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ABSTRACT 

The work performeu under Contract AF 49(638)-1588 falls 

into two categories: (1) mode theory and applications and (2) scattering 

studies. 

Crustal models have been constructed for the Tonto Forest 

Seismological Observatory (TFC) in Arizona and the Large Aperature 

oeisrnic Array (LASA) in Montana. 

A long period event recorded at TFO with epicenter in 

Southern California was time partitioned and Rayleigh wave dispersion in 

the frequency range of 0. 025 to 0. 175 was derived.    With these data, 

the adequacy of the TFO model crust has been substantiated at low fre- 

quencies by a comparison of theoretical and experimental dispersion 

curves. 

The mode separation studies include the design and appli- 

cation of mode separation processors to separate the M mode from the 

Rayleigh mode in the frequency range 0.0 to 0. 25 cps by use of field data. 

An analog model having a crustal layer with an abrupt 

thickness change (3 cm to 5 cm) was used for scattering studies.    The source 

was located on the surface of the model.    The dominant leaking mode of 

propagation in the thin end of the model is PL     .    Theory predicts that this 
C* Cm 

energy is primarily scattered into the le._xäng mode PL      in the 5-crn end. 
C* J 

There is also some evidence of wave propagation which is not readily ex- 

plained in terms of mod  s. 

Filtering techniques were used to analyze energy scattered 

by small surface irregularities.      The primary scattered energy is a re- 

flection of a portion of the incident Rayleigh v/ave. 
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SECTION I 

SUMMARY 

This annual technical report deals with work performed during 

the period Uanuary 1966 to 31 December 1966.    The work was divided into 

two major areas.    Section II is a discussion of mode theory and its   appli- 

cations,  and scattering due to inhomogeneities is discussed in Section III. 

A. MODE THEORY AND APPLICATION 

Applications of theoretical computations which lead to modal 

seismograms for a given crustal section of the earth are discussed in this 

report. 

Theoretical crustal models were constructed for the Tonto 

Forest Stismological Observatory (TFO) and for the Large Aperatare Seismic 

Array (LASA).    The model used for TFO consisted of four layers and a 

half-space.    The 5-layer model crust for LASA is based on measurements 

of Steinhart and Meyer. 

A long-period event with epicenter in Southern California 

recorded at TFO was time-partiti med,  and the Rayleigh wave dispersion in 

the frequency range 0. 025 to 0. 175 cps was derived.     Theoretical and ex- 

perimental dispersion curves were compared at these frequencies.    The 

model was perturbed slightly,  and no significant changes resulted. 

Theoretical computations precict that 10 higher-order normal 

modes may be expected in the TFO crust for frequencies up to 1.0 cps,  and 

their amplitudes will be relatively small compared to the amplitude of M     . 

The long period field recordings available were band-limited in such a manner 

that only the twr lowest order modes may be observed. 
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Mode separation processors were designed and applied to 

separate the M   . mode from the M      mode in the frequency range 0. 0 to 

0.25 cps using a TFO event whose epicenter was in Jalisco,  Mexico.    Two 

array processing schemes were used for mode separation.    The first makes 

use of the frequency-velocity r.nd amplitude relationships,  and the second 

makes additional use of the 2-component (horizontal-vertical) relationships. 

The theoretically computed mode separation processors did 

not reject the dominant M      mode as m ich as was predicted by the computed 

filter response.    Further investigation of the Jalisco event revealed that the 

Rayleigh mode had anomalous f-k characteristics; i.e. ,  the Rayleigh mode 

dispersion estimates computed between various pairs of stations were 

inconsistent. 

B.    SCATTERING STUDIES 

Analog models may be used in order to verify the theory and 

understanding of elastic wave propagation.   In addition, these laboratory 

studies, although somewhat idealized,   can be performed to give insight into 

the nature of practical geophysical problems. 

Scattering studies were performed using an anlop model 

having a crustal layer with an abrupt thickness change (transition zone). 

There is a well developed leaking mode (PL     ) propagating in the thin end. 

Theory indicates that this PL      mode in the thin end approximately cor- 

responds to the PL      mode in the thick end. 

The shear mode portion of the recording shows a definite 

decrease in velocity occuring just past the transition zone. Theoretical 

dispersion curves show that if M on the thin end is scattered into M 

on the thick end, a decrease in phase veloctiy at each frequency results. 

Frequency-wavenumber analysis was used in an attempt to measure this 

velocity change. 
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SECTION II 

MODE THEORY AND APPLICATIONS 

A.    DISCUSSION OF THE MODE THEORY 

Three fairly distinct applications of theoretical computations 

leading to modal seismograms for selected regions of the earth's crust, 

which will be discussed in this section,  are as follows: 

• Synthetic seismograms can be constructed 
and compared with laboratory recordings 
irom controlled analog models 

• A set of mode rejection filters can be 
designed to attenuate ambient surface 
wave noise while simultaneously passing 
any significant signal energy present 

• A model is assumed to possess the correct 
average properties of the earth's crust and 
then is tested by requiring the theoretical 
dispersion curves to agree with experimental 
dispersion curves 

Our understanding of elas.ic wave propagation in a plane- 

layered medium is sufficiently complete at this time to justify the constr action 

of synthetic seismograms to be compared in a feature-for-feature manner 
2 

with laboratory recordings from controlled analog models.      In this way, 

layer structure may be studied without interference from the many geologic 

anomalies present in the real world. 

