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Abstract 

The ability to calibrate seismic stations to improve the monitoring of 

the Comprehensive Test Ban Treaty is partially limited by the availability of 

seismic events with known locations and source properties. To confidently 

extrapolate from these events to aseismic regions, and to properly account for 

discontinuities in seismic properties requires accurate geophysical models. 

This paper lays out a preliminary, first-order, regionalization of the Middle 

East and North African (MENA) region. The model specifies boundaries and 

velocity structures based on the geology and tectonics of the region, 

previously published studies, and empirical data observations by the LLNL 

group. This model is a starting point and is expected to be improved and 

refined by comparisons with ongoing tomography efforts and the collection of 

new data. We anticipate that this model and its successors will prove useful 

as a background model in the process of forming station calibration maps 

based on intelligent interpolation techniques such as kriging. We also hope 

the model, as it improves and demonstrates some predictive power, will 

provide a reference model for broader CTBT research efforts in detection, 

location and discrimination as well as other aspects of earth science. 



Introduction 

Effective seismic monitoring of the Comprehensive Test Ban Treaty 

(CTBT) involves detection, location, and identification of seismic events of 

relatively low magnitudes (I 4.0) at the regional (< 1500 km) scale. 

Accomplishment of this regional monitoring task requires that seismic 

observation stations, whether single component, multiple component, or 

arrays, be calibrated. The calibration process is complex: travel time curves 

must be determined with sufficient accuracy to locate events within 1000 km2; 

the existence of and characteristics of relevant phases (e.g. Lg, Pn) must be 

determined in order to use them for discrimination; regional attenuation 

must be assessed to determine detection and identification limits. All of these 

factors affecting regional characterization are strongly dependent on regional 

characteristics of the earth’s crust; large differences in the character of seismic 

propagation in small local regions can strongly affect the performance of a 

given seismic station or group of stations. Natural seismic sources are the 

primary data relied on for calibration because artificial sources such as mine 

explosions are limited spatially, often not large enough, and dedicated 

calibration explosions are expensive. Seismic sources are of limited spatial 

extent also, so we need some means to assess the extent of the calibration 

requirement in areas of sparse seismicity. Our task is somewhat aided by the 

fact that the areas of lowest seismicity are generally areas with uniform crustal 

structure and geophysical properties. 

Previous efforts to develop distinct seismic regions, such as those of 

Flinn and Engdahl (1965) and Flinn et al. (1974) dealt mainly with seismicity 

and geography and are inadequate for the purpose of calibration; for example, 

there are only 4 Flinn-Engdahl regions covering the Middle East and North 

Africa-see Fig 1 of Flinn et al. (1974). More recent regionalizations (e.g. 

Jordan, 1981, Mooney et al. 1998) are mainly intended for global use and with 
resolutions of 5”, their boundaries are still too coarse for our regional 
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calibration. The purpose of this report is to define a preliminary set of 

geophysically distinct regions that can be used for the following purposes: 

1.) Provide intelligent estimation of relevant calibration properties, 

such as attenuation, crustal thickness, crustal velocities, and phase 

behavior-particularly in aseismic regions where calibration data is sparse. 

2.) Provide guidance on spatial parameters affecting calibration, such as 

the boundaries to be used in determining correlation lengths for regional 

travel time corrections. 

3. Provide a platform for assessing progress in location determination, 

discrimination, detection-the entire calibration process-and aid in 

determining the priority of and planning of calibration experiments. 

Below we establish a definition of a geophysically distinct region, 

define an initial set of 28 regions within the geographical area of southern 

Europe, north Africa, the Middle East and southwestern Asia, establish an 

initial set of crustal thickness and velocity values for each of the regions, and 

outline sets of additional data that can be incorporated into this working 

model. We emphasize that this paper represents the starting point for an 

iterative process; this initial set of regions will be built upon and modified as 

additional data are acquired and analyses proceed. 

Definition of a geophysically distinct region 

Our definition of a geophysically distinct region is the following: a 

region of the earth’s crust, defined to 1” resolution, for which geophysical 

properties can be considered uniform for the purposes of regional seismic 

calibration. The vague nature of this definition is deliberate; we do not 

profess to know, a @oY~, what all the geophysical parameters are that 

uniquely affect regional calibration, so we do not want to be overly restrictive 

at the beginning. Experience tells us, however, that factors such as tectonic 
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style (e.g. collisional orogen, continental extension, Archaean crust with thin 

sediments), crustal velocity profiles, and regional phase character will be 

important. The most difficult part of the definition process is how to I 

determine a level of uniformity. For example, the Arabian plate consists of 

crystalline basement covered with sedimentary cover varying in thickness 

from zero to over 10 km. What variation in the thickness of sedimentary 

cover can be considered to be within a workable definition of “uniform”? At 

this point we don’t know the answer, so we establish a set of working 

hypotheses. In the present case we have made such decisions in a way that 

minimizes the number of distinct regions. Reasoning for such decisions in 

each region are discussed below. 

In defining the geophysically distinct regions outlined in this report, 

we have relied on several sources of information; they are listed below: 

1.) A tectonic map of the world, produced by Exxon corporation; Kaplan 

et al. (1985). 

2.) The ETOP05 digital topography and bathymetry database. 

3.) Global seismicity location and depth catalogs currently stored in the 

Lawrence Livermore National Laboratory (LLNL) seismic database, primarily 

the National Earthquake Information Center (NEIC) Preliminary 

Determination of Epicenter (PDE) listings, among others. 

4.) The Crust5.1 world crustal thickness and velocity model developed 

by Mooney et al. (1998). 

5.) A search of published literature concerning geophysical properties of 

the Middle East and North Africa. 

6.) Ongoing studies at LLNL of regional phase propagation 

characteristics and discriminant effectiveness. 

A major difficulty in estimating lithospheric structure in the Middle 

East and North Africa is the nearly complete lack of large scale refraction 

profiles and other seismic investigations that have been performed in the 
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region, particularly in comparison to North America, Europe and Asia. For 

this reason we made use of CRUST5.1 (Mooney et al., 1998) which uses 

geophysical analogy to estimate structure in regions without data by 

comparison to regions with similar geology and tectonic history that do have 

data. In many cases we have modified or substituted a different CRUST5.1 

model in the 28 regions, but in all cases we have stuck with the CRUST5.1 

eight layer velocity structure format: (1) ice, (2) water, (3) soft sediments, (4) 

hard sediments, (5) crystalline upper crust, (6) middle crust, (7) lower crust, 

and (8) uppermost mantle (Pn, Sn velocities). 

