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Abstract 18 

We investigate the lithospheric and upper mantle structure as well as the depth-19 

dependence of anisotropy along the Red Sea and beneath the Arabian Peninsula using receiver 20 

function constraints and phase velocities of surface waves traversing two transects of stations 21 

from the Saudi Arabian National Digital Seismic Network.  Frequency-dependent phase delays 22 

of fundamental-mode Love and Rayleigh waves, measured using a cross-correlation procedure, 23 

require very slow shear velocities and the presence of anisotropy throughout the upper mantle.  24 

Linearized inversion of these data produce path-averaged 1D radially anisotropic models with 25 

about 4% anisotropy in the lithosphere, increasing to about 4.8% anisotropy across the 26 

lithosphere-asthenosphere boundary (LAB).  Models with reasonable crustal velocities in which 27 

the mantle lithosphere is isotropic cannot satisfy the data.  The lithospheric lid, which ranges in 28 

thickness from about 70 km near the Red Sea coast to about 90 km beneath the Arabian Shield, 29 

is underlain by a pronounced low-velocity zone with shear velocities as low as 4.1 km/s.  30 

Forward models, which are constructed from previously determined shear-wave splitting 31 

estimates, can reconcile surface and body wave observations of anisotropy.  The low shear 32 

velocity values are similar to many other continental rift and oceanic ridge environments.  These 33 

low velocities combined with the sharp velocity contrast across the LAB may indicate the 34 

presence of partial melt beneath Arabia.  The anisotropic signature primarily reflects a 35 

combination of plate- and density-driven flow associated with active rifting processes in the Red 36 

Sea. 37 

38 
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1.  Introduction 38 

Knowledge of the lithospheric and upper mantle structure beneath the Arabian Peninsula 39 

and the Red Sea has important implications for understanding the processes associated with 40 

continental rifting.  Rifting of the Red Sea began about 30 Ma, separating the western edge of the 41 

Arabian Plate from Africa (Camp and Roobol, 1992).  Several studies have shown that the Red 42 

Sea initiated as a passive rift, resulting from large-scale extensional stresses (Wernicke, 1985; 43 

Voggenreiter et al., 1988; McGuire and Bohannon, 1989).  However, more recent work (Camp 44 

and Roobol, 1992; Ebinger and Sleep, 1998; Daradich et al, 2003; Hansen et al., 2006 and 2007) 45 

has illustrated that the Red Sea has been undergoing active rifting processes within the last 15-20 46 

Ma, where the lithosphere is being thinned by both extension and thermal erosion associated 47 

with asthenospheric flow originating from the Afar hotspot (Fig. 1). 48 

The Arabian Peninsula is composed of the western Arabian Shield and the eastern 49 

Arabian Platform (Fig. 1).  The Shield is composed of Proterozoic island arc terranes that were 50 

accreted together 600-900 Ma, and basement rocks in this region have little to no sediment 51 

cover.  However, the Proterozoic basement rocks in the Platform are covered by up to 10 km of 52 

Phanerozoic sediments (Stoeser et al., 1985).  Numerous studies have provided details on the 53 

crustal and upper mantle structure beneath the Arabian Peninsula.  Seismic body and surface 54 

wave tomography studies (Debayle et al., 2001; Benoit et al., 2003; Julià et al., 2003; Nyblade et 55 

al., 2006; Tkal i  et al., 2006; Park et al., 2007) have shown that the upper mantle beneath the 56 

Arabian Shield and the Red Sea is anomalously slow, most likely associated with a broad 57 

thermal anomaly, and that velocities increase towards the continental interior.  Regional 58 

waveform modeling (Rodgers et al., 1999) showed that the Arabian Platform has relatively low 59 

crustal P- and S-wave velocities (VP = 6.07 km/s, VS = 3.50 km/s) compared to the Arabian 60 
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Shield (VP = 6.42 km/s, VS = 3.70 km/s).  However, below the Moho, seismic velocities in the 61 

Shield (VP = 7.90 km/s, VS = 4.30 km/s) are slower than in the Platform (VP = 8.10 km/s, VS = 62 

4.55 km/s).  P- and S-wave receiver functions reveal a shallow Moho (~20 km) and lithosphere-63 

asthenosphere boundary (LAB, ~60 km) along the Red Sea coast, both of which become deeper 64 

towards the Arabian interior (Sandvol et al., 1998; Al-Damegh et al., 2005; Hansen et al., 2007).  65 

Crustal thickness reaches a maximum of 40-45 km beneath the central Arabian Shield and 66 

Platform.  The lithospheric thickness is about 120 km beneath the central Arabian Shield; 67 

however, at the Shield-Platform boundary the lithospheric thickness increases to about 160 km.  68 

At most examined stations, a pronounced low-velocity zone (LVZ) underlies the lithospheric lid, 69 

and the LAB is associated with an approximate 6% VS decrease (Tkal i  et al., 2006; Hansen et 70 

al., 2007). 71 

Upper mantle anisotropy beneath the Arabian Peninsula has also been explored using 72 

teleseismic shear-wave splitting (Wolfe et al., 1999; Hansen et al., 2006).  Most of the splitting 73 

observations show a very consistent pattern, with a north-south oriented fast axis ( ) and delay 74 

times ( t) averaging about 1.4 s (Fig. 1).  Hansen et al. (2006) concluded that the anisotropy 75 

reflects combined plate- and density-driven flow in the asthenosphere.  While the lithosphere, 76 

especially near the Red Sea coast, is not thick enough to generate the observed t, a lithospheric 77 

component cannot be completely ruled out as the Proterozoic terranes composing the Arabian 78 

