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ABSTRACT 

In this study, we present structural, fracture orientation and fracture density (FD) data in order to 
quantify the deformation pattern of a damage zone that form around the slip plane of a large scale 
thrust fault which is located on the Ionian zone (External Hellenides) in northwestern Greece. Struc
tural analysis showed at least two major deformation stages as indicated by the presence of refold
ing, backthrusting and break-back faulting. The fracture orientation analysis revealed three main 
fracture systems, a dominant conjugate fracture system which is perpendicular to the transport di
rection (NW-to NNW trending sets), a conjugate fracture system trending parallel to the transport di
rection (ENE-trending conjugate sets) and a third diagonal conjugate fracture system (WNW and 
NNE trending sets). Resulting fracture density-distance diagrams display a decrease of total frac
ture density away from the studied fault, which is largely heterogeneous and irregular on both foot-
wall and hanging wall. The conjugate fracture system trending perpendicular to the transport direc
tion has the dominant contribution to the accumulation of total fracture density. Based on these 
results we suggest that the observed heterogeneous and irregular distribution of fracture density 
fashioned during the second deformation stage and is attributed to the formation of backthrusts and 
break-back thrust faults. 

1 INTRODUCTION 

In recent years, there is an increasing interest on field and laboratory studies dealing with the 
quantification of deformation of fault zones (e.g Newman and Mitra 1993; Bill ι et al., 2003, Kim et 
al., 2004; Du Bernard and Labaume 2002). In elasticofrictional regimes the architecture of a fault 
zone exhibits (a) a fault core zone which is defined by cataclasites and/or tectonic brecia and (b) a 
damage zone which is a zone of intense deformation and is identified in both footwall and hanging 
wall. The last may extend for hundreds of meters away from the master fault and is characterized 
by a population of subsidiary 'aults and fractures. Several authors emphasize that the calculation of 
fracture density (FD, fractures per meters) along scan lines perpendicular to fault strike is an accu
rate and efficient technique to quantify the deformation intensity as well as the width of a fault dam
age zone. Such studies have shown that fault zones exhibit a pattern of relatively undeformed pods 
of rock, bounded by anastomosing zones of strongly deformed rocks (Mitra and Ismat 2001, Mitra 
1984, 1992, 1993; Chester and Logan 1986; Yonkee and Mitra 1993). 

In Greece there are few studies dealing with the quantitative analysis and architecture of fault 
zones (Micarelli et al., 2003). The importance for studying the architecture of fault zones and espe
cially the fault damage zones lies on the valuable information we can extract, such as fault propa
gation and growth (McGrath and Davison 1995; Kim et al., 2001a,b), fluid flow (Sibson 1996), 
permeability (Viruete et al., 2C01) and deformation history. 

In this work we chose a thrust fault in order to quantify the deformation intensity across the fault 
and to define the damage zone width by calculating FD along scan lines perpendicular to fault strike 
within a background value. Moreover, we correlate the structural evolution to the FD distribution in 
order to discuss the mechanism of the deformation accumulation on the studied fault zone. 
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2 GEOLOGICAL SETTING 

The study area is located on the Ionian zone (External Hellenides) in northwestern Greece 
(Fig.1). In this area the following stratigraphie formations can be distinguished from bottom to top 
(Karakitsios, 1995): the Lower-Middle Lias Pantocrator limestones, the Upper Lias-Upper Jurassic 
Posidonian beds, the Upper Jurassic-Low Senonian Vigla limestones, the Upper Senonian Lime
stones with Roudistes, the Faleocene-Upper Eocene Sublithographic limestones, and the Upper 
Eocene-Burdigalian Flysch. We focused on the damage zone of a large scale thrust fault called 
hereafter Klimatia thrust, which crops out close to Klimatia village (Epirus area) in an excellent road 
cut trending normal to the fault strike. The Klimatia thrust is a NNW-SSE trending, ENE-dipping and 
approximately bedding-parallel fault with approximately 750m throw. It places a thin slice of Upper 
Jurassic Posidonian Beds over the Lower Cretaceous Vigla limestones duplicating structurally the 
thickness of Lower Cretaceous carbonate rocks. The fault core is composed of 15 m thick cataclas-
tic material derived mainly from the soft Posidonian Beds (Fig. 2). 

