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Abstract  

     The study area is encompassed by the 33.59-34.93°N latitudes and 45.44-46.39°E 

longitudes and divided into four groups with respect to earthquake event locations. 

We determined fault plane solutions, moment magnitudes, focal depths, and trend of 

slip with the direction of the moment stress axes (P, N, and T) for 102 earthquakes. 

These earthquakes had a local magnitude in the range between 4.0 and 6.4 for the 

time period from January 2018 to the end of August 2019, with focal depths ranged 

between 6 and 17 km. Waveform moment tensor inversion technique was used to 

analyze the database constructed from seismic stations on local and neighboring 

country networks (Iraq, Iran, and Turkey). We separated the studied events into four 

regional subsets (circles). The types of the obtained fault plane solutions are 

predominantly thrust fault and strike-slip, with the focal depths ranging from 8 to 21 

km. 

     A new scaling relation between local magnitude (Ml) and the estimated moment 

magnitude (Mw) has been developed utilizing a linear regression. Good match 

results obtained in the present research good match with both seismic trends 

concluded from earthquake locations and mapped faults. Generally, direction shows 

NW–SE striking focal planes corresponding with the tectonic framework of the 

Arabian–Eurasian continental collision zone. The anticlockwise rotation of the 

Arabian plate that appears accountable for strike-slip displacements on fault 

surfaces. 

 

Keywords: Focal mechanism solutions, Moment tensor inversion, Moment stress 

axes, Seismotectonic, Iraq-Iran border. 
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الى  1022الفتخة الدمشية من كانهن الثاني خلال  3.9و 9.0هحه الهدات لها مقجار زلدالي محمي يتخاوح بين 
كم. استخجمت تقشية انعكاس الذج العدمي السهجي في 21و 3مع أعساق بؤرية تخاوحت بين  1023نهاية آب 

تحميل قاعجة البيانات التي تم انذاؤها من شبكات محطات الخصج الدلدالي السحمية والسجاورة لمبمج )العخاق، 
ع حمهل ا حجاث الدلدالية الى أربع مجاميع فخعية )دوائخ(. تم الحرهل عمى أنه إيخان وتخكيا(. فرمشا الا

كم. تم 12الى  2ميكانيكية البؤر الدلدالية ووجج ان الفهالق الانجفاعية هي الدائجة مع عسق بؤري تخاوح بين 
طخيقة الانحجار ( باستخجام Mw( والسقجار العدمي السخسن )Mlاستشتاج علاقة ججيجة بين السقجار السحمي )

الخطي. تظهخ الشتائج التي تم الحرهل عميها في هحا البحث تهافقا جيجا مع الاتجاهات الدلدالية السدتخمرة 
من مهاقع الهدات الأرضية واتجاه الرجوع العامة. يبجو ان الحمهل أعطت ميكانيكية صجوع بامتجاد مدتهيات 

التكتهني لشطاق ترادم الرفيحة العخبية مع  جشهب شخق ومتهافق مع الإطار-ذات اتجاه شسال غخب
مزخبية  –وراسيهية. يظهخ الجوران عكذ عقارب الداعة لمرفيحة العخبية السدؤولية عن ازاحة اندلاقية الأ

 عمى أسطح الفهالق.
 

1. Introduction 

     Earthquakes are generally concentrated on the boundaries of tectonic plates [1].Important 

information about the tectonic features and structural styles of the subsurface geological structures 

could be considered from the analysis of earthquakes. Most of the Iraqi previous studies of the 

seismicity and seismotectonic parameters indicated that the levels of seismicity are moderate to high at 

northern and northeastern boundaries while decreasing towards the southern and southwestern [2, 3]. 

Focal mechanisms are the most effective tool in seismology to study the relative magnitudes and 

orientation of the stresses emitted during earthquakes. Seismologists refer to the direction of slip in an 

earthquake and the orientation of the fault on which it occurs as the focal mechanism. Different types 

of focal mechanisms can be described, which are displayed graphically by the so-called “beach ball” 

diagram.  One of the fundamental techniques in studying active continental motions is seismic source 

analysis along with earthquake focal mechanism evaluation. These focal mechanisms could assist to 

determine the state and orientations of tectonic motions and to give a better understanding of the 

current mode of tectonic deformation in a certain region. The study area is located in the collision 

tectonics between the Arabian and the Iranian plate (Figure-1) between latitudes 33.59– 34.93°N and 

longitudes 45.44–46.39°E (Figure-2). These earthquakes have a moment magnitude of 4.0≤ MW≤6.4 

that occurred in the region on the beginning January 2018 to the end of August 2019. Most events are 

located in the mid-eastern Iraq and western part of Iran, near to the borders. The reasons for most 

events occurring in the region are probably the stresses generated by the Arabian plate movement to 

the north and northeast and its collision with the Iranian-Turkish plateau, also in addition to the impact 

of neo tectonic activation of the upper crust [4]. Database from the region was subdivided into four 

groups; AA (Belula-Ezgeleh), BB (Khanaqin-Qasre Shirin-Sarpol Zahab), CC (Mandali-Samoor), and 

DD (Qolqoleh-Halol), according to the spatial distribution of the events (Figure-3). The aim of this 

study is to use moment tensor inversion technique to determine fault plane solutions, moment 

magnitudes, and focal depths according to a previously described approach [9]. 