Shield mainly strike north-south.  Therefore, some of the observed splitting might be attributed 79 

to fossilized structure associated with the assembly of the Shield.  Fairly good back-azimuth 80 

coverage was obtained with the examined phases, with the largest azimuthal gap between 115°-81 

210°.  No evidence for multiple anisotropic layers was observed (Hansen et al., 2006) so if 82 
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anisotropy is present in both the lithosphere and asthenosphere, the  in both regions must be 83 

similar. 84 

In this paper, we further characterize the lithospheric and upper mantle structure as well 85 

as the anisotropy along the Red Sea and beneath the Arabian Peninsula by jointly inverting 86 

surface wave delay times and receiver function constraints.  Fundamental-mode surface wave 87 

observations are sensitive to vertical velocity averages while receiver functions are sensitive to 88 

velocity contrasts and vertical travel times (Julià et al., 2003).  Combining their complementary 89 

information provides tight constraints on the shear-wave velocity structure.  Discrepancies 90 

between the Love and Rayleigh wave velocities at different frequencies also allow us to 91 

determine the depth distribution of anisotropy.  We apply this approach to eight regional 92 

earthquakes which produced surface waves that traversed two station transects along the Red Sea 93 

and interior Arabian Peninsula.  Phase delays of Love and Rayleigh waves from these events, 94 

along with Moho and LAB-generated S-P times from S-wave receiver functions (Hansen et al., 95 

2007), are invert to evaluate the depth-dependence of anisotropy and seismic structure beneath 96 

these two transects.  Additionally, forward models are examined to evaluate whether estimates 97 

derived from shear-wave splitting can also satisfy the surface wave data.  Our inversion results 98 

demonstrate that the thin lithospheric lid along each transect is underlain by a pronounced LVZ, 99 

with VS as low as 4.1 km/s, and that anisotropy is required in both the lithosphere and 100 

asthenosphere.  Forward models can reconcile surface and body wave observations of anisotropy 101 

and support the conclusions of Hansen et al. (2006) that anisotropy is dominantly controlled by 102 

flow in the asthenosphere. 103 

2.  Surface Wave Travel Times 104 
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We analyze surface wave travel times from eight moderate-sized earthquakes which 105 

occurred to the northwest of Arabia (Fig. 2).  These events ranged in magnitude from 5.5 to 6.2.  106 

Three-component seismograms were recorded by stations of the Saudi Arabian National Digital 107 

Seismic Network (SANDSN, Al-Amri and Al-Amri, 1999).  For this study, we focus on two 108 

transects of SANDSN stations.  The first transect includes 16 stations covering approximately a 109 

250 km wide span adjacent to the Red Sea, while the second transect includes 4 stations located 110 

further inland on the Arabian Peninsula (Figs. 1 and 2).  All eight events were examined at 111 

stations in the Red Sea transect.  However, seismograms for only the four most eastern events 112 

were examined at stations along the interior transect (Fig. 2).  The seismograms were rotated into 113 

the receiver-source coordinate system and band-pass filtered between 5 and 50 mHz.  In general, 114 

the SANDSN data are of excellent quality and all events produced high signal-to-noise (S/N) 115 

ratio surface waves.  Full, one-hour synthetic seismograms were also calculated for all eight 116 

events using a normal-mode technique and a modified version of the IASP91 Earth model 117 

(Kennett and Engdahl, 1991), assuming mechanisms obtained from the Harvard CMT catalogue.  118 

The synthetics were convolved with the appropriate instrument responses and filtered like the 119 

data.   120 

Frequency-dependent travel times were measured using a cross-correlation procedure 121 

(Gee and Jordan, 1992; Gaherty et al., 1996; Gaherty, 2004).  This method uses a synthetic target 122 

wavegroup (in this case, synthetic fundamental mode surface waves) to estimate phase delays of 123 

the observed arrival relative to the synthetic as a function of frequency.  The synthetic 124 

wavegroup, called an isolation filter, is cross-correlated with both the data and the full synthetic 125 

seismograms.  The resulting cross-correlagrams are then windowed and narrow-band filtered at 126 

discrete frequency intervals (10, 12.5, 15, 17.5, 20, 25, 30, and 38 mHz), and the phase of each 127 
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correlagram is estimated at each frequency.  Phase delays are determined by subtracting each 128 

synthetic-/isolation-filter phase from the corresponding data-/isolation-filter phase, which helps 129 

to minimize any potential bias associated with windowing and filtering.  Again, the synthetic 130 

seismograms and therefore the phase delay measurements were made using the IASP91a model 131 

(Fig. 3), in which radial anisotropy in the upper 200 km has been added to the isotropic IASP91 132 

structure (Kennett and Engdahl, 1991). Sensitivity kernels associated with each phase delay were 133 

also calculated.  These kernels are specific to each observation and account for interference from 134 

unmodeled phases (Gaherty et al., 1996).  This analysis was applied to all Love and Rayleigh 135 

wave data and each observation provides sensitivity to the path-averaged crustal and mantle 136 

structure.  Generally, the two highest frequencies are dominated by the crustal structure, the 15-137 

