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RELATIONSHIP BETWEEN NEAR-FIELD AND TELESEISMIC

OBSERVATIONS OF SEISMIC SOURCE PARAMETERS

Brief Summary

I. Objective

The overall objective of this investigation has been to establish the
connection between source mechanism parameters inferred from seismic
measurements made relatively near to earthquakes and explosions and those

inferred from teleseismic observations.

II. Major Accomplishments

The following brief summary outlines the accomplishments under this
grant. We have:

1. found that there are significant variations in body-wave and surface-
wave excitation for explosions of comparable magnitude detonated in similar
source media and located only a few kilometers apart at NTS (Yucca Flats and
Pahute Mesa). These observed differences in excitation and energy part-

itioning imply either a rapidly varying tectonic stress field in the source

region and/or strongly varying patterns of near-source fracturing. Source-

generated P-wave coda of two minutes duration or more are observed at NORSAR
to vary significantly in strength and character among nearby Yucca and Pahute
events, possibly due to short-period surface wave to P-wave scattering;

2. shown that relatively few SRO-type stations can be used to compare
source mechanisms for suites of events of varying size in a given source region.
For example, foreshocks and aftershocks of the Utah-Idaho border and Oroville,

California sequences of 1975, as recorded at the Albuquerque SRO station, have




been analyzed and compared; in both cases the principal foreshock exhibited 3
the same mechanism as the main shock, while the aftershocks are more varied 1
in mechanism. For both sequences we were able to match the observed Love and f
Rayleigh waveforms and spectra as the mechanism changed. Average path
dispersion (hence structure) is a useful by-product of the analysis;

3. developed a promising approach for using the entire short-period
signature for identifying short~time-lag double events; the technique will

work best at regional distances where relatively broad-band surface wave

(e.g. Lg, Rg) as well as body waves (Pn, Pg, Sg) signals are recorded;

4. developed further the surface-wave inversion techniques we devised
for inferring lateral heterogeneity in structure using any combination of Love
and Rayleigh group velocity or phase velocity dispersion for as many modes
as are observed;

5. developed a finite element code that can compute theoretical wave-
forms that would be observed at any point of interest from an arbitrary
source extended in space and time in geologically heterogeneous structures.
In addition we have been able to combine this code with the Haskell method
to propagate waves from a simple, plane-layered region into and across a
complicated structure. Using this code the 1971 San Fernando earthquake
was simulated using static and dynamic fault models with a variable rupture
velocity. We obtained good agreement with observed near-field observations
for a rupture velocity of about 2 km/sec. We have obtained digitized records
for additional near-field sites and are now attempting to interpret them
with the aid of the finite element calculations; this involves interpolation
of the digital data to a uniform sampling rate in time and filtering to
produce a wave-form with the same spectral band as the numerical code

calculations;




6. far-field surface wave amplitude spectra have been studied for their
use in determining seismic source parameters., Using theoretical spectra
generated for a double couple source in a plane layered half-space, the
minimum residual fit to the observed spectra was obtained, yielding source
parameter estimates; and

7. developed a software package for analysis of SRO data tapes. In
addition to standard types of filtering, matched filtering, spectral
decomposition, and dispersion analysis, we have implemented routines for

polarization filtering to isolate individual phases and stacking of events.

This grant has supported wholly or in part two completed Ph.D. theses
and three that are near completion. In addition, the soft-ware developed
under this grant, particularly the inversion programs, has been desemminated
rather widely and it is being used by several organizations on ARPA/AFOSR

projects.

ITI. Publications

Publications based on the work summarized above are listed on the

following two pages.
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APPENDIX A

Contained in this Appendix are examples to illustrate some of the results

discussed in the Summary of Accomplishments but not incorporated into the

references, publications, or reports that appear elsewhere in this document.
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TABLE A-I1

This Table summarizes the variations in Love and Rayleigh wave magnitudes

expected as a function of source structure, depth, and fault type (tectonic ‘
stress); VSS = vertical strike-slip; 45DS = 45 dip-slip; periods as given ’
and amplitudes were measured from synthetic seismograms for 3000 km distance.

Structure Canadian Shield -~ Brune and Dorman (1963) f
| A er. | —— Per. A Per. [/ ‘rer.
1
Depen Fault g (L) | (S5 lzggg(L) ouer| 2051 | (oo | g R Y0
vss | 1.64 17 | 6.31 17 | 1.09 17 | 6.18 17
1.0
asps| 1.34 17 | 6.01 17 | 0.99 17 | 6.08 17
vss | 1.62 17 | 6.30 17 | 0.77 18 | 5.95 18
5.0
4sps| 1.32 17 | 6.00 17 | 0.a2  [16:19) 5 63 |16,19
22 22
vss | 1.64 17 | 6.32 17 | o.17 22 | s.72 22
10.0
4sps| 1.34 17 | 6.02 1 [or [V s.es [1nd
17 17
Structure Hamilton Healy

. — Per. o Per.
Depth |Fault| log2(L) |Per. |Tog R(L)|Per- |10gA(R) log R(R
km) T (sec) ?.gve( ) (sec)| %7 (sec) Ra%rleigzl (sec)
vss | 0.90 15 | 5.89 15 | 0.59 15 | 5.79 16
1.0
45DS | 0.60 15 | 5.59 15 | 0.46 16 | s.68 16
vss | 1.28 |15,16] 6.28 15 | 0.78 16 | 5.95 16
5.0
45Ds | 0.97 ; e 1,16
15,16/ 5.98 15 |0.43 fehsl s.ss o
vss | 1.38 16 | 6.45 16 | 0.23 20 | 5.86 20
10.0
450S | 1.07 16 | 6.15 16 3 14,15 | 14,15
0.79 5 ae) 5:99 4