The regions described below have been selected primarily on the basis 

of seismicity patterns, tectonic style, crustal thickness, and crustal velocity 

(including upper mantle). Eventually, other types of data, which are currently 

being developed by LLNL, Los Alamos National Laboratory (LANL), and 

Sandia National Laboratory (SNL), Department of Energy (DOE) contractors, 

and academic institutions will be incorporated into the regional models and 

used to test and modify the shape and properties of each region designation. 

Some of these additional data types are: 

1.) Characteristics of regional phase propagation, such as path 

corrections, attenuation (Q>, and phase blockage maps. 

2.) Tomographic maps of Pn velocity. 

3.) Surface wave group and phase velocity tomography maps. 

4.) Receiver function estimates of crustal thickness 

5.) Regional broadband waveform modeling 

6.) Correlation maps and travel time corrections for regional stations. 

The Geophysical Regions and Their Characteristics 

The preliminary set of 28 regions is illustrated, superimposed on a map 

with ETOP05 topography and bathymetry and NEIC PDE seismicity of events 
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of mb > 4.3 between 1977 and 1997, in Figure 1. The figure is gridded at 1” of 

latitude and longitude. The regions vary in size and encompass a very wide 

range of tectonic styles, from Archaean shield with thin sedimentary cover in 

North Africa to deep sedimentary basins with tens of kilometers of sediments 

over probable oceanic crust in the Caspian Sea. This wide variety reflects the 

diversity of tectonic plate interactions in the Middle East/North Africa region. 

Below we discuss some of the characteristics of each region that uniquely 

define it for our purposes. Table 1 gives a listing each region and some of the 

characteristics, such as sediment thickness and crustal velocity, which define 

it. Velocity models for each region are listed in the Appendix. 

Region #1 - Oceanic crust of the Atlantic and Indian Oceans. 

Since our primary purpose for this paper is to define properties of 

continental geophysical regions, definition of this region is mostly pro fivma. 

Region 1 encompasses the continental platform areas and deeper oceanic 

areas of the Atlantic ocean and Indian oceans proximal to Africa, Europe, and 

central Asia. It also includes oceanic spreading centers in the Gulf of Aden 

and Indian ocean. So defined, this region includes quite a variety of crustal 

types: continental margins, older oceanic crust with thin sedimentary cover, 

and young oceanic crust with spreading ridge. In order to account for all of 

these different crustal types it may make sense to subdivide this region 

further, perhaps on the lines of (Mooney et al., 1998), but for now we have 

chosen to simplify by defining this region as typical oceanic crust with 

sediment thickness varying from 0 to 5 km (Mooney model AO-A5-normal 

oceanic crust, with variable sediment thickness). Note that here and for all of 

the rest of the models we adjust the mantle shear velocity to be consistent 

with a Vp/Vs ratio of 1.77, after Mooney et al. (1998). 

Region #2 - Oceanic crust of the deep Mediterranean. 
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This region consists of deep basins underlain with oceanic crust in the 

western and eastern Mediterranean Sea. Sediment thicknesses are O-10 km 

and the oceanic crust below is somewhat thicker than normal oceanic crust. 

In the western Mediterranean there is halokinesis in the upper part of the 

sediment column; evaporite (P velocity 3.5 km/s) and halite (P velocity 4.5 

km/s) units can be up to 600 m and 1000 m thick, respectively. Below these 

are as much as 4000 m of sediments with oceanic basement. As is the case 

with normal oceanic crust, the Lg phase does not propagate through this type 

of crust. Mooney uses velocity models B3 and B4 (melt affected oceanic crust 

and oceanic plateaus, with 3.5-5 km of sediments). We suggest using a 

modified model B4 for this region, with a slightly lower Pn velocity than that 

of B4. 

Region #3 - Deep basins of the Black Sea and southern Caspian Sea. 

The effects of the south Caspian Sea area on Lg propagation are well 

known. Priestley (1997) noted the lack of a “granitic layer” in the crust beneath 

the south Caspian Sea. This can be interpreted as being an oceanic-floored 

basin. Sediments are very thick in the south Caspian-up to 15 km or more. 

Priestly also modeled shear wave propagation across the basin and 

determined velocities and attenuation values. The Black Sea basin has been 

interpreted similarly by Zonenshain and Le Pichon (1986)-they compare lo- 

15 km of sediments in the Black Sea with their estimate of 20 km of 

sediments in the south Caspian Sea. Zonenshain and Le Pichon also note the 

lack of a granitic layer in seismic profile data produced by workers of the 

Former Soviet Union (FSU). They interpret the basement as being oceanic 

floor, of Tethyan (Jurassic or older-greater than 150 - 210 m.y.) with 

velocities of 6.8-7.0 km/s; mantle velocities are 8.1-8.2 km/s. (Priestley 

interprets an 18 km thickness of a crystalline basement in the south Caspian 

Sea.) Both regions are characterized by thick sediment sequences with a lack of 

granitic layer and rapid transitions to continental crust on the margins. 

Zonenshain and Le Pichon also mention the presence of a large negative free- 

7 



air gravity anomaly (-150 to -250 mGa1) over the south Caspian basin. 

Sediments are deformed in the south Caspian basin, and mud volcanoes and 

drilling reveal overpressured sediments to depths of several kilometers, 

which are not noted in the Black Sea. These overpressured sediments will 

have unusually low seismic velocities for their depth because abnormal pore 

pressure inhibits the normal compaction trend with depth. The Mooney 

model for the south Caspian is D2 - platform with 10 km of sediments; this 

is probably not appropriate. The Mooney model for the Black Sea is more 

reasonable-Y2, intermediate continental/oceanic crust Black Sea. We 

propose using a modification of model Y2 for this region to match more 

closely with the slightly lower (8.0 km/s, rather than 8.15-8.20 km/s) Pn 

velocities observed by Priestley and Mangino (1996). Without resolving the 

question of 15 km or 20 km sediment thickness, we propose using the 18 km 

value in model Y2. 

Region #4 - Red Sea Continental Rift Zone 

This is a zone of continental rifting between the Arabian plate and the 

African plate. The Red Sea and Gulf of Aden are the geographic expressions of 

this zone, although the actual lateral boundaries are more difficult to define. 

In general, the crustal transition from continental to oceanic spreading ridge 

(center of the rift-especially in the south-central part of the Red Sea) is 

relatively abrupt on the western (Egyptian) side and more gradual on the 

eastern (Saudi Arabia) side. There is quite a lot of data available for the region, 

including seismic refraction profiles. Hadiouche and Zurn (1992) used 20-250 s 

period Rayleigh wave inversion of phase and group velocities to estimate the 

African plate thickness at 43-45 km in the region; Arabian plate thickness was 

found to be 45-47 km, with a crustal thickness of 30 km in the Red Sea region. 

