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ABSTRACT

M Eleven earthquakes with low reported M for their from the N o r t h e r n
Paznjrs were examined in a seismic discrimination context. Seismograms f r om
ALPA , LASA , NORSAR , the HCLP and the WWSSN stations were studied for source

:~ 
mechanism, M _mb , corner f r equency,  p P , comp l e x i t y ,  and spectra l r a t i o.  A l l  

P
the Pamir events can be iden t i f ied  as ear thquakes  when the i r  charac teris t ics
are compared to those of Kazakh explosions. P—waves to NORSAR from these
earthquakes exhibit very high frequency , and their spectral corner frequen-

cies are not distinctly different from those of explosions.
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INTRODUCTION

Discrimination parameters have been applied in detail at only a few nu-

clear test sites and earthquake regions. This study is part of a series which

will extend these discrimination studies to other regions of shallow earth—

quakes. This particular report examines eleven earthquakes in the Northern

Pamirs which had low reported M for their rob , such that these events fall
close to the explosion population on a M ‘5b 

graph. Most of the earthquakes

in the Pamirs are probably associated with large thrust faults, which are a

result of the Indian—Eurasian collision. Actual seismogram analysis revealed

that the events chosen were too small to determine their fault—plane solutions.

Paramount in this study is the determination of average H and m
b 

for  selec ted
events. Further , we investigate other common discrimination parameters such

as first motions, corner frequency, complexity, and short—period spectral

ratios. Results for the Pamir events will be compared to Kazakh explosions

and related to the available geophysical data on the crust and upper mantle

of the region.

il
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T l - 1 ’ l O N L ’  S)- F l I N ;

Ct~ncr .r l F e a t u r e s

F i g u r e  1 is a map of t t ie  reg i on ot  t n t  e r e s t .  The a rca J u s t  t o  t h e  wes t

ot  t h i s  map is denoted the  ‘~ .I rm r eg i o n ’’ by t he Sov i e t s ;  I t  has  1 iC s t ron g e s t

seismic I tv  in the  L~.S . S .  R.  (Rd 1 i s — B o r o k , l%() ) and r et - e~1t lv has  been n ot . i h  ii

b r  e.u- t hquake p r e d i c t i o n  c l i o r t s  ( S e n i v e i -iov , l~~u~~) .  T h i s  s t u dy  w i l l  e x a l u i n t  —

c r u st a l  seismic  j t v  in an ar e a  east. ot Cam in t h e  N o r t h e r n  Pami  rs where  se i smi--

c i  t v  is a iso h i g h .  The se i smic  i t v  in t h is .l re I is s h a l l o w  (< 70 km) and runs

~~ir .d1e 1 t o  t he  h- —s t rend  of  the m o u n t a i n  c h a i n  and Is p r o b ab l y  a r e s u l t  o t

the on g o i n g  I n d i an — E t i r a s  ian coil  is ion (Molna r and Tapp onnicr , 1975) . S o u t h

ot the P .mn i r s  in the  H indu  Rush , a ver t  ica l  zone of  I n t e r m e d i a t e — d e p t h  St i s m i

act  i v i  tv  s u g ge s t s  t h a t  u n d er t h r u s t  ing of t he  l i t h o s p here  occur red  there  in the

last  10 m i l l i o n  y e ar s  (~ 1o1nar i t  i l .  , 1473).  M e a s u r em e n t s  of v er t  i c . i l  and

ho r i .~on t a 1 movements  sugges t  t h a t  UI) l i t  t and t Ii r u s t  I au 1 t i ns  are  st  i 11 con-

t i n u I n g  in t he  Pam! rs

ih e  P an i i r s  con s ist  of a h i g h  p l a t e a u  of f o l d e d  C~’noz oic  se d i m e n t s . A

i .i  i g e  ne~ ;a l i v e  i \ i lguer  grav i  lv anoma 1 v of — -~ 50 mga 1 in the  N o r t h e r n  Pam i rs i5

.nssoc i at e d  w i t h  re Ia t ive lv large c r u s ta  1 t h i c k n e s se s  ( 55— t 5 km) in  t hat  r..~~ ion

(Ko smin sk av a  et  i l .  • 1958).

Rd I i s—Boro k , V.  I • ( 19b0) , 1nvcsti ~~at ion of the  Mechanism ot E a r t h qu akes ,  l u g —
— lish translation , American Geop lr~s i c i l  Union , wash ing ton , D .C .

Semyenov. A • N. (l969~ , Var  i at  ions in the  travel time of transverse and I on~ i —

tudinal waves hetore violent earthquakes , lz ve st i~ya,  Phy s. Solid I -T ar t l ,~
N o . 4 , 24 5.

Molnar , P., and P. Tapponnier (1975), Cenozoic t e c t o n ic s  of As i a :  e f t  ec t s  of
a continental c o l l i s i o n , Science ,  lS Q , 419.

M o l n a r , P. , 1. Fi tch , and F . Wu (1973) ,  Faul t  p lane s o l u t i o ns  of s ha l l o w  ear th -
quakes and contemporary let - t on i c s  in As i . n , E a r t h  and P l anet a ry  Science
Letters , 19 , 101.

Kosminskaya , I . , G. Mikhota, and \ • Tu ii  na (1 9~~S) , Crus ta l  st r u c t u r e  ol the
Pamjr—Alai zone from seismic d ep t h — s o u n d i n g  da ta , Izvcst iya, Geophy sics
Series , 671 .
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Source Mechanisms of Earthquakes

NEIS epicenters for events in this area from January 1971 through Febru—

ary 1975 are shown in Figure 1. The geologic f a u l t s  in this f igu re  were in—

fer red  f rom a sa te l l i te  photomosaic of the area and publ ished geologic or

tectonic maps. Most of the earthquakes are associated with the Pamir thrust
fault and the other thrust faults which lie parallel to it (Shirokova, 1967).

