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ABSTRACT

In this work, we report the results of a 
multidisciplinary study describing the struc-
tural architecture and diagenetic evolution of 
the Rocca di Neto extensional fault zone de-
veloped in poorly lithified sandstones of the 
Crotone Basin, Southern Italy. The studied 
fault zone has an estimated displacement of 
∼90 m and consists of: (1) a low-deformation 
zone with subsidiary faults and widely 
spaced deformation bands; (2) an ∼10-m-
wide damage zone, characterized by a dense 
network of conjugate deformation bands; 
(3) an ∼3-m-wide mixed zone produced by 
tectonic mixing of sediments with different 
grain size; (4) an ∼1-m-wide fault core with 
bedding transposed into foliation and ultra-
comminute black gouge layers. Microstruc-
tural investigations indicate that particulate 
flow was the dominant early-stage deforma-
tion mechanism, while cataclasis became 
predominant after porosity loss, shallow 
burial, and selective calcite cementation. 
The combination of tectonic compaction 
and preferential cementation led to a strain-
hardening behavior inducing the formation 
of “inclined conjugate deformation band 
sets” inside the damage zone, caused by the 
kinematic stress field associated with fault 
activity. Conversely, conjugate deformation 
band sets with a vertical bisector formed 
outside the damage zone in response to the 
regional extensional stress field. Stable iso-
tope analysis helped in constraining the dia-
genetic environment of deformation, which is 
characterized by mixed marine-meteoric sig-
nature for cements hosted inside the damage 
zone, while it progressively becomes more 
meteoric moving outside the fault zone. This 
evidence supports the outward propagation 

of fault-related deformation structures in the 
footwall damage zone.

INTRODUCTION

Understanding the mechanical behavior of 
faulted sediments and high-porosity sandstones 
has a primary impact on the improvement of con-
ceptual models of faulting at very shallow depth, 
including both coseismic rupture propagation 
and creeping along faults (Scholz, 1998; Gratier 
et al., 2011; Ozawa et al., 2011; Yamaguchi et al., 
2011; Imanishi et al., 2012; Kodaira et al., 2012; 
Fagereng et al., 2014). This is particularly true for 
the response of materials to incremental defor-
mation, specifically whether sediments or rocks 
have a strain-hardening or softening behavior 
with shearing and what are the controlling fac-
tors. Strain-hardening characterizes materials 
that show an increasing resistance to deformation 
with progressive increments of stress and strain 
(e.g., Fossen, 2010). It occurs within the inelastic 
deformation field and is responsible for the shift 
to higher stress-strain values of the yield point of 
the deforming material (Mair et al., 2000). On the 
contrary, strain-softening causes a diminishing of 
mechanical properties of the deformed material, 
facilitating deformation along discrete surfaces 
(Fossen, 2010). Strain-hardening in granular 
media such as high-porosity sandstones and 
poorly lithified sediments promotes the transfer 
of deformation to the surrounding undeformed 
sediments, rather than persisting on pre-existing 
deformation structures, which become stronger 
and less easily re-activated (Aydin and Johnson, 
1978; Mair et al., 2000; Fossen et al., 2018). Such 
deformation structures typically consist of defor-
mation bands of different types and geometries 
(e.g., Friedman and Logan, 1973; Aydin, 1978; 
Antonellini et al., 1994; Cashman and Cashman, 
2000; Wilson et al., 2003; Rotevatn et al., 2008; 
Torabi and Fossen, 2009; Fossen et  al., 2018; 
Philit et al., 2018).

Progressive strain-hardening behavior com-
monly leads to the formation of clusters of 
closely spaced deformation bands that, after 
reaching a threshold thickness, eventually fail 
internally to develop preferential slip surfaces 
that accommodate additional strain (Aydin and 
Johnson, 1978, 1983; Antonellini et al., 1994; 
Soliva et al., 2016). The development of discrete 
slip surfaces inside a cluster of deformation 
bands may be related to transient strain-soften-
ing behavior, which allows the displacement to 
be accommodated along narrow structures (Mair 
et al., 2000; Nicol et al., 2013). Strain-harden-
ing and softening are therefore responsible for 
early-stage delocalization of deformation, and 
late-stage localization on discrete slip surfaces, 
respectively. Shear localization in loose materi-
als is expected to increase the kinematically in-
duced shear stress field (e.g., Davis et al., 2012) 
along the fault zone to eventually overcome the 
strength of sediments and produce shear-related 
deformation structure arrays (Logan et al., 1979; 
Hancock, 1985; Sylvester, 1988).

Fault damage zones form as a response to the 
accumulated deformation due to delocalization 
of strain (Kim et al., 2004; Mitchell and Faulkner, 
2009; Choi et al., 2016). Inside damage zones, 
stratigraphic features are often preserved and de-
formation bands are abundant, surrounding thin 
fault cores, where most of the fault slip is accom-
modated (Shipton and Cowie, 2001, 2003; Da-
vatzes et al., 2005; Williams et al., 2017). When 
fault displacement exceeds bedding thickness, 
mixed zones may form between fault cores and 
damage zones (Heynekamp et al., 1999; Rawl-
ing and Goodwin, 2006; Loveless et al., 2011).

Transition from shear delocalization to lo-
calization may correspond to a switch from 
dominant aseismic slip and possibly slow earth-
quakes, typically associated with deformation 
banding (Fossen et al., 2018), to coseismic slip 
producing thin layers of black gouge (Balsamo 
et al., 2014; Ujiie and Kimura, 2014). However, †mattia.pizzati@studenti.unipr.it.
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in some cases, black gouges can form in pris-
tine sediments without the strain-hardening ef-
fect caused by deformation bands in damage 
zones (Balsamo and Storti, 2011). Moreover, 
deformation band development is not restricted 
to low-slip rate deformation, but can also occur 
in response to coseismic slip along faults affect-
ing high-porosity siliciclastic rocks (Cashman 
and Cashman, 2000).

Faulting associated with deformation bands 
influences the hydrological behavior of de-
formed rocks and provides barriers to fluid 
flow, especially toward fluids directed orthogo-
nal to  the band surfaces (e.g., Antonellini and 
Aydin, 1994;  Main  et  al., 2000; Ogilvie and 
Glover,  2001; Sternlof et  al., 2004; Balsamo 
and Storti, 2010; Ballas et al., 2012; Bense et al., 
2013). The barrier role is typically less pro-
nounced in a direction parallel to the strike of 
the deformation bands (Fossen and Bale, 2007). 
However, the hydrological role can be influenced 
by the saturation conditions of the sediments or 
rocks involved in the deformation; deformation 
bands developed under fully saturated condi-
tions are likely to constitute barriers, while those 
formed in partial or non-saturated media may act 
as partial conduits (Sigda et al., 1999; Sigda and 
Wilson, 2003).

At the deformation band scale, pore collapse 
produced by both failure of sedimentary grain 

packing and grain size reduction by cataclasis, 
can favor selective cementation along deforma-
tion bands and fault cores (Antonellini et al., 
1994; Eichhubl et  al., 2009; Balsamo et  al., 
2012; Philit et al., 2015; Williams et al., 2015; 
Del Sole and Antonellini, 2019). Such a pref-
erential structural diagenesis can dramatically 
alter the mechanical behavior of deformation 
bands and fault zones. It follows that, in many 
cases, a combination of physical and chemical 
syn-kinematic processes drives the evolution of 
strain-hardening and softening in high-porosity 
sediments during faulting and, hence, the evo-
lution of fault frictional properties (Antonel-
lini et  al., 1994; Mair et  al., 2000; Skurtveit 
et al., 2015).

In the available scientific literature a few 
works were addressed to study the interaction 
between deformation and related diagenetic pro-
cesses (i.e., cementation), occurring at shallow 
burial conditions (Eichhubl et al., 2009; Philit 
et al., 2015; Williams et al., 2015). In particular, 
the role of syn-kinematic cementation in varying 
the mechanical and frictional properties of de-
formed rocks and driving the deformation style 
and pattern is still poorly constrained and under-
stood. Concerning the evolution of the overall 
fault zone structure, there are uncertainties rela-
tive to the time of development of the structural 
domains composing fault zones.

