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Abstract

Dasht-e-Arjan is a northeast trending graben located 65 km west of Shiraz. It was formed along active segments of the Korrehbas
fault, perpendicularly to the Shahnesh in and Salamati anticlines. Oriented sampling from bordering fault planes and striations was
carried out to evaluate the relative amounts of paleostress/strain needed to form the graben. Measurements of e-twins and c-axis of
calcite properties on XY and XZ planes, using five universal stages in a polarizing optical microscope, showed the presence of type I
and II calcites. Because the calcite e-twins and fault striations register the last deformation phase, measurements of calcite e-twins
show the plane strain K=1 in the last graben deformation phase. The inversion method, applied for the analysis of fault striation data,
showed a plane stress ellipse (¢=1), (6,=0,), and a plane strain ellipse (r;=1). The mean orientation of the sub-vertical maximum
principal-stress (6;) was N23°.70°E, and the mean orientation of minimum principal-stress (c3) was S58°.26°E. Based on the analysis
of twinned calcite crystals, the mean direction of the determined compression and tension were SS5°E 4+ 9.—32° and N35°E+11.—-72°,
respectively. Using multiple inversion methods, and based on the investigation of fault striation data, we can expect two stress
phases. The paleostress phase, acting as a tensional regime, caused the formation of SW trending faults, while the recent phase
caused the formation of new fractures within the study area. Based on field and laboratory analyses, it is suggested that a tension

tectonic regime is dominant in the studied graben.
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1. Introduction

The Zagros folded belt gradually leads northeast to a
thrust area (Zagros thrust system) and develops a long,
narrow, active fault zone 10-70 kilometres wide,
located between the high pressure—low temperature
Sanandaj- Sirjan metamorphic belt and parallel to the
Zagros fold belt (Burg and Chen1984; Berberian 1995;
Regard et al. 2004) (Fig 1). This part is called the inner
Zagros because it is the innermost part of the Zagros
zone (Berberian and King 1981; Authemayou et al.
2006). Deformation in the eastern Zagros (Fars zone)
includes shortening, parallel to the convergence, and
elongation, which can be attributed to the activation of
Korehbas, Sabzpushan, Kazerun, and Sarvestan faults
(Leturmy et al. 2010; Talebian and Jackson
2004;Rahnama-Rad et al. 2009). Paleostress
reconstruction methods used mechanical interpretations
of rock structures and microstructures, such as fault
striations, to deduce the tectonic evolution of a region.
In this regard, researchers compared the magnitude and
orientation of in situ-stress, and earthquake focal
mechanisms, to estimate the direction of stress and
paleostress (Rahnama- Rad et al. 2008; Viola et al.
2013; Lacombe 2007).
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Continental platforms are keys to tectonic evolution
reconstruction. Different methods are applied to
measure paleostress tensors, such as mathematical
methods based on the inversion of fault slip data
(Michael 1984). The analysis of compressional and
tensional structures (joints and stylolites) hasbeen
recently used, in addition to other methods (Angelier
1984). Fault slip data inversion is applied to analyse
field-based fault slip and fault striation data. The main
problem in using inversion data is the determination of
local stress tensor on multiple faults, with respect to the
slip direction. Here the main assumption is that any fault
slip, which is marked by a specific fault striation, has a
direction of a unit tensor. Fault striation data were
collected within six stations along the Oligo-Miocene
limestone Asmari Formation, for the determination of
compressional and tensional paleostress direction by
fault slip inversion. Over the past years, determination
of paleostress has been conducted using various
methods by several researchers. Graphical methods
(Arthaud 1969; Angelier and Mechler1977; and Lisle
1987) and numerical techniques (Carey and
Brunier1974; Etchecopar et al. 1981; Armijo et al. 1982;
Angelier 1984, 1989; and Michael 1984) have been
used.
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Fig 1. Major structural units of Zagros fold-thrust belt.

