




















Most of the information pertinent to the discus- 
sion of the earthquake hazard from the Basement Thrust 
and the Detachment in Hazara is derived from the 
characteris tic behaviour of these structures along the 
Himalayan front. However, seismic zones within the 
sedimentary wedge similar to. the TSZ have not yet 
been recognized elsewhere along the Himalayan front. 
Thus, the earthquake potential from the TSZ is evalua- 
ted per se from the Tarbela network data and from 
teleseismic data. 

I. Basement Fault and Detachment 

Seeber et d. (1979) indicate that the two well 
documented great earthquakes in the central section of 
the Himalayan front, the 1905 Kangra (M 8.0) and 
the 1934 Bihar (M 8.4) earthquakes, are associated 
with ruptures on the Detachment, while most of 
the moderate to major earthquakes (M 5 7.5) are 
associated with the Basement Thrust (Figure 8). (We 
follow Quittmeyer et al. (1979) in our use of qualifiers 
for earthquake size: Moderate, 6 5 M < 7; Major, 
7 ' 5  M < 7.8; Great, M 1  7.8). Typically ruptures 
occur over vast portions of the Detachment in a single 
event and generate great earthquakes. In the periods 
between these events the Detachment appears to be 
aseismic. On the other hand, the Basement Thrust is 
associated with relatively continuous seismicity and 
with a reduced upper-magnitude limit. Only the portion 
of the Basement Thrust adjacent to the Detachment 
appears to be seismically active (Figure 7). Slip may 
occur aseismically because of shear-heating (LeFort , 
1975) and/or from availability of water on deeper 
portions of the Basement Thrust. A similar pattern of 
seismicity is observed at oceanic subduction zones 
lIsacks and Barazanai. 1977; Hasegawa et al., 1977; 
Davies and House, 1979). 

The contrasting seismic behaviour of the Detach- 
ment and the Basement Thrust has profound implica- 
tions regarding the seismic hazard along the Himalayan 
front. While a relatively short sample of the seismicity 
(for example the hypocenters in Figure 7) would 
suggest that the hazard is highest along the Basement 
Thrust, a longer sample of seismicity viewed in the 
framework suggested by Seeber et a2. (1979) and Seeber 
et 01. (1980) indicates that the hazard is highest in the 
tectonic province of the Detachment which extends 
from the Basement Thrust southward to and including 
the Gangetic foredeep. 

In the relatively short data sample available from 
the Tarbela network, most of the seismicity is associated 
with the IKSZ, or the Basement Thrust, and the Detach- 
ment is almost aseismic. In  a first estimate of the 
seismic hazard, the conclusions concerning the Himala- 
yan front must also be valid for the Tarbela region, and 
great earthquakes should be expected on the Detach- 
ment and not on the IKSZ. At any location between 

the Salt range and the IKSZ the depth to the Detach- 
ment is from a few kilometers to a maximum of 17 h. 
A similar range of depth can be assigned to the Detach- 
ment in the area of the 1934 Bihar event (Mathur and 
Evans, 19641, thus similar maximum intensities can be 
expected in Bihar and in the Hazara arc region. 

The data suggest a continuous detachment along 
the entire length of the Himalayan front including the 
Hazara arc, but the mode of slip on the Detachment 
may be discontinuous along this front. While in the 
Hazara arc the Detachment is associated with the thick 
Infracambrian salt layer, oil exploration data from the 
Sub-Himalayas and the Gangetic foredeep indicate that 
a salt layer at the sediment-basement boundary is not 
present at least between ~ n d  including the mezoseismal 
areas of the 1905 and 1934 events (Mathur and Evans, 
1 964). 

Evaporites deform more readily than any other 
consolidated sediments. Their strength decreases rapidly 
with raising temperature and, therefore, with increasing 
depth of burial. At 10O0C, or at a depth of about 3 
km for a normal geothermal gradiant, salt (halite) is 
expected to behave like butter (Borchert and Muir, 
1964, p. 279). Thus, the Detachment in the Hazara arc 
region which is associated with the Infracambrian salt, 
may move primarily by aseismic slip rather than earth- 
quakes. 

