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MICROEARTHQUAKE SEISMICITY AND FAULT PLANE SOLUTIONS I N  THE HINDU KUSH REGION 
AND THEIR TECTONIC IMPLICATIONS 

J. I,. Chatelain,' S .  W. RoeckerY2 D. Hatzfeld,' and P. Molnar2 

i Abstract.  The nature of t h e  Hindu Kush 
intermediate seismic zone was studied i n  two 
microearthquake invest igat ions i n  1976 and 1977. 
By t e s t i n g  several  sources of uncertainty t h e  14 precis ion of about 600 earthquake locat ions was 
estimated t o  be about 5 km i n  epicenter and 1 0  

8; km i n  depth. Project ions of the  earthquake 
locat ions from several  perspectives reveal  
several  regions of aseismici ty  a s  well  as  a 
highly contorted nature  of t h e  ac t ive  regions.  

from O- t o  70-km depth. The p a r t  of t h e  zone 
southwest of about 37'N, 71.5'E and shallower 
than about 160 km i s  broad and seems t o  dip 
north a t  progressively steeper angles from west 
t o  e a s t .  Faul t  plane solut ions f o r  t h i s  region 
do not reveal  a simple consis tent  pat tern.  
region i s  separated from another a c t i v e  region 
t o  t h e  northeast  by a curved gap t h a t  i s  
near ly  50 km wide. Northeast of t h i s  gap the  
zone dips  t o  t h e  southeast. 
por t ion t h e r e  i s  an aseismic region around 
160-km depth t h a t  separates the  contorted 
shallower zone from a narrow (15-20 h wide) , 
consis tent ly  s teep,  deeper zone. A s  i n  i s l and  
arcs ,  t h e  f a u l t  plane solutions f o r  the  deeper 
events show T axes generally lying within the  
plane of seismici ty  and P axes perpendicular t o  
t h e  plane.  I n  contrast  t o  i s l and  arcs  the  T 
axes i n  general  a r e  not p a r a l l e l  t o  the dip 
d i rec t ion ,  and t h e r e  seems t o  be g rea t e r  
va r i a t ion  i n  t h e  o r i en ta t ion  of t hese  axes. 
The e n t i r e  western zone plunges t o  t h e  west a t  
about 20°, and most of the T axes plunge 
s t eep ly  t o  the  west. In  d e t a i l ,  t h e  earthquakes 
tend t o  occur i n  c l u s t e r s  t h a t  leave aseismic 
gaps between t h e  c l u s t e r s .  There i s  a d i s t i n c t  
gap of about 15-km width near 70.7'E. This gap 
seems t o  separate  events with f a u l t  planes 
solut ions t h a t  i n  t h e  west have westward 
plunging T axes and i n  the  eas t  have eastward 
or  v e r t i c a l l y  plunging T axes. Although many 
of t h e s e  f ea tu res  were not detected i n  previous 
s tud ie s  of t h i s  region, the  data  from those 
Studies a r e  consis tent  with t h e  d ips ,  changes 
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i n  dip,  gaps, and breadth of the seismic zone. 
Both t h e  va r i a t ions  i n  dip and breadth of t h e  
ac t ive  zones and, f o r  one gap, t h e  difference i n  
f a u l t  plane solutioiis  of earthquakes on e i t h e r  
s ide o f  it, make t h e  r o l e  of t h e  gaps as 
boundaries c l e a r  and suggest t h e i r  long-term 
existence.  We i n f e r  t h a t  t h e  configuration of 
-the Hindu Kush seismic zone could possibly be 
t h e  r e s u l t  of the  subduction of oceanic l i t h o -  
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sphere from two separate ,  small basins  i n  
opposite d i rec t ions .  The age of t h e  subducted 
l i thosphere i s  probably g rea t e r  than 70 m.y., 
and subduction probably has occurred over a 
r e l a t i v e l y  short  duration. The r a t e  of sub- 
duction probably has been between 20 m/yr and 
h8 "/yr. Correlations of seismic t r ends  with 
s u r f i c i a l  f ea tu re s  suggest t h a t  i n  t h e  south 
the  Hindu Kush suture  zone l i e s  along or 
somewhere between the Panjer and Kunar f a u l t s  
and t h a t  i n  the north the Pamir suture  zone l i e s  
near t h e  Darvaz-Karakul f a u l t .  F ina l ly ,  it 
seems t h a t  t h e  protrusion of India  i n t o  Eurasia 
has been a major f a c t o r  i n  developing t h e  
present  configuration of t h e  zone. 

Introduction 

The upper mantle beneath t h e  mountainous 
Hindu Kush region of northeastern Afghanistan 
i s  t h e  s i t e  of a t e c t o n i c a l l y  complex area ,  
Although it i s  not c l e a r l y  associated with any 
i s l and  arc  system, t h i s  region i s  perhaps the  
most a c t i v e  zone of intermediate depth (70-300 
km) earthquakes i n  t h e  world. 
therefore  i n t e r e s t i n g ,  s ince it provides a 
s e t t i n g  f o r  examining deep-seated t ec ton ic  
processes i n  a c o l l i s i o n  zone as  wel l  a s  
allowing a study of iiatermediate depth 
seismici ty  a s  a phenomenon i n  i t s e l f .  

Because of i t s  proximity t o  t h e  Eurasian- 
Indian p l a t e  boundary t h e  Hindu-Kush seismic 
zone i s  believed t o  be grossly r e l a t e d  t o  the  
convergence of t h e  Inaian and Eurasian sub- 
continents.  The scenarios offered by various 
authors f o r  the  existence of the  zone, however, 
cover a wide spectrum. 
[Bil l ington e t  a l . ,  1977; Isacks and Idolnar, 
1971; Khalturin e t  a l . ,  1977; Nowroozi, 1971, 
1972; Santo, 19691 have suggested t h a t  t h e  
zone i s  evidence of subducted oceanic l i t h o -  
sphere, possibly remnants e i t h e r  of t h e  Tethys 
Sea or  of a marginal i n t e r a r c  basin.  Expla- 
nations of t h i s  type a r e  complicated by t h e  
unusual configuration of t h e  zone, which seems 
t o  be much more contorted than i s  t y p i c a l  of 
i s l and  a r c s ,  and other  i n t e rp re t a t ions  have 
been given. Santo [1969], f o r  example, on the  
bas i s  of what he in t e rp re t ed  t o  be a V-shaped 
zone of seismici ty ,  suggested t h a t  two l i t h o -  
spheric l a y e r s  had been underthrust  from 
d i f f e ren t  d i r ec t ions  i n  the  same place.  
Alternat ively,  Vinnik e t  a l .  [1977] and Vinnik 
and Lakk [1973, 19741 i n t e r p r e t  t h e  a c t i v i t y  a s  
t h e  r e s u l t  of a downward extension of a 
Paleozoic sh i e ld l ike  s t ruc ture .  I n  t h e i r  
scenario t h i s  s t ruc tu re  defines a 300-km-thick 
tectosphere t h a t  i s  being s t ressed by compressive 
forces  somehow associated with t h e  Himalayan 
f o l d  b e l t .  The wide range of explanations i s  
ind ica t ive  of a l ack  of conclusive evidence, 
such a s  l a r g e  numbers of p rec i se ly  determined 
earthquake locat ions or  com 
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To help resolve t h e  or ig in  of t h e  intermediate 
se i sn ic  zone, we car r ied  out invest igat ions of 
microearthquakes i n  t h e  Hindu Kush region i n  
both 1976 and 1977. 
were t o  def ine accurately t h e  configuration of 
t h e  seismic zone and t o  de temine  more f a u l t  
plane so lu t ions  of earthquakes of t h e  region 
over a l a r g e r  port.ion than has been possible  
using data  from t h e  World-Wide Standardized 
Seismic Network (FTb7SSW) alone. Despite the  
short  duratiori of these s tud ies  - 2 weeks i n  
L?76 and 1 month i n  l?77, the  high a c t i v i t y  of 
the  area (40 loca tab le  events per  day) made 
these  object ives  feas ib le .  I n  order t o  i n f e r  
t h e  lon6-term nature  of  SOM^ of t h e  fea tures  i n  
the  se i smic i ty  we compare the  r e s u l t s  of these  
inves t iga t ions  wit,h those from previous s tud ies  
made o f  t h e  Hindu Ilush regicn. These include 
t h e  r e s u l t s  of a %year microearthquake study 
by Soviet  s c i e n t i s t s  i n  1966-1967 [Eoecker et. 
a l . ,  19801 as wel l  as the  teleseiemic s tudies  
of Bi l l ing ton  ei, a l .  [1977] and Santo [1969]. 

Our immediate object ives  

Data 

Recording Procedure 

From June 11 t o  Ju ly  13, 1977, we operated 
Il Sprengnether MEQ-8O0 smoked paper recording 
systems c i r c l i n g  the Hindu Kush i n  north- 
eas te rn  Afghanistan (Figure 1). 
we obtained copies of short-period records from 
t h e  Seismic Research Observatory (E;I?L) i n  
Kabul. The s t a t i o n s  were d i s t r i b u t e d  t o  allow 
prec ise  loca t ions  of intermediate depth (70- 
300 km) events. 
geographical and p o l i t i c a l  l i m i t a t i c n s  ( e . g . ,  
bad roads and proximity t o  borders  with 
neighboring countr ies)  we were unable t o  nut 
s t a t i o n s  f u r t h e r  eas t  or north of the  zone. 
Eevertheless , t h e  wide range of takeoff  angles 
along with adequate recording of t h e  other  
azimuths seems t o  compensate for l ack  of 
coverage on t h e  north and e a s t .  

I n  addi t ion,  

However, owing t o  various 

The Sprcngnether s t a t i o n s  operated 

R: 

Fig. 1. Arrangenent, c f  seismographs and loca t ion  of epicenters  during t h e  1977 
insrestigat,ion. Staxicn locat ions a r e  indicated b;i s o l i d  diamonds. The epicenters  
a r e  p l o t t e d  :cith s:f-mbols cxrespcnciicg t o  depth ( E )  i n t e r v a l s  as follows: open 
c i r c l e s ,  i2 5 E - < CO km; zquares, 50 5 z 5 loci ka; t r i m g l e s ,  100 2 z 5 150 ka; 
inverted t r i m g l e s ,  ISIS 5 r. - 200 h; pLuses, "rrc! - -  c z < 250 km; and y 's ,  =. 2 250 km. 
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Fig 2. 
invest igat ion.  

Arrangement of seismographs and loca t ion  of epicenters  during t h e  1976 
Symbols f o r  s t a t i o n s  and epicenters a r e  t h e  same as  i n  Figure 1. 

continuously throughout the  duration of t h e  
invest igat ion.  
equipped with 1-Hz L4-C v e r t i c a l  seismometers. 
The f i l t e r s  on the  instruments were s e t  t o  
allow a f l a t  v e l o c i t y  response t o  frequencies 
between 0.3 and 30 Hz, and t h e  amplifier gains 
were set a t  e i t h e r  78 or 84 dB. The amplifi- 
cat ion of t h e  s igna l  from t h e  ground motion t o  
t h e  t r a c e  on t h e  record i s  about 5O@,OOO a t  84 
dB and 250,000 a t  78 dB. b a c e s  were recorded 
by a f i n e  s t y l u s  on kerosene smoked paper f ixed  
t o  a r o t a t i n g  drum.  
mmlmin a t  most s t a t i o n s  and 120 "/min a t  my. 
The records were changed every 2 days at a l l  
s t a t i o n s  except KUY (which was maintained d a i l y )  
and t h e  clock dr i f t  w a s  checked by recording 
a t i m e  s igna l  t ransmit ted by the  ATA s t a t i o n  

4 i n  New Delhi. S t a t ion  locat ions were determined 
using topographic maps with a scale  of 1:250,0@0. 
The short-period records obtained from KBL were 
i n  ink and were recorded a t  120 m/min. 
tenance on t h e s e  instruments was performed d a i l y  
by members of Kabul University.  
accumulated during t h i s  invest igat ion will be 
t h e  primary t o p i c  i n  t h e  discussion below. 