A further extension of this approach is the investigation of 

configurations typifying lateral geologic nonuniformities by reproducing their 

essential features in an analog model.    This model can be analyzed mathema- 

t?'   Uy through perturbing ard combining the modal solutions of simpler plane- 

layered «_rustal representations.    One persistent difficulty in such simulation 

effort? is in adequately defining the source and receive" properties,  a problem 

which is even more formidable when dealing with actual field data. 
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Under the assumption that much of the ambient sur- 

face wave noise measured by an array is regionally generated modal energy, 

a set of mode rejection filters can be designed to attenuate this noise while 

simultaneously passing any significant signal energy present,  e.g. ,   ehe 

P phase.    If the signal is chosen to be a particular mode,  such as the second 

order M      shear mode (perhaps to be associated with the L    phase of seis- 
d.i g 

mology),  and the other modes are taken to be noise,  one has the mode sepa- 
3 

ration problem discussed by Laster and L.inville. 

Theoretical dispersion curves for the modes completely 

specify their frequency-wavenumber coordinates (Figure II-1).    These 

coordinates are adequate for multichannel filter design.    Indeterminancy of 

source and receiver properties is net a crucial factor,  although it is desirable 

and possible to include physically reasonable source-receiver constraints on 

the design.    (Having no constraints is equivalent to a uniform weighting of 

modal power.)   A vertical shear source at the surface is commonly assumed 

in calculating mode separation filters for the analog models now being studied. 

A better weighting of thp power in f-k space is expected by introducing this 

simple source spectrum. 

While an accurate and precise model of the earth's mean 

crust is implicitly assumed in implementing the mode theory in the above two 

ways,  the third application of the theory is an inverse operation.    The 

validity of a model hypothesized to possess the correct average properties 

of the earth's crust is tested by requiring the theoretical dispersion curves 

to agree with experimental dispersion curves within specified limits.    A 

good match indicates proper layer velocities,  thicknesses and densities. 

An explicit knowledge of the dependency of the accuracy of the calculations 

upon the uniquen     s of the assumed crustal configuration is needed in this 

last application.    Note that a correspondence between theoretical and ex- 

perimental seismograms is not required; only the dispersion curves need 

coincide. 
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B.    TFO CRUSTAL MODEL 

1.    Geophysics of Tonto Forest Seismological Observatory (TFO) 

The TFO extended array of seismographs consists of eight 

mobile long-range seismic monitoring (LRSM) vans and TFO.    The topo- 

graphy and geology of the station sites vary significantly because the ex- 

tended array straddles the Colorado Plateau boundary in an X shape, with 

a NW-SE leg approximately 325 km long and a SW-NE leg approximately 

287 km long (Figure II-2),    This fact suggests that it vill prove difficult 

to represent the entire area covered by the extended array with a single 

plane-layered model. 

The TFO site itself is considered to be in the Basin and 

Range province since it is roughly 12 mi south of the Mogollon Rim,  the 

southern boundary of the Colorado Plateau..    (Significant scattering of 

seismic waves could occur in the vicinity of the Mogollon Rim.)   The Dia- 

mond Rim fault, about 10 mi south of the Mogollon Rim,  is the major struc- 

tural feature in the area.    The sedimentary cover at TFO is heterogeneous. 

Furthermore,  a c ?mplete interpretation of the deep crust between the Dia- 

mond Rim fault to the north and Star Valley to the south is still being sought. 
4 

It has been surmised by Harley et al    that there is a transition in crustal 

structure in the immediate v;   :   ity of TFO. 

The crustal model finally constructed for calculations per- 

taining to the TFO extended array was the one most appropriate for the TFO 

site.    The model's physical parameters are given in Table II-1. 

Except for layer 2,  the model compressional velocities and 
4 

layer thicknesses are the best estimates available from Harley    and Linville 

and Laster. 

II-4 science services division 



•SGAZ 

9 

NLAZ • 

WOAZ 

LGAZ*      •HRAZ 

TFO 
•SNAZ    .GEAZ 

50 km 

^ i 

i    i 

LRSM VAN (3 SHORT-PERIOD 
•AND 3 LONG-PERIOD SENSORS) 

o3.5-kmSUBARRAY 

x 10-km CROSS ARRAY 

Figure II-2.    Configuration of the TFO Extended Array 

II-5 science services division 



Table II-1 

PHYSICAL PARAMETERS FOR TFO CRUSTAL MODEL 

Layer 
Compressional Velocity, a Shear Velocity, ß Thickness 

Layer (km/sec) (km/sec) (km)        1 

1 4.8 2.77 0.5 

2 5.9 3.41 4.0 

3 6.1 3.52 16.0 

4 7.0 4.04 16.0 

Half-space 7.9 4.56 00 

In the paper by Linville and Laster,  a theoretical 2-layer 

crustal dispersion curve was fitted to an experimental curve obtained from 

high frequency recordings of a series of calibration shots by the USGS.    The 

result was a determination of the compression velocity and layer thickness for 

the surface layer in the vicinity of TFO (layer 1 in Table II-1). 

