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( Abstract: Microearthquakes detected by two telemetered seismic n&orks in northern Pakistan 
reveal a decollement style of tectonics for the Hazara and northwest Punjab region. The three-dimensional 
distribution of seismicity and composite fault-plane solutions delineate a nearly horizontal surface along 
which the decollement of sediments and metasediments is decoupled from the basement, Below the decoupling 
surface major faults trend northwest. These faults are recognized as baselnent structures that are associated 
lvith the Ilimalayan arc, but that extend towards the northwest beyond the Hazara-Kashmir syntaxis. During 
the last six yess, the period of networlc observations, the seismicity is nlostly associated with the basement 
faults, Seismic activity within the decollement is generally low and the decoupling surface is either 
aseismic or assockted with very low seismicity. 

The results from northern Pakistan, together with recent seismicity along the Himalayan arc and 
information on great Indian earthquakes, are combined to derive a general model of Himalayan tectonics, A 
shallow thrust of gentle dip, termed the Detachment, underlies the Indo~Gangetic plain and the Lower 
Himalaya. Rupture of this fault, which separates the low-strength sedimentary wedge from the basement, 
results in great earthquakes that cause devastation over a wide area, but occur only infrequently. Down-dip 
from the Detathment, beneath the Higher Himalaya, rhe thrust assumes a steeper dip and juxtaposes base- 
ment material of similar properties. Earthquakes occur more frequently on  this portion of the fault, termed 
the Basement Thrust, but are smaller than the Detachment events. They can, however, be damaging locally. 
The model suggests that much of the Indo-Gangetic plain underlain by the Detachment has a high seismic 
hazard. In the Hazara arc region of northern Pakistan the Detachment is associated with a thick layer of 
Infracambrian salt. In this region the Detachment may slip aseismically ; lmwever, slip by large infrequent 
earthquakes cannot be ruled out. 

Results from a seismic network centered on Quetta show that the Chaman fault, and the fault associated 
with the Quetta earthquake of 1935, are currently active. The segments that ruptured during the most recent 
large earthquakes on these faults, 1892 on  the Chaman fault and 1935 on the Quetta fault, are relatively 
quiet at present. On both faults the current seismicity is concentrated near the ends of the ruptures asso- 
ciated with these earlier events, and indicates left-lateral strikeslip. In analogy with the San Andreas 
and Alpine fault systems, in, California and New Zealand, respectively, two distinct portions of the 
Chaman fault system are retognized. One, north of approximarely 31•‹N, trends obliquely to the regional 
slip vector and is probably characterized by infrequent great earthquakes. The other, south of 31 "N, has a 
strike subparallel to the regional slip vector and consists of n broad zone of faults that trupNre in 
large, but not great, earthquakes. 

INTRODUCTION Data recorded by these networks provide unique 
information about the active structures in the fold and 

Lamont-Doherty Geological Observatory, in thrust belt along the northwestern edge of the Indian 
cooperation with various goveriment agencies Githin 
Pakistan, has established over the past six years three 
telernetered seismic networks in northern and central 
Pakistan. The Tarbela network, covering the Hazara 
and Indus-Kohistan regions (Figures 1 and 3),  has 
operated since 1973 to  monitor seismicity in the region 
surrounding the Tarbela dam and reservoir. The 
Chashma network was established in 1976 to aid in the 
evaluation of seismic hazard for the Potwar and north- 
west Punjab region (Figures 1 and 3). More recently 
a network was set up  to study -the seismic activity in 
the area around Quetta (Figures 1 and 8). 

1 ~arnbnt-~oherty Geological Observatory Contribution No. 2874. 

subcontinent a d  in the underlying basement. A preli- 
minary analysis of the recent seismicity along the entire 
Himalayan arc, and of the great (M 2 7.8) Himalayan 
earthquakes during the past two centuries, suggests that 
the main features observed in Hazara are pertinent to a 
general model of continental plate convergence along 
the Himalayan arc. 

THE HAZARA ARC 

The Hazara arc in northern Pakistan (Figure 3) 
forms the northwestern limit of the Indian shield. It is 
defined by a broad belt of subparallel structures that 

Proc. Intern. Commit. Geodynamics, Gfp. 6 ,  Mtg. Peshawar, Nov. 23-29, 1979: SF. Issue, Geol. Bull. Univ. 
Peshawar, Vol, 13, 1980. . 

.. . 