Marzouk and Makris (1990) interpreted deep seismic sounding (DSS) lines 

across the Red Sea and found crustal thickness of the Egyptian continental 

crust to be 28-34 km, thickening to the west, with much thinner crust, about 

17 km, in the central part of the Red Sea. They also provide velocity profiles 
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for these regions. Bayer et aI. (1989) provide velocity profiles-for the north- 

central Red Sea, Gulf of Aden, and the western Saudi Arabian continental 

margin. Pn velocities and crustal thickness vary considerably over this 

profile. Rihm et al. (1991) interpret the same data as Bayer et al.; they 

emphasize the sharper crustal transition from oceanic to continental on the 

Egyptian side of the Red Sea. Mooney uses model Yl - thinned continental 

crust, Red Sea, for this region. In general this model agrees with the work 

referenced above, although we have modified the model to have lower Pn 

velocity (7.90 km/s vs. 8.15 km/s). 

Region #5 - African platform 
This is the region of Paleozoic to Proterozoic basement, with relatively 

thin sediment cover, making up most of the African continent. The eastern 

boundary of this region consists of the Red Sea continent to oceanic ridge 

transition and the East African rift highlands. The western boundary is the 

abrupt transition to oceanic crust of the Atlantic with the Atlas erogenic belt 

to the northwest. We have chosen to treat the northern boundary of the 

African platform, where the continental crust is thinner, more faulted, and 

with deeper sedimentary basins, as region #8 because of the probable effect of 

the sediments on seismic wave propagation. As defined, the African platform 

region is relatively uniform, except for some crustal thinning at the margins 

in eastern Egypt and towards the Atlas ranges. There are few regional studies 

of crustal structure in this region. Sandvol et al: (1998a) give receiver 

function estimates of crustal thickness at three stations (TAM, DBIC and 

BNG) which range from 38-43 km. Hazler (1998) has divided the region into 

several large blocks and examined the Rayleigh wave group velocity curves 

and inferred structure. Within this region, her most recent results show only 

small differences in the group velocity curves that may be mainly due to 

small changes in sediment thickness. Lacking any detailed studies in these 

regions for velocity and crustal thickness, we have decided to use the Mooney 

models for this region, which are based on analogies from other shield 
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regions in North America and central Asia. Mooney uses at least 9 different 

crustal models over this region, but mostly they are small modifications of 

crustal thickness and sediment thickness. We have chosen the Mooney 

model 17 - late Proterozoic, 1 km sediments, with a 42 km thick crust as 

being most representative of the entire region. 

Region #6 - Arabian platform, thin sediments 

This is the western and southeastern part of the Arabian plate where 

sediment cover is relatively thin to non-existent. The region is bounded on 

the southwest by the transition to the Red Sea rift, on the southeast by the 

abrupt continent-ocean transition into the Gulf of Aden/Indian Ocean, and to 

the northeast by a gradual transition to Arabian plate covered with thicker 

sediments as the basement dips to the northeast. In the extreme northeast the 

region boundary is the Dead Sea Fault Zone (DSFZ) along the borders of 

Israel, Lebanon, Jordan, and Syria. The extreme northern boundary is the 

south Anatolian Fault zone and the beginning of the continental collision 

zone of Turkey and the Caucasus. The Arabian plate is moving NNE and 

colliding with central Asia and the eastern European platform. The Black Sea 

and southern Caspian Sea mark remnants of the formerly-extensive Jurassic 

Tethys ocean that have been isolated by the northward movement of Africa 

and Arabia. In the process of the collision, the region of Turkey, to the west, 

and the Iranian plateau to the east are being forced out laterally to 

accommodate the northward motion of Arabia. The Arabian plate dips 

beneath the Iranian plateau where the Zagros erogenic zone occurs. We have 

chosen to divide the Arabian plate into two regions. Region #6 has sediment 

cover less than 2 km thick, while region #7 is the area where sediment cover 

is greater than 2 km. In region #6, Precambrian basement rocks are exposed at 

the surface along the margins of the Red Sea and Gulf of Aden. At the 

extreme northern end of this region, sediment thickness may be slightly 

greater than 2 km in the foredeep areas of the Palmyride fold belt of Syria. 
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Also, the crust is slightly thinner near the northeastern boundary in western 

Jordan and Syria. 

Several refraction lines have been obtained in the region and there are 

several reports concerning determinations of crustal thickness and crustal 

velocity. El Isa et al. (1986) describe crustal thickness as 37-44 km in central 

Jordan with Pn velocities of 8.0-8.15 km/s and weak propagation of Sn in the 

region. Badri (1991), in an interpretation of a long refraction line in south- 

central Saudi Arabia, finds the crust 42 km thick, thinning to 38 km in the 

southeast towards the Red Sea. Mechie et al., (1986), interpreting the same 

seismic line as Badri [see also Mooney (1985), Healy et al., (1982), and Mooney 

(1984)] observed a sharp 20 km transition to shallower Moho as the line goes 

into the Red Sea shelf along the southwestern margin of the Arabian plate. 

The refraction line results also indicated that Pn velocity decreases from 8.2 

near Riyad to 8.0 km/s as the crust thins near the Red Sea. Recently Sandvol 

et al. (1998b) have looked at receiver functions of stations temporarily 

deployed in Saudi Arabia in 1995-1997 and obtained results consistent with 

the refraction line interpretations. Rodgers et al. (1998) modeled seismic 

waveforms from the Gulf of Aquaba to the Saudi temporary stations and 

finds a somewhat slower, shallower crust (36 km) with slower Pn velocities 

(7.9 km/s) than the refraction line results. Slow Pn velocities are also 

consistent with preliminary Pn (McNamara et al., written comm.) and surface 

wave (Pasyanos et al., written comm.) tomography results being carried out at 

LLNL. Aspects of crustal thickness and crustal velocities in the 

northernmost (Syria) part of this region are discussed by Barazangi et al. 

(1993). Seber and Mitchell (1992) studied shear wave attenuation (Qs ) for 5-30 

s amplitude spectra within the Arabian plate. 

