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his vork has heen sponsored in the past by the U, &, Army Sigmal
vorpe, the 0ffice of Naval Research, the Alr Porce Cambridge Research
laboratories, the Alr Force Technical Applications Center, the Alr
Force 0ffice of Sclentific Research and the National Science Founda-
tion, The work reported herein covers a four year time period from
1 June 1966 threcugh 31 May 1970 and vas eupported by the Advanced
Rescarch Projects Agency, ARPA Order No. 292, Amendments 32 and 37,
and was monitored by the Alr Force Office of Scientific Reeearch under
Contract AF4O(AIR)=1759,

This report is written to fulfill contractual requirements for a
final report, Previous technical reports and scientific journal arti-
cles have presented a large portion of the research sponsored by this
contract, and the data contained in these reports and articles will
only be referred to in this report.
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of thivwxdimwisional mwieln afe emplered, Ml togione ol Lhe MWelisl ots
defined for the velecitly distsitation (o be fePptosswind cities w W
analytical function of sampled é% 4 uflid. PRays are plotied by compus
ter and travel tinws are calculated te ay desired degrre of acentwy
for the wodel wder consideration. The nethod can he wsed for hetefos
genecus nodels, and facludes computation of multiple reflectiums,
Travel tines have heen obtained for a model of a cross=section wnder-
lyfng LASA, In a supplemeat (N071=33=F)) to this final report this
simulation method is described and tllustrated in detail, The supple-
mcnt is based upon a doctoral dissertation on this method by P, I,
Jackson,

In 1967 the investigation of optical processing vas terminated.
Inttiatsd in 1961, the investigation was conducted to explore the
application of coharsnt optical processing to seismic analysis, Its
use was found to lie primarily in oil exploration seismology. The
results of the optical investigation were presented in several journal
articles during the period 1963-1968.

A data processing capability specifically intended for the study
of the S-wave particle variations across LASA was built on this con-
tract, The LASA data processor, which existed in this laboratory for
the optical analyses of LASA data was modified to interface with this
laboratory‘'s PDP=-8 computer. This would allow unlimited computing at
no cost and immediate man-machine interaction. An inhouse wiggly line
output device was modified to print out the processed and unprocessed
three-component data. This capability was not used due to funding
limitations.

Microseismic investigations in connection with JORUM indicated
that the firing of a large yield underground shot did not produce any
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in fThe Tastetn initel *ates, thenfetics]l studies vere made te do-
tetnite the acattering ef fects of plave elastic vaves by surface i
perfectione and te Jetermine the sowces of errer ie the tine=terw
mthed In sefraction selsnolony.

Spectral atudies vere made of wnderground auclear shots and
carthquakes recorded at teleseisnic, regicnal and near distamces,

A additional study vas made of the characteristics of seismic back-
wround noise recorded on the hottom of Lake Superior.
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2e2¢ OPTICAL ANALYSIS TEOWIMSS

A thorough investigation of eptical precessing for seismic data
vab conciuded o 1907, This investigation vas Initiated in 194) wnder
AR Caatract AT LO(430)=1070, and cont inued under ATOSR Coatract
AR )=11 0, This investigation vas the first to apply cohereat
eplical prevessing to seliomice. 1t stimulated many other ianvestigations
which resuited (n the application of eptical processing to ol explore-
tion seisnolegy, and the marketing of commercial instruments for such
processing., Newvever, ita application to VILA UNITFORM problems van not
rufficiently weful to continue the investigation., Optical processiny
ves made less attractive by the adwveat of the fast Fourler transform
pregrams for the digital computer.

At the inception of thia contract in 1966 it was planned to apply
both cohersat and mon-cchereat optical processing to Montana L.ASA data.
A data coaverter vaes comnstructed to select data chennels from LASA
digital tapes for recording on vsrisble-density films. This converter
vas constructed and films vere made. However, the decision by the
Sponsor to create the Seisaic Analysis Center made the optical approach
ohsolete in the opinion of the principal investigator and the Sponsor,
The investigstion was therefore terminsted. The LASA data converter
has been used subsequently to select and re-record 1ASA data for other
fnvestigations within the Geophysics Lahoratory.
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v the contract perfod work has progressed toward an under-
atanding of S=uvave particle motion variations across LASA, Due to
intted fumde ft was declded to do the necessary signal analysis on
the Fit=5/1 (Hgital conputer that is in our laboratory and available
at all times at no cost, Although this computer is much smaller than

the 18 60/67 avaflable on campus it offers the additional advantage

(other than no cost) of fmmediate man-machine interactlon even when
the data Is o tape,

The input for the PIP=8/1 is the LASA data processor and it had
to be interfaced with the Ph=8/1, This work has proceeded well and
in described below,

An {nterface was designed and constructed between the LASA data
converter and the PhP-8/1 digital computer. Via this interface, under
computer program control, LASA digital data can be stored in the PDP-
R/1 nemory for digital processing, The LASA data converter assembles
the digital seismometer samples from the bytes on magnetic tape and,

at the proper time, the computer accepts that sample, Since the
PIR=8/1 1x a 12-bit word length machine, a switch setting selects the
12 most significant bits, the 12 least significant bits or the "middle"
12 bits of the l4=-bit LASA word.

hata from either LASA high rate or low rate tapes may be stored
via the interface, A maximum of 50 words, in either format, may be
selected on the LASA data converter and those words, taken in increas-
ing numerical order in each record, will he stored in sequential ad-
dresses in the PDP=8/1 memory, The number of samples to be stored

may be controlled either by the computer program or by the number of

records the LASA data converter reads, whichever method is appropriate,
Available computer memory space governs the total number of LASA sam-

ples that may be stored.
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To check the total system LASA data tapes were required. Since
great delays were encountered in receiving these tapes as has been
discussed, a request was made directly to M, Nafi Toksoz of Planetary
Sciences Department at M.I.T., to get a composite tape and the S waves
used by John W, Fairborn (1969) in recent paper. This data was re- f
ceived promptly and the total LASA data processor/PDP-8/1 system is
now ready.