Figure 1: Regional setting of the joint Lamout-Doherty Geological Observatory-Pakistan seismic networks. The area covered 
by the Tarbela and Chashma networks is shown in the larger box; that by the Quetta network in the smaller box. 
The following geographic features are also indicated: AR = Aravalli range, CB = Cambay basin, CF = Chaman 
fault, CH = Chagai hills, CR = central Brahui range, GI? = Gardez fault, HR = Hazara range, HE' = Herat 
fault, HI-I = Harboi hills, HK = fIindu-Kush region, MR = Murray ridge, OF = Omach-Nal fault, OFZ = 
Owen fracture zone, p = Pamirs, QTR = Quetta transverse ranges, RK = Rann of Kutch, S - Sulaitnan 
range, and SR = Salt range Cities marked by filled triangles are: HRT = Herat, HYD = Hyderabad, K A R  - 
Karachi, KBL = Kabul, LAN = Lahore, NDI = New Delhi, QUE = Quetta, and RWP = Rawalpindi. The 
filled circles in Iran and southwestern Pakistan represent centers of Quaternary volcanism. The inset in the 
lower right-hand corner shows the plate tectonic setting. This figure is &er Quittmeyer and Jacob (1979). 

delineate an arc convex to the south-southeast. These Deformation in the Hazara arc is characterized by 
structures form a typical fold and thrust belt that a decollement style of tectonics. Microseismic data from 
verges radially outward toward the foreland. The defot- the Tarbela and Chashma networks provide most of the 
mation involves a belt of syndeformational terrigeneous information used to develop this tectonic model (Figures 
sediments in the outer part of the arc near the foreland, 4, 5 and 6), but other geophysical and geological data 
as well as older sediments and metasediments in the have also been incorporated when available (Armbruster 
inner part of the arc (Figure 5). et al., 1978; Seeber and Jacob, 1977; Seeber and Arm- 



bruster, 1979). The distribution of seismicity and cum- 
posite fault-plane solutions show that a wedge of sedi- 
ments and metasediments (the decollement) is moving 
scuth with respect to the basement along a nearly hori- 
zontal surface of decoup%ng'; (Figure 6). Deformation 
within this decollement produces the belt of folds and 
thrusts prominent at the surface. The basement faults 
below the decollement, which are delineated by the 
seismicity, do not show any direct correlation with the 
surface structures, but they correlate closely with topo- 
graphic steps. 

The main active faults in the basement are most 

easily observed when only earthquakes in the lower 
crust are considered (Figure 5 ) .  Two parallel lineations 
of activity can be discerned extending for about 150 krn 
in a northwestern direction from the Hazara-Kashmir 
syntaxis. These two seismic zones, the Indus-Kohistan 
seismic zone (IKSZ) and the Hazara lower seismic zone 
(HLSZ), are interpreted as northwestern extensions of 
the structural trends in the Kashmir Himalaya east of 
the syntaxis. This same extension of the basement acti- 
vity is also seen for the teleseisrnic shocks (Quittmeyer 
and Jacob, 1979); however, depths for the teleseismic 
events are not well known (Figure 2). 

' 
Eigure 2: Teleseismic activity of south-central Aaa. Earthquake occurring between January 1914 and April 1975 are 

shown. Four large events prior to 1914 are also indicated by large, open circles. Note the continuation of the 
northwest trend of Himalayan seismicity beyond the Hazara-Kashmir syntaxis. The symboI labelled UD in the 
magnitude scale signitis an undetermined magnitude (from Quittrnqer and Jacob, 1979). 
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Figure 3: Station distribution and telemetry links for the Tarbela and Chashma networks. The filled triangles mark 
station sites; telemetry links are shown by straight lines. 

Of the two seismic zones within the basement, the where along the Himalayan arc (Fitch, 1970; Molnar : 
IKSZ is currently the more active. Fault-plane solutions et  id., 1973; Chandra, 1978). I 

indicate it as a zone of thrust faulting that dips to the 
northeast (Armbruster et al., 1978; Pennington, 1979). The HLSZ, on the other hand, is a strike-slip fault 
The slip-direction is approximately perpendicular to. the with right-lateral movement. Similar strike-slip faults 
strike of the IKSZ. This is similar to observations else- are not documented along the central Himalaya. The : 

' 



existence of such a fault in the Hazara region is prob- strike-slip faults are identified in other zones of obli- 
ably related to the obliqueness of convergence between que convergence (Fitch, 1972). Convergence in the 
the Indian and Eurasian plates along this portion of Hazara arc, as determined from rigid plate assumptions, 
their collisional boundary. Similar pairs of thrust and is directed approximately northward at a rate of 3.7 

Figure 4: Six months of epicentral data from the Tarbela and the Chashma networks (from May to Novem- 
ber 1976 for the Chashma network; from February to August 1976 for the Tarbela network). All d e p ~ s  
compare to Figure 5. Compare to Figure 3 for location names. The epicenter of the February 14, 1977 Rawalpin& 
earthquake is also shown (larger circle in the figure). Only earthquakes of magnitude 0.5 or g r a t a  are plotted 
to obtain a picture d the seismicity within the area of the network unbiased by station sensitivity. This s1:ort 
sample is comparable to the longer term seismicity (see Seeber and Jacob, 1977; Figure 2). The main structrrrd 
features known from geologic work are shown in thinner lines; major fault zones inferred from the seismicity 
in the southern part of the Hazara arc are jndicated in thicker lines. (From S e e k  and Atmbruster, 1979). 