Structure | 35CM2 - Alexander (1963)

”?ﬂ:? Fault| 1ogaL) é:;;) Tog R(L)(sacy | L08R (R) i::é) Tog R(R)| (oe:
vss | 0.69 16 | 5.71 16 | 0.40 16 | 5.52 16
1.0 1 sos| 0.38 16 | s.41 16 | 0.49 |[16,17] 5.62 16
vss | 1.36 16.5| 6.46 17 | 0.79 lgiﬁ. 5.98 17

i ! 45DS| 1.06 16.5| 6.14 17 | 0.49 i%;:ig 5.65 ;i;:{g
e (vss | 131 |16.5| 6.40 | 17 | 0.22 I E
l4sps| 101 [16.5| 6.09 | 17 | 0.67 ! 16 | 5.8 [4lb
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TABLE 11
BASTC SRO FROGRANS :
| { HEADFRDUNP.
. READS MULTIPLE FILE SRO TAPES AND PRINTS HEADER LABE!. FOR FVERY
| RECORD.
5 2 SPSUBSET. .
! READS SEGMENT OF AN SRQ TAPE, EXTRACTS SPECIFIED SHORT PERIOD WINDOMW,
{ DEMAGNIFTES DATA, AND PRODUCES A STANDARD FORMAT SUBSET TAPE AND A
! PLOT TAPE.
3 LPSURSET. . .
SINILAR TO SPSURSET WITH ADDITINNAL FFATURE OF DEMULTTPIFXING THREE
COMPONENT LONG PFRIOD DATA AND ROTATING HORTZONTAL COMPANENTS TO A
SPECIFTED DIRECTION.
SRO DATA PROCESSING PROGRAMS:
{ COLLAPSE.
AN OLD SDL PROGRAN TO MATCHFILTER LONG PERION DATA USING REAL
OR SYNTHETIC SIONALS AS FILTFRS. ADDITIONAL FEATURES ALIOW
COMPUTATION OF SMALL ‘EVENT SPECTRA, BEAMING N ARRAY DATA, ETC.
2 NARROWBAND .
PERFNRMS NARROM BAND FILTERING IN THE FREQUENCY NOMAIN FOR
EXTRACTION OF OROUP ARRIVAL TIMES. JUDICOUS CHOICE NF WIDFR
PASS BAND ALLONS SEPERATION.OF NORNALLY AND JNVERSELY DISPERSED
ARRIVALS.
3 SEISMOPRINT. .
PRODUCES 2-D CONTOUR PLNT OF POWER VS FREQUENCY AS A FUNCTION OF
TINE. DPTIONALLY, PROGRAM ALSO PRODUCES INSTRUMENT CORRECTED PLOTS
OF POWER VS FRFQUENCY AVERAGED OVER A OIVEN TIME WINDOW.
4 LOG-LDOPLOT, . %
‘ COMPUTES POMER SPECTRUM OF A LENGTH OF SEISMIC DATA AND PRODUCES A
( CALCOMP PLOT OF LOO POWER VS LNO FREQUENCY, THUS FACILITATING THE
: DETERMINATION OF CORNER FREQUENCY:
{ S LTOR.
; CAMPUTES THE POWER SPERTRAL DENSITY NDF THE LOVE AND RAYLEIGH WAUE
; (VERTICAL COMPONENT) PORYION OF A LOMG PERIOD SFITMOGRAM AND PRODMICHS
; A PLOT OF THE RATIO L/R AS A FUNCTION NF PERTOD.
|
i ANCILI.ARY PROGRANS .,
{ 1 SWIP2M.
' INVERTS OBSERVED SURFACE WAVE DISPERSION DATA YO DETERMINE TME RFST
SINGLE OR COMPOSITE, FLAT OR SPHERICAL, EARTH WODEL. TNPUT CONSISTS
OF A GIESS MODEL, STNGLE OR COMPOSTTF, THE OBDSEKVFD PATA AND FSYINATES
OF TMEIR VARIANCES, AND A WEIOHTING MATRIX FXPRESSING CONFIDENCE IN
THE TRIAL MODEL. DATA CAN BE LOVE OR RAYLFIGH WAVE PHASE AND GROUP
"VELOCITIES, FUNDANENTAL. OR NIRHER MOOF.
2 HARPING. .
COMPUTES LOVE AND RAYLEION MAVE PHAST AND BROUP VFI.OCITIFS AND THEIR
PARTIALS WITH RESPECT TO THE MODE). PARAMETFRS FOR A PLANE-PARALLF).
LAYERED HALFSPACE.
3 STRTCM.
CONVERTS INPUT FLAT FARTH NODFL. TNTN A CORRFSPINDTNG PSFIPN-SPUFRTCAL
MODEL FOR USE WITH MARPING.
4 RAYPUNCH AND LOVEPUNCH..
COMPUTES THE RAYLEION OR LUVE VAUF DISPIACEMFNT-CTRESS DUANTITIES AT
AN TMADINARY SURFACE CONTAINING THE POINT SOURCE FAR A P)ANF=FARAILFL
LAYERED MALFSPACF.
S SURSIN.
COMPUTES SYNTHETIC LOVE AND RAYLEISN MAVE SE]SMOGRAMS FROM EARTMOUAKE
AND EXPLOSIVE SOURCES TN A PLANE-PARALLEL LAYERED EARTN MODFL..
|~ - et — —




Figure A-1.