In the paper by Harley,  two nuclear explosions and a series 

of USGS calibration shots yielded multiple determinations of P  ,  P   and P* n       g 
arrival times.    From these data and the results of a;i earlier study of the 

crust near TFO,  the four remaining compressional velocities of Table II-1 

were derived. 

The shear velocities of this model were obtained under the 

assumption that the elastic parameters,  X and \1,  are roughly equal.    This 

approximation has been i'ound to be legitimate for most rocks,  and the 

resulting equation for the shear velocities,  0 = a/\/3,  is referred to as 

Poisson's relation. 
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An estimate of the importance of significant lateral variations 

in the physical parameters of Table II-1 is possible.    A significant lateral 

variation is a horizontal change in geolcgic structure of the order of magni- 

tude of the model layer structure occurring within a distance less than that 

characteristic of the TFO extended array dimensions.    When such a geologic 

discontinuity occurs,  mode theory predictions based on plane layers can 

deviate appreciably from the results based on field measurements.    There- 

fore,  provided any laterial discontinuities present possess a distance scale 

in excess of about ZOO km,  the crustal model of Table II-1 can serve as a 

valid interpretative tool for local dispersion studies at source-receiver 

separations ranging from 300 to 1200 km in the region around TFO. 

2.    Mode Calculations for TFO Crust 

The largest and smallest modal group velocities of concern 

in the TFO model are 7.9 and 2.77 km/sec,   respectively.    It follows that 

the largest time separation of the various  modes studies occurs between 

the leaky modes traveling at 7.9 km/sec and the normal modes traveling 

at 2.77 km/sec.    The time interval between the slowest and fastest modes 

is proportional to the source-receiver separation; for distances up to 

1200 km it will not exceed 420 sec.    For a sample rate of 0. 5 sec,  implying 

a folding frequency of 1. 0 eps,  {2N+1) = 841 time sample points are required. 

(This count takes the first point at t = 0. 0 sec.)   The frequency resolution 

of the resulting 420-sec gate is given by 

A£   -Jzmrt   =   4iiT=   °-°°"781212cps 

and the number of independent frequency-domain sample points is 421. 

Computations were carried out in the frequency domain with 

the Af previously determined.    Eleven normal modes and six leaky modes 

were found between 0. 0 and 1. 0 cps for the crustal model of Table II-1. 

i    s 
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The phase-velocity dispersion curves for both leaky and 

normal *     Jes are shown in Figure II-3.    There is a notio.ble distention in 

the M,   ,  M      and M      curves at about 4. 04 km/sec,  the shear velocity of 

the fourth layer.    The lower shear modes converge toward the shear velocity 

of the third layer (3. 52 km/sec) as they approach 1. 0 cps.    The first three 

leaky modes very nearly couple onto the M     ,  M,- and M      normal modes 

at their respective cutoff frequencies,  although the alignment is incomplete 

because the leaky mode calculations did not extend to normal mode cutoff. 

Figure II-4 shows normal mode   group velocity vs frequency 

at TFO.    Thert is a group velocity maxima for each mode beginning with 

M.   .    Furthermore,  the higher the order of the mode,   the higher the group 

velocity maxima.    A straight line tnrough the maxima falls at about 3. 9 

km/sec at *.0 cp".    If this trend continues at high frequencies,  the group 

velocity will equal the phase velocity within an inte.mediate layer of the 

model.    This type of structure in the dispersion curves has been noted for 
2 

2-layer model studied in an earlier report. 

Normal mode excitation is displayed   in 5   ^ares II-5 through 

II-9.    Tn^ M      amplitude is an order of magnitude greater than the ampli- 

tude of any other mode.    As usual,  the vertical amplitude exceeds the hori- 

zontal amplitude for any one mode,  and the modal amplitudes decrease with 

increasing mode number.    Compared to the adjacent modes,  the M      excita- 

tion appears to be more constant in the 0,80 to 0.91 cps frequency band. 

The first and second Love mode dispersion curves for the 

TFO model are given in Figure 11-10.    The second order Love mode dis- 

persion is very similar to the M  . shear mode dispersion.    This result is 

due to chance,  as far as is known ot present. 
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It is often useful to have a graph giving the wavelength cf 

each mode at a given phase velocity for comparison with the physical dimen- 

sions of the geological structure or the detector array.    Such a graph is 

given in Figure 11-11 of this report.    It includes all 11 normal modes and 

the fundamental Love mode. 

Figures 11-12 through 11-14 give the leaky mode excitation at 

TFO.    Figures 11-15 through 11-17 are plots of the accompanying attenuation 

in db/sec.    The attenuation/unit time is calculated from the attenuation/unit 

distance (= y) by multiplying the latter by the group velocity.    The PL modal 
-vx 

amplitudes decay exponentially in space according to e       .    Even though 

the leaky mode excitation amplitudes typically increase with increasing 

attenuation,  the net effect is one of rapid decay with distance.    Each leaky 

mode excitation graph exhibits at least three distinct amplitude maxima 

which do not increase or decrease according to frequency.    Although the time 

attenuation curves,  together with the excitation curves,  indicate that the 

largest part of the modal power is concentrated in a band of frequencies near 

cutoff frequency,  there appear to be important peaks in modal power for 

frequencies other than cutoff.    Figures 11-18 through 11-20 display leaky 

mode group and phase velocity vs frequency.    Again the behavior of the dis- 

persion curves in the vicinity of intermediate layer velocities is similar to 

that noted for the 2-layer model studies in the Basic Research in Crustal 
2 

Studies.      The presence of the third and fourth layers in the TFO model is 

most evident at high frequencies in the high order modes. 