Figure 5:  Geological sketch map of the Hazara region and surrozulding areas showing epicenters for earthquakes (1973. 
1976) with depths greater than 40 km. The geological information is after Bakr and Jackson (1964): 0) post- 
Siwalik basins; 1) Siwalik and Murree (post-collisional); 2i lower Tertiary (pre-collisional) and Mesozoic; 3) 
Paleozoic and Precambrian; 4) granites (Tertia~y?); 5) ophiolites. Note the two parallel zones of seismicity 
extending the main Himalayan trends beyond the Hazara-Kashmir syntaxis. The southwestern zone is the Ila:ma 
lower seismic zone (HLSZ); the northeastern one is the Indus-Kohistan seismic zone (IKSZ) (from Seeber and 
Jacob, 1977). 

cm/year. Slip to the northeast on the IKSZ and slip 
to the northwest along the HLSZ, when combined, may 
account for the rigid plate convergence. However, an 
unknowtl amount of convergence may be taken up 
north of the Himalaya (Molnar and Tapponnier, 1975). 

Generally, little seismicity is observed within the 
' 

sedimentary wedge above the basement. A sharply deli- 
mited zone of seismicity is, however, located at shallow 
depths in the sedimentary wedge beneath the Tarbela 
dam region (Figure 6). This localized zone of activity is 

referred to as the Tarbela seismic zone (TSZ). Com- 
posite fault-plane solutions for linear trends of activity 
within the TSZ, indicate the seismicity is the result of 
slip on steeply dipping faults that trend both northeast 
and northwest (Armbruster et al., 1978). These faults 
are abruptly truncated at a depth of about 17 km along 
the horizontal zone of decoupling. 

The cause of this anomalous concentration of acti- 
vity is not known. As a working hypothesis the TSZ 
is associated with a block of basement trapped in the 
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decollement . The basement material is more brittle 
than the surrounding sedimentary rocks. I t  thus de- 
forms seismically in contrast to the surrounding sedi- 
mentary rocks which tend to deform aseismically. 

The decoupling surface between the sedimen- 
tary wedge and the basement appears to be generally 
aseisrnic. This surface is recognized primarily as a sub- 
horizontal boundary to seismic zones: the lower boun- 
dary to the TSZ and the upper boundary of the IKSZ 
(Figure 6). However, a few earthquakes in the Man- 
sehra basin, where the seismicity above and below the 
decoupling layer is low, can be associated by fault- 
plane solutions directly with the southward slip of the 
decollement on the decoupling layer. The ongoing south- 
ward movement of the decollement is also documented 
by the structures presently developing dong the south- 
ern front of the fold and thrust belt at the Salt range 
(Johnson et aZ., 1979). The evidence of tectonic acti- 
vity, coupled with the lack of seismic activity during 
the period of observation (since 1973), implies either 
that the network is operating during an interseismic 
period between major earthquakes when slip on the 
decoupling layer is temporarily halted, or that slip on 
this fault occurs aseismically. 

The decollement model is summarized in Figure 
6. In  the Hazara region the decoupling surface extends 
from south of the Salt Range to north of the IKSZ. 
The decoupling layer dips gently northward in the Pot- 
war and it is associated with a thick layer of Infra- 
cambrian salt that outcrops at the Salt range (Explora- 
tion data, M. Hussain, personal communication; 
Gansser, 1974, p. 26). North of the Hazara thrust the 
model is based entirely on seismic data and the associa- 
tion of the salt with the decoupling layer is somewhat 
speculative (Seeber and Jacob, 1977). Salt (halite) de- 

forms ductilely even under the moderate temperature 
conditions found at  shallow depths (1-3 krn; Borchert 
and Muir, 1964, p. 279). Thus, the presence of salt 
along the decoupling layer suggests that the lack of 
seismicity on this active shear zone is the result of 
aseisrnic slip rather than an inter seismic period of elastic 
st rain accumulation. 