No output device displaying wiggly-~lines was available for the
PDP-8/1I. Again due to limited funds none could be purchased on this

contract, therefore, inhouse funds are providing a three-channel ana-
log output capability for the system,

Despite the fact that this data processing system 18 now ready
for use at no cost, work was terminated due to depleted contract funds.
Additional funding would be required to complete the anticipated work,
Since we are only now ready to begin the actual S-wave analysis and
since the necessary computing can now be done at no cost it is sin-

cerely hoped that additional funding can be obtained.

2.4, SPECIAL STUDIES
2.4,1, MICROEARTHQUAKE INVESTIGATIONS. The Geophysics Laboratory

operated a tripartite net of three-component short-period seismograph
stations for a period of two weeks before the JORUM underground nuclear
shot and for three weeks after to study the microseismic activity in

a tectonically active area northeast of the shot. The results of this
study are contained in a paper entitled, '"Microearthquake Studies in
Connection with the JORUM Underground Nuclear Detonation," by D. E,
Willis that has been submitted to the Bulletin of the Seismological
Society of America for publication.

2.4.2, DECOUPLING EXPERIMENT. Five short-period seismograph sta~
tions were operated at the Nevada Test Site to record DIAMOND DUST, a

R S BRI TR VIR BT LT W R N
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low vield nuclear device that was detonated in a spherical cavity to !
determine the feasibilitv of using thermomechanical techniques for
decoupling seismic energy. Excellent results were obtained from this
experiment, A technical report describing these results will be
published as a supplement to this report (8071-33-F3/3620-1-T) that
will present the results of this test. ]

2.4,3, CONFIGURATION OF THE SURFACE OF THE EARTH'S CORE FROM
PcP TRAVFL TIMES., A comprehensive study (doctoral thesis--C. Bufe)
was made using PcP and P travel times to ascertain the configuration
of the surface of the earth's core, Nuclear and high explosive

sources were used in this study. Travel-time residuals from the

Taggart-Engdahl (1968) tables were determined for PcP=P time intervals
and for PcP travel times, corrected for station and source terms,
Corrections were also made for elevation of source and station and
for ellipticity, excluding the core ellipticity term,

The distribution of the data would not allow the application of
conventional spherical harmonic analysis techniques on the inferred
variation of the core radius. Hence a modified spherical harmonic
analysis method was devised to smooth the data and to estimate the
shape of the core. The variation of the core radius was determined
to be *10 km using this technique,

This investigation is described in detail in a supplement (8071-
33-F2) to this final report. The supplement is based upon a doctoral
dissertation by C. G. Bufe.

2.4,4, OTHER STUDIES. A number of other studies were conducted
during the course of this contract. These have been reported in
journal articles, University of Michigan technical reports and at

scientific meetings. These reports are listed below and abstracts are

fc i o Locad i
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reproduced in Appendices I-III:
"A Long Range Reversed Seismic Refraction Profile
in the Eastern U, S." by D, E, Willis and J. T. Wilson,

"Seismic Radiation from SHOAL" by C. G. Bufe and
D. E, Willis,

"Seismic Noise on the Bottom of Lake Superior"
by D. E, Willis,

"An Investigation of Seismic Wave Propagation in
the Eastern U, S.," by D. E, Willis,

"Scattering of Plane Elastic Waves by Surface
Imperfections" by I. K. McIvor,

"High Frequency Teleseismic Energy From Aleutian
Sources" by C. G. Bufe and D. E. Willis.

"An Investigation Into the Time-Term Method in
Refraction Seismology'" by Leon Reiter.

"A Note on Short-Period Seismic Spectral Ratios"
by C. G. Bufe and D, E. Willis,

o "Near Earthquake Spectra" by C. G, Bufe and
i D, E, Willis,

:SJ "A Note on the Anna, Ohio Earthquake of July 26,
i 1968" by D. E, Willis and James T, Wilson,

3
CONCLUSIONS AND RECOMMENDATIONS

3.1. DIGITAL RAY TRACING
A versatile tool has been developed for the scientific investiga-~

! tion of velocity distributions in the earth. Any conceivable velocity
distribution can be modeled, and by simulation the travel times can
be compared with actual travel times to determine the validity of the

model., The simulation applies wherever geometrical ray approximations

are useful,
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It is recommended that
1. The programs be made as usable as possible for other
investigators and funds for providing cards, programming help, and
dissemination to other investigators be provided.

2. An extensive investigation of models of the underlying ¥

structure of LASA and other pertinent regions be initiated.

3. The method be extended to include mode conversion and

Zoeppritz's equations.

4, Travel times and positions are known, therefore the

basic information for computing diff “ive effects is available, and
should be investigated,

3.2, OPTICAL ANALYSIS TECHNIQUES

This investigation has been terminated,

It is recommended that no further effort be made in this direction.,
Subsequent to the investigation reported here, there have been many
investigations of optical analysis, primarily by the oil exploration
companies, Duplicating these efforts would be redundant, One exten-
sion of this technique is holographic seismology, which has been in-
vestigated in three laboratories for approximately five years. Results
will be disseminated if holography is useful for seismics., In the
opinion of the principal investigator there is little hope that holo-
graphy will be useful, except possibly heuristically in giving new in-

sights which might result in new digital computation techniques.

