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Influence of faulting on porosity and permeability features 
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ABSTRACT: In the southern part of the Kopeh Dagh basin, NE Iran, outcrop of the Kardeh fault damage zone in Mozduran carbonate
formation provides an opportunity for investigation of the impact of faulting on permeability and porosity. For this purpose, three
methods were focused on: 1) gas injection in oriented cores prepared parallel and perpendicular to fault strike and parallel to fault
dip, 2) microscopic analysis and 3) determining variation of the degree of fractures connectivity in the fault damage zone. Results of
tests show air-porosity and air-permeability increase from fault core toward host rock. Using microscopic studies, we attribute these
variations to bioclasts destruction and filling, precipitation of calcite cement in fractures and pores, development of compaction struc-
tures such as stylolites and particle abrasion. Analyzing variation of the fractures connectivity in the fault damage zone in macro-scale
shows degree of connectivity increases from host rock toward fault core (Y and X nodes). Clear dependence between this parameter
and fluid flow is reflected by connected linear springs developed in the damage zone in close proximity to the fault core. Results of
this study show that permeability in a fault zone is a scale dependent feature. 
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1. INTRODUCTION

Recently, there has been a growing interest in permeability
and porosity studies of fault zones and their implications in
hydrocarbon reservoir evaluations, hydrogeology and geothermal
studies (e.g., Ortega and Marrett, 2000; Rowland and Sibson,
2004; Micarelli et al., 2006; Sanderson and Nixon, 2015; Peacock
and Sanderson, 2018). Therefore, the relationship between fluid
flow and fault zone structure in lithic units has been greatly
attentioned (Caine et al., 1996; Oliver, 1996; Nelson, 2001; Bense
et al., 2013; Afsar, 2015; Bauer et al., 2015; Meier et al., 2015;
Bauer et al., 2016; Dimmen et al., 2017). In this way, several studies
modeled fluid flow in damage zones to better understand the
impact of fault zones in fluid flow, (e.g., Zhang and Sanderson,
1996; Caine and Forster, 1999; Cacace et al., 2013; Romano et al.,
2017). These studies showed that fault zones can significantly

influence the fluid flow properties of a media by acting as conduits,
barriers and/or combination of these two in microscopic and
macroscopic scales. 

As a common classification, fault zones are physically subdivided
into two different domains (1): the fault core, which is characterized
by highly deformed materials like breccia and gouge and (2): the
damage zone(s) which is often characterized by a decrease in
fracture density towards protolith. These zones are varied in width
depending on the amount of displacement along the faults and
their length (Cowie and Scholz, 1992; Fossen, 2010). Usually, the
fault core is sandwiched in between two damage zones (Fossen,
2010; Farrell et al., 2014; Meier et al., 2015; Choi et al., 2016). 

Commonly, un-faulted protolith rocks have isotropic hydraulic
features (Agosta et al., 2010; Bense et al., 2013; Tondi et al., 2016).
Concentration of fault-related structures would fade these isotropies,
and exert a strong influence on both permeability and porosity
properties of the fault rocks (Bense et al., 2013; Bauer et al., 2016;
Dimmen et al., 2017; Ferraro et al., 2019, 2020). Similarly, the
anisotropy in small scale along single structures was studied using
petrographic image analysis (PIA) and X-ray computerized
tomography (CT) (e.g., Antonellini et al., 1994). As expected, long-
term slip along fault zones can lead to complexity of permeability

*Corresponding author:

Behnam Rahimi
Department of Geology, Faculty of Science, Ferdowsi University of
Mashhad, Mashhad, Iran
Tel: +98-5138805494, Fax: +98-38797022, E-mail: b-rahimi@um.ac.ir