 

2. Tectonic and Structure Setting 

     Iraq is located at the extreme northeastern part of the Arabian Plate, which is in collision with the 

Eurasian Plate and surrounded by regions of relatively high seismicity. This collision still continues 

forward and has caused alignment of the gradually developed structures in NW-SE trend mainly, 

particularly in the northern, northeastern and eastern sides of Iraq. However, many transversal linear 

elements of the NE-SW trend, represented through rivers, streams, valleys, playas, anticlines and 

offsets, are developed, in a parallel trend to the major compressional forces created by the 

aforementioned collision [10]. In recently active tectonic areas, the topography of the land surface is 

an accurate reflection of the underlying structure and its interaction with surface processes [11]. 
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Figure 1- Location of Iraq within the Arabia-Eurasia collision zone and major tectonic setting of the 

Arabian Plate. Large red and blue colored symbols simplify divergence and convergence movements 

with overall amount and age, respectively. Smaller green arrows show present-day GPS values with 

respect to fixed Europa from Iran and white arrow from Oman [5]; triangles represent geographic 

distribution of seismic stations (Table-1) using waveform inversion in this study. 

 

 
Figure 2- Regional tectonic subdivision of Middle Eastern Iraq - western part of Iran. Names within 

the parentheses are known in the Iranian part of Zagros (modified after [6]); [7, 8]. The black rectangle 

represents the study area plotted in Figure-3, and the magnitude of the 102 earthquakes is indicated by 

the diameter of the colored circles.  
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Figure 3- Simplified map of the locations and magnitudes distribution for 102 earthquakes (January 

2018-August 2019) and the main tectonic boundaries. The earthquakes are clustered into four groups 

and indicated by black circles; AA (Belula-Ezgeleh), BB (Khanaqin-Qasre Shirin-Sarpol Zahab), CC 

(Mandali-Samoor), and DD (Qolqoleh-Halol), the data of which were collected from the Iraqi 

Meteorological Organization and Seismology (IMOS). 

 

Generally, the Zagros Fold–Thrust Belt (including the study area) is one of the most seismically active 

belts in Asia. The SW-Vergence fold-thrust belt and circumferential foreland basin were formed as a 

result of the Arabia-Eurasia collision during final closure of the Neotethys Ocean [12]. 

The intensity of deformation, age of the sedimentary units and amount of shortening in 

the study region showed a reduction from north and northeast (Zagros Suture Zone) in the direction 

of SW (Foreland region) [13].The NW portion of the Zagros Fold–Thrust Belt is subdivided into zones 

depending on the topography and deformational style, with the zones from NE to SW are Zagros 

Suture Zone, Imbricated Zone, High Folded Zone, and Foothill Zone (Fig. 2 in [14]).  

One of the morphologically generality distinguished, structural elements of the Zagros Fold–Thrust 

Belt is the Mountain Front Flexure (MFF), which separates the High Folded Zone and the Foothill 

Zone (these zones are known as a part of the Zagros Simply Folded Belt and Zagros Foredeep in Iran, 

respectively; Fig.2). These include the folding of sedimentary rocks which are expressed at the surface 

by a series of anticlines and synclines which dominate the range physiography [15]. The Foothill Zone 

is divided by the Kirkuk Fault into the Chemchamal and the Hemrin Subzone [14]. Major NW-SE 

trending and SW dipping back thrust faults are also one of the feature structures in this zone [14, 16, 

17, 18, 19]. Tectonic research reported that the Iranian plateau features a high density of energetic and 

recent faults along with reverse faulting with large strike-slip component (i.e., dextral-reverse oblique 

slip near the impinging zone).   Pure thrust faulting tends to dominate the tectonics of the region 

toward central Iran [20]. Territorial shortening along the major thrust systems, that are accountable for 

producing strong earthquakes in northeast Iran, is about 1–2 mm/year, using optically stimulated 

luminescence (OSL) dating of river deposits [21]. The GPS data denote that the average of north-south 

shortening from Arabia to Eurasia is nearly 2–2.5 cm/year [22]. Nevertheless, the continental 

convergence between Arabia and Eurasia is stationary at 2 to 3 cm/year since 56 Ma [23]. 

 

http://www.imos-tm.com/
http://www.imos-tm.com/
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3. Data set preparation and processing 

     From January 2018 to August 2019, the IRSC catalogue has 102 earthquakes in the study area at 

depths of 06–17 km with 4.0 ≤ Ml ≤ 6.4. The waveform data, gathered from five local seismic stations 

and contiguous networks including 39 stations, belong to the Iraqi Meteorological Organization and 

Seismology (IMOS), North Iraq Seismographic Network (NISN), Iraq Seismological Laboratory of 

University of Basrah (SLUB), Iranian Seismological Center (IRSC), and Kandilli Observatory and 

Earthquake Research Institute (KOERI)-Turkey (Fig.1 and Table-1). Most broadband stations usually 

record 100 samples per second. A perfect azimuthal coverage is taken into consideration around the 

source, being very desirable and critical to such focal mechanism solution studies. The epicentral 

distances between the stations and seismic events were less than 600 km. The origin parameters of the 

events were chosen from the seismic catalogue of the Iranian Seismological Center (IRSC) and listed 

in Table- 2. The original seismic data format is in MiniSEED or SEISAN format (i.e., IMOS, IRSC 

and NISN) and needed to be transformed into SAC and then GSAC formats. The header file for all 

data files required preparation before the execution of the analysis software. An instrument response 

correction was applied for each seismic event during the processing steps, using deconvolution 

response file for each seismometer. Three components (Vertical Z, North-South N, and East-West E 

directions) were presented for each recorded event. These three components needed to be rotated from 

a station-based recording system (ZNE) to an event-based recording system (ZRT). The ZRT rotation 

system is a 2D rotation where the Z component is still pointing in the same direction as in the original 

ZNE recording, while the two horizontal components N and E are rotated into the radial R and 

tangential T components, respectively. 

 

Table 1- Locations and names of seismic stations that are used in the current study  

Network 

name 

Station 

code 
Latitude Longitude 

Elev. 

(m) 

Network 

name 

Station 

code 
Latitude Longitude 

Elev. 

