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Abstract 30 

 31 

To gain a deeper understanding of the extensive and varied lithospheric deformations beneath 32 
northern Oman, we examine seismic anisotropy in this region using splitting analysis of 33 
teleseismic shear wave data. Our study utilizes data from a dense network consisting of 13 34 
permanent and 45 temporary seismic stations, which were operational for approximately 2.5 35 
years starting from 2013. By examining the azimuthal distribution of shear wave splitting (SWS) 36 
parameters, we are able to divide the study area into three sub-regions. The stations located to the 37 
west of the Hawasina window exhibit relatively azimuthally invariant SWS parameters 38 
suggesting a single anisotropic layer. On the other hand, most of the stations located in the 39 
central and eastern regions display a 90-degree periodicity versus back-azimuth, indicating the 40 
presence of depth-dependent anisotropy.  41 

The General NW-SE trend of the Fast Polarization Directions (FPDs), one-layer/upper layer 42 
FPDs in the east and one-layer FPDs in the west, is concordant with the strike of the structures 43 
resulting from the collision between the continental and oceanic plates. Notably, a distinct 44 
contrast in the SWS parameters is observed at Semail Gap Fault Zone (SGFZ), suggesting that 45 
the SGFZ can be a geological border for the mafic intrusive emplacement from the east. 46 
Furthermore, the fast axes of the lower layer exhibit an NE-SW trend, which may be indicative 47 
of the large-scale mantle flow resulting from the present-day plate motion. 48 

Keywords: seismic anisotropy, Semail Gap Fault Zone, obduction, northern Oman, shear wave 49 
splitting, lithosphere. 50 

 51 

Plain Language Summary 52 
 53 

In this study, we investigated how the lithosphere beneath northern Oman is deformed by using 54 
shear wave splitting (SWS) analysis. We used a dense network of 58 seismic stations, including 55 
both permanent and temporary stations. Based on our shear wave splitting observations the 56 
region can be divided into three parts. In the west, the splitting parameters (delay time and fast 57 
polarization direction) are generally consistent, which is in good agreement with the rigid 58 
continental lithosphere, suggesting a single anisotropic layer. In the central and eastern regions, 59 
the splitting parameters show different behaviors, indicating more complex and depth-dependent 60 
structures. Notably, the Semail Gap Fault Zone (SGFZ) marked a significant boundary in SWS 61 
parameters, which represent the SGFZ as a geological boundary. Additionally, NE-SW fast axes 62 
indicate large-scale mantle flow due to present-day plate motion. 63 