©The Association of Korean Geoscience Societies and Springer 2021



2 Ahad Nouri Mokhoori, Behnam Rahimi, Nasser Hafezi Moghaddas, and Mohamad Hosein Mahmudy Gharaie

https://doi.org/10.1007/s12303-020-0052-5 https://www.springer.com/journal/12303

and porosity features of these zones (Agosta et al., 2007; Wibberley
et al., 2008; Bense et al., 2013). Depending on the fault type,
deformation mechanism, internal structures, host rock lithology,
interaction between fault related structures, etc., relations between
faulting and porosity and permeability can be influenced and
varied in different fault zones (e.g., Micarelli et al., 2006; Tondi et
al., 2006; Agosta et al., 2007, 2009; Wibberley et al., 2008;
Antonellini et al., 2014; Farrell et al., 2014; Bauer et al., 2016).
Geological faults are in lithic units would enhance the permeability
by concentrating fault related fractures in zones with variety of
widths. As a rock undergoes faulting, fracture density increases
toward main slip surface of the fault (Kim et al., 2004; Choi et al.,
2016). Based on two-dimension geometrical features of fracture
networks, nodes allow measuring the connectivity of the fractures.
Degree of connectivity can be utilized to conclude the permeability
features of a media (Ortega and Marrett, 2000; Manzocchi,
2002; Billi et al., 2003; Micarelli et al., 2006; Cacace et al., 2013;
Sanderson and Nixon, 2015). Additional structures such as
stylolites forming in various scales may decrease/increase/keep
permeability in different direction respect to the strike of the
major structure (Aydin, 2000; Tondi et al., 2006; Fossen et al.,
2015; Peacock and Sanderson, 2018). Additionally, aperture of
fracture and the degree of their connectivity are the main factors
in controlling the fluid pass ways in fault zones (Ortega and Marrett,
2000; Kim et al., 2004; Sanderson and Nixon, 2015; Giuffrida et
al., 2020).

Porosity in carbonate rocks is characterized by two main
types: 1. Primary porosity such as inter- and intra-particle and
shelter types formed at the time of deposition, 2. Secondary

porosity such as fracture types resulting from diagenesis. This
value can affect by many factors such as burial depth, rock type,
cementation, compaction, etc. (Murray, 1960; Amthor et al., 1994;
Dasgupta and Mukherjee, 2020). 

This study focuses on the central part of the Kardeh fault
zone, which cross cuts the limestone beds pertaining to the late
Jurassic Mozduran Formation. The goal is to emess the impact
of this fault zone on the permeability and porosity values measured
by mean of gas injection and connectivity analysis of fractures.
The results of this work may help to improve the knowledge
of the faulting influence on the permeability and porosity in
carbonate rocks, which is needed to better understand the fluid
flow in the faulted media.

2. GEOLOGY

2.1. Geology of Area

The study area is located in the southern part of the Kopeh
Dagh fold-and-thrust belt, NE Iran (Fig. 1). Tectonically, the Kopeh
Dagh evolved from Cimmerian orogeny in Late Triassic/Early
Jurassic periods (Alavi, 1991; Sheikholeslami and Kouhpeyma,
2012) and affected by tectonic inversion and uplift in Cretaceous–
Early Paleocene period (Robert et al., 2014). Structurally, the
Kopeh Dagh region is comprised of a series of NW-SE trending
folds and thrust faults (Berberian, 1976; Lyberis and Manby,
1999). 

The Kopeh Dagh basin contains over 7 km-thick sediments,
which were deposited from Devonian (Robert et al., 2014) to

Fig. 1. (a) Simplified fault map of NE Iran (Hollingsworth et al., 2010; Javadi et al., 2013) on satellite image (Landsat TM). (b) Simplified geo-
logical map of the study area (Taheri and Ghaemi, 1994; Nabavieh et al., 1998; Torshizian, 2001; Rowshan Ravan et al., 2004). White rectan-
gular specifies measurements and samples location.
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Quaternary (Afshar Harb, 1979). Generally, Devonian to Upper
Triassic times are characterized by tectonic activities (Afshar Harb,
1979; Robert et al., 2014). Transition of the Paleozoic to Mesozoic
is highlighted by a sequence of sandstone and coal (Shemshak
Group) (Alavi, 1992). Subsidence along the basement normal
faults during middle Jurassic accumulated more than 2 km thick
of the siliciclastic sediments (Kashafrud Formation) (Afshar
Harb, 1979; Berberian and King, 1981; Taheri et al., 2009). The
depositions followed by Upper Jurassic carbonate (Mozduran
Formation), shales and marly limestones (Chaman Bid Formation)
in east and west of the Kopeh Dagh basin, respectively (Robert
et al., 2014). According to Afshar Harb (1979) and Aghanabati
(2011), the first Cretaceous units in this region mainly consist of
continental reddish sandstone (Shurijeh Formation). Upper
Cretaceous of the Kopeh Dagh characterizes by Aitamir, Abderaz,
Abtalkh and Kalat Formations. Glauconitic sandstone of the
Aitamir Formation shows decrease in sea level (Sharafi et al., 2012).
Whereas, the other formations are characterized by rich shale
strata (Afshar Harb, 1979; Aghanabati, 2011). Transition from
Cretaceous to Paleogene in the region is marked by a series of
continental red sediments (Pestehleigh Formation) (Afshar Harb,
1979). The latest sea transgression in Kopeh Dagh is marked by
Upper Paleocene to upper Eocene deposits (Aghanabati, 2011).
Neogene sediments are a series of continental deposits that are
mostly composed of sandstone, conglomerate and shale with
pebbles of older units that probably indicate deposition in an
intermountain basin. Pliocene and Quaternary deposits often

