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Abstract

Knowledge of the stress field and its spatial and temporal changes has an essential role in
important branches of earth sciences such as geotechnics, engineering geology and also in
hydrocarbon reservoirs studies (reservoirs geomechanics). Furthermore, it is necessary in
describing the geodynamics of the region. In this study, the paleostress field was estimated by
implementing a new method to determine the direction of slip using the interpretation of 3D
seismic data in one of the hydrocarbon fields of southern Iran in different horizons with various
geological ages by stress tensor inversion. The obtained directions are in the range of 115 to 121
degrees. Also, the present-day stress field was calculated from the earthquake's focal mechanism
data in the same way. The value of which was equal to 32 degrees. This study showed that over
time, a rotation occurred in the direction of maximum horizontal stress and its orientation, which
was approximately constant from the Cretaceous to the Oligocene and had a near northwest-
southeast direction, became northeast-southwest in the present era. Due to the lack of sufficient
data, it is impossible to comment on whether this rotation is clockwise or counterclockwise.

Therefore, more detailed studies in this area in the region are needed.

Keywords: stress field, non-linear stress inversion, 3D seismic data, earthquakes focal

mechanism
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Figure 1. The intersection of some interpreted horizons with the main fault of the region, and Allan
lines resulting from the intersection, and pairs of separation points.
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Figure 2. Stratigraphic column of the Zagros area in geological times under study.


https://gnf.khu.ac.ir/article-1-2699-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-23 ]

Yy VP line) g 5wl oY oled oYl o3ls> e ple

(o3lg> oRsils psle 4 ,25)

I e
-2500  Depth (m)  -1900

Y gl y92) (o5 0955) (225 4wli )T Bloj 41 b po lled $81 (Aos ALE -F b
Figure 3. Depth map of the Fahliyan horizon related to Lower Cretaceous time (Khami group) (Pourbeyranvand,
2012).
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Figure 4. Allan lines (red or darker line, and yellow or lighter line) are both attributed to one of the
horizons fragmented by the main fault and some separation pairs, for example. No pair of dots are

connected here yet. The constituent triangles of the fault surface are also plotted in gray
(Pourbeyranvand, 2012).

2 separation
3 Inclined shear


https://gnf.khu.ac.ir/article-1-2699-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-23 ]

Yo VEe e e g 5wl oY o)led V al> 3> e psle

(ol oils pole 4, 15)

\ o S5 S \
/>\&uke angle (QT \\ \\\\_\

A X; = )
V% A S >~ i
\///\ dv_ i \\/“
h \// 7 7~ \ angle
Foot wall block ——</" '\ Skip 'mOIe 5 \}J_/ \
N \ = TUTTTTmhommmmmsmmeesss \ \ A & .
4 / \ \ n d e 0
\/ \ \
\\ \\\ \\
FAULTPLANE '\ \
\ \

A yelyly g tcwl ooy Sulus Al cds Joly b gled U S oluls jlop lea d 26,8 1o -0 Sl
.(https://ocw.mit.edu/terms) sl oo (3% &9l3) SOy Sy
Figure 5. The hypothetical vector d is the same as the fault displacement vector or the line joining the

hypothetical separation point pair; And the parameter A also indicates the rake (slip angle)
(https://ocw.mit.edu/terms).
ooy &gl A Lo g (gais Jge,8 o i slaz Al Cdx Sla e wls (5,8 L wus 5 &l eS b aS ax T Gillas
el 3 el 5 Byl s (S sliwly o g inlas il chx Joly b oy cole olas &gl A &e.g

S Hg0 U"‘ AJU.:).:)IS Sla B oli').wé)b (LJ""I'J )‘o).g L> G:L?ul? )‘é).»)su.\..vlbaa.ww&@‘sb)‘éﬁ ‘.\_\.)‘ 5o

19 50 AbgS
1Cbgs )y Oyged ol Jlad 4 S § Ayl o Fiele &8 > (59, 5l Glgies i |y S sl 1o s
(sin(¢) .cos(d) .0) ()
D9 o0 dmwline 53 Aoles b 9@ olgzdo o g0 o &gl
a-b *)
A= cos™!
lal - [bl