Whether slip on the Detachment in the Hazara arc 
occurs aseismically or in major earthquakes is crucial 
to seismic hazard evaluation in this area. This question 
will be resolved only when direct evidence for aseismic 
(.lip becomes available from geodetic or other measure- 
ments. 

The IKSZ, 70 lm northeast of the Tarbela site is 
part of the Himalayan Basement k s t  that stretches 
for 2,500 km along the Himalayan front. The history 
of the seismicity alone this front suggests that the 
ubper magnitude limit for earthquakes on the Basement 
Thrust i s  relatively low considerinrc the l e n ~ t h  of this 
fault. The effects of the 1974 Pattan (MA = 6.0) 
earthquake (Ambraseys et al., 1975), which occurred at 
the northwestern end of the IKSZ, may not be unusual 
for the larger earthquakes on this seismic zone. Thus, 
the vibration potential at the Tarbela dam site from 
the maximum credible earthquakes on the IKSZ is rela- 
tively low. 

However, large earthquakes on the IKSZ or on 
other seismic zones upstream of the Tarbela reservoir 
may induce slides involving a large volume of unconso- 
lidated sediments, rock and ice that may temporarily 
block the river flow. A catastrophic flood may ensue 
when these natural dams burst (Ambraseys efl al., 1975). 
The inany recent terraces and lake deposits in the Indus 



Fig. 9. Seismicity in the Tarbela area detected by the lwal network (solid triangles ; other stations fall outside the map). 
Circles are for earthquakes that occurred between nugust 1973 to August 1976. These earthquakes &re located by 
computer and only the ones between the depth of 15 and 20 lcm are plotted. Epicentral maps of restricted depth- 
ranges display more clearly epicenter alignments because difiexent patterns of faulting are found at di ff ereat 

. depths (see Figure 7).. Daslied lines are strike of fault planes, mostly steeply dipping, as determined by composite 
fault-plane solutions superimposed on the associated seismic patterns (see Armbruster et al.; 1978). Note the general 
agreement between these lines and the epicenter alignments. Squares (hypocentral depth 0 < h 1.20 -km) and dia. 
monds (20 < h I 30) are epicenters for more recent earthquakes iAugust 1976 to January 1978) with magnitude 
PI 2 2. These epicenters have been graphically deter-mined by the WAPDA seismologists at the Tarbela site. None 
of these earthquakes occur at depth h < 10 km. The shallo~ver (10 < h ,( 20) of these recent events are concen- 
trated along the Indus fault system (7 out of 12 epicenters) ccdorming to the previously noted distribution of 
the seismicity in the Tarbela area (Seeber et at., 19741. The area of this figure is boxed in Figure 5. 
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river gorge upstream of Tarbela and the large, non- 
glacial exotic boulders in the river terraces at Tarbela 
and as far south as the Potwar (Wadia, 1961, p. 410) 
are the evidence d these catastrophic floods. The last of 
these events in the Indus basin occurred in 1841 
(TAMS, 1964). The spillway capacity (1.5 x 106 
cusecs) and the free-board/width of the Tarbela 
embankment crest are designed to withstand the 
impact of the flood following the collapse of a natural 
dam. Since the damming of a maior river is not likely 
to escape notice and the ensuing flood can be anticipa- 
ted, the Tarbela reservoir can be used as a buffer to 
prevent a disaster further downstream. 

Very little data are available for an estimate of 
the seismic potential associated with the HLSZ 
(Figure 7). The seismicity on this deeply buried base- 
ment fadt is low relative to the seismicity on the IKSZ 
(compare Figures 5 and 7), although both of these 
parallel structures can be traced seismically for at least 
100 km (Seeber and Armbruster, 1979A). If these two 
fault zones contribute similarly to the continental con- 
vergence at the Himalayan front (see discussion above) a 
comparable rate of slip would be expected on these two 
faults. Since the seismicity presently observed on the 
HLSZ is relatively low, this movement would have to 
be accomplished either by aseismic slip or by rare large 
earthquakes. The 25 AD Taxila event (Ambraseys, 
1975) could be associated with one of these earthquakes. 
Thus, the possibility of large earthquakes on the HLSZ 
cannot at present be ruled out. 