25 mHz bands are sensitive to the mantle lithosphere and upper asthenosphere, and the lowest 138 

frequencies provide sensitivity in the asthenosphere down to a depth of about 300 km (Fig. 3). 139 

Phase delays relative to IASP91a along the Red Sea transect are shown by the open 140 

symbols in Figures 4 and 5, while phase delays along the interior transect are shown in Figures 6 141 

and 7.  In all cases, the times are grouped by center frequency and are plotted as a function of 142 

distance along the respective transect.  For the Red Sea transect, a distance of zero corresponds 143 

to station ALWS and the largest distance near 14˚ corresponds to station FRSS (Figs. 2, 4-5).  144 

Similarly, on the interior transect, a distance of zero corresponds to station QURS and the largest 145 

distance near 9˚ corresponds to station AFFS (Figs. 2, 6-7).  A positive phase delay indicates that 146 

the observation is late relative to the arrival time predicted by the synthetic data.  Several 147 

important observations are worth mentioning.  First, there is a fair amount of scatter in the data, 148 

especially along the Red Sea transect, and this scatter tends to be somewhat more substantial at 149 

lower frequencies.  Much of the scatter is probably due to the fact that the earthquakes and 150 
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stations do not lie on exactly the same great-circle path.  Additionally, scatter likely results from 151 

lower S/N ratios at lower frequencies from the moderate-sized events examined.  Yet, despite the 152 

data scatter, the Love and Rayleigh wave delay times show a clear increase with increasing 153 

distance in most frequency bands, indicating that the velocities below the examined stations are 154 

much slower than those of the reference model.  One exception is shown by the 38 mHz Love 155 

wave observations on the Red Sea transect, where the phase delay times are fairly constant with 156 

increasing distance (Fig. 4).  The interior transect (Figs. 6 and 7) includes fewer data 157 

observations, but flatter phase delay trends along this transect indicate faster velocities in the 158 

Arabian interior relative to the Red Sea.   159 

To model the phase delay observations, an array-based analysis scheme is employed 160 

(Freybourger et al., 2001).  In this approach, the delay time at the first station along each 161 

examined transect is sensitive to the source location, origin time, initial phase, and structure 162 

outside the array of stations, while variations in delay time along the transect reflect structure 163 

beneath it.  It is assumed that the individual source-receiver paths travel a similar great-circle 164 

azimuth, which is not strictly true for the examined events.  Ray paths from the events to a 165 

common station are furthest apart near the source, but there is still some variation once the 166 

station is reached.  While this spread leads to a fair amount of data scatter along each transect 167 

(Figs. 4-7), clear phase delay trends are still readily observed in all frequency bands.  Therefore, 168 

the geometry was accepted as being close enough for an array-based approach.   169 

Two structural regimes were established for each examined transect.  The structure 170 

between the events and the first station in each transect is characterized by an average path 171 

model.  The phase delays across each transect (from the first to the last station) characterize the 172 

average subarray structure.  Modeling of the subarray structure takes two forms.  First, the phase-173 
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delay observations along each transect are inverted for radially anisotropic models of the upper 174 

mantle.  Then, azimuthally anisotropic models are constructed based on the shear-wave splitting 175 

results of Hansen et al. (2006) and on estimates of intrinsic peridotite elasticity.  Using the 176 

sensitivity kernels for the observations, forward modeling is used to evaluate whether the 177 

splitting-derived models can also satisfy the surface wave data.  These different modeling 178 

approaches will be described in detail in the following sections. 179 

3.  Inverse Models of Radial Anisotropy 180 

The phase delay data are inverted for 1D path-averaged models of radial anisotropy using a 181 

linearized least-squares method (Freybourger et al., 2001).  Radial anisotropy represents the 182 

simplest parameterization that can satisfy the Love-Rayleigh discrepancy (e.g. Dziewonski and 183 

Anderson, 1981; Gaherty et al., 1999).  While these models are transversely isotropic and cannot 184 

explain the shear-wave splitting data, they provide a way to quantify the depth distribution of the 185 

anisotropic structure affecting the surface waves (Gaherty et al., 1999).  Each transect was 186 

inverted separately and the corresponding model space contains two structural regions.  For the 187 

Red Sea transect, the phase delays are modeled by both a path model (P1), which describes the 188 

average structure between the events and station ALWS, and a subarray model (RS), which 189 

describes the average structure between stations ALWS and FRSS.  For the interior transect, the 190 

path model (P2) describes the average structure between the events and station QURS while the 191 

subarray model (INT) describes the average structure between stations QURS and AFFS.  The 192 

models consist of five parameters of radial anisotropy (VPH, VPV, VSH, VSV, and ; e.g. 193 

Dziewonski and Anderson, 1981), but since the surface wave data are most sensitive to VSV and 194 

VSH, we will focus on these parameters.  The structures for each transect (P1, RS and P2, INT) 195 

are nominally independent, but nearly identical model and damping parameters ensure similarity. 196 
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For each transect, a suite of models that fit the data equally well are found.  Therefore, a 197 

hypothesis testing approach is used to evaluate the characteristics of these models that are 198 

necessary to fit the data (Gaherty and Jordan, 1995; Gaherty et al., 1996; Gaherty, 2004).  199 

