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Introduction 
O n Ju ly 9, 1986, a t e a m of r e sea r che r s 

f rom the Universi ty of Cal i fornia , San Diego; 
Universi ty of Nevada , R e n o ; a n d t h e Univer 
sity of Co lo rado , B o u l d e r es tabl ished t h e first 
of t h r e e seismic stat ions to be located in t h e 
vicinity of the Soviet nuc l ea r test site in east
e r n Kazakhs tan (KTS) (see cover) . U n d e r an 
a g r e e m e n t r eached be tween the Soviet Acad
emy of Sciences a n d the N a t u r a l Resources 
Defense Counci l , a nonpro f i t U.S. env i ron
men ta l o rganiza t ion , these stat ions, which a r e 
conf igured to mee t t he specifications of t he 
p r o p o s e d new global se i smograph ic n e t w o r k 
[Incorporated Research Institutions for Seismology 
(IRIS), 1984], will be c o m p l e m e n t e d by t h r e e 
similarly e q u i p p e d stat ions to be installed in 
the vicinity of the U.S. nuc lea r test site in 
s o u t h e r n N e v a d a (NTS) . T h e stat ions a r e to 
be o p e r a t e d cooperat ively by Soviet a n d U.S. 
pe r sonne l 
(F igure 1). 

T h e da ta tha t a r e collected by this j o i n t 
p r o g r a m a re m e a n t to be re levant to several 
seismological p r o b l e m s associated with t h e 
m o n i t o r i n g a n d verification of p r e s e n t a n d 
fu tu re test ban t reat ies . T h e s e inc lude 

• Determination of ambient ground noise lev
els as a function of frequency and time. T h e 
noise levels obviously con t ro l t he m a g n i t u d e 
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Cover . Locat ions of t h r e e Kazakh seis
mic stat ions in the Soviet U n i o n tha t were 
established by t eams of U.S. r e sea rche r s 
f rom the Universi ty of Cal i fornia (San 
Diego), Universi ty of N e v a d a (Reno) , a n d 
Universi ty of C o l o r a d o (Boulder ) . T h e s e 
stations, which will be o p e r a t e d coope ra 
tively by U.S. a n d Soviet p e r s o n n e l , a r e 
pa r t of a r ecen t a g r e e m e n t be tween U.S. 
a n d Societ r e sea rcher s . For m o r e in fo rma
tion, see the article "A New U.S.-U.S.S.R. 
Seismological P r o g r a m " by J . B e r g e r et al., 
page 105. 

of events tha t can be de tec ted a n d the accura
cy with which they can be charac te r ized by 
any given stat ion conf igura t ion . Initially, por 
table e q u i p m e n t was used to m e a s u r e ambi
en t noise o n t h e surface a n d to locate suitable 
sites for t he installat ion of m o r e p e r m a n e n t 
e q u i p m e n t . T h e da ta will allow the charac te r 
ization of the surface g r o u n d noise for fre
quencies in the b a n d 3600 s to 100 Hz a n d 
will d e t e r m i n e t he signal- to-noise improve 
m e n t over t h e 1—100-Hz b a n d achieved 
t h r o u g h the use of 100-m-deep boreho les . 

• Examination of the excitation of regional 
phases, including Pnf Pg, S„, S g , L g , and 
i ? g . T h e exci tat ion efficiency a n d spec t rum 
of these phases is i m p o r t a n t in the de t e rmi 
na t ion of source p r o p e r t i e s of events r ecord
ed at reg ional d is tances [Evernden et al, 
1986]. N u m e r o u s s tudies of these phases 
have been ca r r i ed o u t for the region a r o u n d 
the N e v a d a test site, b u t t he Kazakh ne twork 
will p rov ide t he first o p p o r t u n i t y to s tudy 
these phases in this r eg ion a n d thus r e d u c e 
uncer ta in t i es d u e to p r o p a g a t i o n effects. 