3.    Review of Availrble Data 

Field recordings  have been obtained from the TFO extended 

array.    This array qualifies as having an aperature large enough to separate 

lower order,  low frequency crustal modes by applying multichannel filtering 

techniques. 
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Figure II~2 shows the station locations of the TFO extended 

array,  and Table II-2 gives station name,   elevation,   rock-type,  and coordi- 

nates for the nine array locations. 

Table II-2 

TFO EXTENDED ARRAY 

1     Station Code Elevat'on Rock             i 
Name Name (ft) Type Latitude  (N) Longitude (W 

Seiigman SG 5500 Limestone 35038,27" 113015.39H 

Jerome JR ^300 Alluvium 3^9'32" lll^^" 

Long Va11ey LG 5800 Tuff 34024,28" lll^'^" 

TFO TFO 1*890 Granite 31+Ol6'0t;" Ill0l6'i3" 

Globe GE WUO Slate 330li6,32" no0 31^1" 

Nazlllnl NL 630O Sittstone 330kQt25" 1   i09o37,,+3" 

Winslow WO 5200 Sandstone 31+052,35" 110o37'l5" 

Heber HR 6150 Limestone 3^0'11" llO0^^^' 

Sunflower SN 2900 Wthrd.  Granite 3305l^9" 11 Al'3^" 

Three channels of data (vertical,   radial and transverse) are 

recorded at each location by Sprengnether long-period seismometers.    The 

block diagram of Figure 11-21 shows data and recording systems for the 

long-period large aperture array at TFO.    Recording was done on the 

Astrodata Digital Acquisition System at a 50~msec sample interval.    The 

response of the recording system (Figure 11-22) is seen to be highly peaked 

at 0. 045 cps and the recordings are considered to be narrowband. 
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Figure 11-22.    Recording System Composite Response 
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The effect of the recording system response is to bandlimit 

the data.    So,  for a crust such as TFO,  the modes of propagation that may 

be recorded on the se smograms are limited to continental PL mode {Ph^i), 

fundamental Rayleigh (M     ),   first higher-order normal mode (M     ),   funda- 

mental Love mode,  and the first higher-order Love mode. 

Recordings were antialias filtered,  resampled to a 0. 5-sec 

sample interval,  gain-corrected from calibration analysis,   and then refor- 

matted at the Seismic Data Laboratory for input to the IBM system associated 

with TIAC.      The data processing operations preceding Texas Instruments 

analysis is shown in Figure 11-23. 

Ideally,  mode separation techniques would best be applied to 

events with epicentral distances less than 1000 km.    The only event available 

which has an epicentral distance less than 1000 km was an earthquake from 

Southern California.    Table II-3 describes associated PDE (Preliminary 

Determination Epicenters) information for this earthquake. 

Table II-3 

ASSOCIATED PDE INFORMATION 
FOR 

SOUTHERN CALIFORNIA EV^NT 

Location Southern California 

Date 26 September 1965 

Origin Time 07:00:00.9 

Latitude 34.7°N 

Longitude 116. 5° W 

Magnitude 4.6 

Depth 16 km 

* 
Texas Instruments Automatic Computer,  Trademark of Texas Instruments 
Incorporated 
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Figure 11-24 shows seismograms of the event in variable area display. 

Table II-4 gives the channel identification,   distance and azimuth for each 

recording station.    Due to various malfunctions of the data systems,     11 

out of 27 channels were not usable for this event.    Only the 16 good channels 

are shown. 

Table II-4 

CHANNEL IDENTIFICATION,  DISTANCE, AND AZIMUTH 
FOR SOUTHERN CALIFORNIA EVENT 

[Channel Station Azimuth Distance 1 
Mo. Code Component (Station to Epicenter) (km) 

1 SG Z 251.^5° 312.75 

2 JR Z 269.35° ^12.75 

3 SN Z 283.18° 451.85 

k TFO z 277.17° if 82.3^ 

5 WO z 269.53° 537.95 

6 NL 2 260.88° 636.66 

7 JR R 269.35° ^12.75 

8 SN R 283.18° ^51.85 

9 TFO R 277.17° 482.34 

10 WO R 269.53° 537.95 

ii NL R 260.88° 636.66 

12 JR T 269.35° 412.75 

13 
SN T 283.18° 451.05 

Ik TFO T 277.17 482.34 

15 WO T 269.53° 537.95 

16 NL T 260.88° 636.66 1 
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Since independent mode separation  processors must be 

designed at two output locations to effect mode separation in order to mea- 

sure the average dispersion between the two outputs,   it was desirable to 

obtain events which were recorded at several spatial locations.     Two additional 

events were obtained eve.   though their epicentral distances were larger 

than desired. 

The first event is from Jalisco, Mexico, and has an epicentral 

distance of about 1800 km. Table II-5 describes associated PDE information 

for this event. 