Different distributions of seismic anisotropy are considered and the following hypotheses are 200 

tested for each transect: 201 

(i) the entire upper mantle (down to 300 km depth) is isotropic (with VPH = VPV, VSH = 202 

VSV,  = 1); 203 

(ii) the anisotropy is concentrated between the Moho and the LAB (i.e. the lithosphere is 204 

anisotropic) 205 

(iii) the anisotropy is concentrated below the LAB (i.e. the asthenosphere is anisotropic) 206 

(iv) anisotropy is required throughout the entire upper mantle (i.e. both the lithosphere 207 

and asthenosphere are anisotropic) 208 

S-P vertical travel times to the Moho and LAB, determined by S-wave receiver functions 209 

(Hansen et al., 2007), were also used in the inversions to provide additional constraints on the 210 

lithospheric structure beneath each transect.  Since receiver functions are primarily sensitive to 211 

velocity contrasts and vertical travel times while surface wave observations are sensitive to 212 

vertical velocity averages, their combination helps to remove resolution gaps associated with 213 

each data set and results in models that are consistent with both types of observations (Gaherty et 214 

al., 1999; Julià et al., 2003).  The receiver function data provide a “layered framework” for the 215 

model space while the surface waves constrain the velocity in that space, thereby reducing the 216 

uncertainty associated with tradeoffs between depth and velocity.  From the S-wave receiver 217 

functions, stations along the Red Sea displayed average S-P times to the Moho and LAB of 4.22 218 

and 8.57 s, respectively.  Using assumed velocities, it was found that these times correspond to 219 
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average depths of 31 and 65 km.  Similarly, stations along the interior transect displayed Moho 220 

and LAB S-P times of 4.86 and 10.50 s, respectively, corresponding to average depths of 36 and 221 

80 km (Hansen et al., 2007).  Inverting these S-P times with the well-constrained velocities 222 

provided by the surface wave observations allows for more accurate determination of the seismic 223 

structure than either data set alone can provide. 224 

The hypothesis tests were performed independently for each region of the model space (P1, 225 

RS, P2, and INT).  In all cases, goodness of fit was evaluated from formal estimates of 226 

normalized chi-squared, variance reduction, and S-P time residuals as well as by visual 227 

inspection of the fit to the along-transect trends in phase delay, which is not necessarily captured 228 

by formal misfit estimates based on individual delay times.  The preferred models explain over 229 

90 percent of the variance along both transects relative to the reference model, and all S-P 230 

residuals are less than 0.5 s, which is well within the errors of the S-wave receiver function 231 

measurements. 232 

The preferred path models are shown in Figure 8.  P1 represents the average structure across 233 

the eastern Mediterranean, between the events and station ALWS (Fig. 2).  It is characterized by 234 

a 38 km thick crust and upper mantle velocities that are slightly slower than the reference model.  235 

Radial anisotropy is at a maximum (~4.4%) just below the Moho and decreases with depth.  236 

Although the area incorporated by this path model has been shown to display significant crustal 237 

thickness and velocity variations, the average values presented here are not in bad agreement 238 

with the average values observed in previous studies (e.g. Di Luccio and Pasyanos, 2007).  P2 239 

represents the average structure primarily across central Turkey, the eastern edge of the 240 

Mediterranean, and western Syria (Fig. 2).  This model has a somewhat thinner crust than the P1 241 

model and much slower upper mantle velocities.  Only a small percentage of radial anisotropy 242 
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(~2%) is required in the upper 80 km.  However, it is important to note that the P2 model is only 243 

constrained by event 00060602 recorded at station QURS (Fig. 2).  Any potential source errors 244 

associated with this event’s location or origin time will dramatically affect the models associated 245 

with the interior transect; therefore the results obtained along the interior profile are not nearly as 246 

robust as those obtained along the Red Sea profile.  This may also explain why the P2 model is 247 

so much slower than P1, though very low shear velocities beneath Turkey and western Syria 248 

have been observed in previous studies, perhaps associated with a thin, hot lithospheric mantle 249 

(Gök et al., 2003; Di Luccio and Pasyanos, 2007, Gök et al, 2007).  The red symbols in Figures 250 

4-7 show the travel time data corrected for the appropriate path model (P1 or P2).  If these 251 

corrections were perfect, the data would have a zero-second delay time at zero distance.  Despite 252 

the data scatter on the Red Sea transect (Figs. 4 and 5), the P1 model results in an average phase 253 

delay of 0 s for stations near zero distance across all Love and Rayleigh wave frequency bands.  254 

Again, for the interior transect (Figs. 6 and 7), the path corrections greatly depend on any source 255 

errors associated with the one event constraining the P2 model 256 

Figure 9 displays the mean shear velocity and shear anisotropy for the preferred subarray 257 

transect models, and the bold, red lines on Figures 4-7 show the average fit of these models to 258 

the corresponding path-corrected phase delay data.  Also shown on Figure 9 is model RSsw, 259 

which is the preferred subarray model for the Red Sea transect that was obtained only using the 260 

surface wave delay times (without including the S-P constraints from the S-wave receiver 261 

functions in the inversion).  RS is characterized by a 31 km thick crust with average crustal and 262 

lithospheric mantle VS of 3.74 and 4.42 km/s, respectively.  The LAB, which is located at a 263 

depth of 72 km, is marked by a dramatic VS decrease, where the average VS drops to about 4.1 264 

km/s.  These boundary depths and velocities agree well with previous estimates obtained from 265 
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waveform modeling and receiver functions (Rodgers et al., 1999; Al-Damegh et al., 2005; 266 