11. Seismicity Within the Sedimentary Weclgc - 
The TSZ and the Indus Fault Systexn 

A. Tectonics. The decollement, the sedimen- 
tary and metasedimentary wedge above the detachment, 
is Aaracterized by low s&nicity except for the Tarbela 
seismic zone (TSZ). The TSZ is a sharply bounded 
cluster of hypocenters near the en te r  of the Tarbela 
network above the HLSZ (Figure 7). The detailed 3- 
dimensional distribution of hypocenters and composite 
focal mechanism solutions, indicate that this seismicity 
is occurring on many steeply-dipping faults striking 
predominantly northeast or northwest with a pattern 
of motion consistent with north-south compression 
(Arrnbruster et  al., 1978). Surface expressions for many 
of these faults have been found. These faults are 
abruptly truncated by the Detachment at the lower 
boundary of the TSZ (17 km depth). The TSZ is also 
sharply bounded on the northeastern and southwestern 
sides (Figure 7), but there is no evidence that these 
boundaries correspond to faults . Thus, the active 
faulting, which is oriented at large angles to these verti- 
cal boundaries, probably continues beyond the seismi- 
citv. As a '~vorkinrr hvpothesis, we postulate that the 
TSZ is associated with a block of basement trapped in 
-11- decollement. Thus, the seismicity in the TSZ is not 
wociated with an isolated region of high strain but 

is a result of the rheology of the basement rocks which 
are more brittle than the surrounding sedimentary rocks 
of the decollement. 

The Indus fault system consists of a number of 
steeply dipping parallel faults that outcrop along the 
Indus valley north and south of Tarbela Dam and i t  
is the most prominent seismic structure within the TSZ. 
Thus the seismicity indicates that the Indus fault sys- 
tem is active. However, the evidence for recent surface 
slip along these faults is not conclusive (Gross, 1971; 
Seeber, report in preparation). 

B . Mclglzitade Distribudion. and b-values. Guten- 
burg and Richter (1944) proposed that the earthquake- 
magnitude distribution can be described by 

Log N (M) = A - bM 

where N (M) is the number of earthquakes with magni- 
tude M or greater (the cumulative number of earth- 
quakes, A = Log N (0) is a function of the level of 
seismicity and of the length of the data-sample, and b 
is a constant, characteristic of the seismic area sampled. 

The following three seismic data sets are chosen 
for the 

1. 

2. 

3 .  

magnitude-distribution analysis: 

Earthquakes from a volume within the Tar- 
bela seismic zone (TSZ) 25 km long, 15 km 
wide and 20 km deep centered at the Tarbela 
site (Figures 7 and 9). This volume includes 
the Indus Valley fault zone, the source of the 
maximum credible earthquake for the Tarbela 
site (magnitude 6.5; Seeber e t  al., 1974); 

Earthquakes from a volume enclosing the 
central portion of the Indus-Kohistan seismic 
zone (IKSZ), the Himalayan Basement T h u s  t 
70 km northeast of the Tarbela site (Figures 
5 and 7); 

Crustal earthquakes in an area 7 x 12 degrees 
centered on the Hazara arc which includes 
the Tarbela seismic network as well as the 
western Himalayas, the Pamirs and the eastern 
Hindu-Kush (depth 85 km; Figure 3). 

While the data (1) a11d (2) are from the Tarbela 
seismic network (August 1973 - November 1976), 
the data in (3)  are from the compendium of teleseisrnic 
data, by Quittmeyer and Jacob (1979). To insure the 
completeness of this teleseismic data, only earthquakes 
from 1963 to 1975 are considered. 

The b-values for these three data sets obtained 
from Utsu's ( 197 1) maximum~likelihood method are 
presented in Tables 1, 2 and 3 and Figure 10. Table 4 
summarizes the results. 
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MAGN ITUDE 
Cumulative number of earthquakes (N) vs. magnitude (MI for 1) earthquakes in the TarWa seismic zone (TSZ; X's1 
boxed in Figure 9; 2) earthquakes in the Indus-Kohistan seismic zone (IKSZ; crosses); 3) earthquakes with teleseis~c 
crustal epicenters boxed in Figure 3 (dots). Note the difference in b-value (the slope of a straight-line fit of the data 
using Utsds (1971) method) between the data sets. Also note the s l q e  difference between the magnitude range 
above and below M = 2.5 for TSZ and IKSZ. W e  are confident that all eashquakes with M > 0.6 and M > 1.6, 
resoectivelv. are being detected on these seismic zones. The significance of these differences is discussed in the text. 