Figure 1. (a) Simplified geologic? I map of the western Hellenides showing isopic zones and the study area lo
cated on Ionian zone, (b) Geological map of the study area and cross-section showing the major structural ele
ments including the Klimatia thrust fault on which this work focuses. The displacement of Klimatia thrust fault is 
estimated approximately 750m. 

3 METHODOLOGY-DATA COLLECTION 

The applied methodology for this study includes mainly the calculation of FD and fracture orien
tation analysis. For the structural description of the damage zone we use the term fracture to in
clude all elasticofrictional deformational features such as joints, solution cleavages and small-scale 
faults. In the field the differentiation between damage zone and fault core was based on the recog
nition of ultracataclasites and cataclasites that are typical of fault cores. For the calculation of the 
FD we applied the scan line technique for 420m. The scan lines were simple measuring tapes, 2m 
long, placed horizontally. Mean orientation of applied scan lines was N65°E. Deviations in the scan 
lines were less than 10° from a straight line, so there was a negligible influence on the scan line re
gime. The application of the scan line technique enabled us to estimate the FD and thus the frac
ture spacing. The calculation of the total FD was accomplished by measuring every fracture inter
secting the scan line. Furthermore and after having identified the number and the representative 
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orientation of fracture sets, which are responsible, for the fracturing of the wallrock we applied the 
trigonometric correction in order to estimate the normal set density. 

The trigonometric correction is based on the simple theory that the real FD of a fracture set can 
be estimated only at a direction normal to the mean orientation of the set (Terzaghi, 1965, Priest, 
1993). The trigonometric correction is based on the following equation: 

Nt = Na/cos(9) (1) 
where, Nt is the number of fractures measured normal to the mean orientation of a fracture set, Λ/α 
is the number of fractures of a set measured along a scan line of random orientation and θ is the 
angle between the scan line and the normal to the fracture set. 

We also took orientation measurements of about 900 fractures in the field in order to obtain a 
clear image of the fracture network. Scaled photographs of the rock face and scan line, were also 
essential for our work. Great importance was given to the position of the camera with its lens axis 
normal to the face. We took 170 photographs of 1m scale and 30 photographs of 10 m scale. 

4 DATA ANALYSIS 

4.1 Mesoscopic structural description 

A schematic cross section perpendicular to Klimatia thrust fault is presented in Figure 2. In this 
WSW-ENE trending cross section the Upper Jurassic Posidonian beds thrust onto Vigla limestones. 
In the hanging wall the deformation is mainly expressed by subsidiary thrust faults (splays). These 
are mainly observed in the fiist 150m away from the Klimatia thrust, while in the more distal posi
tions slightly inclined beds occur. Bellow a major subsidiary fault, which is accompanied by a cata-
clastic zone, refolded limestone beds were recognized (Fig. 2, Fig. 3a). This enables us to assume 
at least two deformation events. In the hanging wall fold analysis indicates that all fold generations 
are co-axial with axes trending NNW-SSE (Fig. 3b). All folds show asymmetry towards WSW. 

In the footwall, deformation is characterized mainly by folding. A major anticline is observed bel
low the Klimatia thrust. At the west limb of this anticline a west dipping bedding parallel shear zone 
was detected (Fig. 2, Fig. 3c) supporting backward movements (eastwards). Fold analysis showed 
that the axes have a NWto NNW trend (Fig. 3b), similar to the hanging wall. 