Table II-5 

ASSOCIATED PDE INFORMATION 
FOR 

JALISCO,  MEXICO,  EVENT 

Location E   ^t of Jalisco,   Mexico 

Date 22 September 1965 

Origin Time 14:36:10 

Latitude 

Longitude 

Magnitude 

Depth 

Figure 11-25 shown seismograms of this event in variable area display. 

Table II-6 gives the channel identification,  distance and azimath for each 

recording station.    This event has 21 usable data channels recorded at 

seven spatial locations. 

An examination of the event showed that the TFO radial and 

transverse components were transposed,  while the radial component appeared 

to have about 6 db higher gain than the other channels.    Also,  the three Long 

Valley channels were inverted with respect to the other stations.    All subse- 

qaent processing took the above observations into account. 
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Table II-6 

CHANNEL IDENTIFICATION,  DISTANCE AND AZIMUTH 
FOR JALISCO EVENT 

1 Channel Station Azimuth i Distance 1 
No. Code Component (Station to Epicenter) (km) 

1 GE Z 167.97° 1700.66 

2 TFO Z 166. lii0 i767.ll 

3 LG z 165.3^° 1788.39 

k HR z 168.15° 1800.26 

5 WO z 168.78° 1820.58 

6 JR z 164.25° 1843.76 

1      7 SG z J6i.09c 1964.49 

1      ö GE R 167.97° 1700.66 

9 TFO R 166.14° i767.ll 

10 LG R 165.3^° 1788.39 

11 HR R 168.15° 1800.26 

12 WO R 168.78° 1820.58 

13 JR R 164.25° 1843.76 

Ik SG R 161.09° 1964.49 

15 GE T 167.97° 1700.66 

16 TFO T 166.14° i767.ll 

1    17 LG T 165.3^ 1788.39 

18 HR T 168.15° 1800.26 

19 WO T 168.78° 1820.58 

20 JR T ]64.25° 1643.76 

1     21 SG T 161.09° 1964.49 
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The second e/ent is from Oaxaca, Mexico,  and has an 

epicentral distance of about 2600 km.    Table II-7 describes associated 

PDE information ior this event. 

Table II-7 

ASSOCIATED PDE INFORMATION 
FOR 

OAXACO,  MEXICO,  EVENT 

Location Near Coast of Oaxaca,  Mexico 

Date 20 September 1965 

Origin Time 11:31:43.6 

Latitude 

Longitude 

Magnitude 

Depth 

Seismograms of the event are shown in Figure 11-26.    Table II-8 gives the 

channel identification and azimuth for each recording station. 

4.    Dispersion Estimates 

Normal-mode dispersion in a plane-layered model simply 

corresponds to a frequency-dependent phase shift.    Therefore,  a transfer 

function may be determined which will propagate a given mode from one 

location to another which is a unit distance away.    A single-channel spatial 

prediction filter,   carrying one channel into the other,   may be computed 

from the auto- and crosscorrelation functions of the two traces.    This pre- 

diction filter is equivalent to the transfer function if only one mode i3 

present.    The dispersion of the mode may then be determined from the 

phase of the transfer function. 
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Table H-8 

CHANNEL IDENTIFICATION,  DISTANCE AND AZIMUTH 
FOR OAXACO EVENT 

Channel Station Azimuth Distance 
No. Code Component (Station to Epicenter (km) 

1 GE Z 137.75° 2592.59 

2 SN z 135.82° 2667.14 

3 TFO z 137.25° 2672.85 

l* WO z I39.k20 2684.08 

5 NL z 142.68° 2707.22 

6 JR z 136.72° 2763.IO 

7 6E R 137-75° 2592.59 

8 SN R 135.82° 2667.14 

9 HR R 138.83° 2675.05 

10 WO R 139^2° 2684.08 

ii NL R 1^2.68° 2707.22 

12 JR R 136.72° 2763.IO 

13 GE 137.75° 2592.59 

Ik SN 135.82° 2667.14 

15 TFO 137.25° 2672.85 

16 HR 138.83° 2675.05 

17 WO 139.^2° 2684.08 

18 JR .   1^2.68° 270^.22 
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Rayleigh and Love wave dispersion estimates have been mea- 

sured from the Southern California event using the vertical and horizontal 

components,   respectively.    Figure 11-27 is a polar plot showing the azimuth 

and distance of each station from the epicenter.    The Rayleigh wave dispersion 

estimates computed between various paris of stations are shown in Figure 11-28 

along with the theoretical dispersion curve for the TFO crust. 

Agreement between the experimental and theoretical curves 

is good over the frequency range 0. 025 to 0. 175 cps in all cases except 

Jerome-to-Sunflower and Sunflower-to-TFO.    An inspection of the polar plot 

(Figure 11-27) shows that these two pairs of stations have epicentral sepa- 

rations which are smaller (40 and 30 km) than any of the other pairs used. 

Their dispersion curves agree somewhat between frequencies of 0. 1 to 0. 15 

cps, where the wavelength being measured is of the order of or less than the 

station separation.    This is consistent with the physical condition that if 

accurate dispersion measurements are to be made,  the station separations 

should be equal to or greater than the wavelengths being measured.    Another 

possible reason for the poor agreement between these two pairs of stations is 

that the Sunflower data channel has not recorded data faithfully. 

