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ABSTRACT 

Seismotectonics plays a very important role in global and regional tectonic studies. The 

study of earthquakes as tectonic processes is known as seismotectonics. Seismotectonics 

integrates the earthquake process into the broader framework of tectonic geologic 

processes. Understanding the earthquake process can, in turn, provide valuable constraints 

on tectonic setting. In this dissertation, I have used three seismological examples to 

understand the regional tectonics. Although these examples are from very different tectonic 

settings, they all show that seismology provides us a quantitative view of the kinematic 

movement of a certain tectonic region. Also, seismology is a unique way to study nuclear 

explosions, very non-tectonic related events. One of the main interpretive tools in 

seismotectonics is focal mechanisms. I used broad band seismic body waves to retrieve the 

focal mechanisms and source time functions. The technique includes Joint inversion of 

body waves from a group of stations and single station moment tensor inversion. In 

Chapter II, the strike-slip earthquakes in Sudan sequence indicate shear movement of a 

intra-continental transform fault. The aftershocks of this event imply a more complicated 

interaction in the continent than typically observed on the ocean floor. Old structures in a 

continent can have significant influence in the faulting process. The 1990 Iranian 

earthquake sequence (Chapter III) demostrates another significant phenomena when 

convergence is oblique to the geologic structure, slip partitioning could occur. In NW Iran, 

a region of compressional tectonics, most of the earthquakes display reverse or thrust 

faulting. However the strike-slip mechanism events in 1990 Iranian earthquake sequence 

(including the mainshock) occur because the slip vector of the convergence between the 

Eurasian and the Arab plates is very oblique to the general structure in NW Iran. In 

addition to the usual reverse faulting along NW fault plane, there is also left-lateral motion 

to accomplish this oblique movement. Chapter IV provides an example of seismotectonics 
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providing understanding to a non-tectonic related phenomenon -- nuclear explosions. 

Almost all the underground nuclear explosions show some sort of non-isotropic component 

and this non-isotropic component can be interpreted as tectonic release. The extensive 

studies around NTS (Nevada Test Site) show this tectonic release is related to the regional 

stress regime. Our studies on Lop Nor test site of Chinese nuclear explosions show strong 

evidence for tectonic release. The type of the tectonic release is based on the size or yield, 

of the explosions. Smaller explosions generate mainly thrust faulting, while larger 

explosions are associated with strike-slip faulting. 
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CHAPTER I. Introduction 

It has been realized for a long time that earthquakes playa very important role in active 

tectonics. The active geologic processes in a region are often deduced from seismicity and 

focal mechanisms of the earthquakes [Sykes, 1967; Isacks, et aI, 1968]. It was the 

recognition of a continuous belt of seismicity that lead to the knowledge of the existence of 

a worldwide system of mid-ocean rifts and subduction zones [Wadati, 1927; Wilson, 1965; 

Sykes; 1967, Scholz, 1990]. The study of earthquakes as tectonic processes has become 

known as seismotectonics. Among the earliest seismotectonic studies are the classic 

papers of Sykes [1968] which substainted J. T.Wilson's transform faults and Isacks et 

al.[ 1968] who confirmed the kinematics of plate tectonics and deduced the simple 

mechanics of subducted slabs. Since that time, seismotectonics has proved to be as a very 

effective tool for constructing a tie between earth dynamics and kinematics. 

Many techniques have been developed to quantitatively measure the source parameters 

of an earthquake. All types of earthquake faulting generate distinctive types of 

seismograms. The differences between waveforms for various events were first quantified 

in the early 60s when the World Wide Standard Seismic Network (WWSSN) provided a 

global observation base. The earliest modeling used only the polarity of the first arrival of 

the P wave to ascertain the radiation pattern from a shear fault. But because such limited 

waveform information was used, the determination of the source parameters was similarly 

limited, and in the case of complex earthquakes, it was very uncertain. To eliminate these 

uncertainties, quantitative measurements have been developed. These measurements, 

including epicenter location of an earthquake, magnitude, fault length and amount of slip, 

etc., are from both observations of the seismograms and field surveys. The most widely 

used technique of retrieving these source parameters is waveform modeling of both body 
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and surface waves in both the far and near fields. By assuming an earth model, focal 

mechanisms and the source time function of earthquakes can be retrieved from seismic 

waveforms [HeImberger and Langston, 1975; Aki and Richards, 1980; Ben-Menahem and 

Singh, 1981; Wallace and Lay, 1993]. The focal mechanisms of earthquakes indicate the 

stress regime of the immediate epicentral area and the source time functions record the 

process of the moment release or mass movement along the fault. For many events, the 

moment release is simple, and the resulting time function is similarly simple. On the other 

hand, for some events, both the spatial and temporal history of moment release is complex. 

The source complexities have been observed in the field. The surface faulting associated 

with shallow earthquakes indicates that the size of the shear dislocation shows considerable 

spatial variability. In general, the magnitude of the dislocation varies along the main fault 

trace and slip on secondary faults; sometimes faulting appears to have several discrete 

segmentations. It is generally considered that the largest moment release of an earthquake 

occurs on asperities, which are thought to be the strong areas along the fault. The 

heterogeneity of the faulting as well as the temporal rupture patters appears on seismogram 

as different phases. The spatial variation in the seismic moment release will cause a 

temporal variation in the moment release as recorded by the source time functions. These 

features are expressed in a source time function by the overall duration and roughness of 

the time function. Occasionally the time function can be decomposed into several small 

"sub-events". For large earthquakes (Ms>8.0), the seismic sources always show 

complexity in the source time functions. But for smaller or intermediate earthquakes, this 

complexity sometimes is not very obvious. Detailed modeling of the waveforms generated 

by very large earthquakes can be used to derive a relatively detailed history of the stress 

regime and moment release temporally and spatially [Ruff, 1983; Ruff and Kanamori, 

1983; Beck and Ruff, 1984, 1987.]. In this dissertation, I studied both focal mechanisms 
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and source time functions for several recent earthquake sequences to infer tectonic 

processes and the causative relationship with stress field and seismic energy release. The 

technique I used in my studies is body wave modeling. Both forward modeling and 

waveform inversion were used at regional or teleseismic distances. 

There are two ways to interpret focal mechanism data [Scholz, 1990]. A kinematic 

interpretation may be made in which the slip planes and vectors yield a tectonic 

interpretation consistent with geologic and other data. In other situations, a dynamic 

interpretation, in which the focal mechanisms indicate consistent regional stress directions, 

may be preferable. These two types of interpretation often are not consistent with one 

another. The studies of the seismotectonics in Central Africa in Chapter II gives an 

example of this discrepancy: the slip vectors from all the earthquakes in a protracted 

sequence are quite consistent, but the P and T axes from the focal mechanisms are not. 

And Chapter ITI, a study in northwestern Iran, gives another example and the P and Taxes 

of an earthquake sequence are very consistent but the slip vectors are not. The tectonic 

interpretation of the earthquakes in different areas requires great care, and is based on 

different geology, geography, tectonic and stress regime, and the characteristics of the 

earthquakes themselves. This is very important in terms of the tectonic implications of the 

earthquakes in a given area. 

In Chapter II, We analyzed both body and surface waves from 4 events in the 1990 

Southern Sudan earthquake sequence. The rupture process of the mains hock is complex 

and characterized by both source multiplicity and change in fault geometry for the 

subevents. Time-dependent moment tensor inversions indicate that the mainshock has a 

predominantly strike-slip mechanism. The aftershocks show both strike-slip and normal

slip faulting. The diversity of earthquake mechanisms indicates that the sequence involved 
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both reactivation of pre-existing structures in the basin and new faulting representing the 

transition between the west branch and east branch of the East African Rift System. 

In Chapter Ill, inversions of both regional and teleseismic body-wave records are used 

to retrieve the focal mechanisms for the aftershocks of the 1990 Iranian earthquake 

sequence near the Caspian Sea. The source time function of the mainshock shows a 

multiple-event pattern. The aftershock mechanisms fall into two types: (1) thrusting events 

on NW-SE-trending planes, and (2) strike-slip events with mechanisms similar to the 

mainshock. The P axes of all the events are very consistent, but the slip vectors are not. 

From the detailed geological and seismological studies, we concluded that the oblique 

convergence between Iran and the southern Caspian Sea is partitioned into reverse motion 

and left lateral strike-slip motion. 

One of the sociologically important applications of modern seismology is the monitoring 

of global underground nuclear testing. The seismic waves generated by such explosions 

reveal the occurrence of the event as well as provide an estimate of the size of the 

explosion. Almost all explosions generate some type of non-isotropic component. This 

"contamination" of the explosion wavefield has often been interpreted in terms of tectonic 

release. Tectonic release is the sudden release of pre-existing strain which is stored within 

a volume of rock. A large explosion can either trigger this kind of release or cause the slip 

on pre-existing faults. The seismotectonic studies in Chapter IV for the Lop Nor events 

indicate both strike-slip and thrust mechanism earthquakes happen. The tectonic release 

from the underground nuclear explosions is very consistent with the tectonic and stress 

regime in the whole area. Apparently there are two types of the tectonic release based on the 

size of the explosions. Smaller explosions are most associated with thrust-faulting tectonic 

release but, for larger explosions, tectonic release is dominated by strike-slip faulting. 
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An unusual earthquake sequence in Sudan commenced in late May, 1990 near the 

northern end of the western branch of the East Africa Rift System ( EARS). The main 

event occurred on May 20 (MS=7.4) and was followed by two large aftershocks on May 

24 (Ms=6.6 and 7.0) and one on July 9 (MS=6.5). There is little historical seismicity in 

the region [Ambraseys and Adams, 1986; Kebede and Kulhanek, 1991], with the largest 

previous events with reliable locations in southern Sudan having magnitudes less than MS 

=6.3. An event on May 21, 1915, located about 100 km south of the 1990 epicenters, was 

the last damaging earthquake in this region. The 1990 epicenters do not lie directly along 

the western branch of the EARS, but form a lineament perpendicular to the trend of the rift. 

Figure I-I shows the general tectonics of the region. The most prominent feature near the 

epicentral area is the northwest trending Aswa shear zone, which links the western and 

eastern branches of the EARS. The May 20, 1990 earthquake is found to be a 

predominantly a left lateral strike-slip event with one of the nodal planes parallel to the 

Aswa shear zone. The left lateral mechanism of the mainshock is consistent with the left

lateral shear motion along the Aswa shear zone, which has been interpreted as an 

"intracontinental transform fault" formed due to the SE movement of the Somalian block 

east of the EARS [e.g. Almond, 1969; Chorowicz and Mukonki, 1980; Chorowicz et al. 

1987; Chorowicz, 1989]. 

The EARS represents the most active zone of continental rifting in the world, and has 

been the focus of various geological and geophysical studies aimed at understanding both 

the current status of the rifting in East Africa and the processes involved in continental 

rifting in general. Regional gravity and seismic studies have been focused on the Eastern 
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branch of the rift system in Ethiopia and Kenya where it is particularly well developed 

[e.g. Fairhead, 1976; Green, et al., 1991]. These studies show evidence for lithospheric 

thinning on a broad scale and indicate localized emplacement of high-density material 

beneath the rift axis. Several investigators have suggested that the rifting in East Africa 

represents the early stage of a process which might eventually culminate in the further 

breakup of the African plate. Many questions related to the large-scale manifestations of 

rifting have yet to be satisfactorily answered, such as the temporal and spatial relationship 

between the eastern and western branches of the EARS, the extent to which cratonic 

blocks, ancient lineations, and zones of weakness control current rifting, and the possible 

continuation of the rifting into southern Africa. The Sudan earthquake sequence appears to 

be related to the connection between the two branches of the rift and analysis of the details 

of the faulting process can yield important constraints on the present-day stress field within 

the African plate. 

Geological and Geophysical Background 

There are three rift systems in the African plate: (1) Karoo rift system, (2) Sudan-Anza 

rifts and (3) EARS. They each developed in different times and tectonic settings. The 

Karoo rifts are the oldest and may be viewed in terms of the compressional active margin 

tectonics of Gondwana during the Permo-Triassic [Daly et aI., 1989, Lambiase, 1989]. 

The Sudan-Anza rifts (Central African rifts) developed along an ENE-trending shear zone 

generated during periods of dextral strike-slip displacement in the Late Cretaceous due to 

the opening of the Atlantic ocean [Fairhead, 1988]. The EARS began to form in Mid

Cenozoic and the mechanism of its formation still remains controversial [Daly et aI. 1989]. 

Since the Karoo rift system is not presently active and is distant from the Sudan epicentral 

area, we will discuss only the EARS and Sudan-Anza rift systems. 
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Cenozoic rifts of East Africa 

The EARS has two main branches: an eastern branch running from Afar to northern 

Tanzania and a western branch from Lake Albert to the Mozambique coastal plane. The 

two branches are linked by a poorly defined zone of faulting to the east and NE of Lake 

Albert called the Aswa shear zone (Figure I-I). The eastern branch is related to the 

opening of the Red Sea; the surface structural elements of Afar are indicative of crustal 

extension. For the eastern branch of the EARS, according to Baker et al. [1972], 

extensive basaltic plateau volcanism began in the early Miocene in Ethiopia and extended to 

the Turkana depression of northwestern Kenya. In the late Miocene, flood phonolites 

began erupting in central Kenya. The first major stage of rifting initiated somewhat later, 

during the mid-Miocene in Ethiopia and the early Pliocene in Kenya. This faulting was 

accompanied by renewed volcanism, but with a pronounced change in character to silicic 

rhyolites and trachytes. The total volume of volcanics erupted decreased markedly with 

time, becoming more centrally located along the axes of rifting. Major domal uplift 

occurred in the late Pliocene and Quaternary accompanied by the formation of deep grabens 

and further alkaline volcanism. The Ethiopian rift is centrally located on the crest of the 

broad uplift of the Ethiopian dome, between the Ethiopian and Somali Plateaus. The 

Kenya rift lies east to the Lake Victoria. The Turkana depression of northern Kenya 

separates the domal uplifts of Ethiopia and Kenya. Downwarping and faulting of this 

depression began in the Miocene and continued in the early Pliocene to form a shallow 

triangular lowland characterized by splay faulting. This region nanows to the south and is 

some 200 km wide in the north, where it is offset by about 100 km from the Ethiopian rift 

to the east. In the late Pliocene to early Pleistocene, a last episode of pronounced graben 

faulting and associated uplift of the graben flanks occurred in the Kenya dome, followed 
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Figure I-I Geological map of Africa showing the offset of the Cenozoic East African Rift 
system and the Mesozoic Sudan-Anza rift system. The locations of the four large events of 
the Sudan eanhquake sequence are also shown. There is no mapped fault in the epicentral 
area. The 1990 Sudan source region is about 100 Ian from the Aswa Shear Zone, which is 
considered to be a diffuse boundary linking the two branches of the East African Rift System. 
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by extensive small-scale faulting and the appearance of silicic caldera volcanoes along the 

graben floors in the mid-Pleistocene. Only minor faulting has taken place since that time. 

In Ethiopia and Kenya, any possible relationship between the Cenozoic rift faulting and 

Precambrian structure is obscured by the extensive volcanic cover. None of the observed 

rift structures is pre-Tertiary in age. The general NNE-SSW trend of rifting is roughly 

parallel to the Mozambique fold belt which runs along the adjacent East African coast, yet 

there are many regional cross-cutting relations between this 600 Myr old feature 

(presumably related to the original break-up of Gondwanaland) and the recent rifting. 

Toward the southern end of the eastern branch, the rift does appear to deflect around the 

edges of the Tanganyika shield [Nyblade and Pollack, 1991]. 

The western branch of the EARS is set in Precambrian rocks along the western 

boundary of the Tanganyika shield and contains only small areas of associated volcanism. 

The western rift runs in a large arc north from the Lake Malawi trough through Lakes 

Rukwa, Tanganyika, Kivu, Edward and Albert. The western branch of the rift system 

shows pronounced seismic activity along its length, in marked contrast to the eastern rift 

which is essentially aseismic between Afar and northern Tanzania [Shudofsky, 1985]. 

Cenowic volcanics in the western rift outcrop only in isolated regions of local uplift and/or 

at nodes where structural trends cross. The individual rift basins that make up the Western 

Rift have an asymmetrical, half-graben geometry. They are bounded on one side by a 

major border fault and on the other side by antithetic faults of a monoclinal flexure. There 

are three important features of the Western Rift system [Daly et aI., 1989]: 

1) The northern (Lake Albert to Lake Tanganyika) and southern (Lake Malawi to the 

Mozambique coastal plain) segments comprise a series of half-graben basins defined by 

arcuate border faults, often of alternating polarity. 
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2) The transfer zones linking these border faults are dominantly NW-SE trending in 

the northern and southern segments and are characteristically defined by fault-bounded 

upstanding basement blocks defining inter-basinal highs. 

3) The central segment (Lake Tanganyika to Lake Malawi) of the western rift differs 

markedly in structural style and trend from the northern and southern segments. The major 

rift border faults are linear in outcrop. 

The diffuse northern transfOlTIl boundary of the Western Rift includes the Aswa zone 

and the reactivated faults of the Mesozoic rift basins of southern Sudan. The Aswa zone 

comprises a series of small, Neogene, en echelon fault scarps that appear to link into the 

Nandi fault zone east of Mount Elgon (Figure 1-1). This boundary links the western and 

eastern branches. 