(m) 

Iraqi 

Meteorological 

Organization 

and 

Seismology 

(IMOS) 

BHD 33.274 44.386 32 Iranian 

Seismological 

Center (IRSC 

DHR 34.700 46.386 1434 

IBDR 33.113 45.934 70 GHG 34.329 46.569 2090 

IKRK 35.400 44.340 331 KOM 34.176 47.514 1502 

MSL 36.382 43.148 242 LIN 34.919 46.962 2195 

RAFI 31.430 46.060 9 
HSAM 

34.212 48.602 
2314 

North Iraq 

Seismographic 

Network 

(NISN) 

 

 

KSBB 35.042 45.709 550 ABH1 30.600 50.253 346 

KSSS 35.770 46.236 1515 AHWZ 31.330 48.644 19 

KSWW 36.149 45.262 1310 AMIS 31.665 49.287 442 

KSJS 35.497 45.345 825 KCHF 34.275 47.040 1715 

KEHH 36.676 45.047 1725 KER 34.387 47.133 1338 

KESM 36.985 44.198 1000 KGS1 34.506 45.589 362 

KDDA 37.213 42.821 750 KFM 33.524 47.847 1676 

KEKZ 35.989 44.097 450 MAHB 36.767 45.705 1370 

SLY 35.632 45.469 1485 Iraq 

Seismological 

Laboratory of 

University of 

Basrah 

(SLUB) 

AMR2 31.990 47.190 7 

KI01 35.848 45.495 1335 BSR2 30.293 47.619 17 

Turkey-

Kandilli 

Observatory 

and 

Earthquake 

Research 

Institute 

(KOERI) 

CUKT 37.247 43.608 1300 DHK1 36.861 42.867 766 

AKDM 38.329 42.980 1662 KAR2 32.540 44.024 43 

CLDR 39.144 43.917 2094 NSR1 31.742 46.115 14 

VANB 

 

38.509 43.406 

1227 

 

NSR4 31.540 46.202 8 

 

 

4. Methodology 

     The Computer Programs in Seismology (CPS) version 3.30 was used in the present work as 

previously described [9]. LINUX platform was also applied, which includes 149 programs that can 

be run using scripts. In general, the requirements of performing the data and source inversion routines 

in seismology are waveform data, instrument response, station locations, earthquake location, velocity 

model, Green’s functions and results assessment. 

 

http://www.imos-tm.com/
http://www.imos-tm.com/
http://www.imos-tm.com/
http://www.imos-tm.com/
http://www.imos-tm.com/
http://www.imos-tm.com/
http://www.imos-tm.com/
http://www.koeri.boun.edu.tr/sismo/istasyonlar/docs/caldiran.pdf
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Table 2- Source parameters from (Iranian seismological center catalog) and focal mechanism 

solutions of the 112 earthquakes from the moment tensor inversion 

Date 
O. Time 

(UTC) 

Lat  

.N 

Long 

.E 
RD Ml CD MW 

Mo 

dyne-cm 

Plane 1 Plane 2 
Moment Stress Axes 

P N T 

S D R S D R P
L

 

A
Z

 

P
L

 

A
Z

 

P
L

 

A
Z

 

2018/01/05  6:32:57 34.530 45.698 8 4 19 4 1.26e+22 181 78 99 325 15 55 32 264 9 359 56 102 

2018/01/06  15:22:08 34.471 45.759 10 5 17 5.02 4.27e+23 360 80 75 237 18 146 33 103 15 3 53 252 

2018/01/11  6:59:29 33.712 45.693 8 5.6 20 5.63 3.51e+24 135 65 70 356 32 126 18 240 18 144 64 11 

2018/01/11  7:00:53 33.667 45.714 12 5.1 16 5.28 1.05e+24 166 54 110 315 40 65 07 243 16 335 72 128 

2018/01/11  7:14:15 33.722 45.709 9 5.4 18 5.28 1.05e+24 160 65 90 340 25 90 20 250 00 340 70 70 

2018/01/11  7:21:33 33.700 45.719 12 5.2 19 5.27 1.01e+24 315 75 75 181 21 134 28 57 14 319 57 205 

2018/01/11  7:37:09 33.762 45.731 12 4.2 21 4.02 1.35e+22 310 60 60 179 41 131 10 61 26 326 62 171 

2018/01/11  7:52:47 33.815 45.747 12 4.3 17 4.11 1.84e+22 177 57 130 300 50 45 4 240 33 333 57 144 

2018/01/11  7:55:00 33.733 45.703 8 5.1 18 4.8 2.00e+23 150 80 70 34 22 153 32 257 20 154 51 37 

2018/01/11  8:00:39 33.724 45.686 11 5.4 18 5.28 1.05e+24 167 67 99 325 25 70 21 250 08 343 67 94 

2018/01/11  8:17:55 33.641 45.622 8 4.1 17 3.98 1.17e+22 150 50 90 330 40 90 5 240 0 150 85 60 

2018/01/11  8:29:03 33.804 45.659 12 4 18 3.82 6.76e+21 330 80 50 228 41 165 24 90 39 338 41 165 

2018/01/11  9:23:55 33.677 45.706 13 4.1 19 3.9 8.91e+21 130 65 65 358 35 132 16 238 23 141 62 1 

2018/01/11  9:32:24 33.706 45.653 8 4.2 18 4.12 1.91e+22 155 55 100 318 36 76 9 238 8 329 77 99 

2018/01/11  13:16:43 33.724 45.735 8 4.3 18 4.21 2.60e+22 145 65 80 348 27 110 19 242 9 149 68 35 

2018/01/11  13:30:46 33.740 45.654 8 4.1 17 3.91 9.23e+22 165 60 109 310 35 60 13 241 17 335 69 115 

