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Introduction

On July 9, 1986, a team of researchers
from the University of California, San Diego;
University of Nevada, Reno; and the Univer-
sity of Colorado, Boulder established the first
of three seismic stations to be located in the
vicinity of the Soviet nuclear test site in east-
ern Kazakhstan (KTS) (see cover). Under an
agreement reached between the Soviet Acad-
emy of Sciences and the Natural Resources
Defense Council, a nonprofit U.S. environ-
mental organization, these stations, which are
configured to meet the specifications of the
proposed new global seismographic network
[Incorporated Research Institutions for Seismology
(IRIS), 1984], will be complemented by three
similarly equipped stations to be installed in
the vicinity of the U.S. nuclear test site in
southern Nevada (NTS). The stations are to
be operated cooperatively by Soviet and U.S.
personnel
(Figure 1).

The data that are collected by this joint
program are meant to be relevant to several
seismological problems associated with the
monitoring and verification of present and
future test ban treaties. These include

® Determination of ambient ground noise lev-
els as a function of frequency and time. The
noise levels obviously control the magnitude
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of events that can be detected and the accura-
cy with which they can be characterized by
any given station configuration. Initially, por-
table equipment was used to measure ambi-
ent noise on the surface and to locate suitable
sites for the installation of more permanent
equipment. The data will allow the character-
ization of the surface ground noise for fre-
quencies in the band 3600 s to 100 Hz and
will determine the signal-to-noise improve-
ment over the 1-100-Hz band achieved
through the use of 100-m-deep boreholes.

® Examination of the excitation of regional
phases, including P, Py, S,, S,, Ly, and
R,. The excitation efficiency and spectrum
of these phases is important in the determi-
nation of source properties of events record-
ed at regional distances [Evernden et al.,
1986]. Numerous studies of these phases
have been carried out for the region around
the Nevada test site, but the Kazakh network
will provide the first opportunity to study
these phases in this region and thus reduce
uncertainties due to propagation effects.

® Determination of the velocity and attenua-
tion characteristics of regional phases and sur-
face waves. Studies have been conducted in
Nevada [e.g., Chavez and Priestley, 1986] and
Marshall et al. [1979] have utilized measure-
ments of the velocity of propagation of P, in
the Kazakh region to infer that the upper
mantle attenuation is low compared to that in
Nevada and is more typical of that in shield
areas. It has been suggested by several au-
thors that because of this low attenuation, the
yield versus m,, relationship for nuclear ex-
plosions is considerably different for KTS
than it is for NTS [Marshall et al., 1979; Sykes
et al., 1983]. This has important bearing on
current and future monitoring of the thresh-

Fig. 1.

Members of the U.S.-Soviet seismological team at network headquarters, Karkar-
alinsk, in eastern Kazakhstan, U.S.S.R. (photograph by Ted Spiegel, Black Star).
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Fig. 2. Recording from Karkaralinsk station of a regional event in southeastern Kazakhstan, 44.5°N, 79.5°E, on July 21, 1986, at 22:41:56
local time. Source-receiver distance is 626 km, m, = 4.6. The first 10 seconds of the event has been expanded to show the clear high fre-
quencies in the P,. Spectral analysis if the P wave train indicates energy with good signal-to-noise ratio at least up to the antialiasing filter
corner at 30 Hz.

old test ban and has led to considerable con-
troversy.
On the U.S. side, the overall science pro-

gram is directed by a committee consisting of

the following researchers:

® C. B. Archambeau, chairman (Coopera-
tive Institute for Research in Environmental
Science, University of Colorado, Boulder),

® 5. S. Alexander (Pennsylvania State Uni-
versity, University Park),

@ J. Berger (Institute of Geophysics and
Planetary Physics (IGPP), Scripps Institution
of Oceanography (S10), University of Cali-
fornia, San Diego, La Jolla),

® J. N. Brune (IGPP/SIO),

o D. G. Harkrider (Seismological Labora-
tory, California Institute of Technology, Pas-
adena, Calif.),

® D. V. Helmberger, alternate (Seismologi-
cal Laboratory, California Institute of Tech-
nology, Pasadena, Calif.),

e . T. Herrin (Southern Methodist Uni-
versity, Dallas, Tex.),

® T. H. Jordan (Massachusetts Institute of
Technology, Cambridge, Mass.),

® |. B. Minster (Science Horizons, Encintas,
Calif.),

® J. R. Murphy (S-Cubed, Reston, Va)),

® R. A. Phinney (Princeton University,
Princeton, N.J.),

® P. G. Richards, alternate (Lamont-Do-
herty Geological Observatory, Palisades,
N.Y),

® S. W. Smith (University of Washington,
Seatile),

® G. G. Sorrels (Teledyne/Geotech, Dallas,
Tex.),

® L. R. Sykes (Lamont-Doherty Geological
Observatory, Palisades, N.Y.).