NO. OF EARTHQUAKES 

Magnitude Range In each Cumula- Average 
in each step step tive Magnitude 

X 

B VALUES 

Corrected & Limits 
Uncor- for Finite for 95% 
rected Mag. step confidence 

0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
2.555 2 843 5.007 
1.1741 1.202 2.301 
0 762 0.770 1.493 
1.016 1.034 1 .408 
1 A54 1 500 1.274 
1.279 1.316 0.887 
0 991 1 .OOO 0.614 
0 801 0.810 0.4a53 
0.768 0.776 0.365 
0 683 0.689 0.292 
0.665 0.670 0.24e6 

0.6 03 0 607 0.203 
0.521 0.523 0.166 
0.482 0 484 0.1 42 
0.459 0.461 0.125 
0.446 0 447 0.111 
0 A14 0.481 5 0.097 
0.408 0 409 0.088 
0.398 0.399 0.079 
0.390 0 391 0.072 
0.388 0.389 0.065 

Maximum 
Correc- Magnitude 
tion for expected ' loA 
Finite in Data (A in 

Mag. step sample Eq. (1) ) 

0.000 0.000 0.0OC 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 fi.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
1.113 41.600 x x x x 
1.024 4.400 194829.875 
1.010 4.200 1709.169 
1.018 4.291 27440.891 . 
1.037 4.264 x x x x 
1.029 4.296 438076.375 
1.017 4.392 26688.673 
1.01 1 4.533 4673.558 
1.010 4.585 3627.184 
1 .OOO 4.720 17 79.427 
1.008 4.760 1546.1gO 

Table 1. Magnitude-distribution and b-values (maximurn-likelihood method; Utsu, 1971) for the seismicity from the TS% 
boxed in Figure 9. The starred line corresponds to the magnitude limit for a complete data set ;  the other line 
corresponds with the flexure (see text). The results (TSZ) are plotted in Figure 10 and summarized in Table 4. 

Rerdts aalzd Disczcssiolz. Had the magnitude dis- 
tribution been uniform over the Hazara arc and sur- 
rounding regions, and had this distribution been descri- 
bed by eq. (1) only the constant A would have differed 
for each data set and the data points in Figure 10 would 
have fallen on three parallel lines. Instead, the points 
clearly indicate different slopes for each data set. More- 
over, the magnitude distribution for the TSZ and IKSZ 
are non-linear since lines of different slop (b-value) f i t  
the data in different magnitude ranges. In Table 4 the 
b-values are tabulated together with diAerences bet- 
ween these values. Most of the striking differences in 
the slope of the log N vs. M plots in Figure 10 are 
significant to better than 95 % . 

A non-linear magnitude distribution as in TSZ oi 
in IKSZ is predicted for a data set that includes earth- 

quakes from distinct seismic zones with different 
maximum-magnitude limits (Utsu, 197 1). Non-linearity 
in the magnitude-distribution may also be the result of 
the fault-size distribution within a seismic zone (Caputo, 
1977). The purpose here is not to discuss possible 
causes for the observed magnitude distrib~~tion, but 
only to provide a method to use such data for earth- 
quake hazard evaluation. 

The teleseismic data (TELE in Figue 10) are 
from a relatively large area that includes both the IKSZ 
and the TSZ (Figure 3). Much lower b-values are 
obtained for either of the network-data sets (TSZ and 
IKSZ in Figure 10) than for TELE. I t  is unlikely that 
the magnitude distribution in both TSZ and IKSZ arc 
anomal6us in the Hazara arc region since these seismic 
zones are prominent in the area sampled by TELE and 



TABLE 2. 
B VALUES Maximum 

NO. OF EARTHQUAKES Correc- Magnitude 
Corrected -I Limits tion for expected loA 

Magnitude Range In each Cumula- Average x Uncor- for Finite for 95% Finite in Data (A in 
in each step step rive Magnitude rected Mag. step confidence Mag. step sample Eq. ( 1) ) 

TableZ. Magnitudedistribution and b-values for the seismicity in the I U Z  (Figure 7). See caption of Table 1. These results 
(IKSZ) are plotted in Figure 10 and summarized in Table 4. 