 Soles ;0 M) S,y G55 &oly «F) olae ;3D 58 Jop sl a4 i (O) 5 (F) lajlop 6 Bl L o ol

wylon Cawddy 5 80 ool S
L AX - (sin()) + AY - (cos(9)) o

(AX? + AY? + AZ2) /2

Rake = + A =cos™

alox jlaw o aS —iolas b cas Ges g o0 9 Job Oloaize L1 oV dolas) 598 solpi—iny Al
Lo a5 Conl QT Jdoay A 3 Sl g e sl .l 00l oolyd Lo (gl oo gmins SleiSle Jow sl 29,5

Sgd oo Jolis [y az 0 + VA Jlas 0 VA ule slosls g_ii? polie cy pa5 @


https://gnf.khu.ac.ir/article-1-2699-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-23 ]

e gBosls pends sl eslanul b 1S (g3legys)ls
YYs

Sewddy (oo Al bz S iy 2 )0 &S Sl e cnla ble A e )sSIl b (ialon A cda bLS T L
Y7o b yao 5l o Ogerjl g conl ag0e 38 dmio s 0)l50n Wl o ol 3 MOVE I381 05 s )0 457 b dmiio (o0
b 55 o8 azl 5580 jobar aw | o o &5 (gloj)) caSo 05 g0 Bl oy 0550 4 Azl e | yis LB 4z o
b Cdr b by amio St Jad alies (JuuS dxbo st Il bglas 0005 oo )8 gl 9)50 by Ao
b S dmio L asdly (il 381 G S ite fad 0gs (Il b3 iz bige (gl Al Cuder Sla s o]
o 3 43 1y LSy 381 S5 oGS 500y 589 45 Cansl oyal e8] 3 b 4 )T o i 0l s s ]
imio b glailBlas (JT L) ;ﬂgyé‘\wwéjmﬁlqdjjsﬁwwﬁs g T O S S S R S
sy ol o dyy e § Bomiio (5, me T a5 50 00 by 5 ail 2l § 531 o (sl a0 oS o oy Jou 5
4 b o) Ol b3 50 ggaze | g ctulaz dbis G bid Il b3 e 5l ble (B oy L G o 0 (S5 6
T Dglas ool yusli s 30 EgiSy yobots ayly s cyal Al 00,5 o gl Seias | gz Aaks i (381 5y yles
Il b Blo b wlgs g0 Jon 5 mlas aS Ll 5l ey p dxbo db&'gﬁ}]&)adw IS aey oS Jlel
xio (53, 2 L1 25 o500 Ll A5l o 51 sl il gm o] gm sty T gl ol 51 o8 3530 (oLl
(V& JS) o2 walys iy o Dgarl L 6510 5 00l (55l5e <3

it Cad> (555 Sloatse (8L et Alias (el onal M) S0, (5580 dogly 05 o 5,050 i 45 jsblen
Gt Ao (gl s Lo DogaT (28l o3l 0 095 (nl g e | (1l § g8 5l g Jou T dmiio (5 p 2l
Jstze 355 (M) Sy, (b330 &yl aSl Jlo s b U)oy G530 Ayl b s Lo (il g5 457 (55 5bas b oo
aryd ¥ 8 o (See by plod il el a o i sl sllae Sigay T (8L pslatec 1 ol (Lol
ol 1 32 ol el 59 b 2,8 ) o Sl T ol s el sl e By 225 8 el 50
S Fotion 3395 jolate 4y pgd Al 50 )3 5 e CB0 L oS pled gl (e jolate 4y Jol Al pe )3 45 oS
255 1,8 dalllas 050 yidon CB0 b odg Jol Al o oxiie a5 1) 0,08

@503 Sl b 5 00503 el (glaz 0 Vo ()Ll lagllad 4y 1) (slaz o Y7+ 5,58 (ol g oo Jgl Al e 50
$oaxte gblis ;o 1) iy g ols &8 > (] las g0 slasl) JuuS olotel juli poo yo0 1, Doyt Ao (gllad o oS e
Lgls 6lp Ve vae Ll gl gl sl T bglas slael ;o s plete ciolos bl chs b odged ooyl Jud Jsb 4o
aS 0 ls S8 Jamsl aS T g g oL YF+ sae ade pganio Yo s a5 o] gl aiS e 00yl p |y bys aw laglab
s 580 s 023 2l Lo s |y ol 8o a8 0l L 55 p0iil a5 T g g oo 2ol38l Loy | lasols g

alne |y Izl 3530 5Ll auaz dogllad alad 5l onigl sl siylaz Ll i (g9, 5l iy a3 a5 (glabay,