Short-period and long-period seismograms recorded at the
Albuquerque SRO station for two nuclear explosions (Keelson
and Esrom) located within approximately 2 km of one another
at Yucca Flats and detonated about 20 minutes apart in time.
Note that the levels of excitation for the short-period
phases (Pn,Pg,Lg) are approximately the same for the two
events, whereas there is a very large difference in both
Love and Rayleigh wave excitation between the two with the
second (Esrom) exhibiting the large surface waves (tectonic
release). Similar results were obtained for other (SDCS)

stations.
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APPENDIX B

Abstract and Table of Contents of Ph.D. Theses completed under

sponsorship from this grant.




ABSTRACT

DYNAMIC FINITE ELEMENT ANALYSIS WITH APPLICATIONS
TO SEISMOLOGICAL PROBLEMS*

A Dynamic Finite Element Method (DFEM) for elastic wave
propagation in general two-dimensional heterogeneous nmedia
vas developed from a causal, variational statement of Hamil-
ton's Principle and applied to several seismological prob-
lems. Judged from test casas vhere the results vere compared
against known analytic solutions, the method was able to
reproduce temporal and phase characteristics of Rayleigh
vaves such as travel time, qroup velocity dispersion, ellip-
ticity, and phase lag to vithin 5% of the values predicted by
theory. The Rayleigh wave amplitude, howvever, wvas found to
be 25% small over the whole spatial waveform, an effect which
vas attributed to the artificial viscosity. in the @method
necessary to remove severe numerical noise. Three seismolog-
ical problems of interest vere solved: 1) Rayleigh vave
propagation across a continental margin structure, 2) radia-
tion from an extended shear source, and 3) a static and
dynamic study of the February 9, 1971 San Fernando earth-
quake. Conspicuous among the many results were: phase
velocity anisotropy on the order of 5% in the continental
margin problem which aqreed vith Alexander's (1963) model
experiment, P and S wave radiation spectra from the extended
shear source problem vwhich fit the prediction of the Brune
(1970) seismic source theory, and static and dynamic models

of the San Fernando earthquake which supported the results of

*
Ph.D. Thesis of D. W. McCowan




previous investigations of .near-field data for this event
(e.g., Bolt, 1972; Alevine and Jordan, 1973). Based on these
results, conclusions vere drawn concerning the extension of

the method to more complicated seismological problenms.
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ABSTRACT

DETERMINATION OF SEISMIC SOURCE PARAMETERS USING
FAR-FIELD SURFACE WAVE SPECTRA*

Far-field surface wave amplitude spectra have becn
studied for their use in determining seismic source paramctlers. Using
theoretical spectra gencrated for a double couple source in a plane
layercd half-space, the minimum residual fit to the observed spectra

was obtained, yielding source parameter eslimates.

An iterative least-squares regression program has been
developed to fit observed Rayleigh and Love wave amplitude spectra,
Iteration is on the dip angle, slip angle, strike direction, and seismic
moment. The initial choice of these parameters, with nominal azi-

. . o . &
muthal coverage (six stations over 180 azimuth), was found to be pri-
marily limited by the symumetry of the theoretical source description,
As determined from tests with theorectical spectra, this initial choice

o
can be as much as 30 from the correct value of the angular paramect-
ers and several times the value of the moment. Intelligent estimates
of these initial choices can be obtained using either bodywave source
mechanism estimates, or an improved version of Tsai and Aki's
(1970a) exhaustive fitting procedure developed in this study. One ad-
vantage of the iterative method is that, for the same parameter sot
and the same degree of precision desired, it is several Limes {aster

computationally than ¢xhaastive fitling procedures,
) g1

*
Ph.D. Thesis of L. S. Turnbull, Jr.



An important extension of both the ilerative and ex-

haustive techniques that has been developed in this study is the ampli-
tude spectral ratio concept. A 'master eveant' is determined for a
particular geographical region, whose source mechanism has been
established with a high degree of confidence. The source mechanism
of other cvents occurring in the same region can then be determined
using amplitude spectral ratios with the master event, eliminating the

need to make path and instrument corrections.

Complete expressions for the next two higher multipoles
(quadrapole and octapole) were generated from the work of Harkrider
(1970). Their importance relative to that of a double couple was found
to be a function of frequency and the physical extent of the rupture
volurne. Alternatively, an extended fault can be modelled using multi-
ple double couples displaced in both space and time which simulate a
finite rupture velocity. This source description can produce non-
symmetrical surface wave radiation, but for most carthquakes with
magnitudes less than m, 6.0 observed at teleseismic distances, a

point double couple source description is adequate.