B VALUES Maximum 
NO. OF EARTHQUAKES Correc- Magnitude 

Corrected zk Limits tion for expected 10' 
Magnitude Range In each Curnula- Average x Uncor- for Finite for 95% Finite in Data (A in 

in each step step tive Magnitude rected Mag. step confidence Mag. step sample Eq. (1) 

7Ca 6-80 0 0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 ow 
6.80 6.60 0 0 0.000 0.000 0.000 0.000 O,.OOO 0.000 0.000 0 000 
6.60 6.40 1 1 6.400 0.000 0 000 0.000 01.000 0.000 6.400 1.000 
6 40 6.20 2 3 6.267 2.386 6.515 10.796 7.372 1.657 6.244 0.000 
6 2 0  6.00 4 7 6.143 1.840 3.044 3.521 2 252 1.158 6.240 x x x x 
6.00 5.80 2 9 6.067 0.546 1.629 1.704 1.064 1.0146 6.360 x x x x 
5 80 5.60 1 10 6.020 0.229 1.034 1 054 0.641 1.019 6.549 x x x x  
5 -60 5-40 8 18 5.767 1.276 1.1841 1.214 0.547 1.025 6.434 x x x x 
5.40 5.20 15 33 5.518 1.316 1.365 1.410 0 466 1.033 6.277 x x x x 
5 20 5.00 26 59 5.300 1.262 1.448 1.501 0.369 1.037 6.180 x x x x 
5.00 4.80 38 97 5.122 1.889 1.350 1393 8.263 - 1.832 6.225 x x x x 

1 

4.80 
4 60 
4.40 
4 20 

Table 3. Magnitude-distribution and b-values for the tdeseismic data from the area boxed in Figure 3 (March 1%3 - April 
1975; compiled by Quittmeyer and Jacob, 1979). See caption of Table 1. The results (TELE) are plotted in Figure 10 
and summarized in Table 4. 
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TABLE: 4 

Table 4. B-value d i f f e r e n c e  c h a r t .  Each d a t a - s e t  (A through E) i s  c h a r a c t e r i z e d  by t h e  s e i s m i c  zone (TSZ: Tarbe la  
seismic zone; IKSZ: Indus  K o h i s t a n  s e i s m i c  zone;  TELE: t e l e s e i s m i c  d a t a  boxed i n  F igure  3) and by t h e  low-magnitude 
l imi t .  B-valuea (maximum l i k e l i h o o d ;  Utsu,  1971) w i t h  95% and 80% confidence l i m i t s  a r e  l i s t e d  wi th  each d a t a  set. 
The values i n  t h e  c h a r t  are t h e  d i f f e r e n c e s  between t h e  maximum likelihood b-values from t h e  d a t a - s e t s ' h e a d i n g  t h e  
corresponding row and column. Also  l i s t e d  are t h e  s m a l l e s t  d i f f e r e n c e s  between b-values w i t h i n  the  . r e s p e c t i v e  . conf i -  
dence l i m i t s  (percen tage  as i n d i c a t e d ) .  A n e g a t i v e  v a l u e  i n d i c a t e s  t h a t  t h e  conf idence  l i m i t s  overlap 'by t h e  g iven  
amount. The d a t a  s e t s  a r e  complete f o r  magnitudes g r e a t e r  than s t a r r e d  v a l u e s ,  M a magnitude; N no. of eac thquakes  
i r  the i n d i c a t e d  magnitude range.  Note t h a t  t h e  b-valuea a r e  s f g n i f i c a n ~ l y  d i f f e r e n t  i n  t h e  two seismic cones only 
70 Ln a p a r t  ( ~ i g u r e  7) ,  and w i t h i n  each s e i s d c  zone d e p s n d i o e  on t h e  ~ g n i t u d e  ~ " t - ~ f f  . 

Confidence 95%: 
~ l m i t  802: 

would contribute significantly to the magnitude distri- 
bution in this area. The different methods of detet- 
mining magnitude used for the network and the tele- 
seismic data are expected to introduce a bias. However, 
in order to eliminate the large difference in b-values 
between these data sets, very unreasonable magnitudes 
would have to be assigned -to the local earthquakes (see 
Seeber and Armbruster, 197 9, Appendix A). 