A l l  of  the  s t a t i o n s  were 

The drum ro t a t ed  a t  60 

4 T* 
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Main- 

The data 

A preliminary f i e l d  study f o r  t h e  work i n  

1977 w a s  made between August 18  and 31, 1976 
[Chatelain e t  a l . ,  19771. During t h a t  time we 
operated seven s t a t i o n s  i n  a configuration 
s imilar  t o  t h a t  i n  1977 (Figure 2 ) .  The f i e l d  
procedure w a s  e s s e n t i a l l y  t h e  same as  t h a t  i n  
1977. These data were supplemented by recordings 
from short-  (and sometimes long)  period 
instruments i n  Kabul and from the Lamont-Doherty 
a r r ay  near Tarbel la  Dam [Armbruster e t  al., 
1978 1 . 
Analysis of Data 

I n  Appendix A i  we give an extended 
discussion of the  procedures used t o  analyze t h e  
seismograms, the  reasoning behind our estimates 
of t h e  unce r t a in t i e s  i n  t h e  a r r i v a l  times, a 
long discussion of t h e  t e s t s  made t o  evaluate 
e r r o r s  i n  loca t ing  t h e  events,  and t h e  l o g i c  
behind t h e  c r i t e r i a  used t o  assign unce r t a in t i e s  

IAppendix i s  ava i l ab le  with e n t i r e  a r t i c l e  on 
microfiche. Order from the  American Geophysical 
Union, 2000 Flor ida Ave. , N. W.,  Washington, DC 
20009. Document 580-002; $01.00. Payment must 
accompany order. 
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TABLE 1. Veloc i t ies  of Layered Model Used t o  
Locate Events 

Depth t o  Top Velocity of 
of  Layer, km P Wave, km/s 

0 6.0 
45 8.0 
85 8.2 

110 8.4 
150 8.6 
200 8.8 

t o  t h e  loca t ion .  Here we summarize t h e  
results described i n  Appendix A. 

45,000 arrivals, we d ig i t ized ,  on a tab le top  
d i g i t i z e r ,  t h e  phases of i n t e r e s t  and relevant  
minute marks. 
a r r i v a l  t imes.  We estimate t h e  uncertainty of 
impulsive P arrivals t o  be about 0 . 1  s and 
emergent ones t o  be about 0.2 s ,  a f t e r  clock 
correct ions have been added. We used S phases 
whenever we could confidently pick t h e  onset 
with an uncer ta in ty  of l e s s  than 1 s. 

loca t ions ,  a s e r i e s  of t e s t s  were made, using 
both synthe t ic  and r e a ï  data .  The first, tes t .  
w a s  designed t o  examine whether or not  the  
program HYPO71 [Lee and L a h r  , 19751 , which 
assumes a f l a t  layered s t ruc ture ,  could l o c a t e  
events wel l  i n  a region as l a r g e  as  t h e  Hindu 
Kush (dimensions 300 km). Travel t i m e s  t o  
s ta t ions  from hjrpothetical events a t  d i f f e r e n t  
locat ions were calculated f o r  a spherical  ear th ,  
and t h e  events were relocated wit,h H’irl07ï. 
Epicenter had e r r o r s  l e s s  t,han 0.5 km, and 
depths were wrong by about 1 km (Table A l ) .  
conclude t h a t  the dimensions o f  the Hindu Kush 
region pose no obstacle  t c  HYF071. 

The second t e s t  e q l o r e l  t h e  e f f e c t s  of 
random e r r o r s  on t h e  locat ion.  ?ravel t i m e s  
were ca lcu la ted  t o  s t a t i o n s  f o r  58 events 
throughout t h e  zone, and t h e  event,s were 
relocated a f t e r  random e r r o r s  of 0.1 a f o r  P 
and 0.6 s f o r  B were added t o  t h e  synthet ic  
data .  The mean mislocation i s  about- 2 ka but 
increases toward t h e  edge of t h e  a r ray  t o  3 km 
(Table A Z ) .  
t o  0.2 and 1 . 0  s for P and E ,  the  mislocation 
increased bjr ahout 1 l.Jn throughout t h e  a r ray  
(Table A3). 

We then made t e s t s  with subsets of t,he a r ray  
t o  determine the  precis ion of t h e  loca t ion  and 
t o  gain i n s i g h t  i n t o  which data  were redundaiit. 
We first se lec ted  15; well-recorded events 
throughout t h e  a r ray  and relocated zhem with 
subsets of t h e  s t a t i o n s  used i n i t i a l l y  (Table 
A h ) .  Frovided S waves were used, and provided 
8 or more arrivsls were used, 1oca.tions were 
general ly  within 2-3 km of one another.  
Vithout an .5 wave t h e  locstiozis vere muck l e s s  
r e l i a b l e .  Similsr  resu1t.s were found h;v 
Ruland Il9761 and James e t  a l .  [ l969].  The 
geometry of t h e  network also i s  7;ery important. 
To ins-we r e l i z b l e  .leI;ths, the  dis tacce of one 
s t a t i n n  ?.o t h e  epiceriter shoilld be l e s s  than 
%lie depth. 14oreoTier, vheii the  azimuths t a  a l l  

To analyze the  170 seismograms with near ly  

A computer program then computed 

To evaluate  t h e  uncer ta in t ies  i n  t h e  

Ve 

When stamlard e r r o r s  were increased 

s t a t i o n s  a r e  within 60” of one another,  more 
than eight  a r r i v a l s  a r e  needed. As a second 
method we calculated uncer ta in t ies  i n  l o c a t i o n  
using t h e  covariance matrix r e l a t i n g  t h e  dat,a 
and locat ion ( see  Appendix A and Figure Al) .  
Results of t h i s  analysis  agree with those 
described above and suggest t h a t  e ight  phases,  
including a t  l e a s t  one S phase, a r e  adequate t o  
give a precis ion of 2-3 km i n  the  loca t ions  i n  
most of t h e  region. 

Eecause there  a re  l i k e l y  t o  be l a r g e  l a t e r a l  
heterogenei t ies  i n  t h e  deep s t r u c t u r e  of t h e  
Hindu Kush while HYPO71 requires  a f l a t  layered 
s t ruc ture ,  we a l s o  calculated t r a v e l  t imes from 
hypothetical  events i n  a l a t e r a l l y  heterogeneous 
s t ruc ture  and relocated them with HYP071. The 
heterogeneous s t r u c t u r e  was intended t o  imi ta te  
a s l a b  of high-velocity mat,erial with maximim 
ve loc i ty  contrast ,  of 10% , surrounding t h e  
earthquake zone (Figure A ? ) .  This was imbedded 
i n  t h e  uniform s t ruc ture  used by HnPO71 (Table 
l), a modification of that. gl-..en by Zukk and 
Nersesov [l?7O]. 
re loca t ions  (Table A5) are  i n  e r r c r  by l e s s  than 
5 km. K%en an incorrect  choice of t,he r a t i o  
Vp/Va was assuned (1.70 or 1 .76  ins tead  of 
1 . 7 4 ) ,  however, the  relocated depths were 
systematical ly  i n  e r r o r  by about 10 b i  ( t o o  
deep f o r  lJp/Vs = 1.70 and t.oo shallow f o r  1 .76 ) .  
These e r r o r s  a r e  systematic,  so i n  terms of the  
precis ion of t h e  locat ions t h e  e f f e c t  of t h e  
l a t e r a l  heterogeneity introduces an e r r o r  of 
about 5 km. 

All of t h e  r e s u l t s  discussed above apply t o  
events i n  t h e  center of t h e  a r ray .  For t h e  
deeper events i n  the wes$ern Fort ion,  howe7rer , 
t‘ne uncer ta in t ies  could be twice as Large. 

only locat ions based on a t  l e a s t  e ight  a r r i v s l s ,  
r*ith a t  l e a a t  one S phase and with 3% l e a s t  one 
s t a t i o n  a t  a dis tance from t h e  epicent.er l e s s  

The r e s u l t s  show t h a t  

From these t e s t s  we considered as r e l i a b l e  

Fig.  
15” 

3. A ceruDarison of event e7;icenters located 
by aoth t h e  1333s and the  1977 l o c a l  a r ray .  :oliil 
c i r 5 e s  a r e  epicenters  reported by t h e  TJSGS, snd 
s c l i d  t r i m g l e s  w e  epicenters  locz ted  by the  
l o c a l  array.  Let tera  near t h e  epicenters  
sI;eci& t h e  events i n  Table A?. :lumbers i n  
brackets r e f e r  t o  t h e  number of s t a t i o n s  used Qr 
t h e  UEGE i n  loca t ing  tlle e-.rents. 
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than the  depth of focus.  
azimuths t o  a l l  t h e  s ta t ions  were within only 
60°, only those loca t ions  based on 1 0  o r  more 
such s t a t i o n s  were considered r e l i a b l e .  
Final ly ,  acceptable locat ions included only 
those with root-mean-square r e s idua l s  (Rms ) 
grea te r  than 0.1 s but less than 0.55 s .  
1200 i n i t i a l  l oca t ions  we used only 600. 
a r e  l i s t e d  i n  Table AG. 

We estimate the  unce r t a in t i e s  i n  the  epi- 
center t o  be about 5-10 km, increasing with a 
decreasing number of a r r i v a l s  and decreasing 
depth. Similar ly ,  depths a re  uncertain by 

In  addi t ion,  when t h e  

Among 
They 

.L 

J 
c 

5-15 km. 
l oca t ions  of events i n  1976 and 1977 t h a t  were 
also located by the United S ta tes  Geological 
Survey (USGS) (Figure 3 and Table A 7 ) .  The 
loca t ions  given by USGS f o r  events recorded a t  
more than 40 s t a t i o n s  d i f f e r  by about 1 0  km i n  
depth and about 5 ktn i n  ep icen t r a l  coordinates 
from those obtained by t h e  l o c a l  a r rays .  USGS 
loca t ions  with l e s s  than 40 s ta t ions  disagree 
with OUTS considerably. Agreement i n  loca t ion  
suggests t h a t  both locat ions a r e  good and t h a t  
many s t a t i o n s  a r e  required t o  loca t e  an event 
w e l l  te leseismical ly .  

For comparison we p lo t t ed  t h e  

CY 

;SAL +CHS 

o *K"Y 

Fig. 4. 
along with t h e  p lo t t i ng  scheme f o r  cross  sect ions.  I n  p l o t t i n g  cross  sect ions 
perpendicular t o  t h e  t r end  of t h e  zone, hypocenters a r e  projected onto planes which 
b i s e c t  t h e  sect ions.  The l a t e r a l  cross sect ion i s  made by r a d i a l l y  project ing 
hypocenters onto a v e r t i c a l  cyl inder ,  t h e  in t e r sec t ion  of which v i t h  t h e  map i s  
denoted by t h e  l i n e  H'B. 

Map view of the  earthquake locat ions which passed a l l  the  qua l i t y  c r i t e r i a ,  
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Fig. 5. Map views of t h e  best  loca t ions  of 1977. Events are divided i n t o  50-km 
depth in te rva ls .  

Re s u l  t.s 

Mapping Techniques 

The configuratiori of t h e  zone, as revealed i n  
each microseismic study, i s  displayed by p l o t t i n g  
t h e  recordad events i n  three  orthogonal pro- 
jec t ions .  The f i r s t  cons is t s  of a s e r i e s  of 
plan views which divide t h e  events i n t o  
i n t e r v a l s  of 50-km depth (Figures 5 and 7 ) .  
second i s  a s e r i e s  of v e r t i c a l  cross  sect ions.  
Because of t h e  bas ica l ly  accurate t rend i n  t h e  
seismici ty ,  we chose t o  6ivide the  zone i n t o  
severa l  c i r c u l a r  sect ions (Figure 4) and 
pro jec t  t h e  events onto planes bisect ing t h e  
sect ions (Figures 6 and p . ) .  Such project ions 
a r e  everywhere nearly perpendicular t o  t.he t rend 
of t h e  zone. I n  t h e  t h i r d  perspective t h e  
events a r e  projected r a d i a l l y  onto a v e r t i c a l  
cyl inder  ( H ' H  i n  Figu-e L), resu l t ing  i n  a 
l a t e r a l  sect ion t h a t  i s  approximately p a r a l l e l  
t o  t.he t rend  of t.he zone ( H ' H  i n  Figures 6 an3 

The 

8). 
The events t h a t  met a l l  t h e  qua l i ty  c r i t e r i a  

es tabl ished ahove are  p l o t t e d  as s o l i d  c i r c l e s  
i n  these  diagrams. Vhile it i s  advantageous 
not t o  consider poor loca t ions  when describing 
t h e  seismic t rends of an a rea ,  it i s  important 
t o  insure  t,hat t h e  c r i t e r i a  a re  not overlg. 
hiasing t h e  resu'ts. 
d id  not  meet a l l  t h e  c r i t e r i a  a re  included i n  
t h e  p l o t s  as open c i r c l e s .  F i r s t ,  shallow 
events with depths l e s s  than t h e  dis tance t o  
t h e  nearest  s t a t i o n  but otherwise meeting t>he 
qua l i ty  c r i t e r i a  a r e  included i r i  t h e  p l o t s  f o r  
1977. This i s  hecause t h i s  c r i t e r i o n  would 
2rohihit .  near ly  a l l  shallow seismicit:: 
regardless  of how well recorded it i s  and 
would thus give a f a l s e  impression of complet.? 
sh.Lllcw aseismici ty .  ?econe, since d l  t h e  
t e s t s  descrihed aho;re were based on t h e  1977 
ar ray ,  t h e  s t r i c t  .ly;ylication of t,he c r i t e r i a  
t a  t h e  r e s u l t s  of previous s tud ies  may Fe 
questionable.  The ccnficurat ion of the 1966- 
1967 [ h e c k e r  e t  a l . ,  19801 ai-ray, f o r  exmple,  
i s  somewhat qfiif'fei-enT f m m  t h a t  of 1977. . U s o ,  
wtlile the  configuration o f  t h e  1976 arrsjr i s  

Therefore some events t h a t  

similar t o  t h a t  i n  1977, t h e  uncertainty i n  t h e  
a r r i v a l  times i s  somewhat Ereater  owing t o  t h e  
reading techniques used. Therefore i n  p l o t t i n g  
t h e  events from these o ther  s tud ies ,  the  only 
r e s t r i c t i o n  w a s  t h a t  t h e  Rms b e  l e s s  than 0.7. 