comprise poorly cemented conglomerate, marl, loess and alluvium
sediments that unconformably overlay older units (Aghanabati et
al., 1986; Bolourchi et al., 1987).

2.2. Kardeh Fault

 
Kardeh fault is a portion of NW-SE trending fault system in

NE Iran lying in the southern part of Kopeh Dagh sedimentary
basin, north of Mashhad. The fault has influenced geological
units, especially Mozduran Formation (Upper Jurassic) (Fig. 1).
There is no comprehensive study on this fault. According to
Nabavieh et al. (1998), Taheri and Ghaemi (1994), Torshizian (2001),
Javadi et al. (2013) and Naderi et al. (2014) the fault covers more
than 100 km and is a major geological longitudinal structure
whit oblique-slip movement, combined thrust and strike-slip.
Outcrop of this fault shows an SW dipping fault plane (Fig. 2a)
and a roughly vertical zone of breccia (fault core), which is
surrounded by marginal damage zones including well developed
fractures network (Fig. 2b). 

2.3. Mozduran Formation

The Mozduran Formation mainly consists of thick and well
bedded Upper Jurassic carbonate rocks with subordinate marl
and shale (Afshar Harb, 1979; Lasemi, 1995; Aghanabati, 2011).
Its thickness varies from 200 meters in east up to over 1400 meters
in northwest of the region (Aghanabati, 2011). The major portion

Fig. 2. (a) Outcrop of the Kardeh fault plane. Stereo-plot of measured planes is shown in the lower hemisphere, equal-area stereographic pro-
jection. (b) Outcrop of thick fault core and damage zones of the Kardeh fault in Mozduran Formation. (c) Schematic representation of the
oriented cores and thin sections prepared from sampled blocks. (d) The cores prepared from rock samples.
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of this formation was deposited on a carbonate platform adjacent to
a deeper marine environment (Lasemi, 1995). This formation is
composed of grain-supported limestone, predominantly comprising
bioclasts and carbonate grains. The grains are poorly sorted with
poorly smoothed surface which are in touch with others. Their
size is varying from 0.2 to 3 mm and inter-granular spaces are
mainly filled with limestone matrix. Diagenetic processes that
are detectable in the microscopic analysis include fracturing,
compaction and cementation. Also, dolomitization connected
to a complex diagenetic history and dissolution was detected
(Adabi, 2009).

3. METHODOLOGY

 
The faulted limestone beds of the Mozduran Formation

provide an opportunity to study the influence of faulting on
both porosity and permeability values. This study was carried
out in the valley that cross cut the fault trace and expose portious
of the Kardeh fault damage zone (Figs. 1b and 2b). 

In this study, three methods were applied, gas injection in cores,
microscopic analysis and fractures network analysis, respectively.
For the gas injection analysis, six intact oriented blocks were
sampled from the fault damage zone. Samples were taken in
direction perpendicular to the fault at five-meter intervals. Coring
was carried out on the sampled blocks in three orthogonal
orientations: parallel to the fault strike, perpendicular to the fault
strike and parallel to the fault dip (Fig. 2c). A total of 18 cores co.
6 cm-leng and 3.7 cm-diam were obtained (Fig. 2d). The cores
were washed by distilled water and put in an oven for 24 hours
at 100 °C to eliminate pore moisture. Porosity and permeability
were respectively measured 3 and 5 times by mean of injection
of helium gas. Their average values were considered as representative
of the porosity and permeability values of sample cores. 