The b-vdue for TELE is determined fot magni- 
tude M 2 4.8 and no information regarding the magni- 
tude-distribution in this range is available from either 
TSZ and IKSZ. Thus a flexure in the magnitude distri- 
bution plot at 4 M 5,  similar to the one observed in 
both TSZ and IKSZ at M 2.6, can account for the 
large differences between the h a l u e s  of the teleseismic 
and of the network data. 

A 

TSZ )li0.6* N-136 

b - - O  0.589 5 0.065 - 0.389 + 0 - 0 4 3  

C. Recurrence Time of Large Earthquakes and 
the Relative Level of Seismicity. The extrapolation of 
the TSZ data from low- to the high-magnitude assuming 
a hear magnitudedistribution yields erroneous results. 
For example, a magnitude 6.5 every 4.3 years would 
be expected on the Indus fault system near the Tarbela 
site (box in Figure 9) if the data from the TSZ for 

M 10 .6  is used assuming a linear distribution (Table 
1). This is absurd considering the historic record 
(Figure 2). 

The historic data could . be reconciled with a 
linear distribution if the maximum credible magnitude 
fot the TSZ is much smaller than M = 6.5 (Seeber 
et al., 1974) and near the value of the maximum 
observed magnitude, M = 5.  However, a very unusual 
maximum-magnitude to fault-length relationship would 
be r e q u i d  (Thatcher and Hanks, 1973). 

' . 

B 

TSZ n12.6 N-28 

b 0.670 5 0-246 . 0.670 + 0.162 

Thus, we avoid a gross contradiction with historic 
seismicity or an incredibly low maximum magnitude by 
assuming that the magnitude distribution in the TSZ 
is not Merent from TELE in the magnitude range 
covered by the latter data. Specifically, we assume that 
the magnitude distribution in TSZ is represented by 
eq. (I) ,  but in each specified magnitude range distinct 
values of the constants A and b apply. For M < 4 
the parameters obtained directly from the TSZ apply. 
For M < 5 the parameters obtained for TELE apply 
instead. A flexure in the distribution occurs at 
4 < MF < 5. 

Ab - 0.323 - 0.215 (95%) 

bb Not 

S i g n i f i c a n t  

--- 

Ab = 0.281 
I . m-0-030 (95%) - 0.028 (90%) 

--.. 

t 

C 

IKSZ MLl. 6* Nu1015 

b 1 0.712 + 0.043 - 0.712 + 0.028 

A 

B 

C 

D 

Ab 0.524 
-u 

Ab 1.004 

D 

IWZ U22.6 NN-37 

b a 0.913 + 0.115 
= 0.913 + 0:076 

L -- - - ., 

--- 

-. . 
E 

TELE w. 8* Nm9 7 
I 

b m 1 . 3 9 3  + 0.26 
0 1 .393  2 0.18 

Ab = 0.481 
= 0.096. (95%) 

= 0 . 3 4 4  (95%) 

Ab = 0.243 
-0.118 (95%) 
= 0.005 (80%) 

Ab = 0.201 
= &043 (95%) 

- 0.670 (95%) - 
Ab 0.723 

a 0.208 (15%) 

Ab = 0.681 
= 0.363 (95%)  



'IABLE 5 .  Cumulative Number of Earthquakes a t  the Point of Flexure in TSZ (N ) F 

L 

k g  NE = Log NC - b (MF - MC) % 

Each linear portion of the magnitude-distribution satisfies eq. (1 ), and for any two magnitudes M 
M within the same segment 

A 
B 

The b-values appropriate for each segment are given in Table 4. The resultsl are in Table 7 through 9. Table 10 
is a summary of the results. The symbol used are: 

NT = Total number of earthquakes in the data set. 

MC = Low-magnitude cutoff for the data set. 

NC = Number of earthquakes with M 2 
per year. 

Mc 
MF = Magnitude a t  the flecture in the distribu- 

----ri.n+lor-----------------------~~~~ 

NE = Number of earthquakes with M 2 MF 
per year. 

MM = 6.5, maximum credible magnitude within 
the TSZ. 