Mesozoic rifts in Sudan 

Two major tectonic events related to the break-up of Gondwana probably controlled the 

formation and evolution of the Sudan-Anza rift (Figure 1-2). The earliest stages of rifting 

may have resulted from formation of a triple junction that allowed the separation of 

Madagascar from Africa during the Jurassic [Reeves et al., 1987]. Renewed extension and 

resulting subsidence and deposition in the Anza trough is related to Mesozoic rifting in 

southern Sudan. Sudan rifting initiated in Early Cretaceous [Fairhead, 1988] due to the 

NE-SW oriented extensional stress regime in Africa that was ultimately related to the 

opening of the Atlantic Ocean . 

The Central African rifts of the Cameroon (Figure 1-2) are located along an ENE 

trending shear zone generated during periods of dextral strike-slip displacement in the Late 

Cretaceous [Daly et aI., 1989]. Such displacement is indicated by the numerous pull-apart 

basins and flower structures developed along the length of the fault zone and characterized 

by Cretaceous sedimentation. The fault zone is a major crustal structure which is clearly 
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visible on regional gravity and magnetic maps [Browne et al. 1985]. In Sudan, the fault 

zone appears to terminate and its displacement is transferred into dip-slip extension and the 

formation of the SE trending rifts of Sudan and Kenya. Of these, the southern Sudan and 

White Nile rifts (Figure 1-2) are the largest. The multiple rift complex narrows to the SE in 

southern Sudan and continues as an important SE trending basin through Northern Kenya 

into the Lamu Embayment on the Indian Ocean coast. In Northern Kenya the Cretaceous 

extension appears to have reactivated the Jurassic Anza graben, developed during the 

Callovian rifting of Madagascar from Africa [Daly et al., 1989]. The striking feature of 

this Cretaceous rift system is the abrupt termination of the wide zone of Sudan basins 

against the Central African shear zone to the NW. It is therefore a geometrical necessity 

that the displacement that generated the Sudan basins be accommodated by the fault zone. 

The fault zone acts as a major lateral ramp with respect to the Sudan and Kenya Cretaceous 

rifts. 

The Sudan rifts are characterized by deep, fault-bounded troughs filled with up to 14 

km of continental clastic rocks of Jurassic(?)-Cretaceous to Tertiary age (Figure 1-3). 

Cretaceous sediments alone reach thicknesses of up to 6 km [Schull, 1988; Greene, 1990; 

Greene, et aI., 1991]. These sediments are deposited on Precambrian basement. The 

southern Sudan rifts are structurally very complicated. Basin-border faults are mostly 

listric faults and generally trend northwest and show dip-slip normal movement, often 

resulting in half-graben formation [Jorgensen and Bosworth, 1989, Mann, 1989]. These 

border faults can involve basement, although some faults in the deeper basins extend into 

earlier rift sediments [Mann, 1989]. In Sudan, there was active rifting in the Cretaceous, 

and it is possible that rifting began as early as the Jurassic; extension continued into the 

Tertiary, ending in the Oligocene [Greene, 1990; Greene et al., 1991]. 



30 

6 I \~~<'<'<'<'<<'<~N~ 

;-
4 I I ~\. "\ ~i I "\. ~ 7" I 1 eggr 

"" .... '" ~ I 

Legend 

Tcrllarl·Qua"'narl 
Sedl_nu 

Qualmarl 
Alk .. kJm 

Prec.ombrin 

1'-1 raull 

I~ I rl ... 

r;:::-J in ...... Iio ... 1 

D """...!arl 

Ncoscne ~ Epicenter 

TcrUarJoQuatcrnar, ~ 
Volcanic 

lbeMain 
Sbodt ,,/ 

Figure 1-3 The geological map of southern Sudan, showing fault zones and the sedimentary basin. The mainshock 
is located at the edge of the basin. N 

\0 



30 

The 1990 Sudan earthquake sequence 

The mains hock (MS=7.4) occurred on May 20, 1990 in the southernmost Sudan and 

was followed by large aftershocks on May 24 (MS=6.6 and 7.0) and July 9 (Ms=6.5) 

(from Figure 1-1 to Figure 1-4). The mains hock was located at (5.041°N, 32.109°E; 

NEIC), and the major aftershocks were at (5.289°N, 31.865°E), (5.345°N, 31.908°E), and 

(5.433°N, 31.708°E) respectively. The 1990 earthquake sequence has a complex spatial 

and temporal pattern for the. The aftershock distribution (from May 20, 1990 through 

March, 1991) is very scattered with the larger events located to the NW of the mainshock 

(Figure 1-4a). The three major aftershocks, indicated in Figure 1-4 by asterisks, showed a 

temporal migration of the epicenters toward the NW from the mainshock, crossing the 

White Nile River. The total aftershock zone is about 90 km long and 40 km wide. Figure 

1-4b shows the epicentral locations for the early aftershocks in May, 1990 with the 

scattered distribution suggesting that the earthquake occurred in a diffuse fault zone. This 

is consistent with the variability of focal mechanisms we find among the large events. 

However; after July 9 the aftershocks were limited to a relatively narrow zone trending 

NW-SE (Figure 1-4c). These later aftershocks migrate eastward and the events in 1991 

(Figure 1-4d) are almost all east of the region of activity in 1990. 

Both body wave and surface wave data are used to constrain the seismic source process 

of the sequence. The seismic data are from GSN, IRIS and GEOSCOPE. The 

distribution of the stations used for body wave modeling are shown in Figure 1-5 with 

station parameters being listed in Table la. Both forward modeling and inversions are 

used to constrain the focal mechanisms. The body wave inversion is a joint inversion 

procedure described by Holt and Wallace [1987]. To reduce the uncertainties of the 

inversion, new criteria are used for estimation of the best fit of the source time functions 
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Table 1-1 Station parameters of the 1990 Sudan earthquake sequence 

STATION PARAMETERS OF THE MAIN SHOCK (May 20) 

Station Azimuth (0) Distance CO) type of data Phase used 

CAY 274.32 83.16 Geoscope BB P 

ESK 336.90 57.66 BB P 

GRF 341.73 47.85 BB P 

RIA 41.08 84.57 BB P&SH 

KEY 358.00 64.66 BB P&SH 

CHTO 71.88 66.70 SP P 

GDH 339.06 83.50 SP P 

KJV 11.80 39.80 BB P&SH 

KONO 346.57 57.10 SP P 

LZH 53.90 72.40 BB P&SH 

OBN 3.30 50.00 BB P&SH 

RER 138.19 35.80 Gepscope BB P 

IDL 321.97 47.59 BB P&SH 

WMQ 42.48 62.00 BB P&SH 

STATION PARAMETERS OF THE 1ST AFTERSHOCK (May 24) 

Station Azimuth (0) Distance (0) type of data Phase used 

BJI 50.41 82.39 BB P 

CHTO 71.88 66.66 SP P 

GDH 339.06 83.47 SP P 

RIA 41.09 84.66 BB P 

KEV 358.15 64.47 BB P&SH 

KIV 12.29 39.70 BB P&SH 

KMI 65.31 70.47 BB P&SH 

KONO 346.74 56.85 SP P 

OBN 3.59 49.80 BB P 

IDL 322.08 47.24 BB P&SH 

WMQ 42.64 62.11 BB P&SH 

STATION PARAMETERS OF THE 2ND AFTERSHOCK (May 24) 

Station Azimuth (0) Distance (0) type of data Phase used 

BJI 50.40 82.14 BB P&SH 
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CIITO 71.88 66.66 SP P 

GDH 339.06 83.47 SP P 

InA 41.08 84.57 BB P 

KEY 358.00 64.50 BB P 

KMI 65.31 70.47 BB P&SH 

KONO 346.72 56.77 SP P 

LZH 53.91 72.36 BB P 

1DL 326.97 47.59 BB SH 

WMQ 42.48 62.00 BB P&SH 

STATION PARAMETERS OF THE 3RD AFfERSHOCK (July 9) 

Station Azimuth e) Distance (0) type of data Phase used 

BJI 50.42 82.37 BB P 

CHTO 71.88 66.66 SP P 

GRFO 342.06 47.40 SP P 

KMI 65.31 70.47 BB P&SH 

KEY 358.23 64.34 BB P&SH 

KONO 346.57 57.12 SP P 

LZH 53.96 72.46 BB P&SH 

SLR 186.89 31.12 SP P 

1DL 322.14 47.02 BB P&SH 

WMQ 42.75 62.16 BB P&SH 
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and moment tensor solution for the body waves. The surface wave inversion is similar to 

that described by Zhang and Kanamori [1988]. 

Body wave modeling 

In body wave modeling it is desirable to separate the effects of source rupture (the time 

function) and fault geometry (the time independent moment tensor). The source time 

function represents the process of the rupture and any complexity of the source, while the 

moment tensor element can be used to interpret the geometry of the source. For small 

earthquakes (M<6), the source ruptures are usually not very complex, and a simple source 

time function is sufficient for modeling. Larger earthquakes (6 < M < 8), display some 

source complexity. Here we apply an inversion routine for a source time function 

represented by a series of boxcars, described in detail in the Appendix. By giving an initial 

model, we iterate for the maximum likelihood estimates of both source time function and 

depth, using positivity constraints. The purpose is to get an average source time function 

for all of the stations, thus no directivity can be resolved. This is sufficient for 

intermediate size earthquakes (5.5<Ms<6.5). Our procedure can address whether the 

source is complex or not, and the error versus depth curve will limit the trade-off between 

the source time function and depth. We structure our inversions to sequentially optimize 

the source time function and the moment tensor, rather than simultaneously inverting for all 

parameters. The moment tensor inversion is similar to the time function inversion except 

the inversion parameters are moment tensor elements instead of boxcar heights. 

The inversion results always depend on the earth structure. Forward modeling gives us 

some insight into how uncertainty in the structure affects the final results. For the joint 

inversion routine [Holt and Wallace, 1987], which was originally designed for regional 

and teleseismic inversion, the error function is primarily sensitive to the area under the 

wavelet. This sometimes results in inconsistency of P wave first-motions of the synthetics 
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and data. Forward modeling can correct the minor deviations of the result from the 

inversion. Although such corrections will make the solution deviate from a least-squares 

fit, it is a more reasonable final model results. A layer over a half space structural model is 

used in our study. Although some geophysical work has been done in Sudan, Uganda, 

and Kenya, the local thickness of the crust is not well known. It is likely that the crustal 

thickness is different for the western branch of the EARS than the eastern branch. Studies 

of seismic data by several investigators [Nolet and Mueller, 1982; Shudofsky, 1985] 

suggest that the eastern and western branches are characterized by 40 km and 35 km thick 

crust, respectively. However gravity data [Browne et aI., 1985] seem to require a much 

thinner crust for the entire region. The crustal model we use in this study is 34 km thick 

with a P wave velocity 6.2 km/s and S wave velocity 3.5 km/s. The P wave velocity for 

the mantle is 8.2 km/s and the S wave velocity 4.4 km/s. Five rays are used in the P wave 

synthetics, P, pP, sP, PmP and PmpmP. 

Inversion method 

We employ the inversion method described by Wallace et al. [1981], which uses the 

error function 

(1) 

where fj is the synthetic record and gj is the observed waveform for the jth station. For the 

source time function inversion, the sum of the squares of the errors is minimized with 

respect to the boxcar elements of the source time function. For the moment tensor 

inversion, the errors are minimized with respect to the elements of the moment tensor. As 

shown in the Appendix, we can have a linear relationship 

A<j>=e 
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where A is the error partial derivative matrix, cj> is the change of vector a ( the model 

parameter vector) and e is the error vector. We apply generalized inverse theory to solve 

this equation. 

For the source time function inversion, ai is the set of moments of the boxcars. 

Green's functions are calculated for a double couple excitation convolved with a single 

boxcar. The best double couple is obtained from the double couple inversion method of 

Holt and Wallace [1987], which uses a simple source time function and fits the long period 

features in the waveforms. For the moment tensor inversion, ai is the set of elements in 

the moment tensor. The Green's functions for the associated moment tensor elements are 

convolved with the 'best' source time function from the source time function inversion. 

The improvement of this step is that there is no double couple constraint. There are some 

nonlinear trade-offs between the source function and moment tensor, but our sequential 

procedure proves more stable than a simultaneous inversion. 

Results from body wave inversions 

i) Source time function inversions 

The procedure for this step is to estimate the fault geometry first by double couple 

inversion and forward modeling, then use this fault plane solution to invert for a best 

source time function. The P waveforms of the mainshock indicate that the source process 

of the mainshock may be complicated. The preferred fault plane solution for the 

mainshock is strike 8=320
o
±20

, dip o=78°±5°, rake A=4°±2° Figure I-6 shows that the 

source time function is basically a trapezoid with a time duration of 12 s and the best depth 

is about 12 km. The corresponding waveform fit is not very good, even though the 

source time function is optimized for this single double couple. This suggests a change in 

mechanism during rupture. 
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The inversion results for the fIrst aftershock on May 24 (Figure 1-6) differ from the 

mainshock, because the focal mechanism is nearly pure normal faulting (Figure 1-7b). The 

minimum error is at a depth of 18 km and the source time function duration is about 8 s, 

but the depth from the joint inversion is 14 km and the forward modeling gives a depth at 

14 km. This conflict is probably due to the limited data coverage. The SH phases playa 

very important role in the inversion, but only a few are available. The second aftershock 

on May 24 is also a normal faulting (Figure 1-7c) and depths from the double couple and 

time function inversion are very consistent, around 22 km (Figure 1-6). 

The results for the third aftershock (July 9 event) from all the inversion routines are 

consistent. The event has strike-slip body wave solutions ( 8=128° ± 5° , o=89°± 2°, 

A=1O° ± 5° ) (Figure 1-7d). The depth is very shallow, about 6 km and the source time 

function is simple (Figure 1-6). 

ii) Focal mechanisms solutions for the sequence. 

Using the source time function from the last step, we invert for the moment tensor 

solution for the mains hock. The Green's functions are calculated for the simple source 

structure model described earlier. Giving an arbitrary initial moment tensor, the fInal result 

is inverted after calculating the curve of the error versus depth and 20 iterations for each 

depth (Appendix). The elements of the moment tensor are listed in Table 1-2, for the depth 

(8 km) which gives the minimum error (0.35), and the margins for each element of the 

moment tensor is calculated from the minimum of the error length in the iterations at the 

depth of 8 km. Seismic moment tensors are often decomposed into either major double 

couple - minor double couple or double couple - CL VD representations. For the moment 

tensor listed in Table 1-2, there is a 28% CLVD; if we decompose it in the sense of a major 

double couple and minor double couple, it gives us two subevents with strike-slip and 

oblique normal orientations, which indicates the source complexity. Because the 
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Table 1-2 MOMENT TENSOR OF TIIE MAINS HOCK 

(From body wave inversion) 

Mxx Myy Mxy Mxz Myz 

-1.120±0.056 0.815±O.023 -0.5017±O.055 0.3968±O.023 -O.0976±O.035 
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multiplicity of the source is coupled with a fault geometry change, it is not resolved in our 

source time function inversion. Table 1-3 gives details of the decomposition. The major 

double couple orientation is within 10° in strike and dip of the mechanism found in the 

double couple inversion. 

The mainshock source process is clearly complex, and a single mechanism does not fit 

the data very well, even for a relatively complex source structure. At least two subevents 

with different orientations are required. The major subevent must be strike-slip rupture, 

with the moment tensor solution indicating that the second subevent is a normal event 

(Figure 1-7a). Unfortunately, the solution for combinations of subevents is not unique, 

given the need to determine their separate source time functions. Resolving a change in 

mechanism relies heavily on the quality of the data; the azimuthal and ray parameter 

coverage and frequency content of the data, all of which are limited in this case. Our 

preferred focal mechanism of the second subevent is based on the moment tensor inversion 

which are confirmed by trial and error modeling. The synthetics of the mainshock for the 

full moment tensor solution fit the data adequately (Figure 1-7a). We conclude that some 

normal faulting did accompany the strike slip faulting, but there is limited resolution of the 

composite geometry. 