3.3. MODE FILTERING——S-WAVE STUDIES

Although several array studies (Fairborn, 1969; Whitcomb, 1969) of
S waves have been made it appears that no work has been published con-
cerning explosion generated SH waves propagating across LASA, Work

currently being done by Turpening and Pomeroy shows that indeed earth-
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quake/explosion discrimination can be performed with SH wave magnitudes.
This work is being done with WWSSS and the Canadian network. Such
discrimination should be attempted with long period LASA data.

However, the SH wave work being done now by Turpening and Pomeroy
is restricted to large explosions (Benham, Faultless, Boxcar, and
Greeley) and comparable sized earthquakes., The problem lies with the
explosions. Since they generate relatively little SH wave radiation
it is very difficult to find stations situated at distances large
enough to separate the "weak" SH waves from the surface wave train
yet operating at magnifications large enough to provide reasonable
measurements, Because of this problem the work of Turpening and
Pomeroy cannot be applied to smaller magnitude explosions,

Therefore, it is recommended that
1. Long period LASA data be used to study the discrimination

capabilities of SH wave magnitude vs. P wave magnitude diagrams,

2, Using the computer/LASA playback system developed at
the Geophysics Laboratory, investigate array and/or three-component
signal processing techniques to enhance weak SH arrivals from small
explosions., Such a study should make use of not only LASA data but
also NOSAR and ALPA data. ALPA in fact lies at a good distance from

NTS such that the SH arrivals would be separated from the surface wave

trains.

3.4, SPECIAL STUDIES
3.4,1. MICROEARTHQUAKE INVESTIGATIONS, The local seismic activity

in three active fault areas some 60 to 100 km from the JORUM event
showed no significant difference before or after the event, thus de-
monstrating that the shot did not generate any earthquakes in the area
of these temporary stations, High record gains were used and the sta-

tions were oﬁerated continuously so no significant events should have

gone undetected,




e et

Wellow Run Lalboratories

INSHIEEEE OF SCIENCL AND FECHINOLOGY
L UNIVERSEEY OF MICHIKGAN

Locally very small events were detected at all stations that
had spectrat peaks as high as 80 Hz, The Groom Lake station had
the highest number of these events, At this site the occurrence

of these events showed a strong diurnal effect.

3.4,2, DECOUPLING EXPERIMENT, The seismic measurements of
DIAMOND DUST indicated that considerable decoupling was achieved,
The absolute efficlency of the decoupling, however, cannot be de-
termined with any confidence without additional tests. The five
stations used to record this event should be reoccupied for any
additional shots in this area, The ideal case would be to fire a
tamped nuclear shot of the same yield., This would allow highly
accurate decoupling measurements,

Smaller yield tamped HE shots and a nuclear shot of the same
yield fired in the same sized cavity without the heat sink would
provide very useful data for computing the efficiency of the DIAMOND
DUST experiment.

Current studies arc being made of data obtained from the
U.SeCs & G. S. on the 1IUDSON MOON and DIESEL TRAIN shots, While
these are larger events, they were recorded at comparable distances
to our DIAMOND DUST recording stations and the event was fired in
tuff, Hence the data will be useful for scaling purposes and perhaps

a better estimate can be made on the decoupling efficiency.

3.4,3, OTHER STUDIES. The conclusions on the other studies may
be found in the published reports referenced in Appendix I-III.

4
EQUIPMENT PURCHASES AND DEVELOPMENT

Listed below are all of the capital items of equipment purchased

under this contract.

10
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1 Sprengnether Recorder (Purchased August 1969)

Equipment developed under this contr ct i{nclude the following:
Intermediate-depth well seismic monitoring system
LASA data converter

Optical data analyzer
Transistorized seismic preamplifiers

DC Line amplifiers
Polyfilters,
The initial design on the above equipment was done under sponsor-
ship of previous AFOSR contracts but further developments, improvements

and some construction was accomplished under this contract.
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Pre 0 ™ Mopliod vwth. oy Snly By pg 1277, Suly W,

e methead of lenaless cot twleosfapiy (Yeyer=tpples effect)
na bt ealetdea to Prage e of the Lroaparencies ohich 4fe
belng cottelated, M optical filter 16 placed I8 (@ wrrele=
tien plme, 20 that the inage of the LFMPIrency feprossnts
the "t inesdonain® analeg of 3 comples frequency filter,

P by lacison, "Sectional (wrrelograns and Conwolut ions by Sisple Optical
ethod ** Geoplivalca, Yol, 11, S0, %, Octoher 1968,

Secticial correlograns, vhich have hoon shovn recontly te
he interpretively valuable in several vays, can be ebtalned
with 4 oinple optical method. A visual preseatstion of sec=
tivnal correlograns can e obtained from variahle-dessity or
varlatle=area record sections, Individual autecorrelations,
svlected crosscorrelations, or suns of selected correl ations
can be Jdisplared simitaneously fo: all channels ia 2 conven~
tional section, The Jdisplay is eccasnically end olaply
achieved by using an elaboration of the Rsbertesn tecimique
of optical correlation, A\ two=dinensional correlation Cunction
Is ohtained vith the basic Pobertesn techaique, With the
addition of a evlindrical lens aad an adjuetable slit, many
sitmiltancous celeoctive one=dinensional correlstions can e
obtaineds thme, secticnal correlograns vith selsnic trane-
parencies can be produced, Because 8 hread band, inesherest
light source i- enploved, this optical methed can be wed vwith
apattern on a CRI as Jata {aput,

le K. “elvor, "<cattering of Plane Klastic Vaves by Surface laperfections,”
Bull, Seisn o Vol, %9, %o, ), ppe 140=1304, Jume 19609,