On the other hand, movement during large earth- 
quakes at infrequent time intemals can explain equally 
well the current aseismic character of this surface. The 
historical record (Quittmeyer and Jacob, 1979) includes 
a number of damaging earthquakes in the Hazara 
region. Only one of these events, however, could pos- 
sibly be associated with fault rupture over a wide area 
(Taxila earthquake, - 25 AD.; Ambrase~s et al., 
19751, and even for this event the evidence is not very 
convincing. Thus, none of the damaging earthquakes in 
the Hazara region appear to be similar to the great 
Indian earthquakes that occurred on the decoupling sur- 
face or Detachment along the central Himalaya (Seeber 
et al., 1979; see the next section) and caused severe 
damage over several tens of thousands square kilo- 
meters. The occurrence of great earthquakes (M > 7.8) 
associated with slip of the decollement surface is less 
likely in the ~ a z a i a  arc than in any other portion of 
the Himalayan front, but it cannot be ruled out from 
the available data. 

South of the Salt range a number of basement 
faults are seismically delineated (Figure 4). The compo- 
site fault-dam solutions for these events indicate 

L 

strike-slip movement in a right-lateral sense. These 
solutions agree in orientation and slip direction with 
active faults mapped by Gee and Danilchik (in Hem- 
phi11 and Kidwai, 1973) across the Trans-Indus Salt - 
range and they are interpreted as transverse faults simi- 

Eg. 6. The active tectonic structure in the Ilazara arc region as tentatively deduced from the seismicity detected by the 
--- TarklaeturorkThehypcmenaal  data from a strip along this section is also plotted; the section is located in 

Figure 4. The sense of movement on the faults in the portion A-B X t S  iEt=% ~ o ~ n ~ o f n m p o s i t e f a n l t - p l ~ -  
solutions; X = motion away f m  viewer; 63 = motion towards viewer; UT, MT, LT = upper, middle, lower 
Tertiary; MZ = Mesozoic; PZ : e Pa-eon c; PC = Precambrian; TG = Tertiary granite; HLSZ = Hazara Lower 
seismic zone; IKSZ = Indus-Kohistan seiL?nic zone; TSZ = Tarbela seismic zone. The Detachment, the quasi- 
horizontal fault that extends f m  the base of the Salt range to the IKSZ and beyond, is active even where 
seismicity is presently absent. On these portions of the Detachment slip may occur either aseismically or by rare 
large earthquakes (compare with Figure 7). The distribution o seismicity in the Salt Range and the Potwar Plateau is 
somewhat distorted by the linear projection along a curved structure; most of the seismicity occurs along the Salt 
Range and not in the Potwar Plateau (see Figure 4). (From Seeber eE al., 1979). 

Figure 7: Tectonic model for the Himalayas (from Seeber et al., 1979). The Detachment and Basement Thrust are shown 
with respect to regional geology. NOAA hypocenters (1963-1975) from 78 "E to 83"E (approximately) are pr* 
jected olng the Himalayas are onto the section (open circles). The preferred nodal planes for some fault-plane 
solutions are shown as line segments drawn amss the hypocenter symbol. The concentration of earthquakes 
at 33 km is not real: this depth is arbitrarily assigned to events for which an independent depth determination 
is not available. The epicenter and extent of intensity VIII (Rllercalli I to X scale) associated with the 1905 
Kangra (M = 81, 1930 Dhubri (M = 7.1), and 1934 Bihar (M = 8.3) earthquakes are indicated by crosses and 
horizontal lines, respectively. Note that the largest earthquakes seem to be associated with th Detachment, while 
moderate-sized earthquakes in the last decade occur near the transition from the Detachment to the Basement 
Thrust. Surface geology is from Gansser (19@, plate 11, section A), but below see-level structures are somewhat 
modified to fit the model obtained from seismicity, 
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lar to those observed elsewhere along the Himalaya 
(Seeber and hmbruster, 1979; Valdyia, 19 76). The 
seismicity of the Salt range is part of the Punjab seis- 
mic zone, a broad seismic zone that coincides with the 
foredeep and extends from the Indus re-entrant south- 
eastward to the Delhi-Hardwar ridge and possibly 
beyond (Menke and Jacob, 1976; Quittmeyer and 
Jacob, 1979; Figure 2). 

A preliminary examination of recent seismicity 
along the Himalayan arc, and of the great Indian earth- 
quakes that are documented historically, suggest that a 
tectonic model based on the decollernent style of defor- 
mation observed in the extreme northwestern portion 
of the Himalaya in Hazara, is also applicable to the rest 
of the Himalaya. The convergence between the Indian 
and Eurasian plates is partially accommodated at the 
Himalayan front where extensive thrusting has produ- 
ced a zone of thickened crust (Gansser, 1964, plate 11; 
Gupta and Narain, 1967; LeFort, 1975; Molnar et al., 
1977). In the model proposed here (also Seeber et al., 
1979), the Himalayan thrust is composed of two distinct 
segments (Figure 7): a shallow portion dipping gently 
northward and labelled the Detachment, and a more 
steeply dipping portion situated down-dip from the 
Detachment and labelled the Basement Thrust. The 
Detachment separates the basement of the Indian 
shield from the overlying sedimentary wedge which is 
comprised of the Siwaliks and other sediments of the 
lesser Himalayas. The Basement Thrust, on the othet 
hand, juxtaposes basement rocks of the Indian shield 
in the footwall with similar rocks in the hanging wall. 
The transition from the Detachment to the Basement 
fault marks the zone that separates aus t  of normal 
thickness overlain by the sedimentary wedge in the 
south from crust of double thickness in the north. The 
Detachment and the Basement Thrust along the central 
Himalaya are correlated with the decoupling surhce 
and the IKSZ in the Hazara arc, respectively (compare 
Figures 6 and 7). In our model the Main Central 
Thnrst (MCT), Main Boundary Fault (MBF) (Fieure 
7 )  and the Hazara thrust (Figure 6) are imbricate faults 
that splay off from the master fault. Although probably 