In the graphical method, for each individual fault, the
maximum and minimum stresses (c; and o3) are
confined to the fields bounded by the fault plane, and by
an imaginary plane being normal to the slip line on the
fault surface (Shan et al. 2009). Based on a numerical
analysis of fault- slip data sets, the stress field
reconstruction of deformed rocks is a key to
understanding tectonic events in the studied areas (Fry
1999; Yamaji 2000; Shan et al. 2004a and 2004b;
Kernstockova and Melichar 2009). Calcite twinning is
one of the most important temperature independent
deformation mechanisms, and it has low critical shear-
stress. Unlike most sliding systems, twining occur at
low temperature and low confining pressure. In this
process, twinning cannot solely lead to high strain
because one slip system acts independently. However,
at the grain scale, it leads to discontinuous shearing and
results in considerable strain at grain boundaries. In
microscopic studies, calcite is used as a natural micro-
gauge in the calculation of compressional and
extensional tensors, and it is a wuseful tool for
computation of governing stresses within the brittle
deformation phases’ region. Most minerals have
potential twinning planes within their structures. These
twinning  structures can occur during both
recrystallization and deformation (Twiss and Moores
1992). Twin gliding is the process where an e-twin
forms parallel to the twinning plane during simple
shear. In this study, oriented samples (including calcite
crystals) were separated to prepare thin sections along
XY and XZ planes. Then, using an optical microscope
equipped with five universal stages, calcite crystals e-
twins and c-axis were measured. To analyse the data,
Castries software was used to calculate five parameters:
c-axis orientation, e-twins pole, orientation after

compression, orientation after tension and the angle
between e-twin poles and c-axis orientation. In this
study, our data was collected along the Oligo-Miocene
Asmari Formation (Fig 2).

Fig 2. Stratigraphic formations in the North limb of the
Shahneshin anticline (observer facing NW).

2. Geological setting

The study area was located in the folded Zagros, which
is a part of the Zagros fold-thrust belt (Sarkarinejad and
Azizi 2008, Sarkarinejad and Ganbarian 2014). Dezful
embayment divides the Zagros fold-thrust belt into Fars
and Lorestan provinces. Structural and topographical
changes divided the belt into two NE-SW trend
domains (Agard et al. 2011). The first domain is the
simply folded belt (SFB), which extends by Persian
Gulf with almost a hundred metres of regular folds
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(Falcon 1974; Sepehr and Cosgrove 2004; Mouthereau
et al. 2006), associated with some blind faults. The
second domain is High Zagros (HZ), which has a higher
elevation than the folded belt (Fig 1). The Dasht-e-
Arjan Pond is one of the valuable ecosystems of the
Fars province, with about 1000 hectares (Fig 3). The
water level elevation from the pond floor varies between
1 and 4 metres in depressions and sinkholes, particularly
in dry seasons. This pond is situated65km northwest
Shiraz. Due to the existence of Asmari, Pabdeh and
Gurpi and Sarvak formations, limestone is the most
exposed rock unit in the area (Figs 2 and 3). The region
contains about 100 km” ponds and 32.5 km’plains and
mountainous areas (Eskandari 1973), and it is mainly
covered with about 10 km thick sedimentary layers
(Kamali et al. 2013).

Dasht-e- Arjan is a graben formed between two faults,
the eastern Arjan and western Arjan faults, with strike
and dip N5SS5E/70NW and N45E/ 78SE, respectively
(Fig 4). Their normal faulting, with sinistral strike-slip
component, was deduced from displacement. The
conjunction of narrow bays and the fault blocks
movement direction was deduced using rake of
striations on fault planes. The average inclination angle
on ecast and west Arjan faults are 87° and 56°,
respectively (Fig 5). Despite the activity of the two
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normal faults, there is no stratigraphic tilting within the
study area. One of the visible signatures of the normal
faults is a stratigraphic hiatus, due to the downward
movement of the hanging wall. The west Arjan fault
scarp has a 75° dip angle with about 150m vertical
displacement, while the east Arjan fault scarp has a 79°
dip angle and about 500 m vertical displacement (Fig 6).
The elevation difference between the two graben sides
can be attributed to the Asmari (limestone) Formation,
which crops out throughout the study area. In addition
to these faults, there are other structures including
Shahneshin (Dali) anticline, Bayal anticline, Salamati
anticline and Domasbi syncline (Fig 4). Because of the
frequent activity of fault blocks, exposure of structures
such as fault slickensides, fault striations and fault
breccia, was observed (Fig 7).