A perturhation method for treating the scatteriag of plane
vaves by snall surface inperfections on an elastie half space
Is presented, The solution to the first onder appreximsties
ts gliven as convolution integrales of the surface inperfection
with rermel functions definec by Fourier laversien integrals.
The evaluation of thewe integrals s discussed and thelr
P aaveptotic represontat ions determined, The far fleld scat-
tered displacenents are explicitly ohtained for arbitrary in=
potfections, ite scattered field consists of a Rayleigh sur=
face vave and foar body phases vhich at the free swrface
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Leon Reiter, "An Investigation Into the Time Term Method in Refraction

Seismology," Bull. Seism, Soc. Am., Vol., 60, No, 1, pp. 1-13, February
1970,

The time term method of seismic refraction data anslysis
allows an areal arrangement of shot points and stations and
yields directly a three-dimensional representation of under-
lying structure, This method was investigated analytically
and through numerical experiments to determine implicit
sources of error and to provide guidelines for its proper
use, Error terms for computed refractor depths were derived
for two site arrays over two structures, a simply dipping
refractor surface and a symmetric anticlinal refractor sur-
face, These error terms proved to be qualitatively reliable
guides to th~ performance of the time term method using
models of muiti site arrays over planar and biplanar refrac-
tor structures. Neither continuity of time terms nor use of
a known refractor velocity in the computations offered a
guarantee of a more accurate refractor reconstruction, In
the two models tested a refractor velocity greater than the
true velocity yielded the best reconstruction. Sensitivity
to angle of dip indicated preferred orientation of shot-
station lines along gentle apparent dips when the underlying
structure is known and their orientation along several azi-
muths when the structure is unknown so as to mute the effect
of high dip angles., If the structure has refractor surfaces
dipping more than a few degrees, the time term method will
give inaccurate results unless previous knowledge of the re=-
fractor configuration permits model studies to determine
error terms and arrangement of shots and stations, Unfor=
tunately such knowledge is usually the goal of a seismic
experiment,

C. G. Bufe and D, E, Willis, "A Note on Short Period Seismic Spectral
Ratios," Farthquake Notes, Vol, 40, No, 1, March 1969,

An inverse square frequency dependence of the amplitude
ratio of P waves from events differing in yield by several
orders of magnitude {s shown to exist over several octaves
in frequency. The behavior of the spectral ratio of parti-
cle velocicies for the 12,5 kiloton SHOAL nuclear explosion
and 2,5 ton USGS Delta, lUtah shot is used to estimate the
radius of "equivalent radiator" at SHOAL,
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P, L., Jackson, "Seismic Ray Simulation for Spherical Earth," Bull, Seism,
Soc, Am., Vol., 60, No, 3, pp. 1021-1025, June 1970,

This letter describes a method of ray simulation to relate
velocity distribution to travel times in spherical earth which
also is based upon Snell's law of refraction with the addition
of the law of reflection., Given a velocity distribution, tra=-
vel times for all exclusively P or S phases of body waves can
be generated and a predetermined number of multiple reflections
included. No restrictions exist upon the positive or negative
values of dv/dr or upon discontinuities in the velocity dis-
tribution, Tables, mathematical functions, or combinations of
both are used to refer to the velocity distribution. Mathe=~
matical functions can be used within depth ranges where it is
convenient to represent the distribution mathematically; tables
in depth ranges with abrupt or anomalous distributions, or
where one desires to alter specific velocity values when re-
peating the tracing of a ray.

D, E. Willis and J. T. Wilson, "A Note on the Anna, Ohio Earthquake of
July 26, 1968," submitted for publication to Earthquake Notes, July 1970,

A small earthquake located near Anna, Ohio was recorded
on the University of Michigan's special well system on July
26, 1968, The body wave magnitude was determined to be 3,0
with a modified Mercalli intensity of at least III, Specntral
analyses showed that most of the seismic energy was contained
in a band from 3 to 10 Hz,
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Appendix I1

CHRONOLOGICAL. ANNOTATED BIBLIOGRAPHY OF TECHNICAL REPORTS
SPONSOKED bY AF49(638)-1759

bavid £, Willis and Philip L. Jackson, Collection and Analysis of Seismic
Wave Propagation Data (Annual Report), Rept, No, 8071-6-P, Willow Run
Laboratories of the Institute of Science and Technology, Geophysics
Laboratory, The University of Michigan, Ann Arbor, August 1967.

This report summarizes one year of theoretical and applied
research on propagation of seismic waves and techniques for
analyzing data. The main objectives were to determine the fre-
quency and energy of seismic signatures, and investigate atten-
uation, patterns of azimuthal radiation from source regions,
and methods of determining the type of motion at the source.
Natural and artificial sources were studied to develop diagnos-~
tic aids for distinguishing between earthquakes and underground
nuclear detonations. Equipment for selection, reformatting,
and digital-to-aralog conversion for digitally recorded LASA
data was constructed and is being checked out, Several
approaches for using the parallel computational capabilities of
optics for LASA data were developed. A study of background
noise and reciprocity for teleseismic events as recorded on the
bottom of a large fresh water lake has commenced with the em-
placement of three-component seismometers in Lake Superior,
Array data have been used for crustal studies on the Eastern
United States, Digital mode filtering was investigated. A
perturbation theory for seismic sources was developed.

