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Abstract: This study focuses on determining the orientation and constraining the magnitude of
present-day stresses in the Dezful Embayment in Iran’s Zagros Fold and Thrust Belt. Two datasets
are used: the first includes petrophysical data from 25 wells (3 to 4 km deep), and the second contains
108 earthquake focal mechanisms, mostly occurring in blind active basement faults (5 to 20 km
deep). Formal stress inversion analysis of the focal mechanisms demonstrates that there is currently
a compressional stress state (Aϕ = 2.0–2.2) in the basement. The seismologically determined SHmax

direction is 37◦ ± 10◦, nearly perpendicular to the strike of most faults in the region. However,
borehole geomechanics analysis using rock strength and drilling evidence leads to the counterintuitive
result that the shallow state of stress is a normal/strike-slip regime. These results are consistent with
the low seismicity level in the sedimentary cover in the Dezful Embayment, and may be evidence of
stress decoupling due to the existence of salt layers. The stress state situation in the field was used
to identify the optimally oriented fault planes and the fault friction coefficient. This finding also
aligns with the prediction Coulomb faulting theory in that the N-S strike-slip basement Kazerun
Fault System has an unfavorable orientation for slip in a reverse fault regime with an average SW-NE
SHmax orientation. These results are useful for determining the origin of seismic activity in the basin
and better assessing fault-associated seismic hazards in the area.

Keywords: focal mechanisms; fault mechanics; seismicity; stress state; Dezful Embayment;
Zagros fold and thrust belt

1. Introduction

The Zagros fold-and-thrust belt (ZFTB), southwest Iran, is one of the most seismically
active areas in the world [1,2], with more than 5000 earthquakes of Mw ≥ 3 recorded
between 1 January 2010 and 1 January 2020 (Iranian Seismological Centre catalog). The
Dezful Embayment (DE) within the ZFTB is also one of the richest hydrocarbon regions in
the world, hosting many onshore hydrocarbon fields and containing about 9% of global
hydrocarbon [3]. Improving our knowledge of its state of stress is important in view of the
area’s enormous economic value and seismic activity.

Understanding the state of stress in the area is important to seismology research [4,5]
and to reservoir geomechanics studies at various scales [6]. Knowing the state of stress
in the Dezful Embayment helps us understand crustal-scale seismicity pattern issues
(10 km) arising from oil and gas extraction [7], the reservoir scale issues (1 km) of induced
seismicity [8], and borehole scale engineering issues (10 m) related to casing shear and
borehole stability [9].

In the Dezful Embayment area, most seismicity occurs around the Balarud Fault (BL),
Kazerun Fault (KZ) System, and the Mountain Front Fault (MFF), and is restricted to depths
below 5 km and to the area with a surface elevation of fewer than 1500 m above sea level
(Figure 1). However, the major oil and gas fields of the Dezful Embayment region are
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located at low elevation; therefore, combining both earthquake datasets and borehole well
logs leads to better coverage of the various scales.
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Figure 1. Topographic, structural and seismicity map of Zagros Fold and Thrust Belt along with locations of hydrocarbon
fields (green oval shapes). Colored circles are IRSC-recorded earthquake centroid depths since 2010. Details of each
earthquake are provided in Yaghoubi (2020). The bottom left histogram shows the depth (km) distribution of earthquakes.
Red triangles denote the location of the 25 wells investigated in this study. Fault traces (the solid black lines) are inferred
and compiled from Berberian (1995) and Talebian & Jackson (2004). The white lines show the main structural subdivisions
of the ZFTB. Major active faults are the HZF, High Zagros Fault; KZ, Kazerun Fault System; MFF, Mountain Front Fault;
MRF, Main Recent Fault; MZRF, Main Zagros Reverse Fault; ZFF, Zagros Foredeep Fault; BL, Balarud Fault.

Numerous studies have focused on determining stress states in the ZFTB by using
earthquake focal mechanism data, where most seismicity happens on blind faults at base-
ment level or beneath the sedimentary cover at depths of 5–20 km [1,2,10–15]. Berberian [1]
stated that active thrust basement fault systems are covered by quiescent sedimentary
layers in the ZFTB. A micro-earthquake study [16] carried out around the Kazerun Fault
System also revealed that the shallower sedimentary cover deforms by strike-slip faulting,
but that a reverse faulting regime exists at greater depths. However, very few studies
have integrated drilled wellbore datasets for shallower depths (<5 km) to help delineate
the area’s current state of stress [17,18]. The study by Yaghoubi and Zeinali [17] of the
Cheshmeh-khosh field and by Haghi, Chalaturnyk and Ghobadi [18] of the Ahvaz Field
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indicated that normal/strike-slip faulting predominates in the sedimentary cover to a
depth of 5 km.

The presence of several continuous highly ductile layers (the Hormuz Salt, and the
evaporitic Dashtak and Gachsaran Formations) in the ZFTB leads the upper sedimentary
cover to be decoupled from the basement [19]. The state of stress in the Dezful Embayment
is a classic case of decoupling, where the stress regimes are changed at various depths
because of the existence of highly ductile layers. These ductile zones shield the shallower
sediments from the compressional strains in the basement rock arising from the collision
between the Arabian and Eurasian plates that have generated the Zagros [1,20–22].

This study determines the orientation and constrains the magnitude of the area’s
present-day stresses and tectonic regimes based on the geophysical wellbore log datasets
of 25 wells as well as 108 earthquake focal plane mechanisms. The database includes
the style of faulting derived from earthquake focal mechanisms and analyses of borehole
breakouts and tensile-induced fractures. Evidence of stress-induced borehole instability
and geophysical data from various wells, as well as seismicity datasets, are used to estimate
the state of stress in the Dezful Embayment.

First, we used borehole failures, drilling evidence, and rock strength information to
constrain the stress state to a depth of around 4 km. Second, we determined the style of
fault movement using focal mechanism events at depths of more than 5 km. Finally, the
seismicity pattern in the region and strike-slip earthquake events around the N-S Kazerun
Fault System are used to verify and confirm that the state of stress in the Dezful Embayment
changes with depth.

2. Regional Tectonic Setting

The Zagros fold-and-thrust belt (ZFTB) results from the active collision of the Arabian
and Eurasian plates. Extending for almost 1400 km and 100–200 km wide, with an approxi-
mately N 125◦–160◦ trend, the Belt stretches from eastern Turkey to the northern area of
the Strait of Hormuz in the Persian Gulf. The ongoing collision started during the Miocene
era as the Arabian plate pushed against the central Iranian one [1]. This compressional
tectonic activity has led to significant crustal shortening across the fold belt, and resulted in
the faulting and folding, thrusting, and reactivation of large-scale strike-slip faulting of the
sedimentary cover sequence. Among the major faults are the Izeh-Hendijan Fault (IZHF),
the Kharg-Mish Fault (KMF), and the Kazerun Fault (KZ) System (Figure 1).