Mooney uses several different models for the Arabian plate, depending 

on crustal thickness, which varies from 39-46 km, and sediment thickness 

which varies from zero to 6 km. The model we propose in this region, a 

modified 12 with a reduced Pn velocity, is generally consistent with previous 

work and a general average for the region with less than 2 km of sediments. 
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Region #7 - eastern Arabian platform, sediments thicker than 2 km 

The discussion above for region #6 gives the reasoning for separating 

the Arabian plate into two regions. This eastern half of the Arabian platform 

is comprised of the part of the plate that has been tilted away from the 

uplifted Red Sea region and, at its extreme northeastern end, is being pushed 

beneath the Iranian plateau (region #15). The southern and western boundary 

of this region are defined by the 2 km sediment isopac. The sedimentary cover 

increases in this region from 2 km in the west to 10 km or more in the east 

under the Persian Gulf and in the foreland basin, which is being filled from 

the Zagros highlands, Rodgers et al. (1998) using waveform modeling of a 

Zagros event to Saudi stations, estimate a crustal thickness of 40 km with an 

slow average P velocity (~6.3 km/s) and a Pn velocity of 8.1 km/s. The 

continuously-varying sediment thickness poses a problem here for a 

“uniform” geophysical region- we have chosen to use a modification of the 

Mooney D2 (platform, 10 km sediments), with a slightly lower Pn velocity, for 

this region. 

Region #8 - North Africa marginal basins 

In the discussion for region #5 we gave the reasoning for making a 

separate region for the northern margin of Africa. This region encompasses 

the continental margin transition area of north Africa and the western 

Mediterranean. The southern boundary of the region is defined 

approximately by the 2 km sediment isopac. The northern boundary is the 

Mediterranean sea oceanic crust of region #2. The eastern boundary is defined 

by the DSFZ, with Israel, Lebanon, and Sinai considered part of region #8. 

Characteristics of the basins of Libya and western Egypt are outlined by Doser 

et al. (1995; Suleiman and Doser, (1995). The Levant coast of Israel and 

Lebanon, and to some extent, Sinai, represent a gradual transition from 

continental crust along the DSFZ to oceanic crust somewhere to the west (but 

not as far as the Mediterranean coast&see Ginzburg (1979) and Biju-Duval et 
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al. (1974) for details. The thinned continental crust in the Levant is typically 

27-35 km thick, with Pn velocities typically 8.0-8.1 km/s, Pg 5.8-6.4 km/s (El-Isa 

et al., 1986; l&air et al., 1993). In the near surface, velocities are 3.3-3.9 km/s 

in the Tertiary-Mesozoic sediments, which are up to 1.5 km thick, and 4.7-6.4 

km/s in the Paleozoic to Precambrian deeper sediments (3.0-3.5 km thick). 

Sandvol et al. (1998a) give crustal thickness estimates from receiver functions 

at KEG in Egypt and BGIO in Israel of 33 km for each. Not much information 

is available for crustal thickness and velocities in the Libya and western Egypt 

parts of this region, but they are probably not too different from those of the 

eastern Mediterranean, with the exception of the Sirt Basin, a deep fault- 

bounded basin in Libya. In the region of the Nile delta we should expect a 

large cone of thick younger sediments. Mooney uses model S4 and S5 

(continental slope/margin transition, 5.5-8 km sediments) in this area. We 

have chosen a modified (slightly lower Pn) model T5 (margin/shield 

transition, 5 km sediments) for this region as being more appropriate. 

Region #9 -Atlas - Betic erogenic zone 

This region consists of the northwestern corner of the African 

continent, which includes most of Morocco, northern Algeria, and most of 

Tunisia, and the southern half of the Iberian peninsula of Spain including 

the western end of the Alboran Sea near Gibraltar. The region is a continental 

collisional erogenic zone, but crustal thicknesses are somewhat less than for 

the erogenic zones in Turkey and Iran. The European Geotraverse (EGT) 

group (Research, 1992) completed a deep seismic refraction profile from the 

Sardinian channel of the Mediterranean Sea, north of Tunisia, south onto the 

African continent, in 1985. The EGT experiment found the Moho to be 30-35 

km deep in south-central Morocco and much thinner-21 km-off shore in 

the Sardinian channel, with approximately 13 km of sedimentary cover. 

Sandvol et al. (1998a) using receiver functions estimate crustal thickness at 

MDT in Morocco at 36 km and at PAB and TOL in Spain at 34 km. Makris et 

al. (1985) reported on a deep seismic sounding experiment in Morocco. For 
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the SW-NE line in central Morocco, they found Pn to be 7.8 km/s with a 

crustal thickness of 30 km. Further inland, beneath the Anti Atlas Range, the 

crust was found to be 34 km thick with Pn 8.0 km/s. Marillier and Mueller 

(1982) found the Pn in Morocco and Spain, near Gibraltar, to be about 8.1 

km/s. 

Mooney uses three different crustal models in the region, N2, N4, and 

T6. These are extended crust and margin/shield models, respectively, with 

sediment thickness from l-3 km. We choose the T6 model, with 1 km 

sediment cover, as most representative and compatible with the refraction 

seismic data. 

Region #lO-Kopet Dagh-Alboran erogenic belt 

This region marks the northern edge of the Iranian plateau, which is 

pushed northward against the southern Caspian basin and central Asia. The 

crust in this region has been thickened by collision and heated by volcanism, 

at least south of the Caspian Sea. As mentioned in the discussion of region 

#3, there is a strong contrast in crustal thickness and velocity between this 

erogenic zone and the south Caspian basin. Velocity profiles have been 

determined by Priestley and Mangino (1996) and Priestley (1997) from receiver 

functions for seismic stations around the Caspian Sea. They found crustal 

thickness to be greater than 45 km in the region of the ABKT (Alibek) seismic 

station east of the Caspian, in Turkmenistan near the Iranian border. Hearn 

and Ni (1994) and Rodgers et al. (1997) have noted that Sn propagation is very 

weak in this region. The Mooney model for this area is D2 and D4-platform 

with 5-10 km sediments. Model Pl (orogen, 46 km, Tethyan orogen, 2 km 

sediments) is probably a better choice here. 

Region #11-Caucasus erogenic belt 

This region between the Black Sea and Caspian Sea has many 

similarities with region #lo. It consists of thickened crust due to continental 

collision. We have separated this region from #lo because of a difference in 
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phase behavior -Lg propagates poorly in this region, while it propagates well 

in region #lo. Velocities of the shallow crust here have been determined 

from analyses of aftershocks of the Spitak [Dorbath et al. .(1992)1 and Racha, 

Georgia [Fuenzalida et al. (1997b)l earthquakes. Sandvol et .al. (1998a) give a 

crustal thickness estimate of 43+5 km at station KIV at the northern boundary 

of this region from receiver functions. The Mooney model here, QO (orogen, 

46 km, no ice) is probably a good choice. 