KLIMATIA THRUST 

Vigla limestones |—| Posidonian beds | ; • | Cataclasites 

Figure 2. Cross section perpendicular to Klimatia thrust fault. Fault core zone is almost 15m. Posidonian beds 
thrust over Vigla limestones duplicating structurally the thickness of the carbonate rocks. In the hanging wall, 
deformation is mainly expressed by subsidiary thrust faults and in footwall mainly by folding. 

4.2 Fracture orientation data 

Along the cross section about 900 fractures were measured. The orientation measurements 
were projected on 4 stereonets (Fig. 4a). The strong similarity of these stereonets shows that the 
main fracture sets have constant orientation throughout the cross section. Based on the statistical 
analysis we identified three main fracture systems (Fig. 4b). The first fracture system includes the 
NW- to NNW trending conjugate sets 1 and 2, which are parallel to Klimatia thrust. This fracture 
system is associated with pressure solution cleavage. The second system includes the ENE-
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trending conjugate sets, 3 and 4, which are almost perpendicular to Klimatia thrust fault, and is as
sociated with normal sense shearing. Finally, the third system includes the WNW and NNE conju
gate sets 5 and 6 with almost vertical dips. 

Figure 3. The most important observed structures along the cross-section and lower hemisphere equal area 
projections of fold orientation data, (a) Refolded Vigla limestone beds observed in hanging wall bellow a major 
subsidiary thrust fault indicate at least two major deformation events. See figure 2 for the location of photo (b) 
Stereonets of fold orientation data for both footwall and hanging wall. Folds in both sides of the Klimatia thrust 
display axis trending NNW-SSE. The majority of the folds show vergence towards WSW. (c) A west dipping 
bedding parallel shear zone at the west limb of a major anticline in the footwall of the Klimatia thrust fault. This 
structure supports backward movements (eastwards). See figure 2 for the location of photo. (d,e,f) Successive 
representative photographs showing the decrease of fracturing away from the thrust in hanging wall, (d) The 
photograph is taken close to Klimatia thrust fault and the wallrock is strongly deformed, (e) The photograph is 
taken in the middle of damage zone in the hanging-wall. Limestones here are less deformed, (f) Horizontal lime
stone beds near the end of the damage zone where the measured total fracture density values approach the 
background value. 
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Figure 4. Stereonets (lower hemisphere equal area projections) of fracture orientation data and block diagrams 
of the identified fracture sets, (a) Four stereonets were produced in order to be compared for identifying the frac
ture sets participating in the overall fracturing. The comparison showed that there is a constant presence of six 
fracture sets throughout the fault zone. Contours are generally 1, 2, 3, 5 times uniform distribution (b) From the 
statistical analysis three systems of conjugate sets were identified. The first fracture system includes the NW- to 
NNW trending conjugate sets 1 and 2, trending parallel to Klimatia thrust. The second system includes the ENE-
trending conjugate sets, 3 and 4, which are almost perpendicular to Klimatia thrust fault and the third includes 
the WNW and NNE conjugate sets 5 and 6 with almost vertical dips. 

4.3 Fracture density measurements 

4.3.1 Total Fracture density measurements 
Total FD values are projected on a diagram versus distance (Fig. 5a). Every point in this dia

gram represents the average FD values in 5m intervals. The thick line expresses the total fracture 
density distribution and is normalized according to the least square theory by using the PeakFit 
software. At several distances more than 200m away from the thrust to the east (e.g. 200m, 500m, 
1000m, 1.500m), the total fracture density value was measured on horizontal beds. These values 
are generally constant (30±5 fractures per meter) and therefore used as a background value. Ac
cording to the diagram, in the hanging wall, the total fracture density decreases from 95 f/m close to 
thrust till it reaches the background value in a distance of 190m away from it (Fig.3d, e, f and 5a). In 
the footwall total fracture density values decrease from 90f/m and reach the background value in a 
distance of 140 m away from the thrust. Therefore the estimated total damage zone width is 330m. 
Moreover, it should be noted that the observed decrease of FD away from the thrust is strongly ir
regular in both sides of the thrust. The comparison of FD distribution with the cross section showed 
that the peaks of the total fracture density-distance diagram coincides always with the position of 
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the subsidiary thrust faults. We also infer that the total fracture density distribution reflect the het
erogeneity of deformation in the damage zone, with pods of relatively undeformed rock (valleys) 
surrounded by strongly deformed anastomosing zones (peaks). 