Both of the aftershocks on May 24 are normal events (Figure 1-7b and 1-7c). Since 

teleseismic P waves are similar for normal fault events, the SH waveforms playa very 

important role in determining the focal mechanisms. The waveforms of both P and SH of 

the second aftershock have more high frequency content than the first aftershock, but the 

overall duration of the source time function is longer and the moment is a factor of 10 

larger. Although the error versus depth curves in the time function inversions (Figure 1-6) 

show that these two normal events are relatively deep, the forward modeling for the 1st 

aftershock indicates the depth may only be 14 km (Table 4). The second aftershock is 



Table 1-3 DECOMPOSmON OF THE MOMENT TENSOR SOLUTION 
FOR THE MAIN SHOCK (From body waves and surface wave inversion) 

Eigenvalues 

( -1.324,0.9940,0.3297) 

body wave 

Fault plane solution 

Two different decompositions 

MDC+mDC 

( -1.324,0,-1.324) 

+(0,0.3297,-0.3297) 

ForMDC+mDC 

Major double couple 

e 0 A 

CLVD+mDC 

( -1.324,0.662,0.662) 

+(0,-0.332,0.332) 

minor double couple 

e 0 A 

329±2 69±5 3±2 35±5 30±5 -64±3 
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surface wave 

Fault plane solution 319±5 62±1O 7±5 35±5 37±10 -50±10 
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data type subevent 

- -_.- -

BBdata major 

minor 

SP data 1st 

2nd 

BB data 

SP 1 st 

2nd 

BB data 

SP 

BB data 

SP 1st 

2nd 

Table 1-4. SOURCE PARAMETERS OF THE 1990 SUDAN 

EARTHQUAKE SEQUENCE 

focal mechanism time source time depth 

delay function 

e (0) Loe) I ~qO) L\t (s) ot} (s) I ot2 (s) I Ot3 (s) (km) 
~-- .. - -- - -- - -- -

Main Shock 

320 78 4 3 3 3 10 

35 30 -64 6 1 I 1 11 

320 78 4 0.5 0.5 0.5 11 

35 30 -64 3 0.5 0.5 0.5 10 

1st Aftershock 

81 38.2 -90.7 2 2 2 14 

81 38.2 -90.7 0.6 0.8 0.6 14 

81 38.2 -90.7 2 0.5 0.6 0.5 15 

2nd Aftershock 

212 38 -83 0.5 1.5 1.0 20 

212 38 -83 1.0 0.5 1.0 23 

3rd Aftershock 

128 89 10 2 1 2 6 

128 89 10 0.5 0.8 0.5 6 

128 89 10 2.5 0.5 0.8 0.5 7 

height of M 

ttapezoid (Nm) 

I 6.6x1019 

0.025 

I 5.3x1019 

0.25 1.3x1019 

1 4.8x1018 

1 3.3x1018 

0.5 1.5x1018 

1 4.0x1019 

1 3.9x1019 

I 3.7x1018 

I 1.8x1018 

1.8x1018 

~ 
00 
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clearly deep, both broad band data and short-period data suggest the depth is 

approximately 20 Ian (Table 4), which is consistent with the results from the inversion. 

The event on July 9 has a strike-slip focal mechanism (Figure I-7d) similar to the 

mainshock and with a shallow depth - 6 km (Table 4). There is no clear evidence of 

source complexity for this event in the body waves, but we will see below that a purely 

strike slip solution does not fit the surface waves well. Some low frequency radiation not 

strongly manifested in the body waves may be involved for this event. 

Short-period P wave data (Figure I-7e) are also used to constrain the source of the 

mains hock and aftershocks. Because the short-period data reflect greater detail of the 

source process, the source time functions are more complex. Two or more trapezoids are 

needed in the modeling (Table 4 and Figure I-7e). 

Surface Wave Modeling 

In the surface wave analysis of the Sudan earthquakes, we use the vertical component 

fundamental mode Rayleigh waves and transverse component Love waves recorded by the 

Global Seismic Network (GSN), GEOSCOPE [Romanowicz et aI., 1984; 1991], and 

International Deployment of Accelerometers (IDA) [Agnew et aI., 1976] networks. Table 

Ib lists the Rayleigh and Love wave phases used in this study, which includes 22 RI, 26 

R2, 6 R3, 14 GI, 21 G2, and 8 G3 for the mainshock and 17 RI, 17 R2, 96 and 12 G2 for 

the third aftershock. Limited analysis was conducted for the overlapping aftershock signals 

on May 24. The basic data are spectra over the period range between 150 and 300 s. The 

surface wave radiation pattern for the mainshock is well covered with the exception of the 

azimuths of N-N40oE, where the only available R} and G} seismograms are from KIP or 

HON and these show large amplitude and phase anomalies. The July 9 aftershock is much 

smaller than the rnainshock and has fewer high quality signals. In the following we first 

describe the surface wave inversions for the mainshock in detail, then briefly discuss the 
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aftershock results. For our preferred solutions, the epicentral parameters are taken from the 

National Earthquake Infonnation Center (NEIC), the travel time propagation corrections are 

made using the laterally heterogeneous Earth model (MPAI2.4) obtained by Wong [1989], 

and the amplitudes are corrected for attenuation using the Q model of Dziewonski and 

Steim [1982]. 

i) Source Duration 

We use a method similar to that described by Zhang and Kanamori [1988] for the 

inversion of both Rayleigh and Love waves. This method is based on the basic surface 

wave moment tensor inversion approach developed by Kanamori and Given [1982], as 

modified for use of the two-step inversion algorithm introduced by Romanowicz and 

GuiIIemant [1984] for Rayleigh waves. The first-step isolates the source finiteness effect 

and the second-step finds the best depth and moment tensor. Since the Sudan earthquake 

is relatively small, and the inferred fault rupture from the aftershock area is less than 100 

km long, long-period surface waves (150 to 300 s) are insensitive to details of the source 

process of the event. Lacking evidence of significant directivity, we approximate the 

source using a point source model with finite duration. To examine the stability of the 

surface wave source duration determination we use three standard Earth models: the PREM 

model [Dziewonski and Anderson, 1981], M84C [Woodhouse and Dziewonski, 1984], 

and MPA12.4 [Wong, 1989]. Models M84C and MPA12.4 are degree 8 and 12 

aspherical models, respectively. 

Figure 1-8 shows the normalized error, 0', which measures the variance reduction in the 

first-step inversion [Zhang and Kanamori, 1988], for boxcar source time functions with a 

range of durations from 0 to 80 s. For a given period, the duration that yields the minimum 

error provides an estimate of the actual source duration, "C. For MPAI2.4 the estimates 

obtained from the periods between 150 and 300 s range from 10 to 24 s with a mean 17 s 
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and standard deviation 5 s (t = 17 ± 5 s) from inversions of Rayleigh waves, and t = 19 ± 

5 s from Love waves, respectively. For M84C t = 21 ± 4 s for Rayleigh waves, and 25 ± 

4 s for Love waves, respectively. For PREM t = 29 ± 4 s for Rayleigh waves and 48 ± 

20 s for Love waves, respectively. 

The long-period estimate of source duration clearly depends on the Earth model used in 

correcting the data for propagation phase delay. Inversions using laterally heterogeneous 

models MPA12.4 or M84C give duration estimates that are systematically shorter by 8 to 

12 s in the mean for Rayleigh waves and 23 to 29 s for Love waves relative to durations 

obtained when propagation corrections were made using radially symmetric model PREM. 

The differences between the mean duration estimates from Rayleigh waves and Love 

waves are 19 s for PREM, 4 s for M84C, and 2 s for MPA12.4. The aspherical models 

significantly reduce much of the scatter of the duration estimates for Love waves alone and 

reduce differences in the duration estimates between Rayleigh and Love waves. The 

standard deviation of the estimate of source duration using PREM for Love waves is much 

larger than that for Rayleigh waves and those for both Rayleigh and Love waves using the 

heterogeneous models (MP A 12.4 and M84C). The mean of the inversion error minima for 

both Rayleigh and Love waves for PREM is about 0.4, which corresponds to inversion 

residual variances about 50% larger than those for the heterogeneous models. These 

comparisons indicate that aspherical structure is important in the duration estimate, along 

with the systematic shift in average phase velocities of MPA12.4 and M84C relative to the 

PREM model, and effects of lateral heterogeneity for Love waves are much larger than for 

Rayleigh waves. 

The consistency of the estimates of source duration, the small standard deviation of the 

estimates, and the large variance reductions for Rayleigh waves and Love waves obtained 

using MPAI2.4 model lead us to prefer the results for this model for the Sudan 
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earthquake. We thus find a 17 s duration for the Sudan earthquake. For the boxcar time 

function the half duration is the centroid time, so this corresponds to a 9 s centroid. 

in Seismic Moment Tensor 

For the second-step inversion, in which we determine the centroid depth and seismic 

moment tensor of the Sudan earthquake from long-period surface waves, the observed 

spectra are corrected for source delay using a 17 s duration boxcar time function and for 

propagation using model MPA 12.4. We must also assume a source velocity, density, and 

attenuation structure. As is generally the case, we do not have accurate knowledge of the 

crustal and upper mantle velocity, density, and attenuation structure for the Sudan source 

region, so we begin with excitation functions derived for some standard Earth models. 

We first invert for the source moment tensor using only Rayleigh waves, given their higher 

signal-to-noise ratios compared to Love waves. Figure 1-9 shows the normalized error, p, 

versus source depth curve for the second-step inversion using excitation functions 

computed for three Earth models: the average ocean model of Regan and Anderson [1984] 

(hereinafter referred to as R-A), 5.08M [Press,1970; Kanamori, 1970], and PREM and 

using three standard Q models: Oziewonski and Steim [1982] (hereinafter referred to as o

S), PREM, and Masters and Gilbert [1983] (hereinafter referred to as M-G). Using the 

PREM model for excitation functions and Q, the estimate of the centroid depth is about 11 

km larger than the 26 km depth obtained using the R-A model for excitation function and 

the O-S Q model. This is consistent with the systematic difference between the depths 

determined using these set of Earth models for other events [Zhang and Kanamori ,1988]. 

The estimate of the centroid depth using model 5.08M for excitations and M-G for Q is 21 

km. For comparison, the centroid depths for the October 18, 1989 Lorna Prieta earthquake 

from surface waves are 11, 19 and 31 km using Earth models (5.08M, M-G), (R-A, O-S), 

and (PREM, PREM), respectively [Velasco eta!., 1992], while independent body wave 
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detenninations range from 10 to 18 kIn. Therefore, for the Sudan earthquake, we assume 

that the Rayleigh wave excitations can be represented by one of these standard Earth 

models, and the centroid depth of the earthquake is between 21 to 37 km, with our 

preference being for the shallower depths of 21-26 km. However, much shallower 

centroid depth cannot be ruled out, since the EARS structure for the Sudan source region 

may differ significantly from any available standard earth model. 

The surface wave moment tensor of the Sudan earthquake has about 35% ratio for the 

moments of the minor and major double couples. For various combinations of the Earth 

models as in Figure 1-9, the ratio is between 30 to 45 percent. In order to estimate the 

uncertainty of the ratio for the moment tensor solutions we use the Frobenius norm of the 

covariance matrix for a moment tensor to estimate the errors of eigen-values of moment 

tensor solutions. This gives the ratio of 35±7 percent for Rayleigh wave inversions and 

35±1O for joint Rayleigh and Love wave inversions. 

We have tested the stability of our moment tensor solution by varying the size of the 

data set and the depths used for the inversion. Allowing the data size to vary by 40 percent 

and the depth to vary by 10 km from the best centroid depth obtained in the inversion, the 

ratio is always larger than 25 percent. This indicates that the source process of the Sudan 

earthquake cannot be represented by a simple shear rupture. 

We have also examined the effects of epicentral mislocation on the determination of the 

seismic moment tensor from long-period surface waves using the procedure of Zhang and 

Lay [1990]. For these Sudan earthquakes travel time observations are limited to 

teleseismic distances, which prevents an accurate assessment of the uncertainty in the 

teleseismic locations of these events. Thus we invert the surface waves for various 

assumed epicentral locations. For assumed source locations within 30 km from the 

epicenter given by the NEIC, inversions of Rayleigh waves always yield a moment tensor 



Figure 1-10. Focal mechanisms (shaded compressional regions) of the 1990 Sudan 
earthquakes of May 20 (toP) and July 9 (bottom) for best double couples from Rayleigh 
wave inversions with various epicenrrallocations to the north and west of the epicenters 
civen bv the NEIC. The distance increment is 10 km alone: both directions. The centroid 
deoth useri in the inversions is 20 km for the Mav 20 event and 17 km for the J ulv 9 event. 
The value of the moment ratio of the minor and major double couples is listed for each 
assumed epicemrallocation. 
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May 20, 1990 Sudan 

Major 

Figure 1-11. Focal mechanism (lower hemisphere equal-area projection) of the major and 
minor double couples detennined from Rayleigh waves at the cencroid depth of 26 lan_ 
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with the ratio of the minor and major dO!lble couple being larger than 18 percent and 

similar strike-slip mechanisms for the best double couples. 

Figure 1-10 shows the ratios and major double couple focal mechanisms from Rayleigh 

wave inversions with various epicentrallocations to the north and west of the epicenters 

given by the NEIC. The inversion errors are essentially the same for all assumed 

locations, although there is a very weak minimum at the source location about 40 Ian to the 

north of the NEIC epicenter. For source locations within 50 km from the NEIC epicenter 

the ratios for epicentrallocations in this azimuthal quadrant are smaller than for other 

azimuths. The CMT solution [Dziewonski et al., 1991a] also gives a large non-double 

couple component for this event with its centroid location at 5° .32N and 32°29E, which is 

about 20 km to the north and 30 km to the west of the NEIC epicenter (5°121N and 

32° 145E). 

Figure 1-11 shows the mechanisms of the major (best) and minor double couples 

obtained for the 26-Ian centroid depth using (R-A, D-S) models. This moment tensor has 

34% ratio for the moments of the minor and major double couples. The best double couple 

has 0= 62±(1O)o, e = 319±(5)o, A = 7±(5)o, and moment = 6.9 (±1) x 1019Nm, and the 

minor double couple has 0 = 37±(l0)o, e = 35±(5)o, A = 313±(5)o, and moment = 2.9 

(±1) x 1019Nm. The mechanism is essentially strike-slip for the major double couple, and 

is normal faulting for the minor double couple. The minor double couple geometry is 

similar to that of the second large aftershock (Figure I-7c). 

We also invert for the source moment tensor using both Rayleigh and Love waves. 

The results are consistent with those obtained using only Rayleigh waves, and the best 

moment tensor solution has a centroid depth around 29 km and a ratio of about 33% for the 

moment of the minor and major double couples. 
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Figure I·12. a) Rayleigh wave amplitude (in units of 1025 m s) and phase (in units of 
radian) spectra corrected for propagation at periods of 150s ( a,b); 256s (c.d); and 300s 
(e.f). Dashed lines indicate theoretical values calculated for the moment tensor solution 
obtained in this studv. Dotted lines are values calculated for a double caUDle with a 
strike=319°. dip = 62°: rake = 7'~, and moment = 7x 1019 Nm. . 



Love Waves (05/20/90) 
2~~~--~------------------~----------~~ 

a.. 2.0~: ",~ . :........ .••••.. (a) ... ;;, != 
:' • ~ '0, ,.". " 

:2" 1.SE- ,", ~ , \ ~ .... ' ~ '.... /, .,. : '.... ....' : ... ~~, 
« "," ", ' .. _.:' " 

' •• ., .\', .'1 ~'.:. .\'1 

",I ," .,~ ,.' ~. j .... 

',} .~:/ ·t..i~ ~.a ".;I, 

Q) 
en 
ctl 
.c: a.. 

Q) 
en 
ctl 
.c: . 
a.. 

a --~-o---..... 
Ii' 

2, T=j5C1si 
~ i • i • .,3 ~ . 

o t. I. ~ . :,01_.- .... ,;-_.- , 

-: ;5 
-2!- "1 ! 

L ; 
2.0E-

~ 

1.5E-

.", I" 

: e t, 

, '. 

.... . '. 
~ ..... " 

" . .' ... 
. e;, 

o' ......... • 
.• '. (c) 

: , ....... " 
: I "0 ~ .. :, \. "'; ./ ,.J 

1.0E-.' " .. ' ".;. ";, 'J 
: :' : ~". I • \',:, '\":' • \ :" 

.5 E-) ~ ; ". I ; " • 

~. • ) I <. • t .' " 
O t

·' 'i .:.~ ./ l 

2 T =256 s (---, .... --;-;. ('f:"' ......... ~~ 
'1 , 

I . a 
O!r .- ..-....;;..... "- ._--"S.> ~ 
~ ~;1 0 0 

il 
.2~E'---.......-_~ ___ --._( d_) _~: 

2.0E- .. ,.. ......... " ,'. ~'. .:: 

5 ~ . I' '. :' Sa. ", ,.' ,.' _., •••• (e) :' ,:, '.'~. ,3 a... 1. ~ .:, ~ , , ". "...... ~ , , \'. J 
~ ". , \ " • I '.', \. 

,1.aE-:' -=-". .. ... , ~'.;' ,·.l « .~ ~ .. ;" . -, . ", :, -,". :'. ,'.J 
-~ .~.; ~? ~ 

:, -.' ~~ \! ' 

~t T =300 s,-""-'; ';. r~-'-"~j 
L :1' _ 
i ; " o ~ __ , __ ...... ~_. 
.. ~ ~. 
~ . 
• .1 

.. ? to- ' 
.r 

",6 
o o (f) 

L 
o '20 240 360 

Azimuth (deg) 

Figure I-12. b) Love wave amplirude and phase spectra. 
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Figure 1-12a shows observed Rayleigh wave amplitude and phase spectra corrected for 

instrument and propagation effects, along with the spectra predicted from our source model 

(dashed lines) at periods of 150, 256, and 300 s. The dotted line indicates the spectra 

predicted from a double couple with a B = 62°, e = 319°, A = 7°, and moment = 7 x 1019 

Nm. The asymmetric lobes of the observed amplitude spectra are not well predicted by the 

double couple, which gives rise to the large CL VD or minor double couple component. 

Figure 1-12b shows observed Love wave amplitude and phase spectra, with similar 

comparison with the full moment tensor and major double couple patterns. The scatter is 

large, so these spectra are not very diagnostic of the complex mechanism other than in 

combination with the Rayleigh waves. 

The two aftershocks on 24 May occurred within 30 minutes, so the surface waves of 

these events overlap. Source parameters of these two aftershocks cannot be accurately 

determined using our inversion procedures. For the first aftershock the variance reduction 

is very small for any assumed source process time for all the periods studied. For the 

second aftershock, the variance reduction is slightly larger than that for the flrst aftershock; 

the average of the source duration estimates is larger than 30 s, which is at least 10 s longer 

than for the mains hock. This is likely due to the error in measuring the phase of the event, 

caused by interference of the surface wavetrains from the two events. The data are 

consistent with normal fault components for a 20 krn centroid depth, but we cannot resolve 

the details. The CMT solutions of Dziewonski et al. [1991b] do yield normal fault 

solutions for these events. 