To provide high resolution view of elements influencing the
porosity values, which in turn affect permeability, microscopic
studies were carried out on the oriented thin sections.

Faulting concentrates a network of fault associated fractures
in fault zones. Dense fracture network in fault damage zones in
low porous host rock shows that fault zones can act as conduit
for fluid flow. To study of the impact of the fault associated
fractures on permeability, variations of fractures connectivity
within the fault damage zone was determined.

3.1. Porosity

Air-porosity measurements were performed by porosimeter
apparatus on 18 prepared cores using helium gas injection. The
measurements carried out within the pressure range of 97.1–
118.47 psi. The porosity (φ) was calculated using the following

formula (Eq. 1):

φ = (Vt – Vg)/Vt, (1)

where Vt is total volume of specimen and Vg is volume of
grains.

3.2. Permeability

Permeability (K) value was measured along the axial direction of
the oriented cores using injection of helium gas by a permeameter
apparatus with a Hassler sleeve pressured to 100 psi to keep gas
leakage away from the core surface. Air-permeability test by the
apparatus is based on the Darcy law. To correlate gas-permeability
measurement to liquid-permeability of cores, Klinkenberg correction
(Klinkenberg, 1941) carried out on the tests. So, the value was
calculated using a modified Darcy equation (Eq. 2): 

K = (2Qsc·μ·L·Psc)/A·((P1) 2 – (P2)2), (2)

where Qsc is output gas rate (m3/sec) and μ, L, Psc, A, P1 and
P2 are gas viscosity (N.sec/m2), length of specimen (m), atmospheric
pressure (N/m2), cross-sectional area of core (m2), input and
output pressure (N/m2), respectively. SC refers to standard
condition.

3.3. Microscopic Analysis

Both texture and composition of selected specimens were
arrested for 18 thin sections, which were cut perpendicular to
the axial direction of the cores (Fig. 2c). Actually, thin sections
were prepared perpendicular to cores axes and permeability was
measured parallel to axial direction of the cores. Thin sections
were studied by using polarized light binocular microscope.

3.4. Fracture Connectivity

 
In a network of random arrays of fractures according to their

crossing relations, three types of nodes can be defined; isolated
tips, crossing fractures and abutments or splays named as I, X
and Y or T nodes, respectively (Sanderson and Nixon, 2015)
(Fig. 3a). Plotting of these nodes on a triangle diagram can be
used to describe fluid flow properties of an area (Ortega and
Marrett, 2000; Sanderson and Nixon, 2015). To this end, a
networked area was designed from the fault core toward host
rock, whose length and width were selected 25 and 1 meter,
respectively. The area was divided into one square meter sub-
areas (Fig. 3b). Briefly, based on the physical connection between
fractures, type of the nodes was determined for each sub-area
(Figs. 3c and d). Degree of fracture connectivity for different
sub-areas of this network would allow evaluation of the relative
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fracture density and fluid flow modeling along the fault damage
zone. So, the degree of connectivity for each sub-area plotted on
triangle diagram using the method proposed by Sanderson and
Nixon (2015), which was implemented in FracPaQ toolbox
(Healy et al., 2017). 

4. RESULT

For all of the above mentioned oriented cores, lower range of
porosity values were measured for the cores in one meter distance
from the fault core; mean value: 0.9%, 0.98% and 0.97% for strike
parallel, strike perpendicular and dip parallel cores, respectively.
From the fault core into host rock, porosity value is variable with
no steady rate of variation. Generally, porosity values slightly
increase with distance from the fault core into host rock. At a
distance of 26 meters from the fault core (the farthest sample
from fault core), the values increase to 1.16%, 1.26% and 1.22% for
strike parallel, strike perpendicular and dip parallel cores,
respectively (Fig. 4a, Table 1).