Description of the  Zone 

Eecause of  our grea te r  confidence i n  t h e  1977 
r e s u l t s  they provide the h a s i s  f o r  our con- 
c lusions.  Nevertheless, some of the conclusions 
from t h i s  study a r i s e  from defining regions of 
aseismici ty .  While considerable e f f o r t  w a s  spent 
ver i fy ing  where events a c t u a l l y  occur, t h e  t a s k  
of defining where they do not i s  more d i f f i c u l t .  
One can e a s i l y  argue t h a t  1 month of recording 
i s  not  suf f ic ien t  t o  sample t h e  seismici ty  
adequately. Fortunatel:f, desp i te  both t h e  
grea te r  uncertaint ies  and t h e  fewer events i n  
ehe other  invest igat ions of Hindu Kush 
seismici ty ,  many of the gross  aspects  of t h e  
zone defined by the  data  from 1977 a r e  apparent 
i n  the  data  from 1976, from 1966-1967, and from 
t h e  te leseismic s tudies  of Bi l l ing ton  e t  a l .  
[1977] and Santo [1969]. The agreement of a l l  
these  r e s u l t s  v e r i f i e s  the exis tence of fea tures  
i n  t h e  zone f o r  a t  l e a s t  1 0  years .  

seismici ty  of  the Hindu Kush i s  confined t o  a 
small i s o l a t e d  area,  roughly 700 hn i n  extent 
and bounded on the  west at about @ O E  (Figure 
1). 
of t h e  l o c a l  arrays,  but te leseismic r e s u l t s  
show t h e  intermediate se i smic i ty  ceases a t  
ahout 7Y0E [Bil l ington e t  a l . ,  1977, Fiures  2 
am3 a!. Cn t h e  whole, t h e  zone i s  gross ly  
planar and s teeply dipping, but  several  unusual 
fea tures  can he reso1;ied with t h e  1977 data .  

vesternmost part, of the  sone, t h e r e  i s  very 
l i t t l e  seismici ty  between O- and 70-h depth 
(Pi,wes 6 and 3, Roecker e t  a l .  [1960, Figures 
2 and 31, Ei l l ington e t  a l .  [l?:Ï. Figures 2, 
3 ,  and 41, aiid Santo r1969, Figure 91) .  
3esS;nikov and ilersesov [1964] in fer red  t h a t  
t h e  dspt,h of the  Hohe is  about 65-70 km f o r  a t  
l e a s t  p a r t s  of t h i s  region. Therefore t h e  

I n  general ,  the  intermediate depth 

The eastern hounäary i s  beyond t h e  l i m i t s  

Wit.h t h e  exception of some a c t i v i t y  i n  t h e  
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r e l a t i v e l y  aseismic region seems t o  correspond regions of a c t i v i t y :  one north of 37ON t rending 
t o  t h e  c r u s t ,  with a c t i v i t y  beginning abruptly t o  the  northeast  and another south of 37ON 
i n  the  mantle below. aligned approximately east-west (Figure 5 ) .  A t  

The e n t i r e  zone can be separated i n t o  two depths greater  than about 100 krn t he re  i s  a 

h 

I 
h 

,J 

h 

I . . .  . .  
I 

F 
Fig. 6. 
perpendicular t o  t h e  zone ( A I A  - GIG) and onto a cy l ind r i ca l  surface p a r a l l e l  t o  
t h e  zone (H'H). 
side i s  marked by t h e  unprimed l e t t e r .  I n  t h e  p a r a l l e l  sect ion H'H, H marks the 
easternmost po in t ,  and t h e  boundaries o f  t h e  perpendicular sect ions a r e  p lo t t ed  
above t h e  f igure .  
c r i t e r i a .  
exception of being recorded by a s t a t i o n  whose ep icen t r a l  dis tance w a s  l e s s  than 
t h e  depth of t h e  event. 
project ions.  
d i l a t a t i o n a l .  
S t a r r ed  solut ions a r e  those determined with data  from the  WWSSN. 
determined wi th  l o c a l  data .  

Project ions of  1977 hypocenters and f a u l t  plane solut ions onto planes 

I n  each of the  sect ions perpendicular t o  t h e  zone the  northernmost 

Solid c i r c l e s  represent  locat ions which passed all of t h e  qual i ty  
Open c i r c l e s  represent events which passed a l l  of the c r i t e r i a  with the  

Faul t  plane solut ions a r e  p lo t t ed  i n  back sphere 
Dark quadrants include compressional first motions, and white 

T axes a r e  p lo t t ed  as open c i r c l e s ,  and P axes as s o l i d  c i r c l e s .  
A l l  o thers  were 
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Fig. 7 .  Map of t h e  best  loca t ions  of 1976. ETrents a r e  fíivided i n t o  50-h. depth 
inter-gzls.  

ra tner  wide (1.50 km) gap between these seismic 
regions,  which appears i n  a l l  of the lrjcal 
r e s u l t s  (Figures 5 ,  7 ,  and 9 ) .  The FFI 
cross sect ion i n  Figures 6 a n i  8 and Figure 5 of  
Roecker e t  a l .  [1980] shows t h a t  t h i s  gap i s  
wel l  defined a% depths greater  than l5C kan. The 
l a t e r a l  project ions show sollie curvature i n  t h i s  
gap above 150 ron and suggest t h a t  it extends 
ilown from a s  shallow as 100 ka depth (Figure 9 ,  
H ' H  i n  Figures 6 and 8, and Roecker e t  a l .  [1960, 
Figure 31). 
km t h a t  connects these  two ac4i-re regicns nor th  
and south of 3Ïo1i seems t o  occur i n  a r e s t r i c t e d  
area roughly 70 km long and 30 km i n  bcth width 
and depzh. 

The seismic zone scuth of 37"IJ can be 
f u r t h e r  rlivided i n t o  two regions: a shallower 
crie between 70- arid 17G-lm depth and a d?eFer 
rne between 180- and 300-km depth. 
microearthqu3,ke was located deeper thar. 300 km 
for t h e  e n t i r e  zone. The g ip  betlieen them i s  
about 70 h wide i n  the  west, and nwrows i n  t h e  
eask to about 15-20 km nesr Ï?.:'E (Figure '3 ,  
H ' H  i n  Figure 6 and 8, and RoecLer e t  31. [ lPt .C.  
Ficure 31). This gap i s  evident i n  Ttgures 3 
2nd 4 i n  Ei l l ing t2n  e t  a l .  [19:7], but 
unfortunately,  t h e  e n t i r e  southern re&ion va8 
p l o t t e d  on one pro,jection, and i d e n t i f i c a t i o n  
of t h i s  Fap i n  t h e  west i s  impossikle. Santo 
[lghg, F i - w e  91 shows no r e a l  aseismic gaF. 
but  he notes a pronounced minimum of e?ents zt 
160-km dep",. 
l a t e r a l  sect ions (HH' i n  Figure D).  the  e n t i r e  
southern recion seems t c  plunge 7;est a t  roughly 
20'. This observaTion i s  based on t h e  apparent 
t reuds of ?he aseismic boJndaries which [define 
t h e  shallower and deeper reeions.  

In cross sec t i sn  t h e  snallower se i smic i ty  
define; i n  t h e  southwestern region s broad zone 
about 4n bun i n  rr.iClt-ii (particülzr1:r C ' C ' .  DE', 
aiid EE' i n  Figures t and 1 0 ) .  E;-en With t h e  
estimated errors for the  locat ions t h i s  shallor-- 
er reg ior  a u s t  he z t  l e a s t  30 km th ick .  
f a r  west t h e  Tone dips  north at  about 45' m l  
becfimes ~ r a g r e s s i - ~ e l j -  s teeper  t o  the eact  . 
C.lthcueh t:ie seisnieit : i  appesrs t o  be coiltinu- 
aw i n  the sllablower r e g i m ,  +here seems t o  be 

The seismicity shzllolier thsn 100 

Qnlj, roce 

We ncte  t h z t  when .iiewed on 

In t h e  

a r e l a t i v e  sparseness i n  a c t i v i t y  roughly 50 
1m1 wide centered z t  about 70.2'E. 

narrow zone (15-20 kn vide)  which has a near ly  
v e r t i c a l  dip (Figures 6 and e ,  Roeckcr e t  al. 
[1380, Figx-e 31, mC. E l l i n g t o n  e t  ~1. [ l g Ï T .  
Figure 31 Ì. Given t h e  e r r o r s  i n  loca t ions  , 
however, t h i s  zone could be somewhat thinner .  
In  c ross  sect ion the  deeper events i n  t h e  west 
seem t o  be more sca t te red  than i n  t h e  center of 
the  zone, but  as discussed abo-Je. the  loca t ions  
+here are less precise .  

seismici ty ,  vLich i s  shout 15 Irm wide, appears 
st 70.6'E ar abcut 200 km depth (Figs .  5,7,  2nd 
9 and Eoecker e t  21. [1980, Figure Cl. This 
gap also appears i n  F i g u e  6 of Bil l ington e t  
sl., but the  low densi ty  o f  events t o  t h e  ves t  
of t h e  gap makes i t s  zppearance l e s s  ?rmati2. 
The events east cf 100- m d  250-Lm depth n e w  
reis g m  betveerï 70.8% seem t o  cx icent ra te  
(Fig.  55, but t h e  possible  p p  between thece 
and t h e  ezients fur ther  eas t  i s  too small Cc 
resolve with the prescrit da tz .  This -oncentra- 
t i o n  i s  especizl ly  important b e c z x e  it cont i ins  
mcst of t h e  events x-ith f 'salt  plane solut ions 
deterrrined with the  I7VSSII. 

lerhzps t h e  mos? curious t rend i n  t h e  
seismicity o f  t h e  deeper region i s  the t r a i l  of 
events t h a t  extends domaward an8 t o  the  west 
of t h e  ccnceritration a t  70.2OE (HEI' i n  Figures 
6 and 6 ) .  We nar:-cwness of t h i s  t rend when 
--ifwed from any ancle suggests t h a t  the e rents 
s r e  confined t o  a tube cf  zcti-lit;. which 
branches of f  from t h e  ccncer-trst ion t o  t h e  e a s t .  