Love-wave dispersion estimates were next computed by time 

partitioning the Love wave portion of the horizontal component with orientation 

more transverse to the great circle path from epicenter-to-station.    The 

results,   along with the theoretical dispersion curves,   are shown in Figure 11-29. 

Next,  the two horizontal components were rotated through the 

proper angle to give a horizontal component with orientation exactly transverse 

to the great circle path from epicenter-to-st.ation.    Dispersion measurements 

frcm the rotated components are also shown in Figure 11-29. 
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Figure 11-27.    Azimuthai Distribution of TFO Recording Stations for the 
Southern California Event 
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Agreement between experiment and theory is better after 

rotating the components, which is to be expected since the horizontal 

component before rotation will contain a horizontal component of the Rayleigh 

wave motion in adcition to the Love wave.    Here again the estimates are poor 

when the station separation is small (Jerome-to-TFO and Jerome-to-Sunflower). 
i 
i 

5.    TFO Model Fit 

Dispersive wave motion is a common feature in seismic records, 

but despite the relative abundance of experimental data it is difficult to obtain 

precise dispersion in'ormation.    Ideally,  a dispersion analvsis requires a 

strong source (M^ 6) having a broadband frequency spectrum with the source 

situated at one end of an inline seismometer array.    It is desirable that the 

array length be longer than the largest wavelength of interest (X. = c/f) by 

a minimum of several wavelengths,  and that the spacing between detectors 

be approximately equal and small enough to allow consideration of low- | 

velocity/high-frequency energy.    Where possible,   each seismograph should 

have three equalized components,  and the path defined by the array should 
i 

be free from major crustal irregularities.    In no study are all of these 

conditions satisfied. 

In the case of the long-period seismometer recordings 

obtained using the extended TFO array,  the most interpretable modal energy, 

from the standpoint of dispersion,  is the M      shear mode.    Since the dis- 

persive behavior of this mode is well understood and readily measurable,  it 

can be used as a partial check on the model.    An experimental Rayleigh wave 

dispersion curve,  obtained between the Seligman and Winslow sites {~ 260 km 

apart) for an earthquake originating in Southern California, was fitted (in the 

least-mean-square sense) by varying the shear velocities of layers 2 through 

5 of the TFO model crust.    This was done at 12 frequencies between 0. 034 

to 0. 145 cps.    Much of the crustal information contained in the lowest order 

TFO shear mode falls in this frequency band. 
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The resulting shear velocities (0) are (3    = 2.95 km/eec, 

0_ = 3. 58 km/sec,  0    = 4. 08 km/sec,  and ß_ = 4, 54 km/sec (half-space). 
3 4 5 

The layer 2 velocity decrease of 13. 5 percent was the lone modification; 

ali other changes were only about 0. 1 percent.    The dispersion points of 

tue original model,  the final adjusted model and the measured Rayleigh 

wave for the 12 frequencies are given in the first four columns of Table II-9. 

Table II-9 

MODEL INVERSION RESULTS 

Frequency 
(cps) 

Original 
Model 

(km/sec) 

Experiment«! 
Bat* 

(km/sec) 

1     Adjusted 
Model 

(km/sec) 

Four           1 
Kilometer 

Model   (km/sec) 

0.035 3.78 3.72 3.72 3.68 

0.0^5 3.65 3.57 3.6l 3.5U 

0.055 3.52 3.51 3.51 3M 
O.065 3.^3 3M 3A2 3.3* 
0.075 3.36 3.36 3.36 3.26 

0.085 3.31 3.31 3.31 323 

0.095 3.27 3-27 3.27 319 
0.105 3.& 3.2lf 3.2U 3.15 

0.115 3.23 3.rj 3.21 3,12 

0.125 3.21 3.18 3.19 3,09 

0-135 3.19 3.16 3.17 3.07 
]    0.1U5 3.19 3.16 3.l6 3.0'+           j 

At least one-half the data points of both models agree closely 

with the experimental points of the dispersion estimate.    The two lowest 

frequencies,  corresponding to wavelengths of the order of 105 km,  show the 

greatest difference.    Consequently,  it seems odd that the relatively thin 
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second layer (4 km) undergoes such a drastic change while the remaining 

layers are essentially unaltered.    The shear velocity of layer 1 (0. 5 km 

thick) was not allowed to vary in the fit because the layer was so thin that 

it was not expected to influence dispersion at periods exceeding 10 sec. 

To a lesser degree, the same reasonirj applies to layer 2.    The low 

velocity of layer 2 in the adjusted model suggests that an increase in the 

thickness of the top layer might yield a better fit.    The thickness of layer 

1 was increased to ^ km,  and again the shear velocities of layers 2 through 

5 were allowed to vary while a least-mean-square fit of the dispersion curves 

was made.    The layer 2 shear velocity decreased 1.2 percent,  layer 3 veioc- 

ityitn-reased 4 percent,  layer 4 shear velocity increased 2. 5 percent,  and 

layer 5 shear velocity decreased 1. b percent.    The dispersion points com- 

puted with these new model parameters are given in the fifth column of 

Table II-9. 