Region #12-Zagros fold and thrust zone 

The Zagros mountain range is a zone of continental collision between 

the Arabian plate and the Iranian plateau. Berberian (1995) and Berberian and 

King (1981) describe the Zagros as a fold-thrust belt as having a detachment at 

a depth of about 10 km. A very thick sedimentary section is involved, with a 

possible doubling of the crust. The eastern boundary of this region is marked 

by the Main Zagros Thrust (MZT) where the oldest rocks are most deformed 

and uplifted. Extensive halokinesis occurs within the fold belt, involving salt 

diapirs and tongues along thrust fault planes. The infracambrian salt 

formation (which is up to 1 km thick) has been called upon to be the location 

of major decollements (large overthrust planes). Berberian (1995) estimates a 

Moho at 45 km beneath the Persian Gulf and 60 km beneath the MZT. 

Berberian speculates on a “frictional seismogeneic zone” at 8-12 km depth 

under Zagros, with the base of the Paleozoic sediments at about 8 km. The 

database of the Institute for the Study of the Continents (INSTOC) at Cornell 

University shows a sediment thickness (depth to basement) reaching > 12 km. 

Snyder and Barazangi (1986) estimate 6-12 km of sediment cover with a Moho 

dipping about lo to the northeast under the foreland (Persian Gulf side) and 

5” near the MZT. The zone of crustal thickening is probably widest in the 

region northwest of Hormuz and gradually narrows to the northwest, where 

it merges with the Anatolian faults in Turkey and Syria. The thick crust, thick 

deformed sediment pile, and halokinesis in the shallow crust are what 

distinguish this block from the Arabian shield and Iranian plateau. 
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The Mooney model for this region is D4-platform with 5 km of 

sediments. This is not thick enough and the sediment pile is too thin. A 

better model might be RO-orogen, Tibet transition, but with 50 km thick 

crust modified for a thicker sediment pile. The model given in Table 1 and 

the Appendix accounts for the crust and sediment thicknesses. 

Region #13-Eastern Anatolia, southern Caucasus 

This region is part of the Turkish-Iranian plateau, a continental 

collisional zone that is topographically high, has low Pn velocities and 

inefficient Sn propagation [e.g. Rogers et al. (199711. We have split it apart 

from other parts of the plateau (regions #14 and #15) as well as nearby orogen 

belts [regions #11 and #12] because it appears to have some unique regional 

seismic phase characteristics, although more work is needed to really define 

these regions fully. The area is characterized by Quaternary volcanism and 

strong regional phase attenuation. This is a region of continental collision 

with thickened crust, but it also marks the eastern end and convergence zone 

of the North and South Anatolian faults, two major strike-slip faults that 

accommodate the westward motion of Turkey as the Arabian plate moves 

northward. The Erzincan earthquake of 1992 was extensively studied 

Fuenzalida et al. (1997a); the aftershock study provides estimates of upper 

crustal velocity structure. Sandvol et al. (1998a) give a surprisingly thick 

crustal thickness estimate of 64 km at GNI from receiver functions. A closer 

look at the models and their discussion reveals another possible 

interpretation of a Moho at 43 km with a second discontinuity at 64 km. We 

favor this later interpretation. Mooney uses model Pl-orogen, 46 km crust, 

Tethyan orogen, 2 km sediments- here. We have no reason to change this. 

Region #14-Turkish plateau 

In this region, central Turkey is being uplifted and squeezed to the west 

as a result of Arabia-Asia collision in eastern Turkey and the Caucasus. The 

western boundary of this region is where the structural style merges into the 
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region of extensional tectonics of western Turkey and the Aegean. The 

southern and northern boundaries are marked roughly by the south and 

north Anatolian faults (strike-slip). The island of Cyprus is included in this 

region, following the results of a seismic profile described by Makris et al. 

(1983). Sandvol et al. (1998a) give a crustal thickness estimate at ANT0 of 37 

km based on receiver functions. What distinguishes this region from #13 is 

some evidence for more efficient propagation of Lg. Note that the region of 

inefficient Sn propagation is only in the northern part of this region, Sn is 

seen in southern Turkey and Cyprus and Lg is not seen for paths offshore 

south of Turkey [Rodgers et al. (199711, so in the future there may need to be 

further subdivision of Turkey based on the regional wave propagation. The 

Mooney model here (Pl) is the same as for region #13, and we have chosen to 

stay with that for now. 

Region #15-Iranian plateau 

The Iranian plateau is an elevated (> 2000 m> and relatively less 

seismically active part of Iran caught between the Zagros collision zone to the 

southwest and Alborz-Caspian-Kopet Dagh (region #lo> collision zone to the 

northeast. The indentation of Arabia into Asia forces the Iranian plateau to 

the east, but this “escape” is blocked by the northward movement of the 

Indian plate. Thus the eastern part of the Iranian plateau is in collision with 

Afghanistan and Pakistan. The Lut block in the eastern Iranian plateau is 

considered part of the plateau for our definition, but is somewhat distinct 

geologically and tectonically. The MZT, which also delimits the northeastern 

extent of Zagros seismicity, is considered the southeastern boundary of this 

region. The only refraction data known for this region is that reported by 

Giese et al. (1984) that used mine explosions for sources and ran along the 

southwestern side of the Lut block, just northeast of Hormuz. In this study 

they interpreted the crust to be 60 km thick under the Zagros ranges, and this 
thickened crust extended laterally up to 60 km northeast of the MZT, with a 

17 



sharp transition to 35 thick crust under the Lut block. This implies a very 

abrupt crustal transition between the Iranian plateau and the Zagros fold belt. 

In an earthquake aftershock study of the Rudbar earthquake near 

Tabriz in northwestern Iran, Tsukuda et al. (1991) noted a 40 km thick crust, 

with Pn velocities of 8.0-8.1 km/s. Berberian (1982) found the crust to be 44 

km thick in northeastern Iran, at the location of the 1978 Tabas earthquake, 

with a Pn velocity of 8.0 km/s. These Pn velocities are consistent with LLNL 

studies of propagation to the ILPA array near Tehran and with work by 

others, such as Rodgers et al. (1997). Rong-Song Jih (1993) studied Lg 

attenuation in the Iranian plateau. Jih found Lg Q at 1 Hz to be 181-183 

within the Lut block, 201-210 in the northern Kopet Dagh region, and 250 in 

the Alborze and central Iran areas. As in region #14, the region of inefficient 

Sn propagation is limited to the northern part of the plateau [Rodgers et al. 