The surface wave radiation patterns for the July 9 earthquake differ signiflcantly from 

those for the mainshock. Figure 1-13 shows the amplitude and phase spectra of Rayleigh 

and Love waves at a period of 250 s for the July 9 earthquake. Both the amplitude and 
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Figure 1·13. The July 9, 1990 Sudan earthquake. Amplitude spectra of Rayleigh (a) and 
Love waves lC) (in units of 1024 m s) and phase spectra of Rayleigh (b) and Love waves 
(d) (in units of radian) of observed propagation-corrected source spectra of a period of 250 
s. Dashed lines indicate theoretical values calculated for the moment tensor solution 
obtained in tnis study. Dotted lines are values calculated for a double coupie with a strike 
=i28°, dip = 89°, rake =10°. and moment =3 x 10 18 Nm. 
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phase radiation patterns for the July 9 earthquake are rotated clockwise about 20-30° from 

that for the mainshock. 

Inversions of the Rayleigh wave spectra for the July 9 earthquake give a moment tensor 

(Mxx:2.0, Myy:-O.3, Mzz:-1.7, Mxy:-3.1, Mxz:-7.3, Myz:1.8 in units of 1018 Nm) (Note 

this is in Aki and Richards' moment tensor convention.) with the best double couple 

having an oblique focal mechanism (6 = 194°, 0 = 19°, A. = -153°, and moment =8 x 

1018). The ratio of the minor and major double couples is 18±9 percent. Inversions of 

both Rayleigh and Love waves give a moment tensor with similar best double couple 

mechanism but a ratio of the minor and major double couples of 24±18 percent. The non

double couple component in the moment tensor solution for the July 9 earthquake is not 

well resolved. 

Since the July 9 earthquake is much smaller than the mainshock, there are fewer surface 

wave phases that can be used in the inversion. The errors in the moment tensor inversions 

are much larger than for the mainshock. The total normalized variance of the moment 

tensor solutions for the July 9 earthquake is about a factor of three larger than that for the 

mainshock. 

We also examined the effects of source location on our surface wave inversions for the 

July 9 earthquake. Figure 1-10 shows that for various epicentrallocations to the north and 

west of the NEIC epicenter the best double couple solutions represent oblique faulting with 

one nodal plane striking generally east-west and another north-south. Inversions with 

assumed source locations in other azimuthal ranges result in similar focal mechanisms to 

those shown. In contrast with the mainshock the ratio of minor to major double couples 

can be much reduced for an epicenter location to the northwest of the MEIC epicenter. For 

the assumed source location 10 km to the north and 20 km to the west of the NEIC 

epicenter the moment tensor solution is essentially a pure double couple with a seismic 
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moment 4 x 1918 Nm, and an oblique mechanism with e = 197°, B = 58°, A. = -155° for 

the first nodal plane and e = 93°, B = 69°, A. = _35° for the second nodal plane. The 

inversion errors are essentially the same for these assumed locations with a weak minimum 

at the location to the northwest of the NEIC epicenter. The CMT solution [Dziewonski et 

al. 1991a] has a small non-double couple component but with the centroid location 

(5.83°N, 31.600 E) about 50 Ian to the north of the NEIC epicenter (5.345°N, 31.654°E). 

The focal mechanism of the July 9 earthquake obtained from the body waves indicates 

strike-slip faulting similar to that of the major double couple solution of the mainshock. 

Figure 1-14 shows that for the mainshock the focal mechanisms of the major double 

couples of the moment tensor solutions obtained from body waves and surface waves have 

similar nodal planes to the best double couple of the CMT solution. However, for the July 

9 earthquake our moment tensor solution from surface waves suggests a fault geometry 

quite different than the mains hock. Figure 1-13 shows that observed amplitude and phase 

radiation patterns are clearly rotated clockwise from predictions for the fault plane solution 

form our body wave analysis of this earthquake. The CMT solution is different from both 

solutions. This perhaps indicates that the July 9 earthquake is also a complex event, but 

the full character of this complexity cannor be quantified. A mixture of strike-slip and 

normal faulting is indicated, which is consistent with the range of faulting of the earlier 

events. 

Discussion 

The moment tensor solutions for the mainshock from body waves and surface waves are 

quite consistent. The major double couple is predominantly strike-slip although there is a 

large CL VD or minor double couple component. Our interpretation is that the mainshock 

is composed of at least two basic subevents: the dominant source is pure strike-slip, and 

the other is a normal event. This complexity is also manifested in the aftershock behavior. 
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The aftershocks on May 24 are both normal events, but with a large rotation of the 

tensional axis. The event on July 9 is very similar to the dominant mechanism of the 

mains hock and lacks a significant CL VD, which is different from the CMT solution. If the 

dominant mechanism for July 9 also appears to involve a mix of strike slip and normal 

faulting, perhaps with some frequency dependence that yields a predominantly strike slip 

solution for the body waves. Overall, our focal mechanisms are fairly consistent with 

those of other workers [Gaulon et al. 1990, Dziewonski etal., 1991], with the July 9 

event having the largest discrepancies. 

Possible interpretations 

i) The Sudan earthquake sequence is an extension of the western branch of the EARS 

From Figures 1-1 to 1-3, the earthquake sequence is clearly not directly on the western 

branch of the EARS. Actually, the western rift appears to reduce in activity to the north 

and south of the central segment ( Lake Tanganyika to Lake Malawi) [Daly et al. 1989] 

and the northern end terminates near the Aswa shear zone. The location of the sequence is 

actually 100 km further north from the Aswa shear zone. If this sequence is related to an 

extension of the western branch [Ruff et al. 1990], we would expect focal mechanisms 

with predominantly normal faulting perhaps with right- and left-lateral displacement. 

However, there is a lot of strike-slip motion and the stress axes are rotated with respect to 

the activity further south along the western branch ( Figure 1-15), and the trend of graben 

structures south of the Aswa shear zone (Figure I-I). We feel that this is not the best 

interpretation of this sequence. 

ii) The Sudan earthquake sequence is related to intra-continental transform faulting 

The occurrence of a left-lateral strike-slip event near the offset of the western and eastern 

branches of the EARS implies that this is a transform fault like event. In fact, 

geometrically, there are some similarities between the EARS and oceanic rift systems. The 
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Figure I·1·t Source mechanisms of 1990 Sudan earthquakes for the best double couples 
from sunace waves (shaded compressional regions) and body waves obtained in this study 
(dotted lines), and from the Harvard CMT solutions (dashed lines). For the May 20 
earthquake the ratio of the minor and major double couples is 35±7 percent from surface 
waves, 20 percent from the body waves. and 36 percent given by Harvard CMT solution. 
The focal mechanism of the July 9 earthquake from surface waves is obtained from 
inversions with assumed epicenrrallocation 10 km to the north and 20 km to the west of the 
epicentrallocation given by the NEIC. 
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mainshock and July 9 aftershock have characteristics of transform faulting: large 

magnitude, shallow depth and strike-slip focal mechanisms. The Aswa shear zone is 

poorly defIned and diffuse enough that this sequence could be genetically related to it. 

Satellite imagery indicates there has been recent lateral horizontal movement along the 

Aswa shear zone [Gaulon et al. 1990]. However, there are some inconsistencies to be 

answered; the mainshock is 100 km north to the Aswa shear zone, and the sequence is 

located near the old Mesozoic Sudan rift instead of the Cenozoic rift. Faults are visible on 

satellite images to the north of the mains hock, and observation of their scarps indicate that 

this region is presently active [Gaulon etal., 1991]. This may support the notion that the 

Aswa is part of the diffuse boundary between the Somalian and African blocks. Although 

the slip vectors of all the events in this earthquake sequence are fairly similar ( Figure l

IS), the diversity of faulting needs to be explained. For all of the events, we believe there 

may be a component of normal slip. Are these normal motions also related to the 

"transform fault"? The structure is very complex in the southern Sudan area ( Figure 1-2 

and Figure 1-3). There are no mapped faults at the surface in this region (Figure 1-1). All 

of the old faults are buried beneath the sediments. The predominantly strike-slip events 

(mainshock and the July 9 event) are shallower (6-11 km) than the predominantly normal 

events (14-23 km). This may indicate that the large normal events are not in the sediments, 

but rather in the old Precambrian bedrock. The complexity of faulting requires interaction 

of strike-slip and normal faults within the transform zone. 

iii) The Sudan Earthquake sequence is related to reactivation of pre-existing faults 

Reactivation of pre-existing structures has long been invoked as a major influence on the 

evolution of geological structures and intra-plate seismicity [Sykes, 1978]. Experimental 

rock deformation studies demonstrate that under conditions of brittle failure, individual 
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faults may have a lower cohesive strength and frictional sliding threshold than the rock 

surrounding the fault. Hence, given an appropriate stress orientation, failure is likely to 

occur along a pre-existing fault. Phanerozoic rift basin evolution in Africa has been 

strongly influenced by the pre-existing basement structure inherited from Precambrian 

tectonics. Two modes of basement reactivation may be identified [Daly et al., 1989]: the 

largely dip-slip reactivation of gently dipping shear zone and thrust structures and the 

largely strike-slip reactivation of steep shear zones and faults. In particular, crustal scale 

steep basement shear zones have exercised a profound control on rift basin formation on a 

regional scale. Such shear zone structures are seen to govern the location, trend and 

structural style of rifts and appear to involve relatively narrow, high strain zones formed 

during ductile deformation. They occur as steep, crustal scale ramps that define a 

pronounced mechanical anisotropy within the African continental crust. The African rift 

systems ( all three of them) are controlled by the pre-existing shear zones in the continental 

crust [Daly et al. 1989]. 

The half graben structure is very common in Africa, and in particular, in southern 

Sudan [Schull 1988, Green, 1990]. Consider a half graben structure (Figure 1-16), in the 

presence of an extensional stress field, we expect a strike-slip event in area (1) and normal 

shallow faulting in areas (2). In this case, it is possible that the strike of the faulting will 

change from one place to another due to change of the polarity of the half grabens. This 

could explain the variation in aftershock focal mechanisms for the Sudan earthquake 

sequence. On the other hand, although the three major aftershocks appear lined up with a 

trend in the NW-SE direction, the spatial and temporal distribution of the aftershocks is 

scattered (Figure 1-4). This suggests that the structure in this area is very heterogeneous. 

There might be many weak zones associated with the preexisting faults, perhaps with 

overprinted tectonic events. Where and when a weak zone fails depends on the location of 
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Figure 1-16 An example of the half graben srructure. Strike-slip events are most 
likely in locations (1) and normal events will be near (2). 
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the weak zone, its strike and how weak it is. This may explain the pattern of the 

aftershocks of Sudan earthquake sequence. It does not exclude new faults being generated 

by the events. 

If the Sudan earthquake sequence is the result of reactivation, the trend of the basin edge 

and the dip of the reactivated graben are very crucial. Consider the graben model shown in 

Figure 1-17, in which the trend of the basin is assumed to be similar to the southern Sudan 

basin ( Figure 1-3). When a strike-slip event occurs at position A with a left-lateral strike

slip focal mechanism (like the 1990 mainshock), an earthquake in position B should 

involve thrusting instead of a normal faulting, and the slip vector should be consistent. 

This is contrary to the observations of the Sudan earthquake sequence. Secondly, the 

southern Sudan basin was formed during Late Cretaceous time [Fairhead 1988]. Any 

weakness in the crust during that time probably would be unimportant now unless it has 

been reactivated many times since the Cretaceous. Overall evidence of the reactivation is 

limited because the causal faults are buried under Quaternary alluvial sediments (Figure 1-

3). 

iv) The Sudan Earthquake sequence is related to regional rotation of the stress regime 

The 1990 focal mechanisms (especially the normal faulting components) indicate a 

regional change in stress orientation in central Africa (Figure 1-15). Figure 1-15 shows that 

the stress field in the western branch changes from E-W to N-S in the southern Sudan. 

What cause this change? The third aftershock (June 9) is located at the west side of the Nile 

river. The major events of the Sudan earthquake sequence migrated from SE to NW 

spatially and temporally. If there is no reactivation, does this rotated stress create a new 

fault and this fault cut through the Nile river (Figure 1-4 and Figure 1-12)? If it is a 
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reactivation of a pre-existing fault it could give a rotated stress field like what is shown in 

Figure 1-18. 

Conclusion 

The Sudan earthquake sequence involved both strike-slip and normal faulting near a 

complex tectonic transition from the western branch of the East African Rift System to the 

Aswa shear zone. The interpretation of the earthquake sequence requires a complex 

model. The tectonic activity in southern Sudan is not readily explained by a simple 

transform fault, a simple reactivation of pre-existing faults or rupture caused by a rotated 

stress field. It is clear that the Sudan earthquake sequence is directly associated with the 

active stress regime in the area. But it is not clear whether the rupture is along a new fault 

in the upper crust, extension of a shear zone or reactivation of a very old weakness of the 

structure due to the stress. One possible explanation is that the normal events and the 

strike-slip events are not structurally related: strike-slip events are the new faults which 

indicate the transition between the western and eastern branches of the EARS, but the 

normal events are reactivations of the pre-existing faults. 
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CHAPTER III. The 1990 Rudbar-Tarom Iranian earthquake sequence: 

evidence for slip partitioning 

Introduction 

On June 20, 1990, a major earthquake occurred in northwest Iran, about 170 km 

southwest of Tabriz, near Rasht. The earthquake followed by a number of large 

aftershocks (Figure 11- la, 1b and Figure 2). The main shock (Ms - 7.5) caused more 

than 40,000 deaths, making it the most deadly event since the July 27, 1976 Tangshan, 

China earthquake. The earthquake occurred in the western-most Alborz (Elburz) 

mountains which border the Caspian Sea. Both faulting and folding associated with the 

earthquake were observed in the epicentral area. Coseismic surface faulting was associated 

with at least three main discontinuous, complex fault segments with a total length of more 

than 80 krn [Berberian et al. 1991]. These three main fault segments are arranged in a 

right-stepping en-echelon pattern, and are separated by gaps in the observed surface 

ruptures [Berberian, et al. 1991; 1990 EOS]. The focal mechanism of the main shock 

shows a pure left-lateral strike-slip motion [Thio, et al., 1990; Gao, et al., 1991], which 

was unexpected in the Alborz mountains are an obvious result of crustal shortening and 

thrusting. Further the slip vectors of the main shock and some aftershocks are 

perpendicular to the direction of the shortening in Alborz [Gao, et al., 1991; Berberian, et 

al., 1991]. 

The Iranian plateau is characterized by active faulting, recent volcanism and high 

surface elevation along the Alpine-Himalayan mountain belt [Berberian, 1976; Stocklin and 

Nabravi, 1973; Jackson and McKenzie, 1984; 1988]. Tectonic studies indicate that the 

Iranian plateau has a very high density of active and young faults and that reverse faulting 

dominates the tectonics of the region (Figure II-la and II-lb) [McKenzie, 1972; Jackson 
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and McKenzie, 1984; 1988; Berberian, 1973, 1976, 1981]. Unlike northern Asia-Minor, 

central Asia and Pacific margin of North America, where there are zones of major strike

slip faults, the active deformation in Iran is diffuse, and partitioned over a large area, 

along many reverse faults (Figure II-la and 1I-1b) [Berberian, 1973, 1976, 1981; Jackson 

and McKenzie, 1984, 1988]. This is presumably due to the fact that the Iranian plateau is, 

on the one hand, confined between the convergent movements of the Arabian and the 

Eurasian plates, and on the other hand, is laterally trapped between the Arabian plate with 

eastern Asia-Minor in the west and the Indian plate with Eurasia in the east (Figure II-I). 

Because of entrapment of the Iranian plateau, the motion in the eastern part of the Arabian 

impinging zone is first taken up by several reverse faults with large strike-slip component 

in the Zagros and then by pure thrust faulting towards Central Iran (Figure II-la and 1I-1b) 

[Berberian, 1981; Jackson and McKenzie, 1984, 1988]. 

The seismicity in Iran plateau is a signature of this diffuse tectonic movement. Iranian 

seismic activity, which is intimately related to reactivation of the existing faults, can be 

separated into three categories: 1) the Zagros active fold-thrust belt; 2) the Central Iranian 

plateau; and 3) the Makran accretionary flysch which is subducting underneath 

southeastern Central Iran [Berberian, 1981]. In general, seismicity is discontinuous and 

earthquake epicenters show seismic gaps of several years to several centuries [Berberian, 

1981, and 1973, 1978; Jackson and McKenzie, 1984, 1988]]. In northwest Iran, there 

have been several catastrophic earthquakes in history [Ambreseys and Melville, 1984, 

Berberiran, et aI., 1991]. The 1990 sequence occurred at the Alborz Mountains, the 

northern boundary of the Iran plateau, situates between Iran and Caspian Sea (Figure Il

Ia, II-lb and Figure 11-2). The macroseismic area extends over the Manjil basin, TaIesh 

mountain and Tarom mountains (Figure II-2, Figure II-I a) [Berberian, et aI., 1991]. The 
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mainshock is also called Rudbar-Tarom earthquake [Berberian, et al., 1991] or Manjil 

Earthquake [Niazi and Bozorgnia, 1992]. 