The agreement between the experiment and the 4-km model 

is not as good as that obtained with thr original model.    In order to quantita- 

tively assess the significance of the velocity changes in going from one 

model crust to another,  a program has been written to compute the derivative 

of the model phase velocity with respect to one of the following variables: 

• Compressional velocity (a) 

• Shear velocity (0) 

• Density (p) 

The derivative is computed at each frequency specified for each layer in the 

model.    Thus,  layer derivatives of phase velocity (C), with respect to shear 

velocity (ß),  can be plotted vs frequency.    These curves indicate frequencies 

at which each each layer exerts its strongest effect for a small change Aß, 

in 0. 

1 ■ i 

I 
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Two plots (Figures 11-30 and 11-31) have been made for the 

two lowest order shear modes o.' the Table H-l TFO model crust.    The 

modal dispersion curves are most sensitive at Vow frequencies to changes 

in shear velocity of the half-space.    Modifications of the uppermost layer's 

shear velocities have negligible effect at low freqeuncies and little effect at 

relatively high frequencies for these low-order modes.    This means that 

the large increase in ß   just discussed could only alter the dispersion 

curve slightly,  which is the case. 

The velocity parameters for layers 3 through 5 were suffi- 

accurate that they were not perturbed.    The conclusion drawn is that the 

present crustal model for TFO (Table II-1) is adequate for the frequency 

range from 0. 035 to 0. 145 cps.    A study now in progress is extending this 

frequency range to 0.22 cps and provides an additional check at the low 

frequencies.    At present, the adequacy of the TFO crustal model for 

frequencies above 0.2 cps depends principally on its intimate association 

with a satisfactory low frequency model. 

6.    Mode Separation 

This section deals with the problem of measuring experimental 

dispersion curves from long-period seismograms recorded by the TFO ex- 

tended array.    If a single mode could be recorded at two locations, then the 

dispersion curve for that mode could be determined by use of Fourier trans- 

form methods. 

As previously discussed,  dispersion curves were measured 

from field recordings by time-partitioning the Rayleigh mode portion of the 

records and using Fourier transform methods on the raw data.    Good agree- 

ment with theory was obtained because the fundamental Rayleigh mode over- 

whelms the other modes and may be considered to be the only mode present. 
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Theoretical corrputations predict that 10 higher-order normal 

modes may be expected in a crust such as TFO between frequencies of 0.0 

and 1.0 cps,  and these modes will have relatively email amplitudes com- 

pared to the fundamental Rayleigh mode.    In order to separate these higher- 

order normal modes which overlap the Rayleigh mode in both arrival time 

and frequency,  it is necessary to apply a mode separation technique which 

makes use of the frequency dependent phase velocity of dispersive modes. 

The Jalisco event was selected for mode separation since it 

was recorded at more spatial locations than either the Southern California 

event or the Oaxaca event.    Figure 11-32 shows a polar plot of the station 

locations and azimuths from the Jalisco epicenter. 

Two different array processing schemes were used for mode 

horizontal-vertical relationships (two components). 

I 

■   i 
I I 

■% 

Autocorrelation functions were computed from the vertical 
f | i 

time traces recorded at Globe,  TFO and Seligman.    The time gate used in 

the correlation process contained the entire event from P-wave through 

Rcyleigh coda.   Spectra of the autocorrelation functions are shown in 

Figure ''-33.    The energy is strongly peaked at 0. 05 cps.    The recording 

system has essentially bandlimited this data so that it contains no energy 

above 0. 15 cps. 

Theoretica' dispersion curves computed for the crust at 

TFO show that only two normal modes may be present on these long periol 

recordings — the fundamental Rayleigh mode (M..) and the first shear 

mode (M    ).    Therefore,  the problem is designing multichannel mode 

separation filters and applying them to the separation of a relatively small 

amplitude mode (M   .) in the presence of an overwhelming mode (M. .). 

separation.    The first makes use of frequency-velocity and amplitude rela- 

tionships (one component),  while the second makes additional use of the ^ 

- 

' 
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Figure 11-32.    Azimuthai Distribution of TFO Recording Stations from the 
Jalisco Event 
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Figure 11-33.    Frequency Spectrum of Autocorrelations for the Jalisco Event 
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a.    1-Component Filter Design 

In the time domain,  the system of m filters, which yield the 

minimum mean-squared-error for a fixed filter length r,  is given by the 

solution y. (t) of the equation 

where 

[V
T)

] 

[f..(T>][y,(T)l=[4.o(T)] 

is the rm x rm matiix of crcss- 
correlationa of signal plus noise 

is thf rm x 1 matrix of filter 
operator points 

$.   (T)    is the rm x i matrix of signal 
crosscorrelation between the 
input channels and the output 
channel 

Specified in the filter design are the signal mode M     ,  noise 

consisting of the Rayleigh mode M        and two nondispersive waves propa- 

gating at 8 and 6 km/sec     The auto- and crosspower spectra were computed 

for the four modes using the theoretically computed dispersion and vertical 

excitation functions for M      and M    .    The two nondispersive waves were 

specified to have a c( astant power level about 6 db less than the signal 

mode,  M^,.    These auto- and crosspower spectra were then inverse 

Fourier transformed to give the correlation statistics required for filter 

design in the time domain. 

Two spts of filters were designed to operate on independent 

data traces to separate the signal mode at two output locations.    The first 

filter E3t used Globs,  Long Valley,  Winslow,  and Jerome data cnannels. 