Hansen et al., 2007).  In addition, by comparing models RS and RSsw, it is clear that the low VS 267 

values observed in the LVZ are not artifacts of the lid structure imposed by the receiver function 268 

constraints.  The surface wave observations alone cannot resolve the thin lithospheric lid; 269 

therefore our approach in combining the complimentary surface wave and receiver function data 270 

better resolves the associated structure. 271 

INT is characterized by a 37 km thick crust with average crustal and lithospheric mantle VS 272 

of 3.65 and 4.47 km/s, respectively.  The LAB along this transect is located at a depth of 92 km 273 

and is again associated with a dramatic VS decrease, down to about 4.2 km/s.  Given the 274 

uncertainty with the associated path model (P2) and the limited number of surface wave 275 

observations included in the inversion, care must be taken in the interpretation of the INT model.  276 

Generally, the boundary depths obtained agree well with those determined from P- and S-wave 277 

receiver functions (Al-Damegh et al., 2005; Hansen et al., 2007) and support a thickening of both 278 

the crust and lithosphere towards the Arabian interior. 279 

The subarray models display positive (VSH > VSV) shear anisotropy below the Moho with 280 

slight increases in the anisotropy at the LAB (Fig. 9).  On the more robust RS model, we observe 281 

3.7% anisotropy in the lithospheric lid, increasing to 4.6% across the LAB.  The anisotropy 282 

gradually decays with depth, and the model becomes isotropic by about 200 km.  The 283 

lithospheric anisotropy is a necessity.  Alternative models in which the entire upper mantle is 284 

isotropic or in which the anisotropy is concentrated in the asthenosphere push the crustal and 285 

upper mantle velocities to unreasonable values and therefore are rejected.  The data fit is also 286 

improved by including anisotropy in the asthenosphere, but the maximum depth to which 287 

anisotropy extends is poorly constrained.  The anisotropy could terminate as shallow as ~120 288 
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km, but it may continue throughout the upper mantle.  The range of models that fit the data 289 

equally well provides rough bounds on the model errors.  For the Red Sea transect, the mean 290 

shear velocities are estimated to within about ± 0.07 km/s and shear anisotropy is resolved to 291 

within about ± 1 percent.  For the interior transect, uncertainties associated with the path model 292 

and limited data availability lead to errors that are about 2.5 times larger than those associated 293 

with the Red Sea transect. 294 

4.  Forward Models of Azimuthal Anisotropy 295 

Shear-wave splitting results from Hansen et al. (2006) provide estimates of azimuthal 296 

anisotropy throughout Arabia (Fig. 1).  This anisotropy most likely arises from the lattice 297 

preferred orientation in peridotite rocks, where  corresponds to the olivine crystallographic a-298 

axes [100] and the t represents the shear velocity difference integrated over depth (e.g. Silver, 299 

1996).  Assuming that the peridotite elasticity in Arabia is comparable to that observed in 300 

ophiolite outcrops and xenolith samples, the average t of 1.4 s implies an anisotropic layer 100-301 

350 km thick.  The lower thickness estimate corresponds to strong anisotropy (~6%), like that 302 

observed in oceanic environments and ridge peridotites (Kawasaki and Kon’no, 1984; Ben-303 

Ismail and Mainprice, 1998).  If the anisotropy is weaker (~2%), such as that observed in 304 

continental environments (Peselnick and Nicolas, 1978; Ben-Ismail et al., 2001), a thicker layer 305 

is necessary. 306 

The goal is to find an average 1D azimuthally anisotropic model that satisfies both the 307 

shear-wave splitting observations from the SANDSN stations as well as the observed surface 308 

wave delay times.  Models with different distributions of anisotropy were developed using the 309 

average  from the examined transects to specify the orientation of the local elasticity tensor.  310 

Layer thicknesses and elastic parameters were combined such that the resulting models produced 311 
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the average 1.4 s t observed.  Using the surface wave partial derivative kernels and first-order 312 

perturbation theory (Montagner and Nataf, 1986), the azimuthally anisotropic models were 313 

evaluated by calculating their predicted phase delay behavior for Love and Rayleigh waves 314 

propagating along the examined transects.  315 

Figures 10 and 11 display the path-corrected surface wave phase delays at several 316 

frequencies along the Red Sea and interior transects, respectively, along with the predicted phase 317 

delay behavior of several azimuthally anisotropic models.  The angle between  and the 318 

propagation direction is large enough that the VSH > VSV behavior is clear (Maupin, 1985), and 319 

the model predictions match the data well.  While many different distributions of azimuthal 320 

anisotropy are able to fit the data equally well, the inversion results (RS and INT) illustrate the 321 

importance of anisotropy in both the lithosphere and asthenosphere.  Therefore, we favor the 322 

azimuthally anisotropic models that had both a lithospheric and asthenospheric contribution 323 