Because the spectral fitting methods depend upon the
shape and level of the amplitude spectra, theoretical fundamental and
first higher mode Rayleigh and Love wave double couple and quadra-
pole amiplitude spectra were generated for many source configurations,

The most inmwportant observations from these spectra are: (1) for bath

o

et




source types and modes, depth variations produce the largest changes
in spectral levels and shapes, (2) for both modecs, the double couple
spectral level is generally an order of magnitude greater than that of
the quadrapole, (3) for both source types, the largest changes in
spectral level occur in the 10 to 20 seconds period range for the fun-
damental mode and 9 to 12 seconds period range for the first higher
mode, and (4) the most prominent spectral holes of the two Rayleigh
modes occur for either source types oaly when the fault is vertical

strike-slip,

In order to develop procedures for obtaining improved
surface wave magnitude estimates, vario:s combinations of surface
wave spectra for the fundamental and first higher mode were examin-
ed, using a double couple source, to assess invariance with respect to
source parameter variations. From the spectral combinations, the
most important observations are: (1) for all except very shallow
sources (~5 km), the most reliable estimates of surface wave magni-
tude are obtained from azimuthal averazes of tolal surface wave
energy, R2+ LZ, of the fundamental mode, and (2) for shallow sources
it is best to use an azimuthal average of fnadamental mode Rayleigh

2 ¢ i
waves alone, R, in the period range of 29 to 30 scconds.

Finally, from the analysis of several carthquakes using
both spectral fitting procedures and speciral ratios, the major con-

clusions are: (1) the source region carth model has little . ffoct on the
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depth estimate for shallow events (<10 km), (2) the azimuthal spread
of stations should be greater than 900 in order Lo obtain a valid solu-
tion, (3) for Eurasian eveats with travel paths along the Alpine-

Himalayan fold system, abnormally low group velocities (~0.5km/sec 1

low) and almost twice the normal energy attenuation coefficient were
observed, (4) for the Bear Valley carthquake of 22 June 1973, the far-
field seismic moment is an order of magnitude greater than that ob-
tained from ncar-field observations, and (5) that the use of spectral
ratios was found to be a valid approach in the analysis of two pairs of

events,
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The Nature and Origin of Seismic Codas from NTS Explosions Recorded at NORSAR

On the basis of the travel-time tables and theoretical studies of explosive
sources, short-period seismograms of NTS explosions recorded at NORSAR, an epi-
central distance of approximately 730, should show relatively simple waveforms.
The first arrival, consisting of the direct P-wave and the surface reflection
pP, should be followed 18 seconds later by PcP, also contaminated by its surface
reflection, pPcP. This is in turn followed by the reflected phases, PP, at 161
seconds after P, and PPP some 263 seconds after P. Each of these arrivals could
reasonably be expected to consist of 2 or 3 cycles of a predominantly 1 Hz wave
when recorded by the NORSAR short period vertical seismometers. Figures 1 and
2 show typical NORSAR beams from explosions detonated in two distinct areas of
NTS, Pahute Mesa and Yucca Flats respectively. The pertinent epicenter data for
these events are given in Table 1. Clearly these seismograms are far from simple,
particularly those from the Pahute Mesa events (Figure 1). This observation
prompts the obvious question as to why. In the discussion that follows we will
attempt to elucidate the nature of the seismic coda and determine the source of
its generation.

One of the valuable properties of an array is its ability to resolve the
speed and propagation direction of an arrival. The array can then be steered in
this direction and beams formed so as to minimize the contamination of the desired
signal by unwanted arrivals. Not only can the expected arrivals be separated on
the basis of arrival-time at a single station, they can be separated on the basis
of propagation velocity across the array. A systematic approach is to assume that
all signals originating in the source region arrive at the receiver along the same
azimuth as the direct P waves, and to form beams corresponding to the velocity

range of the expected late arrivals. The relative power in each beam for a given
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window is then displayed as a function of beaming velocity and arrival time.

Contours of equal power then reveal coherent arrivals as peaks in velocity vs
time space.

The lower part of Figure 3 shows such a plot for the explosion STILTON,
which was detonated in Pahute Mesa, slightly to the NW of the Silent Canyon
Caldera (see Table 1); the contour interval is 3 db. The first arrival has an
apparent velocity of 18.0 km/sec, which is somewhat lower than the 18.8 km/sec
predicted by the Herrin travel-time tables, possibly due to dipping interfaces
within the crust beneath the array. However, the important feature of this
plot is that the conspicuous arrival 18 seconds after the initial P-wave onset,
also has an apparent velocity of 18.0 km/sec. So, although the differential
travel-time is correct for PcP, the velocity is much slower than the PcP pre-
dicted value of 25.8 km/sec. In fact, all the arrivals in the 90 seconds of the
beam following the initial P-wave onset have an apparent velocity of 18.0 km/sec.
This is amply demonstrated by normalizing the plot by the maximum in each time
window, as is shown in the upper part of Figure 3, which is contoured at 1 db
intervals. A search for arrivals was conducted by steering the array toward +
20 degrees from the P-wave back-azimuth. No significant off-azimuth arrivals were
detected.

Although the velocity time plots are themselves a qualitative measure of the
coherency of signals across the array, a more quantitive measure of coherency is

desirable. A computationally convenient procedure is to compute the semblance
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where x is the signal at the i th channel

i,j + (1)
M is the length of the time window over which Sc is computed

N is the number of channels in the beam, from which the energy
normalized multichannel coherency

1
C = 5] (NSc - 1) (2)

is computed, and varies in the range
1

-Epscesl (3

Figure 4 shows the coherency in the best-beam from STILTON as function of time;
the relative power in the beam as a function of time; and the beam itself. They
confirm that the arrival 18 seconds after the P-wave has the same coherency as
the initial P-wave at the beaming velocity of 18 km/sec, and is only 7 db down
in power. Thus, this arrival cannot be PcP. The plots show that further dis-
crete arrivals, also coherent at the P-wave velocity, occur up to 60 seconds
after the initial P-wave arrival.