Program Status

Soviet Stations

A two-phase deployment of seismographic
equipment in Kazakhstan began in early July.
Phase 1 equipment consisted of Teledyne
Geotech S-13 short-period and Kinemetrics
S-1 intermediate-period seismometers (Tele-
dyne Geotech, Garland, Texas; Kinemetrics/
Systems, Pasadena, Calif.) coupled to Terra
Technology 302 event-triggered data loggers
sampling at 100 Hz (Terra Technology, Red-
mond, Wash.). These were first employed in
noise surveys as part of the site selection
process. When the station locations had been
decided, the Phase I equipment was installed
nearby while site preparation was underway
for the Phase II equipment. Figure 2 shows a
recording obtained early in the project of a
regional event to the south, clearly indicating
rich high-frequency body wave signals.

Construction of the Phase II Kazakh sta-
tions, illustrated in Figure 3, was completed
in early November 1986. The sites are all lo-
cated in granite massifs that rise several hun-
dred meters above the surrounding steppe.
Boreholes with diameters of 20 cm were
drilled to depths of 70-100 m, cased, and
sealed. Wellhead vaults were set into the sur-
face rocks to a depth of 1.5-2 m and then
covered with soil that was sloped gently to the
surrounding terrain to provide both thermal
insulation and to reduce wind resistance. The
interiors of these vaults measure approxi-
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mately 3 X 4 m, with a 1.2 X 2—m instrument
pier situated next to the top of the borehole.
Two trailers at each site provide accommoda-
tion for the Soviet personnel who will man
the stations continuously and for occasionally
visiting American personnel, who will be sta-
tioned at network headquarters at Karkara-
linsk. A third trailer will house the recording
and other instruments. High-voltage power
lines have been led to each site, but because
of the remoteness and climatic conditions,
backup diesel generators have also been in-
stalled.

Table 1 lists the Phase II complement of
equipment that is to be installed at the Ka-
zakh sites. High-frequency accelerometers
emplaced in the boreholes will be augmented
by short-period and broadband seismometers
installed in the wellhead vault. Digitization
and data recording equipment will be similar
to that currently operational in the Anza Net-
work in southern California [Berger et al.,
1983]; data channels will be sampled at 250
Hz, with a 16-bit resolution. For both the
short-period and broadband seismometers,
high- and low-gain channels will be recorded
to increase the dynamic range. Data will be
telemetered from the wellhead vault to the
recording trailer via a wireline. The equip-
ment is designed to cover the seismic spec-
trum between 3600 s and 100 Hz, with reso-
lution and system noise adequate to allow the
measurement of ambient ground noise.

At each station, the MA-II data acquisition
system (fabricated at IGPP by the U.S. team)
will reduce the raw data rate of approximate-
ly 6 KB/s (kilobytes per second) to an average
of about 75 B/s to 225 B/s by event detection
and decimation to a 2-Hz sampling rate in
the case of the continuously recorded broad-
band data streams. The data will be recorded
locally on magnetic tape and forwarded to
network central, which is located some 10 km
from the Karkaralinsk station.

In a cooperative project with the Institute
for Automated Systems (IAS) in Moscow, the
three Kazakh stations will be linked together
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TABLE 1. Major Equipment Complement of Kazakh Stations
Item Model Quantity Manufacturer
Borehole seismometer 54100 1 Teledyne Geotech,
Garland, Tex.
Short-period seismometer GS-13 3 Teledyne Geotech,
Garland, Tex.
Intermediate-period S-1 3 Kinemetrics/Systems,
seismometer Pasadena, Calif.
Broadband seismometer STS-VBB 3 Gunar Streckeisen,
Pfungen, Switzerland
Remote digitizer RT-24A 5 Refraction Technology,
Inc., Dallas, Tex.
Remote interface unit RT-44B 1 Refraction Technology,
Inc., Dallas, Tex.
Data acquisition system MA-II 1 University of

California, San Diego

TABLE 2. Major Equipment Complement at the U.S. Stations
Item Model Quantity Manufacturer

Borehole seismometer 54100 1 Teledyne Geotech,
Garland, Tex.

Short-period seismometer GS-13 3 Teledyne Geotech,
Garland, Tex.

Intermediate-period S-1 3 Kinemetrics/Systems,

seismometer Pasadena, Calif.

Broadband seismometer STS-VBB 3 Gunar Streckeisen,
Pfungen, Switzerland

Remote digitizer RT-97 1 Refraction Technology,
Inc., Dallas, Tex.

Earth station Gemini-56 1 M/A COM

via 4.8-Kbaud dedicated land lines, as shown
in Figure 4. Data from the Bayanaul and
Karasu stations will be routed through the
IAS facilities to network central in Karkara-
linsk. A direct line will bring the data from
the Karkaralinsk station to network central.
The telemetry system, however, is designed
to permit the collection of all data on com-
puters at IAS and to provide access to them
by scientists at the Institute of Physics of the
Earth (IPE) in Moscow.