In the northern part of this region, some of the events lie close to a left—

lateral s t r ike—sl ip  fault. The compressive stress component for events along

the Pamir thrust fault is generally directed perpendicular to the structural

t rend of the Pamir Mountain system (Ritsema , 1966). Molnar et al. (1973)

found both thrust faulting and strike—slip fa ulting associa ted wi th the Pamir

thrust. In general, however, the pattern of f a u l t  plan solutions is very com—

plex and unpredictable  and has l i t t l e  corre la t ion wi th  known faults (Keilis—

Borok , 1960).

Velocity Model

Seismic studies in the Pamirs report an average crustal thickness of

> 50 km (Kosminskaya et al., 1958) with depths to 65 km indicated.  Table 1

shows a general crustal and upper mantle velocity structure derived from deep

seismic sounding in the area of interest; the actual structure varies rapidly

over the area encompassing the earthquakes we have selected fo r  this stud y

though. Seismological data show tha t a slight low—velocity zone with Vp -

Shirokova, E. (1967), General features in the orien tation of princ ipal stres-
ses in earthquake foci in the Mediterranean—Asian seismic belt , lzves tiya,

• Physics of the Solid Earth, 12, 12.

Ritsema , A. (1966), The fault—plane solutions of earthquakes of the Hindu—
Kush center , Tectonophysics, 3, 147.

- 
- Molnar, P., T. Fitch, and F. Wu (1973), Faul t plane solutions of shallow earth—

quakes and contemporary tectonics in Asia, Earth and Planetary Science
Letters, 19, 101.

Keilis—Borok, V. I. (1960), Investigation of the Mechanism of Earthquakes, English
translation , American Geophysical Union, Washington , D.C.

Kosminskaya , I., G. Mikhota, and Y. Tulina (1958), Crustal structure of the
Pamir-Alia zone from seismic depth—sounding data, i~vestiya Geophysics
Series, 673.

—10—
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TABLE I

Velocity St ructure  in the PastA - s

Thickness (kin) P Velocity (km/see) Density (grit/cm 3)

2 5.0 2. t

30 5.5 2 .7

30 6.~ 3.1

mantle s.i

-s

-11-
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7.9 km/see extended t rum [0 to 20 km below the Mttho to about 180 km dep th

(Alie
~
v et  a l . ,  1976 , and Vinnik  and Lukk , 1974) .  Th is contrasts with the much

more pronounced [ow—veloci ty  zone under  the  wes te rn  U n i t e d  S t a t e s  where  V p -

7 . 7  km/sec (Arch ambesu et al., 1969). There Is evidence f rom pP r e f l e c t  Ions

(Vinnik and Godzikovskaya , 197 1) ot  a zone of it Ighie r t han  norma l u p p e r — m a n t l e

at  t enu a t  Ion to the south and east of the area encompass ing  l ine  e ar t h q u a ke s  of

this report , but this same da ta  Indicated t h a t  a t t e n u a t i o n  Is less  than  normal

unde r the  P amir s  i t s e l f .

~~

tUiev , ~-L , N. Beliaevsky, E. Butovskay t , B. Vo lvov sky , I. Volvovsky . C. Kras—
nopevtseva, V. Pak, M. I’ol shkov , V. R uh a i lo , V. Saltogub , B. T a l— V i r sk y ,
I’. Tregub , I. Khamrabayev , and C. Khar echko (1976), The seismic experi-
ment in the N o r t h e r n  Pamirs , In ~d n ~mics: Progress and Prospects,
ed. C. Drake , Amer ican  Geophysica l  Union .

VinnJk , L. P. , and A. A. Luk l~ ([974), Lateral inhomogeneilies of the  upper mant le
under the i’ami r and Hindu  Rush , Izv . , Earth Physics, No. 1, 9.

Archambeau , C., E. Flinn , and I). Lambert (1969), Fine structure of the upper
mantle , J. Geophys, Res., 14, 58~ 5.

Vinnik , L. P., and A. A. Godzikovskaya (1973), Lateral variations of the absorp—
tion by the upper nw~nt Ic benea th  Asia , l z v .  , Eartlt Physics, No • 1, 3.
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DATA

Earthquake Selection

For this study earthquakes were selected which had low reported M for

their mb so that these events f a l l  close to t he  exp los ion  p o p u l a t i o n  ( l f l  an

M5—% graph. The NE1S list suggests bo th  s h a l l o w  and intermediate depth events

in this region. Most of the intermediate’ depth ac t i vit y takes place  south of

the area of interest in the Hindu Kush. Shallow depth events (less t han  70

kin) predominate in the Nor the rn  Pamt r s . Most ot  t b -  se ismic a c t i v i t y  in t h e

Northern Pamirs Is associated with t he  Pamir thrust tau lt , as shown In Figure

1. The earthquakes chosen were limited to the veins 1971 to 1975 so t h a t  we

could utilize the data from the large seismic arrays and the  HGLP network.

We selected a total of 11 earthquakes as list ed In Tab le 11 and shown in

Figure 1. Table II also lists the depths determi ned f rom p1’ observations at

LASA and NORSAR. All of the events are located within the crust. Events 5

:1 through 11 are all closely located , and although no pP ~i~ ta was available at

LASA or NORSAR for event 10, a p P observa t ion  at  SHI implies a l ocal depth of

25 km.

Explosion Selection

The Painir earthquakes were compared to the Kazakh explosions which  lie to

the northwest and northeast of the Pamirs. We selected a total of 10 exp lo—

sions as listed in Table Ill.

Seismic Stations

Digital data from the three arrays ALPA , LASA, and NORSAR and t rom the

available HGLP stations and film data from selected WW SSN stations were ga-

thered for these events. The LASA A0 subarray and NORSAR C3 subarray short—

• period P recordIngs are shown in Figure 2. WWSSN stations were selected on

the basis of magnification and proximity to the region of study , and It is

unlikely that the stations not used here would significantly add to the data

base for these Pamir events.