Beam steering, coherency and relative power plots were produced for each
of the 8 Pahute Mesa events shown in Figure 1. These tended to confirm the results
from the analysis of STILTON. No evidence of PcP, or other phases arriving with
velocities and propagation directions significantly different from the initial
P-wave were found. The measured P-wave velocities themselves were identical to
within the experimental error. The distribution in time of the coda arrivals,
their relative power, and their coherencies, all varied from event to event. As
an example, Figure 5 shows the coherency and relative power from KASSERI. This
event clearly has many more arrivals that STILTON and the coda remains both
coherent and more energetic over a longer interval. No arrivals were found with

velocities significantly different than that of the initial P-wave.
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To examine the coherency of the codas among events at Pahute Mesa, the 8
NORSAR beams were stacked. Each beam was normalized to unit amplitude, and time
aligned on the front trough of the P-wave signal. The lower trace in Figure 6
shows the result. The maximum amplitude in the P-wave is 0.89, so that the signal
loss due to dissimilarities in waveform (see Figure 1) is not severe. In this
case of coda, however, the amplitudes are reduced by approximately a factor of 3
throughout the time interval, and thus are mostly incoherent from event to event.

A similar set of analyses were performed on the 8 Yucca Flat events (Figure 2).
The direction and speed of propagation (apparent velocity) of this initial P-wave
from these events was essentially the same as for the Pahute Mesa events. The coda
also arrived with the same apparent velocity. However, as Figure 7 shows, the
relative power and coherency of the coda arrivals are much lower. Despite the
greater degree of similarity of the initial P-waves, there is still significant
variation in time and amplitude of distinct coda arrivals from event to event.

This is demonstrated by the upper trace in Figure 6 which shows the phased sum of
the beams. The amplitude of the P~wave is 0.97 in this case, whereas coda is
reduced by a factor of approximately 2.5, again suggesting that the coda arrivals
are uncorrelated from event to event. There was no indication of significant
arrivals with velocities other than that of the initial P-wave, in particular PcP.

Articles in the literature on the generation of seismic codas are legion.
Discounting contributions by other phases such as pP, sP, PcP etc., published mech-
anisms fall into the following categories:

(1) multiply reflected phases originating in the crust and upper mantle
under the source and/or the receiver
(ii) reflections and refractions of P-waves taking place out of the dia-

metrical plane




(iii) P-wave scattering of the Chernov type at the source and/or receiver
(iv) mode conversions, namely P-to-Rayleigh waves at the receiver and
Rayleigh to P-wave at the source
(v) tectonic release including aftershocks and other source related
phenomena.

Of these mechanisms, the nature of the codas themselves as discussed elim-
inates all possibilities with the exception of those which generate coda in the
immediate proximity of the source. It is well known that explosions at NTS,
particularly those at Pahute Mesa, generate considerable SH wave radiation in
some instances. If coda generation is due to tectonic release, those events with
high coda levels should also be correlated with events with large SH excitation.
Table 3 shows the Love to Rayleigh wave amplitude ratios from seismograms recorded
at 5 SDCS stations within the continental United States, for the 8 Pahute Mesa
events and 6 of the Yucca Flat events. There is no obvious correlation between
events having high coda levels and events with large L/R ratios. Furthermore, the
Pahute Mesa events with coda/P-wave ratios of 0.5 would require aftershocks of
approximately magnitude 6 to account for the observed coda levels. Although we
have not examined the very near-in records for these events, there is no evidence
in the literature to suggest that such events are triggered 18 to 20 seconds after
similar large explosions.

Therefore, we are left with mechanisms (i), (iii) and (iv) to consider. Further-
more, reflections in a plane-layered structure can also be eliminated, because such
reflections would be well-correlated, though possibly time-shifted, from event to
event within the two source regions. We are inclined to discount the Chernov mech-
anism, because, strictly speaking, this theory is only applicable to small random
variations in elastic parameters. Because of the size of the coda arrivals, a second-~

order or strong-scattering theory would be required. Thus we are left multiple




reflections from curved boundaries which lead to the formation of caustics of the
type discussed by Hong and Helmberger (in press), and Rayleigh to P-wave conversions
in the immediate vicinity of the source.

In an effort to further resolve this problem, seismograms of teleseismic
events recorded by SDCS stations located within NTS are being examined. Preliminary
results show that a Russian event at Novaya Zemlya generated unusually complex
seismograms at NT-NV, which is within Pahute Mesa, a much simpler one at OB2NV,
located in the nearby Climax Stock. Filtering of these and other seismograms from
deep events will be used to determine whether these codas are primarily body or
surface waves. In any case these data provide strong additional support for the
conclusion that scattering near the source is the primary mechanism for coda gen-
eration associated with explosions at NTS. Structural complexities beneath Pahute
Mesa are especially effective compared to other test sites in generating large and

variable coda levels.