Eecause the regicn t c  t h e  north of :Tod i s  
outs ide t h e  1977 w r q ,  zn:. f i n e  d e t z i l s  of t h i 5  
seismic :one are more d i f f i c u l t  ts resolve.  
However, the  gross t r e n ?  of t h e  zone skovs z 
dip of akout  45;' t o  t h e  jouthazst  &t l q 0 - h  
deptn t h a t  becmes almost i re r t icz l  a t  iOO-km 
depth (G'G i n  Figures d and Ft, 2nd E x c l - e r  e t  
a l .  1980, Fiqrre  31. TLerefore t h i s  rcrle dips 
i n  near ly  "he orpos i te  c?irection from t h a t  i n  
the soüthern zone. This reiieï-sal i n  dip i z  
z lso evLaent i n  Figure e >f Ei l l ing ton  e t  ~l., 
but the:; shcwed n? reïisbl:,- loczted erent s 2+ 

The deeper seismicit:J def ines  a cons is ten t ly  

I n  al1 of t h e  l g c a l  r e s u l t s  a gap i n  t h e  
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depths g rea t e r  t han  about 170 km. 
t h e  1977 results show microearthquakes t o  depths 
of about 240 km, with one event a s  deep as  

Although the Hindu Kush seismic zone i s  

By cont ras t ,  

260 km. 

grossly planar and s teeply dipping, i n  d e t a i l  
it i s  highly contorted and cons i s t s  of several  
zones separated by gaps of aseismicity.  Two 
of t h e  most prominent gaps - one t h a t  separates 
t h e  regions north and south of 37'N (Figures 5 
and 9 )  and another t h a t  separates events deeper 
and shallower than about 160 lun depth (Figure 9 ,a 

and A A ' ,  BB' and HH' i n  Figure 6) - serve as 
boundaries between regions d i s t i n c t l y  d i f f e r e n t  
i n  dip and breadth.  A t h i r d  gap, i n  t h e  deeper 
region a t  70.7'E (Figures 5,  HH' and Figures 6 
and 9 )  does not separate  zones which show 
d i s t i n c t  q u a l i t i e s  i n  s p a t i a l  d i s t r ibu t ion  of 
events but ,  a s  discussed below, seems t o  
separate  regions with d i f f e r e n t  f a u l t  plane 
solut ions.  The consistency of t h e  pa t t e rns  
obtained from studies  made i n  t h e  l a s t  few 
years ,  with both l o c a l l y  and t e l e se i smica l ly  
recorded da ta ,  confirms t h a t  t hese  gaps have 

J 
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FLg. 9. Gaps i n  a c t i v i t y .  HE' from Figure 6 
i s  p l o t t e d  without f a u l t  plane solut ions but 
with gaps discussed i n  t e x t  shaded. 

been r e a l  fea tures  i n  t h e  Hindu Kush f o r  a t  
l e a s t  t h e  p a s t  1 0  years .  Koreover, t h e i r  c l e a r  
r o l e  as boundaries between regions of d i s t i n c t  
q u a l i t i e s  provides an argument for  claiming t h a t  
they may haTie ex is ted  f o r  thousands of years 
and perhaps longer.  

Fault. Plane Solut ions 

Although the d i s t r i b u t i o n  of s t a t i o n s  i n  
1977 proved adequate f o r  deterrrining loca t ious  
over a wi4e .area, t h e  ki;.Eocentral regions f o r  
which well-constrained f a u l t  plane so lu t ions  
c ~ ~ i l d  be determined were mwe r e s t r i c t e d .  
IJevertheless, because of t h e  l a r g e  number of 
events recorded with dat,a from the locriL 
s t a t i o n s ,  we were ahle  t o  fietemine 26 
r e l a t i s e l y  w e l l  cors t rz ined  solut ions for  
individual  earthquakes i n  various places i n  
t h e  =one (Figure l i3  and Table 2 ) .  The aata 
were supplemented by first.-motion readings from 
the  Soviet s t a t i o n  a t  Ihùro& [see Roecker e t  
al., L~SO]. TWO coniposite aolut icns  were made 
f o r  e-rents i n  regionc where we could not ob ta in  
a sol-Jtion f o r  an i n d i v i h a 1  earthquake ( € 3  aniï 
C i n  Flgure 10 and Table 3 ) .  
these s o l u t i o m  i s  t o  show 'chat tile earthquakes 
of these  regions h m e  r z 3 i a t i c n  Fat,terns 
Sr os sly cori s i st e rit with t hc se ob E er-? ed :?i t. h 
Wb?S3J s t a t i o n s  r a t h e r  than implying tile 
or ien ta t ion  of aiia ax ls  ,or nodal p l m e .  
Compsite f a u l t  plane solut ions were, as a rale, 
amided  i n  t h i s  s tudg .  There a r e  la rge  
v s r i a t  iùns among t h e  well-cons t ra iued  
individual  so lu t ions  fcr events i n  r e l a t i v e l y  
small regicns within t h e  Hin5c Izush, so t h a t  a 
c3mposit.e so lu t ion  w i l l  nost  l i k e l y  misrepresenS 
the  pa t te rns  that, e x i s t .  Faul t  >lane 
solut ions were algo determined f o r  17 events 
using te leseismic recordings a t  I*fiGSIJ Etztions 
("@re 10 an3 Table 4). b2iiLe the  nddit,iün 
of these  sclution; extenSs tile regions 
repTeserited by f a - i l t  plane solat ions , there  
a re  uriforti.tnate1:: few places where solut ions 
based on l c c a l  and te leseismic data overlap. 

Giving a quantit.ati-re descript , ion of how 
well  constrained a c e r t a i n  faul t ,  plane so lu t ion  
i s  o r  estimating the exazt e r rors  involved i n  
the orieilr..^tions o f  the  nodzl p lmes  and ases  
recpi-res se.j.er.51 subject ive *decisions. Rather 

The purpose OZ 

than a t t a c h  uncer ta in t les  to t h e  parameters f o r  
each so lu t ion  given i n  Tables 2 and 4 ,  we 
present a l l  the data  used i n  determining t h e  
fault plane solut ions in  lower hemisphere p l o t s  
(Figure LO). 

A s  i n  previous inves t iga t ions  of fault plane 
solut ions of t h e  Hindu Kush [Bil l ington e t  a l . ,  
1977; Isacks and Molnar, 1971; Ritsema, 1966; 
Shirokova, 1959; Soboleva, 1968a,b, 1972; 
Stevens, 19661 , the  so lu t ions  general ly  ind ica te  
t h r u s t  f a u l t i n g  with near ly  v e r t i c a l  T axes. 
This type of solut ion i s  similar t û  t h a t  f o r  
intermediate depth earthquakes a t  i s land  a r c s  
[Isacks and Kolnar, 19711. 
some s i g n i f i c a n t  var ia t ions  t h a t  we explore by 

or ien ta t ions  on t h e  seismiciejr maps and p r o f i l e s  
(Figures 6 ,  8, and 11-14) .  

U), the  so lu t icns  f o r  events with depths l e s s  
than 170 ka show considerable s c a t t e r ,  much 
more s c a t t e r  than i s  t y p i c a l  of i s l a n ä  a r c s .  
Although most display t h r ü s t  f a u l t i n g ,  so lu t ions  
23 and 24 have la rge  s t r i k e  s l i p  components, 
arid so lu t ions  9, 21, and 1 4  ind ica te  normal 
fau l t ing .  One might expect some s c a t t e r  i n  
these so lu t ions  because of t h e  highly contorted 
nature of t h e  shallow region. Tfhen p l o t t e d  on 
t h e  cross  sect icns  (Figure 6 ) ,  many o f  t h e  
so lu t ions  seem to have e i t h e r  one nodal plane 
or the  T ax is  p a r a l l e l  to t h e  d i p  of t h e  zone. 
One possible  explanation f o r  t h i s  dua l i ty  i s  
t h a t  events with nodal planes F a r a l l e l  to t h e  
zone occur zlong t h e  bcundarirjr between two plates 
of l i thosphere,  while those with downdip T axes 
occur withir, a subducted s l a b  of l i thosphere.  
This observation i s  not cons is ten t  f o r  a l î  
events,  however, and t1.e l z c k  of s u f f i c i e n t  
data  makes the  explanation arguable.  In  any 
case the  stiress f i e l d  i n  t h e  shallow region 
appears t o  be t c o  complex to be e-xplained i n  ?. 

simple manner. 
I n  2ontrast  t o  t h e  shallower reginn, solu- 

t i o n s  f o r  events ir. the  region below 170 km are 
much more consis tent  with one anotker.  The 
so la t ions  f o r  t h e  seven events (1, 2 ,  4 ,  8, 11, 
14, and 1s)) i n  the concenh-ation west c f  70.6'E 
are e s s e n t i z l l y  tile same (Fi,pre 1;). The T 
axes l i e  within the piane of t h e  zone and 
Flunge t o  the  west a t  an angle o f  about 45'. 
There appear t o  be some excest ions to t h i s  
pa t te rn ,  shown by tlie composite solut ion A 
(Figure 101, made usin& events i n  t h i s  region, 
for which t h e r e  a re  sonie apparently inconsis tent  
f i r s t  motions. 

71°E have similar solut ions t o  those west of 
70.6'E, but two of them (16 and 25) ind ica te  
nore southward p lmgin€  T axes (Figure 12). The 
composite solut ion E ( F i g r e  lo), made from 
events i n  t h i s  area,  E;eneralljr shùws ccmpressiori- 
21 f i r s t  motions i n  the  center  and i s  consis tent  
v i t n  reverse  faulsii ig.  There are unfortunately 
no solut ions f o r  t h e  concentration of events 
near 70.8OE (Figure 121, which i s  where severa l  
events with solut ions L,aing the  WSSIJ are 
located.  A composite so la t ion  ( C  in  Figure 10) 
maäe from l o c a l l y  recorded events i n  t h i s  a rea  
shows compresslcnal f i rs t  motions i n  t h e  center  
c f  t n e  d iapam,  but t h e  nodal planee a r e  poorly 
constrained. 

There a re ,  however, 

p l o t t i n g  the  f a u l t  plane so lu t ions  i n  var ious -& 

Local solut ions.  P lo t ted  i n  plan view (Figure 

Most of t h e  solüt ions f o r  events e a s t  of 

F 
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Viewed on t h e  c ros s  sect ions (Figure 61, the  
nodal planes for t h e  deeper events,  although 
regular ,  do not seem t o  a l ign  with any t r end  i n  
seismici ty ,  and so a r e  not obviously r e l a t e d  t o  
any deep major f a u l t i n g .  
solut ions on t h e  l a t e r a l  sect ion (HH' i n  
Figure 6)  shows t h e  P axes generally perpendi- 
cular  t o  t h e  seismic zone, and the  T axes a r e  
consis tent ly  within it as  a t  i s l and  arcs .  The 
T axes, however, deviate  from t h e  downdip 
v e r t i c a l  d i r ec t ion  by 2Oo-4O0. The T axes f o r  
events i n  t h e  c l u s t e r  a t  70.4OE seem t o  be 
p a r a l l e l  t o  t h e  tube of seismici ty  t h a t  plunges 
t o  t h e  west (HH' i n  Figure 6 ) .  

the T axes f o r  most of t h e  WWSSN solut ions 
plunge s t eep ly  and l i e  within the  zone. 

i n  t h e  solut ions.  

a r e  ava i l ab le  a r e  located i n  c l u s t e r s  (Figure 
1 3 ) .  
each c l u s t e r  a r e  generally similar t o  one 
another,  but d i f f e r  from c lus te r  t o  c l u s t e r .  
I n  p a r t i c u l a r  events near 36.4"N, 70.7'E and 
210 km-depth ( 2 ,  5,  7, 8, and 1 4 )  a l l  r ad ia t ed  
compressional f i r s t  motions t o  s t a t i o n s  t o  t h e  
northwest and southeast ,  with some d i l a t a t i o n s  
t o  t h e  south and southwest (Figure 1 0 ) .  The 
solut ions f o r  events near 35.5'N, 7O.g0E and 
180-km depth i n d i c a t e  two trends.  
f a r t h e r  t o  t h e  west ( 6  and 1 6 )  r ad ia t ed  
compressions more t o  the  south, and t h e  quadrant 
with compressional f i rs t  motion i s  aligned more 
east-west than f o r  t h e  solutions f o r  events a t  
70.7OE. Events 1 and 13, a t  the eastern end 
of t h e  c l u s t e r  a t  70.goE, r ad ia t ed  d i l a t a t i o n s  
t o  t h e  southeast ,  and the zone of compressions 
tends t o  be aligned i n  a northeast-southwest 
d i rec t ion .  Events 3 and 1 2  radiated compressions 
t o  t h e  eas t  and west, and d i l a t a t i o n s  t o  the  
south. W e  note t h a t  these two events were 
located by t h e  In t e rna t iona l  Seismological 
Center i n  an a r e a  where we recorded no events.  
Solution 1 5 ,  which i s  the only solut ion t h a t  
overlaps with t h e  l o c a l  solut ions a t  7O.b0E, 
general ly  has compressional first motions i n  t h e  
center  of the  diagram, but the  nodal planes a r e  
poorly constrained. It i s ,  i n  f a c t ,  possible  
t o  redraw t h i s  solut ion t o  look more l i k e  the  
l o c a l  solut ions (Figure 1 0 ) .  Event 4 r ad ia t ed  
compressional f irst  motions t o  the  west, which 
a r e  separated from d i l a t a t i o n s  t o  t h e  eas t  by a 
nodal plane t h a t  t rends north-south. A s  
mentioned above, t h i s  event i s  deep (~~280 km) 
and i s  somewhat i so l a t ed  from the  r e s t  of the  
events. 
p a t t e r n  emerges where the P axes f o r  t h e  
solut ions r o t a t e  smoothly from a northeast-  
southwest o r i en ta t ion  i n  the  west t o  one t h a t  
i s  more northwest-southeast i n  t h e  eas t .  