Geological and Geophysical background 

Iran sits atop a plate collision along the Alpine-Himalayan active mountain belt (Figure 

II-la and Figure 1I-1b). As the African-Arabian plate approached Central Iran, subduction 

of the Mesozoic ocean crust beneath Central Iran apparently occurred along the "Zagros 

suture zone". This suture is indicated by a belt of defonned ophiolites, pelagic sediments 

and turbidities with clastic blocks (trench sediments; Figure II-I). Distribution of the 

convergent petrotectonic assemblages mark the contact between two different continental 

blocks (Zagros in the south and Central Iran in the north) along the present line of the Main 

Zagros reverse fault. The ophiolites and pelagic sediments in Iran were in the fonn of a 

stack of thrust sheets during the late Cretaceous (65 Ma.) [Berberian 1981]. The 

geological and tectonic history of the Iranian plateau has been typically "intracontinental" 

[Berberian and King, 1981; Stocklin and Nabravi, 1973]. Subsequent sedimentation was 

controlled by major basement faults which have clearly been inherited from previous 

orogenic phases. Post-collisional convergence resulted in progressive reverse faulting and 

the gradual rise of the mountain belts above sea level [Berberiran and King, 1981]. 

As in other active regions, both defonnation and seismicity is spread out over a broad 

zone along several active faults in Iran [Berberian, 1973] (Figure 1I-1a and Figure II-lb) 

suggesting a complex mode of defonnation. Unlike young oceanic crust, the continental 

crust has a non-unifonn composition, and usually contains many inherited zones of 

weakness. These zones (or faults) may be reactivated if the stress field is suitable and the 

faults are oriented favorably with respect to the stress direction [McKenzie 1972, 1978; 

Molnar and Tapponnier 1975; McKenzie and Jackson 1983]. Because of its 
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heterogeneous nature, one would tend to view the Iranian plateau from a mechanical point 

of view as a jumble of large crustal fragment of varying rigidity and tectonic history. The 

fragments are separated by major, deep, and old boundary faults; the geological structure, 

deformational style and seismicity in each fragment has a special and consistent pattern, 

different from those of the adjacent units [Berberian, 1981; Jackson and McKenzie, 1984]. 

These major boundary faults, which are usually old, deep-seated fractures reactivated 

during different orogenic periods, have played an important part in the structural evolution 

of the plateau. The axes of maximum crustal shortening in the different units, based on the 

Neogene fold axes of the mountain belts [Berberian, 1981] indicate a NE-SW direction of 

shortening. The focal mechanisms of the earthquakes also show NE-SW horizontal 

component of the compressional axes [Jackson and McKenzie 1984]. The movement of 

the Arabian plate towards the north-northeast with respect to Eurasia, which is roughly 

perpendicular to the Neogene fold axes, is presumed to be responsible for this shortening 

(Figure 1I-1a and Figure II-I b). In northwest Iran, the tectonic features seem a little 

different from other tectonic fragments in Iranian Plateau because of the down ward 

depression, the Caspian Sea. The Alborz mountain belt in NW Iran, the epicentral area of 

1990 Iranian earthquake sequence, consists of a broad arch of parallel folds, reverse faults 

and nappes forming major imbricate structures which border, and are roughly parallel to, 

the southern edge of the South Caspian basin (Figure 1I-1b) [Stocklin and Nabavi, 1972; 

Berberian, 1973; 1976] and has experienced catastrophic earthquakes during recorded 

history [Ambreseys and Melville, 1984; Berberian et al., 1991]. The focal mechanisms of 

these earthquakes indicate that reverse faulting or compressional stress regime is dominate 

in this area and the fault planes are roughly parallel to the trend of the South Caspian Sea 

[Berberian, et al., 1991]. The regional trend of the 1990 epicentral area is in WNW-ESE, 

extending from Talesh mountain to Tarom mountains, cross the Manjil basin (Figure II-lb 
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and Figure 11-2). The Alborz mountains are characterized by strongly deformed 

metamorphic basement complex covered by Mesozoic sediments [Stocklin and Nabavi, 

1972]. The Manjil basin, which separates the Talesh mountain to the north and Tarom 

mountains to the south is partially filled with volcanic ash and other sedimentary deposits 

in the Neogene time. And Tarom mountains are basically fonned of Eocene volcanic rocks 

and semivolcanic layers [Geological Map of Iran, 1978]. The Paleozoic-Mesozoic rocks 

of the epicentral area are highly faulted [Berberian, 1973, 1976]. Reverse faulting and 

thrust faulting are the main features in the area. Both north and south dipping thrust faults 

are found (Figure II-Ib). Most of the faults are trending a NW-SE, but some of them turn 

to SW-NE direction (Figure II-lb). 

1990 Iranian earthquake sequence 

The earthquakes 1990 sequence was located south of the Caspian Sea. The main 

surface ruptures of the 1990 earthquake occurred on an inaccessible fault in the high 

Alborz mountains that had not previously been recognized. The fault outcrops in a scantily 

populated region within the reaches of the high mountains, rather than at the base of the 

mountains, as is commonly observed in Central Iranian earthquakes [Berberian 1981]. 

Three fault segments were found in a field survey after the earthquake [Berberian 1991]. 

Each segment has a strike of 095°-120°, with oblique left-lateral and reverse motion on 

faults that are sub-vertical or have steep dips to the S or SSW. Maximum surface 

displacements were 60 cm horizontal (left-lateral) and 95 cm vertical (south side up) 

[Berberian, et aI., 1991]. Bedding-plane slip in a reverse or thrust sense was also 

observed at the surface following the earthquake, and may have occurred during coseismic 

folding. Seismic body waves of the main shock confirm the left-lateral nature of the 

faulting, and show that slip occurred in at lease three main sub-events within first 20 
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seconds after the rupture. This may correspond to the fault segments seen at the surface. 

The main shock focal mechanism obtained from broad band body waves is almost pure 

strike-slip [Gao, et al., 1991; Thio, et al., 1990], with little evidence of the vertical 

component of motion seen at the surface, and as we will show later, it may be related to 

some of the aftershocks. The aftershocks are relatively scattered and have variety type of 

focal mechanisms, but all of them fall in two categories, strike-slip and thrust. The Ms > 

4.6 aftershocks within first three days are studied here and will be discussed later. 

Relocating the earthquakes 

A precise location of the earthquake is very important in seismic studies and especially 

in assigning its tectonic implications. The epicenters from the PDE catalogue for the 12 

Ms>4.6 earthquakes occurred within three days after the mainshock is shown in the 

topographic map of the west Iran and Alborz mountains (triangle in Figure II-la and gray 

triangles in Figure II-2). We use the JHD89 (Joint Hypocenter detennination) [Dewey, 

1977, 1983, handout] and the travel times for P and S waves published in EDR 

(Earthquake Data Report) Bulletin to determine the location of these events. The method of 

Joint Hypocenter Determination (JHD89) involves the joint, or simultaneous, calculation 

of all hypocenters for a group of earthquakes [Douglas, 1967; Dewey 1971, 1972; 

handout]. Statistically, by making simultaneous use of the data from all earthquakes in the 

location of each earthquake, the effects of travel-time anomalies introduced by travel path 

to the stations recording the earthquakes will be removed. The relocation process involves 

2 steps. First, one of the earthquake is chosen as the calibration event, and the locations of 

other events are computed. Then estimate the travel-time anomalies and statistical 

properties of each station-phase pair for each event. In our study, we first use the 

mainshock as the calibration event to get the locations of other events, then we use some of 

the larger aftershocks (M>5.1) as the calibration events re-do the whole process. Finally, 
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we average the locations of each event of each run. The location variance from each run 

should be small, otherwise, the result from a given run will be eliminated in the average 

process. The new locations are shown in Table 11-2 and Figure 11-2 (dark triangles). 

From the new locations, we see the events are lined up in NW -SE direction, not as 

scattered as before (gray triangles). 

The Main Shock 

The main shock is the only large strike-slip event in modem times in the Alborz area. 

The source process of the main shock consists at least three subevents in the fIrst 20 sec 

rupture [Gao, et al., 1991; Thio, et aI., 1990]. From inversion, these three subevents can 

clearly be seen in the source time function (Figure 11-3a). The source time function, was 

determined by an algorithm discussed in Gao, et al., [1992]. Assuming the source time 

function can be described by a series of boxcars, iterate for the maximum likelihood of 

source mechanism and depth by giving a initial model. The purpose is to get an average 

source time function for all of the stations, thus, no directivity is resolved in the 

procedure. Positivity constrains are used in the inversion. For the main shock of the 1990 

Iranian earthquake sequence, the error versus depth curve shows a very clean trend and the 

minimum error is at 12 km (Figure II-3a). To improve the absolute value of the errors, 

which might be due to the assumption of the same depth to all of the subevents, a forward 

modeling model is constructed based on the inversion model (Figure II-3a). This forward 

modeling model consists three subevents each of which has a different hypocentral depth, 

but the average depth of all the three subevents is constrained to 13 km, consistent with the 

inversion results. The comparison of the synthetics and the data after the forward 

modeling is shown in Figure II-3b. We have also modeled the available short-period data. 

For the short-period data, the source time function are necessarily more complex. Seven 

subevents are added in the first 15 sec rupture without changing the fault orientation 
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(Figure II-3a). The waveform fits are also shown in Figure ll-3b. From the source time 

functions for both the broad band fit, and the short-period fit, we see that the rupture 

process of the mainshock is characterized by low moment release then followed by a 

period high moment release. The results from the broad band and short-period waveform 

modeling for the source process is consistent with the fact of three fault scarps we saw on 

the ground during the surface survey [Berberian, et al., 1991] and local felt [Niazi and 

Bozorgnia, 1992]. However, there has been some controversy on the fault scarps 

associated with the mainshock [Niazi and Bozorgnia, 1992]. According to Niazi and 

Bozorgnia, [1992] the field investigation by Monifar and Naderzadeh [1990] indicated the 

80 km long fault scarps are at north end of Manjil basin and have a consistent right-lateral 

motion. From the body wave study of the mainshock, we suspect that these fault scarps 

might be due to the coseismic movements of the extensive aftershocks as we will show 

later. 

The focal mechanisms of the aftershocks 

Joint Inversion (teleseismic) 

Some of the ten aftershocks studied are large enough (Ms > 5.1) to be recorded 

teleseismically. For these events, we used joint inversion [Holt and Wallace 1987; Gao, et 

aI., 1992] method to obtain the focal mechanisms. The inversion routine was originally 

designed to invert the fault plane solution from regional and teleseismic data, but it can also 

be used to invert just teleseismic data alone. The inversion is somewhat similar to the 

source time function inversion routine described before. By giving an initial model for the 

focal mechanisms (either fault plane solutions or moment tensor), iterate for the maximum 

likelihood of source mechanisms and depth. The final solution for the focal mechanism is 

determined by judging the minimum value of the error function at the corresponding depth. 
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This inversion routine requires at least three independent wavelets set (P and SH are treated 

as independent data sets) for the fault plane solution and at least five independent wavelets 

set for the moment tensor inversion in order to assure the inversion is in least square sense. 

As more data set added in, the result becomes more stable. The data we used in our study 

are the GDSN broad band data and available short period data (Table II-I). Only the data 

set for two out of ten events match the requirement of the inversion, Event #2 (June 21, 

1990 Ms=5.4; OT: 02:08:51.0) and Event #5 (June 21, 1990 Ms=5.8; OT: 09:02:14.6). 

Table II-I shows the station information for these two events and the event parameters are 

shown in Table II-2. The first event (Event #2) is a left-lateral strike-slip event, which is 

very similar to the main shock, while the second (Event #5) is a thrust event. We did the 

inversion for Event #5 by solving the strike e, dip 0, and rake A.. The result is a SW-NE 

trending pure thrust event [Gao, et aI., 1991]. The moment tensor inversion gives a 

similar best double couple result without a significant non-double-couple component (or 

CL VD). This focal mechanism is consistent with the best double couple result from CMT 

[Dziewonski, et aI., 1991] and PDE report [June, 1991]. But when the three-component 

regional records of KIV (dis-WOO km, Az=325°) are used, the SW-NE trending thrust 

mechanism can not fit the data. Although the synthetic waveform looks similar to the data, 

but the amplitude ratio (or. moment) of each component is substantially different. 

Different focal mechanisms could generate similar looking waveforms but with very 

different amplitude ratios between components [Aki and Richards, 1981; Ben-Menahem, 

1983.]. The result from joint moment-tensor inversion (1M!) (joint with the regional data 

of KIV) has a significant non-double-couple component (43% CLVD, Figure 11-4). If we 

decompose it into major double-couple and minor double-couple according to Wallace 

[1985], we have a major double-couple trending in SW-NE direction with a thrust 

mechanism, which is consistent with our previous results [Gao, et aI., 1991], but the 
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Table II 1 S . f th 1990 Eanh oak - . tatton parameters a e lql esequence 
Station Distance (0) AZf) Data Type Phase used. 

bji 51.23 64.70 BB&SP P&SH 
col 77.58 7.40 BB P&SH 
chto 66.66 71.88 SP P 
hrv 84.36 320.53 BB P 
key 35.01 346.68 BB P&SH 
!ani 46.66 88.81 BB P&SH 
kana 34.53 324.70 SP P 
lzh 43.25 74.03 BB&SP P&SH 
majo 68.38 59.90 SP P 
tal 41.47 291.06 BB P&SH 
sir 65.26 201.40 SP P 
scp 89.20 323.18 SP P 
wmq 30.00 64.60 BB P&SH 



Table 11-2. E vent f 1990 I parameters 0 hauak 
~-------- ------ ------ --- -------

Event (No.) OT(PDE) PDE 

Date, hour:minute:sec Lat (NO) long(E°) 

Event 1 (main shock) June 20, 21:00:09.9 36.957 49.409 

Event 2 June 21, 02:08:51.0 36.789 49.789 

Event 3 June 21, 05:35:58.2 37.146 49.882 

Event 4 June 21, 07:50:23.0 36.988 49.523 

Event 5 June 21, 09:02:14.6 36.636 49.799 

Event 6 June 21, 12:17:27.5 36.732 49.407 

Event 7 June 21, 21:27:39.6 36.516 49.661 

Event 8 Junn 21, 21:31:07.7 36.794 49.333 

Event 9 June 22, 06:07:50.1 37.257 48.854 

Event 10 June 22, 06:21:51.5 36.827 48.977 

Event 11 June 24, 09:45:57.0 36.863 49.405 

Event 12 June 21J2:05:~1.4 ... ~7.~~~ _ 49.647 
-

JMI---- Joint Moment-tensor Inversion 

SSMI---- Single Station Moment-tensor Inversion 

SCD---- Simple Comparison Determination 

This study 

Lat(N°) long (EO) 

36.955 49.341 

36.793 49.825 

36.772 49.906 

36.873 49.520 

36.650 49.825 

36.989 49.483 

36.679 49.752 

36.851 49.431 

37.254 48.898 

36.871 49.527 

36.886 49.443 

37.003 49.530 

Ms 

7.7 

5.4 

4.6 

4.9 

5.8 

5.3 

4.9 

4.8 

4.6 

4.9 

5.1 

4.8 

Method used 

JMI 

SSMI/JMI 

SCD 

SCD 

SSMI/JMI 

SSMI 

SSMI 

SCD 

SSMI 

SCD 

SSMI 

SCD 
-

\0 o 



Station: kiv 

obs 
syn 

Ver ___ -' 

Rad-----.-J 

o 0.43 
t: 
<!) 

0.42 

(June 21,09:02) 

4 6 8 10 12 
depth_(km) 

clvd 43.3% 

source time function 0.5 1.0 0.5 

Mo = 0.57 
x 10**17 Nm 

Mo = 0.58 
x 10**17 Nm 

Mo = 0.22 
x 10**17 Nm 

time 10.0 sec 

91 

Figure II-4 Results for the Event 5. Two slIbevents can be obtaned from the decomposition 
of the moment. The first slIbevent is a NE trend thrust faulting but he second is a EW 
trend left-lateral rupture or NS trending right-lateral rupture. The regional fit for 
KJV is the original velocity records and so is the shon-perid (SP) fit in Appendix B. 



92 

minor double couple is a strike-slip mechanism similar to the mainshock (Figure II-4, 

Figure A-2, Figure II-3b and Table II-3a and b). The ratios of the amplitudes are shown 

on the right of each components. The regional records from KJV playa very crucial role in 

the study. 

Single Station Moment Tensor Inversion for KIV (regional) 

For the rest of the aftershocks, nine of eleven, we do not have sufficient azimuthal 

coverage of the teleseismic stations. Some of the events with magnitude ~ 4.6 are only 

recorded regionally. Since late 1980s and early 1990s, IRIS has employed digital broad 

band seismic stations in the former Soviet Union. Two of the stations are KIV and GAR. 

KIV is located in Kislovodsk, former USSR, latitude 43.95°N, longitude 42.68°E and 

GAR is located in Garm, former USSR, latitude 39.00oN, longitude 70.22°E. The average 

epicentral distance for KIV is about 1000 km and for GAR is 1800 Ian for the 1990 Iranian 

earthquake sequence. Since most seismic phases arrived at GAR are through the upper 

mantle and the upper mantle velocity structure in Garm, Hindu Kush is, no doubt, very 

complicated, the records from GAR are only used as the first motion constraint. Most of 

the events are recorded clearly and the data have a relatively high quality of signal to noise 

ratio. These events are studied by using the method of Single Station Moment Tensor 

inversion (SSMT) [Fan and Wallace, 1991]. For the data which are not very clear, we 

simply compare the waveforms of all the three components to those of the events we have 

studied in the inversion (SCD, Simple Comparison Determination). If the waveforms look 

similar to each other, and the amplitude ratios between the components are similar as well, 

we say the focal mechanisms for these events are similar (more details later). 