David E. Willis, An Investigation of Seismic Wave Propagation in the
Eastern United States, Rept. No, 8071-16-T, Willow Run Laboratories

of the Institute of Science and Technology, Geophysics Laboratory,
The University of Michigan, Ann Arbor, July 1968,

This paper describes the travel-time anomalies and atten-
uation losses of seismic compressional waves generated by a
series of underwater explosions in the Eastern United States.
The efficient tamping of the shots fired in water provided a
seismic source that could be detected at much larger ranges
than could be accomplished by equivalent sized shots fired
underground,

A number of mobile field recording stations equipped with
three-component matched short period seismometers and magnetic
tape recorders were used to record 273 individual shots. A
total of 1,295 recordings were obtained along a rsversed pro-
file extending from International Falls, Minnesota to the
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Atlantic Coast., The underwater shots were fired in Lake
Superior and the Atlantic Ocean, Precise travel times were
obtained by recording radio time signals at all of the re-
cording stations.

An analysis of the travel-times of the seismic waves
disclosed that the earth's crust varies in thickness from
28,1 km near the Atlantic Coast in North Carolina to 50.4
km near the Keweenaw Peninsula in upper Michigan. The crust
in North Carolina was found to be comprised of a single lay- 4
er with a compressional wave velocity of 6,0 km/sec. A two- i
layer crust with compressional wave velocities of 6.2 and
7.7 km/sec was disclosed in upper Michigan. Travel time re-
siduals across the Appalachian Mts would indicate a mountain ]
root system similar to that found under the Rocky Mts, ;

The Lake Superior area was found to be more efficient in j
, the coupling of energy into seismic waves by the underwater :
i shots than in the Atlantic Ocean., This is believed due
mainly to the bubble pulse phenomenon and the reinforcement
caused by reverberation of sound waves between the lake
bottom and the water's surface.

A new technique of displaying seismic attenuation data in
three dimensional space was developed that permits presen-
tation of large quantities of data in a concise manner, hence
aiding in the interpretation of the data, Consistent anoma-
lies in the spectrum of the seismic waves were f‘und that
could be correlated with various parameters in tne source
region and with propagation effects.

The detailed spectral studies that were made as a function
of distance from the source disclosed that the attenuation of
the seismic waves could be expressed by the equation

P e — T e

. A= Abx-ne-afx

p where A = amplitude, X = distance, n = geometrical spreading
factor, a = absorption coefficient and f = frequency. The
crustal attenuation data in the Lake Superior area were found
to have a value of n = 1,5 and & = 2-3 x 10-3, Upper mantle
compressional wave attenuation data gave a value of n = 1 and
a=2x 104,

David E, Willis and Philip L. Jackson, Collection and Analysis of Seismic
Wave Propggation Data (Annual Report), Rept. No, 8071-15-P, Willow Run
Laboratories of the Institute of Science and Technology, Geophysics
Laboratory, The University of Michigan, Ann Arbor, September 1968,

This report discusses the results of an extensive long-
range reversed refraction profile which traverses the Michigan
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Basin and the Appalachian Mountains, Particular emphasis

is placed on the attenuation of first compressional wave
arrivals and on crustal-upper mantle structure, Also in-
cluded are results of a survey on lake bottom seismic back-
ground noise in Lake Superior. Although large signal levels
were obtained in the lake bottom, long periods of high back-
ground noise indicated that land based seismographs are
superior. Theoretical studies in elastic wave scattering
were made to evaluate the effect of nonhomogeneities on the
propagation of elastic waves, Theoretical development of
mode filtering, (previously demonstrated empirically), is
nearly completed. A LASA digital data convertor was de-
signed, constructed, and put into operation. Two~- and three-
dimensional seismic ray~-tracing techniques using digital
modeling were developed. These techniques enable the seis~-
mologist to determine the effects of lateral inhomogeneities
and irregularities in velocity interface on travel time and
attenuation of seismic waves.

Philip L. Jackson, Roger M. Turpening, and David E, Willis, Collection
and Analysis of Seismic Wave Propagation Data (Annual Report), Rept.
No. 8071-25-P, Willow Run Laboratories of the Institute of Science and

Technology, Geophysics Laboratory, The University of Michigan, Ann
Arbor, July 1969.

The work performed under this contract during the past year
included mode filtering, S-wave studies; seismic ray tracing;
theoretical studies in elastic-wave scattering; seismic wave
propagation near the core-mantle boundary; time term, travel time,
spectral, and attenuation studies; and field measurements pri~-
marily with an intermediate-depth well seismograph station,

1 Seven journal articles were either published or submitted for
publication during this period. Continuation of this contract
will be concerned with S-wave studies for difference in arrival
times caused by layering at the recording location, simulation
L by ray tracing to investigate the velocity structure underlying

LASA, and a field measurement program of continuous recordings
in Nevada,

David E. Willis, Philip L. Jackson, and Roger M. Turpening, Collection
and Analysis of Seismic Wave Propagation Data (Semi-Annual Report),
Rept. No, 8071-30-1., Willow Run Laboratories of the Institute of Science

and Technology, Geophysics Laboratory, The University of Michigan, Ann
Arbor, January 1970,
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The scope of this contract includes S-wave mode filtering,
seismic ray tracing, and microearthquake investigations. After
much delay pertinent LASA tapes have been obtained; the LASA
data processor has been interfaced with the PDP-8/1 computer
located in the Geophysics Laboratory to perform the S-wave
mode filtering.

Highly accurate seismic ray simulation through two-dimen-
sional heterogeneous velocity distributions has been achieved,
and the extension to three dimensions with selective regions
for sampled or mathematically represented data is being pro-
grammed, Preliminary analysis of seismograms recorded before
and after the JORUM underground nuclear explosion indicate that
there was no significant difference in the occurrence of local
microearthquakes before and after this explosion,

Charles G, Bufe, An Estimate of the Configuration of the Surface of the
Earth's Core from the Consideration of Surface Focus PcP Travel Times,
(PhD Dissertation) and (Supplement to 8071 Final Report), Rept. No.
8071-33~Fp, Willow Run Laboratories of the Institute of Science and
Technology, Geophysics Laboratory, The University of Michigan, Ann Arbor,

July 1970.