of t h e  solut ions (1 and 13) seem t o  have nodal 

However, as i n  t h e  l o c a l  solut ions,  t h i s  
observation is  not applicable f o r  most of t h e  
solut ions.  On t h e  l a t e r a l  sect ion (Figure 1 4 )  , 
t h e r e  appears t o  be a systematic change i n  t h e  
plunge of the  T axes from eas t  t o  west. T axes 
f o r  t h e  f i v e  events ( 2 ,  5 ,  7, 8, and 1 4 )  a t  
70.7OE glunge about 70' t o  t h e  north or north- 

A p l o t  of t h e  

I' 

WWSSN solut ions.  A s  with t h e  l o c a l  solut ions 4 

J Similar ly  a l s o ,  t h e r e  i s  considerable va r i a t ion  

Most of t h e  events f o r  which WWSSN solut ions 

The r ad ia t ion  pa t t e rns  for  events within 

The events 

P lo t t ed  i n  plan view (Figure 13), a 

li 

Viewed on t h e  cross  sect ions (Figure 6 ) ,  two 

planes al igned with the  dip of t h e  deeper zone. i 

e a s t .  This c l u s t e r  i s  j u s t  t o  t h e  e a s t  of t h e  
gap a t  7O.6OE and contrasts  with t h e  westward 
plunging T axes of the l o c a l  solut ions west of 
t h e  gap ( H ' H  i n  Figure 6 ) .  
solut ions 6 a n d 1 6  show nearly v e r t i c a l  T axes, 
and f u r t h e r  eas t  the  T axes f o r  events 1 and 
1 3  plunge t o  t h e  west, following t h e  same 
pa t t e rn  as  t h e  l o c a l  solut ions.  The solut ion 
f o r  event 1 2  a l s o  has a westward dipping T a x i s ,  
while t h a t  for so lu t ion  3 i s  more v e r t i c a l ,  but 
again t h e r e  i s  no seismici ty  i n  t h i s  area t o  
which these solut ions can be re la ted .  

150 km (9, 10 ,  11, and 17) i nd ica t e  l a r g e  
components of reverse  fau l t ing .  These ear th-  
quakes a r e  sca t t e red  throughout the zone, and 
events 9 and 11 apparently occurred i n  the  
c rus t .  Tfien p lo t t ed  i n  plan view (Figure 11) 
or  i n  cross sect ion (Figure 61, t h e  solut ions 
f o r  these events show no apparent consistency 
e i t h e r  among themselves or with the  deeper 
events and seem t o  accentuate the v a r i a b i l i t y  
of solut ions for events shallower than 150 h-, 
which were note2 3.n t h e  l o c a l  solut ions.  

Faul t  plane solut ions throughout t h e  Hindu 
Kush a r e  reminiscent of those f o r  i s l and  arcs  
but show s i g n i f i c a n t l y  more var ia t ion.  When 
correlated with seismic t rends , some pa t t e rns  i n  
t h e  solut ions emerge , but  t h e  s t resses  governing 
t h e i r  o r i en ta t ions  do not appear t o  be simple. 
Nodal planes of t h e  solut ions generally do not 
a l ign  with t h e  dip of the  zone, so t he re  i s  
apparently no major deep-seated fau l t ing .  The 
T axes f o r  t h e  deeper events l i e  i n  t h e  plane of 
seismici ty  but do not  plunge downdip. 
many plurrge about 70' t o  t h e  w e s t ,  and a l i g n  
with the  plunge of t h e  tube of seismici ty  west 
of 70.5OE (HH' i n  Figure 6 ) .  A s  discussed 
below, t h e r e  i s  some evidence t h a t  t h e  aseismic 
gap a t  about 160-km depth indicates  t h a t  t h e  
lower p a r t  of t h e  s lab has broken o f f  from the  
upper p a r t ,  a t  l e a s t  i n  t h e  west. The westward 
dipping T axes would then support the  idea t h a t  
t h e  p a r t i a l l y  detached s lab  i s  hanging from t h e  
shallower region i n  a hingelike fashion. 
Resistance t o  subduction caused e i ther  by a p u l l  
from an eastern connection t o  the shallower zone 
or by some f r i c t i o n a l  drag due t o  flow of 
mantle mater ia l  around an obliquely sinking 
l i thosphere could cause t h e  T axes t o  deviate  
from v e r t i c a l .  
plunging T axes t h a t  occur eas t  of t h e  gap a t  
7 0 . 6 ~ ~ ~  where t h e  T axes plunge t o  t h e  e a s t ,  i s  
a l so  evidence of a l o c a l  per turbat ion i n  t h e  
stress f i e l d .  This per turbat ion could ind ica t e  
t h a t  the  s l a b  i n  t h i s  area i s  being to rn  apa r t  
by competing s t resses .  
s t r e s s e s  i s  uncertain,  but the  change i n  
o r i en ta t ion  of t h e  axes about a r e l a t i v e l y  
small gap suggests t h a t  the subducted 
l i thosphere i s  discontinuous here. 

East of 70.ToE, 

The four  solut ions f o r  events shallower than 

Instead,  

The exceptions t o  t h e  westward 

The o r ig in  of t hese  

Tectonic In t e rp re t a t ion  

To discuss the  Hindu Kush seismici ty  i n  the  
context of the India-Eurasia c o l l i s i o n ,  we make 
some co r re l a t ions  between the  t rends of t h e  zone 
and regional  t ec ton ic s .  I n  Figure 15 t h e  
project ion of t h e  seismic zone t o  t h e  surface 
i s  drawn on a map depicting "ce major f a u l t s  
and some pe r t inen t  geology of the region. 
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Solid circLes represent  compressional first motion, aiid open c i r c l e s  d i l a t a t i o n s .  
Starred so lu t ions  are  those using da ta  from t h e  WWSSiJ. Arrows on the  w[GSII p l o t s  
ind ica te  S wave p o l a r i t i e s ,  and crosses represen? noCa1 readings. 
and C a r e  composi2e solut ions using l o c a l  data .  

Lower hemisphere f a u l t  plane so lu t ions  of dl data used i n  t h i s  study. 

Solutions A ,  E, 

Tectonic 0vervie.w 

As India  approached Eurasia,  subduction of 
t h e  Tethys ocean beneath Eurasia apparentl:; 
occurred along t h e  Indus-Tsangpo suture zone 
[e .g . ,  Dewey and B i r d ,  1970; Gansser, 1964, 
19663. The locat ion of t h i s  suture  e a s t  of 
76OE I s  generall j .  assumed t o  Pe qui te  siEple 
with only a s ingle  b e l t  of ophio l i tes  [Gansser, 
1966, 19771. 
of t h e  Indcs sl;tlxe i s  e ; ident ly  not as simple. 
One candidate f o r  t h e  westward s t e n s i o n  o f  t h e  

To t h e  wes$, however, t h e  locat ion 

Indus suture  i s  the k a s  irolcznics t h a t  a re  
found i n  t h e  Ladakh region and can be t raced  
westward almost continuously i n t o  Afghanistan 
[ e . g . ,  Gansser, 191Ïl. Mafic sequemes i n  2he 
I b h i s t s n  Himalaya south of t h e  Ijras v o k a n i c s ,  
however, have been in te rpre ted  by Tahirkel i  e t  
a l .  [197$] as being suggestive 3f i s land  a r c  
c rus t .  According t o  t h i s  i n t e r p r e t a t i o n ,  India 
would have been subducted a t  t h i s  i s land  arc, 
and t h e  Dras ?clcanics w o d d  mazk the  zone where 
a margiiial basin between t h e  a r c  and t h e  r e s t  of 
Asia m s  subducted ( s e e  a l s a  B a k e  e t  aL. [l?ÏÏ] 
In  t h i s  region t h e  IXIEUS suture  would be a broad 
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zone t h a t  includes both the  a rc  t e r r a i n  and the  
Dras volcanics.  

The Dras volcanics seem t o  reach a s  far west 
as t h e  I C u n a r  f a u l t ,  an ac t ive  fault t h a t  i s  
very c lear  on the  Landsat imagery [Prevot e t  
al., 19801. The Kunar f a u l t  seems t o  terminate 
i n  t h e  west near t h e  Sarubi fault, an ac t ive  
r i g h t  l a t e r a l  s t r i k e  s l i p  fault [Prevot e t  a l . ,  
1980; Wellman, 19661. 
found south and w e s t  of the Sarubi,  and a 
mapping of them suggests t h a t  they were 
emplaced during t h e  l a t e  Cretaceous or e a r l y  
Tert iary [Cassaigneau, 19791. These ophiol i tes  
seem t o  be bordered on t h e  w e s t  by t h e  Chaman 
f a u l t ,  an a c t i v e  l e f t  l a t e r a l  f a u l t  than can be 
t r aced  almost t o  t h e  G u l f  o f  Oman. West of the 
Chaman f a u l t  t h e r e  have not seemed t o  be 

Ophioli tes have been 

ophiol i tes  o r  other evidence of subduction 
since the mid-Cretaceous. A t  present ,  t he  
Chaman f a u l t  appears t o  accomodate a subs t an t i a l  
f r ac t ion  o f  t h e  s l i p  between India  and Eurasia 
[Auden, 1974; Chatelain e t  a l .  , 1977; de 
Lapparent, 1972; Wellman, 19661. 
Chaman and Sarubi f a u l t s  seem t o  terminate a t  
t h e  Panjer va l l ey ,  through which, according t o  
Wellman [1966], the  east-west, r i g h t  l a t e r a l  
Herat f a u l t  continues. The Panjer f a u l t  
t rends i n  a d i r ec t ion  approximately p a r a l l e l  t o  
t h e  Kunar fault and i s  i t s e l f  associated with 
oph io l i t e  bodies [ Gansser , 1977; St8ckl in ,  
1977 3 .  
apparently due t o  t h e  protrusion of India  i n t o  
Eurasia,  e s s e n t i a l l y  follows an a r c l i k e  p a t t e r n  

Both the  

I n  t h e  north,  c r u s t a l  deformation, 
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centered symmetrically sf atlout ?ZOE. 
region i s  laced with a s e r i e s  of southward 
dipping t h r u s t  f a u l t s .  A t  leas: m e  cf  then,  
the  Darvaz-Karakul f a u l t ,  becomes a l e f t  
l a t e r a l  s t r i k e  s l i  f a u l t  t o  t h e  west [Euchai 
and Trifonov, l977p . 
t h r u s t  f a u l t s  abut against  r i g h t  lateral s t r i k e  
s l i p  f a u l t s  (e .g .  , the  ?;arcikorum f a u l t )  
[Burtman e t  a l . ,  1963; Peive et. al. , 1964; 
Ruzhentsev, 19631. 
ac t ive  a s  e a r l y  as i n  t h e  Paleogene, while 
others  appeared i n  mSre recent t i x e s  [Peive e t  
a l . ,  19641. The t rend of the f a u l t s  general ly  
conforms t.ü t h a t  of t h e  F'mir mountain rznge. 
The Pamir, hÜwe-,w-, appears to be 2 weztward 
cont,inuat.ion of t h e  Euunluri, a l a t e  Paleozoic- 
e a r l y  Mesijzoic orogenic b e l t  alorq t h e  northerï1 
margin of Tibet (?Torin [ I ~ T S ~ ] ,  and .i-uoteE by 
;J:olnar and Burke [1977]; Fei-Je e t  31. [l%41). 
Subsequent r i g h t  l a t e r a l  f a u l t i n g  alonE t h e  
Karakorum and other  fault.s seems t o  have 
displaced the  P.anii- 250 !a north i n  re lz?ion to 
t h e  K u n l u n  [IJorin, 1979; Pebre e t  a l .  , 19d41. 