 64 

 65 



1 Introduction  66 

 67 

The Semail ophiolite in northern Oman is a prime example of obducted oceanic lithosphere and 68 
its structure and tectonic evolution have been subject to geoscientific investigations for decades 69 
(e.g., Glennie et al., 1974; Searle and Malpas, 1980). Geological studies (e.g., Hacker et al., 1996 70 
a,b; Nicolas et al., 1994, 2000; Searle and Cox, 1999; Rioux et al., 2016; Guilmette et al., 2018; 71 
Ambrose and Searle, 2019) shed light on the chronological phases and the background 72 
geological setting contributed to the formation of oceanic lithosphere, dynamics of obduction 73 
and the development of the north Oman orogeny. This provides a comprehensive understanding 74 
of the shallow crustal tectonic evolution of the continent below the ophiolites. However, the 75 
significance of pre-obduction tectonic processes in shaping the Arabian continental lithosphere, 76 
as well as their role in understanding obduction geometry and dynamics in detail, has been 77 
demonstrated only recently (e.g., Weidle et al., 2022, 2023). 78 
 79 
Two major tectonic events had left their mark before the obduction of the Semail ophiolite, the 80 
Neoproterozoic assembly of Gondwana and the Permo-Triassic breakdown of Pangea. Both 81 
these events are reflected in today’s lithospheric architecture in northeast Arabia. Previous 82 
surface wave tomography studies provided information about the lithospheric thickness and 83 
Moho depth of the study region (e.g., Priestley et al., 2012; Pilia et al., 2020a,b, 2021; Weidle et 84 
al., 2022; Weidle et al., 2023). Global and regional tomography models (e.g., Al-Lazki et al., 85 
2014; Koulakov et al., 2016; Celli et al., 2020a,b) suggest that mantle lithospheric thickness 86 
decreases from > 200 km to ~100 km from the neocratonic core of Arabia towards the margins 87 
(Weidle et al., 2023). Furthermore, the crust northwest of the Semail Gap Fault Zone (SGFZ) is 88 
typically continental with an average Moho depth of ~40 km, whereas it thins to the east and is 89 
likely modified by significant mafic reworking during the mafic breakup of Pangea (Weidle et 90 
al., 2023). Given the significant change of crustal architecture across the SGFZ in northern 91 
Oman, a main question arises whether similar variations occur in the mantle lithosphere. In the 92 
absence of detailed tomographic images of the area, observations from seismic anisotropy could 93 
provide more insights into structural properties of the continental lithosphere in the area.  94 
 95 
The significance of seismic anisotropy in understanding the deformation and flow pattern in the 96 
upper mantle has grown in the last two decades. Seismic anisotropy signatures appear in the 97 
mantle and crustal rocks as a result of prolonged deformation and shearing within the mantle and 98 
lithosphere (e.g., Savage, 1999; Long and Silver, 2009). In general, the main mechanisms that 99 
contribute to seismic anisotropy include Lattice-preferred orientation (LPO) of anisotropic min-100 
erals, in particular olivine (Hess, 1964; McKenzie, 1979), caused by flow-induced strain (e.g., 101 
Long and Silver, 2009; Savage, 1999), and Shape-preferred orientation (SPO) in the form of flu-102 
id-filled cracks in the crust or of aligned mineral aggregates in a deformed lithospheric mantle 103 
(e.g., Holtzman and Kendall, 2010). However, anisotropy can also be due to frozen-in lithospher-104 
ic deformation which has been formed from prior tectonic processes (Barruol et al., 1998; Silver, 105 



1996) in regions where considerable deformation has occurred (e.g., collisional zones, faults and 106 
shear zones). Hence, investigating seismic anisotropy can help illuminate the evolution of the 107 
lithospheric mantle. Northern Oman is a continental margin that has experienced an extensive 108 
developing process of orogeny, rifting and basin formation. There is, therefore, a strong likeli-109 
hood that seismic anisotropy in the region is caused by “fossil” fabrics preserved in the litho-110 
sphere, shearing at the base of the lithospheric plate due to present-day plate motion and local 111 
sub-lithospheric mantle convective flow, or a combination of these mechanisms.  112 
 113 

Shear-wave splitting of core-refracted phases (e.g., SKS, SKKS, PKS, named XKS henceforth) 114 
is one of the most common manifestations of seismic anisotropy (Silver and Chan, 1991). Shear-115 
waves by entering an anisotropic medium exhibit birefringence and split into two separate 116 
orthogonal quasi shear-waves which travel at different wave speeds. The delay time, δt, between 117 
the fast and slow components and the polarization direction of the fast component (FPD), φ, 118 
represent the strength and orientation of seismic anisotropy, respectively.  119 
 120 
In the present study, we analyze data from a temporary seismic network consisting of 45 stations 121 
completed by 13 permanent stations, which cover the entire region of northern Oman and 122 
intersect its major tectonic structures. Shear-wave splitting methods and teleseismic core-123 
refracted phases as input data are employed to infer seismic anisotropy. In this research, we 124 
examine how lithospheric deformation and mantle flow are linked to seismic anisotropy, 125 
providing more insights into the historical and current status of the lithosphere beneath northern 126 
Oman. 127 
 128 

2 Geological setting 129 
 130 
The study area is located at the northeastern edge of the Arabian plate (Figure 1a), composed of 131 
Neoproterozoic island arcs and ophiolites formed during the Pan-African orogeny (Allen et al., 132 
2007; Cozzi et al., 2012). As a result of opening of the Neotethys Ocean, the northern Oman 133 
(located in the former Gondwana terrane) experienced rifting and passive margin tectonics 134 
(Pillevuit et al., 1997; Ruban et al., 2007) during the Late Carboniferous. This tectonic evolution 135 
was followed by the obduction of the Semail Ophiolite in late Cretaceous (e.g., Tippit et al., 136 
1981), and post obduction processes, including late Eocene extension which led to the uplift of 137 
Oman mountains (Ninkabou et al., 2021, Weidle et al., 2023). 138 