4.3.2 Trigonometric corrected Fracture density measurements 
The trigonometric correction was applied for every one of the three already mentioned fracture 

systems and not for every set separately. In this case we measured normal to each system com
prised by two conjugate sets by using an equation, which is based on the Terzaghi equation (1) 

NvirNvsLofiCOSieiyCOSfiod+NxsLofCOSieyCOSieoT) (2), 
Where, N(i,2) is the number of fractures of conjugate sets 1 and 2 measured on a line normal to 
both fracture sets, Ni(si_o) is the number of fractures of the set 1 measured along the outcrop scan 
line, NysLo) is the number of fractures of the set 2 measured along the outcrop scan line, θι is the 
angle between the normal to fracture set 1 and the normal to fracture setsl and 2, 02 is the angle 
between the normal to fracture set 2 and the normal to fracture setsl and 2, Θ01 is the angle be
tween the outcrop scan line and the normal to fracture set 1, and Θ02 is the angle between the out
crop scan line and the normal to fracture set 2. 

Figure 5. Resulted fracture density-distance diagrams, (a) Total fracture density decreases away from the thrust 
in both sides, in an irregular way. (b) The fracture density distribution of trigonometric corrected conjugate sets 
1-2 (parallel to thrust) follows generally the total fracture density distribution. The minimum FD values lie on an 
asymptotic line (dashed line) (c) For the conjugate fracture sets 3-4 (perpendicular to thrust), the trigonometric 
corrected fracture density values are lower showing decrease away from the thrust in a less pronounced way. 
(c) The fracture density distribution is constant with low values for the conjugate sets 5-6. 

The trigonometric corrected FD values of conjugate sets, 1-2, 3-4 and 5-6 were projected on 
density-distance diagrams (Fig. 5b, 5c, 5d) and are compared with the total fracture density distri-
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bution (Fig. 5a). The fracture density distribution of conjugate sets 1-2, which are almost parallel to 
Klimatia thrust fault, follows the pattern of the total fracture density distribution with a general inho-
mogeneous decreasing trend away from the thrust (Fig. 5b). Moreover, remarkable is that all val
leys of this distribution lie on an asymptotic line. For the conjugate fracture sets 3-4 which are trend
ing almost perpendicular to Klimatia thrust, the fracture density values are lower in comparison to 
the previous system (Fig. 5c). Fracture density distribution of these sets shows a very slight in
crease toward the thrust. For the third system comprising the conjugate sets 5 and 6 the fracture 
density distribution is constant with low values throughout the scan line (Fig. 5c). 

4.4 Fracture spacing analysis 

For 180m along the scan line (90m in the hanging wall and 90m in the footwall away from the 
thrust) we measured the spacing of every immediately adjacent fracture. From the total spacing es
timation almost 9.000 segments were measured. Based on these measurements two fracture spac
ing histograms were constructed for each side of Klimatia thrust (Fig. 6). The fracture spacing for 
both hanging wall and footwall follows a negative exponential probability density distribution and 
there is a great similarity between the two diagrams. 
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Figure 6. Fracture-spacing histograms. Fracture spacing follows negative exponential probability density distri

bution in both footwall and hanging wall. 