To shed light and provide answers to the 
aforementioned open questions, we studied 
in detail the cross-sectional architecture of the 
Rocca di Neto extensional fault zone, developed 
in arkosic to lithic-arkosic high-porosity sand-
stone of the Crotone Basin, in Southern Italy. 
The basin provides very good exposures of ex-
tensional fault zones affecting loose sandstone, 
and many of them are characterized by abundant 
occurrence of selective cementation in the form 
of carbonate concretions both in damage zones 
and in fault cores (Balsamo et al., 2012). The 
structure of the Rocca di Neto fault was de-
scribed by mesoscopic and microscopic inves-
tigations, whereas the cementation history was 
constrained by petrographic and stable isotope 
analyses, to determine the overall evolution of 
the fault zone during slip accommodation and 
basin exhumation.

GEOLOGICAL FRAMEWORK

The Rocca di Neto extensional fault zone 
is located in the Crotone forearc basin, which 
developed since Middle Miocene times during 
the SE-ward migration of the Calabrian Arc, 
in the Southern Apennines of Italy (Knott and 
Turco, 1991; Van Dijk and Scheepers, 1995; Van 
Dijk et al., 2000; Zecchin et al., 2004, 2012) 
(Figs.  1A and 1B). The interaction between 
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Figure 1. (A) Regional setting of the Calabrian Arc (Southern Italy) and related accretionary wedge (after Van Dijk et  al., 2000). 
(B)  Geological map of the Crotone Basin (modified after Zecchin et al., 2012). (C) Stratigraphic succession of the entire Crotone Basin 
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subduction of the Adria-Ionian plate underneath 
the European plate, and back-arc spreading in 
the Tyrrhenian Sea, was responsible for the on-
set of different tectonic regimes during basin 
formation and infilling (Polonia et  al., 2011; 
Reitz and Seeber, 2012; Massari and Prosser, 
2013). Since Lower Pliocene times, the basin 
underwent at least five subsidence-uplift cycles, 
induced by the interplay between subduction-
related contraction and back-arc extension (Van 
Dijk, 1994; Van Dijk and Scheepers, 1995; Fer-
ranti et al., 2009; Zecchin et al., 2012; Massari 
and Prosser, 2013). The dominant extensional 
tectonic regime, active since Middle Pleistocene 
times, was likely induced by temporary cessa-
tion or slowing down of subduction underneath 
the Calabrian Arc (Antonioli et al., 2006; Zec-
chin et al., 2012).

The onshore portion of the Crotone Basin 
is bounded to the north and to the south by the 
NW-SE–trending Rossano-San Nicola and Petil-
ia-Policastro left-lateral, strike-slip shear zones 
(Van Dijk, 1994; Zecchin et al., 2004; Galli and 
Scionti, 2006) (Fig. 1B). In the central part of 
the basin, several NE-SW–trending extensional 
fault zones are interpreted to have formed during 
the last extensional event (Antonioli et al., 2006; 
Massari and Prosser, 2013).

Basin infilling started during the Middle Mio-
cene and the sedimentary succession recorded 
sedimentation occurring in depositional environ-
ments spanning from fluvial to shallow marine 
(shoreface-offshore). The entire succession has 
a maximum thickness of 2500 m and is mainly 
composed of sandstones, conglomerates, clays, 
gypsum, and to a lesser extent siliceous sedi-
ments (Fig. 1C). Sedimentation was strongly in-
fluenced by fluctuations of sea level due to the 
transgressive and regressive cycles that have oc-
curred since the Middle Miocene, leading to rap-
idly shifting depositional environments (Zecchin 
et al., 2012).

During the entire infilling history of the Cro-
tone Basin, siliciclastic sediment supply was 
mainly provided by the erosion of the metamor-
phic basement rocks exposed in the adjacent 
Sila Massif since the first stages of basin forma-
tion (Van Dijk et al., 2000; Zecchin et al., 2004, 
2012). The Rocca di Neto fault zone affects the 
most recent portion of the stratigraphic succes-
sion, juxtaposing the Cutro clay in the hanging 
wall, against the poorly lithified Scandale sand-
stone in the footwall (Fig. 1C). In particular, we 
focused on deformation structures well exposed 
in the fault footwall. The Scandale sandstone 
is mainly composed of quartz, K-feldspar, pla-
gioclase, and lithic fragments. Lithics mainly 
consist of gneiss and granitic rock fragments; 
biotite and muscovite micas also occur, but typi-
cally constitute less than 5% of the grains. Other 

accessory minerals are Fe-Ti oxides, detrital 
and biogenic calcite (shell fragments). Cement 
is generally absent and intergranular porosity is 
high. The studied sandstones are heterolithic and 
consist of medium-fine and coarse-grained alter-
nating layers, with immature texture and moder-
ate to good sorting (Balsamo and Storti, 2010).

ANALYTICAL METHODS

To investigate on the type and density of de-
formation bands and faults exposed in the foot-
wall of the Rocca di Neto extensional fault zone, 
we constructed a 63 m long, detailed geological 
cross-section throughout the entire fault foot-
wall. The CF parameter was used to quantify 
deformation band density (Soliva et al., 2016). 
It is defined as follows:

	
CF

f

f
fi

i
av= ∑

∑
−

2

,
	 (1)

where CF stands for clustering factor, fi is the 
density of bands per meter at the ith meter of the 
scan-line, and fav is the average band density 
along the entire scan-line.

Hand samples were collected in different po-
sitions along the fault zone to obtain 55 polished 
thin sections impregnated with blue-dyed resin to 
facilitate porosity estimations (see Data Reposi-
tory Table DR1 for the position of the samples 
in the fault zone).1 Among them, 25 thin sections 
were obtained from carbonate concretion sam-
ples and stained with a solution of alizarin red 
S and potassium ferricyanide to determine the 
nature of carbonate cement (calcite vs dolomite; 
Dickson, 1966). Petrographic investigations on 
thin sections were performed with a standard 
petrography microscope (Zeiss Axioplan 2) and 
on scanned high-resolution images of the entire 
thin section area (Nikon Super CoolScan 5000). 
A cold cathodoluminescence apparatus (CITL 
Mk5-2 operating setting 250 µA and 10 kV) 
was used to investigate in detail generations and 
spatial distribution of cements. Detailed photo-
micrographs of cement and microstructures were 
acquired with a JEOL JSM 6400 scanning elec-
tron microscope (with operating setting 240 nA 
and 20 kV).

Carbon and oxygen stable isotope analysis 
was performed on small powder amounts ex-
tracted from concretion fresh cuts using a dental 
drill. Two sampling transects were made on each 
concretionary body, parallel and orthogonal to 

the basal surface, respectively. Sampling distance 
was 1.0 cm for surface-parallel transects and 1.0 
or 0.5 cm for surface-orthogonal ones, depend-
ing on concretion thickness. A total of 324 iso-
topic pair data was obtained. Carbonate powders 
were reacted with 100% phosphoric acid at a 
constant temperature of 70 °C. An additional 
CO2 reference gas (pure Carrara marble) with 
known isotopic ratio was analyzed during the 
measurements to determine the δ13C and δ18O 
values. Samples were analyzed with a Thermo 
Finnigan DELTA plus XP mass spectrometer 
coupled with a Thermo Finnigan GasBench II 
gas preparation and sample introduction de-
vice. Both δ13C and δ18O values are referred to 
the international standard V-PDB (Vienna Pee 
Dee belemnite). The analytical precision upon 
δ13C determination was 0.10‰ V-PDB, while 
on δ18O it was 0.15‰. The uncertainty was 
0.15‰ for carbon and 0.20‰ for oxygen iso-
topes, respectively (complete isotopic data set 
is provided in Data Repository Table DR2; see 
footnote 1).