The subsurface structure beneath the study area has undergone multiple phases of deformation 139 
during various geological periods since the Permian breakup of Pangea. Regional-scale tomo-140 
graphic images (e.g., Shad Manaman et al., 2011; Pilia et al., 2020) illustrate a transition from 141 
thick to thin crust across the northern Oman from west to east. Pilia et al. (2020) derived higher 142 
velocities in the Gulf of Oman and lower velocities towards the west. They attribute this velocity 143 
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3 Data and methods 169 

3.1 Data acquisition 170 

 171 

Seismic data used in this study were recorded from network 5H (COOL project), consisting of 40 172 
broadband seismometers across the Oman Mountains, which were in operation for about 2 years 173 
and 5 months (from October 2013 to February 2016). Some of these seismometers were 174 
occasionally displaced, resulting in 45 station locations. Three different types of seismometers 175 
are exploited in this network, CMG-3ESP, Trillium120QA, STS-2, which were able to 176 
continuously record at 100 sps (Weidle et al., 2013). This network was deployed with the 177 
purpose of illuminating the 3D geometry and internal properties of the world's reference 178 
obducted oceanic crust, and the underlying continental lithosphere. The network is 179 
complemented by 13 permanent stations (network OM). These stations are equipped with an 180 
STS-2.5, Trillium 240, CMG-3TB, or Trillium 120 seismometer, operated by the local 181 
Earthquake Monitoring Center in Oman (Figure 1b).  182 

 183 

3.2 Shear wave splitting (SWS) 184 
 185 

In the past two decades, XKS phases have been extensively used to study seismic anisotropy 186 
(e.g., Kind et al., 1985; Silver and Chan, 1988; 1991; Savage and Silver, 1993). These phases 187 
have the advantage of being converted from P-to-S waves at the core-mantle boundary (CMB), 188 
meaning that splitting observed at the surface is the result of receiver-side anisotropy. In 189 
addition, with a near-vertical angle of incidence, these phases provide a relatively good lateral 190 
resolution beneath the monitoring stations. However, the signature of anisotropy in these phases 191 
is a vertically integrated effect from the CMB to the surface and thus they can provide limited 192 
constraints on the depth of anisotropy. 193 
 194 
Seismograms used in this study were gathered from teleseismic events that occurred in epicentral 195 
distances of 85°-140° with a magnitude of Mw > 5.8, resulting in a total number of 10354 196 
seismograms from 336 events. The National Earthquake Information Center (NEIC) provided the 197 
starting time and location of these teleseismic events. The IASP91 reference model was used to 198 
calculate the theoretical arrival times of XKS phases and to determine the time windows for the 199 
splitting analysis. 200 
 201 
In this study, we use the SplitRacer code of Reiss and Rümpker (2017), an open-source 202 
MATLAB plugin, to perform the SWS analysis. Signals are filtered between 0.02 Hz and 0.2 Hz 203 
to improve the signal-to-noise ratio (SNR). The SNR threshold is set to be above 2.0. SplitRacer 204 
allows categorizing single splitting measurements, assigning a quality rating labeled as good, 205 
average, or poor to each measurement (Figure S1). This is done manually, taking into 206 



consideration various factors such as the elliptical shape of the uncorrected particle motion, the 207 
percentage of the energy reduction on the transverse component, the size and shape of the 95% 208 
confidence contour, the distribution of φ and δt values from different chosen time windows (here 209 
10 different time windows for each phase are selected), and the correlation between the fast and 210 
slow split shear waves components (see also Komeazi et al., 2023, section 2.2). If the 211 
uncorrected particle motion is apparently linear or the energy reduction of the T-component is 212 
negligible (less than 10%), the measurement is considered as "null". A null measurement could 213 
be attributed to either no anisotropy beneath the station or alignment of the initial polarization 214 
direction of the XKS phase with the fast/slow direction within the anisotropic medium. 215 
 216 