Travel times of PcP and P phases from nuclear and high
explosive sources are interpreted in terms of variations in
the radius of the earth's outer core, Travel-time residuals
from the Taggart-Engdahl (1968) tables are determined for the
PcP-P time interval and for PcP travel times, corrected for
station and source terms, The travel times are also corrected
for elevation of source and station and ellipticity, excluding
the core ellipticity term, This interpretation favors a core
which is slightly larger than that of the reference model of
Taggart and Engdahl (1968) and which has less ellipticity than
estimated by Bullen (1936), Other interpretations in terms of
lateral variation in mantle velocity are also possible,

Because all of the events and most of the stations whose
data are used lie in the northern hemisphere, the description
of core shape is incomplete and is representative only of re-
gions of the core surface in the vicinity of the PcP reflection
points,

The distribution of data does not permit a conventional
spherical harmonic analysis of the inferred variation in core
radius, A modified spherical harmonic analysis method is de-
vised to smooth the data and to estimate the shape of the core.
The variation of core radius determined from this representation
is approximately #10 kilometers on the basis of terms to degree

19

i won




UWillow Ruu Laboratoried

nas Sl

INSTHLETE OF SCHNCE AND LHCHINOLOGY
FHE UNIVERSITY OF MICHIIGAN

and order 5, The standard deviation of the data is approxi- é
mately 20 kilometers, indicating the presence of variations i
of higher degree and order, many of which are probably due to
factors other than undulation of the mantle-core boundary,
Variations in geoid height resulting from the inferred vari-
ations in core radius do not correlate with, but are of the
same order of magnitude as, those determined from satellite
observations., g

Analysis of a limited number of short=-period PcP amplitudes 5
shows no significant variation of the PcP amplitude/period h
ratio with epicentral distance and an estimated scatter of data
on the same order as that found for P in the distance range 70°
to 90°, The PcP phase is generally shorter in apparent period
than the P phase. This relationship is reversed, however, for
arrivals from the Novaya Zemlya event of October 27, 1966,

The contribution of a hypothetical upper mantle low velocity 3
zone of varying thickness to the amplitude and travel=-time :
scatter is demonstrated.

Philip L. Jackson, Digital Simulation of Seismic Rays (PhD Dissertation)
and (Supplement to 8071 Final Report), Rept. No, 8071-33-F;, Willow Run

Laboratories of the Institute of Science and Technology, Geophysics
Laboratory, The University of Michigan, Ann Arbor, July 1970,

Simulation of seismic rays for a spherical earth and a flat
earth has been achieved in highly complex models., Travel times
and approximate amplitudes of seismic waves can be found for
both two- and three-dimensional models of portions of the earth.
Hypotheses of complicated and detailed velocity distributions”
within the earth can be tested by comparing travel times found
in models with travel times found from actual earthquakes and
explosions,

Since ancient times rays have been constructed to denote the
direction in which energy 1s propagating. As in other scienti-
fic fields, the construction of rays to represent propagation
paths has been a fundamental technique of modern seismology since
its inception in the latter part of the 19th century. In seis-
mology and other disciplines ray construction has been applied to
simplified geometries, It has been necessary to assume that the
seismic wave velocity distribution of the earth was relatively
uniform and symmetric.,

Recently, however, the earth has been found to be more complex
and non-uniform than formerly assumed, Travel times have been
extensively measured with more accurate instrument techniques,
making historical methods of ray construction inadequate for
either visualization of the rays or numerical indication of
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expected travel times, A need has thus arisen in seismology

to test highly heterogeneous models of seismic velocity distri-
bution, At the same time the development of the modern digital
computer has provided a means of performing the necessary ray
constructions and numerical calculationms.

The problem of complicated seismic velocity distributions
was therefore investigated in terms of the most appropriate use
of the digital computer. For this investigation a velocity
field was set up, and the propagation computations made for
short segments of rays within this field, For each segment the
surrounding parameters of propagation were known, hence changes
in direction and time of travel could be computed, and newly
computed segments joined to those preceding until a complete
ray is constructed. The total travel times are also found by
adding the travel times of all the joined ray segments. Essen-
tially, the nature of propagation was duplicated on the computer,
in that, at the location of each segment along the path of pro-
pagation, the initial condition and effect of the surroundings
determine the succeeding direction of the following segment,

Both visual and numerical results have shown that this simu-
lation method can be usefully applied to investigation of seismic
velocity distributions of portions of the earth of any size or
complexity., Computer drawn plots of the entire spherical earth,
and on vertical cross-sections of the underlying structure across
California and of typical lithospheric plate boundaries illustrate
useful applications of this method. Accuracy is illustrated by
calculation of essentially the same travel times for P waves as
published by the Seismological Society of America.

David E, Willis and Robert F., Hand, Seismic Measurements of DIAMOND DUST
(Supplement to 8071 Final Report), Report No., 8071-33-F5/3620-1-T,
Willow Run Laboratories of the Institute of Science and Technology, The
University of Michigan, Ann Arbor, July 1970.