-13-
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SI G NAL ANALYS I S

Source E I i t - c t s

We wanted Initially to i d e n t i t y  a source m e c h a n i s m  t or e .ne in  event so

‘i that we could predict t i n e  r a d i a t i o n  pat tern for body—wave and sti r I ace—wave’

phases. D e t e r m i nat i on  of the t aul t p lane s  I or ear t h q u a k e s  whose nua gn i  tudes

are below 6.0 is generally not reliable with t e le s e l s m i e  ~I a t  a , and a l l  our

earthquakes have nu
b 

less t i t an  6, Few c l ea r  I i r s  t met ions were r ecorded  f rein

the data we had collected. ISC b u l l e t i n  d a ta  was ava i l ab l e  I or even t s  I

t h rough  4; only events 3 and 4 had suf I Ic lent  numbers u t  f i r s t  met Ions to

attempt a I oca 1 mechanism p l o t .  We have plot ted the  1SC (International Sets—

iue)IogIcal Center) first met ions for events  I and 4 in FI gure  3. U n f e r t u n a t e l  v ,

the s h o r t — p e r i o d  d a ta  were  not c o n s i s t e n t  and I t  is impossible’ on the  b a s i s  ot

the  p lo t s  a lone to  d et erm  tu e  f au l t  p lanes  because’ d i  l at at  ienal  and conupre s—

s I on.i I first met ions do not  separate’.

Corner frequencies anti se isnul c moments f o r  our Pam i r events have been e s—

- 4 t (mat ed I rem she r t— p e  ii od LAS,\ :inei N ORS AR s i~ ’c t ra • The spec t ra •n re’ shown in

Fi gure 4 , These sp e ct r a  a r e ’ I rotu the phased beam s of the  At) s h o r t — p e r t  eu sub—

array at LAS5\ and C l  s h o r t — p er i o d  suhar r av  at  N O RS A R.  l’he sample  l eng th  w• is

6 • 4 seconds • The si gnals  have been t apered , and the  Inst rument  response W . I

removed I rem the  si gnal  and noise  spect ra ;  hu t  no i se  Spec t r a  h ave ’ n ot  h e t n i

suht  rae ted t rem the  s igna l  s p e c t ra  • At tenua t ton was removed 1 rem t h e  spet -t a

by mul t i p l v t n g by  the t . ic t e r  exp [ n I  t *] w i t h  a t *  oh • ‘ t o n  a ~~~~ sou n c e  model

and . 34 or •~~ source mode is at (.ASA and t * ot .00 t o r  son Fee

mode Is at  N ORS AR. The’ has is f or  these t * values wi l l  he shown l a t e ’ r i i i  t h is

report. Corner t reqetencies were’ est (mated w i t h  the’ assumption ot comp let e
—
, — 3

St r e’ss drop over a c i r c u la r  or Square  t au l  t p lane and a ~~ ~~ ~ a sv iupt ot  i .

relation at hi gh I re ’quenc ies . Note that , [or many et the  spe’e’tr.n ot Figur e 4

dashed l ines  .n re used to i ud (cat .’ [lie lon g—per  I eel I eve’ 1 and t l ie ’ c erfle’r I r e ’—

quenc’v • This  Intl icates  our lack ot con f idence  in t h.’ est imat es • Occ is tona l Iv

we computed spectra for 25.6—second windows for those case s  where  th e’ s i g n a l —

to—noise ra t  to was h i g h .  For t hese’ cases the shape’ ot the’ spec t ra were sut —

ftc tent ly iden t t e a l  to thos e for  the 6 • 4—second windows that we have not

shown them.
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5 ’  iSIU i 1’ IUomeIU t was c i  icu Ia ted t rom the  I ong—p e- r i ~-d body—wave spet - t ra 1

d sp lacemen t I eve- is es t imated  t i i  F I gu t  e- -
•
4 ( I >  ~ Ug t he t s 1 - a t  on

M 
4~~~~o

3
D I I

where R 1 ~~~ assumed to  be u n i t  v due’ t o lack c I know I edge - o I t he’ t o c a  1 m ec h—

an ism • values of ~ a I rom Tab Ic 1 app top r I a t -  t ~‘ t he~ source  dep th  were used ,

and the  d ive rgent -c I a cto r  I) was applied (Ben—Menahelu ci a 1. , 1 ‘~~ ) . A grap h

of moment versus corn er  frequency is shown in F i g u r e  5 . Our events fall be—

tween the cons tan t  s tress drop l ines  of f lanks  and T h a t ch e r  [9 7 2 ) , i n d i c a t i n g

tha t  our events  are of i n t e r m e d i a t e  s t ress  drop.

We at tempted  to f i n d  the LR r a d iat i o n  pattern for each event by p l o t t i n g

the an t i logs  of the H values  fo r  each event  as l i s t e d  in Table  IV . The re—

s u i t s  f rom the la rges t  H ea r thquake , event 6 , are shown in  F igure  6. The

observed d i s t r i b u t i o n  of a m pl i t u d e s  does not r e a d i ly  con fo rm to an~- quadripole

r ad i a t i o n  p a t t e r n , w h i c h  is prohab lv due to  v a ry i n g  p ropaga t ion e f f e c t s  coup-

led w i t h  the large ep i ce n tr a l  d i s t a n c e ’s and the smal l  magn i tudes  of the

events  s tudied .  The s cat t e r  of data  p o i n t s  for a l l  the events was so poor

that no at tempt  was made to f i n d  the b e s t — f i t t i n g  r a d i a t i o n  p at  t em s.

Propagat ion E f f e c t s

We measured r e lat i v e  m a n t l e  a t t e n uat i o n  a l o n g  the  p at h s  f rom the l’amirs

t~ l~~S/~ and NORSAR , the only two s i te s  f o r  which we had shor t—per iod  d i git a l

da ta .  Our measurement of a t t e n u a t i o n  is t h e  f a c t o r  t * , which  is the t rave l

t ime along the r ay p at h  d i v i d ed b~- the ave rage at t enua t ion t a c t  or Q.