For years, people have demonstrated that the Pnl waves are very useful in determining 

the earthquake source mechanisms [e.g. HeImberger and Engen, 1980; Wallace, et al., 

1981, 1982; Wallace, 1986; Xu et aI., 1989]. In recent years, after high quality digital 
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seismic data is available, the source parameters can be obtained from inverting the three 

components of a single station records [Langston, 1982; Ekstrom, et aI., 1986; Jimenez, 

et al., 1989; Fan and Wallace, 1991]. Fan and Wallace [1991] have illustrated that the 3 

components of a single regional station seismic records can be used to determine the focal 

mechanisms. This algorithm works very well for small and intermediate sized 

earthquakes. By assuming a point source and a simple source time function, five Green's 

functions corresponding to the five elements in the moment tensor can be constructed, then 

the five moment tensor elements can be inverted in a least square sense by SVD (Single 

Value Decomposition) method. The seismic phases arrived at a regional seismic station 

(3°<.6.<13°) always have the characteristics of relatively low frequencies, and insensitive to 

the regional velocity structure, because most the rays come to the station are the head 

waves and multiple reflections between the earth surface and the Moho (Pnl waves) 

[Wallace, 1985, 1986; Xu, et aI., 1989]. The velocity structure in NW Iran and Caspian 

Sea is no doubt complex, the thickness of the crust varies from 32 km to 50 km [Wallace, 

1992.] and the Pn velocity varies from 7.9 km/s to 8.1 km/s [ Wallace, 1992; Hearn and 

Ni, 1992]. But for source parameter study, a very simple model is sufficient to fit the 

wavefonn [e.g. Wallace 1984, 1985?; Xu, et aI., 1989], since the waveform is much 

more sensitive to the source geometry variation. We use a simple model with a crust over 

a half space; the thickness of the crust is 40 km with P wave velocity 6.1 km/s, S wave 

velocity 3.4 krn/s, density 2700 glcm3 and an average Pn velocity is 8.0 km/s, Sn velocity 

4.4 krn/s, density is 3300 g/cm3 in the mantle. The Green's function are calculated 

separately by Generalized Ray Method at different source depths. We then iterate the depth 

and calculate the RMS (Root Mean Square) errors. The best depth is picked corresponding 

to the minimum error (Figure II-Sa). If the values of the error are close, we pick the depth 

where the three moments from the three components are similar. In this study, we use the 
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Figure II-Sa The waveform fit by SSMT (Single Station Moment Tensor inversion) for 
Event #11 from model a (a crust over mantle model with a crustal thickness of 40km). 
The focal mechanism show a NW-SE trending thrust event 
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absolute value of the data (Earth displacement in meters, or original velocity records in 

mls) in the inversion. Thus, no objective functions are used. The events studied by this 

method (SSMT) are listed in Table II-2. Figure (II-5a) show the waveform fits for the 

inversion of Event #11 by the displacement records. The focal mechanism is a pure thrust 

event. Bent and Heimberger [1991] indicated that at a regional distance, the waveform of a 

thrust event is more sensitive to the thickness of the crust, thus an inaccurate crustal 

thickness may change the results of the focal mechanisms. A different structure model is 

designed to re-run the Event #11 with the same P and S velocities but a different crustal 

thickness (30 km). The result is shown in Figure II-5b. The focal mechanism is very 

similar to the result with the ftrst structure model but with higher error values and a 

different focal depth. This is expected because there is a trade-off between focal depth of 

the event and the average crustal thickness [Wallace, 1986.]. The structure with a 40 km 

thick crust is used throughout our study. The waveform ftt for other aftershocks are 

shown in the Appendices (Figure B-2 to Figure B-7). The numbers on the right of each 

seismogram ftt are the moments calculated by the formula from Wallace and HeImberger 

[1981]. 

The average moment for each aftershock is given in Table II-3. 

The focal mechanism we obtained for Event #11 (Figure II-5a) is very different from 

the CMT solution, which is an oblique strike-slip faulting with 60% non-double-couple 

component [Dziewonski, et al., 1991]. To check our results, we also calculated the 

synthetics of KIV by using the CMT solution. Since the event (Event #11) is relatively 

small (M=5.1) and one may argue that the signals are somewhat contaminated with the 

long wave-length background noise, the original ground velocity seismograms are used. 

The waveform ftts from CMT solution and SSMT solution are shown in Figure II-6a and 



Table I1-3a. Focal hanisms for the 1990 Iranian Earthquake S - -

Event focal mechanisms (0) source time functions (s) depth Average 
(No.) e a A at] ot2 ot3 (km) Mo (Nm) 

Event 1 288 88 -9 I I I 13 1.4*1020 

Event 2 291 80 -10 0.5 0.5 0.5 12 0.92*1017 

Event 3 302 50 54 0.5 1.0 1.5 6 NA 

Event 4 103 81 10 0.5 0.2 0.5 8 NA 

Event 5 23 64 92 0.5 1.0 0.5 8 4.0*1017 

Event 6 302 51 54 1.0 1.0 1.0 6 0.8*1017 

Event 7 103 81 10 0.5 0.2 0.5 8 1.1 *1017 

Event 8 103 81 10 0.5 0.2 0.5 8 NA 

Event 9 302 50 54 0.5 1.0 0.5 6 1.*1017 

Event 10 309 47 65 0.5 1.0 0.5 10 NA 

Event 11 309 47 65 0.5 1.0 0.5 10 1.2*1017 
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Station: KIV 

Ver 

obs 
syn 

~ 0040 

5 
0.39 

(June 24, 09:45) 

4 6 8 10 12 14 
depth_Clan) 

clvd 59.7% 

source time function 0.5 1.0 0.5 

Mo= 0.34 
x 10**17 Nm 

Mo= 0.37 
x 10**17 Nm 

Mo = 0.01 
x 10**17 Nm 

time 10.0 sec 

Figure II-6a CMT results from Dziewonski etal. [1990] for the comparison of the 
resuits from CMT solution and SSMT (this study) (see Figure II-6b). Notice the 
CMT solution has a higher CL VD and less consistency of the moments calculated 
from each component. Additionally, the error versus depth curve shows the 
ambiguity of the depth determination. Original velocity records are used. 
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Station: kiv 
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Figure II-6b SSMT results (this study) for the comparison results from CMT 
CMT and SSMT solutions (see Figure II-6a). Notice the CMt solution has a higher 
CL VD and less consistency of the moments calculated from each component. (see 
Figure II-6a). Original velocity records are used. 
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II-6b. The errors versus depth for CMT solution is calculated by fixing the focal 

mechanism convolved with the same Green's function used in SSMT. Both the synthetics 

from CMT and SSMT look remarkably similar to the data, but the moment calculated from 

each component are substantially different. The moments (Mo) from CMT for the three 

components are not only different but the Mo from the tangential component (SH) is over 

30 times less than those from the vertical and radial components. This is not the case for 

the SSMT solution. This is because a strike-slip mechanism generates more SH wave 

energy, thus the waveform of a thrust event is more sensitive to the thickness of the crust. 

A different amplitude of the synthetics from this mechanism is larger than that from the 

thrust mechanism. From eq (1), the Mo becomes smaller. Other results for the events in 

Table II-3 are shown from Figure B-2 to Figure B-6. 

For smaller events (M-4.6), the Pnl waveforms are even very difficult to isolate on the 

original ground velocity records. But the surface waves can be seen relatively clearly 

because of the longer wave-lengths and larger amplitudes. For these earthquakes, we use 

the surface waveform of the event that we have studied in SSMT as a master event and 

compare the data of the small events with the waveforms of the master event. Then 

calculate the ratios between the events and compare those ratios between the components. 

For example, in Figure II-7a, the maximum amplitude of the vertical component for the 

master event (Event #9) is Amv=O.94 Ilm and the maximum amplitude of Event #3 is 

A3v=O.16 J..lffi, The ratio listed on the right of the waveform of Event #3 is R3v=A3v/Amv 

= 0.17. Use the same method to calculate ratio R3r=A3r/ Amr = 0.28, and ratio 

R3t=A3t1Amt = 0.20. Comparing R3v, R3r,R3t, the stability of the ratios can be checked. 

For event #3, they are quite similar, thus we infer event #3 has the similar focal mechanism 

with the master event #9. By comparing the waveforms of the GAR station (Figure B-7) 

(only vertical P waves are shown), we see they are very different, which means the focal 
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Vertical 
R3v=O.17; R12v=O.24 
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Radial R3r=O.28; R12r=O.40 
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50 (sec) 

Figure I1-7a Simple Comparison Determination (SCD) for the thrust events. 
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Figure II-7b Simple Comparison Detennination (SCD) for the strike-slip events. 
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mechanisms are not identical. The first motion of the data in GAR only indicates that slight 

change in the fault plane orientation needs to be made to get the second event focal 

mechanism. Unfortunately GAR data is not available for some events, so only few of 

them are shown. Table II-2 has the list of these events by this method (Simple 

Comparison Detennination, or SCD) and the focal mechanisms of these events are also 

shown in Table II-3a. In Figure II-7b, another set of data are shown. The master event is 

Event #7, which is an oblique strike-slip event. The vertical component of Event #8 is 

unusual because Event #8 occurred only 4 minutes after the Event #7. Some signals are 

contaminated by the previous event (Event #7, also see Table II-2). The determination of 

Event #10 is shown in Figure B-8. We can see how strong the contamination of the body 

wave for Event #10 is (Figure B-8). Overall, by comparing the records of these small 

earthquakes, the focal mechanisms are resolved with fair resolution. Figure 11-8 shows the 

focal mechanisms of all the 12 events (mainshock and 11 aftershocks) we have studied. 

Discussion 

Based on the focal mechanism results, one could ask the question: Why are there two 

different kind of fault motions (strike-slip and reverse motions) in this earthquake 

sequence? Over the broad deformation zone of northern Iran, the seismicity is dominated 

by thrust faulting and occasionally strike-slip faulting [Jackson and McKenzie, 1984; 

McKenzie, 1972]. The Alborz seismic belt follows the southern edge of the Caspian Sea 

and also joins the Kopeth Dogh in the east (Figure II-I). Compared with other seismic 

bets in Iran (e.g. Zagros), the Alborz is relatively quiet. But during the last 2-3 decades, it 

has been responsible for many catastrophic earthquakes [Ambraseys and Melville, 1982, 

Berberian, et al., 1991]. The pre-1990 earthquakes show predominantly two types of 

mechanisms (Figure 1I-9) both high-angle reverse and oblique faulting in the Alborz and 

surrounding low-elevation areas. One type has faulting with one nodal plane almost 
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Figure II-9 Regional seismicity of the lraian Plateau. With the consistency of the P axis from 
these focal mechanisms, the trend of the NW-SE fault plane turns from W-E at the central 
Iran to ~-S at the nonhwest Iran. west of the Caspian Sea. parallel to the southern shore line 
of the Caspian Sea Basin. The I ~~() aminshock is the big(lest among them and with a pure 
left-laterJI strike-slip focal mechanism. Two of the afters~ocks of die 1990 sequence are also 
shwn. 
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vertical and the other type has faulting on the shallow-dipping nodal planes, as in the 

Azerbaijan region of NW Iran [Jackson and McKenzie, 1984]. The 1990 main shock 

shows a pure left-lateral strike-slip mechanism which is certainly unusual in this area. 

Figure II-9 shows that, not only was the mechanism of the 1990 main shock unusual, but 

it occurred very close to a low-angle thrusting earthquake of the aftershock of 21 June 

1990 and to a high-angle reverse faulting earthquake (on 22 July 1983) typical of the 

region farther south. From the fault plane solutions of the earthquakes in this area, 

Jackson and McKenzie [1984] indicate that, due to the shortening of the Iranian crust, the 

slip vectors in the Alborz and Kopeth Dagh (Figure II-I) are all directed NE, implying a 

small component of left-lateral motion cross the Alborz mountains and small right-lateral 

component of slip in the eastern Kopeth Dagh. Further, in their 1988 paper, [Jackson and 

McKenzie, 1988], a careful analysis of the strain-rate indicates that from the SW comer of 

the Caspian Sea to the SE comer of Iran, the direction of maximum shortening is N40oE. 

This is consistent with the focal mechanisms shown in Figure II-9 and other fault plane 

solutions [Berberian, 1981; Jackson and McKenzie, 1984, 1988], which show mainly 

thrust faulting on planes striking NW, combining with N-S right-lateral or E-W left-lateral 

strike-slip. Although the 1990 mains hock is the fIrst large pure strike-slip event trending 

NW -SE in this area, the P axis from the 1990 Iranian earthquake sequence is directed in 

the NE direction (Figure 11-8). This is the same stress direction as other events, thus, the 

strain rate dominates the deformation in the active faults [Jackson and McKenzie, 1988]. 

When the regional convergence is oblique along the crustal weakness (faults), slip 

partitioning could occur [Jones and Wesnouski, 1992]. This has been seen in the San 

Andreas fault, California, USA, where the convergence between the Pacific plate and 

North America Plate is in NE direction, but the faults are mainly oriented in N-S or NW

SE direction. Oblique strike-slip events and thrust events along the San Andreas fault are 
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observed [Jones and Wesnousky, 1992; Tinker and Beck, 1992]. Farther south from the 

1990 Iranian epicenter (Figure II-9) there are several events with slip vectors in the 

direction _035°. The largest event was the 09/01/1962 earthquake (Ms=7.2) which 

produced an 80 km fault with oblique left-lateral and reverse surface displacement 

[Berberian, et al., 1992]. The 1962 event had a strike of around 100°, and slip vector of 

040+10°. In the high Alborz range, with the faults and foldings trending in NW-SE 

direction (Figure II-2, Figure II-lO), it appears that this oblique regional convergence is 

partitioned into strike-slip (e.g. 1990 main shock, and some of the aftershocks) and 

reverse faulting (1983 main shock and some of the aftershocks ), whereas it remains as 

oblique slip (1962 main shock as well as some of the aftershocks) in the lower elevations 

(Figure II-9 and Figure II-lO). The left-lateral motion observed in Baklor fault, Kabateh 

fault Rudbar section, and Zard Goli fault shown in Figure II-1O are from Barbarian et al. 

[1991]. The aftershocks with the new locations (this study) are also shown. The thrust 

events focal mechanisms are very consistent with the NW-SE trending thrust faults. 

Apparently, some of these faults have also experienced left-lateral oblique strike-slip 

motion (strike-slip events in the aftershocks). During the field survey after the earthquake, 

Berberian et aI. [1991] found substantial reverse motion along the Zard Goli and Kabaleh 

segments (Figure II-I 0), but this component of slip is absent in the mainshock waveform 

study [This study, Thio, et al., 1990]. From Figure II -10, it can be seen that two of the 

aftershocks, Event #11 and Event #10, are very close to the segments of the KabaIeh fault, 

and these are pure thrust events. We suspect that the reverse motion observed in the field 

are due to these aftershocks. The focal mechanisms of the other events in the region, 

Event #4 and Event #8 (Figure II-lO), are left-lateral strike-slip events (Table Il-3 and 

Figure II-8), which are consistent with the mainshock. 
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The reason why this partitioning occurs might be due to the inherent instability of long

term oblique slip. As McKenzie and Jackson (1983) point out that, if fault bounded blocks 

move in response to forces imposed on their bases by continuous flow in the mantle, then 

oblique slip on faults oriented acutely to the strike of the deforming zone cannot 

accommodate large finite deformation. They will rotate about a vertical axis as they move. 

One way in which the faults can take up large finite strains is if the motion on them is 

partitioned into pure shortening and pure strike-slip. This is consistent with the 

observation that the motion is partitioned in the high Alborz, where strains are obviously 

large, but not in the lower elevations of north central Iran, where strains are presumably 

lower. The faults may have become organized into a stable geometry as the strain 

increased. If partitioning really does occur because it is the favored way for crustal rocks 

to accommodate large scale and large magnitude oblique motion, then knowledge of the 

orientations of stress in the upper crust adjacent to such faults will provide insight into the 

dynamics of the deformation. This is demonstrated in block model in Figure II-Ua. 

Looking to NW along the strike of the mainshock, several major faults are shown in 

Figure II-11a. The NE oblique shortening motion is partitioned into pure thrust (thrust 

aftershocks, e.g. Event #11 and Event #10) and left-lateral strike-slip (mainshock as well 

as some of the aftershocks) in the western Alborz mountains. The focal spheres of the 

events have been rotated so that their nodal planes striking WNW are parallel to the faults 

in the block diagrams. Since the focal depths of the aftershocks are fairly resolved, both 

events which deeper and shallower than the main shock are shown in Figure II-II a. 