• Determination of the velocity and attenua
tion characteristics of regional phases and sur
face waves. S tudies have been conduc t ed in 
N e v a d a [e.g., Chavez and Priestley, 1986] a n d 
Marshall et al. [1979] have utilized measu re 
m e n t s of the velocity of p ropaga t i on of Pn in 
t he Kazakh reg ion to infer that the u p p e r 
man t l e a t t enua t ion is low c o m p a r e d to tha t in 
N e v a d a a n d is m o r e typical of tha t in shield 
areas . It has been sugges ted by several au
tho r s tha t because of this low a t t enua t ion , t he 
yield versus mb r e la t ionsh ip for nuclear ex
plosions is cons iderably different for K T S 
t h a n it is for N T S [Marshall et al, 1979; Sykes 
et al, 1983]. T h i s has i m p o r t a n t bea r ing o n 
c u r r e n t a n d fu tu re m o n i t o r i n g of the th re sh -

Fig. 1. M e m b e r s of t h e U.S.-Soviet seismological t e a m at n e t w o r k h e a d q u a r t e r s , Karkar -
alinsk, in eas t e rn Kazakhs tan , U.S.S.R. ( p h o t o g r a p h by T e d Spiegel , Black Star). 
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Fig. 2. R e c o r d i n g f rom Karkara l insk stat ion of a reg ional event in sou theas t e rn Kazakhs tan , 44.5°N, 79.5°E, o n Ju ly 2 1 , 1986, at 22 :41 :56 
local t ime. Source- rece iver d is tance is 626 km, mb = 4 .6. T h e first 10 seconds of the event has been e x p a n d e d to show t h e clear h igh fre
quenc ies in the Pn. Spect ra l analysis if the P wave t ra in indicates ene rgy with good signal-to-noise ra t io at least u p to t h e ant ia l ias ing filter 
c o r n e r at 30 Hz . 

old test ban and has led to cons iderab le con
troversy. 

O n the U.S. side, the overall science p r o 
g r a m is d i rec ted by a commi t t ee consist ing of 
the following re sea rche r s : 

• C. B. A r c h a m b e a u , c h a i r m a n (Coopera 
tive Ins t i tu te for Research in E n v i r o n m e n t a l 
Science, Universi ty of C o l o r a d o , Bou lde r ) , 

• S. S. A l e x a n d e r (Pennsylvania State Uni 
versity, Universi ty Park) , 

• J . B e r g e r ( Ins t i tu te of Geophysics a n d 
Planetary Physics ( IGPP), Scr ipps Ins t i tu t ion 
of O c e a n o g r a p h y (SIO), Universi ty of Cali
fornia, San Diego, La Jol la) , 

• J . N . B r u n e ( IGPP/SIO) , 
• D. G. H a r k r i d e r (Seismological Labora

tory, California Ins t i tu te of Techno logy , Pas
adena , Calif.), 

• D. V. H e l m b e r g e r , a l t e rna te (Seismologi
cal Labora tory , Cal i fornia Ins t i tu te of T e c h 
nology, Pasadena , Calif.), 

• E. T . H e r r i n (Sou the rn Methodis t Uni
versity, Dallas, Tex . ) , 

• T . H. J o r d a n (Massachuset ts Ins t i tu te of 
Techno logy , C a m b r i d g e , Mass.), 

• J . B. Minster (Science Hor i zons , Encintas , 
Calif.), 

• J . R. M u r p h y (S-Cubed, Res ton , Va.), 
• R. A. Ph inney (Pr ince ton Universi ty, 

Pr ince ton , N.J.) , 
• P. G Richards , a l t e rna te (Lamont -Do-

her ty Geological Observa to ry , Palisades, 
N.Y.) , 

• S. W. Smith (Universi ty of Wash ing ton , 
Seattle), 

• G G Sorrels (Te ledyne /Geo tech , Dallas, 
T e x ) , 

• L. R. Sykes ( L a m o n t - D o h e r t y Geological 
Observa tory , Palisades, N.Y.) . 