The deep-seated strike-slip Balarud Fault (BL) from the northwest and the Kazerun
Fault System from the southeast divide the ZFTB into various geological zones, each with a
different structural style and stratigraphy. These zones include two regional embayments:
the Kirkuk Embayment to the northwest and the Dezful Embayment to the southeast.
There are also folded belts: from NW to SE, the in the Lorestan area, Izeh zone, and Fars
(Central Zagros) arch [23]. An earlier study by Sherkati and Letouzey [24] showed that the
Dezful Embayment has subsided approximately 5000 m, compared to the Izeh zone across
the Mountain Front Fault.

Extending over 60,000 km2, the Dezful Embayment is a discrete structural lowland
bounded by the Balarud Fault (BL) and the Mountain Front Fault (MFF) to the north
and northeast, the Kazerun Fault (KF) System to the east and southeast, and the Zagros
Foredeep Fault (ZFF) to the south and southeast. Most seismicity in the area occurs around
the Balarud Fault, Kazerun Fault, and the Mountain Front Fault. Each colored dot in
Figure 1 indicates the epicenter of an earthquake recorded by the Iranian Seismological
Centre after 2010. We display that earthquakes have a recorded waveform only for the sake
of accuracy [25]. This embayment is one of the most prolific oil regions in the world [26] and
hosts more than 40 onshore hydrocarbon fields. Most of the hydrocarbon fields (oval green
shapes in Figure 1) are elongated along the regional strike of the whaleback folds, NW-SE,
orthogonal to the shortening direction (SW-NE). The majority of oil and gas hydrocarbon
fields in the Dezful Embayment are found in two regional carbonate zones, the Asmari and
the Sarvak Formations.
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3. Dezful Embayment Stratigraphy

The present-day stratigraphic disposition of the Zagros Mountains and the Dezful
Embayment is well established and is the result of a long geological history [20,24,27–30].

More than 10 km of Palaeozoic sedimentary successions have been deposited over
the infra-Cambrian Hormuz in the ZFTB. The significant difference in the stratigraphy
between the Dezful Embayment and Fars geological province is that the sedimentary
cover of Fars province has been deposited on top of the infra-Cambrian Hormuz Salt
layer, whereas this layer is much thinner or absent in the northern Zagros [29]. The main
detachment levels in the Dezful Embayment are located in the evaporite-rich Triassic
Dashtak and Miocene Gachsaran Formations (the yellow formations in Figure S1 of the
Supplementary Materials).

The Gachsaran Formation (lower Fars) varies in thickness from several hundred to
2000 m and includes thick beds of evaporates (anhydrite, gypsum, and salt) with some marl,
limestone, dolomite, and shale zones [31]. The Gachsaran Formation is a regional seal and
is the caprock for the Asmari Formation reservoirs. The Asmari Formation is composed
of sandstone in its lower part and carbonates in the upper part (Figure S1), but at the
northern edge of the basin, its uppermost part is conglomeratic, with clasts derived from the
Asmari itself [32,33]. The Upper Cretaceous Sarvak Formation, the second-most important
reservoir unit in the Dezful Embayment, is part of the carbonate series of the Sarvak and
Ilam Formations [32] and overlain by the Gurpi Formation. Motiei [34] pointed out that
the Sarvak Formation consists of three limestone units, together reaching a maximum
thickness of 821 m in the Dezful Embayment. The high hydrocarbon productivity of these
reservoirs, particularly the Asmari, results mostly from the fracture systems created by the
compressive folding characteristic of the Zagros area [3].

4. Data Collection

Logging data and drilling reports of twenty-five wells of the Dezful Embayment have
been analyzed. For all these wells, resistivity and acoustic image logs are available and
provide a circumferential picture of the borehole walls. This information has enabled the
identification of structures in the borehole wall, due to the differences in acoustic, resistivity
reflectivity, and the rugosity of the borehole wall. To analyze the stress state, borehole
breakouts and drilling-induced tensile fractures (according to WSM) have been examined.
Details of each well, including the depth of their image logs, are provided in Table 1. Red
triangles in Figure 1 denote the locations of the examined wells, which were drilled in
15 different hydrocarbon fields at various locations in the Dezful Embayment.

Table 1. SHmax orientations derived from both borehole breakout (BO) and drilling induced fracture (DIF) in the different
fields of the Dezful Embayment (S.D, standard deviation). SHmax orientations are ranked from A to D according to the
World Stress Map (WSM) quality ranking system.

Field Well Name
Abbreviation

SHmax
Azimuth (deg) Type Number Total

Length (m)
Depth

(m) Orientation (deg.) S.D. WSM
(Quality)

Aghajari AJ-215 32 BO 5 110 2475 122 7.3 C

Balarud

BL-2 147.6 BO 6 140 2243 57.6 2.1 B

BL-2 152.5 DIF 6 464 2174 152.5 11.1 B

BL-3 175 BO 1 1616 85 D

BL-3 174.9 DIF 10 269 1805 174.9 20 B

BL-4 42.9 BO 19 503 1846 132.92 19.9 B

BL-4 109.9 DIF 3 18 1705 109.9 18.6 D

BL-6 169.08 DIF 24 623 1934 169.08 12.9 A

Bibi-
Hakimih

BH-177 87.2 BO 51 210 1972 177.2 11.6 A

BH-179 90.3 BO 109 520 2121 180.3 10.8 A
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Table 1. Cont.

Field Well Name
Abbreviation

SHmax
Azimuth (deg) Type Number Total

Length (m)
Depth

(m) Orientation (deg.) S.D. WSM
(Quality)