1°9

£°9

0°9

0°9

£€°9

9

%9

6°S

(sosn) Ym

6.8

€L21

688

(911

6121

1691

L18

s9Z1

1€l

(w) yadag

Z1°00:ST:%1

2200:0¢:21

21°00:00:%1

22°00:0¢°1T

22°00:G%:%1

20°00:ST:61

21°00:00°ST

200:0€:%1

200:02:%1

auy] uysyao

T 219eL

M68°2%:8T:911
NOZ TZ:6T:L¢E

MYE LT:8T:9T1
N8G°TC:8T:L¢E

M6T TS :TZ:91T
N8 GE:8T:/E

ML TT:6T 911
N6y €EYT:LE

MO%°81:6T:9T1T
NLO“LT:9T:L¢

ML%°6S:6T1:911
N8BS LY:L1:LE

MZZ°€0:2C 911
NEB 6T :ET:LE

MLS TY:9C:9T1
NBT %T:LT:L¢E

M9E°TT:TE:9TT
NTIZ %2:0C:L¢E

uoy3Ied07

S3U2A7 BSI9| 2Inyeq 104 eieq 1d3uadfdy

9L

9L

9L

9L

9L

9L

SL

SL

SL

1eR

ABR

Iel

924

924

uerl

AON

320

ungp

a1eq

L1

kA

k4!

41

0z

8¢

100d

A47100

AgvnlLs3

Y IHSAHD

VNILNOA4

YALSNANK

LAINI

133ssvi

NOLTILS

JuaAjg




MT6°80:€0:91T
8-S 08¢ Z1°00:6%:%1 NZZ°97:90:L¢ 9L 1eW [T LIVdLlS

M9°0L:€0-91T
9°s 79S 22°00:ST:LT NO°€Z:L0:LE €L 1dy 9z LAOMYVLS

MTG°ZZ:€0:911
LS £1L Z1°00:6T1:6T NZE°TC:90:L¢ SL 924 87 INVTIVO4dOL

M%9°1%:€0:911
L°s 91L 22°00:00:07 NES"6€°L0°LE SZ 224 0T VIdA4THO

MZ°0T:£0:9T11
8°S 79 Z1°00:00:L1 NE°GT:90:L¢E 7L 924 (T 411V

M9°%S:T0:9TT

2% 0%9 21°00:C0:9T NT"0€:%0: LE vL Ior OT  VSOAVOS3 m
MZ°90:%0:9TT “

9°g -— 22°00:50:ST NG *LS:L0:LE v 43S 97 NVANVIS w

3

M86°60:70:9T1 :

L3 L€9 Z1°00:0%: 91 N6E TY:50:LE gL unp ¢ NAZZIR |
(sosn) ‘w (w) yadag suyy ursyio uoy3e’07 a3eq Juaag

83UdAF IBT4 ©OOn} 104 BIRQ 123UaDFdyF

¢ 219elL




Table 3

PAHUTE MESA L/R RATIOS

Event/Sta. | py_oy CPSO WH2YK FN=~WV HN-ME M, CODA c/P
Kasseri 0.39 0.86 0.87. 1.32 6.74 6.4 H 0.5
Muenster 0.82 1.51 0.99 4.71 6.2 H 0.4
Pool 0.90 1.06 0.90 3.86 6.1 L 0.25
Cheshire 0.43 0.48 0.73 0.78 1.85 6.0 L 0.2
Fontina 0.42 0.92 0.61 1.93 6.3 H 0.3
Colby 0.16 0.28 0.18 0.26 6.3 H 0.5
Inlet 0.87 1.02 0.63 1.28 1.56 6.0 L 0.2
Estuary 0.30 0.62 0.72 0.70 1.87 6.0 H 0.45

This Table illustrates variability of tectonic release among events in Pahute Mesa
and the lack of correlation between large tectonic release and teleseismic coda
levels as observed at NORSAR. H denotes high coda levels and L denotes low coda levels.
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Figure 1.

P-wave velocity beams for 8 Pahute Mesa events recorded at
Numbers to right give maximum value in millmicrons.

NORSAR.
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Figure 2.

P-whlve velocity beams for 8 Yucca Flat events recorded at NORSAR.
Numbers to right give maximum value in millimicronms.
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Power plot is contoured

For upper plot, which is normalized to maximum power in a 2 second window,

Time (Sec)
Figure 4c shows the beamed seismogram at NORSAR for STILTON.

Relative power as a function of time and beaming velocity for STILTON.

in 3 db intervals.
only -1 and -3 db contours are shown.

Figure 3.
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INTRODUCTION

Conventional body wave fault plane solutions for a seismic
avent inherently contain considerable scatter. A wide azimuthal
distribution of body wave first arrivals is generally necessary
in order to minimize this scatter. Fault plane solutions for

events of the August, 1975 Oroville, California sequence have

been determined by seveéral groups of investigators. These solutions

are both numerous and overlapping.

The main event‘(ML = 5.7) of the Oroville, California se-
quence occurred in a region of historically low seismicity
approximately 10 kms. south of the 4 billion cubic meter man-
made Lake Oroville. The sequence began seven years after the
onset of filling but only one month after its most rapid filling.
The largest event prior to this sequence was an event in 1940,
also a magnitude 5.7, about 50 kms. north of the town of Oroville.
Twenty-one foreshocks (ML > 1.6) preceded the main event beginning
on June 28, 1975. There were approximately 300 aftershocks
recorded by local stations and arrays from an area 14 by 10
kms. southeast of Oroville through August 11, 1975.