3. Research Methodology

In this research, oriented samples containing calcite
twins from fault slickensides were collected for
preparation of thin sections in XY and XZ planes (Fig
8). Then, using an optical microscope equipped with
five universal stages, calcite crystals e-twins and c-axes
were measured. To analyse the data, the CALC Stress
software was used.
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Fig 3. Schematic geological map of Dasht-e-Arjan (adapted from the Kazerun geological maps 1:100000, Fakhari 1979).



124 Kamali et al. /Iranian Journal of Earth Sciences 9 (2017) / 121-136

51°53'0"E 51°55'0"E 51°57"0"E

Fa
=
%
I
&
~

51°53'0"E 51°55'0"E S51°5T'0"E

Fault -}~ Anticline
/' Slickenside +  Syncline

51°59'0"E 52°1"0"E 52°3'0"E

29°34'0"N 29°36'0"N 29°38'0"N 29%40°0"'N

20°32'0"N

51°59'0"E 52°1'0"E 52°3'0"E

K

Fig 4. Structural map of Dasht-e-Arjan, as a graben formed between two faults, the eastern and western Arjan faults, on the Spot

image.

Fig 5. (a)The average inclination angle on east Arjan (b) and west Arjan faults.

The software calculated five parameters: c-axis
orientation, e-twins pole, orientation after compression,
orientation after tension and the angle between piles of
e-twin and c-axis orientation. For the determination of
main strain axes relative magnitude, the Spheri-Stat
software was used. For the determination of paleostress
direction and separation of tectonics phases, using the

inversion method, fault striation data was collected in
six stations (S1=19, S,=25, S;=21, S,=28, Ss=25, S¢=15)
along the Oligo-Miocene limestone Asmari Formation.
The ‘FaultkinSwinbeta’ and ‘T-Tecto 3’ software were
used for the determination of the compression and
tension axes andtheseparation of tectonics phases,
respectively.
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Fig 6. (a) The west Arjan fault scarp has a 75° dip angle with about 150m vertical displacement (b), where the east Arjan fault scarp
has a 79° dip angle and about 500 m vertical displacement.

Fig 7. West Arjan fault wall with slickensides, striations and breccia that were formed because of the operation of fault (observer
facing NW).

The calcite crystal oriented samples were carefully
collected from fault striations, and thin sections in XY
and XZ directions were prepared from them. The
twinned calcitese- twin poles and c-axis were measured
by a polarized microscope equipped with five universal
stages. The obtained values were analysed by the
CALC-Stress software, which has a five-column output
table with c-axis orientation, e-twin pole, compression
orientation, tension orientation and the angle between e-
twin pole and c-axis orientation. Then, separate
stereonet projections were prepared for nine sampling
stations (S1=71, S2=92, S3=78, S4=71, S5=71, S6=91,
S7=74, S8=80, and S9=73),whose positions are marked
in the Dasht-e-Arjan geological map. A further
collection of fault striation data, along the Oligo-
Miocene Asmari Formation (Fig 9), was conducted to
calculate the main stress relative magnitude and strain
axes and to determine the strain ellipsoid shape using
the Gauss method. The T-Tecto 3.0 software was used

to analyse these data and to extract information on stress
and strain state.

Fig 8. Microscopic samples prepared for calcite e-twins: (a)
Presence of thick type I twins in a thin section and (b)
Presence of thick and thin calcite type II e-twins.
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Fig 9. Fault striation data collected from West Arjan slickenside (observer facing NW).

4. Discussion

Strain is one of the important characteristics of a
deformed rock (Ramsay 1967). To measure strain
values, the primary and final shapes of a material that
has undergone a deformation process are required.
Calcite crystal, which has a measurable final shape, is
suitable for this purpose. This method can be used in the
calculation of internal strain if a deformed rock has
suitable calcite crystals to measure the optical axes.
Using the U-Stage method it is possible to determine the
orientation of host crystals, e-twin pole, the amount and
thickness of e-twins and the thickness of a crystal
perpendicular to the e-twin plane (Groshong 1972).