(Table 1, Figs. 10 and 11).  324 

5.  Discussion 325 

5.1. Shear Velocities 326 

Our velocity models (Fig. 9) illustrate that the LAB beneath Arabia is associated with a 327 

dramatic VS decrease in the asthenosphere, required to fit the positive phase delay observations 328 

(Figs. 4-7).  The minimum VS ranges from about 4.1 km/s near the Red Sea to about 4.2 km/s in 329 

the Arabian interior.  Previous work, which jointly inverted surface wave group velocities and P-330 

wave receiver functions, found minimum VS of about 4.0 km/s near the Red Sea and 4.3 km/s in 331 

the interior (Tkal i  et al., 2006), agreeing well with the velocities observed in this study.  332 

Modeling of S-wave receiver functions found similar sub-LAB velocities, averaging about 4.2 333 

km/s (Hansen et al., 2007).  334 



 16

Other continental rift environments also display similar low velocities.  Beneath the 335 

western Antarctic and Baikal rifts, VS in the LVZ reaches a minimum of about 4.2 km/s 336 

(Ritzwoller et al., 2001; Yanovskaya and Kozhevnikov, 2003).  In the Gulf of California, a 337 

pronounced LVZ is observed at about 70 km depth with VS up to 10% slower than the global 338 

AK135 reference model (Zhang et al., 2007).  Weeraratne et al. (2003) examined velocities 339 

beneath the east and west branches of the East African Rift in Tanzania and found a LVZ starting 340 

around 75 km depth with VS around 3.9 km/s.  The velocity contrast between the LVZ and 341 

overlying lithosphere is about 7-8%.  Weeraratne et al. (2003) suggest that channelized flow 342 

from the Afar hotspot, similar to that which has been suggested for the Red Sea (Camp and 343 

Roobol, 1992; Ebinger and Sleep, 1998; Hansen et al., 2006 and 2007), may be responsible for 344 

the low velocities observed.  Similar low velocities in oceanic ridge environments are also seen.  345 

Relatively young seafloor along the East Pacific Rise is underlain by low VS (0-4 Ma: VS = 4.0 346 

km/s, 4-20 Ma: VS = 4.2 km/s; Nishimura and Forsyth, 1989) similar to that observed near the 347 

Red Sea.  The minimum VS observe in our study is also similar to the VS found below 5-10 Ma 348 

seafloor in the Kolbeinsey and south Azores segments and 0-6 Ma seafloor in the south 349 

Ascension and Reykjanes segments of the mid-Atlantic ridge (Gaherty and Dunn, 2007).  All of 350 

these ridge segments have been influenced by a near-axis hotspot, perhaps similar to the 351 

influence the Afar hotspot has had on the Red Sea Rift. 352 

Such low shear velocities are commonly attributed to high temperatures and the presence 353 

of melt.  Beneath the Arabian Shield and the Red Sea, the presence of hot material associated 354 

with active upwelling could lead to some degree of partial melt, which would significantly lower 355 

the asthenospheric shear velocity and result in a high velocity contrast across the LAB, such as 356 

that observed here.  Some recent studies (Faul and Jackson, 2006; Priestly and McKenzie, 2006) 357 
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have argued that the increase in temperature with depth alone is sufficient to explain observed 358 

LVZs and that melt is not required.  To obtain VS as low as those observed beneath Arabia, these 359 

models require very high attenuation (low Q) in the asthenosphere, which have proven to be 360 

unrealistic in some environments (e.g. Yang et al., 2007).  Little to no constraint on Q beneath 361 

Arabia is currently available, and while this will be explored in future work, it is beyond the 362 

scope of this study.  Therefore, we cannot conclusively determine if partial melt is present 363 

beneath western Arabia and the Red Sea, but the sharp velocity contrast across the LAB and the 364 

low VS observed suggest that the presence of partial melt is not unreasonable. 365 

5.2. Seismic Anisotropy 366 

The subarray inversion models (RS and INT) display an average 4% anisotropy in the 367 

lithosphere, increasing to an average 4.8% anisotropy across the LAB.  Generally, these 368 

percentages of anisotropy are similar to those observed for 5-10 Ma seafloor in the Ascension 369 

and Azores segments of the mid-Atlantic Ridge (Gaherty and Dunn, 2007).  Similar increases in 370 

anisotropy at the base of the lithosphere have been observed in a number of oceanic (Gaherty et 371 

al., 1996; Plomerová et al., 2002) and continental (Plomerová et al., 2002) environments.  The 372 

LAB is widely recognized as a mechanical and thermal boundary (e.g. Jordan, 1978, 1988; 373 