Program Status 
Soviet Stations 

A two-phase d e p l o y m e n t of se i smograph ic 
e q u i p m e n t in Kazakhs tan b e g a n in early Ju ly . 
Phase I e q u i p m e n t consis ted of T e l e d y n e 
Geotech S-13 sho r t -pe r iod a n d Kinemet r ics 
S-l i n t e r m e d i a t e - p e r i o d se i smomete r s (Tele-
d y n e Geotech , G a r l a n d , T e x a s ; Kinemetr ics / 
Systems, Pasadena , Calif.) coup led to T e r r a 
Techno logy 302 even t - t r igge red da ta loggers 
sampl ing at 100 Hz ( T e r r a T e c h n o l o g y , Red
m o n d , Wash.) . T h e s e were first e m p l o y e d in 
noise surveys as p a r t of t he site selection 
process. W h e n the station locations h a d been 
dec ided , the Phase I e q u i p m e n t was installed 
nearby while site p r e p a r a t i o n was u n d e r w a y 
for the Phase II e q u i p m e n t . F igure 2 shows a 
r e c o r d i n g ob ta ined early in t he project of a 
regional event to t he sou th , clearly indica t ing 
rich h igh- f requency body wave signals. 

Cons t ruc t ion of t he Phase II Kazakh sta
tions, i l lustrated in F igu re 3, was comple t ed 
in early N o v e m b e r 1986. T h e sites a r e all lo
cated in g ran i t e massifs tha t rise several h u n 
d r e d me te r s above the s u r r o u n d i n g s t eppe . 
Boreholes with d i a m e t e r s of 20 cm were 
dri l led to d e p t h s of 7 0 - 1 0 0 m, cased, a n d 
sealed. Wel lhead vaults were set in to the sur
face rocks to a d e p t h of 1.5-2 m a n d t h e n 
covered with soil t ha t was s loped gently to the 
s u r r o u n d i n g t e r r a in to p rov ide bo th t h e r m a l 
insulat ion a n d to r e d u c e wind resis tance. T h e 
in ter iors of these vaults m e a s u r e a p p r o x i -
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Fig. 4. T e l e m e t r y system a n d inter
n e t w o r k link for t h e Soviet a n d U.S. net 
works . IPE is t he Ins t i tu te of Physics of 
t he Ea r th , a n d IAS is t he Ins t i tu te for 
A u t o m a t e d Systems. 

mately 3 x 4 m , with a 1.2 x 2 - m i n s t r u m e n t 
pier s i tuated nex t to the t o p of t he bo reho le . 
T w o trai lers at each site p rov ide a c c o m m o d a 
tion for the Soviet p e r s o n n e l who will m a n 
the stations cont inuous ly a n d for occasionally 
visiting Amer i can p e r s o n n e l , w h o will be sta
t ioned at ne twork h e a d q u a r t e r s at Karka ra -
linsk. A th i rd t rai ler will h o u s e the r e c o r d i n g 
a n d o t h e r i n s t r u m e n t s . High-vol tage power 
lines have been led to each site, bu t because 
of the r emotenes s a n d climatic condi t ions , 
b a c k u p diesel g e n e r a t o r s have also been in
stalled. 

T a b l e 1 lists t he Phase II c o m p l e m e n t of 
e q u i p m e n t tha t is to be installed at the Ka
zakh sites. H igh - f r equency acce le romete rs 
emp laced in t he bo reho le s will be a u g m e n t e d 
by sho r t -pe r iod a n d b r o a d b a n d se i smometers 
installed in the wel lhead vault . Digitization 
a n d da ta r e c o r d i n g e q u i p m e n t will be similar 
to tha t cu r ren t ly ope ra t i ona l in t he Anza Net
work in s o u t h e r n Cal i fornia [Berger et al, 
1983]; da ta channe l s will be s ampled at 250 
Hz , with a 16-bit reso lu t ion . For bo th the 
sho r t -pe r iod a n d b r o a d b a n d se i smometers , 
h igh- a n d low-gain channe l s will be r e c o r d e d 
to increase t he d y n a m i c r a n g e . Data will be 
t e l eme te red f rom the wel lhead vault to t he 
r e c o r d i n g t ra i ler via a wirel ine. T h e equ ip 
m e n t is des igned to cover t he seismic spec
t r u m be tween 3600 s a n d 100 Hz, with reso
lut ion a n d system noise a d e q u a t e to allow the 
m e a s u r e m e n t of a m b i e n t g r o u n d noise. 