active, their tectonic sign&cance is secondary. 

Styles of seismicity along the two components of 
the Himalayan thrust differ dramatically. Extensive 
portions of the Detachment rupture in individual great 
(M 3 7.8) earthquakes that are characterized by 
long recurrence intervals. During interseismic periods 
the Detachment is quiet at least at a teleseismic detec- 
tion level. On the other hand, the Basement Thrust is 
associated with relatively continuous seismic activity . 
However, the maximum magnitude associated with rupl 
ture of the Basement Thrust is considerably smaller 
than the magnitudes of the great earthquakes on the 
Detachment. 

Aseismic slip may play an important role on dis- 
crete portions of both the Detachment and the Base- 
ment Thrust. The possibility that the Detachment slips 
aseisinically in Hazara was mentioned above. Seismicity 
on the Basement Thrust is limited to its shallowest 
portion, near the transition to the Detachment (Figure 
7). I t  is possible that deeper portions of the Basement 
Thrust are shear heated and slip aseismically (LeFort, 
1975). 

The extent of rupture for large earthquakes asso- 
ciated with the Detachment may be approximately esti- 
mated from intensity data (Kelleher, 1972; Figure 7 ) .  
The distribution of intensities mapped by the Officers 
of the Geological Sumey of India (1919) for the 1934 
Bihar earthquake (M s = 8.3) clearly shows that rup 

ture during that earthquake extended south of the 
MBF, This earthquake cannot, therefore, be associated 
with movement along the MBF. The distribution d 
intensity for the 1905 Kangra earthquake (Me = 8), 
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however, may not be inconsistent with a rupture of the 
MBF. In this case, though, levelling data obtained fol- 
lowing the Kangra earthquake (Middlemiss, 19 10) do 
not support reverse slip on the MBF (Seeber et al., 
1979). These data suggest the mpture extended south 
of the MBF on a thrust fault of shallow dip. The lack 
of any appreciable amount of documented off set during 
any of the great Himalayan earthquakes along either 
the MBP or any other of the imbricate thrusts in the 

Figure 8: Seismicity of the Quetta region. Modified Mmcalli intensities are shown (dotted where inferred) for the four 
largest earthquakes documented in this region. Open circles indicate teleseismic epicenters for events occurring 
bemeen January 1914 and July 1975. The numbered events are the main shocks and aftershocks associated with 
the large earthquakes in 1931 and 1935: earthquakes associated with the Sharigh and Mach main shocks face 
left (some fall off map); those associated with the Quetta main shock face up, Three teleseismic events occurring 
after July 1975 are also shown by double circles: 3 October 1975 (Ms = 6.44 west o•’ Quetta near the Chaman 
fault; 13 July 1977 (Ms = 55) southeast of Quetta near Kolpur; and 16 March 1978 (Ms = 5.9) s ~ t h w e s t  
of Quetta along the Chaman fault north of Nushki. Stations of the Quetta network are shown by f i l l 4  triang- 
les. Preliminq epicenters determined from network data are indicated as follows: x, depths from 0 to 15 b, +, depths from 15 to 30 km; filled circles, depth fixed at 15 km, Note the relation of activity along the Cha- 
man fault after 1975 to the 1892 meisoseismal area. C = Chaman, S = Spin Taha, N = Nushki. (From 
Armbruster et al., 1979). 



Figure 9: Distribution in space and time of activity along the Quetta fault. Within the map at the upper right, the box 
shows the area sampFd. Isoseismals and the epicenter associated with the Quetta earthquake of 1935 are shown 
for reference (see Figure 8). Crosses and dots in 1978 are e~icenters from network data. Note that acivity 
after 1935 is Iocated near the ends of the 1935 rupture zone. (From Armbntster et al., 1979). 
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Sub-Himalayas, is further evidence that the master 
fault along the Himalayan front is a buried Detachment 
and not the MBF. 