We’ determine t~ by I i r s~ summing and then normalizing the observed (t* =

0.0) spect ra  shown in FI gure 4 1 or the’ two pa ths—— Pa m i i-s to  LASA and Pamirs

to N OR SAR . These ave - rage’s arc shown in Figure 7 and 8. 11 we assume t h a t  the

source’ spec t ra has a f I .11 lot I at ii 1gb f r e q u e n c ie s , then

— ) _ i t t *
S f  ~e

Ben—Menahem , A., S. Smith , and 1. Teng (1965) , A procedure for source studies
from spectrum of long—period seismic body—waves , Bull . Seism. Soc. Am.,
55, 203.

f lank s • I , and W. Thatch er  (1972 ) , A g r a p h i ca l  r ep re sen tat i on  of seismic source
pa ram,’ t c rs , .1 Ceophys. Res. , 77 , 4 .b~ -
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Table IV

Magnitude Data for

Painir Earthquakes

Event 1 
I 

-

t st ion  m. M
b S

ALP 71.6 3.38
ALQ 106.3 —4.16
CHG 29.8 -4.20
CTA 90.0 -3.98
FBK 71.5 — 4 . 4 2
KOD 28.5 4 .27
KON 44 .4 -3.65
LAO 95.0 5 .05 —4.94
NAO 44.0 4 .39  3.11
P00 20.0 3 .97
TLO 57.9 — 3 . 2 3

RINGDAL 4 . 4 2  3.19
ESTIMATE

— negative sign indicates no signal visible, and upper
bound on M is computed from background noise

Event 2

Station in. M
S

ALP 70.9 -3.63
ALQ 105.6 4.26
BUL 72 .6  4.57
CHG 30.3 3.90
CTA 90.4 4 .29
FBK 70.7 4.00
KON 4 3 8  4.57
NAO 43.3 4 .23  4.56
NUR 36.6 4.47
OGD 94.3 4.52
P00 20.8 4.28 —4.42

• SHI 19.6 3.82 —4.22
SHL 20.8 3.95
TAB 21.0 4.67 3.63
TLO 57.5 3.62 I -

RINGDAL 4.34 4.04
ESTIMATE
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Event 3I—’- - : Station A in. M
5

ALP 71.5 —3.46
ALQ 105.9 4.61
BUL 71.7 4 .26
CHG 30.9 3.41
COL 71.6 4.95
CTA 91.0 3.86

- 
I DAG 52 .5  4 .37

KIP 103.4 4.02
KOD 2 9 . 1  4 . 3 3
LAO 94.6 5.25
NAO 4 3 . 0  4.13 —4.14
OGD 94 .3  4.17

4 SHL 21.3 3.59

RINGDAL 4.41 3.75
ESTIMATE

4

Event 4

Station A IlL Mb S

ALQ i u 4. f-  4 . 7 4
ALQ 104.6 4.71
RAG 47.3 4.17
BUL 73 .4  4 .70
CTA 90.8 5.15 4.10
DAG 51.3 4 .70
GDH 63 .5  5.00

- - KON 42.9 4.58
LAO 93.0 5.72 4.44
MAT 49.8 4.33
MAT 49.8 4.54 4.23

• NAO 4 2 . 4  4 . 4 7  4.61 
-

NU R 35.6 3.60
OGD 93.2 4.49
SDB 78.2 5.22
SHI 20.0 4.45 4.05
TAB 20.9 3.71
TLO 57.0 4.23

RINGDAL 4.75 4.34
ESTIMATE

‘- 1
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Event S

- • Stat ion  A in . M
[) S

ALP 70.’) —3.53
105.7 —4.10

BAG 4b.5 5.03 4.2~
BiJ L 7 2 .9  ‘5 .16
C1IG 9.8 • (~ 1)

CTA 89.8 5.00 — 4 . 3 7
i-:ii ~ 31 . 1 4.22
KIP 102.3 4 . 2 R
KON 44.3 4.53 4.35
LAO 94.4 4.59 3.t~)

- 
I MAT 49.7  4. 23

MAT 49.7 4 . l ( )
MAT 49.7 4.05
NAI 52.9 4.54 4.58
NAO 43.8 4.77 4.07
NUR 3b.9 4.47 3.99
OGU 94 .7  -3 .43
ShU 20.0 4.48
TAB 21.5 ~.43
TLO 58.0 — 4 ~08
TLO 58.0 3 .79

RINGUAL 4.73 ~~~~~
ESTIMA TE

—40—
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Event 6
k

Station A in. M
b S

ALP 71.0 —3.70

ALQ 105.8 4.58
ALQ 105.8 4.48
BAG 46.5 5.30 4.71
BIlL 72.9 5.31 1. -!
CHG 29.8 4.45
CHG 29.8 4.35 4.28
CTA 89.8 5.10 4.21
EIL 33.2 4.81
GDH 64.9 4.47
1ST 34.0 3.96
KIP 102.3 4.59
KON 44.3 4.23 4.86
KON 44.3 4.74
LAO 94.5 4.74 4.32
MAT 49.7 4.39
MAT 49.7 4.65
MAT 49.7 4.60
NAI 52.8 4.70 4.12
NAO 43.8 4.79 4.65
NUR 36.9 4.47 4.51
OGD 94.7 —3.91
SHI 20.0 4.54
SNG 40.1 4.05
STU 46.0 4.76 4.35
TAB 21.4 4.03
TLO 58.0 4.33
TLO 58.0 4.20

RINGDAL 4.75 4.37
ESTIMATE
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Event 7

Station A M

ALP 70.8 3.57
ALQ 105.6 4 .65
ALQ 105.6 4. 10
BAG 46.8 5.16
BIlL 72.9 4.65
CHG 30.1 3.84
EIL 33.1 3.70
GDH 64.6 5.00 4.44
1ST 33.7 3.77
KIP 102.3 —4.69
KON 44.0 4.94 4.90

¶ KON 44.0 4.20

• LAO 94.2 5.49 4.07
MAT 49.9 3.91
MAT 49.9 —4.11

-

• MAT 49.9 4.12
NM 52.8 4.66
NAO 43.5 5.08 4.30
NUR 36.6 4.80 3.81
OGD 94 .4  -4.85
Sill 20.7 4 .24

- 
—
~ STU 45.7 4.80

TAB 21.2 4.67 3.49
TLO 57.7 4.19
TLO 57.7 4.08

RINGDAL 4 .78  4 .0(
ESTIMA TE
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Event 8