HeB e S ) slacols flgieas ( Jlaml 35 sblgs o) 4 it slaca—i g bl ol jonay B 00 gal

ozl 5530 bl cnl plod (555 3lmwpinly wial® Jlosl 51 Gug o8 o 555 )18 (25 3lig)ly S50 5



https://gnf.khu.ac.ir/article-1-2699-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-23 ]

Yry VEe e e g 5wl oY o)led V al> 3> e psle

(ol oils pole 4, 15)

Lol oo dgly a5 Sgeas] o 4 0o sols o gllad g 00,5 awslie logos ;1 ;500 b1y Sgeusl o sl g ,5
2y 2 518 s 9590 B8 Ll sl s 4zl ilusyls po 1) GRS Hemdl G e (Bliail pae Jlxe 4 az g
S g8 (15 55l 5350 dmslomo ()] b 4y 5 () Sy Go3ad Bl (28l 50 ity B0 jolate ) pgo Al e 50
laz ;o 0 6,k lapls b bl ) cos Toads 2l Sigay3T lon 51 Gasal &yl (i a5 (g3l o] 4 00 ool
18,650 Jgl (slad 1o anl )8 aled e 09— o0 4355 (slaz 0 O slaglhd 4y glax o Ve gllad ol g08,S Lyl
g3 3B G i B 05 g0 00ls 1,8 (g5l (yg5lg 158le 3 LS 1o 0 les Ty eals B | gleosls 5 oals I,ST 5 gllad
e g dalllae 80 WS 03 658 sS Glapls Lazye (b Ao Sigayl o Sl ey 99,5 (et 20
Sgos3l pns glp 1) lax o o cBs iSTa> Move 138l 6 5 aS ai e ol ,S3 w3y WS oo oy iol38l ale
5 5 sotite s ol (SLodl BB S5edsss 859> 0 42,0 0 (sllas aSiul 4y az g b Ll oyl oo wold i dmi o

2,5 oo I8 o iy o Jlesl jliDlanlre pe (guslar il

/

7
7 / /
AV 31 y29005) Wi o 31 (6 7m0 S 50 1T boghas dluaiol 33 433 YVo (0653 9 Cull g 3T b by Aonio JUii! -5 JSCo
Figure 6. Transition of a cutting plate with a fixed and hypothetical 270 ° azimuth along Allan lines in a
series of cuts (pictured above).

J

/ /
I 31 y29005) Wb y2 3l salocin (g s duw 53 A2 33 e 5 FO 5 00 G @ Consly 5l e e b2 Ao Dogey 3T s Y JSCS
Figure 7. Changing the cutting plate azimuth, from right to left, respectively: zero, 45 and 90 degrees in
three distinct series of cuts (pictured above).
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Figure 8. The heave of fault in the Kazhdumi Formation belongs to the Cretaceous period. Blue color
(solid line) for observational data. Red (dashed line) for calculated data (explanation in text).
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Figure 10. Comparison of landslide rate (fault displacement) in Kazhdumi Formation belonging to the
Cretaceous period. The vertical and horizontal axes represent the displacement in meters and points

along the Allan lines of a horizon, respectively. Blue color (solid line) for observational data. Red
(dashed line) for calculated data (explained in text).
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Figure 11. The study area and the main fault, along with seismicity with a combination of catalogs of
the International Institute of Earthquake Engineering and Seismology (until 2006) (I11EES) and the
Institute of Geophysics, University of Tehran (since 2006) (Iranian Seismological Center) and the
existing focal mechanisms of GCMT (Global CMT Web Page) and the National Seismological Center
(Pakzad and Mirzaei, 2008).
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Fiqure 12. Comparison of long-term stress inversion results with two different angles for the shear
plate. Parallelism of the cutting plane with the fault trend (upper figure) and orthogonality of the
cutting plane with the fault trend (lower figure).
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Figure 13. Stress inversion results on interpreted three-dimensional seismic data. On the left side of
each image, the optimal stress tensor results are shown o_1inred, o_2 in green and o_3 in blue,
respectively. In the middle of each image, the relative magnitude histogram of the stress shows the
shape of the stress field. To the right of each image, the direction of the P and T axes can be seen. These

results are related to the formations whose names are Asmari Formation, Sarvak Formation,
Kazhdumi Formation and Dariyan Formation, respectively, from top to bottom.
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Figure 14. The result of stress inversion on the earthquake focal mechanism data.
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Table 1. Quantitative results of inversion of paleostress and present-day stress.