The relative rock strength was measured with 
a Schmidt hammer (Proceq Instruments, N-type 
configuration hammer, with an impact energy 
of 2.207 Nm). The instrument provides the Q 
rebound value calculated as follows:

	 Q
Energy recovered

Energy impact
= ×100

( )
( )

,	 (2)

where Q indicates the output rebound value, 
Energy(recovered) is the remaining after the elastic 
rebound and Energy(impact) is the input impact 
strength. A total of 30 rebound values were 
collected on each deformation band or concre-
tionary body. To ensure measurement accuracy, 
selected areas were deeply polished with a co-
rundum abrasive tool in order to remove altera-
tion haloes and reduce surface roughness (Katz 
et al., 2000; Demirdag et al., 2009). Measure-
ments were made keeping the Schmidt hammer 
orthogonal to the reference surface, being the 
instrument equipped with an automatic correc-
tion tool for inclination. Analysis of Q value was 
made after discarding the lower half of data dis-
tribution (Katz et al., 2000).

FAULT ZONE STRUCTURE

The NE-SW–trending Rocca di Neto ex-
tensional fault zone is located ∼1 km south-
westward from the eponymous village and is 
exposed in a dismissed quarry area and along 
a road cut (Fig. 2A). These outcrops provide an 
excellent exposure of the footwall of the fault, 
while the hanging wall side (developed in the 
clayish sediments pertaining to the Cutro clay 
Formation) is almost completely covered by de-
bris. The maximum displacement of the Rocca 

1GSA Data Repository item 2019349, Complete 
isotopic data, concretion samples, statistical analysis, and 
back-calculation of δ18O of parental fluids, is available 
at http://www.geosociety.org/datarepository/2019 or by 
request to editing@geosociety.org.

http://www.geosociety.org/datarepository/2019
http://www.geosociety.org/datarepository/2019
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di Neto fault is estimated to be 80–90 m, on the 
basis of stratigraphic constraints. The entire 
footwall side of the fault zone developed within 
the Scandale sandstone is characterized by the 
occurrence of deformation bands, deformation 
band clusters, and slip surfaces (Figs. 2B and 
2C). Deformation bands far from the master 
slip surface mainly occur in scattered conjugate 

pairs with vertical bisectors (Figs. 2C and 2D). 
Low-displacement antithetic faults also occur 
(Figs. 2 and 3A). In the outer and inner foot-
wall damage zone, and in the footwall mixed 
zone, deformation bands form dense networks 
of conjugate pairs (DB1 and DB2) with inclined 
bisectors (Fig. 2D). Approaching the master slip 
surface, a third set of deformation bands (DB), 

oriented parallel to subsidiary faults, also occurs 
(Figs. 3B–3D).

Low-Deformation Zone

By low-deformation zone (LDZ) we re-
fer to the sector outside the footwall damage 
zone, affected by background deformation. 

A

C

D

B

Figure 2. (A) Satellite image (Google Earth) of the investigated Rocca di Neto fault zone (Crotone Basin, Southern Italy) with the trace of the 
master fault and the position of the studied outcrop. (B) Cumulative structural data regarding faults and deformation bands through the foot-
wall of the Rocca di Neto fault zone (Schmidt lower hemisphere projection). (C) Detailed geological cross-section of the fault zone with the iden-
tified structural domains. (D) Detail of the fault domains, with stereonets plotting the structural data (Schmidt lower hemisphere projection).
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There, bedding has a slight dip (∼5°) toward SE 
(Figs. 2C and 3A). According to the scan-line, 
this domain is ∼48 m wide as indicated by the 
gentle slope of the best-fit line of the cumulated 
deformation band frequency (Fig. 4). The LDZ 
is characterized by the presence of widely spaced 
conjugate deformation bands with displacement 
generally <1–2 cm, and minor conjugate faults, 
with displacement <15–20 cm (Fig. 2C). Defor-
mation bands and subsidiary faults are arranged 
in conjugate patterns making a mean acute dihe-
dral angle of 48° (α in Fig. 5A). The antithetic 
and synthetic sets describe an angle of 47° and 
2° with the master fault, respectively (Fig. 5A). 
The mean density of deformation bands is 
3.5 m–1, with a peak value of 17 m–1 (Fig. 4). 
Higher values are measured in the vicinity of 

three antithetic faults cutting through the entire 
quarry wall and characterized by sharp surfaces 
and displacement values between 0.5 and 1.5 m 
(Fig. 3A). Locally, slip surfaces show preferen-
tial cementation and slickenlines. The deforma-
tion band clustering factor (CF) calculated for 
the LDZ yields a value of 0.62 (Fig. 4).

Footwall Damage Zone

In the footwall damage zone (FDZ) bedding 
is still recognizable, but is locally displaced by 
faults (Fig. 2C). Within the innermost part of 
the footwall damage zone, bedding is tilted in 
fault blocks, and steeply dragged (dip value of 
∼50°) by a high-displacement fault located at 
the footwall damage zone-mixed zone boundary 

(Fig. 2D). The transition to the low-deformation 
domain occurs as a progressive decrease of 
conjugate deformation band and fault density 
(Fig. 4). Subsidiary fault zones are 10–30 cm 
thick, with well-developed slip surfaces and a 
set of sub-parallel deformation bands adjacent 
to them (DB in Figs. 3C and 3D). These fault 
zones have greater displacement approaching 
the master slip surface.

The total width of the FDZ is ∼10 m, as 
constrained by the linear fit of cumulated 
deformation band frequency showing steeper 
slope compared to the low-deformation zone 
(Fig. 4). In particular, the mean density of defor-
mation bands is 6.7 m–1, with a maximum value 
of 11 m–1. The deformation band clustering fac-
tor yields a value of 1.39, i.e., more than twice 

A

C D E

B

Figure 3. Main outcrop structural features of the fault domains along the footwall of the Rocca di Neto fault zone. (A) Low-displacement 
fault within the low-deformation zone. A few, widely spaced deformation bands are also present. Carbonate concretions are present both 
along minor faults and parallel to bedding. (B) Conjugate deformation bands within the footwall damage zone. (C) Detail of the deforma-
tion band sets with mutual cross-cut relationship. (D) Boundary between the footwall damage zone (FDZ) and footwall mixed zone (FMZ). 
(E) Fault core with the main slip surface on the left side of the figure, foliated sandstone and black gouges. DB—fault-parallel deformation 
band; DB1—high-angle deformation band; DB2—low-angle deformation band; CC—carbonate concretion; FDZ—footwall damage zone; 
FMZ—footwall mixed zone.
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that in the LDZ. Based on deformation band 
density, an inner (∼7 m wide) and outer (∼3 m 
wide) footwall damage zone can be identified 
(Fig. 4).

Deformation bands are organized in two 
conjugate sets (Fig. 3B): the first set (DB1), at 
high-angle to bedding, is synthetic with respect 
to the master slip surface, while the second one 
(DB2), at low-angle to bedding, has antithetic 
shear sense (Figs.  2D and 3C). Deformation 
bands show mutually cross-cut relationship and 
occur as single elements or as clusters of anasto-
mosing bands (Fig. 3C). Along single deforma-
tion bands, displacement rarely exceeds a few 
centimeters, while thick clusters of bands may 
show an offset up to 20–25 cm. Conjugate de-
formation bands form an acute dihedral angle of 
59° (Fig. 5B). The antithetic and synthetic sets 
describe an angle of 74° and 17° with the trace 
of the master slip surface, respectively (Fig. 5B).

Footwall Mixed Zone

In the footwall mixed zone (FMZ), bedding is 
almost completely transposed into foliation and 
only locally is still recognizable and displays a 
high dip angle. The FMZ consists of a 2–3-m-
wide domain bounded by a synthetic fault zone 
both on the damage zone and on the fault core 
side (Figs. 2D and 3D). It is characterized by 
closely spaced, fault-parallel deformation bands 
with a mean density of 28 m–1, with a peak value 
of 39 m–1 (Fig. 4). Close to the bounding fault 
zones, deformation bands are characterized by 
greenish colors and are thicker compared to 
those farther away from the two fault zones. 
In this structural domain the deformation band 
clustering factor value is 5.03 and the mean an-
gle that deformation bands form with the master 
slip surface is 13° (Fig. 5C).