Station A 1% M

ALP 71.0 -3.48
ALQ 105.8 — 4 . t ~2
ALQ 105.8 4 . 2 1
BAG 46.5 5.08
BIlL 72.9 474
CHG 29.8 4.2t,
CHG 29.8 4.30 3.96
CHG 29.8 3.66
CTA 89.8 4.46
EIL 33.2 4.20
KIP 102.4 4.27
KON 44.3 4.42
LAO 94.5 4.15
MAL 59.8 4.39
MAT 49.8 4.13
MAT 49.8 4.36 4.14
NAO 43.9 4.77 4.59
NOR 36.9 4.46 3 9 9
OGD 94.8 3.42
SHI 20.0 3.82 —4.24
TAB 2 1.5 4.90 3.60
TLO 58.0 4.56
TLO 58.0 4.32

RINGDAL 4.56 4.10
ESTIMATE

—43—
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Event 9

Station A m.~ M

ALP 70.9 —2.75
ALQ 105.8 4.44
BA~ 46.5 4.87
BIlL 72.9 4.56
CHG 29.8 —3.57
CTA 89.8 —4.27
EIL 33.3 3.40
KIP 102.3 —3.44
KON 44.3 4.64 3.77
LAO 94.4 4.44 3.67
MAT 49.7 —2.55
MAT 49.7 4.36 3.44
MAO 43.8 4.51 3.88
NUR 36.9 4.46
OGD 94.7 —3.67
Sill 20.0 3 .73
TLO 58.0 — 3 . 4 9
TLO 58.0 3.22

RINGDAL 4.45 3.24
ESTIMATE

Event 10

Station A in. M
D S

BAG 46.6 4 .26
HIlL 72 .8  4.56
CHG 29.9 3.56
CTA 89.9 4.37 —4.35
DAG 52.5 4.36
KON 44.2 4.50 4.32
ICON 44.2 4.10
LAO 94.4 4.93
MAT 49.8 4.47
MAT 49.8 4.46 4.11
MAT 49.8 4.33
MAO 43.7 4.13
NUR 36.8 4.50 4.11
OGD 94.6 —3.26
SHI 19.9 4.12 3.67
TAB 21.3 3.4
TLO 57.’) — 3.54
TLO 57.9 3.52

RINGDAL 4 .41  3.94
ESTIMATE
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Event 11

Station A in. HI) S

ALP 70.9 3.65
ALQ 105.8 -4.67
ALQ 105.8 4 .94
BAG 46.5 4.16

• BIlL 72 . ) 4 . 5 6
CHG 29.8 4.09 4 .03
CHG 29.8 3.82
CTA 89.8 4.08
DAG 52.5 4.70
EIL 33.3 4.01
1ST 34.0 3.83
1~~P 102.3 4.31
ICON 44.2 —5.11
KON 4 4 . 2  4 . 7 2

LAO 94.4 5.02 —4.43
LEM 55.7 —4.49
MAT 49.7 4.38
MAT 49.7 4.67 4.41
NAI 52.9 4.15 I 

-

MAO 43.8 4.54
NU R 36.9 4.80 -4 .77
PMG 83.3 5.60
SHI 20.0 4.20 4.29 - 

-

SNG 40.1 3.57
TLO 58.0 4.11
TLO 58.0 3.88

RINGDAL 4.70 4.14
ESTIMATE

— 4 5—
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where A(f) is the observed spectrum (corrected for seismograph i esponse), S

is the source spectrum scale constant , and f is frequency in Hz. 1’hen alter

taking the natural log of this equation

ln [A(f)J + 1
1n ( f )  — in(S) ._~ ft *

or

ln(A) + 2.ln(f) =_nt *f + in (S)

If we plot  ln(A)  + 2 - l n ( f )  versus f requency  f o r  each pa th , as shown in Fi gures

9 and 11, the slope of the graph is_llt*. We calculated the slope in the  fre-

quency range 1.0 to 2.5 Hz , where the s igna l—to—noise  r a t io  was hi ghest , and

presumably beyond the corner  f r equency  so tha t  the h i g h — f r e q u e n c y  a sympto t ic

slope of f
2 character izes  the source spect rum.  S i m i l a r ly ,  the equa t ion  t o r

the source spec t ra  w i t h  an f 3 f a l l o fi  is 
-

ln(A) + 3.ln(f) =_n t*f + i n ( S )

If we plot the left—hand side of this relation versus frequency fo r  e’ach pa th ,

as shown in Figures 10 and 12 , the slope of the graph is ag a i n_ n t *; but  t~ now
—3 — -,

is based on an assumed f source spec t rum.  The t~ values f or  an f = source

model are .53 ± .09 for the Pamir to JASA path  and .00 ± .05 f o r  the Pami r t o

NORSAR path. The t~ values for  an l~~~ source model are .34 ± .08 f o r  the  Pam—

ir to LASA path and — .18 ± .06 for the Pamir to NORSAR path . Since a neSative

t~ pa th  is unreal is t ic , the f 3 
t~ value for  the Painir to NORSAR pa th  is set

equal to zero . The Pamir to NORSAR p ath  has ~e’ss a t tenuat ion  as expected

since the path is mostly through continental shield areas. Values of t~ for

the Kazakh explosions for f~~ source models were also calculated.  These’ t~

values are .16 ± .10 for the East Kazakh (events 1 through 4 and 9 and 10) to

IASA path, .05 ± .08 for the East Kazakh to NORSAR pa th , .29 ± .13 for the West
Kazakh (events S through 8) to LASA path , and .19 ± .04 for the West Kazakh
to NORSAR path. As expected the t * values for the paths to NORSAR are lower

than the values for the paths to LASA since the paths to NORSAR are through con-

tinental shield areas while those to LASA pass under tectonically active pro—

vinces.
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- • Von Segge ru and Sobe 1 (1975) have pr esen ted .1 flle t hod o I p r e d i c t i ng 20—

second Ray lei gh—wave ampl i tudes  by g e o m e t r ic al  ray tracing. TItel r work shows

that lateral changes in 20—second LR—phase v e lo c  ity can cause major  mu ! t [path—

ing and a [so large teleseismic amp litude var t a t  Ions due to small—scale i~e-I rac—

t ion effects. Figure 13 illustrates the paths ol rays which r e s u l t  b r  e a r t h —