1997) and so this region may require further subdivision. The Mooney model 

for this region is Pl-orogen, 46 km crust, 2 km sediments, which is adequate 

for our purposes. 

Region #16-Makran margin of southern Iran and Pakistan 

This is also a region of plate collision, but we separate it from region 

#12, Zagros, and region #15, Iranian plateau, because this is a region of 

oceanic collision (in this case subduction) beneath southern Iran and 

Pakistan. Byrne et al. (1992) show that subduction of oceanic crust in this 

region is probably low angle, and the trench is choked with a very large 

sediment influx from the outflow of the Indus river. A line of active 

volcanoes occurs about 500 km north of the southerly limit of deformed 

sediments in the trench, consistent with a subduction zone geometry. Byrne 

et al. found contrasting styles of deformation in eastern and western Makran, 

the dividing line being roughly the Iran-Pakistan border. They found 

sediment velocities to be lower and upper mantle velocities to be slightly 

lower (7.9 km/s compared to 8.0 km/s) in eastern Makran than western 

Makran. The oceanic subduction in Makran has been more or less continuous 
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since early Cretaceous time (at least 100 m.y.>. Seismicity in the region is 

sparse, and Laane and Chen (1989) make comparisons between Makran and 

the Cascadian margin of Washington State and Oregon. The best 

velocity/crustal model for this region is probably a modification of Mooney 

Ll (continental arc, Cascades) with an adjustment for thick sediments. 

Note: Regions #17-#28 are outside of the boundaries of what we have 

generally referred to as the Middle East/North Africa region, but we are 

including them here because many propagation paths used to characterize the 

Middle East/North Africa region travel through these regions. Because we 

have not gathered as much data on the following regions, the descriptions to 

follow will be somewhat more abbreviated than those above. 

Region #17-Aegean and western Anatolia back-arc extensional area 

This is the region of western Turkey and southern Greece in which 

crustal extension is taking place northward of the Aegean arc. 

Panagiotopoulos and Papazachos (1985) found Pn in Greece to be 7.8-8.0 km/s. 

Nishigami et al. (1990) determined very local coda Q values from a 

microseismicity array in western Turkey. Mindevalli and Michell (1989) state 

that ” . ..crustal velocities are slightly lower and upper mantle velocities are 

slightly faster in western Turkey than in eastern Turkey...“. The value of 7.73 

km/s for Pn beneath Turkey cited by Chen, Chen, and Molnar (1980) seems 

somewhat low, and Ezen (19911, in a study of Rayleigh wave group velocities 

to WWSSN station IST, found Pn to be 7.87 km/s with a crustal thickness of 

31 km. Ezen’s study called for a low velocity zone at 15 km depth in western 

Turkey. The Mooney models for this region are T7 (margin-shield transition, 

with 3.5 km of sediments) for western Turkey and 53 (continental slope- 

margin transition, 3.5 km sediments) for western Greece. The T7 model with 

34 km crustal thickness is probably best, although we propose using a lower 

Pn velocity here- 7.9 km/s instead of 8.2 km/s. 
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Region #18-Afar triangle 

This is the focal point of the Red Sea-Gulf of Aden-East African rift 

triple junction of continental rifting. The crust is oceanic and very thin in this 

region with high heat flow. Bayer ef al. (1989) suggest that the mantle is very 

shallow in the Gulf of Aden, with crustal thickness of 6.5 km and Pn velocity 

of 7.5 km/s. Sandvol et al. (1998a) get a similar thickness of 8.5 km from 

receiver functions at station ATD. Knox et al. (1998) indicate low Pn 

velocities and a very low uppermost mantle S velocity beneath Afar from two 

station surface wave phase velocity measures. (They also note this anomaly 

extends under the southern Arabian shield). This suggests that a model such 

as Mooney AO, normal oceanic, 0.15 km sediments, and 6.65 km crustal 

thickness, is most applicable, but with a lower (7.80 km/s vs. 8.15 km/s) Pn 

velocity. 

Region #19-East African Rift Zone 

This is an uplifted region of crustal extension with extensive basalt 

cover that has not yet progressed to the point of sea floor spreading, as in the 

case of the Red Sea and Gulf of Aden. Mooney uses 17 (late Proterozoic, 

thicker sediments) with 42 km thick crust and relatively high Pn for this 

region. We propose a modification, using model 12 with thinner Proterozoic 

crust, thinner sediments, and lower Pn velocity. 

Region #20-Caspian depression 

The Exxon tectonic map identifies this region as a very deep 

sedimentary basin, with up to 20 km of sediments, located within the south- 

central Asian platform. The area has extensive salt tectonics (diapirs). Mooney 

uses model Y7 for this region-Caspian depression, 12 km sediments, with 

crustal thickness of 36 km. We have modified this model by adding an 

additional sediment layer, which makes the crust a bit thicker. 
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Region #21-Kazakhstan-Russian platform 

Mooney uses models D6 and D9 here-platform with l-2 km of 

sediments and a crustal thickness of 41 km. We choose to use model D9. 

Region #22-Caucasus forelands 

These are deep sedimentary basins formed in the foreland of the 

Caucasus erogenic zone. Mooney uses models D6 and DB here. The main 

difference is sediment thickness. Sediments are thicker on the eastern side of 

the region in the Caucasus foreland than they are to the north of the Black 

Sea. We propose using velocity model D6 here, which has thicker sediments. 

Region #23-Russian platform 

This region is similar to #21. The straight western boundary of this 

region is marked by the Teisseyre-Tornquist Zone (TTZ), a 20-50 km wide 

zone making up the boundary between the Precambrian East European 

Platform (with Paleozoic cover> and the Phanerozoic crust of central and 

western Europe. This boundary follows the trend identified by Schweitzer 

(1995). According to Schweitzer, at the northern end of the TTZ in Poland 

depths to Moho are about 42-47 km on the eastern side of the TTZ, 30-36 km 

on the western side, and 50-55 km within the TTZ. A similar trend is seen 

further south in Romania; there, as reported by Fan et al. (1998), the Moho is 

at 40-47 km on the west side of the TTZ and 30-35 km deep on the western 

side. The Mooney model D6, platform with 2 km sediments and 41 km thick 

crust is probably a good start for this Precambrian platform area. 