In the first step, we search for splitting parameters (φ and δt) beneath each station that minimize 217 
the total energy of the T-component (Silver and Chan, 1991) for each individual XKS phase. 218 
These single SWS measurements are then used to confirm the azimuthal variation of the 219 
parameters. SplitRacer also allows for the joint splitting analysis of the XKS waveforms. Joint 220 
splitting analysis refers to simultaneously minimizing the total energy of the T-components of all 221 
XKS phases at one station. In case of a 90-degree periodicity of the splitting parameters versus 222 
back azimuth, which is indicative of a depth-dependent anisotropic media (Silver and Savage, 223 
1994, Rümpker and Silver, 1998), we conduct a joint inversion, assuming a two-layer anisotropy. 224 
Due to its fast performance, a modified version of SplitRacer provided by Link et al. (2022) was 225 
used to conduct the two-layer joint splitting analysis. The correction of the T-component 226 
waveforms for splitting parameters is performed using an inverse splitting operator (Rümpker 227 
and Silver, 1998). The joint splitting parameters (for one- and two- layer models) for all stations 228 
are presented in Tables S1 and S2.  229 

 230 

3.3 Ps-splitting analysis 231 

 232 

In order to examine the presence of seismic anisotropy in the crust and its potential effect on the 233 
XKS splitting measurements (e.g., Latifi et al., 2018), we perform splitting analysis technique 234 
developed by Rümpker et al. (2014) on the Moho-converted P-to-S (Ps) phases observed in 235 
receiver function data computed at the same stations used for the XKS splitting analysis (Figure 236 
1b). Teleseismic events in the epicentral distances 30°-95° are used for receiver function 237 
calculations. Preprocessing of receiver function analysis includes detrending and demeaning of 238 
waveforms, bandpass filtering from 0.02 to 2.0 Hz, and visual inspection of the waveforms to 239 
make sure about a clear P-wave arrivals. Receiver functions are then computed using time-240 
domain deconvolution technique (Ligorria and Ammon, 1999). 241 

 242 



The finite-frequency fast and slow shear waves overlap in weakly anisotropic media (T >> δt), 243 
resulting in a characteristic cosine-shaped move-out as a function of backazimuth in the Ps 244 
arrival time on radial receiver functions. In order to find the splitting parameters that result in a 245 
cosine-shape move-out, a grid search is applied in two steps (Rümpker et al., 2014). First, the 246 
best pair of the parameters (φ and δt) is obtained by stacking radial-component amplitudes along 247 
the sinusoidal move-out. Then, the estimated parameters are verified and improved by 248 
minimizing energy on transverse receiver functions. 249 

 250 

4 Results  251 

4.1 Individual XKS Splitting Measurements 252 

 253 

After carefully choosing the input data based on teleseismic distance, magnitude, and SNR, a 254 
total number of 553 well-defined (quality good or average) individual XKS splitting 255 
measurements (1-29 measurements per station) were retained. Figure 2a depicts the individual 256 
SWS measurements at each station. The backazimuths of the events giving null measurements 257 
are shown in Figure S2. On the basis of the individual FPDs, the study region can be divided into 258 
three subregions: western, central, and eastern parts. The SGFZ and Hawasina Window (HW) 259 
are the geological features that separate the central area from the neighboring parts. However, 260 
this division does not imply that the observed anisotropy solely originates from the lithospheric 261 
domains. As will be discussed later, asthenosphere also contributes to it.  262 
 263 
In the western part, the measurements performed at stations MOH, ASH, COO26, COO28, and 264 
COO29 are characterized by consistent φ and δt values. For the majority of the stations in this 265 
region, the orogenic belt and FPDs are aligned in the NNW-SSE/NW-SE direction, except for 266 
station BAN, located at the far north of western Oman, with some NE-SW–oriented FPDs. The 267 
delay times measured in the western part mainly range around 1.0 s. In the central region, the 268 
majority of high-quality measured FPDs fall within the range of N00°E to N045°E (NE-SW) and 269 
N125°E to N180°E (NW-SE). These observed variations in the FPDs could indicate the presence 270 
of multiple anisotropic layers. Additionally, most of the null measurements obtained in this study 271 
are from stations located in the central part, including COO12, 17, 20, 24, and 43. 272 
 273 
Generally, more individual SWS measurements are obtained at the eastern part relative to the 274 
western part of the study area, not only due to more stations deployed, but also due to more 275 
measurements obtained per station. Most of the FPDs at the stations located in the eastern part 276 
are oriented in the WWN-EES, NW-SE and NNW-SSE directions. However, some stations also 277 
include FPDs with a NE-SW trend, which is parallel to the Absolute Plate Motion (APM) in the 278 
region as determined by Kreemer et al. (2014) in the No-Net-Rotation reference frame. The 279 
observed variation of the FPDs at stations such as BID, COO33 and COO53 indicate the 280 