At each stat ion, the M A - I I da t a acquisi t ion 
system (fabricated at I G P P by the U.S. t eam) 
will r e d u c e t he raw da ta r a t e of a p p r o x i m a t e 
ly 6 KB/s (kilobytes p e r second) to an average 
of abou t 75 B/s to 225 B/s by event de tec t ion 
a n d dec imat ion to a 2-Hz sampl ing ra te in 
the case of t he con t inuous ly r e c o r d e d b r o a d 
b a n d da ta s t reams . T h e d a t a will be r e c o r d e d 
locally on magne t i c t a p e a n d f o r w a r d e d to 
ne twork cent ra l , which is located some 10 k m 
from the Karkara l insk stat ion. 

In a coopera t ive project with t he Ins t i tu te 
for A u t o m a t e d Systems (IAS) in Moscow, t he 
t h r ee Kazakh stat ions will be l inked t o g e t h e r 

T A B L E 1. Major E q u i p m e n t C o m p l e m e n t of Kazakh Stat ions 

I t em Mode l Quan t i ty Manufac tu r e r 

Boreho le se i smomete r 54100 1 T e l e d y n e Geotech , 
Gar l and , T e x . 

Shor t -pe r iod se i smomete r GS-13 3 T e l e d y n e Geotech , Shor t -pe r iod se i smomete r 
Gar l and , T e x . 

I n t e r m e d i a t e - p e r i o d S-l 3 Kinemetr ics/Systems, 
se i smomete r Pasadena , Calif. 

B r o a d b a n d se i smomete r S T S - V B B 3 G u n a r Streckeisen, 
P fungen , Switzerland 

Remote digit izer R T - 2 4 A 5 Refract ion Techno logy , 
Inc . , Dallas, T e x . 

Remote interface un i t R T - 4 4 B 1 Refract ion Techno logy , 
Inc . , Dallas, T e x . 

Data acquisit ion system MA-I I 1 Universi ty of 
California, San Diego 

T A B L E 2. Major E q u i p m e n t C o m p l e m e n t at the U.S. Stat ions 

I t em Mode l Quan t i t y M a n u f a c t u r e r 

Boreho le se i smomete r 54100 1 T e l e d y n e Geotech , 
Gar l and , T e x . 

Shor t -pe r iod se i smomete r GS-13 3 T e l e d y n e Geotech , Shor t -pe r iod se i smomete r 
Gar l and , T e x . 

I n t e r m e d i a t e - p e r i o d S-l 3 Kinemetr ics/Systems, 
se i smomete r Pasadena , Calif. 

B r o a d b a n d se i smomete r S T S - V B B 3 G u n a r Streckeisen, 
P fungen , Switzer land 

Remote digit izer R T - 9 7 1 Refract ion Techno logy , 
Inc. , Dallas, T e x . 

Ear th station Gemin i -56 1 M/A C O M 

via 4 .8 -Kbaud ded ica ted land lines, as shown 
in F igure 4. Data f rom the Bayanaul a n d 
Karasu stat ions will be r o u t e d t h r o u g h t h e 
IAS facilities to n e t w o r k cent ra l in Ka rka ra 
linsk. A direct l ine will b r i n g the da t a f rom 
the Karkara l insk stat ion to ne twork cent ra l . 
T h e te lemet ry system, however , is des igned 
to pe rmi t t he collection of all da ta o n com
pu te r s at IAS a n d to p rov ide access to t h e m 
by scientists at t he Ins t i tu te of Physics of t he 
Ea r th (IPE) in Moscow. 

U.S. Stations 

Sites for t h e U.S. s tat ions have been chosen 
at D e e p Spr ings , Calif., a n d Nelson a n d T r o y 
Canyon , Nev. C o n t i n u o u s da ta f rom this net
work will be t e l e m e t e r e d via 56-Kb/s satellite 
circuits f rom t h e stat ions to ne twork cent ra l , 
as i l lustrated in F igu re 5. Major e q u i p m e n t 
i tems to be instal led in t he U.S. s tat ions a r e 
listed in T a b l e 2 a n d differ f rom those in the 
Soviet U n i o n only in tha t the event de tec t ion 
funct ion of t he da t a acquisi t ion system is per 
f o r m e d at n e t w o r k cent ra l r a t h e r t h a n at the 
individual s tat ions. O p e r a t i o n s of t he U.S. 
stat ions a r e s chedu led to begin in M a r c h o r 
Apr i l 1987. 