Fault Core

The fault core (FC) is a 1–2-m-wide body 
where most of the displacement is accommodat-
ed and deformation intensity is higher (Figs. 2D 
and 3E). It is composed of foliated medium-fine 
sand layers, alternating with coarse sand pods 
as remnants of the transposed original bedding 
(Fig. 3E). The footwall side of the fault core is 
bounded by the master slip surface showing ex-
tensional slickenlines, whereas the hanging wall 
side is mostly covered by debris. Close to the 
master slip surface, numerous black-dark green 
gouge layers are present. Many of them have 
a straight geometry, parallel to the master slip 
surface, while others are gently folded (Fig. 3E). 
Fault-parallel deformation bands also occur, as 
well as conjugate sets. The mean band density 
is 31.5 m–1, with a maximum value of 37 m–1 
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Figure 5. Stereonets 
(Schmidt lower hemi-
sphere projection) with 
contouring of poles to 
deformation band planes 
performed on data col-
lected from different 
structural domains along 
the Rocca di Neto fault 
zone. (A) Deformation 
band data from the low-
deformation zone. (B) 
Deformation band data 
from the footwall dam-
age zone. (C) Deformation 
band data from the foot-
wall mixed zone. Mean 
deformation band planes 
are calculated from the 
maximum pole density. 
Relationships between 
deformation bands and 
main fault are reported as 
angles. α-αI—acute and 
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described by conjugate 
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(Fig. 4). Deformation bands and gouges mutu-
ally cross-cut each other.

MICROSTRUCTURAL ANALYSIS

Deformation bands developed within the low-
deformation zone, outside the fault footwall, 
usually show grain packing re-organization and 
incipient fragmentation of coarse grains, with-
out evidence of significant grain rotation and 
cataclasis (Fig.  6A). Conjugate deformation 
bands inside the footwall damage zone display 
evidence for grain rotation, grain size reduc-
tion, and preferential orientation of grain major 
axes (Fig.  6B), even for millimetric displace-
ments. Fault-parallel deformation bands are 
characterized by significant grain size reduc-
tion (Fig. 6C). Within the footwall mixed zone, 
fault-parallel deformation bands are thicker than 
those in the footwall damage zone and show ex-
tremely sharp boundaries at the thin section scale 
(Fig. 6D). Grain size reduction is not uniform, 
but is enhanced in ∼250-µm-thick slip zones lo-
cated in the central sectors of the deformation 
bands (Fig.  6D). Such crushed cores show a 
fine-grained brown matrix surrounding survivor 
quartz grains. The matrix is almost completely 

composed of crushed feldspar and plagioclase 
grains, fine particles of former calcite cement, 
and less abundant quartz chips.

High-strain fault-parallel deformation bands 
locally include ultra-comminute layers. They 
are typically asymmetric and show discontinu-
ous gradients of grain size reduction organized 
in thin domains paralleling the deformation band 
boundaries, and are characterized by the prefer-
ential alignment of grains to produce a foliation 
(Fig. 6E). Some deformation bands, especially 
inside the footwall mixed zone and fault core, 
host calcite micro-veins located within their 
strongly comminute cores. These veins are ar-
ranged in two patterns: (1) fault-parallel ge-
ometry, which is the most frequent one and is 
characterized by veins with a maximum width 
of 800 µm; (2) tiny veins (maximum width 
<100 µm) arranged in left-stepping en-échelon 
array forming angles of 40–50° with slip sur-
faces, i.e., coherent geometry with extensional 
shearing.

In the fault core, foliated sandstone hosts thin 
black gouges consisting of a very fine-grained, 
dark-colored ultra-comminute matrix and a few 
survivor grains. Immediately outside the gouge 
layers, S-C type structures indicating extensional 

shear frequently occur (Fig. 6F). As observed at 
the meso-scale, and at the micro-scale, gouge 
layers show mutual cross-cut relationships with 
conjugate deformation band sets.

CEMENTATION PATTERN

Preferential cementation occurs throughout 
the investigated outcrop in the form of diage-
netic concretions locally cementing the loose 
host sandstone. The vast majority of concre-
tions are associated with deformation bands and 
faults. Bedding-parallel concretions are rare and 
usually show a limited lateral continuity and 
thickness typically lower than 5 cm (Fig. 3A). 
Inside the low-deformation domain, concretions 
hosted within faults and deformation bands dis-
play a tabular geometry with thickness varying 
between 5 and 10 cm, increasing in deformation 
band clusters and subsidiary faults. Almost all 
subsidiary faults and fault zones in the foot-
wall damage zone are characterized by tightly 
cemented bodies (Fig. 3D). Here, concretions 
encase deformation bands and thick deforma-
tion band clusters to form cemented bodies as 
thick as 15–20 cm. The footwall mixed zone is 
characterized by an abrupt increase in concretion 
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number and diagenetic bodies are offset along 
conjugate deformation band sets, thus showing 
limited thickness (<10 cm) and lateral continu-
ity (Fig. 3D). The magnitude of the offset dis-
played by concretions is not constant throughout 
the entire structural domain, but depends on the 
accommodated displacement along the inclined 
conjugate system of deformation bands. Concre-
tion development along the bounding surface of 
conjugate deformation bands resulted in geomet-
ric arrays resembling folds (Fig. 7). The intersec-
tions of the lineations between concretions with 
different dip, plot almost parallel to the strike of 
the master slip surface (Fig. 7). Inside the fault 
core, only one laterally continuous, 30–40-cm-
thick tabular concretion occurs along the master 
slip surface.

Concretion Petrography

Cement petrography was investigated both on 
the undeformed as well as on the deformed sand-
stone inside deformation bands along the same 
concretions.

Concretionary bodies developed in unde-
formed loose sandstone of the low-deformation 
zone are made up of sparitic calcite with mosaic 
texture and crystal size up to 70–80 µm (C2 in 
Fig. 8A). The size of the crystals tends to in-
crease where the pore space is larger. Locally, 
calcite cement forms also syntaxial overgrowths 
around peloids, fossil shells, and detrital calcite 
grains. Under cathodoluminescence (CL), this 
cement displays very bright yellow-orange lu-
minescence, with a few and thin dull sub-zones 
(C2 in Fig. 8A). Concretions developed by pref-
erential cementation along deformation bands 
and subsidiary faults within the low-deformation 
zone are characterized by cementation patterns 
similar to those developed in the undeformed 

sandstone, still with bright-yellow lumines-
cence (C2 in Figs. 8D–8F). The main difference 
is the crystal size of calcite, which is typically 
<10–20 µm (Fig. 9A). Locally, grain boundaries 
have a 10-µm-thick fringe of undeformed equant 
calcite (Fig. 8D). Calcite cement, infilling inter-
granular pores, includes both crushed and unde-
formed calcite crystals, the latter still preserving 
the original shape (Fig. 9A). Intergranular pores 
are frequently partially filled by grain fragments 
and have very fine-grained sparitic calcite ce-
ment (Fig. 8F).

Concretions developed in undeformed sand-
stone within the footwall damage zone are char-
acterized by a more complex cementation pat-
tern. The dominant cement is still sparitic mosaic 
calcite, but with coarser size, up to 90–100 µm 
(Fig.  8B). Under CL, this calcite displays a 
dull dark-brown color in the core of the crys-
tals (C1), followed by growth zonations with a 
bright-yellow luminescence (C2) (Fig. 8B). The 
observed CL-pattern varies according to the po-
sition inside concretions: concretion cores have a 
dominant dark-brown cement (C1), while mov-
ing to the outer edges bright-yellow sub-zones 
typically occur and eventually become the dom-
inant cement type (C2) (Fig. 8B). Concretions 
developed along deformation bands within the 
footwall damage zone commonly encase a high 
number of closely spaced deformation bands. In 
these cases, deformation bands located close to 
concretion nuclei display very fine-grained cal-
cite crystals (Fig. 9B) with brownish CL color 
(C1) (Fig. 8G). Deformation bands located in 
proximity of concretion outer edges are cement-
ed by almost equal proportions of brown (C1) 
and yellow-luminescent fine-grained calcite 
(C2) (Fig. 8H).