structural complexity underneath this region, which could be due to multiple sources of seismic 281 
anisotropy. A relatively sharp change in the direction of FPDs occurs at the SGFZ, from 282 
dominantly NW-SE orientation in the eastern side to dominantly NE-SW trend on the west. This 283 
pattern (also seen at the neighboring stations) might reflect short-wavelength variations in the 284 
upper mantle structure. 285 
  286 

A further consideration is that some stations possess backazimuth-dependent splitting 287 
parameters. This might be due to the presence of multiple layers of anisotropy (Silver and 288 
Savage, 1994, Rümpker and Silver, 1998). Clear azimuthal variations can be seen at most of the 289 
stations in our study, particularly in the eastern and central parts (Figure S3). At several stations, 290 
the values of the fast polarization display systematic azimuthal variations with a period of ~90◦. 291 
Such patterns are consistent with a two-layer anisotropic model throughout the eastern and 292 
central part of the study area. As an example, Figure 2b shows the azimuthal variation in splitting 293 
parameters at station COO17. However, some stations located in the western parts (BAN, MDH, 294 
ASH) suffer from insufficient azimuthal coverage to infer the dependency of the splitting 295 
parameters on the backazimuth. Some stations exhibit large delay times (> 2 sec, up to 2.77 sec 296 
recorded at COO35) in the eastern part of the study area. These (apparent) large delay times 297 
could be the effect of depth-dependent anisotropy.  298 

 299 

We also examine the case if the observed individual splitting measurements were generated from 300 
a single layer of anisotropy distributed at a certain depth. For this purpose, we follow the spatial 301 
coherency approach of Liu and Gao, (2011) modified by Gao and Liu, (2012). In this method, 302 
individual splitting measurements are projected to the ray piercing points, and then by 303 
calculating the spatial variation factors, the procedure determines the depth at which a maximum 304 
level of spatial coherency is reached. The anisotropy at this depth is taken as the main 305 
contributor to the observed shear wave splitting. We divided the study area into grids with grid 306 
point distance of 0.1° in both longitude and latitude directions. Then for each grid point the 307 
average φ and δt for all the splitting parameters within the Fresnel zone (𝑅௙௥௘௦௡௘௟௭௢௡௘ = 85 +308 0.2 ∗ 𝑑𝑒𝑝𝑡ℎ) is calculated. Finally, at each assumed depth the variation factor is computed. Our 309 
analysis suggests an optimal depth of 290 km (Figure S4a) for the source of anisotropy assuming 310 
a single layer of anisotropy. Compared to the real dataset in the study of Liu and Gao (2011), our 311 
results indicate that the variation factor exhibits a negligible dependence on depth. Furthermore, 312 
even by projecting the splitting parameters at the optimal depth (Figure S4b), there are still a 313 
considerable number of non-coherent splitting parameters. These results confirm that a one-layer 314 
model is not a precise approximation for the XKS observations at most of our stations. 315 

 316 
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4.3 Effects of crustal anisotropy 363 
 364 

Out of all the stations where we applied the Ps-splitting method, only 14 stations fulfilled the 365 
requirement of sufficient azimuthal coverage, which is necessary to obtain reliable results in Ps-366 
splitting method. In Figure 5, the purple bars represent these computed splitting parameters. At 367 
stations situated on the western side of the SGFZ, the orogen-parallel splitting parameters are 368 
consistent with the upper crust anisotropy from surface waves (Wiesenberg et al., 2022). On the 369 
eastern side of the SGFZ, however, FPDs are rather NE-SW and thus more consistent with lower 370 
crustal anisotropy observed from surface waves. This suggests a dominant upper and lower crus-371 
tal anisotropy in the central and eastern parts of the study area, respectively.  372 
 373 