Chahar
Bisheh CB-4 52 BO 149 295 1953 142.0 9.9 A

Cheshmeh-
khosh

CK-8 176 BO 25 238 3548 86.00 4.2 A

CK-9 75 BO 43 221 4172 165.00 26.0 C

CK-22 182.6 BO 10 106 3522 92.6 6.9 A

Dalpari DP-08 157.3 BO 30 150 2340 67.3 32.1 D

Dehloran DH-23 31.4 BO 52 415 4164 121.4 7.14 A

Khesht

KH-2 138 BO 28 402 2810 48.0 9.8 A

KH-2 142.75 DIF 4 191 2845 322.75 8.7 C

KH-5 124.05 BO 36 197 2994 34.05 8.7 A

KH-5 119.4 DIF 19 215 2984 299.4 17.8 B

Lali
LL-22 44.2 BO 35 230 2278 44.2 11.2 A

LL-29 135 BO 158 466 2547 46.10 43.3 E

Mansouri MI-99 72.02 BO 22 179 3259 162.02 5.02 A

Maroun MN446 75.7 BO 167 125 4293 165.70 5.3 A

Naft_Sefied NS-47 72.75 BO 29 270 1625 162.75 9.78 A

Paydar

P-2 1.3 BO 89 681 3304 91.30 6.8 A

P-2 179.2 DIF 99 576 3294 179.2 20.3 A

P-6 10.7 BO 213 310 4045 100.7 5.7 A

P-7 9.8 BO 135 230 4035 99.8 6.2 A

Ramshir
RR-19 59.65 BO 32 248 3061 149.65 6.70 A

RR-19 70.8 DIF 3 48 2818 70.8 3.9 D

Yaran YRRN-2 43.6 BO 11 140 3980 133.60 7.5 A

A total of 108 individual well-constrained focal mechanisms have been extracted and
compiled from previous publications and sources [2,11,12,35–42] and the Iranian Seismo-
logical Centre. Details of each focal mechanism and its references are provided in the
Supplementary Materials. We have selected only those focal mechanisms that rank A in
their references. Of the 108 focal mechanisms, 73 are compiled from the Iranian Seismologi-
cal Centre [43] using broad-wave forms modeling. The selected focal mechanisms range in
depth from 4 to 20 km, with an average depth of 10 km. A number of the focal mechanisms
belong to the Lorestan Arc and Fars Arc to evaluate the state stress variation on the border
of structural subdivisions. Of all earthquakes considered in this focal mechanism study,
86 are thrust faulting at various locations, and 22 events are strike-slip, which mostly occur
around the NS striking Kazerun Fault System.

5. Constraining the State of Stress from Borehole Data
5.1. Methodology

Since most of the ZFTB’s earthquakes have been recorded below a depth of 4 km,
datasets obtained from boreholes fill a critical gap in understanding the state of stress at
shallower depths in the sedimentary cover. There are well-established techniques for deter-
mining stress orientation from borehole geometry and borehole geophysics datasets [44].
Drilling causes stress concentrations around the borehole wall. The local stress concentra-
tions due to drilling a circular hole in an infinite homogenous rock mass can be calculated
from the Kirsch solution [45]. In a vertical wellbore, observation of compressive features
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(breakouts) and tensile features (induced axial fractures) proves to be an effective ap-
proach for determining the minimum and maximum horizontal principal stress orientation,
respectively [46].

In the context of the Mohr-Coulomb theory and considering the Kirsch equation,
compressive failure, borehole breakout, in a vertical well occur when the circumferential
effective stress (σθθ) or the vertical effective stress (σzz) exceeds the rock strength.

σθθ = SHmax + Shmin − 2(SHmax − Shmin) cos 2θ − 2Pp − ∆P ≥ rock stength
σzz = SV − 2ν(SHmax − Shmin) cos 2θ − Pp ≥ rock stength

σrr = ∆P
(1)

where Sv, SHmax, Shmin are the vertical, maximum, and minimum horizontal stress mag-
nitudes, respectively; ν is the static Poisson’s ratio; Pp is pore pressure, and ∆P is the
difference between mud pressure and pore pressure. Drilling-induced tensile fracture form
when the circumferential effective stress (σθθ) or the vertical effective stress (σzz) goes into
tension. Note that the above equation is a simple presentation of induced stress around a
vertical borehole wall due to drilling. Please see Schmitt, Currie and Zhang [46] for more
information on the stress state surrounding arbitrarily inclined boreholes.

The Leak-Off Test [47], Hydraulic Fracturing Test, and Pressure While Drilling (PWD) [48]
are different direct in-situ stress measurements taken during well drilling. Since no direct
Shmin measurement was available for this study, the state of stress had to be constrained
from the borehole well-log data for the lower depth of the Dezful Embayment. An alternate
approach used to constrain the in-situ stress magnitude in the absence of direct stress
measurement is to utilize the observations of wellbore failures (Equation (1)) along with
considering that the stress magnitudes are in equilibrium with the frictional strength of
pre-existing faults [49]. The ratio of the maximum (S1 − PP) to minimum (S3 − PP) effective
stress on an optimally oriented cohesionless fault is limited by frictional strength:

(S1 − Pp)/(S3 − Pp) =

[√
1 + µ2 + µ

]2
(2)

where PP is pore pressure and µ is the coefficient of frictional sliding on a pre-existing
fault [45]. It has been found in laboratory studies and in-situ experiments that the mag-
nitude of the coefficient of friction falls within the range of 0.6 to 1 [50]. In this study, we
have used the observation of borehole failure (Equation (1)), information on rock strength,
and the frictional strength of crust (Equation (2)) to constrain the state of stress at shallow
depths in the sedimentary cover in the Dezful Embayment.

5.2. Stress Orientation

Detailed analysis was done on the image logs of 25 wells. Figure 2 illustrates examples
of (a) borehole breakouts, and (b) and (c) tensile induced fractures detected in different
hydrocarbon fields located in the Dezful Embayment. Figure 3 shows the depth, frequency,
and orientations of borehole breakouts in well P-7 of the Paydar field. Statistical analysis
indicates that the Shmin direction (borehole breakout azimuth) in P-7 is 100.7◦ ± 5.7◦. This
result is approximately the same as that for the borehole breakout azimuth analysis for P-6,
drilled about 4 km away (101.7◦ ± 12.1◦). The same analysis was performed for different
wells in the Paydar, Agha-Jari, Khaviz, Abe-Teymor, Lali, Marun, Dalpari, Cheshmeh-
khosh, and Mansori fields. The SHmax orientations resulting from breakouts, plus the
tensile-induced fractures in each well, are ranked A to D according to the World Stress
Map quality ranking system [51]. Table 1 presents the result of this analysis of borehole
breakouts and tensile-induced fractures observed in the vertical wells at different fields in
the Dezful Embayment.
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Of all wells, wells CK-9, LL-29, and the wells drilled in the Balarud field show sig-
nificant variations and anomalies in breakout azimuths (D quality) and tensile-induced
fractures as a function of depth, due to stress perturbations associated with geological
structures and faults. Figure S3 (Supplementary Materials) shows how breakout azimuths
on the ultrasonic image logs for wells CK-9 and LL-29 change abruptly at different depths,
resume at slightly greater depths, and gradually change in the vicinity of the fault. Seismic
interpretation (3D) of the Cheshmeh-khosh field revealed two sets of faults with a NW-SE
and WNW-ESE trend in the field, one of them close to well CK-9 (internal communication
with NIOC). Talebi, et al. [52] and Hosseini, et al. [53] also observed that the stress orien-
tations in the Lali field varied from well to well and were too complex to interpret due
to an east-west trending strike-slip fault in the Asmari Formation. The Balarud Field is
also a fault-bend fold, where stress orientations are significantly affected and perturbed by
their geological setting. The stress orientations in the different part of the Balarud Field are
highly variable.