2018/01/11  14:47:17 33.723 45.699 9 4 20 4.01 1.30e+22 330 80 55 226 36 163 27 87 34 337 44 206 

2018/01/11  20:19:40 33.653 45.697 8 4 18 3.81 6.53e+21 168 62 101 325 30 70 16 250 10 342 71 102 

2018/01/11  21:50:44 33.775 45.685 8 4.4 19 4.31 3.67e+22 140 70 30 39 62 157 5 268 54 171 35 2 

2018/01/11  21:52:22 33.779 45.648 8 4.3 20 3.77 5.69e+21 330 80 80 195 14 135 34 69 10 332 54 228 

2018/01/12  17:50:40 33.645 45.671 7 4.3 16 3.88 8.32e+21 285 65 35 179 59 150 4 50 48 316 42 144 

2018/01/13  0:33:26 33.660 45.708 8 4.2 19 4.27 3.20e+22 140 50 60 2 48 121 1 251 23 160 67 343 

2018/01/13  6:30:30 33.671 45.707 8 4.3 17 3.81 6.53e+21 332 66 123 95 40 40 14 39 29 137 56 286 

2018/01/13  9:24:19 33.718 45.699 12 4.2 19 4.21 2.60e+22 140 50 65 356 46 117 2 247 19 157 71 343 

2018/01/14  19:45:47 34.396 45.851 8 4 17 4.11 1.84e+22 260 85 15 169 75 175 7 33 74 278 14 125 

2018/01/18  16:48:42 34.556 45.669 9 4 15 3.92 9.55e+22 192 82 114 300 25 20 33 262 23 8 48 127 

2018/01/19  22:17:56 33.709 45.699 9 5 16 4.91 2.92e+23 333 61 118 105 40 50 11 43 24 138 63 290 

2018/01/21  2:19:37 34.528 45.547 17 4.1 14 4.03 1.48e+22 2 76 104 135 20 45 30 80 14 178 57 290 

2018/01/21  5:45:39 34.548 45.586 16 4.1 16 4.05 1.50e+22 177 74 102 320 20 55 28 257 11 353 60 103 

2018/01/26  20:17:34 33.675 45.611 8 4.4 13 4.09 1.72e+22 163 54 127 290 50 50 2 227 29 318 60 133 

2018/02/02  9:42:57 34.798 45.757 8 4 8 4.16 2.19e+22 145 80 45 45 46 166 22 358 44 245 38 106 

2018/02/16  18:22:00 33.634 45.699 12 4 18 3.97 1.14e+22 155 89 95 255 5 10 44 240 5 335 46 70 

2018/03/28  0:27:05 34.491 45.497 17 4 19 3.95 1.06e+22 161 78 99 305 15 55 32 244 9 339 56 82 

2018/04/01  8:35:25 34.434 45.786 7 5.3 15 5.13 6.24e+23 08 69 -148 265 60 -25 38 229 52 38 05 135 

2018/04/02  3:03:22 34.388 45.821 7 4 14 4.01 1.30e+22 7 73 132 115 45 25 17 157 40 262 45 49 

2018/04/30  22:14:49 34.861 45.821 8 4 18 4.15 2.11e+22 140 55 60 5 45 126 6 296 24 203 65 38 

2018/05/22  0:31:53 34.830 45.879 12 4.4 16 4.35 4.22e+22 94 85 170 185 80 5 4 140 79 248 11 49 

2018/06/26  17:57:03 34.618 46.268 8 4.8 15 4.54 8.13e+22 255 85 15 164 75 175 7 298 74 183 14 30 

2018/06/26  22:13:05 34.546 45.641 14 4.1 14 3.77 5.69e+21 146 71 95 310 20 75 26 232 5 324 64 65 

2018/07/15  7:10:59 34.614 46.278 8 4.6 17 4.32 3.80e+22 245 90 20 155 70 180 14 288 70 155 14 22 

2018/07/16  5:33:53 34.625 46.289 8 4.2 14 4.16 2.19e+22 133 81 -160 40 70 -10 21 268 68 67 7 175 

2018/07/22  10:07:25 34.630 46.255 8 5.7 15 5.52 2.40e+24 343 80 -165 250 75 -10 18 117 72 284 4 26 

2018/07/22  16:48:47 34.585 46.296 6 4 13 3.98 1.17e+22 337 86 -150 245 60 -5 24 115 60 255 17 17 

2018/07/23  0:59:47 34.606 46.303 6 4.4 16 4.37 4.52e+22 156 85 -170 65 80 -5 11 21 79 182 4 290 

2018/07/24  8:46:11 34.643 46.312 8 4.5 16 4.29 3.43e+22 158 80 170 250 80 10 0 114 76 205 14 24 

2018/07/24  19:58:29 34.794 45.816 6 4.4 14 4.5 7.08e+22 355 50 75 197 42 107 4 6 11 275 78 114 

2018/07/25  1:47:47 34.634 46.315 9 4.2 17 4.02 1.35e+22 147 80 165 240 75 10 4 104 72 206 18 13 

2018/07/26  15:51:19 34.317 45.622 12 4 17 4.15 2.11e+22 331 76 96 125 15 65 31 55 6 149 58 249 

2018/08/04  17:02:04 34.620 46.354 8 4.1 12 3.75 5.31e+21 344 76 -164 250 75 -15 21 117 69 296 0 27 

2018/08/25  22:13:25 34.622 46.233 8 5.9 13 5.82 6.76e+24 250 75 -30 348 61 -162 45 185 38 43 20 296 

2018/08/26  5:18:28 34.622 46.231 9 4 16 4.05 1.50e+22 147 83 -135 50 45 -10 36 289 44 64 24 180 

2018/08/26  8:25:03 34.620 46.259 8 4 11 3.67 4.01e+21 153 77 -149 55 60 -15 31 288 57 83 11 191 