As shown in Figure 4a, permeability measurements results
from prepared cores in three orientations plotted on the graph

showing the permeability variations against distance of specimens
with respect to the fault core. For all oriented cores, permeability
has considerable lower values for the closest specimens to fault
cores as; mean value: 0.06, 0.07 and 0.07 (md) for strike parallel,
strike perpendicular and dip parallel cores, respectively, which
are similar. In a faulted media, faulting associated deformation
weakens outward (Micarelli et al., 2006; Fossen, 2010). Our tests
show air-permeability values slightly increase from the fault core
into host rock as 0.08, 0.09 and 0.08 (md) for strike parallel, strike
perpendicular and dip parallel cores, respectively (Fig. 4b, Table 2).

Fig. 3. (a) Line-pattern showing fractures trace and associated types of nodes. Isolated tips: I-nodes, crossing fractures: X-nodes and abut-
ments or splays: Y-nodes or T-nodes (Sanderson and Nixon, 2015). (b) Photograph showing a part the area (25 × 1 m2) which is divided to
sub-areas (1 × 1 m2) for measuring variation of connectivity in fault damage zone. (c) An example photo of a subarea (1 × 1 m2) from the
networked area subjected to determination of the degree of connectivity. (d) Line-pattern showing the fracture traces in figure (c) and asso-
ciated nodes.

Fig. 4. (a) porosity and (b) permeability variations with distance from fault core.

Table 1. Mean values of measured air-porosity

dis. φ (1) φ (2) φ (3)
1 0.900 0.985 0.972
6 0.953 1.104 1.086

11 1.068 1.099 1.139
16 1.093 1.199 1.193
21 1.150 1.269 1.167
26 1.164 1.263 1.222

dis.: distance of sample from fault core (m); φ: porosity (%); (1), (2)
and (3) refer to strike parallel, strike perpendicular and dip parallel
directions, respectively.
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Mechanisms affected the porosity and permeability values
were categorized into four types, particularly recognized in the
specimens sampled in the vicinity of the fault core. Type 1. Bioclast
filling, crushing and fragmenting: Cementation in fossils shells
eliminated shell related pores and decreased the porosity. Also,
collapsed shells and faded pores in turn decreased porosity. Type
2. Precipitation: precipitation of calcite cement in intergranular
pores eliminated porosity and permeability. Furthermore,
precipitation along the newly formed fractures in form of
vein avoided increase of porosity and permeability values.
Type 3. Compaction structures: compaction exerts more stress
along the grain boundaries. Consequently, pressure solution
generates stylolite (e.g., Agosta and Aydin, 2006; Tondi et al.,

2006; Fossen, 2010). Compaction mechanism along these structures
leads to porosity and permeability reduction by decreasing in pore-
space. Type 4. Particle abrasion: abrasion of coarse particles
increases matrix. This mechanism decreases pores and fills
older fractures (Fig. 5).

Better connected fracture network, defined by the networked
area is located at 1–10 m distance from the fault core. The
degree of connectivity for this distance characterizes by a higher
proportion of X + Y nodes. This refers to the concentration of
densely spaced fractures toward the fault core. Toward host
rock, connectivity defines higher proportion of I node. As a result,
total connectivity of fractures toward intact host rock is low.
These variations refer to outward fading of dense fracture
network from fault core into host rock (Fig. 6). 

5. DISCUSSION

Results of tests performed on oriented specimens show a
slight increase of both air-porosity and air-permeability values
from 0.9 to 1.27% and 0.06 to 0.09 md, respectively, with distance
from the fault core (Fig. 3). Increase in the values was observed
in all three orientations of the prepared cores. As documented
in thin sections, permeability and porosity reductions towards
the fault core are probably due to physical compaction (Ferraro
et al., 2019), abrasion of coarse particles and collapse of fossil
shells, and especially precipitation of cement in pores and fractures
(Billi et al., 2003; Ferraro et al., 2018). Also, crushing or filling of
bioclasts reduce the porosity (Micarelli et al., 2006; Dasgupta
and Mukherjee, 2020). Compaction was due to pressure-solution
processes, which took place tectonic deformation generative
stylolites that include clayish insoluble material from the host-rock
(Agosta and Aydin, 2006). Physical compaction led to close grain
contacts and in turn decrease of the porosity resulted from
interparticle pores. This process is drastically able to change

Fig. 5. Microphotographs of prepared thin section. (a) Fragmenta-
tion of bioclasts and precipitation of calcite cement in fractures, bio-
clasts and inter-clasts. 1 m away from fault. (b) Collapse of fossil shell
and filling by calcite cement. Formation of stylolite refers to compaction.
(c) Porosity reduction due to particle abrasion and calcite cementa-
tion. 1 m away from fault. (d) left lateral displacement of cemented
bioclasts, 1 m away from fault.