Concretions developed in undeformed sand-
stone within the footwall mixed zone and fault 

core have a prevalent cement composed of spa-
ritic calcite with crystal size ranging from 30 to 
200 µm (Fig. 8C). Analysis under CL reveals 
dark-brown luminescence similar to the one 
characterizing cements from concretions sam-
pled in the damage zone (C1) (Fig. 8B). How-
ever, no bright-yellow luminescent cement (C2) 
was found.

Concretions developed along deformation 
bands in the footwall mixed zone and fault core 
show again a dark-brown cement under CL (C1). 
In particular, deformed fine-grained cement is 
mixed with the fine matrix made up of crushed 
feldspar and to a lesser extent, quartz grains 
(Fig. 8I). Concretions encasing fault-parallel de-
formation bands show dark comminute cement 
inside cores, and less deformed, dark-brown cal-
cite in the outer sectors (C1) (Figs. 8J and 9C).

Vein Petrography

Most of the veins pertaining to the fault-par-
allel pattern are partially cemented by mosaic 
equant to elongate (dogtooth) calcite (Figs. 8K 
and 9B), while only a few are completely filled. 
The CL color is brown dull-orange, similar to 
that shown by calcite cementing concretions out-
side the veins (C1 in Fig. 8K). En-échelon veins 
have a limited lateral continuity and are usually 
completely filled by mosaic calcite with brown 
CL color (Figs. 8L and 8M). Some of these veins 
display little drag and shearing in the vicinity of 
deformation bands.

Cement Stable Isotope Geochemistry

Stable isotope data acquired from concretions 
in different structural positions are reported in 
a δ18O-δ13C cross-plot (Fig. 10A). In particular, 
concretions associated with deformation bands 
and subsidiary faults from the low-deformation 
zone, are characterized by δ13C spanning in a 
wide range of values (from –23.08 to –8.98‰) 
and δ18O with a narrow span (from –8.45 to 
–4.12‰ V-PDB). A concretion formed along an 
erosive surface not related to deformation struc-
tures has different isotopic signature, with less 
depleted δ13C (from –9.3 to –0.08‰) and δ18O 
(from –6.66 to –1.55‰ V-PDB) (Fig. 10A). Data 
from diagenetic bodies sampled inside the foot-
wall damage zone show only a limited overlap 
with those from concretions in the low-deforma-
tion zone. In particular, δ13C ranges from –10.35 
to –0.02‰ while δ18O values span from –5.39 to 
–1.25‰ V-PDB (Fig. 10A). Concretions within 
the footwall mixed zone have less depleted iso-
topic signatures, with δ13C values spanning from 
–3.26 to –0.16‰ and δ18O values in the –3.99 
to –1.32‰ V-PDB range (Fig. 10A). Eventually, 
concretions sampled from the fault core have 

Figure 7. Outcrop photo 
of a concretion located 
within the footwall mixed 
zone, at a distance of 2 m 
from the master fault, 
resembling a folded-
dragged geometry along 
the intersection line be-
tween the two conjugate 
deformation band sets. 
Poles in the stereonet are 
the intersection lines of the 
two conjugate sets of de-
formation bands. DB1—
high-angle deformation 
band; DB2—low-angle 
deformation band; CC—
carbonate concretion.
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isotopic values of δ13C spanning from –8.09 to 
–0.49‰, while δ18O values vary from –7.51 to 
–2.09‰ V-PDB (Fig. 10A).

Data from sampling transects along and 
across concretions show peculiar isotopic sig-
natures. Concretions from the low-deformation 
zone are characterized by the most depleted δ13C 
values (–20.18‰) located in the central parts 
of the cemented cores, while outer edges have 
less depleted isotopic signatures (–13.31‰) 
(Fig. 10B). δ18O values describe asymmetrical 
variations, being the most depleted sector lo-
cated close to one boundary (–6.71‰ V-PDB), 
whereas less depleted signatures characterize 
concretion cores (around –5.51‰ V-PDB) and 
least depleted values occur close to the other 
boundary (–4.56‰ V-PDB) (Fig.  10B). Con-
cretions from the footwall damage zone show 
symmetric variations in isotopic values with 
respect to their geometry. The most depleted 
δ13C values (–10.35‰) are recorded along the 
outer zones, while cores have the least depleted 
values (–2.34‰) (Fig. 10C). δ18O data follow 
the same trend described by carbon, with the 

most depleted values close to cores (–5.39‰ 
V-PDB) and the least depleted ones pertaining 
to the outer edges (–2.92‰ V-PDB) (Fig. 10C). 
The concretion from the fault core displays more 
stable isotopic signatures along the two trends 
in comparison with data from the footwall dam-
age zone. From the core to the outer edge, δ13C 
values display a variability between –1.89 and 
–0.9‰, whereas δ18O values span from –4.03 to 
–2.2‰ V-PDB (Fig. 10D). However, consider-
ing all concretion samples from the fault core 
there is a significant isotopic variability from one 
sample to the other.

UNIAXIAL COMPRESSION STRENGTH 
DATA

Undeformed and loose pristine host sandstone 
is characterized by Schmidt hammer rebound 
values lower than the detection limit of the in-
strument (8.5 Q) (Fig. 11). Within the footwall 
damage zone, deformation bands pertaining to 
DB1 set are characterized by a mean Q value 
of 12.03, while deformation bands pertaining to 

DB2 set have a mean value of 11.43 (Fig. 11). 
Fault-parallel deformation bands (DB) hosted 
within the footwall mixed zone are characterized 
by a mean Q value of 13.7. A tabular concre-
tion cementing a low-displacement fault in the 
low-deformation zone displays a mean Q value 
of 50.13, while inside the footwall damage zone 
a similar body has a mean Q value of 61.7. De-
formed concretions in the footwall mixed zone 
and fault core have mean rebound values of 
58.06 and 35.76, respectively (Fig. 11). Collec-
tively, diagenetic concretions have mean Q re-
bound values 3–5 times higher than uncemented 
deformation bands.

DISCUSSION

Regional and Kinematically Induced Stress 
Fields from Conjugate Deformation Bands

The investigated fault zone has peculiar strik-
ing deformation patterns considering the low-de-
formation zone and the fault zone itself (damage 
zone, mixed zone, and fault core).
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By applying basic fault mechanics (e.g., Man-
dl, 2000), conjugate deformation bands offer the 
possibility to determine the orientation of the 
principal axes of the stress ellipsoid both inside 
and outside the Rocca di Neto footwall damage 
zone (Figs. 2C and 12). In the low-deformation 
domain, outside the fault zone, the intersection 
line between DB1 and DB2 deformation band 
sets yields the orientation 234°, 4° (strike-dip) 
for the σ2 axis. The bisector of the angle between 
the two conjugate sets yields a σ1 oriented almost 
vertically, with a slight plunge toward the north 
(8°, 86°). The pole of the σ1-σ2 plane provides 
the orientation of σ3 (145°, 3°), which is consis-
tent with the extension direction inferred from 
slickenlines (Fig. 12A). In the footwall damage 
zone, mixed zone, and fault core the bisector 
of the average angle between the two DB1 and 
DB2 conjugate deformation band sets provides 
a NW-plunging σ1 axis (306°, 65°), describing 
an angle of 44° with the trace of the master slip 

surface. The intersection line between DB1 and 
DB2 yields an almost horizontal σ2 axis, with a 
slight plunge toward NE (45°, 3°). The pole of 
the σ1-σ2 plane provides the orientation of the σ3 
axis (137°, 25°) (Fig. 12B).