2018/08/26  9:23:33 34.608 46.202 7 4.1 12 3.67 4.03e+21 159 76 154 255 65 15 8 299 61 43 28 205 

2018/08/29  5:34:35 34.613 46.291 8 4.6 11 4.12 1.91e+22 164 76 -164 70 75 -15 21 27 69 206 0 297 

2018/08/31  21:05:43 34.608 46.127 8 4.9 13 4.73 1.57e+23 245 70 -25 344 67 -158 32 204 58 29 2 295 

2018/09/01  5:31:10 34.344 45.545 12 4.5 16 4.17 2.26e+22 145 75 70 20 25 142 27 251 19 150 56 30 

2018/09/09  23:53:54 34.455 45.794 6 4 16 3.78 5.89e+21 335 80 100 110 14 45 34 56 10 153 54 257 

2018/09/13  17:05:10 34.612 46.195 9 4.1 14 3.8 6.31e+21 265 85 30 172 60 174 17 125 60 4 24 223 

2018/09/19  19:29:19 33.693 45.673 8 4.3 17 4.13 1.97e+22 335 80 75 212 18 146 33 78 15 338 53 227 

2018/09/30  23:49:24 34.609 46.255 8 4.4 16 4.13 1.97e+22 250 90 25 160 65 180 17 292 65 160 17 28 

2018/10/17 03:16:54 34.433 45.475 10 4.5 18 4.76 1.74e+23 177 56 113 320 40 60 09 251 19 344 69 138 

2018/11/05  20:32:07 34.618 46.285 8 4.4 16 4.14 2.04e+22 165 76 159 260 70 15 04 213 65 312 24 121 

2018/11/17  19:19:03 34.609 46.293 6 4.1 13 4.15 2.11e+22 250 75 -30 348 61 -163 32 206 57 46 09 302 

2018/11/19  22:37:41 34.566 46.145 8 4 17 4.05 1.50e+22 248 81 -160 255 70 -10 21 213 68 12 07 120 

2018/11/25  16:37:31 34.359 45.712 11 6.4 20 6.11 2.88e+25 135 80 -15 228 75 -170 18 91 72 282 03 182 

2018/11/25  16:41:11 34.372 45.707 9 4.4 15 4.75 1.68e+23 355 80 35 258 56 168 16 122 54 09 31 222 

2018/11/25  17:09:36 34.348 45.665 7 5.2 15 4.97 3.59e+23 175 84 98 305 10 40 38 259 8 355 51 94 

2018/11/25  17:21:05 34.342 45.636 9 4 18 4.05 1.05e+22 316 71 95 120 20 75 26 42 5 134 64 235 

2018/11/25  17:26:59 34.359 45.688 11 4 16 3.99 1.22e+22 150 80 75 27 18 146 33 253 15 153 53 42 

2018/11/25  17:31:19 34.388 45.747 8 4 19 3.98 1.17e+22 348 71 107 125 25 50 24 56 16 162 60 282 

2018/11/25  20:42:41 34.184 45.650 9 4.3 16 3.93 9.89e+21 150 60 85 340 30 99 15 244 04 152 74 47 

2018/11/25  20:56:38 34.177 45.602 8 4.1 14 4.13 1.97e+22 165 73 88 351 17 96 21 162 69 341 0 72 

2018/11/25  23:00:46 34.246 45.659 9 4.7 15 4.20 2.51e+22 184 66 108 325 30 55 19 260 17 356 64 125 
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2018/11/26  0:38:36 34.379 45.742 8 5.3 19 5.04 4.57e+23 356 85 -165 265 75 -05 14 222 74 14 07 130 

2018/11/26  1:19:42 34.349 45.654 9 4.6 20 4.43 5.56e+22 336 76 95 135 15 70 31 61 05 154 59 253 

2018/11/27  6:36:34 34.385 45.707 8 4.3 19 4.19 2.43e+22 162 68 125 280 40 35 16 227 32 328 53 114 

2018/11/27  23:50:10 34.320 45.666 11 4.1 20 4.15 2.11e+22 140 75 75 06 21 134 28 242 14 144 57 30 

2018/11/29  13:16:23 34.175 45.682 12 4.2 18 3.90 8.91e+21 164 73 115 285 30 35 24 234 24 336 55 105 

2018/12/09  3:24:11 34.364 45.744 10 4.5 13 4.32 3.80e+22 340 70 75 198 25 125 24 82 14 345 62 227 

2018/12/27  22:57:02 34.468 45.712 11 4 15 3.79 6.10e+21 155 80 90 335 10 90 35 245 0 155 55 65 

2019/01/06  13:41:59 34.151 45.648 11 5.8 16 5.71 4.62e+24 337 56 100 135 35 75 11 146 09 237 76 5 

2019/01/06  13:46:48 34.126 45.559 8 4.2 16 4.4 5.01e+22 169 77 128 275 40 20 23 231 37 340 44 117 

2019/01/06  13:55:06 34.134 45.576 8 4.3 16 4.15 2.11e+22 4 58 138 120 55 40 02 153 39 244 51 60 

2019/01/06  14:15:08 34.098 45.649 12 4.7 19 4.62 1.07e+23 140 70 75 358 25 125 24 242 14 145 62 27 

2019/01/06  14:29:24 34.114 45.597 8 4.1 19 3.92 9.55e+21 155 80 70 39 22 153 32 262 20 159 51 42 

2019/01/14  18:17:59 34.112 45.618 11 4.5 15 4.4 9.23e+21 336 72 88 344 18 96 05 27 58 124 31 294 

2019/01/15  0:56:21 34.107 45.629 11 4 14 3.76 5.50e+21 135 75 30 36 61 163 09 263 57 159 32 337 