Number of maximum credible earthquakes 
-1 

per year = (Recurrence time) . 
Maximum probable earthquake in 50 years. 

Recurrence time, years. 



TABLE 6. Cumulative Number of Earthquakes at the Point of Flexure in TELE (N ) . 
F 

TELE: MC = NT = 97 NC = 8.08 '.Log NC = 0.91 b = 1.39 k '0.18 (80%) 

; . ';.. Log ... : Np =. Log NC - b (MF - MC) 

Syrqbols and Procedures: see Table 5 
. . 

TABLE 7 

Ratio of the seismic activity in the source area of TSZ 
boxed in Figure 9 = 375 krn2 to the average seismic 
activity in the source area of TELE boxed in Figure 3 
= 825,000 km2. (The difEerence in the depth range of 
the two data sets is ignored). 

NF Of TSZ from Table 5; NE of TELE from Table 6 
area TELElarea TSZ = 2,200 

NF (TSZ) /NF NF (TSZ) /Np 
(TELE) (TELE) x 2,200 

= seismicity 
of: TSZ/seis- 
micity in 
TELE 

Maximum 1/231 9.5 
MF = 4.0 Most 

Likely 1/97 23 
Minimum 1/42 52 

Maximum 
MF = 4.5 Most 

Likely 

- --.. Minimum - 
Maximum 

MF= 5.0 Most 
Likely 
Minimum 

Symbols and Procedures: see Table 5 

The assumption that eq. (1) applies to discrete 
segments of the magnitude distributidn implies that 
the flexures occur at a point rather than over a finite 
range of magnitude. This convenient, but probably in- 
correct (Utsu, 197 1) approximation effects the results 
somewhat, but only in the conservative direction. 

The frequency of earthquakes with magnitude 
M MF in TSZ is calculated from the TSZ data for 

M 2 2.6 (Table 5). Then, the recurrence-rate for the 
maximum credible earthquake, and other statistical 
parameters are computed from the b-value of TELE 
( ~ a b l e s  6 through 9). The results are summarized in 
Table 10. 

There are at least three causes for uncertainties in 
the results listed in Table 10: the b-values; the magni- 
tude at the flexure in the distribution; andthe assump- 
tion of a non-linear magnitude-distribution. The cak& 
lations leading to Tables 5 through 9 are carried out 
for the most likely values as well as for the extreme 
values leading to -the highest and lowest estimate of 
seismic hazard. These extreme b-values are taken in 
the 80% confidence limits (Aki, 1965); the extreme 
values for ME are taken as 4.0 and 5.0 since this 

L 

magnitude range is not well covered by either TSZ and 
TELE (Tables 1 and 3) and a flexure is possible any- 
where within it. Since most of the uncertainty in the 
results is due to the uncertainty in the b-values, the 
final results can be considered close to an 80% level 
of confidence. 



TABLE 8. Recurrence Time for the Maximum Credible Earthquake, M M = 6.5 

NF from TSZ (Table 5); b = 1.39 * 0.1 8 (80%) from TELE (Table 4) 
--- 

-1 Log NM = Log NE - (MM - ME) N~ RT = hM yrs. 
_ _  - - - - -  

MF = 4.0 b = 1.57 -4.1 1 7.7. x 10 -5 13,031 
NF = 0.64 b = 1.39 -3.66 2.2 4,624 

= minimum value b = 1.21 -3.2 1 6.1 x 1,641 --- 
MF = 4.5 b = 1.57 

-3 -44 3.6 low4 2,754 
NF = 0.50 b = 1.39 

-3.08 8.3 x 10 
-4 

1,202 
= maximum b = 1.21 

l ikelihd value -2.72 1.9 10-3 525 

MF = 5.0 b = 1.57 -2.60 2.5 x 403 

= maximum value b = 1.21 -3 
-2.06 8.6 x 10 116 
--. 