Table 2. Mean values of measured air-permeability

dis. K (1) K (2) K (3)
1 0.064 0.069 0.068
6 0.063 0.072 0.072
11 0.070 0.080 0.070
16 0.073 0.079 0.076
21 0.082 0.088 0.082
26 0.083 0.090 0.084

dis.: distance of sample from fault core (m); K: permeability (md); (1),
(2) and (3) refer to strike parallel, strike perpendicular and dip parallel
directions, respectively.

Fig. 6. Proportion of different node types for fracture networks of
sub-areas on triangle diagram. Degree of connectivity increases from
host rock (gray circles) toward fault core (blue circles). The side bar
shows the distance of defined 1 m2 sub-area from fault core.
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fluid transport by decreasing porosity and permeability (Agosta
et al., 2007; Viti et al., 2014). Microscopic analysis indicates the
most important and notable processes, which are detectable in
the cores sampled from the fault damage zone, especially in
vicinity of the fault core are fracturing and calcite cementation.
The cement is exclusively precipitated in pore space of the fractures,
interclast and bioclasts. Increasing in fluid flow through rock
could provide an opportunity for more cementation along
mineralising fluid-filled fractures and pore spaces (Luettge et al.,
1999; Dimmen et al., 2017). As common, fluids can flow more
easily through connected and open large scale fractures (Ortega
and Marrett, 2000; Bense et al., 2013). As expected, the macroscopic
fractures tend to have micro-fracture damage through them,
which can join pore spaces together (Kim et al., 2004; Mitchell and
Faulkner, 2012). The micro-fractures together with pore spaces
are more potential spaces for precipitation of cement, whereas
macroscopic fractures mostly remain open or at least partly
open (Ortega and Marrett, 2000). This process maybe is the most
important factor influencing the air-porosity and air-permeability
values. 

Studies in southwest of Japan (Wibberley and Shimamoto,
2003) showed that the air-permeability values can vary over
several orders of magnitude within a simple fault zone. Similar
results were obtained to carbonates of the Hyblean Plateau, Italy
(Micarelli et al., 2006), of both Sicily and Majella Mountains, Italy
(Tondi et al., 2016) and of central and southern Italy (Agosta et al.,
2007; Ferraro et al., 2020). There are three orders of magnitude
difference was documented in air-permeability between fault
cores and host rocks. Results revealed that porosity and air-
permeability slightly decrease toward fault plane as a function of
increasing deformation toward fault core. As shown in Figure 4,
air-porosity and air-permeability in three defined orientations
is roughly similar. This shows variation of the porosity and
permeability is isotropic. 

Results show that the fault damage zone tends to be more
permeable than host rock due to assemblage of fault-related fractures
and increase of the connectivity of fractures. The increased
permeability can be evidenced by a series of adjacent connected
springs (Andorokh (village) spring) which is appeared in the
Kardeh fault damage zone. The springs can be considered as
evidence to confirm positive effect of well-connected and dense
fracture network of the fault damage zone on fluid flow.

6. CONCLUSIONS

This paper presents results of the study on impact of the
Kardeh fault on porosity and permeability of the carbonate rocks.
Results show faulting exerts different influence on the permeability in
micro and macro scales. Increase of permeability in the fault

damage zone is associated with increase in density of fault related
fractures from host rock toward the fault core. Similarly, fracture
connectivity in the fault damage zone increases from host rock
toward the fault core (increase in Y and X nodes). Reduction of
air-permeability and porosity in micro-scale can be attributed
to microscopic deformation products containing crushing and
fragmenting of grain and bioclasts, compaction, particles abrasion
and especially precipitation of calcite cement in pores and micro-
fractures. 
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