Region #24-Indus basin - Indian Shield 

This is the Indian plate, east of the Makran subduction zone where the 

Indus river delta occurs. The region is underlain by the Precambrian Indian 

shield, but the sediment cover varies greatly. It gets very thick, up to 10 km at 

the margins along the mountains thinning to zero in central India. The area 

21 



discussed here is primarily the western part of the shield. Mooney uses 

models D9 and DBl 41 km thick platform with 1 and 3 km sediments, for this 

region. We used the thicker sediment model DB. For time being we treat it 

as one region but for future work this area may need to be subdivided based 

on variation in sediment thickness, the continental shelf, and the occurrence 

of the large Deccan traps basalt flow. 

Region #25-Afghanistan-Hindu Kush erogenic zone 

This region is part of the region of intense orogeny due to the collision 

of India with Asia. Deep seismicity occurs in the center of this region. For the 

time being we use boundaries mainly based on topography and treat it as one 

region. Mooney uses model D9, platform, 1 km sediments with 41 km thick 

crust for this region. 

Region #26-Pannonian basin 

This region consists of the Alps-Appenine-Dinaride orogen back-arc 

Pannonian and adjacent, smaller, Transylvanian basins. It is a region of 

relatively thin crust (depth to Moho about 32 km) consisting of Paleozoic 

basement with Tertiary-Quaternary basin fill sediments. As a start, we 

propose using Mooney model N4-extended crust, 3 km sediments, 35 km 

thick-for this region. 

Region #27-Alps-Appenines-Dinarides erogenic zone 

This is the region of the Alps, northern Italy, the “spine” of Italy, and 

the Dinaride mountains on the east side of the Adriatic Sea. It is the zone of 

Tertiary-Quaternary Alpine convergence from the collision of the African 

plate with southern Europe. Estimates of depth to Moho and Pn velocity of 

the area are given by Mele et al. (1998). The area is complex, with rapid 

changes of crustal thickness and Pn velocity over relatively small distances. 

Generally, depth to Moho is about 40 km, with greatest thickness beneath the 

Italian Alps. Moho depths are least beneath the Adriatic Sea (25-35 km) but 
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rapidly thicken to 40 km beneath the Apennines to the west and Dinarides to 

the east. Pn velocities are generally slower on the land (7.9-8 km/s) and are 

normal to fast in the Adriatic Sea and PO plain. Large scale models show 

more uniformly slow Pn velocities (McNamara, pers. comm.) Mele et al. and 

other studies note regions of Sn inefficiency extend from the Tyrrhenian Sea 

into central Italy, consistent with low upper mantle velocities there. The 

Mooney model P2-orogen, Alps and Foreland, 2 km sediments, 38 km 

Moho, 8 km/s Pn velocity, seems a reasonable starting point here. 

Region #28-Paris basin-Massif Central 

This is the region of central and southern France which consists of 

Paleozoic basement which subsided as a foreland basin during the rise of the 

Alpine orogeny. A map produced by Yegorova et al. (1997) shows depths to 

Moho here ranging from 28-32 km. The Mooney model for this area is N3- 

extended crust, 1.5 km sediments, 31 km thick crust. 

More Work is Needed 

This initial attempt to define a set of geophysically distinct regions is 

based on first order geophysical data (primarily seismic velocity and crustal 

thickness), with each region having a set of defined parameters in the form of 

an average seismic velocity model. As was stated in the Introduction, this 

initial model represents a starting point; much more work is needed to refine 

both the crustal properties and boundaries of the regions for the Middle East 

and North African area. Based on characteristics of empirical data that we are 

collecting, ongoing seismic tomography studies, and additional data from the 

literature and contractor results, LLNL should test and refine the definitions 

of these regions. The refinement will include the values of average properties 

within the region and the definition of boundaries-including the 

consolidation of regions or addition of new regions as deemed appropriate. 
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Where sufficient data exists, location and discrimination calibration 

can be done completely empirically, via intelligent interpolation techniques 

such as kriging (e.g. Schultz et al., 1998). Concurrently it should be possible to 

refine regional models to fit the data very well in these areas, though 

resolving conflicts between different datasets will still require much work. 

Where data is sparse, or significant geophysical boundaries exist, we hope the 

model will help guiding the extrapolation of calibration parameters to 

aseismic areas. For example it may provide the background model 

parameters and boundaries when kriging data. Overall we hope it may prove 

useful in assessing network performance and capability analysis, to help guide 

us to areas needing further calibration work. 
Finally, we hope the model provokes discussion and can serve as a 

continually updating reference model to help coordinate between the many 

various MENA activities being carried out at LLNL and among contractors 

and in academia. As a starting point, Yu-Shen Zhang under an IUT contract 

and Bill Walter have made a 1” block model based on this report, which will 

be stored in part of the LLNL database and which we encourage others to test 

and make suggestions for improvements. We suggest the proper evaluation 

of the model be based on its ability to predict actual data [e.g. travel times, 

surface wave dispersion curves, waveform modeling, existence of regional 

phases, etcl, and that the updates to model should improve fits to these 

datasets. 
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Appendix 

Velocity models for geophysical regions. Depths are in kilometers, velocities 

are in km/s. Models are based on the Crust5.1 model of Mooney et al. (1998); 

mantle Vs values are adjusted to be consistent with a Vp/Vs ratio of 1.77. 

Region 1 Model Crust5.1 A0 
Qpg lllz vs density 

5:oo 1.50 1.80 0.00 0.70 1.02 1.70 
5.15 5.00 2.50 2.60 
6.85 6.60 3.65 2.90 
9.15 7.10 3.90 3.05 

11.65 8.15 4.61 3.40 

Region 2 
y&g 

5:oo 
8.50 

11.20 
14.50 
19.00 
24.00 

Model Crust5.1 B4* 
Ypvs density 
1.50 0.00 1.02 
2.30 1.10 2.20 
3.20 1.60 2.30 
5.00 2.50 2.60 
6.60 3.65 2.90 
7.10 3.90 3.05 
8.00 4.52 3.35 

Region 3 Model Crust5.1 Y2 
Depth Q? vs density 

0.00 2.20 1.10 2.20 
1.00 4.00 2.00 2.40 
8.00 6.00 3.40 2.70 

13.00 6.60 3.70 2.90 
19.00 7.20 4.00 3.05 
26.00 8.00 4.52 3.35 

Region 4 Model Crust5.1 Yl* 
Depth v&2 vs density 

0.00 2.50 1.10 2.10 
2.50 6.00 3.40 2.70 
9.50 6.60 3.70 2.90 

16.50 7.20 4.00 3.05 
23.50 7.90 4.46 3.35 
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Region 5 Model Crust5.1 17 