U.S. Stations

Sites for the U.S. stations have been chosen
at Deep Springs, Calif., and Nelson and Troy
Canyon, Nev. Continuous data from this net-
work will be telemetered via 56-Kb/s satellite
circuits from the stations to network central,
as illustrated in Figure 5. Major equipment
items to be installed in the U.S. stations are
listed in Table 2 and differ from those in the
Soviet Union only in that the event detection
function of the data acquisition system is per-
formed at network central rather than at the
individual stations. Operations of the U.S.
stations are scheduled to begin in March or
April 1987,

Internet connections between the U.S. and
Soviet networks will be provided initially by
one of the international packet-switched car-
riers, linking computers in La Jolla, Calif.,
with those at the IAS in Moscow. This inter-
net service is designed primarily to provide
limited data exchange between the two net-
works and to provide direct message commu-
nication between the network centers and re-
mote stations. Experiments with more com-
plete near—real-time data exchange are being
planned.
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The “fyby” 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: The following article is
part of a series of articles.

Introduction

Human beings have studied the cosmos for
probably as long as we have existed as a spe-
cies. The earliest written records and the oral
traditions of cultures that lack writing bear
testament to our curiosity about our place in
the universe, no matter how dimly perceived
that “universe” might have been. The devel-
opment of technology has permitted us to
study our surroundings by using instruments
to enhance our native senses. Now, gradually,
we are reaching out into our solar system
with space vehicles and are probing to the
edge of the universe, using telescopes to col-
lect radiation emitted long ago from almost
unimaginably distant sources.

A driving question in our study of the cos-
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mos is the place occupied within it by our
own solar system. Inexorably intertwined
with this question is the origin of the solar
system and its subsequent evolution. The
study of the solar system, once the realm of
the astronomer alone, has now become a
multidisciplinary endeavor that also involves
geologists, chemists, and physicists. In addi-
tion, it has been recognized that solid matter
in the solar system (for instance, rocks and
ices) collectively retains key memories of the
physical and chemical processes that ultimate-
ly resulted in our own existence.

It has been recognized for nearly 200 years
that the earth has been a passive collector of
rocks from space, but systematic study of
what natural space debris can tell us about
the origin and evolution of the solar system
and its constituent objects only began in the
1950s. Until recently, all meteorites were be-
lieved to be samples of small solar system
bodies, such as asteroids and comets, al-

though the correlation of any one class of
meteorites with a specific body remains, in
general, unproven. Although the earth
passed through the wake of Comet Halley in
1910, it was only in the 1970s that systematic
collection and study of stratospheric dust par-
ticles, some of which are almost certainly
cometary debris, was initiated. The only ex-
traterrestrial samples whose source planet is
known unequivocally are samples returned by
the manned Apollo and unmanned Luna
space missions.

The conclusion that all meteorites are sam-
ples of small planetary bodies changed funda-
mentally in 1983 with the recognition that
pieces of the earth’s moon could be ejected
intact during a meteorite impact and subse-
quently swept up by the earth (see the special
section “A Meteorite From the Moon,” a spe-
cial section in Geophysical Research Letters, vol.
10, no. 9, 1983). If meteorites could originate
on a body as large as the moon, why should
some not also come from Mars? Detailed
study of a rare class of meteorites, the sher-
gottites, nakhlites, and Chassigny (or SNC
meteorites), now strongly points to an origin
on Mars [e.g., Bogard and Johnson, 1983;
McSween, 1985].

Because we now have some knowledge of
the characteristics of both small, primitive
bodies and of larger, more evolved bodies, we
can show that the return of samples from ex-
traterrestrial bodies of known astronomical
location will help answer the fundamental
question implied in the title of this article,
that of the origin of the solar system. In the
following sections, we shall argue that sample
returns from primitive bodies such as comets
and undifferentiated asteroids will provide
information concerning the nature of the
matter and of the processes that led from the
collapse ot a cold interstellar dust cloud to
the production of small bodies of solid mat-
ter. We shall argue that sample returns from
large, evolved bodies will provide a record of
the composition of the solar system at differ-
ent heliocentric distances and of the nature
of the processes that led to the accretion of
small objects of the type preserved as comets
and asteroids into large planetary bodies.

Advantages of Measurements
on Returned Samples

Before considering the scientific advan-
tages of sample return missions from ditfer-
ent bodies, it is worth considering the advan-
tage of sample return studies over in situ
measurements. Our experience with lunar
samples and meteorites shows that there are
several advantages associated with having a
specimen available in the laboratory for
study.

First, a much wider range of state-of-the-
art analytical techniques with higher sensitiv-
ities and accuracies can be applied. Many of
the scientific problems that researchers would
like to address require measurements that are
well beyond the current or anticipated capa-
bilities of in situ investigations; indeed, they
are well beyond current laboratory-based in-
struments. A properly curated returned sam-
ple is available for reanalysis with new gener-
ations and types of instruments. Second, a
single sample can be documented and studied
by a variety of techniques, allowing all of the
data to be related in a way that provides
much more scientific insight than the sum of