Results from inversion of deformation band 
data indicate that: (i) two different paleo-stress 
fields occurred in the study area, outside and 
inside the footwall damage zone of the Rocca 
di Neto fault, respectively; (ii) the paleo-stress 
field inferred from the low-deformation zone is 
typical of “Andersonian extensional faulting” 
(i.e., bisecting the acute dihedral angle (48°) 
described by conjugate deformation bands. 
Following this, σ1 plots at 24° from deforma-
tion band surfaces and is almost vertical; e.g., 
Mandl, 2000) (Fig. 12A). This can be assumed 
to represent the regional (basin-scale) stress 
field affecting the Crotone Basin since Middle 
Pleistocene times (Zecchin et al., 2012), because 
the orientation of the principal axes of the stress 

ellipsoid fits well with the mean NE-SW trend 
of extensional fault zones involving Pleistocene 
sediments; this regional stress field could be 
associated both to the tectonic uplift as well as 
to the pull-apart structure formed between the 
bounding shear zones (Van Dijk, 1994; Ferranti 
et al., 2009; Zecchin et al., 2012) (Fig. 1B). (iii) 
The paleo-stress field inferred from the footwall 
damage zone and mixed zone is not compliant 
with the classic “Andersonian faulting,” rather 
the inclination of σ1 with respect to the master 
slip surface fits extremely well with a kinemati-
cally induced stress field (e.g., Davis et al., 2012) 
produced by fault activity in a 8–10-m-wide belt 
from the master slip surface (Fig. 12B). σ1 bi-
sects the acute dihedral angle (59°) and plots at 
44° from the master fault trace (Fig. 12B). In this 
view, conjugate high- and low-angle deformation 
band sets can be interpreted as Riedel shears (Pe-
tit, 1987; Davis et al., 2000; Ahlgren, 2001; Katz 
et al., 2004; Olsson et al., 2004). In particular, 
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DB1 deformation band set constitutes synthetic 
R shears (at ∼17° to the master slip surface), 
while DB2 features antithetic R1 shears (at ∼74° 
to the master slip surface) (Davis et al., 2000). 

The orientation of the σ1 axis of the kinematical-
ly induced stress field with respect to the master 
slip surface, as well as that of R and R1 shears, 
indicates that slip on the master fault itself oc-
curred by simple shear.

Deformation Mechanisms and Physical 
Strain-Hardening

Deformation in the Rocca di Neto fault zone 
occurred at very shallow burial depth (<1 km) 
(Balsamo and Storti, 2010; Zecchin et al., 2012). 
This hypothesis is further supported by the limited 
thickness of the stratigraphic succession overly-
ing the formations involved in deformation along 
the fault zone and by the limited compaction and 
high-porosity characterizing the pristine sand-
stone (Balsamo and Storti, 2010; Zecchin et al., 
2012). The deformation mechanisms responsible 
for the development of deformation bands and 
gouges are particulate flow followed by catacla-
sis. In particular, outside the footwall damage 
zone, non-destructive particulate flow (Rawling 
and Goodwin, 2003) was the dominant deforma-
tion mechanism active during deformation band 
formation, witnessed by grain reorganization 
with negligible sliding and limited fragmenta-
tion (Fig. 6A). However, evidence of cataclasis 
are found only inside thick clusters of deforma-
tion bands or along subsidiary faults (Fig. 13A). 
Conversely, cataclasis and wear processes (e.g., 
Engelder, 1974; Rawling and Goodwin, 2003; 
Balsamo and Storti, 2010, 2011) occurred exten-
sively in the footwall damage zone, where they 
overprinted early particulate flow, as indicated 

by the severe fragmentation and comminution 
affecting the grains (Figs. 6B–6F). The switch 
between the two deformation mechanisms was 
likely facilitated by: (1) significant loss of sedi-
ment porosity by tectonic compaction within the 
fault zone promoting a tighter fabric and increas-
ing grain to grain contacts (Antonellini et  al., 
1994; Shipton et al., 2005); (2) early selective 
cementation localized along deformation bands 
and faults (Mozley and Goodwin, 1995; Caine 
and Minor, 2009; Philit et al., 2015; Skurtveit 
et al., 2015; Williams et al., 2017); (3) increase of 
fault displacement locally accommodated within 
deformation bands (Torabi et al., 2007; Kaproth 
et al., 2010); (4) increasing strain near the master 
slip surface (Cashman and Cashman, 2000; Mair 
et al., 2000). There is a displacement gradient 
moving to the master fault, so that deformation 
structures found close to it, typically display a 
more mature cataclastic fabric following higher 
displacement magnitude.

The strain-hardening behavior of deformation 
mechanisms in the fault zone (Aydin and John-
son, 1978; Mair et al., 2000; Fossen et al., 2018) 
is supported by the abrupt increase of deforma-
tion band density occurring in the footwall dam-
age zone, mixed zone, and fault core (Fig. 4). The 
presence of ultra-comminute layers in the central 
cores of deformation bands (Figs. 6D, 6E, and 
13B) and micro-veins developed within these 
layers, provides evidence for late-stage shear 
and strain-localization processes of deformed 
sandstone (Aydin and Johnson, 1978; Davatzes 
et al., 2005; Fossen et al., 2018) that eventually 
is suitable to fail by Coulomb shear due to the 
increased cohesion (Fossen, 2010; Davis et al., 
2012) (Fig. 13C). The slightly positive trend of 
Q values moving from deformation bands in the 
outer part of the footwall damage zone toward 
the mixed zone (Fig. 11) is associated with the 
corresponding increase of comminution inten-
sity due to higher displacement along single 
bands. The late-stage localization of deformation 
could be due to transient strain-softening behav-
ior of deformation bands reached just before the 
yield point, facilitating the slip accommodation 
(Mair et al., 2000). Another possible explanation 
could be the overcome of frictional properties of 
the cemented and deformed sandstone operated 
by the stress conditions imparted by the master 
fault (syn-kinematic stress field).

Syn-Kinematic Cementation and Chemical 
Strain-Hardening

Selective cementation in the form of carbon-
ate concretions is strictly linked to deformation 
structures (deformation bands, clusters of bands, 
and subsidiary faults), while bedding-related 
concretions are only a few and limited to the 
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Figure 12. Orientation 
of stress field deduced 
from conjugate deforma-
tion bands found in the 
low-deformation zone 
and within the footwall 
damage zone, based on 
geometrical relation-
ships shown in Figure  5 
(Schmidt lower hemi-
sphere projection). (A) 
Stress field inferred 
from conjugate deforma-
tion band sets inside the 
low-deformation zone. 
(B) Stress field inferred 
from inclined conjugate 
deformation band sets 
inside the footwall dam-
age zone. DB1—high-
angle deformation band; 
DB2—low-angle defor-
mation band; MF—mas-
ter fault.
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low-deformation domain. Cement started to form 
within deformation bands and subsidiary faults 
possibly enhanced by the presence of crushed 
detrital fossil shell fragments acting as cemen-
tation nuclei for successive calcite precipitation 
(Bjørkum and Walderhaug, 1990). In addition to 
the role of calcite fragments in favoring cemen-
tation, also crushing and pervasive fracturing of 
siliciclastic grains could have facilitated the con-
tinuous cementation (Williams et al., 2015). The 
lower porosity and permeability within faulted 
sediments could have caused an increase of fluid 
retention time regardless of the water-saturation 
conditions, leading to a continuous cementation 

through time (Antonellini et al., 1994; Sigda and 
Wilson, 2003; Wilson et al., 2003). Moreover, 
the presence of black thin gouges in the fault 
core supports coseismic slip events (Balsamo 
and Storti, 2011; Balsamo et al., 2014), which 
might have caused rapid drops of CO2 pressure, 
inducing fast calcite precipitation within defor-
mation bands located close to the master fault 
(Hendry and Poulsom, 2006).

The isotopic signature of cements recorded 
different fluid nature during calcite precipita-
tion in different fault sectors. The marine water 
end-member was assumed from mollusk shells 
sampled from other nearby faults by Balsamo 

et al. (2012) and is characterized by a mean δ13C 
of + 0.3‰ and a δ18O of –0.5‰ V-PDB.

To directly compare the isotopic data sets from 
different structural positions of the fault zone, the 
δ18O isotopic composition of the parental fluids 
was back-calculated. To this end, we adopted the 
fractionation formula of Friedman and O’Neil 
(1977), assuming 10 °C as the temperature of 
superficial fluids, 500 m as the maximum burial 
depth and a geothermal gradient of 20 °C/km. 
Data were compared with the expected δ18O of 
meteoric fluids characterizing the Crotone Ba-
sin (Giustini et al., 2016). According to this, the 
δ18O of marine water reported in a previous work 
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(Balsamo et al., 2012) results + 0.5‰ V-SMOW, 
while present day meteoric fluids in the Crotone 
Basin have an isotopic signature spanning from 
–7 to –5‰ V-SMOW (Giustini et al., 2016). (For 
further details on back-calculation of δ18O of pa-
rental fluids, see Data Repository Table DR4; see 
footnote 1.)