SHmax

No. Data (degree)
1 Focal 32°

mechanism

2 Asmari 117°
3 Sarvak 121°
4 Kazhdumi 116°
5 Dariyan 115°
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Figure 15. Hydrocarbon reservoirs in the Persian Gulf and Zagros basins. Oil reservoirs are green and
gas reservoirs are red (Jaehong, 2017).
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Figure 16. Tectonic evolution over time (modified from Kazem Shiroodi et al., 2015). The three
stereonet drawn in the lower part of the image from before the Zagros collision and at the same time as
the Cretaceous period represent the direction of maximum horizontal stress in the old testament. The

single stereonet at the top of the image also represents the direction of maximum horizontal stress in
the present age.
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Introduction

In structural geology studies, dynamic analysis, which means determining the direction of effective
stresses in the formation of tectonic structures, plays a vital role. The tectonic methods are used to
determine the direction of stress, including the use of faults that record the applied stresses (Abbasi
& Farbod, 2004). When the faulting occurs, blocks on both sides of the faults move relative to each
other in the direction of maximum shear stress (SHmax) due to the force applied to them. Analysis of
these structures provides a reliable solution for understanding the distribution and evolution of stress
fields from tectonic events. However, sometimes, faults may not be exposed at the surface and as a
result, the fault-slip data may not be available through outcrops. In such cases, the use of interpreted
3D seismic interpretation data can be helpful in paleostress studies. This approach was first proposed
by Gartrell and Lisk (2005) and later developed by Lohr et al. (2008) and Van Gent et al. (2009).
According to Gartrell and Lisk's studies (2005), it is possible to estimate the orientations and
magnitudes of paleostresses from seismic data by analyzing fault-slip data obtained using 3D
restoration techniques and the results obtained in the case studies are consistent with regional
observations. Of course, there are several sources of error regarding the quality of available data,
including seismic interpretation, restoration techniques, and inversion methods. Van Gent et al.
(2009) introduced a new method for reconstructing paleostresses at subsurface layers where fault slip
measurements are impossible with traditional methods based on fault outcrops. 3D seismic data and
structural restoration were employed to determine fault surfaces and slip vectors. These data were
used as input for the paleostress reconstruction algorithm and a stepwise method was selected to

remove younger deformations to obtain slip vectors related to older deformation events. Also, the
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presented results were consistent with the interpretation of paleostress in the study area (Van Gent et
al., 2009).
In this study, the non-linear inversion method is used for dynamic analysis of the fault slip information
(strike @, dip 9, rake A) resulting from 3D seismic data and earthquake focal mechanism data. The
purpose of this study is to review the results of paleostress studies in the sedimentary cover and
compare them with the current state of stress and determine the tectonic evolution of the southwestern
Zagros through these investigations.
Summary of geological settings

There is a hydrocarbon field with a magnificent fault in the Zagros zone, an area in southwestern
Iran. The length of the fault is measured approximately 70 km and its depth is more than 10 km. This
fault is a strike-slip one with a very steep or vertical plane and its N-S trend is characteristic of
basement faults in this region. Some important horizons intersected by the fault are Fahliyan and
Dariyan, related to the Khami Group (Lower Cretaceous) and Kazhdumi and Sarvak belonging to
Bangestan Group (Cenomanian-Turonian, Upper Cretaceous). Gurpi Formations related to the Upper
Cretaceous and Asmari related to Tertiary.
Data and methods

The data used in this study is fault-slip data obtained from primary data divided into two separate
classifications, including 3D seismic data and earthquake focal mechanism data. The 3D seismic data
is interpreted as several horizons and one fault plane. These data are used to calculate paleostresses
for different geological horizons or times. The earthquake focal mechanism data is a set of nodal
planes. This data is used to calculate the stress of the present testament.
The method part consists of two different sections. The first method is a new innovative approach to
rake (1) estimation from 3D seismic interpretation data to provide fault-slip data. Previously, strike
() and dip (8) were easily obtained with structural geology modeling software. The second method
is a non-linear stress inversion proposed by Lund and Slunga (1999), which is applied to fault-slip
information from both 3D seismic data and focal mechanism data. Previously, the same method was
responsible for providing fault-slip data from the earthquake focal mechanism data. All results of
paleostresses and present-day stress are compared to investigate the tectonic evolution of the region.
Results and discussion