A small nuclear device detonated in an underground cavity
was recorded at five close-in sites. Portable stations were
located to study azimuthal effects. Strong asymmetries were
observed in frequency content, amplitude and wave train dura-
tion. These effects can be explained in part by the variations
in geology at the recording sites, However, source radiation
could account for some of the observed anomalies,
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Appendix ITI

CHRONOLOGT CALL. ANNOTATED BIBLIOGRAPHY OF SCIENTIFIC PRESENTATIONS
PREPARED UNDER SPONSORSIIP OF CONTRACT AF49(638)-1759

D, E. Willis and J, T, Wilson, "A Long-Range Reversed Seismic Profile in
the Lastern United States," presented at the International Union of
Geodesy and Ceophysics, XIVth Ceneral Assembly, Switzerland, September
25 through October 7, 1967.

A series of underwater high-explosive shots fired during
the past five years have provided data for a reversed seismic
profile approximately 2000 km in length. These shots include
the 1962 offshore North Carolina experiment, the 1965 ECOOE
series, the CHASE III, IV, and VII events, and the Lake
Superior shots of 1963, 1964, and 1966, Close station inter=-
vals were obtained along the profile, Travel-time curves,
frequency analyses and attenuation measurements are presented
for these recordings. An intermediate crustal layer with a
velocity of 7,7 km/sec was disclosed on the northwestern por-
tion of this profile, Higher P, velocities and a thicker crust
was also indicated, Smaller travel time residuals across the
Michigan Basin were cbserved on both profiles. The travel-time
data indicated a possible mountain root system under the
Appalachians, Contoured particle-velocity maps made from the
spectral data disclosed amplitude anomalies that could be cor-
related with conditions in the source region. These results
aid in the interpolation of the attenuation data.

C. G, Bufe and D, E., Willis, "Seismic Radiation from SHOAL," presented
at the 64th Annual Meeting of the Seismological Society of America,
Tuscon, Arizona, April 11-13, 1968,

Travel times and particle velocities havc heen examined for
distances to 1600 km and for widely distributed azimuths for
the SHOAL event. A composite curve of raw travel-time data re-
afffrms the anomalously low P velocities previously ohserved
in the Basin and Range province and yields a crustal thickness
of about 26 km, Particle velocities were measured for ] sets
of } stations each at distances of 250, 320, and approximately
1100 km, The particle velority spectra vary widely from site
to site and generally refl.ct characteristics of the spectra
of the sefsmic background at each site,
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bDavid ¥, Willis, "Seismic Noise on the Hottom of lLake Superior,”" presented
at the 49th Annual Meeting of the American Geophysical Unifon, Washington,
D, C,, April B=11, 1968,

A sreries of selsmic hackground noise measuremonts were made
on the bottom of Lake Superior during June-August 1967, The
measurements were made at the site of the 1966 )ake Superior
shot point in approximately 575 feet of vater, Tvo instrument
packages that were ohtained on loan from the I'niversity of
California were used for these measurvments, Each vas equip=-
ped with three-component, short=period seis-umeters, a magnetic
tape recorder, and an accurate chronometer, Une free-fall drop
and threce tathered drops were made., Approximately ten days of i
contiauous recordings vere obtained for esch of three time
periods, the last of wvhich included a tethered unit and a free-
fall unit. The bhackground noise vas found to be quite high,
averaging in the vicinity of 100 ni: at | cps. Llong periods |
i lasting up to several days of extremely high background noise
! vere noted, These periods could he correlated vith vave
| action and meteorological conditionz. At their peaks, ground
i displacements of the order of 3000 m; vere observed, Sewveral
earthquakes vere recorded during thia period as vell as sany
quarry shots, Spectral analyses of these events are co.related
vith data obtained from a station operated nearby on land.
Comparisona of signal-to-noiae ratios are also presented.

Philip L. Jackson, "Two- and Three-Dimensional Ray Iraciag, Trave) lime,
and Amplitude Computation,” presented at the Hith Annual Meeting of the %
Seisnological Society of America, Tuscon, Arisons, April 1:=:), 1968,

Seismic reys can be traced through velocity and deasity
structures of any degree of inhomopwneity. A digital com=
puter is used to trace and graphi.ally to present the tays,
and to compute the travel tinea snd amplitudes of those
emerging at the surface. The nwber of nultiple reflections
can be selected or can be limited by a mininum amplitude upon
reflection. A ammpling of the atructure on two~ or three-
dimsnsional grids comprises the data for the ray tracing. M
the data can be "patched” topether and the comtinuation of
rays traced :*rough each data "patch,” only a smali amount of
camputer nemory is required} thus, detail is mot limited My
ccaputer memory, Calcomp plots of ray traces through several
repreaentative wloiity structutes have heen made, 1ncluded
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Pallip o Sasdaom, "Selanic Ray Sinulation,” presented at the Sastere
Sectlon, *elanvlonical Seclety of Aretica feeting, Rlackebury, Yirginla,
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theough sxtpled selocity flelds, JSelamic rays are tfaced
M difect sinulation, Naps arfe “propagated” through a
tepreaent alion of a velocity field uning Vterat ions of
el i®s law, Ihe welocity tield has av limitations a8 te
clevantisuil jes of slopes, and can be referonced W &
matvemat ical function of the prsition aleng the fay, by &
twoe of theverdinensional Mt ris correspending te the
pPosition, of b leokwp frem a tatie vith subsequent compo-
taliow, “witiple feflecticns are performd botuvese inter~
faces vith predeternieed vwelecity differences. A flat of
cwtved et can be enpleyed with point of extended seurces,
ALl typwa of P phases have beon triced and plots haw heee
de v by computete Fof curved eatth the travel tines con~
soter (o those ¢f the 1948 Syionelegical Tables for P phases
vhen sanpl g the wiocity distribution upen uhich the 1908
tavies ate hared, Examples of hoth extended and poliat soufces
will e a2l I8 additive te mevies of the prepasatien of
vativue sote phaser, hie sinulation appreach «an be eltended
G i fpde nedle cohsetelon.