Using crustal anisotropy results from the Ps-splitting (an example is illustrated in Figure S8), we 374 
examine the effect of the crustal anisotropy on the XKS splitting observations at several stations 375 
with adequate azimuthal coverage. At these locations, we search for two-layer models by 376 
following 2 schemes. I) two-layer modeling by fixing the fast direction of the upper layer in the 377 
direction of the crustal anisotropy. II) two-layer modeling after removing the crustal anisotropy 378 
effect from the waveforms. 379 
 380 
In scheme I, the joint inversion of the XKS waveforms is conducted for a two-layer model in 381 
which the parameters of the upper layer are constrained to vary around the parameters obtained 382 
from the Ps-splitting. Then the joint inversion gives the delay time of the upper layer and the 383 
delay time and fast axis of the lower layer. In scheme II, in the first step, the XKS waveforms are 384 
corrected according to the splitting parameters obtained by the Ps-splitting analysis of receiver 385 
functions. The required mathematical equations to correct the waveforms for a certain φ and δt 386 
are explained in detail in Rümpker et al. (2023). After correcting the waveforms for the crustal 387 
anisotropy parameters, we applied the joint splitting method for a two-layer anisotropy. 388 
 389 
The results of this inversion for both schemes are shown in Figure 4 along with the two-layer 390 
joint splitting parameters obtained without constraining the crustal anisotropy for the same 391 
stations. Only 6 stations delivered reliable layered models by constraints from crustal anisotropy. 392 
Due to a more effective reduction in average T-component energy provided by scheme II, the 393 
splitting parameters derived from this scheme are selected as the final two-layer parameters. As 394 
illustrated in Figure 4, for stations COO16 and COO20, situated in the western part of the SGFZ, 395 
the fast axes given by scheme II are nearly identical to those derived from the inversions without 396 
crustal constraint. Nonetheless, the delay times at both stations increased under scheme II. In 397 
contrast, for stations COO32 and COO37, the delay times of the upper layer decreased in scheme 398 
II compared to the inversions without crustal constraint. Additionally, at stations COO05 and 399 
COO51, distinct anisotropic layers are observed in various schemes. 400 
 401 
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layer joint splitting parameters are shown with yellow and blue bars. The bars are oriented in the 407 
obtained fast directions, and their length is proportional to the delay time. 408 