5.3. Stress Magnitude

From the surface to a 7 km depth, three abnormally pressured formations are present
in the Dezful Embayment: the Miocene evaporitic Gachsaran Formation (Lower Fars),
the Triassic Dashtak Formation, and the Lower Cretaceous carbonate Fahliyan Forma-
tion. Almost all wells drilled in the Embayment experience difficulties in penetrating the
Gachsaran Formation, sometimes leading to blowouts [54]. The pressure gradient in the
Gachsaran Formation ranges from 15.5 to 22.1 MPa/km in several oil fields located in
the Dezful Embayment, such as the Masjid-i-Sulaiman, Lali, Haft-Kel, Naft Safid, Agha-
Jari, Pazanan, Gachsaran, and Naft Shahar. The Dashtak Formation in the Embayment
is located at a greater depth. The pressure variation along the Triassic Dashtak Forma-
tion is equivalent to that of the Gachsaran formation due to both having evaporitic rock
composites; however, the former is the caprock in the Fars region hydrocarbon fields.
Drilling experience in the Fars region shows that high mud weights are needed to drill
into the Dashtak Formation [55]. The lower Fahliyan Formation, which mainly consists of
limestone, is another location of slight overpressure in the ZFTB, mostly in the Abadan
Plain [56,57]. Apart from these three strata, other formations such as Asmari and Sarvak
is close to hydrostatic. Since the Gachsaran and Dashtak Formations are severely over-
pressured, running the petrophysical well tools and performing formation evaluation tests
is challenging. Therefore, there is not much information available on the rock physics and
geomechanics properties of these two specific formations. Figure S2 of the Supplementary
Materials shows variations of mud weight and direct pore pressures with depth, drawn
from direct observations of several wells in the Dezful Embayment.

Few Hydraulic fracturing tests and extended leak-off tests have been reported for the
ZFTB area. Table 2 provides a summary of the leak-off tests and Hydraulic fracture tests
reported for the Gachsaran and Ahvaz oil fields in the Dezful Embayment. Table 2 shows
that the minimum principal stress gradient is about 14 and 15 MPa/km at a depth of 2.5 km
and 3.5 km, respectively. That means the state of stress in oil and gas fields in the Dezful
Embayment is normal to strike-slip faulting regime. Since no direct Shmin measurement
was available for this study, the stress state was taken from well log data at the shallow
depth (<5 km) of the Dezful Embayment.

Sufficient rock mechanics studies are available for the Sarvak and Asmari Formations
to use in establishing the relation between static and dynamic elastic moduli and rock
mechanics properties. The study carried out by Najibi, et al. [59] shows that the uniaxial
compressive rock strength (UCS) of limestone in the Sarvak and Asmari Formations
varies considerably between 30 to 180 MPa, with the most-frequent value being 80 MPa
(Figure S4). The same results have been reported by other studies [59–66]. Note that the
Asmari and Sarvak Formations, as described above, also contain sandstone and shale of
lower strength than the carbonate parts.
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Table 2. Summary of the leak-off test results reported for the Dezful Embayment.

Field Lat
(◦N)

Long
(◦W)

Depth
(m)

Shmin
Magnitude

(MPa)

Shmin
Gradient
(MPa/km)

Reference

Gachsaran 30.32 50.48
2410 35.1 14.5

Amiri, et al. [58]
2578 37.7 14.6

Ahvaz 31.19 48.4
3450 52.44 15.2 Haghi, Chalaturnyk

and Ghobadi [18]3513 53.4 15.2

In the absence of direct stress measurement, observations of drilling-induced wellbore
failure in a vertical borehole along with the information on rock strength can estimate
the range of possible horizontal stresses acting around a drilled well at any given depth.
To elaborate on this, Figure 4a illustrates an example of the rock strength (UCS) required
to prevent breakout in a vertical borehole for a case Sv = 100 MPa, Smin = 100 MPa,
SHmax = 120 MPa, and Pp = 40 MPa, which is equivalent to a strike-slip/reverse faulting
stress state at depth of 4 km. The Mohr-Coulomb failure criterion and Kirsch formulation
(Equation (2)) [45] were used in these calculations. For this example, the rock strength
required to prevent borehole breakout is around 180 MPa. Thus, for such a state of stress,
compressive failure would not be expected if the rock is stronger than 180 MPa and wide
breakout failure (wash-out) would also result in lower rock strength than 80 MPa. When
the rock strength is known, the presence and absence of breakouts provide a lower and
upper bound on the horizontal stress difference acting around the borehole, respectively.
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Figure 4. (a) example of stress concentration around a vertical borehole and the location of borehole breakout and tensile
induced fracture and their relation to principal stress orientations; (b) range of possible stress magnitudes (stress polygon) for
horizontal principal stress at a depth of 3.5 km where Pp = 35 MPa, and SV = 87.5 MPa; (c,d) rock strength required to initiate
a breakout in normal and reverse faulting regimes in the Sarvak and Asmari Formations of the Dezful Embayment, assuming
that the stresses at the limit are constrained by a friction coefficient where µ = 0.6, Pp = 10 MPa/km, and SV = 25 MPa/km.
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The color bar for each case shows the rock strength needed to prevent borehole breakout in vertical boreholes. The white
line in the colorbar is to mark the rock strength value of 80 MPa. The Mohr-Coulomb failure criterion and Kirsch equations
were used in these calculations.

Figure 4b shows the range of possible magnitude (stress polygon) for the horizontal
principal stresses for a depth of 3.5 km where pore pressure is 35 MPa and vertical stress
is 87.5 MPa. It is assumed that the crust is in a state of frictional failure equilibrium and
the coefficient of friction (µ) is 0.6 (Equation (2)). The color inside of the stress polygon
represents the rock strength required to prevent breakout formation for different stress
regimes. For each possible stress state case, the analysis same as a present for Figure 4a
has been performed to know the rock strength under which borehole breakout might have
occurred. For instance, dark blue in Figure 4b indicates the possible state of stress at which
compressive failure will occur if the rock strength is less than 120 MPa.

Assuming that stress magnitudes at each depth are consistent with Coulomb frictional-
failure theory for a coefficient of friction (Equation (2)), Figure 4c,d illustrate two possible
states of stress, extensional (normal/strike-slip) and compressional (reverse/strike-slip) in
the sedimentary cover of the Dezful Embayment. Figure 4c,d present an analysis similar
to that of Figure 4b (stress polygon) but at various depths (see Figure 9 of Moos and
Zoback [67]). In each case, SV is assumed to be principal stress and is equal to the weight
of the overburden rocks (ρ ≈ 2.5 g/cm3). A depth between 2000 to 4500 m has been
chosen since the reservoir formations, the Asmari and Sarvak in the Dezful Embayment,
are generally located at such depths, and most of the relevant conventional petrophysics
and image logs are usually available. In Figure 4c, Shmin changes from the value limited by
a friction coefficient µ = 0.6 to SV = SHmax (the horizontal dashed line inside of the stress
polygon in Figure 4b). The same idea applies for Figure 4d; but SHmax changes from SV to
the value limited by a friction coefficient µ = 0.6 (the vertical dashed line inside of the stress
polygon in Figure 4b). The color shows the rock strength needed to prevent breakouts
occurs for a given value of horizontal principal stress for each possible case. As stress
magnitudes increase with depth, the compressive rock strength needed to prevent failure
increases at any state of stress.