Event #5 is enigmatic. The location of Event #5 is right on the east end section of 

Manjil fault (Figure II-lO). At this section, the strike of the Manjil fault turns from W-E 

trending to SW-NE trending. The major double-couple is a pure thrust event (Figure II-

10), with a similar trending of the ManjiI fault, but the minor double-couple is a strike-slip 
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Figure II-Ila Block model showing the slip partitioning in NW Iran. 
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Figure II-lIb Block model combining the "controversial" fault scarps 
observed in epicentral area. 
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mechanism. If we take the NW -SE trending nodal plane as the rupture surface, the shear 

motion along the fault is more or less consistent with the mainshock. An explanation for 

this event could be the reactivation of the pre-existing Manjil fault coupled with a left-lateral 

coseismic movement associated with the mainshock. But on the other hand, if we take the 

S-N trending nodal plane as the fault rupture, then the Manjil fault zone has right-lateral 

shear movement. This can be also explained as the slip partitioning when we have a SW

NE thrust and right-lateral shear along the S-N trending fault zone. As indicated before, 

some authors have found right-lateral fault scarps in the north end of Manjil basin [Niazi 

and Bozorgnia, 1992], where the Manjil fault zone passes. The observation of the right

lateral motion on the fault could be due to the event on June 21, 1990, at 09:02:14.6 (Event 

#5). But one may argue that the intermediate magnitude Event #5 (Ms=5.S, NEIC; 

Mw=5.3, this study) is not large enough to generate SO km long fault scarps. Thus, we 

suspect that the total amount of right-lateral movement may be due to both the mainshock 

and the largest aftershock Event #5 (Table II-2). The scenario is simply shown in Figure 

II-lIb. The block between the Kabteh-Rudbar-Zardgoli fault (left-lateral fault from 

Berberian et al., 1990; 1991) and the Manjil fault (observed right-lateral movement) [Niazi 

and Bozorgnia, 1992; and Monifar and Naderzadeh, 1990] moves to the east laterally due 

to the mainshock and Event #5 aftershock, causes left-lateral faulting to the north (Baklor

Kabateh-Zardgoli fault) and right-lateral faulting to the south (Manjil fault) (Figure II-ll b). 

Event #7 also could be explained as right-lateral fault on Manjil fault (Figure II-S, Figure 

II-lO and Figure II-lIb), and contributes the right-lateral displacement on this fault zone. 

Conclusion 

The 1990 Iranian earthquake sequence is very unusual, and represents the dynamics of 

the tectonic movement in northwest Iran, south of the Caspian Sea since the late Neogene

early Quaternary (the Iranian plateau is a 'broad zone of compressional deformation' 
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[Berberian, 1981, Jackson and McKenzie 1984]). This is very consistent with the 

earthquakes. The whole Iranian plateau is a relatively weak belt affected by several 

collisional orogenic movements and is being compressed between Arabia and the Eurasia 

plates [Berberian, 1981]. The compressional motion between these plates resulted in a 

continuous 'thickening and shortening' of the continental crust by reverse faulting and 

folding in a NE-SW direction [Jackson and McKenzie, 1984, 1988]. Entrapment of the 

Iranian plateau between two impinging zones of the Arabian plate in the west and the 

Indian plate in the east, has provided a unique 'constrained convergent zone' along the 

Alpine-Himalaya belt, where the crust has to undergo only shortening and thickening along 

several reverse faults. 

The 1990 Iranian earthquake sequence is unusual. Previous studies of focal mechanism 

and active faulting [Jackson and McKenzie 1984; Berberian, 1981] in the area had 

emphasized the reverse faulting and folding that are undoubtedly the main processes that 

built the Alborz mountain belt (Figure II-I and Figure II-9). The 1990 earthquake 

provided the first evidence that the belt is also undergoing left-lateral shear. On the 

southern edge of the Alborz mountains the slip direction in earthquakes is approximately 

NE, and occurs on oblique faults. From the focal mechanisms and our analysis, we 

suspect that in the high Alborz mountains, NW Iran, where the amount of shortening and 

the topography are greater, this oblique convergence between NW Iran and the southern 

Caspian Sea is partitioned into essentially pure reverse motion and left-lateral strike-slip. 

Since the Iranian Plateau has been highly deformed, the recent tectonic movements due to 

the convergence between the Arabian and Eurasia plates are simply taking the advantage of 

the pre-existing weakness in the upper crust and escaping side ways (e.g. Event #5). This 

builds the complex and interesting patterns of the 1990 Iranian earthquake sequence. 
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CHAPTER IV. Seismotectonics of the Lop Nor region, 

Northwest China 

Introduction 
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Nearly all underground nuclear explosions have a component of non-isotropic seismic 

radiation which is manifested as SH and Love waves. Some of this shear wave type 

energy can be explained by phenomena such as scattering and spall, but for some 

explosions the level of SH excitation is just too large to be explained by anything except 

tectonic release. Tectonic release is defined as the release of pre-existing strain in a material 

around an explosion. At long periods the tectonic release produces a wavefield which is 

identical to that of an earthquake. Tectonic release has been studied in detail for NTS 

(Nevada Test Site) explosions [Wallace, 1992; Patton, 1992], and some Soviet nuclear 

tests [Burger et al., 1986; Walter and Patton, 1990]. Superposition of the wavefield from 

an earthquake on that of an explosion can bias yield determination. For example, Murphy 

and Archambeau [1986] have suggested that normal faulting tectonic release with a large 

stress drop (>300 bars) produced a systematic Mb anomaly for the PNE RVLISON of 

i1Mb =0.3. It is essential that such effects be understood if a particular test site is too be 

calibrated. 

The Chinese test site, known as Lop Nor, is in the Northeast comer of the Tarim Basin 

(Figure III-I). For many of the recent large Chinese events there is a very high level of 

tectonic release. Figure III-2 shows the SH and Loves for the Mb=6.6, May 21, 1992 

Chinese test recorded at GAR (distance =14°, AZ=265°). Notice that all of the three 

components are normalized to the same scale, and the Love wave amplitude is actually 

larger than the Rayleigh wave recorded on the both vertical and radial components. Since 

1964 when the first nuclear explosion occurred in Lop Nor, the Chinese have conducted 

total 38 explosions including 15 underground explosions (through Sept. 1992) at the Lop 
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Figure iII-I Topographic map or the area around the Lop Nor Test Site. The interval of the 
contour iines is IOOOm. The inset shov·:s the geographic location of the map. The biack dots 
are the unclear explosions which began In 1964. The black dots in the south are the 
atmospheric explosions. while those In rhe nonh are underground nuclear explosions. The 
open c::-cies are the epicenters of rr:e e:mhquakes with a total number or 25 since 1950 
within ':00 km around the Lop Nor. The open circles with a cross are the events we studied 
in this caper. The open triangle is the CDS~ station WMQ. 
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Pigure 111-2a A record of the explosion (Mh-6.6) on May 21, 1992 at GAR (dis=14, az=265). It has a 
significant Love wave component. The three components of the record are Ilomalizcd to the same scale. 
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Nor Test Site. Most of these underground nuclear explosions have non-isotropic 

component Figure 11I-2b shows some of the tangential records for the explosion on May 

21, 1992, the largest nuclear explosion in last 15 years. At almost all the azimuths, the 

Love waves are very large and coherent at periods of 20 seconds. 

Geological and Geophysical background 

Lop Nor is located in Northeast comer of Tarim basin, Xinjiang province, China 

(Figure III-I). The Tarim Basin is a rigid block of Precambrian and Paleozoic rocks which 

has survived relatively undeformed during the ongoing collision between Indian and 

Eurasian Plates. Most of the Tarim Basin is covered with a Quaternary sedimentary 

sequence. Within the vicinity of the Test Site this cover is very thin (a few meters to lO's 

of meters thick), and Paleozoic "hard" rocks are exposed [Matzko, 1992]. But at some 

other places in the basin, the bedrocks is buried as deep as 13-16km [Lithospheric 

Dynamics Atlas of China]. The southern edge of Tarim Basin is the north margin of 

Tibetan Plateau with average elevation of 5 km and north of the basin is the Tian Shan 

mountain belt. The evolution of Tarim basin is closely related to the evolution of the 

Tibetan Plateau to the south and Tian Shan to the north [Molnar and Tapponiar 1971, 1975 

etc.]. The detailed geological history of the Tarim basin and adjacent areas such as Tian 

Shan, Junggar basin and Kunlun mountain range in northern Tibetan Plateau is not well 

known, but according to some of the geological studies [Carroll et aI., 1990; Hendrix, et 

al., 1992; Feng,1985], the structure and the topographic features of this area are the result 

of a series of the collisions throughout the Phanozoic time. 

Since Late Paleozoic time, the entire Xinjiang area has undergone several deformation 

cycles. The Junggar Basin was the Junggar ocean during the Paleozoic; it was formed as a 

foreland basin adjacent to a subduction zone to the south (Tian Shan) at Late Paleozoic time 
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[Carroll, et al., 1990]. The initiation of the Tian Shan mountain range may be the result of 

the arc system and the subduction. The collision between the Tarim block and Siberia 

blocks (including Junggar basin and arc system at south--Tian Shan) enhanced the size of 

Tian Shan [Hendrix, et al., 1992] and at the same time the Tarim block had undergone 

clockwise rotation [Li, 1990; Li, et al., 1991; Enkin, et al., 1992]. During the Mesozoic 

time, there was some type of mountain ranges in the Tian Shan area providing the 

depocenter for both of the Junggar basin and Tarim basin [Hendrix, et al., 1992]. 

Throughout much of the Mesozoic era, the Tian Shan may have had several large

displacement strike-slip faults. This is similar in many ways, to the modern Tian Shan 

fault system and it is likely that a series of reverse andlor thrust faults bounded the range on 

either side [Hendrix, et al., 1992]. The Cenozoic collision between Indian Plate and 

Eurasian Plate accelerated the uplifting of the Tian Shan and subsidence of the Tarim and 

Junggar basin and reactivated the fault systems in Tian Shan area. 

The detailed uplifting history of Tian Shan is not well known, Although it has been 

postulated that the part within the Chinese border seems to have achieved its topography 

relatively recently [e.g. Feng, 1985]. Unlike the Himalayas which are thought to have 

experienced rapid uplift in the Miocene [Harrison, et al., 1992], the massive uplift of the 

Tian Shan range maybe much later [Feng, 1985]. It might have started at the Eocene, 

when the Indian Plate collided with the Eurasian Plate but the uplift rate was very slow. 

Uplift in Tian Shan accelerated in the early Pliocene [Feng, 1985]. This rapid uplift 

accompanied by extensive faulting at the edge of the mountain range. There was 

deposition of a thick pile of conglomerate in the foot hills of Tian Shan. It is not known 

whether this deposition episodes were caused by rapid erosion or severe weather change. 

By analyzing the geomorphic features of the fault system in Xinjiang area, Feng [1985] 

also pointed out that, at the end of the early Pleistocene, large scale deformation of these 
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deposits occurred, most of which were tilted and folded due to the N -S compression. In 

the northern Tian Shan, the dip angle is 10°_20°, but at some area in southern Tian Shan 

(northern Tarim basin), the dip angles reach 80°. At Kunlun (southern Tarim basin), the 

dip angles are 30°-40°. From Mid-Pleistocene the mountain ranges are characterized by 

episodic uplifting, forming many valleys cut by rivers. Some of the well developed ancient 

river beds are above the current river drainages by 40-8Om. Some of these river beds are 

tilted by faultings, dip angles are about 14°. 

Despite of all of the controversy on the detailed history of the area, one thing seems to 

be in common: the fault system in Tian Shan area generated during the collisions at Late 

Paleozoic and Mesozoic time has undergone both reverse/thrust and strike-slip motions to 

accommodate the collisional convergence. Many of the faults are still active today [Carroll, 

et al, 1990; Hendrix, et al, 1992 and Feng, 1985]. Most of these faults are parallel of the 

topography, trending W-E or in a NW-SE direction. By studying the earthquakes and 

geomorphologic features on these active faults, Feng [1985] has summarized that they can 

be characterized by two types: 1) Thrust faulting and 2) strike-slip faulting. The thrust 

faults are mainly in Tian Shan, parallel to the trend of the mountain range in W -E direction. 

The strike-slip faults are mainly in NE-SW, N-S or NNW-SSE direction and have right 

lateral motion. Some of these faults have been reactivated many times during Cenozoic. 

Lop Nor test site is located in the eastern tail of the Tian Shan range, at the transition 

zone from the basin to the mountains. Historically, Lop Nor region has a relatively low 

rate of seismicity within 200 km of the test site. From 1950 to 1992, only 23 earthquakes 

have been located by the PDE or ISC and most of them are small (Ms<5.1). Most of the 

fault mechanisms are reverse faults although some have oblique right lateral shear motion. 

The earthquakes around Lop Nor 
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SSMT results: 

Most of the earthquakes in Lop Nor are in magnitude range of Mb = 5.3 or less. They 

are too small to be well recorded at teleseismic distance, but many were very well recorded 

at regional distance. Figure ill-4 shows a typical regional recording at station WMQ of an 

earthquake which occurred near Lop Nor. In this study, we collected 6 events within 200 

kIn around the Lop Nor test site and very well recorded at the station WMQ (distance - 250 

kIn). We use the Single Station Moment Tensor inversion method (SSMT) [Fan and 

Wallace, 1991; Gao and Wallace, 1992] to study the focal mechanisms of these events. 

The parameters of these events are listed in Table ill-I. 

Regional distance body waves, the Pnl waves, are very useful in determining the 

earthquake source parameters [e.g. HeImberger and Engen, 1980; Wallace, et aI., 1981, 

1982; Wallace,1985; Xu et al., 1989; Gao and Wallace, 1993]. If the regional data is of 

very high quality (Broad band, high dynamic range), the source parameters can be obtained 

by inverting the three components of a single station records [Langston, 1982; Ekstrom, et 

al., 1986; Jimenez, et al., 1989; Fan and Wallace, 1991]. Fan and Wallace [1991] have 

illustrated that the 3 components of a single regional station seismic records can be used to 

determine the focal mechanisms, this algorithm works especially well for small and 

intermediate earthquakes. By assuming a point source and a simple source time function 

scaled to earthquake size, five Green's functions corresponding to the five elements in the 

moment tensor can be constructed, then the five moment tensor elements can be invened in 

a least square sense by the SVD (Single Value Decomposition) method. The seismic 

phases arriving at a regional seismic station (3°<L1<13°) are of relatively low frequency, and 

somewhat insensitive to the regional velocity structure. Most the seismic rays in the travel 

path are the head waves and multiple reflections between the earth surface and the Moho 

(Pnl waves) [Wallace, 1985, 1986; Xu, et al., 1989]. The velocity structure in Tian 
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T bi ill 1 Earth ak I a e - lqU e ocatIons aroun dLo N or )1> 

Event (No.) OT(PDE) Epicenters (POE) Magnitude 

Date, hour:minute:sec LatW) Ion~(E°) 

Event 1 Mar. 20, 1976, 4:34:3.6 41.783 88.697 5.1 

Event 2 Nov. 15, 1988, 16:56:46.2 42.018 89.295 5.3 

Event 3 Jan. 21, 1990,7:53:31.9 41.534 88.728 4.6 

Event 4 July 6, 1990, 17:22:50.3 43.240 89.681 4.2 

EventS Nov. 3, 1990, 17:25:13.8 40.882 89.071 5.1 

Event 6 June 6, 1991, 8:2:7.5 42.705 87.221 5.1 

Event 7 Sept. 17, 1991, 18:53:22.2 43.141 87.968 4.8 

Event 8 * Feb. 26, 1987, 19:56:35.5 38.01 89.15 6.4 

* --- From Xu, etaI, 1989. 
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Shan and Tarim Basin is no doubt complex, with the thickness of the crust varying from 

45 kIn in the central of the Tarim Basin and 55 kIn at the edge of the basin [Lithospheric 

Dynamics Atlas of China]. Although a 40 km thick crust is enough to fit the gravity data 

[Lyon-Caen and Molnar, 1984], surface wave dispersion studies give a much thicker 

crustal thickness - 62 km [Zhu, et al., 1982]. The receiver function studies at the station 

WMQ indicate a 55 kIn thick crust[ Mangino and Ebel, 1992]. Similarly, Pn velocity 

varies from 8.0 to 8.2 km/s [Zhu, et al., 1982; Mangino and Ebel, 1992]. But for source 

parameter study, a very simple model is sufficient to fit the waveform [e.g. Wallace 1984; 

Xu, et al., 1989], since the waveform is much more sensitive to variations in the source 

orientations. We use a simple model with a crust over a half space; the thickness of the 

crust is 50 kIn with P wave velocity 6.1 km/s, S wave velocity 3.4 km/s, density 2700 

g/cm3 and an average Pn velocity is 8.0 km/s, Sn velocity 4.4 km/s, density is 3300 g/cm3 

in the mantle. The Green's function are calculated separately by Generalized Ray Method 

at a suite of hypocenttal depths. In the inversion, there is an iteration over depths and the 

RMS (Root Mean Square) errors calculated. The best depth is chosen based on the 

minimum error (Figure III-Sa). If the values of the error are similar, a depth is picked to 

correspond to the depth where three moments from the three components are in closest 

agreement. In this study, we use the absolute value of the data (Earth displacement in 

meters) in the inversion. Thus, no objective functions are used. Figure III-Sa shows the 

displacement waveform fits for the inversion of Event on Nov. 15, 1988. Gao and 

Wallace [1993] have illustrated that SSMT results is much less sensitive to the crustal 

structure than to the source characteristics itself, so the variation of the assumed crustal 

structure does not affect the focal mechanism results much. But there is some trade-off 

between focal depth of the event and the crustal thickness of the regional structure 

[Wallace,1986, Gao and Wallace, 1993], so the error versus depth curve only indicate 
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a e - . sourcepararneters T hI ill2 

Event focal mechanisms (0) source time functions (s) depth Average 

(No.) e 8 "- Otl 012 Ot3 (kIn) Mo(Nm) 

Event 1 

Event 2 318 86 -2 0.5 0.5 0.5 12 2*1017 

Event 3 340 78 95 0.2 0.5 0.2 4 1.5*1017 

Event 4 266 35 44 0.5 0.5 0.5 16 1*1017 

EventS 300 85 10 0.4 0.5 0.4 6 1.5*1017 

Event 6 280 40 50 0.1 0.2 0.1 10 1.5*1017 

Event 7 303 74 43 0.5 0.5 0.5 10 2*1017 

Event 8* 274 70 90 1 3 1 16 9.8*1017 

* --- From Xu, et aI, 1989. 
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whether the event is relatively shallow or deep. The structure with SO kIn thick crust is 

used throughout our study and the depths in Table III-2 are the best depths with this 

structure. The numbers on the right of each component fit (Figure III-Sa and Figure III

Sb) are the moments calculated. by 

Mo = 47rp x 1013 x (Amplitude of the observation in cm) (Nm) 
(Amplitude of the synthetics in cm) 

(1) 

The average moment for each event is also shown in Table m-2. Figure III-S shows two 

examples of the SSMT solution. The event on Nov.lS, 1988 shows a strike-slip focal 

mechanism, while the earthquake on Jan. 21, 1990 is a thrust event. The thrust event in 

1990 is within the Test Site (Figure.III -1). 