I n t e r n e t connec t ions be tween the U.S. a n d 
Soviet ne tworks will be p rov ided initially by 
o n e of the in t e rna t iona l packet-switched car
r iers , l inking c o m p u t e r s in La Jol la , Calif., 
with those at t he IAS in Moscow. T h i s in ter 
ne t service is de s igned pr imar i ly to p r o v i d e 
l imited da ta e x c h a n g e be tween the two net
works a n d to p r o v i d e d i rec t message c o m m u 
nicat ion be tween t h e n e t w o r k cen te rs a n d re 
m o t e stat ions. E x p e r i m e n t s with m o r e com
plete n e a r - r e a l - t i m e da t a e x c h a n g e a r e be ing 
p l a n n e d . 
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o p m e n t of t echnology has p e r m i t t e d us to 
s tudy o u r s u r r o u n d i n g s by us ing i n s t r u m e n t s 
to e n h a n c e o u r nat ive senses. Now, gradual ly , 
we a r e r e ach ing o u t in to o u r solar system 
with space vehicles a n d a r e p r o b i n g to the 
e d g e of t h e un iverse , u s ing telescopes to col
lect r ad ia t ion emi t t ed long ago f rom almost 
un imag inab ly d is tan t sources . 

A d r iv ing ques t ion in o u r s tudy of t he cos-
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York, 1983. 

mul t id isc ip l inary e n d e a v o r t ha t also involves 
geologists, chemis ts , a n d physicists. I n add i 
t ion, it has b e e n r ecogn ized tha t solid m a t t e r 
in t he solar system (for ins tance , rocks a n d 
ices) collectively re ta ins key m e m o r i e s of t h e 
physical a n d chemica l processes t ha t u l t imate 
ly resu l t ed in o u r own exis tence. 

It has been recognized for near ly 200 years 
tha t the e a r t h has been a passive collector of 
rocks f rom space, b u t systematic s tudy of 
what n a t u r a l space debr i s can tell us a b o u t 
t he or ig in a n d evolu t ion of the solar system 
a n d its cons t i tuen t objects only b e g a n in t he 
1950s. Unti l recent ly , all me teor i t e s were be
lieved to be samples of small solar system 
bodies , such as as tero ids a n d comets , al

t h o u g h t h e cor re la t ion of any o n e class of 
meteor i t e s with a specific body r e m a i n s , in 
genera l , u n p r o v e n . A l t h o u g h t h e e a r t h 
passed t h r o u g h the wake of C o m e t Hal ley in 
1910, it was only in t he 1970s tha t systematic 
collection a n d s tudy of s t r a tospher ic dus t pa r 
ticles, s o m e of which a r e a lmost cer tainly 
cometa ry debr i s , was ini t iated. T h e only ex
t ra te r res t r i a l samples whose source p lane t is 
k n o w n unequivocal ly a r e samples r e t u r n e d by 
the m a n n e d Apol lo a n d u n m a n n e d L u n a 
space missions. 

T h e conclus ion tha t all me teor i t e s a r e sam
ples of small p l ane ta ry bodies c h a n g e d funda
mental ly in 1983 with t he recogni t ion tha t 
pieces of t he ea r th ' s m o o n cou ld be ejected 
intact d u r i n g a me teo r i t e impac t a n d subse
quen t ly swept u p by t h e e a r t h (see t h e special 
section "A Meteor i t e F r o m the M o o n , " a spe
cial section in Geophysical Research Letters, vol. 
10, n o . 9, 1983). If me teor i t e s could o r ig ina te 
o n a body as la rge as t he m o o n , why shou ld 
some no t also c o m e f rom Mars? Detai led 
s tudy of a r a r e class of me teor i t e s , t he sher-
gott i tes, nakhl i tes , a n d Chass igny (or S N C 
meteor i tes ) , now s t rongly po in t s to an or ig in 
o n Mars [e.g., Bogard and Johnson, 1983; 
McSween, 1985]. 