~1u.ike~ S through ii , w h i c h  are  grouped near 39. 3M , 73. 9E. No . i t  t emp t  is  made -

t o  quantitativ e 1 ~ rela te these patterns to observed LR amp! i t  udes since we

~ sino t co U rec t t bi t -  p redi  c ted anipi I tudes for sout~c 1’ mechanism - We can qual i -

t a t i ve ly  compare the pattern of rays to ~1 r e s id u als  ca l cu lat ed  f r o m  the magni-

tude  data in Tahie• IV.  The H residuals at ALI’A are nega t ive , as can be pre—

¶ 
dicted from the’ ray t r ac ing  d iagram w h i c h  shows di v e r g i n g  rays nea r ALPA. I h e

- 

• 
H Fe ’S iduals at E [L  average to about 0, as would he e-xpected since the ray pat—

t ern is smooth near EIL. Where the rays cross , we can expec t  e i t h e r  d e s t r u c—

t lye tnterference• (large- n e g a t i v e  r es iduals  as at CHC, 1ST , TAB , and TLQ in
• Tab It’ 1V~ or a mixture of both constructive and destructive interferences (as

at CTA , L.AS:\, and HAT) . Stations which  record a stable amp! I tude are desirable-

for calibrating a source- reg ion f or amp litude. For events from the Pamirs ,

suc h stations could he- located in eas t er n  China , southern India , western Saud i

Arab i a, 1 raq , is rae I, Finland , and n o r t i tc e n t  rat Russ [a • The complicated LR

r . i v — t  i-ac Ing I i gurt~ par tially explains why we were unable to determine LR rad i—

at  Lou 1)~1t terms f rom our  a mp l i t u d e  ohse !rva t ions.

von Seggern , I). , and P. Sohel (. 1975) ,  Experiments in re t Lu tug H5 est [mate ’s I or
seismic events , S1)AC Repro t  No. TR— 7 5— 17 , Teledyne Ceotech , Alexandri a,
Virginia.
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1)1 5CR 1 li i  NA t  iON A Si ’ECt S

H —in.
S 1)

j in t h i t s  and the’ fo [[owing sect ions we apply severa l common disc’ riminati ts

he twe’e’n t’ar t tiquakt’s and e ’Xp los Ions t ci the Pami r c’a r t h uj u ak e s  and Kazakhi cxp 1 ci—

s ions. We ht.tcl chosen those’ Pam Er events whii cli , dur ing p r e l i m i n a r y  sc reen ing,

Were 01 leiw N for their in. • Theit we’ independently determined ave rage N and
H Ii S

in.~ va lues for  the i’amir event s in Tab he i i  using WWSSN stat ions, LICLP stat ions

and the Ai.PA , [.ASA , and Not -tSAR a r r a y s .  The data used in the average e s t i ma t es

ire li sted in ‘[‘able [V. Negative values  in the table indicate noise measure—

nients which were’ used as upper bounds fo r  the s ignal  amp l i tudes .  Magni tudes

we-re computed ace -orehing to the formulas

II iog(A/T) + B(A)

H log(A/ T)  + 1.66 [og.\ + 0.3

• whe’ t o  A cu t e— h a  if the’ peak— to—peak m aximu m recorded amplitude reduced to

m~t ground d i spl acemen t ,

per iod in seconds (rest ricted to 17 to 23  sec f o r  H5 c a l c u l a t i o n s ) ,

— ep icen t ra l  d i s t ance  In degrees ,

LI ( .\ )  Cutenbe rg—Rich ter c’cu I’ F e c  t ion te rm fo r  surf  .1cc ’ — focus P waves.

We .1 I so independent ly dc’ t ermi ne-c t  H f o r  t h e ’ Ka-zakh exp lost otis in Table l i i  us-

ing (lie NORSAR .ir ray .mnc i  HCt.i’ st .l t ions . T u e  cia t i  used In  the’ average es I tnt—

I t  i~~~ t e i F c ’xj u I os [on H . iro list e’ci i i i  lab I e ~ V , and t ’\j ’ hi ’s [c i i i  Ut
1 

v ,t  I ut’S dU e’ I row

NI’: i ~; L i st — We’ hi,i yt ’ t Ii r cuu g hi out  used i ifle’ t hod c i t  llhl5It I t tide c - st  liiui t Io~i proposed

liv R lng da I (1976) , Lu whi [cii t tie magn it title’s at t hit ’ I ud Lv I dna I stat ions , IF& as—

stimed to foil OW .1 gaits s I .1;! di st r (b u t  Lou . Among t h is d 1st rI hut Ion , some wag—

n i t  tide’s w i  I 1 I .ihi be low ( l i e ’ foIst’ 1 e V ’  I , ,i ntl K Ingd.i  t l~ lilt ’ t hod then substitute ’s

.1 lii’ Ise f f l t ’dSiU e’illt ’Ii t .~ I I host’ s t . i t  i c ’l t s  whi t cii do ito t ti e ’ t cot ~~ti computes liii’ max—

imun i I ike ’ 11 hit io ci  i’st I IiI.I L i ’  c i t  t l i ,ig i l  i t  t id lO bi ise’tl ciii nte ’~isLt red s i gna is and no (st . Tile ’

e’I t cc c i t  t h is 
~ i c ’ c e ’cj u re’ is ( c i  liii ’ Ut ’ .1cc i i i  at o t ~ cie I tnt ’ [lie’ magn I tude - 01 even t s

lit ’  t v i  the ’ i v  Fe ’c’ci t i h ~~d • hI.ise’~I c ’tt  t h its int’L boil , . t v - i a ~~e’ magnitude va t t t t ~S I or snia I I

• whit’ Ut ’ nt . i i iv  ot (lie’ rc . ieh t u g s  a re  noise ’  I eVe - Is , a Fe I owe’r t han  what won Id