The δ18O of parental fluids from the fault core 
samples displays a pronounced span with data 
ranging from –6.51 to –1.08‰ V-SMOW. To-
gether with the range of δ13C (–8.09 to –0.49‰ 
V-PDB), this suggests a mixed source of fluids, 
with the less depleted values corresponding 
to mixed marine-meteoric fluids and the more 
depleted to meteoric ones (Hudson, 1977; Gi-
ustini et al., 2016) (Figs. 10A and 10D). This 
is further supported by the dull-brown CL-re-
sponse of cements and veins (C1), suggesting 
oxidizing conditions (Barnaby and Rimstidt, 
1989) (Figs. 8C and 8K). Concretions from the 
footwall mixed zone have a narrower interval 
of δ18O values with respect to the ones from the 
fault core (–2.63 to –0.32‰ V-SMOW). These 
values would suggest again a mixing of marine 
and meteoric water, with the first one being the 
dominant component, as further indicated by 
the δ13C oscillating between –3.26 and –0.16‰ 
V-PDB (Hudson, 1977; Giustini et  al., 2016) 
(Fig. 10A). C1 calcite with brown-dull CL re-
sponse supports oxidizing conditions during 
precipitation (Barnaby and Rimstidt, 1989). The 
footwall damage zone hosts concretions formed 
by fluids with δ18O spanning from –4.38 to 
–0.24‰ V-SMOW. δ13C describes a large span 
from –10.35 to –0.02‰ V-PDB, thus suggesting 
an evolving fluid source from marine to mete-
oric during progressive cementation (Hudson, 
1977; Giustini et al., 2016) (Figs. 10A and 10C). 
The spatial distribution of C1 and C2 cements 
along concretionary bodies (from the edge to the 
nucleus) indicates that the first cement is related 
to pore fluids with mixed marine-meteoric isoto-
pic signature, while the second one to meteoric 
pore fluids (Fig. 8B). The change from brown-
dull to bright luminescence could be related 
to the onset of more reducing conditions dur-
ing cementation (Barnaby and Rimstidt, 1989) 
(Figs. 8B, 8G, and 8H). Eventually, concretions 
from the low-deformation zone were formed 
by fluids with δ18O from –7.44 to –0.54‰ V-
SMOW and with δ13C spanning from –23.08 
to –0.08‰ V-PDB (Figs. 10A and 10B). How-
ever, it has to be stressed that these considerably 
wide ranges of variation are due to the inclusion 
of one bedding-related concretion inside the 
data set. In fact, fault-related concretions have 
δ18O of parental fluids spanning from –7.44 to 
–3.11‰ V-SMOW, with a δ13C ranging from 
–23.08 to –9.2‰ V-PDB (Fig.  10A). On the 
contrary, bedding-related concretion has δ18O 

Figure 14. Evolutionary 
model of the studied Rocca 
di Neto fault zone. (A) Early 
stage of deformation with 
nucleation of deformation 
bands in a marine pore 
water-dominated diagenetic 
environment. At this stage 
the fault zone consisted of a 
cluster of deformation bands 
formed under the regional-
dynamic stress field. (B) 
With progressive displace-
ment the fault zone widened 
toward the undeformed 
domain due to the tectonic 
compaction and preferential 
cementation occurring un-
der mixed marine-meteoric 
pore fluids. The conjugate 
deformation bands formed 
under a kinematic stress 
field produced by the dis-
placement accommodation 
along the fault core. Dur-
ing this stage the footwall 
mixed zone and damage 
zone formed, the latter host-
ing conjugate deformation 
bands and subsidiary faults. 
(C) With continuing strain 
accommodation the fault 
zone reached a critical width 
that forced the localization 
of the deformation along the 
fault core. Displacement was 
likely accommodated by al-
ternating coseismic and slow 
slip events affecting tectoni-
cally compacted sandstone, 
producing black gouges and 
deformation bands inside the 
fault core. At the same time, 
inside the footwall damage 
zone the conjugate deforma-
tion bands underwent clus-
tering and contributed to the 
overall displacement parti-
tioning. Some concretions 
were deformed along the 
deformation bands and re-
corded an isotopic signature 
shifting progressively from 

mixed marine-meteoric to meteoric fluids. (D) In the last stage of uplift the deformation is 
delocalized toward the low-deformation zone, where widely spaced conjugate bands formed. 
Concretions hosted along these deformation bands and subsidiary faults are characterized 
by marked meteoric signature. LDZ—low-deformation zone; FDZ—footwall damage zone; 
FMZ—footwall mixed zone; FC—fault core; DB—fault-parallel deformation band; DB1—
high-angle deformation band; DB2—low-angle deformation band; σ1d—dynamic maximum 
stress axis; σ1k—kinematic maximum stress axis; d—displacement.
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values from –5.65 to –0.54‰ V-SMOW and 
δ13C from –9.39 to –0.08‰ V-PDB (Fig. 10A). 
According to these data, fault-related concre-
tions in the low-deformation zone formed un-
der meteoric fluid circulation, with contribution 
from percolation through soils and bacterial-
mediated alteration of organic matter (Hudson, 
1977; Nelson and Smith, 1996) (Figs. 10A and 
10B). The bedding-related concretion nucleated 
under mixed marine-meteoric conditions, while 
the last cementation stages involved markedly 
meteoric fluids. Bright CL-response shown by 
these concretions further supports the hypoth-
esis of a meteoric origin of pore fluids and re-
ducing conditions produced by fermentation of 
organic matter (Barnaby and Rimstidt, 1989) 
(Figs. 8A, 8D, and 8E). Since the bedding-re-
lated concretion is not constrained to deforming 
structures it recorded a complete diagenetic his-
tory imparted by mixed marine-meteoric fluids 
in the early diagenesis stage and by markedly 
meteoric fluids in the last cementation phase 
(see Data Repository Table DR3 for statistical 
analysis on isotopic data sets; see footnote 1).

The presence of both undeformed and crushed 
fine-grained cement inside deformation bands, 
as well as slickenlines formed by mechani-
cal striations, suggests that partial cementation 
started during deformation (syn-kinematic) and 
was then completed by younger, undeformed ce-
ment (post-kinematic) (Figs. 8D–8H). In high-
displacement deformation bands close to the 
fault core, the very limited free pore volume due 
to strong tectonic compaction, prevented the ex-
tensive early stage cementation (Skurtveit et al., 
2015) (Figs. 8I and 8J).

Development of syn-kinematic carbonate 
concretions along two cross-cutting orientations 
progressively created a network of much stron-
ger material compared to cohesive deformation 
bands (see Fig.  11). Accordingly, the overall 
strength of the footwall damage zone likely in-
creased through time. Moreover, the presence 
of a dense network of cohesive material within 
poorly lithified sandstone triggered a complex 
pattern of stress concentration patterns, facilitat-
ing brittle failure as highlighted by the striations, 
micro-fractures, and veins shown by concretions 
located close to the master fault (Figs. 8K–L). 
Striations are found only upon concretions and 
deformation bands due to the higher cohesion 
with respect to the tectonically compacted sur-
rounding sandstone.