Recent seismicity along the Himalayan arc is pro- 
jected onto the cross-section in Figure 7. Although 
depths are not well constrained, the earthquakes appear 
to result primarily from movement on the Basement 
Thrust. The dip of this thrust in Figure 7 in constrained 
by several fault-plane solutions (Molnar et al., 1973; 
Molnar e t  al., 1977). No earthquakes with magnitudes 
greater than Ms = 7 are known to  have occurred 
along the Basement Thrust. The relocated epicenter of 
the great 1934 Bihar earthquake (Seeber e t  al., 1979b) 
is about 100 km south of the seismic zone along the 
Basement Thrust and cannot be associated with this 
fault. The epicenters of great Himalayan earthquakes 
before 1934 are not sufficiently reliable to warrant con- 
sideration in this discussion. 

The northward moticm of the Indian plate reh- 
tive to the Afghan block of the Eurasian plate is mani- 
fested by the broad belt of seismicity associated with 
the Pakistani fold-belt and the Chaman fault system 
(Figures 1 and 2). The Pakistani fold-belt is characte- 
rized by a festoon-like series of arcs and reentrants. 
The arcs are convex and verge towards the Indian 
craton, while the re-entrants separate consecutive arcs 
and are associated with syntaxis that have relatively 
small radii of curvature. The Quetta syntaxis defines 
the Sibi re-entrant, the most prominent of these re- 
entrants. 

The fold-belt is an expression of convergence 
normal to  the plate boundary, at least within the sedi- 
mentary layers. Current plate motions, derived with the 
assumptions of rigid plates, indicate that motion along 
rhis ~ ~ t s y i s n o a r - p ~ d e ~ n a n t l ~ ~ i k e - ~  in a left- 
lateral sense with only a small component of conver- 
gence, The Chaman fault, subparallel to and westward 
of the fold-belt is usually considered the most prominent 
expression of the left-lateral motion. 

Locations for 62 small earthquakes, obtained from 
an analysis of two months of data for the Quetta seis- 
mic network (Figure 8), provide new insight into the 
complicated tectonics of the broad region surrounding 
the Ouetta syntaxis. The network records events asso- 
ciated with both the Chaman fault and the fault respon- 
sible for the Quetta earthquake elf 1935. Other seismic 
zones are also identified and indicate that several dis- 
tinct fault systems are active in the area of the Quetta 
s yn t axis. 

The Chaman fault is the most active feature detec-', 
ted by the Quetta network (Armbruster et  al., 1979). A 

large earthquake in 1892 ruptured a segment of this 
fault northwest of Quetta. Heuckroth and Karim 
(1970) infer from intensity data that this rupture 
extends north-northeastwards from about 30.25 ON, 
66.25"E (Figure 8). The extent of this rupture zone, 
however, is not well known. Strike-slip movement in a 
left-lateral sense on the Chaman fault, as predicted by 
plate tectonics, is confirmed both by observed offsets 
during the 1892 shock (Griesbach, 1893) and by the 
fault-plane solution for an earthquake on 3 October 
1975 (Quittmeyer ef al., 1979). 

Prim to 1975 no teleseismic earthquakes were 
located along the segment of the Chaman fault south of 
that ruptured in 1892. (Events with surface-wave mag- 
nitudes greater than 6.0 to  6.5 occurring after 1920 
would probably have been located from teleseismic 
data). On the other hand, after 1975, two moderate- 
sized earthquakes (Mq = 6.4 on 3 October 1975 and 

M = 5.9 on 16 ~ a & h  1978) are associated with this 
S 

pr&iously quiet fault segment. The microseismic events 
detected dong the Chaman fault by the Quetta net- 
work are also located along this same portion of the 
fault. Current activity south of the 1892 earthquake 
contrasts sharply with the current quiescence in the 
1892 rupture zone itself (Figure 8). It is possible that 
the recent increase in teleseismic activity is the pre- 
monitory signal of a future large earthquake (Armblus- 
ter ct al., 1979). 

In 1935 a large earthquake (M s = 7.5) destro- 

yed Quetta and ldled 30,000 people. The distribution 
of intensities (West, 1935) and aftershocks (Quitt- 
meyer and Jacob, 1979) suggests this earthquake rup- 
tured n north-northeastward trending fault segment 
extending about 150 lan from south of Kalat to Quetta 
(Figure 8). Teleseismic activity since 1935 is concen- 
trated near the northeastern end of the inferred r u p  
ture zone, whereas the rupture zone itself has been 

-- 

rela%dy quEt7iiK &iSpe$o& PIguxe 7f; -Pd]Cicrueartkt= - 
quakes detected by t&e Quetta network (Armbr~~ster 
et al., 1979) also define the 1935 Quetta fault with 
most of the epicenters concentrated neat the ncrth- 
eastern end of the rupture (Figures 8 and 9). Thus, the 
present spatial distribution of microearthquakes is simi- 
lar to the distribution of teleseismic epicenters . since 
1935. A composite fault-plane solution for the micro- 
earthquakes along the Quetta fault indicates strike-slip 
motion along a steeply dipping plane striking north- 
northeast (Figure 10). The sense of movement is left- 
lateral, similar to that for the Chaman fault. 