 409 

5 Discussion 410 
 411 
A shear wave splitting analysis along northern Oman is provided in this study by using a dense 412 
network of stations. We discuss the possible causes of seismic anisotropy beneath northern 413 
Oman in the context of the tectonic setting of the region. We examine the effects of extensive 414 
processes of orogeny, rifting and basin formation at a continental margin on the lithosphere 415 
beneath the northern Oman. The presented results of the XKS splitting analysis show a depth-416 
dependent anisotropic pattern in the splitting parameters at the majority of the stations. 417 
 418 
Many of the delay times are too large to be attributed exclusively to the lithosphere. Considering 419 
the maximum delay times measured in this study, which are of the order of ~2.5 s, a maximum 420 
thickness of ~125–250 km can be expected for the anisotropic layer, assuming an average 421 
anisotropy strength of 2–4% (e.g., Savage, 1999; Helffrich, 1995) and an average Vs of ~4 km/s 422 
for the upper mantle (Weidle et al., 2022). Weidle et al. (2023) suggest that the lithosphere 423 
thickness beneath our study region is in the order of ~80–120 km. A uniform anisotropic layer 424 
with a mean value of 4% of anisotropy can explain the average delay time value of ~1.0 sec 425 
observed in the region. However, as explained in previous section, a single layer of anisotropy 426 
cannot explain the lateral and azimuthal variations in the observed XKS splitting measurements. 427 
Therefore, we need to discuss the observations by considering both the lithospheric and sub-428 
lithospheric sources of anisotropy. 429 
 430 
In Figure 5, we summarize the inferred depth-dependent anisotropic model that is obtained for 431 
the entire region by joint inversion of the XKS data and considering the effect of the crustal 432 
anisotropy as constrained by the Ps-splitting analysis. 433 
 434 
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In the western parts of the study area, the one-layer FPDs (with NW-SE orientation) are very 458 
similar, suggesting the overall uniformity of the anisotropic structure at depth. In comparison to 459 
the previous study (Pilia et al., 2021), their averaged values agree well with our joint splitting 460 
parameters for one-layer models in the same region or stations (Figure S9). At different stations, 461 
mean split times range from 0.6 to 1.6 s, with smallest values suggesting weak anisotropy, a rela-462 
tively thin anisotropic layer where the crust may have played a significant role, or possibly two 463 
perpendicular anisotropic layers that cancel out each other’s effects. 464 
 465 
The observed 90° periodicity in the backazimuthal variation of the splitting parameters at some 466 
stations, particularly in the central and eastern parts (Figure 2b and Figure S3), prompted us to 467 
examine two-layer models with horizontal symmetry axes. The two-layer joint splitting parame-468 
ters are shown in Figure 3b. A NW-SE trend is observed for the upper layer and NE-SW/NNE-469 
SSW for the lower layer, which we attribute to the lithospheric mantle and asthenosphere, re-470 
spectively (Figure 5). As delay times of the lower layer increase from west to east, we infer a 471 
thickening of the anisotropic layer (asthenosphere) under a thinning lithosphere.  472 
 473 
The majority of the FPDs of the upper layers, mostly in the eastern side of the SGFZ, as well as 474 
the FPDs of the one-layer models in the entire region are subparallel to the main tectonic trends 475 
visible at the surface, resulting from compressional tectonics during Arabia-Eurasia convergence. 476 
In addition, on the eastern side of the SGFZ, emplacement of the mafic intrusions in the ~WNW-477 
ESE direction (Weidle et al., 2023) can partially explain the observed NW-SE apparent anisotro-478 
py in this area. Furthermore, The SGFZ is discussed in previous studies as a distinguishing tec-479 
tonic feature. For instance, the abundance of mafic rocks in the Saih Hatat Dome (SHD) has been 480 
attributed to the plate breakup (Chauvet et al., 2009) and since the Jabal Akhdar Dome (JAD) 481 
region was minimally impacted by the mafic rocks, the SGFZ is thought to be acting as a struc-482 
tural barrier at the time, as proposed by Scharf et al. (2019). In the absence of mafic intrusions on 483 
the western side of the SGFZ, the upper- and lower- layer delay times are comparable, suggest-484 
ing a thicker lithospheric mantle beneath the central parts. Therefore, given the NE-SW trend of 485 
the one-layer FPDs in the central part, we argue the crustal anisotropy resulting from the NE-SW 486 
extension (Figure 5) plays a significant role in this area. However, in the west, no significant 487 
backazimuthal variation is observed and the predominant NW-SE trend of the one-layer FPDs 488 
arise from the thick and old lithospheric mantle, which undergone the compressional tectonic 489 
regime. 490 
 491 
The average delay times for the crustal anisotropy as obtained using the Ps-splitting analysis are 492 
in good agreement with observations reported from other regions, which is of order of ∼0.3–0.5 493 
sec (Barruol and Mainprice, 1993; Silver, 1996). The orogen parallel pattern of the Ps-splitting 494 
results for the crustal anisotropy resemble those for the upper-layer joint splitting results as well 495 
as the azimuthal anisotropy estimated by surface wave tomography (Wiesenberg et al., 2022; 496 
Weidle et al., 2023). The analysis of crustal anisotropy has revealed more insights into the deep 497 



structure of the eastern and central regions. At stations COO32 and COO37 in the eastern region, 498 
it appears that the crust and lithospheric mantle have undergone coherent deformations, resulting 499 
in smaller delay times for the upper layer when correcting the XKS waveforms for crustal 500 
anisotropy. In contrast, stations COO51 and COO05 yield completely different models relative to 501 
the case with no crustal constraints, indicating the complexity beneath this area. West of the 502 
SGFZ, stations COO16 and COO20 show a nearly orthogonal fast axis between the crustal 503 
anisotropic layer and the lower layer, thereby weakening the effect of the bottom layers. This 504 
could explain the relatively small joint splitting delay times for the stations located west of the 505 
SGFZ (e.g., COO24 and 13), despite the fact that the individual measurements contain much 506 
larger delay times. These findings provide insights into the complex dynamics of the crust and 507 
mantle across the study area. 508 
 509 