Fault Zone Evolution

The multidisciplinary data set collected in the 
structural domains composing the Rocca di Neto 
extensional fault zone, allowed us to obtain 
robust constraints on its structural evolution, 

framed within varying diagenetic environmental 
conditions. Deformation in the Scandale sand-
stone, which was deposited following a regional 
subsidence pulse (Zecchin et al., 2012), likely 
started in a marine pore fluid-dominated environ-
ment and very shallow burial of ∼400–500 m, on 
the basis of stratigraphic constraints (Balsamo 
and Storti, 2010; Zecchin et al., 2012). The ex-
tensional shear zone originated as a fault-parallel 
deformation band cluster, developed in response 
to a basin-scale vertical σ1 (Fig. 14A), similar 
to what is described in many other extensional 
settings worldwide (Aydin and Johnson, 1978; 
Shipton and Cowie, 2003; Ballas et al., 2015; 
Soliva et al., 2016) and in other fault zones af-
fecting the high-porosity sandstones of the Cro-
tone Basin (Balsamo and Storti, 2010, 2011). At 
this stage, the fault core consists of a few cm 
thick slip surface on one side of the deforma-
tion band cluster (Fig.  14A). No concretions 
with clear marine isotopic signature were found 
in the studied exposures of the Rocca di Neto 
fault zone, thus suggesting that early structural 
diagenesis did not include selective cementation 
of deformation bands. This feature may relate to 
under-saturated conditions of marine water with 
respect to carbonate species (Bjørkum and Wal-
derhaug, 1990).

The well-known strain-hardening behavior 
of deformation bands (e.g., Aydin and Johnson, 
1978; Mair et  al., 2000; Fossen et  al., 2018) 
caused progressive widening of the shear zone 
by outward migration of deformation, produc-
ing new fault-parallel deformation bands and a 
proto-damage zone during regional uplift and 
transition from a marine-dominated environ-
ment to a mixing zone of marine and meteoric 
fluids (Fig.  14B). This inference is based on 
the isotopic signature of tabular to lens-shaped 
concretions that started to nucleate along defor-
mation bands, deformation band clusters, and 
faults likely due to capillary suction and to high 
retention time of fluids inside faulted sandstone 
(Sigda et al., 1999; Sigda and Wilson, 2003; Wil-
son et al., 2003; Balsamo et al., 2012). The foot-
wall mixed zone nucleated next to the narrow 
fault core almost coevally with the proto-damage 
zone, and cementation started along deforming 
structures inside these domains (Fig. 14B). This 
is further confirmed by the isotopic signature 
shown by concretions close to the master fault, 
which suggests cementation operated by fluids 
with composition close to the marine water end-
member (Figs. 10C and 10D). The combination 
of tectonic compaction (Engelder, 1974; Mair 
et al., 2000; Kaproth et al., 2010; Fossen et al., 
2018) and preferential cementation (Mozley 
and Goodwin, 1995; Caine and Minor, 2009; 
Balsamo et al., 2012) with continuing fault slip, 
further enhanced the overall strain-hardening 

behavior within the fault zone, which continued 
propagating outward into the undeformed sedi-
ments. Under the new kinematically induced 
stress field, dense clusters of fault-parallel de-
formation bands progressively developed around 
pre-existing faults as well as inclined conjugate 
sets (Fig. 14B).

Eventually, the fault zone reached a critical 
width and a threshold value of overall strength, 
deformation delocalization ceased, and further 
slip was accommodated inside the fault core and 
along the master fault (Fig. 14C). This switch to 
localization of deformation could be related to 
the overcoming of frictional properties of de-
formed sandstone by the kinematic stress field 
induced by accommodation of displacement 
along the master fault, or to transient strain-
softening behavior inside the fault core. Ac-
cording to isotopic data from concretions, this 
happened when fluids circulating within the 
Scandale sandstone were located in the mix-
ing zone between marine and meteoric water. 
Further evidence supporting the localization of 
deformation in the fault core are provided by 
diagenetic bodies hosted close to the master 
fault, which recorded isotopic signature more 
depleted than the footwall mixed zone and more 
similar to the one characterizing concretions in 
the footwall damage zone.

In the fault core, thin layers of black gouge 
formed, indicating occurrence of coseismic 
events (Balsamo et al., 2014). Seismic activity 
supports further increase of fault strength and 
this provides a mechanical explanation for the 
formation of conjugate R and R1 shears (Davis 
et al., 2000; Ahlgren, 2001; Katz et al., 2004) 
at this stage, as a consequence of greater rock 
strength overcome by the kinematically induced 
stress field within the fault zone. Development 
of R and R1 shears might have helped in par-
titioning coseismic as well as interseismic slip. 
Isotopic signature of concretions formed along 
DB1 and DB2 deformation band sets, indicates 
ongoing cementation and faulting in a diagenetic 
environment progressively shifting from mixed 
marine-meteoric pore fluids toward markedly 
meteoric fluids (Figs. 10A and 10C).

Concomitant formation of DB1 and DB2 de-
formation band clusters overprinting the previ-
ously formed fault-parallel DBs, and preferential 
cementation along them during the last stage 
of uplift, eventually resulting in a complex net-
work of intersecting, strain-hardening structures 
that progressively hampered the prosecution of 
deformation within the fault zone. Residual de-
formation was accommodated inside the low-de-
formation zone outside the fault zone during the 
last stage of strain delocalization (Fig. 14D). This 
process occurred at extremely shallow depth and 
lower confining pressure, as indicated by (i) the 
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narrower conjugate angles between deformation 
bands and faults (Mair et al., 2002), (ii) the partic-
ulate flow and more immature cataclastic fabric, 
and (iii) the isotopic signature of the correspond-
ing syn-kinematic concretions, which indicates 
shallow meteoric fluid conditions with a possible 
contribution from plant-related organic matter fer-
mentation inside soils (Hudson, 1977; O’Leary, 
1981; Nelson and Smith, 1996) (Fig. 10A).

CONCLUSIONS

We described the deformation architecture 
and the structural-diagenetic evolution of the 
Rocca di Neto fault, a complex extensional fault 
zone affecting poorly lithified, high-porosity 
sediments in the Crotone Basin, Southern Apen-
nines. The fault zone shows widespread evi-
dence of deformation characterizing high-poros-
ity sandstones (deformation bands and gouges) 
and preferential cementation (carbonate concre-
tions), which concurrently occurred during fault 
slip. Major results from the combination of field 
measurements, microstructural, petrographic, 
diagenetic, and isotopic data can be summarized 
in the following points.

(1) Particulate flow and cataclasis were the 
dominant deformation mechanisms. The first 
one was active during the early stages of defor-
mation, while with increasing burial and fault 
displacement, cataclasis became dominant in 
narrow slip zones and black gouges. The switch 
between the two mechanisms was favored by the 
porosity loss induced by tectonic compaction, 
little burial, and selective cementation.

(2) Concretions developed during fault activi-
ty, recording the shift from several diagenetic en-
vironments during the uplift history of the fault 
zone. Oldest concretions are located along the 
fault core and footwall mixed zone and record 
mixed marine and meteoric isotopic signatures. 
Through the footwall damage zone, concretions 
become progressively younger and are char-
acterized by isotopic data shifting from mixed 
marine-meteoric to meteoric fluids. Outside 
the footwall damage zone, isotopic data show 
a marked meteoric signature, with contribution 
from fluids interacting with soils and organic 
matter alteration. Considering the continuing 
tectonic uplift affecting the investigated portion 
of the Crotone Basin, this condition was reached 
in the late stage of deformation, therefore con-
cretions hosted in the low-deformation zone 
are the most recent diagenetic bodies occurring 
along the fault zone.

(3) Physical (tectonic compaction) and chemi-
cal (selective cementation) strain-hardening 
processes caused initial delocalization and out-
ward propagation of deformation, followed by 

localization and onset of deformation triggered 
by the kinematically induced stress field along 
the master fault. Eventually, strain-hardening 
hampered further significant accommodation of 
deformation within the footwall damage zone 
and favored late-stage delocalization of low-
displacement deformation banding and faulting 
in the low-deformation zone.

(4) Occurrence of a simple shear-related de-
formation fabric overprinting fault-parallel de-
formation bands and deformation band clusters, 
suggests that physical (and possibly chemical) 
strain-hardening is necessary to eventually in-
crease the magnitude of the kinematically in-
duced stress field, up to values overcoming the 
yield strength of the tectonically compacted, 
poorly lithified sediments. Such a stress mag-
nitude increase might have been favored by the 
onset of episodic coseismic activity along the 
master fault.

(5) The overall deformation pattern suggests 
that activity of the Rocca di Neto fault zone oc-
curred by aseismic creep and possibly slow slip 
(deformation bands), episodically overprinted by 
seismic slip (black gouges).
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