Figure III -6 summarizes the focal mechanisms of the events we have studied, there are 

both strike-slip and thrust events happen in this area. The P axis from the focal 

mechanisms trend N-S, NE-SW and NW-SE direction, which is consistent with the 

regional stress regime [Lithospheric Dynamics Atlas of China]. Two events (Event 1 and 

Event 8, see Table III-I) from other studies are also plotted. Both of them are thrust 

events. The event in 1987 is from Pnl regional waveform modeling [Xu, et aI. 1989], and 

the earthquake in 1976 is obtained from modeling the upper mantle records in QUE and a 

teleseismic record. The source parameters of all the earthquakes are listed in Table III-2. 

Tectonic release at Lop Nor 

There has been total IS underground nuclear explosions in Lop Nor area. Most of them 

are well documented in ISC bulletin. Usually, the CDSN stations do not record the nuclear 

explosion records, but there was an exception on Sept. 29, 1988. This was recorded on 

the CDSN station WMQ (see figure nI-7), but it was not reponed as an explosion in ISC 

bulletin. Although this event is very small (M-4.2), it also has a significant Love wave, 

but it is not as large relatively as those records for the explosion on May 21, 1992 (Figure 
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1 

Junggar Basin 

Tarim Basin 

Figure III-6 Focal mechanisms of the events studied here. Both strike-slip and thrust events 
happen in this area. The P axis from these events are in N-S or NE-SW direction which 
is very consistent with the regional stress regime. The numbers in the focal mechanisms 
are the events number (See Table 1). 



Station: WMQ 

Vertical 

Radial 

Tangential 

10 sec 

Figure 1II-7 A record of a small explosion (M-4.2) on Sep. 29, 1988 at WMQ. It also shows a trangential 
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IlI-2). This might indicate that the tectonic release generated by this event is very small 

[Wallace, 1992]. This small tectonic release event can be used to study the larger 

explosions. 

To understand the tectonic release by underground nuclear explosions, we modeled the 

body waves from the largest explosion (May 21, 1992). The modeling results are shown 

in Figure 111-8. We used the HeImberger-Harkrider source time function with R=lO, 

B=I00. The seismic record generated by this explosion seems to be complex. Figure Ill-8 

shows a typical record at OBN (Dis =36.4°, Az=3100). There are 3 major phases showing 

in the first 5 seconds, the P, pP and an unknown phase. The reflected phase pP timing 

seems to be delayed longer than for most of the explosions at NTS (usually 0.4 sec - 1.2 

sec) [Lay, 1992]. It all appears at about 1.35 seconds. If we assume the average crustal P 

velocity is 6.1 km/s, the apparent depth of the explosion would be at least 4 Ian. The 

unknown phase after pP is very interesting. It could be sP generated by a earthquake 

source [Wallace et al., 1983]; or sP-like phase generated by slap down from spall [Douglas 

et al. 1986]; or a summation of several phases excited by an earthquake source. If we take 

a look of the available teleseismic P wave (Figure ill -9), we see that most of the records do 

have this unknown phase, but the amplitude of this phase varies from station to station. 

Some of them are large, but some are small. If this phase is generated by spall slap down, 

it would not be expected that there would be much amplitude variation. Tectonic release, 

and associated phenomena such as sP is most likely involved in the event. The CMT 

solution of the Love waves of this event shows a strike-slip focal mechanism [Ekstrom, 

personal communication]. This strike-slip earthquake with a delay time 0.3 seconds after 

the main explosion is added to the teleseismic P wave synthetics, and the records are fit 

reasonably well (Figure III-8, Figure 111-9). 
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Table ill-3 Focal mechanism of the tectonic release 

8(°) 0(0) ,,-<0) Ott (s) ot2(s) Ot3(s) depth(km) time del~ (s) Mo(Nm) 

320 80 0 0.01 0.05 0.01 4 0.3 
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Figure III-8 Three major phases observed in the data at first 5 sec --- P, pP :lI1d 
:.mknown. The third phases can be modeled as an eanhquake phase shown :u 
:he bottom trace. 
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Almost all the nuclear explosions generate some sort of non-isotropic component which 

could be interpreted as tectonic release [Wallace, 1992; Patton, 1992]. This non-isotropic 

component is shown in the tangential component of the seismic records (SH or Love 

waves ) [Wallace, 1992; Patton, 1992]. The amplitude of the Love waves indicates the size 

of the tectonic release [Wallace, 1992]; the higher the amplitude, the larger the tectonic 

release. Since the small explosion on Sept. 29, 1988 is a low release event (Figure ill-7) 

it could be used to simulate higher release explosions. Unfortunately, as we know, the 

CDSN usually do not report any records of the Chinese explosions, we do not have other 

explosions records at WMQ. Based on the unique records for the explosion on Sept. 29, 

1988 and the WMQ earthquake records of the events around Lop Nor area, we can 

simulate what would look like once the tectonic release increases. The whole process is 

simply add an earthquake record to the explosion record which is shown in Figure III-lO. 

First we normalize both of the records for explosions and earthquakes to the same scale, 

then line them up at the first arrival of the P wave since the events we chose are very very 

close to the explosions, and simply add them together. The first trace on Figure 111-10 is 

the low tectonic release explosion records at tangential component. The second trance is 

the summation of the explosion and the earthquake with a proportion of 1: 1. Then the third 

is with a proportion of 1:2 (with the double size of earthquake). Then the fourth is 1:3 and 

so on. When larger portion of earthquake records is added, the ratio of surface wave 

amplitude to the body wave amplitude becomes larger and larger indicating higher and 

higher tectonic release. Figure III-lOa shows an explosion with a strike-slip release 

(earthquake record of the event on Nov.lS, 1988 shown in Figure III-Sa) and Figure 111-

lOb shows an explosion with a thrust event (Jan. 21, 1990 shown in Figure 1II-5b). 

Clearly, different mechanism of the tectonic release generates different seismic records. 
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Figure III-lOa Simulation or' the WMQ records for tectonic release with an explosion 
records (Sept. 29.1988) added by strike-slip eanhquake (Nov. 15. 1988) with a variation 
of the size of the tectonic reiease. 
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Figure III-lOb Simulation of the WMQ records for tectonic release with an explosion 
records (Sept. 29, 1988) added by a thurst eanhquake (Jan. 21, 1990) with a variation 
of the size of the tectonic release. 
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The size of tectonic release is also described by the magnitude of the Love waves 

associated with the explosions. Smaller tectonic release has smaller Ms as determined from 

the Love waves. By analyzing the explosions at NTS, Patton [1992] illustrated that the Ms 

from an explosion and the size of the explosion (yield) has a simple power relationship. If 

we plot it in to a single log chart, the relationship is straight line (Figure Ill-II). 

Depending on the size of the explosions, the slop of this straight line is different. When 

the yield is less than 100 kt, the slop is 0.84; once the yield is larger than 100 kt the slop is 

1.33 (Figure III-II). The tectonic release associated with the NTS tests is also falling into 

two categories based on the size of the explosions. For small tests (yield W<300 kt), most 

of the tectonic release is represented as dip-slip reverse faulting, while when W>300 kt, the 

tectonic release is dominated by vertical strike-slip faulting [Patton, 1992] (Figure III-II). 

From all the digital records available from IRIS, the Ms of the Love waves of the explosion 

on May 21, 1992 at Lop Nor Test Site is 5.1. With a yield of 660 kt [Wallace, 1992b], 

this event is also plotted on Figure III-II. We also calculated the Ms for the Lop Nor 

explosions on Aug. 16, 1990 and Sept. 25, 1992. They are also shown on Figure III-II. 

It is remarkable that the points for the explosions at Lop Nor fall right on the statistic lines 

for the tests at NTS. And the body wave study of the explosion on May 21, 1992 indeed 

has a strike-slip tectonic release. 

Discussion 

The geography and geology in Lop Nor is no doubt very different from those in NTS, 

but the physical phenomena from the underground nuclear explosions are very similar. 

There is always some type of tectonic release associated with the explosions at both NTS 

and Lop Nor. It seems to be in common that the release associated with smaller explosions 

are dominated by thrust faulting while larger explosions generated vertical strike-slip 

mechanism tectonic release. For the small explosion on Sept. 29, 1988, which is a low 
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tectonic release event, one would expect the tectonic release would show a thrust focal 

mechanism. But unfortunately, for a small event (with yield 10-20 kt) like this, there are 

not enough small yield events to reliably determine if tectonic release scales differently 

above and below some yield cut-off. Also the wavefonn of this event (Figure 1II-7) seems 

to be complicated and the tectonic release is too small to be well determined. For large 

explosions it appears that tectonic release is associated with a volume of material, and that 

volume is related to the size of the explosion [Wallace, 1992]. The rock type appears to be 

a very important parameter in controlling the size of tectonic release also [Toksoz and 

Kehrer, 1972; Wallace, 1992]. The harder the rock, the higher the tectonic release. The 

hard rocks at Lop Nor Test Site consists of Devonian (360-390 rna) metamorphosed 

conglomerate and sandstone and Carboniferous (290-360 rna) granite [Matzko, 1992], and 

these rocks are most capable to generate high tectonic release. In his review paper, Wallace 

[1992] summarized that the earthquake-like tectonic release are likely the result of three 

phenomena: 1) driven block or joint motion, 2) the release of the accumulated strains stored 

in volume surrounding the explosion, and 3) triggering slip on prestressed faults. The 

driven block motion is observed in all the explosions and is dominated by thrust type 

mechanisms, while the other two factors are dictated by the regional stress pattern. For 

smaller explosions, the driven block motion dominates because the energy is not high 

enough to either trigger any motions on faults or cause the release of accumulated strain. 

For larger explosions the volumetric stress-release can dominate, thus producing a seismic 

wavetrain which looks like a sum of an explosion and an earthquake. The mechanism of 

the earthquake is dependent on the regional level and orientation of stress. The earthquake 

studies of Lop Nor area show that both thrust and strike-slip earthquakes are happening 

and the tectonic release of the largest explosion so far on May 21, 1992 has a similar type 

mechanism as the earthquake occurred near by. 
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Conclusions 

The non-isotropic component of the seismic records of the underground nuclear 

explosions at Lop Nor Test Site can be interpreted as tectonic release. This tectonic release 

is very consistent with the regional stress regime and earthquake mechanisms in this area. 

Despite of all the differences in geography and geology, the explosions in both Lop Nor 

and NTS do show something in common: larger explosions generate more tectonic release 

and this tectonic release is dominated by vertical strike-slip faulting, while small explosions 

generate less tectonic release which is dominated by thrust faulting. The orientation and the 

movement of the faultings are associated with the regional stress regime and fault 

distribution at the test site area. 
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CHAPTER V. Conclusions 

Seismotectonics integrates the earthquake process into the broader framework of 

tectonic geologic processes. Understanding the earthquake process can, in turn, provide 

valuable constraints on tectonic setting. In this dissertation, I have used three 

seismological examples to investagate the regional tectonic problems. Although these 

examples are from very different tectonic settings, they all show that seismology provides a 

quantitative view of the kinematic movement of a certain tectonic region. Also, seismology 

is a unique way to study nuclear explosions, very non-tectonic related events. In Chapter 

II, the strike-slip earthquakes in Sudan sequence indicate shear movement of a intra

continental transform fault. The aftershocks of this event imply a more complicated 

interaction in the continent than typically observed on the ocean floor. Old structures in a 

continent can have significant influence in the faulting process. The 1990 Iranian 

earthquake sequence (Chapter III) demostrates another significant phenomena when 

convergence is oblique to the geologic structure, slip partitioning could occur. In NW 

Iran, a region of compressional tectonics, most of the earthquakes display reverse or thrust 

faulting. However the strike-slip mechanism events in 1990 Iranian earthquake sequence 

(including the mainshock) occur because the slip vector of the convergence between the 

Eurasian and the Arab plates is very oblique to the general structure in NW Iran. In 

addition to the usual reverse faulting along NW fault plane, there is also left-lateral motion 

to accomplish this oblique movement. Chapter IV provides an example of seismotectonics 

providing understanding to a non-tectonic related phenomenon -- nuclear explosions. 

Almost all the underground nuclear explosions show some sort of non-isotropic 

component and this non-isotropic component can be interpreted as tectonic release. The 

extensive studies around NTS (Nevada Test Site) show this tectonic release is related to the 

regional stress regime. Our studies on Lop Nor test site of Chinese nuclear explosions 
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show strong evidence for tectonic release. The type of the tectonic release is based on the 

size or yield, of the explosions. Smaller explosions generate mainly thrust faulting, while 

larger explosions are associated with strike-slip faulting. 

One of the main interpretive tools in seismotectonics is focal mechanisms. There are 

two ways to interpret focal mechanism data: slip vectors yield a tectonic interpretation 

consistent with geologic and other data, or, stress axes which are consistent with the 

regional stress directions. These two types of interpretation are often not consistent with 

one another. The studies of the seismotectonics in Central Africa in Chapter IT show that 

although the slip vectors from all the earthquakes in a protracted sequence are quite 

consistent, while the P and T axes from the focal mechanisms are not. And in Chapter ITI, 

the study in NW Iran, P and T axes of the 1990 Iranian earthquake sequence are very 

consistent, the slip vectors are not. The tectonic significance from an earthquake is based 

on the regional geology, geography, stress and tectonic regime, and the earthquakes 

themselves. 



Appendix A 

From the text, we have defmed the error function for jth station as 

f Ij(t)g j(t)dt 
e· = 1- (1) 
J f IJ(t)dt f g](t)dt 

where gj is the observation and q is the synthetic. 
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Suppose we have a source time function represented by m boxcars and we have a total of n 

stations. The synthetic waveform for station j using this source time function can be 

expressed as 

m 
lit) = 'LGiit-ti)llj(ti) 

;=1 
(2) 

where Gij is Green's function for the jth station corresponding to ai, the ith boxcar element 

of source time function. For the moment tensor inversion, the synthetic can also be written 

as a linear equation as (2). The Green's function is different now. We use the Green's 

functions corresponding to the five elements of the moment tensor [AId and Richards, 

1980], and now ai is the element of the moment tensor, m equals 5. 

Substitute (2) into (1), we have 

(3) 

where uip is the correlation of the Green's function corresponding to ai and the Green's 

function corresponding to ap at station j. 

U;p = J Gilt)· G pj(t )dt 

Clearly, U;p = upi 



Let Wij be the correlation ofith Green's function andjth observation, thus 
I Gijgit)dt 

W·· = --;:====:==.-
Ij ~Igldt 

Then the error function (3) can be written as 

m 
rll;wi" 

. 1 !J 
1= ej·=I--r=========== 

m m 
r r aiapUjp 

i=lp=l 

For n stations, we have the error vector e = 

(k. 
Do _1 and use 11·· = u·· we have 

aat' ~1 J" 

= 

= 

(4) 
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So we have 

LetA= 

m 

=-
La;Ujj 

Wij m do; i-I 
m m .~da +(1-ej)-m~m~--
L La;a Uj I-I k L La;ap"ip 

p p . 1 1 
i=lp=1 1= p= 
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m m J m m 
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de· -' 
da· ,J 

, 

We can write a linear relationship 

A cp =e 
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(5) 
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Where • is the change of vector a = [al,a2, ... ,am]T ( the model parameter vector). The 

Generalized inverse operator can be expressed in the form of single value decomposition 

(SVD) as, 

Where Vp is a rnxp matrix of model eigenvectors Vj ( P = number of non-zero single 

values) and Up is a nxp matrix of data eigenvectors Uj. The term Ap-l is a pxp matrix 

composed of diagonal elements of the form If)..j, where Ai are the single values. The model 

parameter vector change q, can be thus expressed as the weighted sum of the model 

eigenvectors as 
p 1 T 

.. = LVi-ui e 
i=1 Ai 

To increase stability of the non-linear inversion, a damping factor can be included so that 

the generalized inverse is in the form 
-1 A T Ag =Vp 2 Up 

A +~I 

where ~ is the damping factor. This takes care of small single values, which can cause 

unusually large changes in the model parameter estimates during the iteration process. 
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