Along the Quetta fault hypocentral depths are 
within the upper 15 kilometers. East of the Quetta 
fault, hypocenters are as deep as 43 km (Figure 10). 
This deeper seismicity is associated with at least two 
distinct sources (Figure 8). One is a :duster of events 







closdy associated with the July 1977 Kolpur earth- years (Siell, 19788 and B), have occurred in the past 
auake. The spatial distribution of hypocenters and the on the same portion of the San Andreas fault. 
first-motion data are consistent with left-lateral strike- 
slip on a fault subparallel with the Quetta fault. A 
second active fault zone strikes M, approximately 
along the axis of the Quetta syntaxis. First motions 
from this seismicity are consistent with reverse slip on 
such a fault, NE side up, but a large component' of left- 
lateral strike-slip is also possible. 

In  analogy with the tectonic framework in north- 
ern Pakistan, Armbruster et d. (1979) suggest that 
the deeper seismicity east of Quetta corresponds to a 
deepening of the Moho and with a normal crust over- 
lain by a tlick and decoupled sedimentary wedge. De- 
collement tectonics in the area of the Quetta spntaxis 
would explain the lack of correlation between some of 
the features defines by the seismicity and surface struc- 
tures (Seeber and Armbruster, 1979; Quittrneyer et at., 
6979). Extensive decoIlement slip can also account for 
the large anticlockwise rotations of paleomagnetic poles 
determined for sediments on the eastern limb of the 
syntaxis (Klootwijk, personal communication). Thus, 
even in the zone between the Indian and Eurasian 
plates, where sinistral strike-slip is expected to predo- 
minante, the minor components of convergence may 
result in compressive features within the sedimentary 
wedge, and a decollement style of tectonics. 

THE TO SAN 
NDRE CO ENTAL 

TRANSFORM FAULT SYSTEMS 

The Chaman fault system is similar in several 
ways to two other transform fault systems that pis: 
through continental lithosphere: the San Andreas fault 
in California and the Alpine fault in New Zealand 
(Quit tmeyer, 1978; Armbruster et al., 1979). Scholz 
(1977) compared these latter two fault systems and 
found that distinctive styles of seismicity were associa- 
ted with similar tectonic features. By extending this 
comparison to the Chaman fault system, it is possible to 
make some general statements about the seismic hazard 
d a t e d  to this fault- system. 

Two distinct portions are recognized in all three 
fault systems. These portions can be classified with 
regard to their orientation relative to  the regional slip 
vector: one portion of the master fault strikes obliquely 
(in a convergent sense), while the other is subparallel 
to the slip vector (Figure 11). Rupture. during great 
earthquakes (M > 7.8), which are characterized by rela- 
tively long recurrence intervals, is believed to be the 
mode of slip on the oblique portions of the faults 
(Scholz, 1977). The southern California earthquake of 
1857 is, however, the only well documented shock of 
this type within the areas shown in Figure 11. Similar 
events, with an average recurrence time of about 200 

I t  is unclear whether the oblique portion of the 
Chaman fault has experienced a great earthquake in 
historical times. The 1892 earthquake may have been 
such an event, but the full extent of rupture during 
this earthquake is &own. After the earthquake, the 
zone of rupture was studied over only a limited region 
near Chaman where a railroad was offset about 0.75 
meters (Griesbach, 1893). If the 1892 shock ruptured 
to the northeast far beyond the region studied, produ- 
cing displacements of the order of 10 meters, it may 
be classified as a great earthquake similar to the 1857 
event in southern California. In  this case the observed 
offset near Chaman would have to be unrepresentative 
of the displacement elsewhere along the fault. On the 
other hand, if the 1892 earthquake ruptured the 
Chaman fault for only tens of kilometers near the town 
of Chaman (31•‹N), then the oblique portion of this 
fault has not ruptured for at least a century. 

In  the second portion of these three fault systems, 
where the strike of the master fault is almost parallel 
to the regional slip vector, the fault systems widen to 
include a number of subparallel faults (Figure I I). Rup- 
ture on these faults typically produces large earth- 
quakes (M > 7). However, these events are smaller 
than the great earthquakes associated with the oblique 
segment of the master fault. The Quetta earthquake in 
1935 (M = 7 .3 ,  which ruptured 150 1un of a fault east 
of and subparallel to the Chaman fault (Quittmeyer and 
Jacob, 1979), is probably typical of the larger earth- 
quakes occurring in this second tectonic province. 