4.1 Calcite e-twins Analysis

There are some noteworthy points about the strain of
brittle zones. First, due to the region’s brittle
deformation and rock unit segmentation and
consequently, the presence of segments with different
alignments, different force distribution and stress
components were locally observed. Second, all thin
sections showed elongation, as they were collected from
growing calcite fibres of fault slickensides. Elongation
in other sections occurred because of crystal growth in
open spaces during fault creeping, and it was not related
to the strain. Based on previous classifications
(Burkhard 1993; Groshong et al. 1984; Rowe and Rutter
1990; Evans and Dunne 1991;Ferrill 1991; Ferrill et al.
2004), the thin twins type I is formed at shallow depths,
at 170 to 200°C, with less than 1 um thickness, while
type 1I is formed at200 to 300°C, with more than 1 um
thickness. On the other hand, types IIl and IV are
probably formed at higher depths and temperature, so
they reach the ground surface with some rotation (Fig
10) (Spanos et al., 2015). These type I and II calcite e-
twins were reliable markers for the measurements. It
was observed that all samples collected from the study
area contained only calcite e-twins type I and II,
indicating their formation at shallow depths and low
temperature.

The diagram of Flinn (1962) is plotted using two
magnitude ratios of three eigenvectors of an orthogonal
diagram. Based on the equation S;+S,+S;=1, in this
diagram there was no elimination of data because only
two numbers of these three parameters are mutually
independent (Fig 11). The majority of points obtained
from the analysis of calcite crystals were placed on
Flinn diagram K=1 line (Fig 12), indicating an
anisotropic distribution. This distribution was due to
formation of calcite crystals in constant volume coaxial
plane strain conditions. The anisotropic distribution of
these points shows a tri-axial strain, indicating calcite
crystals were formed under plane strain condition. The
C parameter, which is the ability of data for preferred
orientation, was obtained by the equation C= In (S,/S;).
The mean C parameter obtained from the analysis of
elongated calcite crystals was about 1.3228. With
respect to the obtained average of point distribution and
dispersion in the Flinn diagram, it can be stated the
calcite crystals have a random distribution, since their
main concentration was around the diagram’s origin.
Table 1 shows the eigenvalues obtained from the
twinned calcite crystals analysis.

4.2 Stress and strain pattern Analysis

Some errors occurred during data collection, resulting in
dispersion of local stress pattern. Thus, in practice, it
was necessary to search for the best fitting fault striation
data of a specific tectonic event. To recognize and
analyse the paleostress axes arrangement, direct field
sampling was conducted during the surveying process.
All of our data collection stations were in Oligo-
Miocene Asmari Formation. In this work, 123
geological data were collected from fault slip planes and
fault striations. After collecting fault plane properties,
T-Tecto 3.0 software was used to calculate the study
area relative amounts of prevailing stress and strain. The
mean inclinations on eastern and western Arjan fault
slickensides are 87° and 56°, respectively. As the first
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step, the fault plane specifications were collected, and
the slip trend was determined using the fault striations
measures. Analyses of the fault striation data suggested
a spatial arrangement of o; NNE, a nearly vertical
plunge for o; and SE and an almost horizontal plunge
for 6, and SW. Spatial stress configurations were
N23°E70°,S58°E26° and S34°W10° for o, 63 and o,,

respectively (Figs 13 and 14). The mean direction of the
determined compression and tension from twinned
calcite crystals analysis were S55°E+9, 32° and
N35°E+11, 72°, respectively. Figures 15 and 16
represent each station’s values.
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Fig 10. (a) Schematic illustration of temperature influence on the formation of calcite twins: (b) type I; (c) type II; (d) type III and (e)
type IV (Burkhard 1993).
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Table 1. The distribution of points on the stereo net, based on Woodcock (1977).