This 

To t h e  east . ,  most of  t h e  

Some cf these  faults were 

Inferences Lierive.2 From the  
Configuraticn of t h e  Seismic Zmir 

The most genera; inference t.hat m e  can nake 
about 5he Hindu K ~ s h  seimsic zone i s  t.l?at 
subductAon has taken place.  The narrow width 
and approximately planw cliaract,er of t h e  zone, 
d o n g  with it ,s e s s e n t i a l  continiiit;:; tii depths 
of 300 1x1, a r e  indica?i;re cf ar.offialously low 
t.emperatures confined t ü  a narrow. planar mne.  
Fresumably, suidu-tion o f  cold oceanic l i t h o -  
sphere i n t o  t h  warmer ast.henor;piisre has 
iiCCWIPd. For t h e  rest of t h i s  l i s c n s s i s n  WP- 

take t h e  general  scenaric  OS subduction as a 
s t a r t i n g  point  snd elsk-orate on it 9s th -  
addi t ional  ccmglesit ies of' t h e  -,me require .  
In  p a r t i c u l a r ,  we  w e  ccncernsd with ?lie rat.* 
and 6urat.iorl of s u h ~ u c t i o n ,  the influence (2f 
the  c o l l i s i o n  or. t h e  ssismlc zone, t h e  pc8ssi%ie 

locat ions of sutures, and scenarios  for  
emijlacemenr.. 

Evidence For Times and Am0unt.s of Subduction 

17it.h the  exception c f  seismic activit:r 
beneath Eurma, the  Hindu Kush seismic zone i s  
t h e  only zone of intermediate depth a c t i v i t y  
near t h e  boundary between India  and Eurasia. 
This observation implies t h a t  t h e  Hindu Kush 
vas t h e  scer.e of f i n a l  subduction of oceanic 
litlioosphere between India  and Eurasia. 
subduction beneath t h e  Hindu Kush  as 
i n i t i a t e d  p r i o r  t o  t h e  c o l l i s i o n ,  whicn 
occ t r red  45210 m.y. ago [Gansser, 1966; 
Molnar and Tapponnier , 1375 ; Powell and 
Con,zghan, 1972 1 ,  the  occurrence of earthquakes 
suggests t h a t  it has continued f o r  some time 
a f t e r  t h e  .:ollision as wel l .  

a r e  li0 ac t ive  vclcanoes and not even any known 
recect, vclcanic  mater ia l  above t h e  seismic zone. 
AJthough a f u l l  undersranding of calc-alkaline 
vclcanism at, i s land  arcs i s  lacking,  we note 
t,hat such aolcanism occurs a t  near ly  every 
known acti-,-el7 subducting region. Ln western 
I b r t k  America, solcanism and subduction seemed 
t o  havr ceased at  e s s e n t i a l l y  t h e  same time 
[Cross ard  P i l g e r ,  1978; Snyder e t  a l . ,  19761. 
~ t l ~ c u g l l  t,here a r e  nc a c t i v e  mlcances i n  some 
portions of t h e  Andes, beneath which subduction 
has taken rilace f o r  a lar% time, most of t h e  
Ardes experienced Fliorxne or Quaternary 
volcznoes. Therefore we i n f e r  t l ia t  since IIÜ 

vcslcaiiic m c k s  of late Cenozoic age have been 
reported anpl ie re  along t h e  Hindu k s h ,  
subduction probably occurred only f a r  a ;iïort 
ctui-at.im. 

i f  aubduction was i n i t , i s t e d  iz long time ago, 
f o r  instance,  5 G  m.:F. ago, cessa t ioc  ,>f 
aLb?iiction must ~ L C Ü  ha?e occiirred a long time 
SEO. The existence of irfrermediate depth 
s-:entx would, h".-er, seem ta disallow tha t  . 

If t h e  

ITnlike mcst subduction zones , however , t h e r e  

h e  implication of 3 shtzrt duration i a  thaz 
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Table 3. 
fault plane solutions. 

Events used in determining composite 

so,. Date Origin Latitude Longitude Depth 
time ( O N )  ( "E)  ( k m )  

A 77/06/18 10:03 36'31' 70'24' ,221 
77/06/20 00:25 36'31' 70'18' 210 
77/06/22 03:30 36'28' 70°20' 208 
77/06/26 11:03 36'27' 70'22' 216 

B 77/06/17 17:14 36"33' 70'57' 197 
77/06/19 01:47 36'44' 71'29' 194 
77/06/20 20:OO 36'42' 71"06' 233 
77/06/21 21:33 36'33' 71'22' 160 
77/06/23 23:32 36'42' 71'22' 167 
77/06/26 15:05 36"33' 70'57' 212 
77/07/02 04:09 36"41' 71'04' 242 
77/07/02 14:21 36'28' 70"59' 231 
77/07/03 01:55 36'43' 71'14' 254 
77/07/06 04:54 36'33' 71'01' 204 
77/07/08 01:30 36'38' 71"09' 212 
77/07/08 05:25 36"40' 71'10' 224 
77/07/08 09:50 36"42' 71"14' 235 
77/07/10 08:05 36"40' 71'09' 226 

C 77/06/21 05:33 36"29' 70'46' 204 
77/06/23 03:22 36'27' 70'46' 214 
77/06/23 12:14 36'33' 70'41' 205 
77/06/23 20:40 36'38' 70'46' 190 
77/06/25 12:40 36"36' 70"45' 168 
77/07/01 01:39 36'25' 70'43' 219 
77/07/01 15:39 36'37' 70'59' 230 
77/07/02 03:30 36'34' 70'40' 174 
77/07/07 06:20 36"25' 70'38' 229 
77/07/08 03:22 36"27' 70'57' 163 
77/07/12 08:05 36'28' 70'48' 203 

I n  ac t ive  subduction zones, such a s  the  
Japanese a r c ,  t h e  l i m i t  i n  t h e  depth of 
seismicity occurs i n  l i thosphere  t h a t  has 
res ided  i n  the  mantle f o r  about 1 5  m.y. or 
l e s s .  We suspect therefore  t h a t  i f  subduction 
of l l thosphere  beneath t h e  Hindu Kush has 
ceased, it probably could not have done so 
e a r l i e r  than 20 m.y. ago. In  f a c t ,  since the  
upper boundary of t h e  seismicity seems t o  
coinhide with the  depth of t h e  Moho, it i s  
possible t h a t  subduction has ceased very 
recent ly  o r  i s  continuing aseismically through 
a r e l a t i v e l y  weak lower c rus t .  
of subduction would requi re  t h a t  continental  
l i thosphere i s  being subducted, a s i t u a t i o n  
which might account f o r  t he  broader zone of 
seismicity a t  depths shallower than 170 km. 

l i m i t  on t h e  duration or on t h e  times of 
subduction, we can place lower bounds on 
values associated with these  parameters. 
t he  above observations taken together suggest 
t h a t  subduction beneath t h e  Hindu Kush most 
l i k e l y  completely postdates t h e  co l l i s ion  
about 45 m.y. ago and was probably much more 

The continuation 
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,f 
t Although it i s  d i f f i c u l t  t o  place a prec ise  
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recent.  Since t h e  t rend  of t he  seismic zone 
i s  approximately perpendicular t o  the  
d i rec t ion  of convergence between India and 
Eurasia., it i s  unl ike ly  t h a t  subduction 
occurred a t  a r a t e  exceeding t h e  r a t e  of 
convergence between these  two continents,  about 
43 m/yr [Minster and Jordan, 19781. 
depth of t h e  seismic zone we know t h a t  a t  
l e a s t  300 km of l i thosphere  have been subducted. 
Therefore while t h e  l ack  of volcanics suggests 
a short  duration of subduction, t h e  depth of 
seismicity ind ica tes  it must be a t  l e a s t  7 m.y. 
If a l l  of t h e  convergence d id  not take place 

i n  t h e  region of subduction, t he  subduction 
r a t e  could perhaps have been slower, which would 
i n  tu rn  r e s u l t  i n  a longer duration. It i s  
unl ike ly  t h a t  t h e  r a t e  o f  subduction could be 
very much l e s s ,  however, because, f o r  lower 
r a t e s ,  subduction t o  such depths probably 
could not occur. From a study of seismic zones 
where t h e  r a t e s  of subduction and age of 
subducted oceanic l i thosphere  i s  known, Molnar 
e t  a l .  [1979] deduced t h a t  t he  length  of  t h e  
seismic zone i s  approximately proportional t o  
t h e  r a t e  of subduction times t h e  square of t h e  
thickness of subducted l i thosphere .  I f  t h e  age 
of t h e  subducted l i thosphere  i s  l e s s  than about 
100 m.y., t he  thickness of t h e  l i thosphere  i s  
proportional t o  t h e  square root  of t h e  age, so 
t h a t ,  approximately, l ength  = r a t e  x age110 
[Molnar e t  a l .  , 19791. For oceanic l i thosphere  
older than about 120 m.y., however, t he  thick- 
ness of t h e  l i thosphere  i s  e s sen t i a l ly  constant 
( 'U25  km, Parsons and Sc la te r  [l977]), s o  t h a t  
t h e  length of t h e  seismic zone i s  proport ional  
t o  t h e  r a t e  of subduction. Thus f o r  a length  
of 300 km t h e  r a t e  of subduction of old 
l i thosphere  should be a t  l e a s t  20 mm/yr 
[Molnar e t  a l .  , 19791. 
h3 nm/yr t he  age of t h e  l i thosphere a t  t h e  time 
it was subducted beneath t h e  Hindu Kush should 
have been grea te r  than about 70 m y .  

We conclude t h a t  r e l a t i v e l y  o ld ,  and there-  
fo re  cold and th i ck ,  oceanic l i thosphere was  
subducted beneath t h e  Hindu Kush for a shor t  
duration i n  t h e  l a t e  Ter t ia ry .  

Influence of t h e  Collision 

From t h e  

For a maximum r a t e  of 

Locations of t h e  earthquakes ind ica t e  t h a t  
a t  l e a s t  i n  t h e  south the  l i thosphere i s  
sharply bent,  going from a horizontal  t o  a 
v e r t i c a l  d i spos i t ion  i n  a very short distance.  
Assuming t h a t  t he  upper seismic zone defines an 
approximately c i r cu la r  t r a n s i t i o n  region between 
these  d ispos i t ions ,  t h e  radius of curvature f o r  
t h i s  region i s  about 100 km. For most 
subduction zones t h e  rad ius  of curvature i s  
about 200 km [Isacks and Barazangi, 19771. 
Fromthe discussion above we suggest t h a t  t h e  
subducted l i thosphere  was r e l a t i v e l y  th i ck .  
Therefore i f  t h e  l i thosphere  i s  continuous, a 
l a rge  bending moment, s ign i f i can t ly  grea te r  than 
i s  evident i n  i s l and  a rc s ,  must be applied t o  it 
t o  bend it so sharply. The gap between t h e  
events shallower and deeper than about 170 km 
may i n  f a c t  represent a discontii iuity i n  the  
l i thosphere ,  so t h a t  a t  shallower depths t h e  
l i thosphere  does not necessar i ly  curve 
s ign i f i can t ly  with increasing depth. The 
v e r t i c a l l y  dipping lower region would then have 
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broken of f  recent ly  and would be sinking some- 
what independently of t h e  shallower region. I n  
addi t ion,  t h e r e  i s  a considerable change i n  t h e  
d ip  of t h i s  shallower region from e a s t  t o  west. 
Since t h e  length of the  s lab  i s  much shor te r  
than a t  i s land  a r c s ,  where t h e  s lab  seems t o  be 
continuous , the  grav i ta t iona l  body force  
associated with such a short  s l a b  i s  probably 
inadequate t o  bend t h e  p l a t e  o r  t o  break it o f f .  
We suspect t h a t  t h e  protrusion of t h e  Indian 
subcontinent has provided a dynamic push t h a t  
has bent t h e  underthrusted slab and s t ra ightened 
up the  eas te rn  end of t h e  zone. This conjecture 
i s  supported by t h e  f a c t  t h a t  t h e  top  of t h e  
seismic zone near 70 km extends t o  shallower 
depths as t h e  zone becomes mere v e r t i c a l ,  as 
one might expect i f  t h e  e n t i r e  s lab  were beinn 
ro ta ted  t o  a v e r t i c a l  d i rec t ion  without s inking.  
Moreover, t h e  project ion of t h e  seismic zone t o  
t h e  surface (Figure 15) i s  p a r a l l e l  t o  t rends  
of fo lds  and f a u l t s  such as those i n  the  Panjer 
and Kunar va l leys ,  which apparently were a l s o  
deformed by the  protrusion.  