Poudjom Djomani et al., 2001) and has also been associated with an increase in electrical 374 

conductivity (Jones, 1999).  It is possible that the LAB may also be associated with a distinct 375 

change in seismic anisotropy (Plomerová et al., 2002), and this is reflected in our inversion 376 

results. 377 

Forward models of azimuthal anisotropy, based on shear-wave splitting, also satisfy the 378 

surface wave delay times.  Two-layer models, with anisotropy in both the lithosphere and 379 

asthenosphere, are favored since the inversion results required contributions from both of these 380 
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regions.  In these models,  in both layers is the same since examination of the shear-wave 381 

splitting found no evidence for multiple anisotropic layers (Hansen et al., 2006).  Given the fairly 382 

good back-azimuth coverage of the shear-wave splitting observations, this is an adequate 383 

approximation.  The lithosphere, especially near the Red Sea coast, is not thick enough to 384 

generate the observed t, but a lithospheric component cannot be completely ruled out by the 385 

splitting since the terranes composing the Arabian Shield may contain fossilized anisotropy with 386 

a similar north-south oriented .  If anisotropy is present in the lithosphere (as the surface wave 387 

data indicate), the thin lid makes any splitting contribution from this anisotropy small compared 388 

to that generated in the underlying asthenosphere.  Therefore, we believe that our anisotropic 389 

signature is dominated by anisotropy in the asthenosphere and agree with the interpretation of 390 

Hansen et al. (2006) that this anisotropy reflects a combination of plate- and density-driven flow 391 

associated with active rifting processes in the Red Sea. 392 

In many environments (e.g. Montagner et al., 2000; Freybourger et al., 2001; Gaherty, 393 

2004; Debayle et al., 2005), the anisotropic models derived from surface wave data are 394 

inconsistent with observed shear-wave splitting.  These studies, which examine continental 395 

cratons, must explain their observations with two very different layers of anisotropy: a shallow 396 

lithospheric layer that generates the Love-Rayleigh wave discrepancy and a deeper 397 

asthenospheric layer that generates the shear-wave splitting.  Even when surface and body wave 398 

observations are simultaneously inverted (Marone and Romanowicz, 2007), multiple anisotropic 399 

layers with different elastic properties are required to explain the anisotropy observed in cratonic 400 

regions.  However, in tectonically active regions, like the western United States and central Asia, 401 

where large-scale tectonic processes are occurring, there is generally good agreement between 402 

the surface and body wave anisotropy (Montagner et al., 2000; Davis, 2003; Marone and 403 
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Romanowicz, 2007).  This is because surface and body waves do not “see” the same structure.  404 

Body waves, such as SKS phases, used to examine shear-wave splitting are sensitive to small-405 

scale lateral structure while surface waves are not.  If the lateral structure changes rapidly, as is 406 

often the case in continental lithosphere (Silver and Chan, 1991), body waves will resolve local 407 

anisotropic variations while the surface waves will tend to average out the anisotropy.  408 

Therefore, good agreement between body and surface wave anisotropy observations should only 409 

be expected in areas where there is limited lithospheric variation and large-scale shear-wave 410 

splitting consistency (Montagner et al., 2000).  The Red Sea and central Arabian Shield meet this 411 

requirement as there is little contribution from the thin lithosphere to the observed shear-wave 412 

splitting and the anisotropic signature is dominated by the asthenospheric component.  Therefore, 413 

we are able to reconcile the body and surface wave anisotropy observations. 414 

6.  Conclusions 415 

We investigated the lithospheric and upper mantle structure and anisotropy along the Red 416 

Sea and beneath the Arabian Peninsula by modeling receiver function constraints and surface 417 

wave velocities along two transects of the SANDSN.  The lithospheric lid, which ranges in 418 

thickness from about 70 km near the Red Sea coast to about 90 km beneath the Arabian Shield, 419 

is underlain by a pronounced LVZ with VS as low as 4.1 km/s.  Similar low VS values have been 420 

observed in other continental rifts as well as oceanic ridge environments.  The low VS and sharp 421 

velocity contrast across the LAB may indicate the presence of partial melt.  Radially anisotropic 422 

models require both lithospheric and asthenospheric anisotropy to fit the observed surface wave 423 

delays.  Shear-wave splitting observations and surface wave delay times can be reconciled by 424 

azimuthally anisotropic models, which are dominated by anisotropy in the asthenosphere 425 

resulting from plate- and density-drive flow associated with active rifting in the Red Sea. 426 

427 
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Figure Captions 571 

Figure 1.  Map showing SANDSN stations from the examined Red Sea transect (white triangles) 572 

and interior transect (black triangles).  Average splitting parameters, taken from Hansen et al. 573 

(2006), are overlain on each station.  Bold, center lines are oriented in the station’s average  and 574 

the length of the line is scaled to the average t.  Dashed “fans” show one standard deviation of 575 

.  Inset provides a closer view of the Gulf of Aqaba stations (gray box).  Bold, dashed line 576 

shows the boundary between the Arabian Shield (AS) and Arabian Platform (AP) while the bold 577 

circle (labeled AH) marks the approximate location of the Afar hotspot. 578 

Figure 2.  Map showing SANDSN stations from the Red Sea transect (white triangles) and 579 

interior transect (black triangles) along with the eight regional earthquakes used in this study.  580 

All eight earthquakes (circles) were examined at stations in the Red Sea transect, but only the 581 

four most eastern earthquakes (half black, half white circles) were examined at stations in the 582 

interior transect.  Bold, dashed line shows the boundary between the Arabian Shield (AS) and 583 

Arabian Platform (AP).  Names of the first and last stations along each transect are listed as are 584 

the earthquake IDs.  Additional information about these earthquakes is provided in the legend. 585 