In a compressional stress system in the studied region (Figure 4d), the minimum rock
strength needed to prevent borehole failure at a depth of 2 km, for example, should be around
180 MPa except when the three principal stresses are close together (SV ≈ SHmax ≈ Shmin).
Whereas in an extensional environment at such depth, the minimum required compressive
rock strength to make a vertical hole stable is around 90 MPa. Figure 3, the UBI log of
well P-7 in the Payder Field, can be used here as a related example. First, the presence
of breakouts shown in Figure 3 at depths between 3925–4130 m indicates that horizontal
principal stresses are not equal (SHmax 6= Shmin). Second, if the state of stress were reverse
faulting regime, the minimum rock stress needed to prevent borehole breakout at these
depths should be around 180 MPa (like the case presented in Figure 4a). Hence, considering
the average UCS value of 80 MPa in the Sarvak and Asmari Formations, one would expect
to observe continuous wide breakouts at all azimuths (wash-out) around any borehole
drilled in the Dezful Embayment. In other words, for a compressional state of stress at a
depth of 4 km when rock strength is around 80 MPa, major borehole instability (such as
wash-out) is expected to occur. Note that the Asmari and Sarvak Formations in the shale
and sandstone section has a lower rock strength than carbonate. Observations of borehole
breakout with respect to average rock strength in the Sarvak and Asmari Formation support
that the state of stress is not in a compressional stress system.

The normal/strike-slip faulting regime in the shallow sedimentary cover of the Dezful
Embayment also aligns with drilling experiences and borehole instability problems as
well as mud weight in vertical and deviated boreholes. Many oil and gas wells have
been drilled vertically into the Sarvak and Asmari Formations in the studied area, with
no instability problems or borehole breakout. Directional and horizontal wells, however,
do experience instability, and normally need more mud weight for safe drilling. Note
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that Table 2 presents just those wells in which breakouts and tensile-induced fractures
have been observed. Directional wells drilled in the direction of minimum principal stress
(borehole breakout azimuth) are much more stable, as less horizontal stress difference is
acting around the borehole wall. For example, well P-7 in the Paydar Field is side-tracked in
two azimuths of 212◦ and 292◦: ST-1, the first side-track at azimuth 212◦, was drilled 212 m
in 20 days with a mud weight of 70 pcf, and ST-2 was drilled 717 m in 15 days at azimuth
292◦ with a mud weight of 63 pcf. Both side-tracks were drilled in the Sarvak Formation
at a depth of 4020 m TVD (see Table S2 for more information). This drilling experience
example supports the counterintuitive fact that the state of stress in the sedimentary cover
of the Dezful Embayment is a normal/strike-slip regime.

These results are similar to those reported by Yaghoubi and Zeinali [17] for the
Cheshmeh-khosh field, Haghi, Chalaturnyk and Ghobadi [18] for the Ahvaz field in the
southern part of the Dezful Embayment, and others [58,68]. Their results show that
normal/strike-slip faulting predominates in the sedimentary cover to a depth of 5 km.
Haghi, Chalaturnyk and Ghobadi [18] performed borehole geomechanics modelling of the
Sarvak Formation in the southern part of the Dezful Embayment and determined through
extended leak-off tests that the Shmin gradient varies from 15.2 MPa/km (0.67 psi/ft) to
17.4 MPa/km (0.77 psi/ft). The normal/strike-slip faulting regime in the shallow sedimen-
tary cover of the Dezful Embayment is also consistent with little seismicity and fault slip.
A micro-earthquake study by [16] revealed that the shallower sedimentary cover deforms
by less-compressive states of stress, confirming the legitimacy of our results.

6. State of the Stress from Earthquake Focal Mechanisms

More than 5000 earthquakes of Mw ≥ 3 have been recorded in the area since 2010
(Iranian Seismological Centre). Their magnitude and distribution increase from northwest
to southeast, but they are scattered and rarely associated with co-seismic surface rupture
(except in the case reported by Walker, et al. [69]). Most have occurred on active blind
and hidden faults [1] beneath sedimentary cover (Figure 1). There is always uncertainty
associated with the depth of an earthquake. However, of the earthquakes observed in the
ZFTB, most occurred relatively deeper underground (with an average depth of 12 km) and
fewer occurred at shallow depths in the sedimentary cover (see the histogram in Figure 1).
Talebian and Jackson [2] stated that earthquakes in the ZFTB are only rarely associated with
surface faulting. Many seismicity analyses in the ZFTB confirmed that the sedimentary
cover is not highly seismically active even though it has been crisscrossed by many faults,
as shown in Figure 1 [15,70,71]. Rarely have earthquakes with an Mw greater than 7 been
recorded in the ZFTB.

Figure 5 displays two NE-SW cross-sections of the topography and earthquake
hypocenters in the northern (A-A’) and southern parts (B-B’) of the Dezful Embayment. As
illustrated in Figure 1 inset (histogram) and Figure 5, most earthquakes are located and
nucleate at a depth greater than 5 km, and are confined between 10 and 15 km, below the
sedimentary cover at the site of hidden faults. Seismic events are restricted to an elevation
less than 1500 m in the area where most oil and gas fields are located (the embayment area).

6.1. Methodology

Earthquake focal mechanisms enable to constrain relative stress magnitudes. Assum-
ing that SV is one of the principal stresses, an appropriate stress regime for each earthquake
focal mechanism can be assigned based on WSM criteria (Table 3, Zoback [70]). The SHmax
orientation can be determined from a single earthquake focal mechanism solution (FMS)
and the formal stress inversion (FMF) of that focal mechanism. Whereas single focal
mechanisms are only approximate indicators of SHmax orientation, the inversion of sets of
earthquake focal mechanisms determines a best-fitting stress field and provides a more
accurate estimation of principal stress orientations [71,72]. In this study, we also conduct
a formal inversion of moment tensors using MSATSI MATLAB code, which iteratively
inverts for the stress field based on the SATSI algorithm [73–75].
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Table 3. Stress inversion results at different locations in the Dezful Embayment.

