contrary,
the empirical relationships indicate that the amount of intra-
granular macroporosity did not influence compaction banding.
Similar values of intragranular macroporosity (5e6%) were, in fact,
found for facies B and Au1, which are characterized by dissimilar
distribution of CB (see Tables 2 and 3, and Fig. 11c).

The different control exerted by macroporosity relative to
microporosity on CB development can be also inferred taking into
account that, despite being characterized by 3D porosity values
similar to those of facies Au1 and B, the wackestones and
mudstones of facies E do not contain any CB (Table 2 and Fig. 13b).
Both facies Au1 and B are dominated by macroporosity, whereas
facies E by microporosity. This positive relationship between
amount of macroporosity and CB development is in agreement
with recent works on deformation banding in carbonates. Rath
et al. (2011), in fact, documented that natural deformation bands
have a reduced macroporosity relative to the host rock but
a preserved inner microporosity. Zhu et al. (2010) by mean of
detailed microstructural observations, showed that micropores are
relatively pressure-insensitive in comparison to macropores.

Differently from what previously suggested by Tondi et al.
(2006), who observed compaction bands mainly within coarse-
grained carbonates, the results of this study suggest that finer-
grained, and better sorted grainstones with spherical grains are
keen to compaction banding (Fig. 11c). Moreover, it was observed
that large and elongated grains may represent mechanical obsta-
cles to pore collapse and, hence, compaction banding (Fig. 12b).

The results of our qualitative and quantitative analyses indicate
that both grain sorting and sphericity have a more pronounced
effect on compaction banding than themean grain size. Specifically,
rocks with bryozoans as the dominant skeletal grain type are better
sorted and are characterized by more spherical grains than those
rich in Lepidocyclina. The former carbonate grainstones have higher
values of homogeneously distributed, and well-connected, inter-
granular macroporosity (Table 2, Fig. 7a and b), and, hence, are
more affected by compaction banding. That homogeneous porous
media enhance CB development was also proposed by Louis et al.
(2007).

The results of the present study also suggest that a high amount
of cement is key in order to prevent CB formation in fine-grained
grainstones (facies C1), especially, and fine- to very fine-grained
packstones (facies C2). According to Rustichelli (2010), these
rocks were affected by pre-compactional cementation, which
mainly consisted of syntaxial overgrowth cement around echinoid
plates and spines (Table 1, Fig. 7); and syn-compactional cemen-
tation during coeval, burial-related, pressure solution with
precipitation of microsparry cement (Table 1, Fig. 7). Taking into
account that the physical compaction of sediments pre-dated
pressure solution, only the syntaxial overgrowth cement could
have affected compaction banding. Within coarse- to medium-
grained and medium-grained grainstones (facies Au1 and B), syn-
taxial overgrowth cement is scarce in volume (1e4%) and localizes
around isolated echinoid plates and spines (Fig. 7a and b). Differ-
ently, in the fine-grained grainstones (facies C1, Fig. 7c), the tight
tical microscope view. a) CB within the facies B. c) Detail of the internal zone of a CB
hin the facies Au1. e) Evidence of intergranular pressure solution in facies Au1. Note the
by the suturated contact with an echinoid plate. f) Evidence of pervasive intergranular
oid plates and associated syntaxial overgrowth cements (light “grains”), and red algae
rated grain-to-grain contact; (R) ¼ reddish residue matrix; (E) ¼ echinoid plate;



Fig. 13. The graph shows the best-fitting quantitative correlations between host rock porosity (2D and 3D), and spacing (circles) and length (squares) of bed-parallel compaction
bands (CB) localized within individual carbonate beds. In both graphs, the horizontal bars adjacent to each point represent the ranges of porosity (see Table 2). In b, CB development
is inhibited in facies E despite its high 3D porosity (mean value about 30%). This is due to the predominance of microporosity (about 29%), which is quite unable to promote
compaction banding.
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framework formed by this pre-compactional cement (up to>10% in
volume) may have inhibited grain rotation and translation and,
hence, CB development.

The documented role of cement in CB development could be the
main reason because CB have not been observed in laboratory
Fig. 14. The graphs show the best-fitting quantitative correlations between host rock param
(PSS) localized within individual carbonate beds. Facies E is not considered in b, c and
PSS ¼ isolated pressure solution seams; AN. PSS ¼ anastomosed pressure solution seams.
deformed samples of limestones, with the exception of the case
study presented in the recent article of Cilona et al. (submitted for
publication). The carbonates studied so far in the laboratory, in fact,
were for practical reasons relatively well cemented and, so, not
prone to develop CB.
eters and spacing (circles) and length (squares) of bed-parallel pressure solution seams
d. In a, the correlation curve cannot be expressed as a simple equation. Legend: IS.
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7.2. Controls of rock characteristics on development of bed-parallel
pressure solution seams

Although bed-parallel pressure solution seams (PSS) are present
in all studied carbonate facies, they are characterized by different
dimensional parameters (Table 3). Bed-parallel PSS are mostly
developed within the fine- to very fine-grained packstones of facies
C2, in which they denote a peculiar anastomosed pattern. Due to
the small amounts of clay (2e4% in vol.) in those rocks, it is possible
to infer that it might have enhanced pressure solution (Fig. 14a).
The role of clay minerals in pressure solution has been widely
debated in the past; several experimental studies, conducted on
different types of sedimentary rocks (carbonates, sandstones and
halite), documented that small amounts of clay in rocks (at least
1e2% in volume) may increase dissolution (Weyl, 1959; Andrews
and Railsback, 1997; Renard et al., 1997, 2001; Aharonov and
Katsman, 2009).