Figure 3.  (a) Reference shear velocity model IASP91a, with VSH shown in blue and VSV shown 586 

in black.  (b-d)  Representative partial derivative kernels for fundamental-mode Rayleigh (black) 587 

and Love (blue) phase delays as a function of depth for three different frequencies.  Reference 588 

model for all kernels is IASP91a; kernels shown all correspond to observations from event 589 

00042112 at a station near the front-end of the Red Sea transect.  The kernels are with respect to 590 

the most sensitive model parameter for each wave type, i.e. the Rayleigh wave kernel is for VSV 591 

and the Love wave kernel is for VSH.  These kernels give a feel for the depth sensitivity of the 592 

phase-delay observations at different frequencies, with higher frequencies sensitive to shallower 593 
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depths.  Rayleigh waves sample deeper than Love waves at the same frequency.  The kernels are 594 

negative because an increase in velocity leads to a decrease in phase delay (travel time).  (b) 595 

Kernels for observations with center frequency of 10 mHz, which are sensitive well into the 596 

asthenosphere.  (c) Kernels for 17.5 mHz observations, which are sensitive primarily to the upper 597 

asthenosphere.  (d) Kernels for 38 mHz observations, which are most sensitive to crustal 598 

structure. 599 

Figure 4.  Frequency-dependent phase delays (travel times) of all observed fundamental-mode 600 

Love waves relative to IASP91a, plotted as a function of distance along the Red Sea transect.  601 

Open symbols represent raw observations from each event while solid, red symbols represent the 602 

data after they have been corrected for structure outside the transect by subtracting the delay that 603 

accumulates between each event and the first station, using the P1 path model shown in Figure 8.  604 

Error bars represent a priori estimates based on S/N ratio and frequency.  Horizontal line marks 605 

a phase delay of zero and bold, red line shows the fit of preferred subarray model RS in Figure 9.  606 

Each panel presents observations at a specified frequency, ranging from 10 to 38 mHz. 607 

Figure 5.  Same as Figure 4, but for fundamental-mode Rayleigh waves. 608 

Figure 6.  Frequency-dependent phase delays (travel times) of all observed fundamental-mode 609 

Love waves relative to IASP91a, plotted as a function of distance along the interior transect.  610 

Open symbols represent raw observations from each event while solid, red symbols represent the 611 

data after they have been corrected for structure outside the transect by subtracting the delay that 612 

accumulates between each event and the first station, using the P2 path model shown in Figure 8.  613 

Error bars represent a priori estimates based on S/N ratio and frequency.  Horizontal line marks 614 

a phase delay of zero and bold, red line shows the fit of preferred subarray model INT in Figure 615 

9.  Each panel presents observations at a specified frequency, ranging from 10 to 38 mHz. 616 



 29

Figure 7.  Same as Figure 6, but for fundamental-mode Rayleigh waves. 617 

Figure 8.  Radially anisotropic shear velocity structure of path models P1 (pink curves) and P2 618 

(green curves).  Also shown is the reference model IASP91a (black dashed curves).  Left panel 619 

displays mean shear velocity (VS = (VSH + VSV)/2), while right panel displays shear anisotropy 620 

( VS = (VSH – VSV)/Vs in percent).   621 

Figure 9.  Radially anisotropic shear velocity models of upper-mantle structure beneath the Red 622 

Sea transect (RS, pink curves) and beneath the interior transect (INT, green curves), derived 623 

from inversion of surface wave delays and receiver function constraints.  Also shown is the 624 

reference model IASP91a (black dashed curves) and model RSsw (red dashed curves), which is 625 

the preferred subarray model for the Red Sea transect obtained by only using the surface wave 626 

delay times (without including the receiver function S-P constraints in the inversion).  Left panel 627 

displays mean shear velocity (VS = (VSH + VSV)/2), while right panel displays shear anisotropy 628 

( VS = (VSH – VSV)/Vs in percent). 629 

Figure 10.  Evaluation of azimuthally anisotropic models constructed from shear-wave splitting 630 

results of Hansen et al. (2006), using the phase-delay behavior for Love (left panels) and 631 

Rayleigh (right panels) waves at frequencies most sensitive to structure between the Moho and 632 

200-km depth (15-25 mHz).  Solid symbols represent surface wave observations along the Red 633 

Sea transect, corrected for structure outside the array and referenced to the isotropic average of 634 

RS.  Curves represent predicted phase delays for the two different elastic structures in Table 1 635 

(model 1: red curve, model 2: green curve). 636 

Figure 11.  Same as Figure 10, but now the solid symbols represent surface wave observations 637 

along the interior transect, corrected for structure outside the array and referenced to the isotropic 638 

average of INT. 639 

640 
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Table 1.  Azimuthally anisotropic forward models.  640 

a
Percentage difference in the velocities of two vertically propagating shear waves in the 641 

anisotropic layer.  All models are constructed to produce 1.4 s of total splitting. 642 

Model Transect Layer Depths 

(km) 

VS (percent)
a
 Reference 

Model 1 RS (Fig. 10) 31-266 2.6 Ben-Ismail & 

Mainprice (1998) 

Model 2 RS (Fig. 10) 31-128 6.4 Ben-Ismail et al. 

(2001) 

Model 1 INT (Fig. 11) 37-247 2.6 Ben-Ismail & 

Mainprice (1998) 

Model 2 INT (Fig. 11) 37-124 6.4 Ben-Ismail et al. 

(2001) 
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