Lat (◦N) Long (◦W) Number of Focal
Mechanisms S1 Azimuth (◦) S1 Plunge (◦) R = (1 − ϕ) Faulting Regime

48 33 68 205 3.8 0.70 ± 0.2 R

52 29 31 223 5.7 0.78 ± 0.25 R

51.6 29.8 23 221 4.3 0.84 ± 0.15 S

Assuming that the state of stress is in frictional failure equilibrium as one constraint
on relative stress magnitudes (Equation (2)), Angelier [76] introduced another constraint
by quantity ϕ, defined by the equation

ϕ = S2 − S3/S1 − S3 (3)

where S1, S2, and S3 are the maximum, intermediate, and minimum principal stresses.
Depending on the magnitude of the intermediate stress magnitude relative to the other
two, Angelier’s shape parameter ϕ is between zero and one. Simpson [77] generalized the
parameter ϕ values to provide a quantitative measure for each possible faulting regime as
an equation:

Aϕ = (n + 0.5) + (−1)n(ϕ− 0.5) (4)

where n = 0, 1, 2, for normal faulting, strike-slip faulting, and reverse faulting, respectively.
The fault parameter Aϕ (the style of faulting) ranges continuously from 0 to 1 for normal,
1 to 2 for strike-slip, and 2 to 3 for reverse faults [78,79].

6.2. Stress Orientation

The SHmax orientation has been determined from 108 single earthquake focal mecha-
nisms and the formal stress inversion of those focal mechanisms (Table S2 in the Supporting
Material). We determine the SHmax orientation of every single focal mechanism based on the
plunge of P, B, and T Axes (Table 3, Zoback [70]). Besides, The total data cluster into three
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groups based on their location (latitude and longitude), so stress inversion is calculated for
each group using the method presented in Martínez-Garzón, Kwiatek, Ickrath and Bohn-
hoff [75] (see Figures S4 and S5 for more information). Table 3 contains the results of the
formal stress inversion. The red lines crossing the beachballs in Figure 6 show the 108 SHmax
orientations inferred from individual focal mechanisms (P-axis), while the inward-pointing
black arrows (reverse faulting regime) and green arrows (strike-slip) represent the SHmax
direction calculated from formal stress inversion in the Dezful Embayment.

46˚ 48˚ 50˚ 52˚

28˚

30˚

32˚

34˚

100 km

46˚ 48˚ 50˚ 52˚

28˚

30˚

32˚

34˚

NF SS RF

Aϕ

a)

Inset 1

Inset 2

5 mm/yr

46˚ 48˚ 50˚ 52˚

28˚

30˚

32˚

34˚

46˚ 48˚ 50˚ 52˚

28˚

30˚

32˚

34˚

46˚ 48˚ 50˚ 52˚

28˚

30˚

32˚

34˚

46˚ 48˚ 50˚ 52˚

28˚

30˚

32˚

34˚

46˚ 48˚ 50˚ 52˚

28˚

30˚

32˚

34˚

0 1 2 3

47˚ 48˚

32˚

33˚

47˚ 48˚

32˚

33˚

Inset 1

50 km

47˚ 48˚

32˚

33˚

15

36

42

44

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

47˚ 48˚

32˚

33˚

47˚ 48˚

32˚

33˚

47˚ 48˚

32˚

33˚

47˚ 48˚

32˚

33˚

51˚ 52˚ 53˚

28˚

29˚

50 km

51˚ 52˚ 53˚

28˚

29˚

b)
Inset 2

51˚

51˚

52˚

52˚

53˚

53˚

11

37

49

50

51

52

5354 5556

57

58

59

62

6364

65

67

68

69

71 75

80

103104105

108

112

51˚

51˚

52˚

52˚

53˚

53˚

0

1

2

3

A
ϕ

010203040
Frequency(%)

c)

Figure 6. (a) Map view of the value of 108 interpreted focal mechanisms in the Dezful Embayment.
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Colors show the stress regimes, with Aφ values ranging from 0 to 1.0 for normal faulting, 1.0 to 2.0
for strike-slip faulting, 2.0 to 3.0 for reverse faulting. Red and black lines indicate the orientation of
SHmax for individual focal earthquakes (P-Axis) and formal stress inversion respectively. Blue inward
arrows show the SHmax direction derived from borehole breakouts and induced tensile fractures
of A quality (Table 1). (b) interpreted focal mechanism in southern Dezful Embayment (inset 2);
(c) histogram of Aφ value from the inversion of 108 focal mechanisms using Simpson (1997) approach.
Light blue arrow is GPS velocity vectors relative to central Iran derived from Walpersdorf, Hatzfeld,
Nankali, Tavakoli, Nilforoushan, Tatar, Vernant, Chéry and Masson [22]. The greatest concentration
of earthquakes is around the Balarud fault in the northern part of the embayment (inset 1).

Seismologically determined maximum horizontal stress (SHmax) orientations show
more overall consistency and spatial uniformity than those obtained from the borehole wall
examination (the blue inward arrows in Figure 6). The study suggests that the evaluated
earthquakes are in both a thrust and a strike-slip faulting regime, with an average SHmax
orientation of 37◦ ± 10◦. However, stress orientation variations are seen in most of the
investigated oil and gas fields, from relatively abrupt changes of stress orientation when
drilling crosses a fault, to gradual lateral variations over scales of several hundred meters.
The resultant spatial variation of stress orientations determined from boreholes in different
locations of the study area shows general stress heterogeneity (discussed later).

6.3. Relative Stress Magnitudes and Style of Faulting

Using Equation (4) (Simpson (1997)), the style of faulting regime for each focal mecha-
nism is displayed by colours in Figure 6. The color inside of each focal beachball indicates
the style of faulting based on Aϕ values. Noticeably, the highest frequency value (Figure 6c)
for Aϕ

∼= 2.2 suggests that SHmax is considerably greater than the vertical stress (S3) and
Shmin (S2) and Shmin/SV stress permutations. This compressional environment regime corre-
sponds to a state in which both the reverse fault and strike-slip fault are potentially active.
Of the 108 earthquake focal mechanisms considered, 22 earthquakes are strike-slip events
at various locations, but most occurred around the NS striking Kazerun Fault System.

7. Seismicity and State of Stress

In this section, the relationship between seismicity and stress states in the Dezful
Embayment are investigated. The seismicity pattern in the sedimentary cover and basement
as well as strike-slip earthquake events around the N-S Kazerun Fault System are used
to confirm that the state of stress in the Dezful Embayment changes with depth. We then
determine that fewer earthquakes occur in the sedimentary cover because the stresses are
less compressive at relatively shallow depths.

The occurrence of fewer earthquakes in an area, such as in the sedimentary cover
of the ZFTB, can generally be explained in two main ways. First, the state of stress
in an area is not sufficient to exceed the rock’s frictional strength to the point that a
failure/earthquake is nucleated by the relative stress magnitudes. Second, there may be
no critically stressed faults in the area with respect to in-situ stress orientation [80–83].
Hence, the presence or absence of seismicity with respect to fault orientations in an area
with a known stress orientation will provide information on the stress magnitudes. Since
seismogenic fault properties, such as fault orientation and dip angle, in the studied area
are unknown, this section first investigates which of two nodal planes for an earthquake
focal mechanism is geometrically optimal for fault slip, and what the frictional likelihood
is of a slip occurring along the preferred nodal plane. That helps us to understand and
investigate the relationship between seismicity and the state of stress, particularly for the
Kazerun Fault area.