'The similarity between the Chaman and the San 
Andreas fault systems suggests that a comparison bet- 
ween the Quetta transverse ranges and the California 
transverse range is also appropriate. In both transform 
systems the transverse ranges are zones of convergence 
that probably are related to the component of plate 
convergence along the oblique portion of the master 
fault (Figure 11). In these thrust zones the level of seis- 
micity is quite high (Figure 2; Allen et dl., 1965), 
but large earthquakes (M > 7) are not known. The 
1971 earthquake near San Fernando, California is prob- 
ably typical of the larger earthquakes that characterize 
the transverse ranges in California and Pakistan. 

ONS REGARDING 
SEISMIC HAZARD 

The model presented here for the tectonic pro- 
cesses currently at work in the Himalayas (see also 
Seeber et al., 1979) provides a new framework for esti- 
mating the seismic hazard in that region. The largest 
and most destructive earthquakes will result from 



rupture of the Detachment. These events have the 
potential to seriously effect vast areas in the Indo- 
Gangetic plain and the Lower Himalaya, Characteris tic 
seismic moments will probably be in the ranges 5 x 
to dyne-cm (Chen and Mohar, 1977; Quittmeyer 
and Jacob, 1979). As a comparison, the largest com- 
puted moment is 2 x 1030 dyne-cm for the 1960 Chile 
earthquake. 

The time period between subsequent large earth- 
quakes rupturing a given portion of the Detachment 
appears to be typified by a low level of teleseismic 
activity on that portion of the Detachment. Whether 
this aseismic character persists at lower magnitudes is 
not yet clear. In  the Aleutian subduction zone, where 
a similar spatial and temporal distribution of seismicity 
is observed (Davies and House, 1979; Seeber and 
Armbruster, 1979b), the quiescence during the inter- 
seismic period extends even to the low magnitudes 
detected by local networks. 

The Detachment may slip aseismically in some 
cases, and, thus, in these cases the aseisrnic nature of 
this fault can be permanent. As mentioned above, the 
Detachment in the Hazara arc region is associated with 
a thick layer of Idracambrian salt, The lack of seismi- 
city on this portion of the Detachment, which is moni- 
tored by the sensitive Tarbela network, may be asso- 
ciated with aseismic slip on the salt layer rather than 
interseismic strain accumulation. 

In regions where large Detachment earthquakes do 
occur, the generally low level of interseismic activity 
can bias some methods of seismic hazard evaluation. 
Studies based on a statistical analysis of seismicity 
(e.g . , Norwegian Geotechnical Institute, 19 7 6) can 
produce misleading estimates of seismic hazard when 
the duration of the sampling period is short compared 
with the recurrence interval of major Detachment earth- 
quakes. 

Large earthquakes along the Basement Thrust will 
also be locally destructive. However, the extent of 
damage associated with these events will be much less 
than for Detachment earthquakes. Damage will be 
limited to the area marked by the zone of relatively 
continuous activity along the Himalayan arc. The Pattan 
earthquake (Ms = 6.2; Ambraseys et al., 1975)) which 
occurred on 28 December 1974 in northern Pakistan, 
may be typical of the largest shocks to be expected 
from the Basement Thrust. 

Three distinct seismic sources are recognized along 
the transform boundary between the Indian plate snd 
the Afghan block of the Eurasian plate: 

1) In the portion of the Chaman fault north of 
and perhaps including the 1892 rupture (i.e., north of 
about 31•‹N),' left-lateral motion is concentrated on a 

narrow fault zone. Slip along this portion is probably 
accomplished by great earthquakes (M > 7.8) that are 
separated by periods of quiescence and long duration. 

2) In the portion of the Chaman fault system 
south of 31 ON, left-lateral slip is taken up on a set of 
subparallel faults that form a broad zone. Earthquakes 
that are large (M > 7), but not great, characterize this 
portion of the fault system. The interseismic period 
between events of this type is probably shorter than for 
the great eazthquakes. The major rupture zones remain 
remarkably quiet during the interseismic period, with 
intermediate and microearthquake activity concentrated 
a t  their extremities. 

3 )  In the Quetta transverse ranges the level of 
seismic activity has been very high during this century 
(Figure 2). This high seismicity may be a permanent 
feature of this structure, but the larger magnitude 
events associated with this zone are probably lower 
than either portion of the Chaman fault system. An 
inferred detachment or decoupling layer below the 
Quetta transverse ranges (see discussion in previous 
section) may not be the source of any of the known 
activity. However, the possibility of rare great earth- 
quakes on this detachment, similar to the great earth- 
quakes associated with the Himalayan Detachment, 
cannot be ruled out. 
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