%F Qvs 
density 

0:50 4.00 2.50 2.10 1.10 2.10 2.40 
1.00 6.20 3.60 2.80 

14.00 6.60 3.70 2.90 
28.00 7.30 4.00 3.10 
42.00 8.20 4.63 3.40 

Region 6 Model Crust5.1 12* 
Depth Ypvs density 

0.00 2.50 1.10 2.10 
0.10 4.00 2.10 2.40 
1.00 6.20 3.60 2.80 

14.00 6.60 3.70 2.90 
28.00 7.30 4.00 3.10 
40.00 7.90 4.46 3.35 

Region 7 Model Crust5.1 D2* 
Depth YpP density 

0.00 2.50 1.10 2.10 
2.00 4.50 2.40 2.50 

11.00 6.20 3.60 2.80 
21.00 6.60 3.70 2.90 
34.00 7.30 4.00 3.10 
42.00 8.10 4.58 3.40 

Region 8 Model Crust5.1 T5* 
Depth Ypvs density 

0.00 2.50 1.10 2.10 
1.00 4.00 2.10 2.40 
5.00 6.00 3.40 2.70 

14.00 6.60 3.70 2.90 
24.00 7.20 4.00 3.10 
34.00 8.00 4.52 3.35 

Region 9 Model Crust5.1 T6 
Depth Ypvs 

0.00 250 
4:00 

110 
2:lO 

? 
0.50 2:40 
1.00 6.00 3.40 2.70 

12.00 6.60 3.70 2.90 
24.00 7.20 4.00 3.10 
34.00 8.20 4.63 3.40 

35 



Region 10,13,14,15 Model Crust5.1 Pl 
yi-$ &vs density 

1:oo 4.00 2.50 2.10 1.10 2.40 2.10 

2.00 6.10 3.50 2.75 
22.00 6.30 3.60 2.80 
42.00 7.20 4.00 3.10 
46.00 7.90 4.46 3.35 

Region 11 Model Crust5.1 QO* 
Depth Y.pvs density 

0.00 2.50 1.10 2.10 
1.00 5.30 3.10 2.60 
4.00 6.10 3.50 2.75 

26.00 6.60 3.80 2.90 
42.00 7.20 4.00 3.10 
46.00 7.90 4.46 3.35 

Region 12 Model Crust5.1 RO” 
m$ Lq2vs density 

1:oo 2.50 4.00 2.10 1.10 2.10 2.40 
9.00 6.00 3.50 2.70 

19.00 6.40 3.70 2.85 
39.00 7.10 3.90 3.05 
50.00 8.00 4.52 3.35 

Region 13,14, and 15 (see model for Region 10) 

Region 16 Model Crust5.1 Ll* 
F Ypvs density 

1:oo 2.50 4.00 2.10 1.10 2.10 2.40 
4.00 6.00 3.50 2.70 

12.00 6.60 3.70 2.90 
29.00 7.20 4.00 3.10 
40.00 8.00 4.52 3.35 
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Region 17 Model Crust5.1 T7” 

Depth YpP density 
0.00 2.50 1.10 2.10 
1.00 4.00 2.10 2.40 
3.50 6.00 3.40 2.70 

13.50 6.60 3.70 2.90 
24.00 7.20 4.00 3.10 
34.00 7.90 4.46 3.35 

Region 18 Model Crust5.1 AO* 
Depth 32 vs density 
0.00 1.80 0.70 1.70 
0.15 5.00 2.50 2.60 
1.85 6.60 3.65 2.90 
4.15 7.10 3.90 3.05 
6.65 7.80 4.41 3.35 

Region 19 Model Crust5.1 12” 
Q & Depth density 

0.00 2.50 1.10 2.10 
0.10 4.00 2.10 2.40 
0.90 6.20 3.60 2.80 

11.00 6.60 3.70 2.90 
21 .oo 7.30 4.00 3.10 
33.00 7.90 4.46 3.35 

Region 20 Model Crust5.1 Y7 
Depth Q vs density 

0.00 2.50 1.10 2.10 
1.00 4.00 2.10 2.40 

12.00 6.00 3.40 2.70 
17.00 6.60 3.70 2.90 
29.00 7.10 3.90 3.05 
41.00 8.15 4.60 3.40 

Region 21,25 Model Crust5.1 D9 
Depth Yp vs density 

0.00 2.50 1.10 2.10 
0.50 4.00 2.10 2.40 
1.00 6.20 3.60 2.80 

17.00 6.60 3.70 2.90 
32.00 7.30 4.00 3.10 
41 .oo 8.20 4.63 3.40 
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Region 22,23 Model Crust5.1 D6 
Depth LLpvs density 

0.00 2.50 1.10 2.10 
0.50 4.00 2.10 2.40 
2.00 6.20 3.60 2.80 

17.00 6.60 3.70 2.90 
32.00 7.30 4.00 3.10 
41.00 8.20 4.63 3.40 

Region 24 Model Crust5.1 DB 
Depth 32 vs density 

0.00 2.50 1.10 2.10 
0.50 4.00 2.10 2.40 
3.00 6.20 3.60 2.80 

18.00 6.60 3.70 2.90 
32.00 7.30 4.00 3.10 
41.00 8.20 4.63 3.40 

Region 25 (see model for Region 21) 

Region 26 Model Crust5.1 N4” 
Depth Y.pvs density 

0.00 2.50 1.10 2.10 
1.00 5.00 2.90 2.50 
2.00 6.10 3.50 2.75 

13.00 6.30 3.60 2.80 
24.00 6.60 3.60 2.90 
35.00 8.00 4.52 3.35 

Region 27-Model Crust5.1 P2 
Depth u vs density 

0.00 2.50 1.10 2.10 
1.00 4.00 2.10 2.40 
2.00 6.10 3.50 2.75 

16.00 6.30 3.60 2.80 
31.00 7.20 4.00 3.10 
38.00 8.00 4.52 3.35 

Region 28 Model Crust5.1 N3 
Depth Kpvs density 

0.00 2.50 1.10 2.10 
0.50 5.00 2.90 2.50 
1.50 6.10 3.50 2.75 

11.00 6.30 3.60 2.80 
21.00 6.60 3.60 2.90 
31.00 8.00 4.52 3.35 
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Figure Captions 

Figure 1. Map of the region studied in this report showing color shaded 

topography and bathemetry, earthquakes from the NEIC bulletin (yellow 

circles are depth less than 50 km, orange circles are depth 50-200km, red circles 

are depths > 200 km, and blue are unknown depth designated 33 km by NEIC), 

primary and secondary IMS seismic stations (stars and diamonds), and 

geophysical regions defined in this study (various color outlines with number 

designations). A one degree grid is superimposed indicating the resolution of 

the computer reference models. 
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