Because we now have s o m e k n o w l e d g e of 
t he character is t ics of b o t h small , p r imi t ive 
bodies a n d of la rger , m o r e evolved bodies , we 
can show tha t t he r e t u r n of samples f rom ex
t ra te r res t r i a l bodies of k n o w n as t ronomica l 
location will h e l p answer t he f u n d a m e n t a l 
ques t ion impl ied in t h e title of this art icle, 
tha t of t he or ig in of t h e solar system. I n t he 
following sections, we shall a r g u e tha t s ample 
r e t u r n s f rom pr imi t ive bodies such as comets 
a n d und i f fe ren t i a t ed as tero ids will p rov ide 
in fo rma t ion c o n c e r n i n g t h e n a t u r e of t h e 
m a t t e r a n d of t he processes t ha t led f rom the 
collapse o l a cold in ters te l lar dus t c loud to 
t he p r o d u c t i o n of small bodies of solid mat
ter . W e shall a r g u e tha t s ample r e t u r n s f rom 
large , evolved bodies will p rov ide a r e c o r d of 
the compos i t ion of t he solar system at differ
en t hel iocentr ic dis tances a n d of t he n a t u r e 
of t he processes tha t led to t he accre t ion of 
small objects of t he type p r e s e r v e d as comets 
a n d as tero ids in to la rge p l ane ta ry bodies . 

Advantages of Measurements 
on Returned Samples 

Before cons ide r ing the scientific advan 
tages of s ample r e t u r n missions f rom differ
en t bodies , it is wor th cons ide r ing the advan 
tage of sample r e t u r n s tudies over in situ 
m e a s u r e m e n t s . O u r e x p e r i e n c e with l u n a r 
samples a n d meteor i t e s shows tha t t h e r e a r e 
several advan tages associated with hav ing a 
spec imen available in t he l abora to ry for 
s tudy. 

First, a m u c h wider r a n g e of s tate-of- the-
a r t analytical t echn iques with h i g h e r sensitiv
ities a n d accuracies can be app l ied . Many of 
t he scientific p r o b l e m s tha t r e sea r che r s would 
like to a d d r e s s r e q u i r e measu remen t s , tha t a r e 
well b e y o n d the c u r r e n t o r an t ic ipa ted capa
bilities of in situ invest igat ions; i n d e e d , they 
a r e well b e y o n d c u r r e n t l abora to ry-based in
s t r u m e n t s . A p r o p e r l y c u r a t e d r e t u r n e d sam
ple is available for reanalysis with new gene r 
at ions a n d types of i n s t r u m e n t s . Second , a 
single s ample can be d o c u m e n t e d a n d s tud ied 
by a variety of t echn iques , a l lowing all of t h e 
da ta to be re la ted in a way tha t p rov ides 
m u c h m o r e scientific insight t h a n the s u m of 

The Case for Planetary 
Sample Return 
Missions: 
1. Origin of the 
Solar System 

PAGES 105, 111-113 

Michael J. Drake and 
William V. Boynton 
L u n a r a n d Plane tary Labora to ry , 
Univers i ty of Ar izona , T u c s o n 

Douglas P. Blanchard 
N A S A J o h n s o n Space C e n t e r , H o u s t o n , T e x . 

The "flyby" phase of solar system exploration will be completed for all planetary 
objects except Pluto and the asteroids by the end of this decade. By the end of 
the century, the moon and all of the terrestrial planets except Mercury will have 
been examined by orbiting global remote sensing spacecraft, and Venus, the 
moon, and Mars have already had in situ surface analyses performed by landers. 
Samples have been returned only from the moon. Sample returns from both 
primitive and evolved bodies are essential if we are to understand the origin and 
evolution of the solar system. Here we examine how measurements made in ter
restrial laboratories on samples returned from Venus, Mars, comets, and aster
oids can provide information about the formation of the solar system. Feasible 
approaches for returning samples from these bodies are outlined. Sample return 
missions may not occur before the 21st century, but it is necessary to plan them 
now. 

Editor's Note: T h e following article is mos is t h e place occup ied wi thin it by o u r 
pa r t of a series of articles^ o w n solar system. Inexo rab ly i n t e r tw ined 

with this ques t ion is t h e or ig in of t h e solar 
j , • system a n d its s u b s e q u e n t evolu t ion . T h e 
introduction s tudy of t he solar system, once t h e r e a l m of 

t h e a s t r o n o m e r a lone , has n o w b e c o m e a 
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