5.2 Large-scale Mantle Flow due to the plate motion and subduction 510 
 511 

A basic assumption regarding the shear (basal drag) in the transition layer between the litho-512 
sphere and the underlying asthenosphere is that it is influenced by the APM, causing the orienta-513 
tion of the olivine a-axis to be subparallel to the APM direction (Silver, 1996; Zhang and Karato, 514 
1995). The development of the basal drag fabric is believed to be influenced by plate velocity 515 
(Debayle and Ricard, 2013), wherein slow-moving plates are unable to generate a sufficiently 516 
strong basal drag fabric to produce significant anisotropy. While the plate convergence speed 517 
reached 6 cm/yr during the Cretaceous (Agard et al., 2007), GPS measurements by Vernant et al. 518 
(2004) and Khorrami et al. (2019) showed a rate of approximately 27 mm/yr for the current Ara-519 
bian plate motion. However, there is no evidence to suggest that this reduction in velocity would 520 
impact the pervasive anisotropy fabric developed by the basal drag in the direction of APM. 521 
 522 
The predominant observed fast polarization directions (FPDs) within the lower anisotropic layer 523 
(N7°–55°E) in our study exhibit an approximate alignment with the absolute plate motion (APM) 524 
direction (~N47°E) in northern Oman, assuming the no-net-rotation reference frame for plate 525 
motion (Kreemer et al., 2014). The slight discrepancy between the observed FPDs in the lower 526 
layer and the APM can be attributed to the northerly movement of the lithospheric mantle. This 527 
north component of the lithospheric mantle could be due to the northward dipping subduction 528 
zone within the Neo-Tethys Ocean (Tavani et al., 2020), which resulted in a northward deviation 529 
of the FPDs caused by the APM. The same argument applies to the FPDs observed at stations 530 
COO08, COO09, and COO10 in the southeastern region, which are predominantly oriented in 531 
NNE-SSW direction. The measured splitting parameters at these stations arise from a combina-532 
tion of mantle flow and minor influences of lithospheric anisotropy.  533 
 534 
 535 
 536 
 537 
 538 



6 Conclusions 539 
 540 
Using a combination of data from both permanent and temporary seismic networks, we studied 541 
seismic anisotropy beneath northern Oman. The majority of the stations located in the eastern 542 
and central parts of the study area exhibit systematic azimuthal variations of the fast polarization 543 
directions (FPDs) of splitting analysis with a 90° periodicity. These azimuthal variations suggest 544 
the presence of at least two layers of anisotropy beneath this region. On the other hand, for the 545 
stations located to NW, our observations suggest dominantly one-layer anisotropic models. 546 
Overall, most of the upper layer in the two-layer models in the east, coincident with the fast 547 
directions of the one-layer models to west, which in turn are sub-parallel to the major tectonic 548 
trends and boundaries visible at the surface. This, along with the significant variation in the 549 
FPDs between some neighboring stations suggests that the lithospheric structural alignments are 550 
the main source of anisotropy of the upper layer. The observed orogen-parallel anisotropy 551 
supports the idea of frozen-in lithospheric mantle anisotropy resulting from the compressional 552 
forces in northern Oman. In the east, the combination of thin lithosphere and mafic intrusions 553 
effects are dominant, making the NW-SE trend. Within the central part, the presence of a thicker 554 
lithosphere empowers the role of crustal anisotropy. A relatively weak apparent anisotropy in the 555 
central part might be due to complex lateral and depth variation of the anisotropic structure in the 556 
lithosphere. In the west, the NW-SE FPDs highlight the significant role of the thick and old 557 
lithosphere of the Arabian plate in the resulting anisotropy. The predominantly NE-SW trend of 558 
the lower layer anisotropy in the central and southeastern part of the study area is parallel to the 559 
absolute plate motion (APM). Therefore, we argue that this anisotropic fabric is created by the 560 
large-scale mantle flow beneath northern Oman due to the plate motion. 561 
 562 
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