Earthquakes in the Zagros area occur along blind/hidden faults for which neither
geological mapping nor 3D seismic imaging can clearly determine the geometries [1].
However, existing faults can now be inferred from earthquake events. Using earthquake
focal mechanisms that provide two nodal planes, we can deduce the possible fault plane.
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Figure 7a illustrates a normalized 3D Mohr diagram with a representative reverse focal
event (Mw = 4.2, 14 August 2015). The stress magnitude in the diagram is based on the Aϕ

value calculated for the event. The circle points in Figure 7a correspond to the normalized
shear and normal stress acting on each nodal plane. As shown for this example, the plane
fault striking NW-SE and dipping 25◦ NE is most likely to slip and is the preferred nodal
plane. Figure 7b shows the slip-tendency in a case where the state of stress is the reverse
faulting regime (Aϕ = 2.2), with an average SHmax orientation of N 37◦ E and hydrostatic
pore pressure. A red circle on the Mohr diagram represents critically stressed fault poles,
and black corresponds to fault poles with a lower likelihood of slip (τ/σn). Small circles
on the stereonet represent 92 preferentially-oriented nodal planes. The result shows that
in the reverse fault regime, where SHmax is oriented NEE, faults striking NW-SE and
dipping 30–50◦ either NE or SW are most likely to slip. According to the analysis, a friction
coefficient of 0.5–0.6 can be inferred as an optimum friction angle for NW-SE-oriented
faults in the Zagros.
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Figure 7. (a) 3D Mohr’s circle showing representative reverse focal mechanism and resolved shear and normal stresses for
each nodal plane. The color inside the beach ball represents Aϕ = 2.16 and is based on the color bar shown in Figure 6.
(b) Lower hemisphere stereonet plot of the preferred nodal plane for 92 focal mechanisms in the Dezful Embayment where
the state of stress is a thrust-faulting regime. Colors show the ratio of shear to effective normal stresses (required µ) needed
for shear failure on a fault plane.

Despite relatively uniform compressive stress orientations on both sides of the N-S
Kazerun transverse active fault, the relative principal stress magnitudes inferred from
earthquake focal mechanisms abruptly change from a reverse faulting regime to a pure
strike-slip faulting regime near the fault segment (Figure 8). Previous studies [2,38,40] have
stated that the strike-slip earthquake associated with the old inherited basement Kazerun
Fault System occurred at a depth of 4–11 km, with an average depth uncertainty ±3 km
in the uppermost basement. In contrast, reverse-faulting focal mechanisms occurred at
greater depths (below 12 km) in the basement. In fact, the state of stress in the different
sides of the Kazerun Fault System does not change laterally but rather vertically. The
same results were reported after seven weeks’ observations of micro-seismicity around the
northern end of the near-vertical Kazerun Fault, in which slips at greater depths occurred
in response to a pure reverse faulting regime [16]. They reported that nearly all of the
relative shallow-depth events resulted from a pure strike-slip regime.



Geosciences 2021, 11, 254 16 of 22

S

W

0

0.2

0.4

0.6

10 15 20 25 30 35 40
Normal Stress [MPa/km]

0

5

10

Sh
ea

r S
tre

ss
  [

M
Pa

/k
m

]

N
c) /

1988-08-11
Mw=5.8

=0.6

b)a) 50˚30' 51˚00' 51˚30' 52˚00'

29˚30'

30˚00'

30˚30'

50 km

50˚30' 51˚00' 51˚30' 52˚00'

29˚30'

30˚00'

30˚30'

50˚30' 51˚00' 51˚30' 52˚00'

29˚30'

30˚00'

30˚30'

9�6�6

6�7�7

9�10�10

4�18�16

8�19�17

9�20�18

7�21�19

16�22�20

10�23�21

5�25�23

7�32�30

5�33�31

5�34�32

16�43�38

7.8�72�47

19�76�50

15�77�51

11�78�52

17.7�102�54

11�116�63

18�117�64

9�120�67

50˚30' 51˚00' 51˚30' 52˚00'

29˚30'

30˚00'

30˚30'

Figure 8. (a) Earthquake focal mechanisms in the vicinity of the N-S Kazerun transverse active fault. The state of stress
changes from strike-slip faulting around the fault to a reverse faulting regime on either side, whereas the seismologically
(red line) determined azimuth SHmax (P-Axis) is stable and uniform around the area. (b) 3D Mohr’s circle showing a
representative strike-slip focal mechanism and resolved shear and normal stresses for each nodal plane. The red line on the
focal beach-ball indicates the actual fault plane. (c) Lower hemisphere stereonet plot illustrates the slip-tendency (ratio of
resolved shear to normal stress) for strike-slip faulting regime nearby Kazerun Fault System and actual nodal plane for
12 fault plane solutions mapped in (a).

These observations align with the frictional faulting theory that the N-S trending
Kazerun Fault System is in an unfavorable orientation for a slip in a reverse fault regime
with an average SW-NE SHmax orientation. Figure 8b presents an analysis similar to that of
Figure 7b. As shown, the fault striking N-S and dipping more than 80◦ NE is most likely to
slip and is the preferred nodal plane around the Kazerun Fault system. In Figure 8c, black
circles on the stereonet plot represent the seismologically actual fault plane around the
Kazerun Fault System, showing that the N-S strike fault has a higher slip likelihood. The
same fault plane (N-S strike) in a reverse faulting regime (Figure 7b) is not in a geometric
state permitting nucleation of an earthquake, except for a fault surface having a frictional
strength within µ ≈ 0.3–0.4. Since the state of stress varies with depth, the slip tendency
for a N-S strike Kazerun Fault increases when the state of stress changes to the strike-slip
regime at the upper depths.

High heat flow in fault zones generally indicates a fault’s frictional resistance to slip
and implies that the fault is frictionally strong [84]. Heat flow measured in different oil and
gas wells in the Dezful Embayment reflects significantly higher temperatures in the vicinity
of the Kazerun Fault System (66 mW/m2) (Figure 4 Rudkiewicz, et al. [85]), whereas
the central and northern embayment has a mean heat flux between 30–40 mW/m2. No
particular reason is stated for such a high thermal anomaly around the Kazerun line, but
one can assume that it results from friction and that the fault is not weak. This supposition
is consistent with the lack of reverse slip around the fault, as the frictional strength needs
to be as low as 0.3–0.4 (Figure 7b) and demonstrates why most earthquakes around the
Kazerun Fault System are a response to a strike-slip stress state. Note that the reverse slip
observed in the northern Kazerun Fault System is small in magnitude [16].