Emplacement Scenarios 

An implication of a short  durat ion of sub-. 
duction i s  t h a t  it i s  unl ikely t h a t  t h e  
l i thosphere beneath t h e  Hindu Kush was  once 
p a r t  of t h e  Tethys ocean t h a t  w a s  a t tached t o  
India  and subducted beneath Eurasia,  unless we 
have overestimated the  date  of t h e  c o l l i s i o n .  
Subduction t h a t  postdates  t h e  c o l l i s i o n  and 
occurs over a short  duration suggests t h a t  
independent pieces of oceanic l i thosphere,  such 
as in t racont inenta l  o r  i n t e r a r c  basins ,  have 
recent ly  been subducteri beneath the  Hindu Iiush 
north of t h e  Tethys suture  [ k l a l t u r i n  e t  a l .  , 
19771. I n  examining t h i s  proposal we discuss  
t h e  implications of a spectrum of possible  
emplacement scenarios.  

Tfie problem of t ry ing  t o  determine where 
and from which d i rec t ion  subduction took p lace  
i s  complicated by the  f a c t  tha? two p a r t s  of 
t h e  zone d ip  i n  nearly opposite d i rec t ions .  
explanation t h a t  assumes subduction i n  only one 
d i rec t ion  must account f e r  t h e  complete over- 
tu rn  of scme p a r t  of t h e  downEoing sla.0, 
presumably bg t h e  undertllrusting l i thosphere  
draggine it throueh t h e  asthenosphere [e .g . ,  
Bi l l ineton e t  a l . ,  19771. 3uch a phenomenon 
may have occui-red north of Bew Guinea, where t h e  
intermediate depth zone dips south under t h e  

An;- 

i s land ,  not northward beneath t h e  volcanoes 
[Johnson and Molnar , 19721. 

The observation t h a t  Eurasia moves slowly 
with respect t o  frames of reference i n  which 
e i t h e r  the  relative motion of t h e  hot spots o r  
t h e  net  r o t a t i o n  of  t h e  l i thosphere i s  minimized 
[Minster e t  a l . ,  19741 suggests t h a t  Eurasia 
has not overriden a s lab  at tached t o  it. Since 
any s lab  o r i g i n a l l y  dipping t o  t h e  south 
probably would at most be forced t o  a v e r t i c a l  
pos i t ion ,  and s ince t h e  southern zone dips 
northward, subduction from t h e  north alone i s  
unl ikely.  

t o  such frames. A s  noted above, we i n f e r  t h a t  
t h e  protrusion of a northward moving Indian 
l i thosphere i s  probably responsible for t h e  
p a r t i a l  s t ra ighten ing  of t h e  southern zone of 
subducted l i thosphere .  If one assumes t h a t  
subduction occurred e n t i r e l y  from t,he south, 
t h i s  l i n e  of reasoning could be extrapolated 
t o  explain t h e  overturning of t h e  northeastern 
port ion of t h e  downgoing slab beneath the  
Pamirs [e.&. , Bil l ington e t  a l . ,  19771. Some 
evidence f o r  t h i s  scenario i s  suggested by t h e  
t rend  of t h e  seismic zone i n  t h i s  area,  which 
conforms t o  t h e  a r c  of deformation a s  defined 
by t h e  southward dipping t h r u s t  f a u l t s  i n  t h e  
Pamir. One consequence of such a scenario i s  
t h a t  i f  t h e  l i thosphere  were displaced north- 
ward s u f f i c i e n t l y  t o  overturn t h e  s lab , then 
t h e  suture  t h a t  formed when t h e  l a s t  p a r t  of 
t h e  basin w a s  subducted, t h e  Famir suture ,  
would be present ly  northwest of the seismic 
zone. The India-Eurasia sut-ure zone i s  thought 
t o  be a t  o r  j u s t  south of t h e  Kunar f a u l t  
[Tahirkel i  e t  a l . ,  29771, which i s  near ly  300 
lon south of the  seismic zone. The Kunar f a u l t  
therefore  could not  llave been the  Pamir suture ,  
and t h e  oceanic l i thosphere  beneath the  Famir 
w a s  not original;$ from t h e  Tetliys. Therefore 
regardless  of whether o r  not  subduction 
occ-urred e n t i r e l y  f r o x  t h e  south,  the existence 
of the  intermediate depth elrents beneath t h e  
Pamir req-cires That an in t racont inenta l  
(pcssibly in tc rarc  ) basin originall ; ;  l a y  north 
of t h e  IiixLzr f a u l t .  Al?hough we are  aware of 
no evidence t h a t  disallows northward subliuction 
beneath the  F d r  and subsequent overturning of 
t h e  zone, we think t h a t  ?he geologic e-<idence 
i s  more e a s i l y  accomodated by a sou9îward 
subductior. beneath t h e  Pamir. 

In  contrast  , India  mo-<es rap id ly  with respect  

._ 

Hence we 'chink that  a nore l i k e l y  scenario i s  
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Fig. 11. 
solu t ions  for events shallower than 170-lun depth using da ta  from l o c a l  and WWSSN 
s t a t ions .  Locations of events using WSSN data a re  p lo t t ed  as  s t a r s .  Dark quadrants 
represent compres,sional first motions, and white quadrants d i l a t a t ions .  

Lower hemisphere pro jec t ions  i n  abbreviated balloon format of f a u l t  plane 
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t h a t  two small ocean basins were subducted 
separa te ly  i n  opposite d i r ec t ions ,  one t o  the  
north beneath the  Hindu Kush, and one t o  the  
south beneath the  Pamir ( see  a l s o  Bi l l ing ton ,  
e t  a l .  [1977], Malamud [1973] and Vinnik and 
Lukk [1974]). Evidence f o r  subduction from the  
north beneath the  Pamir cons is t s  of -the 
following observations: first,  t h e  zone dips t o  
the  south. Second, almost a l l  of t h e  f a u l t s  
north of t he  zone ind ica te  underthrusting t o  
t h e  south. By examining repeated f a c i e s  of 
Cretaceous and Paleogene sediments, Peive e t  
a l .  [1964] i n f e r  that a t  l e a s t  100 km of 
northward overthrusting has occurred along these  
f a u l t s .  I n  t h e  Garm region, j u s t  ea s t  of t h e  
Vakhsh overthrust ,  geodetic observations ind i -  
ca te  ac t ive  convergence of about 2 c m / p  
[Konopoltsev, 19711 and an u p l i f t  of t he  south 
wall of a t h r u s t  f a u l t  a t  about 1 cm/yr [Finko 
and Enman, 1971; Nersesov e t  a l . ,  19761. A 
pro jec t ion  of the  seismic zone t o  t h e  surface 
l i e s  near t h e  Darvaz-Karakul f a u l t ,  which 
changes from a southward dipping t h r u s t  i n  'che 
north t o  a l e f t  l a t e r a l  s t r i k e  s l i p  f a u l t  i n  
t h e  west [Kuchai and Trifonov, 19771. Displace- 

ment along t h e  western p a r t  of Darvaz-Karakul 
seems t o  occur a t  about 1 cm/yr [Kuchai and 
Trifonov, 19771, and the  accumulated displace- 
ment could be as much as  200 km [Zakharov, 
19691. Right l a t e r a l  displacement of 250 km 
seems t o  have occurred along northeast  trending 
faults eas t  of t he  Pamir [Norin, 1979; Peive 
e t  a l . ,  19641. 
with a northward overthrusting of t he  Pamir 
onto t h e  r e s t  of t h e  Eurasian landmass. 
F ina l ly ,  t h i ck  marine sediments were deposited 
i n  t h e  Tadjik depression north and west of t h e  
zone during t h e  upper Cretaceous and Paleogene 
[Peive e t  a l . ,  19641. 
seems t o  separa te  these  sediments from 
Paleozoic deposits t o  t h e  south and eas t .  We 
note t h a t  subduction from the  north requi res  a 
Pamir su ture  which l i e s  f a r  t o  t h e  north of t he  
India-Eurasia su ture ,  and t h i s  i n  tu rn  would 
imply t h a t  a marginal ocean basin,  i s o l a t e d  
within the  Eurasian continent,  once ex is ted  
north of t h e  Pamir. 

zone s t rongly  implies t h a t  it formed by 
subduction from t he  south. Some geological 

All of these  data a r e  cons is ten t  

The Dasvaz-Karakul fault 

The northward d ip  of t h e  Hindu Kush seismic 
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Fig. 12. Fault  plane so lu t ions  using local  ?ata for events deeper $han 170 kn .  
S:ymbols as i,, F i p r e  11. 

evidence e x i s t s  t h a t  supports t h i s  d i rec t ion  of 
subduction, but t h e  d e t a i l s  of t h e  emplzcement 
are d i f f i c u l t  t o  resolve.  The s ~ i r f i c i a l  
p ro jec t ion  of the  zme i n t e r s e c t s  t h e  surface 
j u s t  south of t h e  Fanjer f a u l t ,  making it z 
l i k e l y  candidate for a suture  zone. Ophioli tes 
have been icientified botli ûn the  Fznjer and zt 
l e a e t  as far a s  300 lm t o  t h e  south of the 
Fanjer [Cassaigneau, 1979; Gznsser, 1977; 
Zt&klin,  19771. 
bordered on the  west by t h e  Chaman f a u l t ,  which 
apparently tarminates st i ts  in te rsec t ion  w i t h  
t h e  Herat f a d t  i n  t h e  Pznjer valley. Such a 
geometry i s  sucgestive of a system analogous 
t o  a trench-transform s?stem. The Chaman fzuLt 
has been ac t ive  at l e z s t  s ince some time i n  
t h e  Ter t ia ry ,  and althouch t n e  da ta  are not 
conclusive, there  nia; have been as much 2s 
300-500 km of l e f t  l a t e r 3 1  displacement alon€ 
it [Auden, 1974. ?.e Lappzrent, Lp7:; Wellmarl. 
19661. A hy-pctheti%cQ extension of t h e  f a u l t  
pas t  i t s  termination a l i c n s  arproximatelJr rrith 
t h e  western ehge cf the intermediste  cie2th 
seismici ty .  

These observat ions,  however, do not prove 
t h a t  subduction tcok Flzce a t  the  Fan.ier f a u l t .  
The ophio l i tes  s m t h  cf the  Fznier were 
z?parentl>- emplzced i n  the  k i t e  Cret-ecems or 

These l a t t e r  ophio l i tes  are 

early Terf ia ry  [ "assaigneau, 1979; Gansser , 
1277; ifattauer e t  a l . ,  19761, which i s  too earl:< 
t o  be associated with the  f i n a l  closure of a 
bzsin whose l i thosphere ncw contains the  Hindu 
EAPII se i -mici ty .  I.loreover , t h e  q h i o l i t e s  i n  
the  Facjer valle:] are of uncertain age and not 
well s tudied.  

A second p o s s i b i l i t y  for t n e  suture  zone i s  
the  Kunar f z u l t  and i t s  extension eas t  i n t o  
the  Hazara region north of the  Yoohistan 
Himalaya. 
f u r t h e r  north,  TahirBeli e t  a l .  :1977] 
suggested t h a t  an in te rarc  basin was subaucted 
st t h e  &mar f a u l t  a f t e r  the  c o l l i s i o n  with 
India.  Tne prc jec t ion  of the  seismic zone i s  
approximately parallel to the  t rend of the  
Kunar fa i l i t  but w o ~ l . 3  imply t h a t  th rus t ing  
ü-curred on z plane 3iFping a t  about 20' 
between O- and 70-km depth. Faul t  plane 
ss lu t ious  of l a rge  events i n  t h e  X i m a l a p  a r e  
cansis tent  with such a d ip  [e .g . ,  t b l n s r  e t  
a l . ,  19771, hut a stii+y rJf microearthquakes 
near The Kunar f a u l t  aces ns t  reveal a simple 
f5ud'r dippin? northward [Fre-mt e t  z l . ,  19901. 
Again, t h i s  e*,-idence i s  inadequuske t o  prove 
t h a t  t h e  ï i thoEphere i n  which t h e  Hindu Ik~sli 
earthpuakes ûcccur vis s t ihd~cked here. 