First, the fault-slip data from the 3D seismic interpretation data are used to calculate the paleostress

inversion. In this method, 25 to 30 pairs of separation point data were extracted from four different
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horizons of various ages that intersected by the main fault plane at multiple depths. These results of
paleostress inversions are displayed on stereonets qualitically. The results include the direction of the
principal stress axis, the confidence limits for 61, 62 and 63, the histogram of the shape ratio and the
direction of the P and T axes on the stereonet (Lund and Slunga, 1999). Then, the fault-slip data from
the earthquake focal mechanisms are used to calculate the present state of the stress. In this method,
26 fault-slip data from 26 pairs of the nodal plane were obtained from the fault. The results of stress
inversion are shown on the stereonets. Both obtained results are also quantitatively mentioned in a
table where the SHmax direction calculated for all formations intersecting with the fault plane and
the nodal planes is recorded.

Due to the uncertainty in the fault-slip data from the 3D seismic interpretation and the earthquake
focal parameters, the error in the results can be up to 6 degrees (Kumar et al., 2017; Keiding et al.,
2009). The maximum horizontal paleostress has been approximately constant from the Cretaceous to
the beginning of the Oligocene period. There are minor changes in the direction, but the range of
variations is small (below 6 degrees), which occurs within the range of the uncertainty and is
negligible, therefore.

With respect to the paleostress studies conducted here, the directions of SHmax remained constant
for a long time on a geological scale from the Early Cretaceous to the Oligocene (middle Tertiary).
In the Cretaceous period, these directions were obtained from the Khami group's formations,
including the Dariyan and Bangestan groups, including Kazhdumi and Sarvak formations. Also, in
the Paleogene period (Lower Tertiary), the direction of SHmax was obtained from the Asmari
formation. All of the SHmax, as mentioned earlier, shows the northwest-southeast orientation. Thus
the SHmax force during the Cretaceous up to the Oligocene period is acting from the Indian
subcontinent on the Eurasian tectonic plate.

On the other hand, in the middle Oligocene period, the collision between the Arabian and Eurasian
plates occurs in the Zagros (Gholami Zadeh et al., 2017). This collision was associated with a change
in the direction of SHmax in the study area. Regarding the stress of the present time resulting from
the inversion of the earthquake focal mechanism, as can be seen in the stereonets and table, the
direction of SHmax shows the northeast-southwest orientation. This direction is almost perpendicular
to the direction of paleostress under discussion. This indicates that rotation has taken place in the
direction of principal stresses in the study area. This rotation is influenced by the collision in the

Zagros, which was initiated during the Oligocene and continued later on. Despite observing a
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difference of about 90 degrees in comparing the paleostress and present-day stress directions, there
is no gradual trend indicating the direction of rotation between these two states. In other words, since
the available data do not show any intersection between the younger horizons and the fault plane, it
is not possible to comment on whether the rotation of the stress directions starting from Oligocene up
to the present time has occurred clockwise or counterclockwise.
Conclusion

In this study, the paleostress field was estimated at different horizons with various geological ages
in one of the hydrocarbon fields in the southwestern Zagros zone (southwestern Iran), using a new
method to determine the fault slip direction from the interpreted 3D seismic data. Based on the present
results obtained from non-linear stress inversion of 3D seismic interpretation data, the direction of
SHmax remained constant (NW-SE) over a long period of time from the Early Cretaceous to the
Oligocene period (Lower Tertiary). This fact indicates that the direction of SHmax in this time
interval is under the influence of the convergent force from the Indian subcontinent. However, the
results obtained from the focal mechanism of earthquakes, which is consistent with the current
regional stress map, confirm that the principal stress direction has become NE-SW recently. Thus a
rotation in the direction of SHmax has occurred in the western Zagros so that the current stress is
almost perpendicular to the previous paleostress orientation. However, this is impossible due to the
lack of data to comment on the discussed rotation direction. More data and investigations are needed

for this purpose.
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