Station N Sy Sy Sy K C Ln (s2/s3) Ln (si/s2)
1 80 0.5431 0.3019 0.8081 0.8801 1.2539 0.6420 0.5097
2 72 0.4991 0.2032 0.0850 1.5118 1.9901 0.6464 0.2246
3 82 0.4682 0.377 0.1535 0.2453 1.1133 0.5202 0.7787
4 79 0.5342 0.3059 0.1620 0.5940 1.2049 0.6473 0.5288
5 130 0.4709 0.4036 0.1255 0.1324 1.3220 0.4372 0.4328
6 83 0.4470 0.3469 0.2061 0.4873 1.2742 0.6739 0.7605
7 69 0.5082 0.2875 0.2043 09114 1.6667 0.7848 0.5430
8 94 0.4963 0.3783 0.1159 0.2041 1.4549 0.4393 0.7395
9 127 0.4380 0.3793 0.1425 0.1369 1.1591 0.5017 0.8527
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Fig 12. Normalized eigenvalues of S1, S2 and S3 in thin sections of the study area, plotted on a Flinn diagram (Ramsay 1967).
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Although for most conditions, it is not possible to
determine the main stresses absolute values the relative
magnitude of stress and strain we can be estimated
eventually, using fault slip data. For this purpose, the R
parameter (R= (0,—03) /(5,—03)) was used to determine
the tectonic regimes, where usually 0<R<1. Conditions
R=0, R=1 and R=0.5 indicate the radial, axial extension
and general extension, respectively. Figure 17 illustrates
the Mohr circles plotted with fault slip data and their
former tectonic regime. Accordingly, three main
tectonic regimes were differentiated, with reference to
the vertical principal stress: ojvertical -extensional
tectonic regime,c, vertical-wrench regime (strike slip)
and osvertical- compression regime. The relative
magnitudes of principal stresses vary continuously
between these three end-member tectonic regimes, and
the transition from one regime to another is
fundamentally due to permutation of one of the
horizontal principal stress axes with the vertical one.
Each tectonic regime may vary continuously from radial
to axial, depending on the relative magnitudes of the

intermediate principal stresses, c,, with respect to the
extreme principal stresses, o; and o3. The R-value
obtained in the study area wasl, indicating axial
extension (Figs 17 and 18). The normal faults with
strike-slip or oblique-slip components are formed within
transtension conditions (Twiss and Unruh 1998).

Fossen (2012) applied the equation ¢ = (6,—63) /(6;—03)
for the determination of strain ellipsoid shape. In this
equation, ¢ parameter is commonly in the range of
0<@<l. The ¢=0 indicates an oblique strain ellipsoid
where 6,=0; and compression conditions are dominant.
On the other hand, the ¢=1 shows an oblate strain
ellipsoid with 6,=c,, which is related to tension (Fig 19).
Figure 20 illustrates the principal stress differences,
where ©;-0,is plotted against 6,-czand brings out the
shapes of plotted-stress tensors. On this picture, stress
states with the same value are plotted on straight lines
radiating from the origin, although their position along
the lines depends on the differential stress value, d=
6,—03, and @ is the stress shape ratio (Ramsey and Lisle
2000).
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Compression direction stereonts of the Dasht-¢- Arjan area
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Fig 15. Compression directions of Dasht-e-Arjan graben sampling stations.

The obtained ¢ parameter is 1’ (¢=1), implying the
presence of oblate strain ellipsoid and tension. In
addition, the strain ellipsoid shape can be estimated
based on fault slip data analysis and the ratio ¢= (6,—0,)
/ (01—03) (Lisle and Leyshon 2004). Based on the fault
slip data analysis, it can be stated that tension was the
prevailing mechanism in the study area.

Shape of strain ellipsoid can be obtained using ther,
parameter (ry= (E»—E;)/ (E,—E;)), where E;, E, and E;
are eigenvalues of moment tensors (Bingham 1964),
obtained from the primary data processing conducted by
Fault Kin 5 WinBeta software. Different values of ry=1,
1,=0 and ry=0.5 indicate the oblate strain ellipsoid,
constructional strain ellipsoid and plane strain ellipsoid,
respectively (Federico et al. 2010). Taking into account
these expressions and the collected fault slip data, the
study area rowasl, indicating oblate strain ellipsoid (Fig
21, Table 2).

Table 2. Relative values of principal strains.