Co Lo Mufe ad M Fo Willia, “Sear Larthqudie Spectra,” presented ot
the Mmwal Neeuirg of the Selomeloalical Secliety of America, Nayward,
Catifornia, Sptil vin,

‘pecttn of P and ¢ prases of micresarthquiles at hypocen=
1ta: etapies (e than 2% im are presented for a ausber of
2elanis 4l iy active reglans, Spectral ratios of events of dif-
futeort hagnitude Swt slnd far 12 mechanion and prepagat ien path
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At Alap plocsoniod I8 efdst » Jeniate (N I8l lusnie of
s (v divenni@n, wwionic WRERl, sl ., 08 (he speclia,

N djataawe @f 0 g2 7Y by Aaiinun pafticle wlecition
ORet Al Iy suus Ie (e fange 17.% mp te W W) for P and

o s g P e fee 9, Spoulte of cwsrte fec@tded |0

ol tel Enlifomie amer Hol ilaler ste poreral iy omaioue
I8 hols deabie @f high (rtefumnilee, Tonvewpt, ovs sagh
ol , fevetdod B o 2ednd elalisR o8 & Mprverltal dle=
1anie of Jeve gl 1D W, Shawe appteciahle emstgy 1o W
e & Wby iow @ (eens ¥ d/ef comaidrtdle scatlering
of Bigh frequency vawe 18 (he VIEIRIL of (he S dndrcas
fault e conid @t (of (heve onerval ione, (mee=
waces wwwid o the wisrestingt lew #f namitede of

i crevartiguites and the apparent dvsende of wory smal |
owmis Wwiews (hey ecOWr Wy feds Lhe station,

havid b, Nillle, "WMererartiquitie ‘ulies I8 Conneclion wilh the JOIUN
tadergronnd Sucloar Netesation,” for presestation at the CRA/SSA Assmal
Weting te be held in WMivmbes, YSovenber 11=1i, 1900,

A tripartite oot of thive=comporwat portable shwrt=period
seionegriph stotions vas epereled contimwmusly for tve veoks
prior and thres vachs after the SN underground aeclear
shot of Septesber 17, 1968, These stations vere lecated &0
to 190 i frem the source aear attive fauits. %o signifi-
ciat changes wo ¢ oheerwd ia lecal micrselonic activity
before and after the event indicating the shet did net cause
any telease ie tectenic energy In (he vicisity of the temperary
stations, The videband frequency respense of the recording
oystews al lewed the detection of local evunts that centained
nvigh (roquency esergy WHich pedded a8 high as ™ N2, At ove
ststion & pronsumeed divmal effect iIn the eccurrence of
these high frequency events vas shwerved.

Mavid L. Willis, "Azimthal Asysmetries Observed Around & Point Sowrce,”
for presentatien at the CSA/SSA Ansaal Yeeting to be Held (o Nilvadkee,

Sovesber 11=14, 1900,

The Covphysics Laberatery st The taiversity of Nichigan
operated five short=peried seismgraph ostations to record a
low=yicld mderground auclear shot fired ot the Sevada Test
Site. e shet vas fired (a an alr=filled cavity te test

e
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the teasibilfty of themo=mechanical techniques for de-
coupling scismic enerpgv, Four statfons were located at
approximately 2.5 km oto study the azimuthal effect, The
ftifth station was located at 6,14 km to provide attenua=
tion data,  Stronyg asymmetries were observed in frequency
content, amplfitude and wave train duration, The complica=-
ted local peology could explain, tn part, the obnerved
anomalies, However, at the present time, some source vadi-
atfon effects cannot be discounted,
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O v
A sew method of aimulating seismic rays, computing travel times, and appronimeting ampiitudes in earth
modela has been developed. The digital computer is ueed to model a spherical or a flat sarth. Two- or three-
dimensional modela are employed. The method can be used for heterogensous modela, and includes computatior.
of mulliple reflections. Travel Limes have been oblained for & model of a cross-section waderlying LASA.

In 1967 the investigation of optical processing was terminated. Initiated in 1081, the investigation was con-
ducted to explore the application of coherent optical processing (10 seismic analysis. iis use was found to lie
primarily in oil explorativn seismology.

A data processing capabiiity specifically intended for the study.of the S-wave particle variations across
LASA was built un this contract. The LASA data processor, which existed in this laboratory for the optical
analyses ol LASA data, was modified to interface with this laboratory's PDP-8 cowuor. This data processing
capability was n : used due to funding limitations,

Microscismic investigations in connection with JORUM indicated that the {iving of a large yield uadergroun
shot 3Wd it produce any measurable tectonic reiease of energy in active tault regions at a distance of 80 to 100
km from the «murce. Seigmic measurements of DIAMOND DUST indicated decowpling was achieved Lut the ac-
curate determination of ihe efficiency of the decoupling will have to be determined by additional tests. A pro-
sounced asymmetry in seismic wave characteristica was observed.

Travel time studies of PcP and P were used to determine the aurface configuration of a portion of the
earth's core. An extensive study was made nn the attenuation and travel times of seismic waves in the Eastern
United States.  Theoretical studies were made to determine the scattering effects of plane elastic waves by aur-
face imperfcctions and (o determine the s.urcea of error in the time-term method in refraction seismology.

Spectral siudies were made of underground nuclear shots and earthquakes recorded at teleseiamic, re-
glonal and near distances, An additional study was made of the characteristica of selsmic background noise re-
corded on th~ hittom of Lalie Superior,

DD '®% 1473 KEY woRDS: Digital Tracing
Seisnic Travel Times
Optical Processing Security Classiication