Rliigda t , 1-’ • I. 1976) , Max (mum— i i  ki ’ h i  hood c’s I i i i i . i t  c 01 e’vt ’nt niagn it  tide , Bull.
Seism , Soc.  A m . ,  6b , /8~) .
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Table V

Magnitude Data for Kazakh Explosions

Event 1

Station A M

ChIC 35.1 3 .2 3

Ringdal 3.23
Estimate

Even t I

Station A M

ChIC 35.2 —3,47
E TL 38.1 — 4 . 4 5
KON 38,’) 

~, 59
NAO 38.0 3,4e)

Rinqdal  3 .47
Estimate

• Event 3

S tat  i c ’l i  M
H

ChIC . 5 ..’ 3 .4a
F .IL 38. 1 3 .71
KON 38.c) 3 L , c)

NAO 38.0 ( .‘)t ,

R ingdal
Es t imate

Event 4

Station A M
S

K()N .4’). 1 — 1 . 73

Ringdal -4.73
Estimate
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Event 5

Station A M
S

Ct-IC 42.8 —3.44
KON 30.7 2.86

Ringdal 2.86
Estimate

Event 6

Station A M
S

• CHG 35.8 —3 .83
KON 38.4 3,64
MAT 53.3 —3.85

1
Ringdal 3,60
Estimate

.1
Event 7

Station A M
S

KON 36.6 3.31
MAT 52.1 —4.08

Ringdal 3.31
Estimate

Event 8

Station A M
S

KON 26.0 3.54

Ringdal 3.54
Estimate
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Event 10

Station A M
$

MAO 37.9 -3.1

Ringdal -3.1
Estimate

- 
• 

Event 9

Stat i.on A M
S

NAO 38.1 -2.61

Ringdal -2.61
Estimate

- 
I 

-
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result If only measured signal amplitudes were used. The magnitude averages

for the Pamir earthquakes and Kazakh explosions are shown in Figure 14. Ar-

rows indicate M values based solely on noise measurements. In these cases
- - the maximum M value was used as the N value. The line N —in, — 1.5 (arbi—

S S 5 D
trarily drawn here) clearly separates the Pamir earthquakes from the Kazakh

explosion population . This line would also separate the suite of Asian events

studied by Dahiman et al. (1974). The Kazakh explosions are located in two

test areas approximately 10 to 15 degrees northwest and northeast of the Pamir

earthquakes.

Corner Frequency

Figure 15 is a plot of J s~ versus corner frequency for the Pamir earth—

• quakes and Kazakh explosions recorded at LAS-A and NORSAR . No long—period P

phases were recorded at the long—period arrays due to the small magnitudes of

the events, so the values of k,J
I were estimated from the spectral data of

the short—period vertical component. Ranks and Thatcher (1972) have shown

that for a given long—period level Aleutian explosions have a higher corner

frequency than Aleutian earthquakes. The physical  basis of this discriminant

is the smaller source time dimension of the explosion for a given long—period

level. However, Figure 15 shows no separation between the Paunir earthquakes

and the Kazakh explosions. Furthermore , there is only a slight trend toward

higher corner frequencies for lower for both th e explosions and the

earthquakes.