Symbols and Procedures: see Table 5 

TABLE 9 

TSZ: Maximum Probable Earthquake in 50 years (M ) 
P 

' Pi from TSZ (Table 5 ) ;  b = 1.39 =t 0.18 (80%) from TELE 
F 

1.70 + Log NF + b MF 
- 

M~ - b 

MF = 4.0; NF = 0.64 f b = 1.57 5 .O 
(- = minimum value ) 1 b = 1.39 5.1 

l b = 1.21 5.2 

( = maximum likelihood value ) 4 b = 1.39 5.5 

( -- maximum value) 1 b = 1.39 6 .O 
l b =' 1.21 6.2 

- 
Symbols and Procedures: see Table 5 



TABLE 10, Summary of Results 

Maximum probable Recurrence time 
- .  earthquake on the of maximum cre- 

Indus fault zone at dible earthquake 
the Tarbela site (M = 6.5) on the 
during a 50 year Indus fault zone 
lifetime of the dam at the Tarbela 

site 

Probability of Factor by which 
the maximum the seismic acti- 
credible earth- vity in the Indus 
quake M = 6.5) fault zone (box- 
occurring dur- ed in Fig. 9) is 
ing a 50 year higher than the 

lifetime average activity 
over the Hazara 
arc and surroun- 
ding region 
(boxed in Fig. 3) 

Most favourable likely value 5 .O 13,000 years 1/260 
( -, 80% ) 

Most likely value 5 -5 1,200 years 1/24 50 

Least favourable likely value 6.2 116 years 1 /2.4 300 
(-, 80% ) 

- Of the tectonic environments associated with seis- 
micity that is potentially hazardous at the Tarbela dam 
site, the Tarbela seismic zone (TSZ), wi* the sedi- 
mentary wedge, is of greatest concernkThe maximum 
credible event, a M = 6.5 earthquake associated with 
surface rupture, a displacement of more than a meter, 
and a maximum acceleration of 0 5 g  at the site (Seeber 
et al., 1974), is likely to occur every 1200 years, which 
is equivalent to a probability of 1/24 for this event 

t a o - & h g a  3 year life* --- of the - dam. -- The - 
most likely maximum probable event during a 50 yedr 
period is a M = 5.5 earthquake. The effects at the 
site from this event will depend on the location of the 
associated rupture in the volume boxed in Figure 9 .  A 
surface rupture from this event is less likely than for 
the maximum credible event, but it is conceivable. Simi- 
larly, a high maximum acceleration from this event 
(0.5g) is also possible, while the expected duration 
would be considerably shorter than the duration of the 
maximum credible event. 

The potential for damage at the Tarbela site 
associated with the Detachment is subject to large un- 
certainties. The Detachment provides the largest fault 
surface that could rupture in a single event in the entire 
Hazara arc region, from the Salt Range to  the Base- 
ment Thrust. The effects from a major earthquake in 
this area can be as devastating as the effects from the 
great Indian earthquakes. However, the Detachment in 
the Hazara arc, unlike the Detachment in the*-central 
portion of the Himalayan front, may not be associated 
with stress accumulation leading to great earthquakes 

because the thick salt layer that is associated with the 
Detachment in the Hazara arc may deform aseismically 
by creep. Historic data are not in conflict with this 
hypothesis since the o d y  reported event which could 
be associated with a major Detachment earthquake is 
the 25 AD Taxila earthquake (Ambraseys et al., 1975). 
This event could also have occurred on other large 
faults in the Taxila area such as the HLSZ (Figure 7). 

The uncertainty regarding the seismic hazard asso- 
ciated with the Detachment concerns a large area of 
P a k i m w h i c c h  i s  n0wWbe&~r~idIyydeve1oped inclu- 
ding the Tarbela site, Islamabad, Rawalpindi and' the 
Potwar. We urge a program of studies in this area to 
reduce this uncertainty, such as repeated precise geo- 
detic measurements. 

The maximum credible earthquake on the TKSZ 
is small considering the length of this structure. Thus, 
the estimated hazard from the IKSZ is localized near 
this fault zone where high intensity can be expected 
as demonstrated by the 1974 Pattan event. 

The HLSZ is closer to the Tarbela site than the 
IKSZ and has been much less active during the period 
of network operations (Figure 7). Until the tectonic 
significance of the HLSZ is better understood and more 
is known on its predominant mode of slip, this base- 
ment strike-slip fault, deeply buried~under the Tarbela 
site, should be conservatively considered a possible 
source of large earthquakes. The worse effects from 
these events are expected along the northeastern border 
of the Peshawar basin, including the Tarbela site. 
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