The purpose of this investigation was to more clearly
define the focal mechanisms of the layer events of this sequence.
The approach utilized was the synthesis of long period Love and

Rayleigh waves whose time domain signatures and frequency domain




spectra were then compared with the regionally observed
signatures and spectra recorded at the Seismic Research
Observatory (hereafter SRO) in Albuquerque, New Mexico. The
focal parameters, namely source depth, strike azimuth, fault
plane dip and slip were perturbed in order to obtain the
best correlation between the synthetic and observed surface
wave signatures and spectra.

Two fault plane solutions were determined which would
synthesize the observed signatures and spectra fairly well as
recorded at the SRO station in Albuquerque. One solution
corresponded to the sequence of foreshocks, main event, and
some aftershocks, whereas, the second solution,which had a
distinctly different source depth and orientation,corresponded

to the aftershock on August 6, 1975.

METHODS

A suite of ten events (Mp3 4.3) which were digitally
recorded at the SRO station in Albuquerque was obtained for
the Oroville, California sequence. This sulte consisted of
foreshocks to the main event on August 1, 1975, the main event,
and the aftershocks through August 6, 1975. Locations for
some of these events are shown in the map of the Oroville
area of Figure 1. These long period digital recordings were
sampled at one sample per second. These digital recordings

were amenable to rather easy computer manipulations such as

time scale changes, gain changes, rotation and Fourier analysis.

T T T Te——




Figures 2 through 4 are the vertical, radial and transverse
components, respectively, of four of these events recorded at
Albuquerque. The scale factors are indicated by each trace.
Note that the M, 5.8 mainshock is clipped.

The synthetic seismograms were generated assuming a
plane parallel layered source structure. A three step
computational scheme calculated the seismograms containing root
periods ranging from 5 to 75 seconds. The resulting vertical,
radial and transverse component seismograms were then compared
visually to the rotated seismograms recorded at Albuquerque.
The comparison was made by overlaying the observed s}gnatures
with the synthetic signatures, noting the goodness-of-fit
of the relative amplitudes and duration of the individual wavelets
comprising the seismograms. In addition, the Love and Rayleigh
wave spectral ratios were compared as a function of frequency

for the synthetic and observed events.

PROCEDURE FOR SYNTHESIS

The Fortran IV computer programs employed in the synthesis
of surface waves propogated from Oroville, California to
Albuquerque, New Mexico are the implementation of the theory
developed by Harkrider (1964), Ben-Menahem and Harkrider (1964)
and Harkrider (1970). The implementation required two runs of
a series of three programs for the synthesis of Rayleigh and Love
wave seismograms. A description of the input card formats can

be found in the appendix of Alexander, et al. (1973).




An important assumption which was required to be made in

this study was the specification of a suitable source structure
for the Oroville area. The structure consisted of model 35 CM2
(Alexander, 1963) with the upper 33 kms. replaced by the

structure determined by refraction profiles (Eaton, 1966).

This upper section reflects the local geologic environment of
valley sediments overlying Jurassic-Triassic metavolcanics

(Ryall and Van Wormer 1975) in the Oroville region. The structure
used in this study is shown in Figure 5 and tabulated in Table 1.

The dispersion programs were run first. They calculated
the depth independent quantities such as phase, veldgities.
group velocities and the amplitude response as a function of root
period for Love and Rayleigh waves. The surface ellipticity
vasalso calculated in the case of Rayleigh waves. The required
input at this stage was the local source structure as given
above as well as the specification of the periods at which roots
were to be found. The periods ranged from 5 to 75 seconds in
this study.

The output from the dispersion programs was used as the
input to the punch programs. The punch programs calculated the
displacement-stress quantities at specified depths in the source
structure. The focal depths investigated in this study were 2,
3, 5, 7, 8, 9, 10 and 12 kms. which were consistent with the
range of focal depths determined for the Oroville sequence by
various investigators (see Table 2).

Qutputs from botﬁ the dispersion and punch programs were

then used as inputs to the step which computes the Rayleigh




and Love wave seismograms in a plane parallel layered structure.
The synthetic seismograms that were computed were corrected for
the instrument response of the SRO station in Albuquerque as
shown in Figure 6. The attenuation coefficients employed were
determined by Hermann and Mitchell (1975) for the interior

of North America. These coefficient values contained considerable
scatter and were therefore used only as a first approximation

of the attenuation properties of the western United States.

The values used in this study are tabulated in Table 3.

The additional input parameters utilized in the final step
of the synthesis were those corresponding to the fault plane
orientation, source type, source time function and e%icentral
distance. The fault plane orientations were specified following
the convention of Ben-Menahem and Harkrider (1964). Synthetic
Love and Rayleigh waves were computed utilizing a source function
specified by either a point source or a double couple source.

For the case of the double couple, the source time function was
employed corresponding to a magnitude 5 event determined from

Aki (1967).

EXPERIMENTS AND RESULTS

Numerous Rayleigh and Love wave seismograms modeling the

Oroville, California events were synthesized using the aforementioned

procedure. Published fault plane solutions of foreshocks, the main
event and aftershocks listed in Table 2 served as a starting point
for the solutions for the synthetic wave forms. The trial fault

plane solutions employed in the synthesis were then perturbed to

|




cover the ranges of the published values.