E, E, E; Io
0.62 -0.31 -0.31 1

To determine the inverse paleostress based on fault
striation data, the T-Tecto 3.0 software was used, and
the results yielded two different deformation phases. In
this stress analysis method, it was assumed that the fault
striations show maximum shear-stress direction
(Zalohar and Vrabec 2007). Then, by inverting these
phenomena, it is possible to obtain the stresses caused
by formation of fault planes and fault striations. Phasel
and 2 deformations showed newer strains, and the
youngest deformation was related to the second phase
(Fig 22).
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Tension direction stereonts of Dasht-e- Arjan area
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Fig 16. Tension directions of Dasht-e-Arjan graben sampling stations.
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Fig 18. The Mohr circle plotted with fault striation data of the

study area.
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4.3 Inversion Analysis

Based on investigation of fractures and fault striations
formed within the study area, and using a multiple
inversion method with the T-Tecto 3.0 software, two
stress phases can be expected in the study area. In the
first  tectonic deformation  phase, (o) and
o;werehorizontal while, 6, was vertical (Ramsay 1967,
Ramsay and Lisle 2000). In the second deformation
phase, ozwasnearly horizontal, c,washorizontal and o
was vertical. With respect to orientation of stress
directions, these two phases showed normal faulting.
This analytical method showed the area experienced
two different deformation phases and a tensional
tectonic regime. The first identified tectonic phase was
caused by the formation of fractures and main faults
(with NE-SW trends) and joints that were filled and
cemented in the study area (Fig 23). It seems that this
stress phase formed the study area overall structure. The
second phase, the youngest governing stress phase, was
caused by formation of recent fractures.
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Fig 20. Stress tensor diagram of ¢ parameter derived from T-Tecto 3.0, for the entire study area.
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Fig 21. Various positions of the shear plane with respect to t1, T, and t; stresses. (a) slip vector parallel to t;, (b) slip vector between
1, and 13, (c) slip vector parallel to 73 (Twiss and Unruh 1998).
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Fig 23. (a) First deformation phase which indicates fractures, major faults, fault joints, filling, and cement in the western Arjan (the
observer facing northwest; and (b) Second phase causing young joints (the observer's the northeast).
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5. Conclusion

Paleostress analysis on the basis of the fault slip
inversion method was performed from striations, or
slickenlines, data collected from two faults planes. It
showed that the orientation of the maximum principal-
stress (o)) of the graben isN23°E72°and minimum
principal-stress  (o3) is  S58°E26°.  Microscopic
examinations of oriented thin sections (XY- and XZ-
planes) indicated that they consisted of type I and II
calcite e-twins. Measurements of the e-twin and c-axis
were carried out using an optical polarising microscope
equipped with five universal stages, to determine the
orientations of ‘Compression’ (P) and ‘Tension’ (T)
axes. The mean orientation of the sub-vertical maximum
principal-stress (o) is N35°E £ 11.72°, and the mean
orientation of minimum principal-stress (c3) is S55°E +
9.32°.

The results of studies on twinned calcite crystals showed
that most data had k=1, indicating the tendency of data
for anisotropic distribution. This distribution is due to
formation of calcite crystals in constant volume coaxial
plane strain conditions. In addition, calcite crystals had a
random distribution, with respect to the presence of type
I and type II calcite e-twins in the study area. Thus, it
can be suggested that they were formed at shallow depth
and low temperature conditions. The results of fault
striation data analysis, tectonic regime and shape of the
Mohr circle of the study area indicated the presence of
axial extension and extensional tectonic regime. The
stress ellipsoid shape, ¢ =I,showedtension and plane
stress ellipsoid, while the stress shape ratio ¢ =1
indicated axial tension. Besides, the shape of the strain
ellipsoid with ro=1showedoblate strain ellipsoid for fault
striation data. In this work, two tectonic phases were
identified within the study area. The first one is caused
by the formation of fractures and main faults (with NE—
SW trends) and joints filled and cemented. It seems that
this stress phase had the greatest impact on structure
formation within the study area. The second phase, as
the youngest governing stress phase, was caused by
formation of recent fractures, where the related tensional
stress was aligned in NW-SE direction. The two
identified phases of tension and compression directions
showed a relative 20° clockwise rotation. All
investigation conducted in this work were in the Oligo-
Miocene Asmari Formation because of its exposure and
considerable thickness in the study area. The obtained
results are related to the last stage of deformation and
operation of the graben faults, because twinned calcite
crystals and fault striations recorded the last
deformation stage. The results indicated operation of the
tensional tectonic regime that is well consistent with
Anderson theory of normal faulting (Twiss and Moores
2007).
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