2019/01/15  17:07:01 34.123 45.626 9 4 14 3.71 4.62e+21 188 71 137 295 50 25 13 246 44 349 43 144 

2019/03/12  12:06:06 34.243 45.580 8 4.5 15 4.51 7.33e+22 155 59 106 305 35 65 12 323 14 56 71 193 

2019/04/01  10:07:24 33.717 45.697 16 5.1 19 4.83 2.21e+23 347 68 125 105 40 35 16 52 32 153 53 299 

2019/04/01  10:16:14 33.704 45.713 16 4.7 19 4.63 1.11e+23 324 60 87 150 30 95 15 56 02 326 75 226 

2019/04/01  10:53:36 33.702 45.799 17 4.3 17 4.2 2.51e+22 340 60 125 105 45 45 08 45 30 140 59 301 

2019/04/15  6:34:31 34.507 45.731 11 4.3 17 4.08 1.66e+22 340 80 80 205 14 135 34 79 10 342 54 238 

2019/05/11  10:28:58 34.870 45.755 8 5.1 13 4.92 3.02e+23 12 73 132 120 45 25 17 72 40 177 45 324 

2019/05/25  10:20:44 34.634 46.359 8 4.1 19 4.35 4.22e+22 305 75 -50 52 42 -157 45 255 38 113 20 06 

2019/05/25  18:26:42 34.863 45.837 7 4 18 4.01 1.30e+22 40 78 144 140 55 15 15 05 52 115 34 265 

2019/06/05  3:33:05 34.419 45.603 12 4.5 18 4.54 8.13e+22 160 70 90 340 20 90 25 250 0 340 65 70 

2019/06/05  3:36:16 34.447 45.636 9 4.8 14 4.61 1.04e+23 172 57 130 295 50 45 04 145 33 238 57 49 

2019/06/23  16:51:59 34.451 45.626 12 4.3 18 4.43 5.56e+22 176 62 112 315 35 55 14 250 19 345 66 125 

2019/07/17  15:19:33 34.452 45.614 13 4.2 16 4.18 2.34e+22 290 60 45 173 52 141 05 50 38 317 52 146 

2019/07/29  20:47:10 34.483 45.617 14 4.4 14 4.2 2.51e+22 335 50 90 155 40 90 05 65 0 155 85 245 

2019/08/03 00:26:06 34.590 46.223 8 4.1 17 4.02 1.35e+22 330 79 139 70 50 15 18 296 48 47 36 142 

O. Time (UTC) original time in UTC, Lat latitude in degree, Log longitude in degree, RD reported depth, Ml 

reported magnitude, CD calculated depth measured in kilometer (km), MW moment magnitude, Mo seismic 

moment measured in dyne-cm, S strike, D depth measured in km, R rake angle, P, N, and T compressional, 

normal, and tensional moment stress axes, respectively, PL plunge angle, AZ azimuth.  

 

 

4.1 Green's functions (GF) is created and described based on model assumptions or empirically 

gained data and includes wave propagation from the seismic source to a receiver, in response to 

specific source excitation. In the framework of source inversion problems, they are used to build 

synthetic seismograms, which are compared to real surface data records in the moment tensor 

inversion [24]. The use of the suitable regional velocity model is significant not only to correspond to 

the waveforms but also to define the moment magnitude of the earthquake, because the theoretical 

amplitudes at high frequencies depend very highly on the velocity model. Synthetic waveforms were 

calculated using a 1D-velocity model (Table 3) which is modified from the global IASPEI91 model in 

crustal part. This synthetic waveform was used later for calculating Green’s functions needed for 

moment tensor inversion [25] Figure-4. 

Table 3- Velocity and density values with layer thickness for the iraq2, which are used to build 

Green’s functions of the study region, modified from the global IASPEI91 model [25] 

Iraq2 

Thickness 

(km) 

VP 

(km/s) 

VS 

(km/s) 

Density (gm/cm3) 

1.00 2.80 1.62 2.05 

5.00 5.23 3.02 2.50 

9.00 6.18 3.57 2.70 

10.00 6.20 3.58 2.70 

11.00 6.50 3.75 2.70 

50.00 7.88 4.55 3.14 

 

4.2 Moment Tensor Inversion of Seismic Waveforms 

     Moment tensor is a mathematical characterization of seismic source that depends on wave 

propagation, earth model and synthetic seismograms. Moment tensor solution method is used to give a 

better assessment of seismic moment energy released from earthquakes and to identify the stress 

regime system and faults orientation for different seismic sources in the region. Moment magnitude 
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(Mw), Seismic Moment (Mo) and data for seismic source process are acquired by this procedure. 

Least square fitting of amplitude and/or waveform data can be derived from seismograms moment 

tensor components [26]. The waveform inversion method was used, which is based on the grid search 

method that involves the inspection of over all possible focal mechanism solutions. In general, the 

steps of performing moment tensor inversion are shown in the flowchart (Figure-5). The steps are 

explained in detail in appendix B of a previous study [27]. The moment tensor solutions have a quality 

factor assigned by the number of stations used during the inversion and the goodness of fit between 

synthetic and observed data. The inversion technique was applied as in the example in Figure-(6a). 

Seismic stations were used for the moment tensor inversion method solution of the event 2018/01/11 

08:00:39 UTC. A grid search over the strike, dip and rake angles were used for every depth from 0.5 

to 39 km in increments of one km, as shown in Figure-(6c). Figure-(6b) indicates the correlation and 

percentages between the observed (red traces) and predicted (blue traces) values. 

 

 
 

Figure 4- Velocity (Iraq2) versus depth plots for the model used to build Green’s functions of the 

study region, modified from the global IASPEI91 model [25]. 

 

 
Figure 5- A flow chart of the Main directory and subdirectories used to perform the moment tensor 

inversion method (yellow boxes) and scripts (Turquoise boxes) [modified after 27]. 