From t h e  Eeology of  the  regioc 
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I n  any event, subduction beneath the  Hindu 
Kush from t h e  south seems l i k e l y ,  even i f  the  
su ture  zone cannot a s  yet be recognized with 
ce r t a in ty .  

subducting l i thosphere  has been proposed before 
from other  s tud ies  of seismicity,  d i f fe rences  i n  
t h e  &ta re su l t ed  i n  d i f f e ren t  i n t e rp re t a t ions .  
I n  t h e  te lese ismic  study of Bi l l ing ton  e t  a l .  
[1977], such a scenario w a s  p a r t i a l l y  dismissed 
because t h e  r e s u l t s  implied t h a t  the  two zones 
would somehow become contiguous a f t e r  t h e  
co l l i s ion .  The microearthquake r e s u l t s ,  

4 4  regions. Therefore even though t h e  simultaneous 

‘.I 

b t h a t  some s p a t i a l  independence between t h e  

The earthquake loca t ions  a l so  suggest that 

Although t h e  p o s s i b i l i t y  of opposi te ly  

’ 
I however, show a considerable gap between the  

subduction of l i thosphere  i n  d i f f e ren t  
d i r ec t ions  within a r e l a t i v e l y  small a rea  may 
seem unusual, t h e  gap between them indica tes  

neighboring basins could have existed.  

I t h e  su tures  associated with subduction of t he  
two basins l i e  on opposite s ides  of t h e  Pamir- 
Hindu Kush orogenic b e l t .  Since t h i s  b e l t  
formed i n  the  l a t e  Paleozoic or ea r ly  Mesozoic 
and therefore  predates subduction, t h e r e  must 
have been two oceanic basins separated by the  
Pamir-Hindu Kush b e l t  regardless of t he  
d i r ec t ion  of subduction. On t h e  bas i s  of these  

observations we suggest t h a t  t h e  subduction of 
two oceanic basins i n  opposite d i rec t ions  
beneath t h e  Hindu Kush and Pamir i s  both 
p laus ib le  and l i k e l y .  

been qui te  common i n  t h e  tec tonic  evolution of 
orogenic b e l t s .  A s  Arabia and Afr ica  continue 
t o  converge with Eurasia,  i so l a t ed  basins such 
as  those beneath t h e  Black Sea and Caspian Sea 
probably w i l l  eventually be subducted. They 
could well  be fu tu re  analogues f o r  t he  kind of 
subduction beneath the  Hindu Kush and Pamir. 
For a b r i e f  time they w i l l  give r i s e  t o  
intermediate and possibly deep earthquakes i n  
i so l a t ed  areas f a r  from the  main su ture  zones, 
where thousands of kilometers of oceanic 
l i thosphere were subducted. Clearly,  t he  
existence i n  t h e  pas t  of such basins and t h e i r  
subsequent subduction w i l l  cause complexity 
t h a t  w i l l  make t h e  unraveling of geologic 
h i s to ry  of orogenic b e l t s  much more complicated 
than stan3arc? two-dimensional cartoons imply. 

Subduction of i so l a t ed  basins probably has 

Summary 

Owing t o  t h e  high a c t i v i t y  of t he  Hindu Kush 
seismic zone t h e  microearthquake inves t iga t ions  
of 1976 and 1977 recorded a subs t an t i a l  number 
of earthquakes. From a s e r i e s  of t e s t s  designed 

t 

36N 
Fig. 13. Faul t  plane so lu t ions  using TJWSSN data f o r  events deeper than 170 km. 
Solutions f o r  l o c a l l y  recorded events occurring i n  t h e  a rea  a re  p lo t t ed  as  well .  
The l i n e  J’J i s  a sec t ion  of H’H used t o  p l o t  t he  so lu t ions  i n  a l a t e r a l  p ro jec t ion  
p a r a l l e l  t o  t he  zone. Symbols a s  i n  Figure 11. 
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1 

q- n- 
4. a/ I 

300 1 
Fig. 1 4 .  Rack hemisphere gro jec t ions  of f a u l t  
plane solut ions using WSSIT da ta  tonto z 
l a t e r a l  sect ion parallel t o  t h e  zone. 
Location of the J'J sec t ion  i s  given i n  
Figure 13. 

t ü  evsluate  d i f fe ren t  soinces of Lncertairity, 
c p a l i t y  c r i t e r i a  were developed f o r  estimaticg 
t h e  precis ion cf t h e  loca t ion  of these  events. 
From t h e  1200 events f o r  which loca t ions  c3uld 
be cbtained, agpl icat ion of the  c r i t e r i a  allowed 
us t a  c u l l  out Onn well-located events ,  with 
uncer ta in t ies  i n  epicenter  of ahout 5 kn and i n  
depth of 10 km. These 600 e-?ents were used t o  
def ine t h e  seismic zone i n  some d e t z i l .  ! h i l e  
the  def in i t ion  of 2 seismic 'on2 with data from 
a tempcrarg network c z r r i e s  ?lie stigma 3f 
inadequate sampling, many of t h e  fea tures  
re-realed by t h e  1977 stu3y are r e f l e c t e d  i n  the 
microeerthquzke s tudies  o i  1376 2nd l?nÏ-t% 
[Roecker e t  21.. i0801 and i n  t h e  te leseismic 
r e s u l t s  of EiL1inE;ton e t  %L. [ 1 9 ~ 7 1  and Garito 
[lC,@]. 
quakes i n  t h e  1077 study sccentuated mari:? 
fea tures  such as a bend i n  t h e  zone at shallower 
depths and %seismic p p s ,  which went largely 
unnoticed i n  previous s tud ies .  

l*;e f i n 3  t h a t  t h e  c r u s t  from O- t ü  70-km 
depth i s  e s s e n t i a l l y  ;seismic. Below the crust  
the  seismic zone i n  the  upFer mantle i s  
separzted i n t o  three  regions b j r  two promiKent 
aseismic gaps. 
ward dipping region beneath the  Pamir from a 
northward dipping one Eeneath t h e  Hindu Ehski. 
P. gap i n  seismici ty  heneath t h e  HindJ Iheh 
f u r t h e r  separztes seismic regions deeper and 
shal1o;:er than z'rüut 1713 izm f'rcm one ano-ker. 
The deeper regiou is  chzracter ise? aa 2 narrob- 
(15-22 km) uert icalkq dipping zone, while the  
shsllower region i s  t m z d  an3 dips st 
progressi-Jel; s teeper  m g l e s  from west t o  ezs t  . 
The differences i n  dip and breadth of these 
recions mskes the long-tem r o l e  of the  
zseismic gaps 2s bcuridaries -+t&le.  

determine3 with hot11 l c c i l  z.~d \.TESII d2tz. 
revez1 T zxes general ly  l:,nng i n  t h e  plzne of 
seismicit;. at13 F axes gener-al:; perpendiculzr 
t o  the   lan ne, which i s  s in i l i r  Iss solut ions i n  
islaid arcs .  In  cont res t  t o  i s l a n d  arcs t h e  T 

III f a c t ,  t h e  lzrge number of earth- 

A 70-kx gap separates  a south- 

Feul t  plzne s d u t i o n s  f c r  t h e  ücem e-dents. 

axes are not always p a r a l l e l  t o  the  d ip  of t h e  
zone, and t h e r e  seems t o  be subs tan t ia l  
var ia t ion  i n  t h e i r  o r ien ta t ion .  Much of t h i s  
v a r i a t i o n  o c c u s  on opposite s i d e s  of a 
resolvable  gap i n  a c t i v i t y  of about 15-kr 
width i n  t h e  deeper regior, at  about 70.6'E. 
To t h e  west of t h i s  gap, T ,axes plunge t o  the  
west. On t h e  o ther  s ide of  t h e  gap, T axes 
plunge t o  t h e  e a s t  and, fur ther  e a s t ,  become 
p r o p e s s i v e l y  more westward plunging. 
western end of t,he deeper seismic zone, activit:r 
seems t o  be confined t o  a tube which d ips  t o  t h e  
west,  and the  T axes west of the 70.7OE gap are 
roughly parallel with t h i s  t rend.  

I n  cont ras t  t o  t h e  smooth var ia t ion  of t h e  
so iu t ions  f o r  deeper events. the f a u l t  plane 
solut ions for shallower events show a great  dea l  
of s c a t t e r .  A l a r g e r  da% set  than i s  present ly  
ava i lab le  may perhaps resolve a pa t te rn  i n  these  
so lu t ions ,  but no consis tent  behayior i s  evident 
i n  t h e  1977 solut ions.  

On the  b a s i s  of t h e  e s s e n t i a l l y  narrow and 
planar  d e f i n i t i o n  a t  t,he seismic zone t o  depths 
of 300 km, we i n f e r  tha t  subduction of oceanic 
l i thosphere has taken place beneath t h e  Hindu 
Kush. Some hounds on par,ameters associated with 
t h i s  subduction can be made by considering t h e  
eautent of tke  seismic zone srid it.s r e l a t i o n  t o  
the  tec tonic  environment. From She i s o l a t e d  
nature of t h e  seismic zone, from the occurrence 
of earthquakes at. depths of ?OC lm, and from 
t h e  absence of volc,anic rocks above t h e  zone it 
i a  Likely t h a t  subduction " x e d  over a Short 
durat ion and d id  not begin much before 20 m.y. 
ago. Subduction say  ac tua l ly  be occurring 
today through a r e l a t i v e l y  weak lower c r u s t .  
A recent  historjr of sxbductirin places an upper 
bound on the  r a t e  of subduction of about 113 
mm/yz=, while t h e  depth of a c t i v i t y  r e s t x i c t s  
tliis r a t e  t o  be at least .  abo7st 'ZG mmjyr. We 
i n f e r  t h a t  t h e  oceanic litl-ospllere +ras probab1:f 
grectee- than 70 m.y. o ld  when subducTed and 
therefore  relatively thick.  
t.he dips  of t h e  shallower and deeper zones 
suggests t h a t  :he gaps 'between them ne=* 170-Lm 
depth a c t u a l l y  ma;r rep-esent z d i s c m t i n u i t y  i n  
t h e  l i thosphere,  and t h e  change i n  dip of the 
shallower zone i s  mcst likeï:{ a resi l l t  of t,:le 
penetrat  ion  of t.h% In3ian sirbccrltinent i n t o  
E u r a s i a .  

Ry corre lz t ing  t k  t.rend of the seismic z6r.e 
with s u r f i c i a l  geology we draw s o m  icferen-es  
regarding t h e  tec tonic  evolution of the  region. 
Although tAe scenario gi:ren i s  not exclusive , 

th ink  t h a t  the availn.ble e-,ridence i s  most, 
e a s i l y  accomodated Ey subduction of two 
separate  basins i n  opposite d i re? t ions .  A 
projec t ion  of t h e  se i sn ic  zone t o  t h e  surface 
revea ls  some poss ib le  caniidai-es f o r  Hiildu 
Iksh  - Famir sature zones. k r t h  i;f the  P,amir 
t.he seismic pro2ecfian l i e s  eouth or' t h e  
Liarvaz-~aratiiL tlxust fan i t ,  which sepamtes  
t h e  thick. Cenozoic marine deposit,$ of t h e  Tad;ik 
depression i n  t h e  west and noi-th from Fa1eo:oic 
deposit6 t o  t h e  soUt.11 and ras?.. Scuth 3f the 
Iiindu Ihsh  t h e  prnject ion l i e s  ,j-Jst south of t h e  
Fanjer fault, but  the  r c l e  of t h i s  f a u l t  8 s  z 
silture i a  m c e r t a i n .  h ü t k e r  candidate for 
Hindu Ihsh  suture  i s  t h e  I:unar faul t ,  and i t s  
extension tc t h e  e i s t ,  north of the  Kohistsn 
Himalap,  s ince it mag h3i.e at. onz time been 

I n  the 

A c.jnparison of 

b '  

c 

I 
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Figure 15. Map of major t ec ton ic  f ea tu res  of t h e  Pamir-Hindu Kush region and t h e i r  
r e l a t i o n  t o  a project ion of t h e  seismic zone t o  the surface.  The project ion of the  
zone was made by f i t t i n g  a l i n e  t o  t h e  t rend of t h e  shallower s ide  of t h e  zone qbove 
170 km. Fau l t s  and geologic f ea tu res  are taken from maps compiled by Desio [1975], 
Gansser [1977], Peive et  a l .  [1964], and St8ckl in  [1977]. 

4 

associated with subduction of a marginal basin 
[Burke e t  a l . ,  1977; Tahirkel i  e t  a l . ,  19771. 

Pamir-Hindu Kush i s  r a t h e r  complicated, we 
suggest t h a t  the geology and seismici ty  i n  t h i s  
area may ac tua l ly  be a prototype of a type of 
complexity t h a t  w i l l  e x i s t  a f t e r  basins such as  
those beneath the Black and Caspian seas a r e  
subducted and t h a t  has probably been common i n  
c o l l i s i o n  zones. 

' .d 
c While t h e  unraveling of the  h i s to ry  o f  the  
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