The results of the present study are consistent with the PSS
being more developed in carbonates with specific grain sedimen-
tological parameters: (i) fine grain sizes, (ii) good grain sorting and
(iii) high grain sphericity (Figs. 14b, c and d) typical of the pack-
stones of facies C2. These results are in agreement with previously
published works, which show that fine-grained carbonate rocks
are more prone to pressure solution than coarser-grained ones
(Weyl, 1959; Schmoker and Halley, 1982; Halley and Schmoker,
1983; Heydari, 2000). The former rocks promote material
removal and transport by diffusion in the pore fluid phase, and,
therefore, dissolution rates. The good sorting and sphericity of
grains imply a greater number of grain contacts and, hence, stress
concentration sites relative to a rock with similar composition and
grain size and poorer grain sorting and sphericity (Passchier and
Trouw, 1996).

Furthermore, our microscope observations suggest that inter-
granular pressure solution, mainly, localized at the contact points
of grains characterized by absence of internal pores (mainly
echinoids and red algae), which dominate the grain assemblage of
facies C2 (Fig. 12f). Skeletal grain assemblage of rock is, hence,
inferred as a controlling factor on pressure solution. Facies C2 is
also characterized by the highest amount of cement among the
studied carbonates (Table 2). Even if some authors documented
that pre-existing cements may prevent intergranular pressure
solution (Sibley and Blatt, 1976; Tada and Siever, 1989), thin
section observations are consistent with intergranular pressure
solution being focused, in many cases, at the boundaries between
the pre-compactional, syntaxial overgrowth cements and skeletal
grains (Fig. 12f). The pre-compactional cement framework, prob-
ably, hold together the grains during the bulk overburden, pre-
venting them to accommodate strain by mean of physical
compaction processes. High amounts of pre-compactional cements
may have therefore enhanced the pervasive distribution of PSS
within facies C2.

Another peculiarity of the rocks pertaining to facies C2 is their
low 2D and 3D values of total porosity (see Table 2). However,
Merino et al. (1983) documented that the development of bed-
parallel pressure solution seams is enhanced in rocks with high
porosity; these authors, in fact, consider pores able to localize stress
on non porous areas of the rock. Probably, in the rocks studied in
this article, other factors (i.e. clay content, grain characteristics)
play the key role for PSS development.

8. Conclusions

The results of a field and laboratory study conducted on Oligo-
Miocene, ramp carbonates (skeletal grainstones and packstones,
marly wackestones to mudstones) of the Bolognano Formation,
show the control exerted by compositional, sedimentological and
pore network characteristics on the development and distribution
of burial-related, bed-parallel compaction bands and pressure
solution seams. Specifically,

(i) bed-parallel compaction bands formed only within poorly
cemented, porous grainstones (2D porosity > 10%; 3D
porosity > 15%). Their dimensional parameters (i.e., length,
spacing, thickness) were strongly controlled by both sorting
and sphericity of the carbonate grains, as well as by the
amount of intergranular macroporosity. All these rock char-
acteristics enhanced all physical processes (i.e. grain rotation,
translation and fracturing) associated to compaction
banding;

(ii) bed-parallel pressure solution seams predominantly formed
within fine-grained packstones made up of small amounts of
clayish matrix (2e4% of total rock volume) and well-sorted
and spherical carbonate grains with absence of internal
pores. High contents of pre-existing cement enhanced inter-
granular pressure solution;

(iii) well-sorted carbonates with spherical grains may be suitable
to both compaction banding and pressure solution;

(iv) skeletal grain types which compose grain-supported
carbonate rocks (grainstones and packstones), in many cases,
indirectly influence the distribution of both bed-parallel
compaction bands and pressure solution seams.

Moreover, a link between the depositional paleoenvironments,
and related depositional processes responsible for compositional,
sedimentological and pore network characteristics of the studied
carbonate rocks and the relative development and distribution of
burial-related, bed-parallel structures, could be considered. Actu-
ally, carbonates deposited in high-energy environments (i.e.
middle to proximal outer ramp; Fig. 6), consisting of well-sorted,
coarser-grained rocks (i.e. grainstones) characterized by high
values of well-connected, uniformly distributed, intergranular
macroporosity, are more suitable to undergo to compaction
banding. Whereas, carbonates deposited in transitional zones
between high and low energy environments (i.e. intermediate
outer ramp; Fig. 6), are more suitable to undergo to pressure
solution, being made up of fine-grained rocks (i.e. grainstones to
packstones) characterized by well-sorted spherical grains with
small amounts of clay. These peculiar rock characteristics are due
to the contemporaneous deposition of (i) carbonate skeletal sedi-
ments involved in a long transport determining efficient selection,
breaking and rounding of grains, by action of distal bottom
currents, and (ii) small amount of clayish mud by decantation
(Fig. 6).

Considering that the containment and migration capacity of
geofluids in the subsurface within carbonate rocks is strongly
influenced by the distribution of compaction bands and pressure
solution seams, the results of this research provide new tools useful
to improve the prediction of reservoir quality by mapping/simu-
lating/assessing carbonate facies.
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