Mohammed and Al-Rahim                       Iraqi Journal of Science, 2020, Vol. 61, No. 7, pp: 1691-1704 
 

1699 

The three components of the seismic record are R (Radial), Z (Vertical), and T (Transverse). 

Waveforms were plotted using the same scale. Peak amplitudes were indicated by the numbers to the 

left of each trace and contain pair of numbers that indicate the time shift required for maximum 

correlation between the observed and predicted traces. Percentage of variance reduction was used to 

characterize the individual goodness of fitness (100% indicates a perfect fit). To improve the signal-to-

noise ratios (SNRs), the waveforms were filtered in frequency bands that were individually adjusted 

according to the data characteristics and quality. All traces in Figure-(6b) represent ground velocity 

(m/s) filtered in the 0.05-0.15 Hz band. Some traces were also removed because of noise, which may 

be due to site effects and instrumentation (i.e., in KGS1, AMR2 and KAR2 stations, only the vertical 

component remained, while traces R and T components in Figure- (6b) were rejected. 

 

 
Figure 6- (a) Location of seismic stations (red colors) used for waveform inversion in moment tensor 

solution method. The star represents the location of the event 2018/01/11 08:00:39 UTC. (b) 

Correlation and percentages between observed (red) and predicted (blue) traces. The three components 

of the seismic record are R (Radial), Z (Vertical), and T (Transverse). Each observed-predicted 

component is plotted using the same scale and the numbers to the left of each trace indicate peak 

amplitudes. A pair of numbers is given in black at the right side of each predicted traces indicate: (i) 

the upper number, the time shift required for maximum correlation between the observed and 

predicted traces and (ii) percentage of variance reduction to characterize the individual goodness of fit. 

(c) The best fit as a function of depth sensitivity. The best fit value is 0.5560 and indicates a depth of 

18 km. (d) Waveform inversion focal mechanism, the beach-ball shows the best solution at this depth. 

 

5. Results 

5.1 Classification of Focal Mechanism Solutions 

     Detailed information on the resulting focal mechanisms are listed in (Table-2) and include the 

strike orientation, dip angle, rake angle of both nodal planes, the direction of slip, and the orientations 

b 

d 
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of the moment stress axes. These are calculated by a moment tensor inversion technique for 102 

events. The beach balls were plotted for each group using color coding according to the focal 

mechanism type: red for normal with strike slip faulting, green for strike slip, blue for thrust pure or 

with strike slip faulting, and gray for unknown or oblique type that indicates the maximum horizontal 

stress azimuth that is not defined. Figure-7 shows the beach balls for the group AA (Belula-Ezgeleh) 

plots for northeastern Iraq which have a dominance of thrust with strike slip (TS) and a few strike-slip 

(SS) focal mechanisms, while the plots for the groups BB (Khanaqin-Qasre Shirin-Sarpol Zahab) and 

CC (Mandali-Samoor) show a predominance of thrust (TF), thrust with strike slip (TS) and some 

strike-slip (SS) focal mechanisms. Finally, all focal mechanisms with a group DD (Qolqoleh-Halol) 

have a relatively strike-slip (SS), except for one event with a normal with strike slip (NS). In general, 

the largest number of earthquakes with the highest energy happens in the upper 40 Kilometers of the 

earth’s crust [28]. Regarding the focal mechanism depths solution of earthquakes in the study region, 

it ranged from 8 to 21 km, while the reported focal depths ranged between 6 and 17 km (Table 2). 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 7- (Left) Focal mechanism colored for 102 events is proportional to moment tensor inversion 

and subdivided into four groups AA (Belula-Ezgeleh), BB(Khanaqin-Qasre Shirin-Sarpol Zahab), CC 

(Mandali-Samoor), and DD (Qolqoleh-Halol) according to the spatial distribution of the events. 

(Right) Compressional (P) moment stress axes from moment tensor solutions data based on (Table 2). 

The lines colors indicate the type of faulting: red, normal with strike slip (NS); blue, thrust or thrust 

with strike-slip (TF or TS respectively); and green, strike-slip. 

5.2 Moment stress axes 

     The moment stress axes (P, N, and T for, respectively, maximum shortening, neutral axes and 

maximum extension) are perpendicular to each other from both the fault and the auxiliary planes. The 

same is correct for σ1, σ   and σ3, only in the state of new fracture generation in a homogeneous 

isotropic medium [29]. These are calculated for focal mechanism solutions of each seismic event. The 

P axis bisects the compressional dihedron (45 from both focal planes) [30]. Table-2 shows moment 

stress axes depending on their azimuth and Figure-7 shows that, in the study area, the major 

compressional orientation was mostly is NE–SW and W-E, with NW-SE in northern and northeastern 

parts of the region. 

5.3 Moment magnitude (Mw) versus local magnitude Ml 

     Magnitude is used as an expression for energy releases from an earthquake. Most of the 

instrumental data around the world use the local magnitude (Ml) scale that covers the entire magnitude 
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range from potentially less than zero and up to 6 or more. The suitable conversion from local 

magnitude (Ml) to moment magnitude (Mw) is a significant prerequisite for any seismic-hazard 

assessment [31]. Local magnitude is the primary magnitude scale calculated in the department of 

Seismology in Iraqi Meteorological Organization and Seismology for the 102 events in this study, 

which ranged from 4.0 to 6.4. Moment magnitude derived from moment tensor techniques, ranged 

from 3.67 to 6.11 (Table 2). 

      The developed relation between local magnitude (Ml) and moment magnitude (Mw) is derived by 

a linear relation, as shown in Figure- 8 and expressed as follows: 

                      =0.8877) 

where: a = 0.962, b = 0.0534 and R² represents the correlation coefficient. 