One possible reason that no separation was observed is that  th is stu—

dy used only short—period P recordings , whereas Ranks and Thatcher used long—

period body wave recordings. Another possible explanation is that due to the

low magnitudes of the events studied here, a clear asymptotic value of 
~~~~~~~~

was not possible in most cases. Finally, the lack of separation could- be due

to characteristics of the sources examined in this study which were not present

Dah lman , 0., H. Israelson, A. Austegard, and C. Hornstrom (1974), Definition
and identification of seismic events in the USSR, Bull. Seisin. Soc. Am.,
64, 607.

Hanks , T, and W. Thatcher (1972), A graphical representation of seismic source
parameters, J. Geophys. Res., 77 , 4393.
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Figure 15. Long—period spectral level versus corner frequency for Pamir
earthquakes and Kazakh explosions from LASA and NORSAR P re-
cord ings
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in the Aleutian events studied by Ranks and Thatcher. For example, the source

material in the Aleutians was lava and bedded tuffs whereas the source mate-rial

for the Kazakh explosions was presumed to be grani te .

Long—Period Body—Wave Excitation

There were too few long—period P observations to determine average event

ratios of these quantities to long—period LR ground displacement. All of the

long—period P observations were close to the noise level, as would be expect— •

ed for these small magnitude events. No clear long—period S waves were obser-

ved on the recordings analyzed for the Pamir earthquakes.

Depth of Focus

All of the Pamir events studied here , except event 10, had apparent  p1’

phases recorded at either LASA or NORSAR or both  arrays. No LASA or NORSAR

short—period data was available for event 10; however, pP for event 10 was

observed at a few of the WWSSN stations. The pP phases recorded at the WWSSN

stations agreed with the depths determined at LASA and NORSAR for all cases.

Thus many low M
S
_m

b events in this region could be identified as earthquakes

on the basis of pP observations. pP was, of course, not identified for the

explosions and does not , therefore , function as a positive discriminant. Al—

so, for crustal—depth events there is little pP moveout, and thus positive

identification of this phase is not possible when the observing stations are

in a limited epicentral range.

- -

- Complexities

We have computed the “complexity” parameter as seen as LASA and NORSAR

for the Pamir earthquakes and Kazakh explosions in the manner given by Lambert

4 et al. (1969). Figure 16 shows the complexity values versus 1%. LASA beams

for the Pamir events show apparent pP signals for 4 of the 5 cases where complex-

ity was determined. NORSAR beams show apparent pP signals for 5 of the 8 cases

where complexity was determined. We believe that the lack of a clear pP sig—

• nal in the other cases was due to noisy data or to a pP signal that could not

be visually separated from the P coda. Complexity numbers were not calculated

for some cases because of the low signal—to—noise ratio, which would have made

those complexity numbers doubtful. The complexity numbers for the Kazakh cx-

Lambert, D., D. von Seggern , S. Alexander, and C. Galat (1969), The LONGSHOT
Experiment , Volume II. Comprehensive Analysis , SDL Report No. 234 ,
Teledyne Geotech, Alexandria, Virginia.
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Figure 16. Complexity versus in.~, for Pamir earthquakes and Kazakh explo-

sions from LASA and NORSAR P recordings
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plosions were low (3 .08— 5.6b ) as would be expected for an explosion. The corn—

plexity numbers for  the Pamir events were generally higher (4.24—11.09), but

overlap the numbers for the Kazakh explosions. Due to the relatively low at-

tenuation of the Parnir earthquake signals at LASA and NORSAR, we cannot ascribe

the higher complexity of the earthquakes to attenuation of the initial P as

suggested by Douglas et al. (1973); therefore the additional earthquake coda

energy must be related to source mechanism and crustal effects .

Spectral Ratios

Spectral ratios have been calculated at LASA and NORSAR according to a

form suggested by Lacoss (1969): 
-

R — 11’95A ( f ) d f  / 1
85A ( f ) d f

1.55 .45
I

where sums of the equivalent terms of the discrete Fourier t ransform have re—

p laced the amplitude spectrum integrals over A(f). These ratios are plotted

against in Figure 17 for  the Patnir ear thquakes and Kazakh explosions for

the case t* = 0 , that  is , using the uncorrected spectra. The spectral rat ios

f o r  the same P recordings are p lo t ted  in Figure 18 w i t h  t* values for  u’
~~

- —3source models tor earthquakes and explosions and u source models fo r  earth—

quakes. Bars connect the cases where  there are two d i f f e r e n t  t~ values for

the two source models.  The ampli tudes  of the P spectra were greater than the

amplitudes of the noise spectra in the f requency  range 0.4 to 2.5 Hz fo r  a l l
- 

I of the IASA and NORSAR beams. For many cases the P spectra were greater than

the noise spectra in the range 0.5 to 5.0 Hz. NORSAR signal beams (C3 sub—

- j array) possessed more high frequencies and therefore generally had higher
• 

- spectral ratios than the LASA beams (A0 subarray), in accord wi th  our previous

t* estimates for the two paths. The spectral  rat io did not depend on 111
b ’ N ,

or depth. In general, the Kazakh explosions show larger spectral ratios than

the Pamir earthquakes, but the explosion and earthquake populations cannot be

said to separate.

Douglas , A., P. Marshall , P. Gibbs, J. Young, and C. Blarney (1973), P signal
complexity reexamined , Geophys, J., 33, 195.

Lacoss, R. (1969), A large—population LASA discrimination experiment, Tech-
nical Note 1969—24, Lincoln Laboratory , Lexington, Massachusetts.
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Figure 17. Short—period P spectral ratio versus for Pamir earthquakes
and Kazakh explosions recorded at LASA and NORSAR for t~ = 0
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Radiation Pattern

-i Body waves tor eight of the eleven Pain ir events show bo th  apparent coni—

press tona l and di Ia tat lena! first mot ions , sugges t ing  that these events arc

e ar t h quakes.  [)ut~ to the low magnitudes of tliest- events , f i r s t  motions wer e

1 d i t  I i c ul t  t o  determine on most records • The over lapping compressional and

di tatat tonal  f i r s t  met tons on the  I Irst mot ion  d iagrams  ind ica te  tha t  t h i s  Is
- 

not a re I tal’ Ic disc r tniinant. For the three events which do not show both  coni—

presslonal and dilatational I irst motions , no clear  f i r s t  mot ions were observed

on any of the records. The first motions recorded for the othe r events were

too few in number to de termine  f a u l t  p l ane solu t ions on a focal  sphere .  We

were not able to determine a r a d i a t i o n  p a t t e r n  f r o m  the  LR amp l i tudes  owing to

the large scatter , which is caused by propagation effects , such as Q d i f f e r —

-: ences, dispersion effects on time—domain amplitudes , and focusing or defocus—

lug due to refraction as illustrated in the predicted raypaths  in Figure 13.

- S/P Excitation

As would be expected for these small magni tude events, there were no

- short—period S observations from the Pamir events to determine  the ra t io  of

S/P ground displacement.

1
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SU}IIIARY

• Eleven events with low reported M5 for their mb from the Northern Pamirs

and ten Kazakh explosions were examined in a seismic discrimination context.
All the Pamir events lie close to major  faults observed in satellite photo-

graphs , i t  was impossible  on the basis of f i r st  mot ions  to  de te rmine  f a u l t

plane solut ions  due to the small magni tudes  of . t he  events , We were also un-

able to determine a rad ia t ion  pattern from the LR amplitudes , pr obab ly  due tI l

varying propagation effects. The following characteristics of the Pami r

events indicate that all the events are earthquakes:

o All the presumed earthquakes had cons is tent  p P phases

recorded at IASA , NORSAR , or some of t he  WW SSN stat ions .

Althoug h l i t t l e  moveout t or p1’ can be detec ted  for slial low

earthquakes , the clarity and size of t h e phase w.is sut I icit-nt

in most cases to identif y it w i t h  some con! idi -u ct - .

o All the Pamir events s tudied here f a l l  above the l ine

N rn
b 

— 1.5. The Kazakh exp losions clearly lie below

the line N in. — 1.5.• 5 b

There are other areas in Asia , notably near 30°N, 95° E, where ear thquakes
do not clearly separate from explosions in Asia on an M

~
_m.

~ 
p l o t .  Also shot

arrays could be used to raise the M of an explosion by about 0. 1 N u n i t s  or

mere without raising m
b. 

placing it close to the earthquake popula tion  s tud ied

here.

Complexity and spectral ratio were not useful discriminants In t h i s  da t z i

set. The low magnitudes of the earthquakes studied here (nib from 4.3 to 4.8

and H from 3.2 to 4.4) made clear discr imina t ion  difficult with the avail—
S

able data and probably represents nearly the lowest threshold of discrimina-

tion for the stations and area s t u die d  in th is  r epor t .  The installation of

high—quality SRI) stations in Asia wil l  permit  the  examinat ion  of lower—magn i-

tude events with multistatlon short—period data.

- - 
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