The vertical, radial and transverse component synthetic
seismograms were visually compared with a rotated event
recorded at Albuquerque, New Mexico, both plotted with the same
time scale(Figure 7). This event was a magnitude 4.7 (BRK)
foreshock four hours prior to the August 1, 1975 magnitude 5.7
(3RX) Oroville sequence main event. The main event was not
used for comparison in this study for two reasons. The surface
wave coda of the main event was contaminated by the coda of a
foreshock eight seconds prior to the main event. 1In addition,
the wave form as recorded at Albuquerque was clipped.(see Figures
2 through 4). This comparison of the synthetic and observed
vertical, radial and transverse components permitted the rejectioh

of many solutions as viable mechanisms for the observed wave forms.

It was found that the depth of focus was not as sensitive in these
eyeball matches of synthetic versus real waveforms as were the
strike, dip and slip of the particular fault plane solution

under scrutiny.

The depth of focus was localized by comparing the Love to
Rayleiech wave spectral ratios for the synthetic and observed
data as seen in Figure 8. The spectra of the observed data was
obtained by employing the usual Fourier techniques. The peak
in the synthetic Love to Rayleigh wave ratio was observed to shift
to lower frequencies as the depth of focus was increased.

The best fitting synthetic seismogram employed a double
couple extended source function. The fault plane parameters

which yielded this best fit with the foreshock were azimuth, N 10° Wy




dip, 60°W; slip, 90°. The slip angle of 90° is consistent

with the angle listed in the figures, 270 . This angle is
specified in the convention of Ben-Menahem and Harkrider (1964)
and represents a normal dip slip mechanism. In this case the
Great Valley block has moved down with respect to the Sierra
Nevada block. The depth determined by spectral ratios was

5 kilometers. The epicentral distance from Oroville to Albuquerque
used in this analysis was 1426 kms. The Rayleigh and Love waves
computed with this fault plane solution also compared favorably
with several other aftershocks of the Oroville sequence. It

was therefore concluded that the main event could al§p be
characterized by this fault plane solution.

Further examination of the aftershock data for the Oroville
events revealed some marked changes in the recorded waveforms
(see Figures 2 through 4). The changes in the observed waveforms
for the August 6, 1975 aftershock were adequately modeled
utilizing a different fault plane solution than that determined
above. A set of approximate fits was chosen from the original
suite of synthetic seismograms. Again, the depth was localized
using the Love to Rayleigh spectral ratios. The focal parameters
which best modeled the August 6 aftershock were azimuth, N 0° ws
dip, 409 w; slip, 90”; and depth 10 kms. These results can be

seen in Figures 9 and 10.

DISCUSSION
The results of this study indicate that it is possible

to determine the source mechanisms of regional-teleseismic events




utilizing broad band data recorded at only a few high quality
stations. The Seismic Research Observatory network, of which
there are ten installations in current operation, supply such
hizh quality data. In this study Love and Rayleigh wave data
from only one station were used.

The fault plane solutions determined in this study were
found to be in good agreement with the range of solutions
published previously. The change in focal parameters between the
foreshock and aftershock of August 6 could be associated with
the development of a non-uniform local stress distribution
followineg the mainshock. The method employed in this study was
found to be quite sensitive to small changes in fault plane

parameters as seen in the two additional waveforms in Figure 9.

Therefore, this approach may be of significant help in determining
fault plane solutions of regional events when station coverage

is poor, provided that an appropriate source structure can be
provided.

In conclusion, it must be emphasized that the proper
propdgation structure should be employed in the synthesis of
surface waves. This study revealed the rather fortultous
result that the propugation path structure was identical to the
source structure given in Figure 5. Additional theoretical
seismograms shown in Figures 11 and 12 which did not match the
observed waveforms were synthesized using the focal parameters
determined above. The source structure remained the same as
used previously, but the prapagation path was that of 35 CM2
(Alexander, 1963). It is quite evident that this change does not

produce satisfactory results.
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Oroville Structure
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Figure Captions

Location map of the Oroville, California region
indicating some of the epicenters of the sequence.
From Morrison et al. (1976).

Long-period vertical component signals recorded at

the Albuquerque, New Mexico SRO station (AMNO) for

4 events from Oroville, California in August, 1975.
Relative signal strength is indicated by scale

factors 2 max. The mainshock (bottom trace) is clipped.

Long-period radial component signals recorded at

the Albuquerque, N« M. SRO station (AMNQO) for 4 events
from Oroville, California in August, 1975. Relative
signal strength is indicated by scale factors R max.
The mainshock (bottom trace) is clipped.

Long-period transverse component signals recorded at
the Aubuquerque, N. M. SRO station (AMNO) for 4 events
from Oroville, California in August, 1975. Relative
signal strength is indicated by scale factors T max.
The mainshock (bottom trace) is clipped.

Plot of the Oroville structure employed for the
synthetic seismograms of this study. Values are
tabulated in Table 1.

Amplitude response of the Seismic Research Observatory
station in Albuquerque, New Mexico.

Comparison of the observed (SRO) and theoretical
signals at Albuquerque, N. M. for the August 1, 1975
Oroville foreshocke. Source parameters for the
theoretical waveforms are given in Figure 8.

Comparison of observed and theoretical Love to Rayleigh
spectral ratio (L/R) for the signal shown in Figure 7.
The legend gives the source parameters (depth, strike,
dip and slip) for the theoretical waveform synthesis.

Comparison of the observed (SRC) and theoretical
signals at Albuquerque, N. M. for the August 6, 1975
Oroville aftershock. Source parameters for the
theoretical waveforms shown are given in Figure 10.
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