     In most of the events, the value of Mw from moment tensor inversions was less than the reported 

Ml. The average difference was in the order of 0.33 magnitude units. There is a feasible acceptance for 

events with magnitudes of 4 to 6.5, indicating that the Ml and magnitude body wave (mb) are equal or 

more than Mw [32]. 

 

 

Figure 8- Diagram showing the relationship between local magnitude (Ml) taken from the IMOS 

catalog and the moment magnitude (Mw) resulted from moment tensor inversion solutions during the 

current study. The continuous line represents the best least-square fits obtained in this study. 

 

6. Discussion 

     In this paragraph, we will discuss the results of the moment tensor inversion of all events, their 

tectonic context, and the active tectonic structures. For each event, moment tensor inversion was used 

to determine source mechanisms from the regional waveforms. The use of individual focal 

mechanisms for the assessment of the tectonic stress is not a direct solution, since the degree that they 

sample intrinsic tectonic episodes varies. This is due to several uncertainties related to inherent 

ambiguities in the definition of the fault plane and slip direction or to the accuracy of the individual 

focal mechanisms and the respective inversion methods’ assumptions. Previous studies proposed that 

the earthquakes in the study area likely happen on the Mountain Flexure Fault (sometimes referred to 

as Main Front Fault, noted MFF in Figure- 2) on blind reverse faults buried under or within a thick, 

folded sedimentary cover [33]. Along the major part of the Zagros belt, the MFF follows a NW-SE 

axis with a ∼ 120◦ azimuth and corresponds to many topographic lineaments. The next sections will 

debate the focal mechanism or the fault plane solutions, moment magnitudes, and the focal depths in 

each sub region. 

1. Belula-Ezgeleh (group AA): The Northern part of the study region is located on the border of 

Iraq-Iran within the Zagros fold and thrust belt, which delimits the continental collision between the 

Arabian and Eurasian Plates. Only six focal mechanisms exist for this sub-region. The resulting fault 

plane solutions for all the studied earthquakes demonstrate thrust faulting with a strike-slip (5events) 
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and strike slip pure (one event). Stress tensor suggests that compression is homogeneous in a nearly 

horizontal NE-SW direction and the combination of thrust with strike-slip faulting. 

2. Khanaqin-Qasre Shirin-Sarpol Zahab (group BB). This group represents the largest number of 

events (45 events). Most of them are inside Iran and a few on the Iraq-Iran border, located within the 

Zagros fold and thrust belt, which is a very seismically active region. A tectonically effective region 

that accommodates crustal shortening resulting from the collision between the Arabian plate and the 

Eurasian plate is observed as a differential tectonic movement divided between different types of 

faults [34]. Local structural complexities may explain why the Qasre Shirin sequence broke in 

earthquakes series of moderate events rather than as a single thoroughgoing larger rupture with NW 

striking segments, which is parallel to the regional trend in the fold axes [35]. Thrust faulting with 

almost all compression axes in the northeastern to southwest orientations characterizes the solutions, 

including a larger proportion of thrust and thrust with strike slip focal mechanisms, while a few pure 

strike slip and unknown or oblique slips were present (Table- 2, Figure- 7). 

3. Mandali-Samoor (CC): Most of the events in this group are distributed on the border between 

Iraq and Iran, a few kilometers northeast of the Iranian town of Naft Shahr (Figure- 7). 

29 focal mechanisms exist for this group, dominantly showing thrust faulting. All events have 

predominantly thrust mechanisms with reasonably dipping (∼50–80◦), approximately NNW or 

approximately SSE striking nodal planes (Table-2). 

 

4. DD (Qolqoleh-Halol): The Qolqoleh-Halol is located in the western part of the study area. All the 

22 seismic events are located inside Iran between High Zagros Fault and Main Recent Fault. This is a 

major NW-SE, 800-km-long right lateral strike-slip fault that accommodates some of the strain [36] 

(Figure- 2).These events form a right lateral strike-slip focal mechanism but are located more than 100 

km west of the Main Recent Fault. This group is completely different from the previous groups with 

its distinction, as 21 focal mechanisms are dominantly strike-slip, with only one event that has a 

normal faulting. All of these mechanisms reveal a general trend of NW-SE orientation. 

 

7. Conclusions 

     The present application of the CPS software package allowed us to compute seismic moment 

tensors for 102 earthquakes by using broadband waveform inversion with an Ml between 4.0 and 6.4. 

The most distinguishing characteristic in the focal mechanism distributions in the study area is their 

depth dependence, thus, all of the earthquakes according to the results have crustal depths ranging 

from 8 to 21 km. The major stress compressional (P) axes orientations are determined from moment 

tensor solutions of the locally recorded earthquakes that occurred in the study area. Deformation style 

of the groups (AA, BB, and CC) suggests predominant thrust faulting, thrust with strike-slip faulting 

component, and some unknown or oblique faulting that indicates compressional or transpressional 

tectonic environment. However, strike-slip earthquakes (SS) predominate to the west (group DD). 

Nevertheless, earthquakes are distributed in the study area of faulting in the Zagros range, which is 

amongst the most rapidly deforming and seismically active fold-and-thrust belts on earth. The majority 

of seismicity are occurring on the blind reverse faults buried under or within a thick, folded 

sedimentary cover. Therefore, the distribution of earthquakes provides vital information about the 

location of active faulting at depth. 

     Good matching results were obtained in the current study with both seismic trends (concluded from 

earthquake locations) and mapped faults. These matching results are corresponding with the tectonic 

framework of the Arabian–Eurasian continental collision zone and the anticlockwise rotation of the 

Arabian plate that appears accountable for strike-slip displacements on fault surfaces. Also, a relation 

between moment and local magnitude was obtained appropriately for the investigated area and 

magnitude range. 
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