5 DISCUSSION AND CONCLUSIONS 

Our structural analysis showed significant variation in the style of deformation across the Klima
tia thrust fault. Deformation in the footwall is mainly characterized by folding and a major zone of 
backthrusting. In the hanging wall, three splay thrust faults which are correlated genetically to re
folding express the style of deformation. Given that the Klimatia thrust fault can be classified as a 
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Figure 7. Summary model showing progressive deformation and associated structures correlated to the fracture 

density distribution. 
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fault-related-fold structure (in the sense of Woodward et al., 1989) then it is safe to say that both 
folding and thrusting were active processes throughout the deformation. These observations enable 
us to distinguish at least two major deformation events during the progressive deformation in the 
Klimatia thrust fault zone (Fig. 7a, 7b). The first deformation stage includes the initiation of Klimatia 
thrust fault, layer parallel shearing and slight folding (Fig. 7a). The second deformation stage in
cludes the formation of three splay thrust faults as break-back structures and refolding in the hang
ing wall, as well as fold tightening and backward shearing in the footwall (Fig. 7b). The age of these 
compressional movements ce η not be directly estimated since syn-orogenic sediments are not ob
served in the footwall of the Klimatia thrust fault. Therefore, we assume that the studied contrac-
tional structures were developed at the Oligocene-Early Miocene time coeval with the major thrust 
faults of the Ionian zone. 

Consequently, trying to correlate the structural evolution across the Klimatia thrust to the frac
ture density distribution we propose a possible model of two deformation stages, illustrated graphi
cally in figure 7. In the first stage, the fracture density decreases almost regularly away from the 
thrust (Fig. 7c). This assumption is mainly substantiated by two observations: (a) the minimum FD 
values on the fracture density diagram (bottom of valleys) of the dominant fracture system fit well 
on an asymptotic line which implies regular fracture density decrease away from the thrust (Figs. 
5b, 7c) and (b) by the fact that the peaks of these diagrams always coincide with the position of the 
splay thrust faults which post-date the Klimatia thrust as well as with the position of the backthrust 
zone in the footwall (Fig. 7b, 7d). In the second stage, the formation of splay- and back- thrust faults 
cause the observed irregular and heterogeneous distribution of the fracture density across the Kli
matia thrust. 

Our study also showed that fracture sets that trend almost parallel to the thrust (conjugate sets 
1,2; Figs. 4b, 5b) are dominant. These are mainly associated with pressure solution cleavage and 
have the major participation .n the overall fracturing. The fracture sets which are trending almost 
perpendicular to the thrust (conjugate sets 3,4; Fig. 4b) are associated mainly with normal sense 
shearing. This fracture system show a slight increasing density tendency towards the thrust fault 
with less participation in the overall fracturing (Fig. 5c). The diagonal fracture sets (conjugate sets 
5,6) show constancy with the minor participation among the three fracture systems. Although, a de
tail discussion of the temporal evolution of these fracture systems is beyond the scope of this work, 
however, based on previous studies (e.g. Peacock 2001; Kokkalas et al. 2003; Olsson et al. 2004) 
we assume that all fracture sets formed during the progressive deformation in Klimatia thrust under 
the same compressional far-fold stress regime which caused the master fault. 

From this study the main concluding remarks are summarized bellow. 
(1) For the Klimatia thrust fault we estimated that the proportion, Displacement: Damage zone 

width: Fault core width, is approximately 50:25:1. 
(2) The decrease of fracture density away from the thrust fault is heterogeneous and irregular in 

both hanging wall and footwall indicating a non-uniform distribution of deformation intensity. 
(3) We consider that deformation intensity occurred within a progressive deformational process, 

which includes at least two major deformation events. Second order structures, which post-date 
Klimatia thrust formation, are responsible for the observed irregularity in the fracture density distri
bution. 

(4) The dominant fracture sets trend parallel to the major thrust showing an increase tendency 
in frequency toward the fault. Sets perpendicular to the thrust show similar but less pronounced ten
dency. 

(5) The fracture spacing for both hanging wall and footwall follows a negative exponential prob
ability density distribution. From the mechanical point of view, this great similarity of these two dia
grams probably implies that rocks in both sides of the thrust have the same response and behavior 
to the applied strain. 
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