Fewer earthquakes in an area can generally be explained by a state of stress in a faulted
area that is not sufficient to exceed the rock’s frictional strength. This phenomenon could
explain the situation in the Dezful Embayment, as regional geophysics and geological
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studies have revealed its sedimentary cover to be crisscrossed by faults at both low and
highly elevated areas. Similarly, many oil and gas boreholes have been drilled through
local faults (Figure S3); nevertheless, earthquakes at shallow depth in the sedimentary
cover are rare.

Figure 9 shows a stability analysis of faults mapped in the Zagros area color-coded
by the ratio of shear to effective normal stress (the required frictional coefficient) τ/σn; it
is assumed that the state of stress is on the border of the strike-slip and normal faulting
regimes (SHmax ∼= SV > Shmin), as illustrated in the lower left inset in the 3D Mohr diagram.
In a normal faulting regime with an average SHmax orientation of N035◦E, the NW striking
faults will have highly unfavourable orientations for slip. The locations of earthquakes
since 2009 at a depth above 6 km are mapped as black circles in Figure 9. These earthquakes
are scattered over the area, except for the August 2014, Murmuri Mw 6.2 event in the north
of the Dezful Embayment.
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Since most faults in the area strike NW-SE, almost perpendicular to the maximum
horizontal stress orientation, they are critically stressed and associated with seismicity
only in the reverse faulting regime (Figure 7). Consequently, the state of stress in the
sedimentary cover cannot be as strongly compressional as that in the basement; otherwise,
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more earthquakes would be expected in the area. In fact, the few earthquakes occurring at
shallow depths compared to the number at greater depths in the area, plus the present NW-
SE striking faults, strongly indicate that the state of stress in the sedimentary cover in all
areas of the Dezful Embayment is a normal/strike-slip faulting regime. This fact confirms
that the state of stress in the sedimentary cover is gradually changing from extensional to
compressional from the sedimentary cover to the basement. The analysis has determined
that earthquakes are concentrated within the basement and concludes that the state of
stress at the near-surface deposits is not as compressional as that deeper in the basement.

8. Discussion

The stress orientation in the sedimentary rock strata and the basement shows two
entirely distinct types. The stress orientations constrained from inversion of the focal
mechanisms are consistently in the NE-SW direction in all areas of the ZFTB. However,
lateral variations of stress orientations (blue arrow line in Figure 6) are seen in most of
the investigated oil and gas fields in the area, from relatively abrupt changes of borehole
breakouts to gradual variations over scales of several hundred meters.

Stress deflections or second-order stress patterns can be due to lateral density/strength
contrasts, flexural stresses, or superimposed geological structures such as faults [86]. The
magnitude of local stresses relative to regional stress along with the angle between local
structures and the regional stress orientation are all significant parameters affecting the
deviation of local stress orientation [70,86].

The regional horizontal stress difference (SHmax − Shmin) is the determining factor [86]
for these anomalies in the folded and faulted sedimentary cover in the ZFTB. With this
compressional state of the stress field at seismogenic depths (5–15 km) in the ZFTB, where
SHmax − Shmin ≈ 30 MP/km (see Figure 7), the local uniaxial stress is not sufficient to
deflect stress orientation. However, in the sedimentary rock where the regional state of
stress has been constrained to be on the border between normal and the strike-slip faulting
regime (SHmax ∼= SV > Shmin), a moderate local horizontal stress difference can cause stress
deflection. Thus, variations in stress orientations are seen in most of the oil and gas fields
examined in the Dezful Embayment.

Stress variation with depth can be explained by decoupling of the stress because
of the existence of a ductile formation [87–89]. The ZFTB can be considered as a classic
case for stress decoupling and a varying stress regime with depth in sedimentary basins
due to several continuous highly ductile formations: the Precambrian Hormuz, Triassic
Dashtak, and Miocene Gachsaran. These formations can shield the shallower sediments
from the compressional strains in the basement rock arising from the collision between
the Arabian and Eurasian plates [20–22,90]. These detachment horizons can also result in
the decoupling of the basement and overburden deformation during crustal compression.
Similar vertical variations in the state of a stress regime have been observed in the eastern
part of the Paris Basin [88], the eastern North German Basin (NGB) [87,89], and the Nile
Delta [91].

9. Conclusions

The state of stress and the style of faulting for the Dezful Embayment in the ZFTB was
investigated using data from boreholes drilled for hydrocarbon resources development
and from earthquake focal mechanism records. The study supports the following findings:

1. Geomechanics study of 25 boreholes confirms that the stresses in the sedimentary
cover is normal to strike-slip faulting. This finding is consistent with fault slip ten-
dency analysis of the sedimentary cover, and the relatively few earthquakes at shal-
lower depths, as well as the leak-off test results reported by other researchers.

2. The style of faulting and relative stress magnitudes and stress orientation in the area
were investigated using Simpson’s (1997) approach in 108 well-constrained earthquake
focal mechanisms. This analysis shows that the Anderson fault parameter, Aϕ, varies
from 2 (strike-slip faulting) to 3 (reverse faulting) in the Dezful Embayment, with the
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highest frequency being between 2.0–2.2, suggesting that the style of faulting in the
basement is compressional (a reverse to a strike-slip faulting regime) because the Shmin
and SV magnitudes are close to one another but far less than the maximum horizontal
stress value.

3. Studying both the sedimentary cover and the basement of the Dezful Embayment
shows a change from the normal/strike-slip faulting stress regime in the former to a
thrust–fault stress regime in the latter.

4. Critically stressed fault analysis using the Mohr-Coulomb failure criterion was applied
to both the sedimentary cover and the basement in the Dezful Embayment. The
analysis shows that the fault plane most likely to slip in the basement is 30–50◦

dip angle fault aligned NW-SE. The local shallow depth faults, mostly lying NW-
SE, are not critically stressed, and in fact, at the current state of stress, they are
mechanically quiescent.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/geosciences11060254/s1, Figure S1: Stratigraphy column, source rocks, and reservoir forma-
tions for the Dezful Embayment, Figure S2: A typical mud weight profile from several wells drilled
in the Dezful Embayment, Figure S3: Ultrasonic image logs of well CK-9 and LL-29 along with depth
juxtaposed with observations of breakout orientations, Figure S4: The uniaxial compressive rock
strength (UCS) histogram of limestone in the Sarvak and Asmari Formations of the Kupal field,
Figure S5: The result of stress inversion of focal mechanisms in the northern, southern, and around
Kazrun fault system (middle) in the Dezful Embaymen, Figure S6: Histogram of R-value (1− ϕ) from
the inversion of focal mechanism within the 95% confidence region in the northern (top), southern
(middle), and around Kazrun fault system (bottom). Latitude and longitude in each subplot represent
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