The second used TFO,  Hebet and Seligrnan data, channels.    The seven spatial 
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locations were divided into 4- and 3-channel processes in order to choose 

the spatial locations which would maximize the aperature needed by each 

processor to effect mode separation at low frequencies. 

Because of the large aperature (143 km for the 4-channel 

process and 197 km for the 3-channel process),  very long filters (50-sec) 

are needed to span the moveout of the lowest velocity event across the 

process.    However,  shorter filters were designed by shifting the correlation 

functions to a reference velocity between the P and Rayieigh velocities and 

then designing the filters using these shifted correlations.    Filters designed 

in this manner were applied to the shifted seismograms. 

The sample interval of the seismograms is 0. 5 sec.   Since 

the seismograms contain no energy above 0. 15 cps,  it was possible to 

compute the coi relation functions at a Z-sec sample interval without fre- 

4uency aliasing.    This reduced the number of filter points required to span 

the moveout. 

The correlation functions used to solve the time-domain 

matrix equation and the 11-point filter solutions along with the array geo- 

metry of the channels used are shown in Figures 11-34 and 11-35 (4- and 

3-channel process). 

The f-k responses of these filter sets (Figures 11-36 and 

H-37) were computed in order to determine their rejection capabilities. 

Each response has been normalized to the largest value of power in the 

f-k response.    Each contour in the figures represents a range of 6-db 

rejection, and the theoretical dispersion characteristics of the signal and 

noise are shown as solid lines.    In both cases,  the M      mode is passed and 

the M      mode is rejected by 12 to 24 db.    The filters are working hardest 

to reject the large amplitude R.ayleigh mode.   Moreover,  some rejection 

of the two nondispersive waves has also been achieved — particularly by 

the 4-channel process (Figure 11-36). 
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The other areas of high response (0 to 6 db) are regions 

where there is neither signal nor noise.    In these regions,   no constraints 

are placed on tne response by the filter design. 

b. Two-Component Filter Design 

Another type of mode separation processor was designed to 

use da*.a recorded on vertical and inline horizontal seismometers.    Two 

sets of filters (8- and 6-channel processors) were designed using two com- 

ponents at each spatial location.    The spatial locations used are the same 

as for the 1-component processors just discussed. 

The filters were designed using correlation statistics com- 

puted in the same manner as for the 1-component processor.    The matrix 

of correlations and the filter solutions for the 8- and 6-channel processors 

are shown in Figures 11-38 and 11-39,   respectively.    There is no dispersion 

between two components at a single spatial location.    However, there is a 

±90° phase shift for the normal modes between horizontal and vertical 

components,  and their excitation amplitudes differ. 

The performance of the 2-component processors is expected 

to exceed that of the 1-component processors.    This is presuming that the 

horizontal and vertical instruments have the same response characteristics 

and that the recordings are accurately gain equalized.    The later is partic- 

ularly important,   since the two horizontal components must be used in 

rotating the coordinate system to produce an inline horizontal seismogram. 

c. Rotation of Components 

Two horizontal components of motion (radial and transverse) 

are recorded at each location.    The 2-'.,omponent processors require one 

horizontal component oriented inline with the event,  necessitating the 

rotation of the coordinate system. 

H "60 science services division 



m 
a 
o 

2 S a s 5 

H^r ...... ....^ 

O 
0 

n 
M 

O 

13 

rt 

o 
N 

• H 
M 
O 

^3 

rt 
u 

•43 
u 

> 

0) 
M 
rt 

43 

n 
3 

rt 
a 
00 

43 

g 
M 
O 

n 
ß 
O 

I 
a o 

•H 

rt   M 

M 
O 
U 
a 
CO 
O 
u 
Ü 

rt 
g 
4) 
a 

•i-t 
O 
a 

2  S 
bO 

0) 
43 
H 

« « 
43 

4) *^ 

m 0 
a 4J 

s - 

. 43 
«4-1 (J 

a t: o 3 
•rt eu 

0) 0 

^ 43 

« 'S n 5 
O " 
W m 
Ü ^5 

rt S 

•rt Ä 

05 

CM 

0) 

rt 

rt 

CO 

U 
a 

•rt 
CO 
V 

M 

O 

I 

4> 

43 
U 
I 

00 

ü 

Ü 

b0 
•rt 
as 

Q 
M 
0) 

V 

U 
i 

OO 

o 

CO 

§ 
'ft 
u 
§ 

a 
o 

rt 
i-t v 
h 
O 
Ü 
f—i 
rt 
u •rt 

•W 
V 

o 

n & 

CO 

i 

4) 

00 
• rt 
tu 

11-61 »rvl« 

■ 



s, 

CO 

n 
a) o Q 

■M 
(4 n 
Ü « 
0 ■—< 4J li rg i-H 

rt S h 
• H V r>H 

ft 
(0 

CO 

(X a 
DO 

• H 

15 
u 
nt 
0« 

0) i-4 a> u 
M rt CO CO 

A a 0 vO 
bo c fH 
CO Ü 4J T3 0 

CO 

rt 
■M 
0 f5 

0 

0) 
B 

m 
0) 

CO 

g 
•n 

0 
0 

CO 
B 

0 -0 o 
B 

*M r\ i—1 CO 3 
0 0 

•H 0) 

4J 

h 
^ 4J U 3 

ö H i-l B OS 
a 
0 ^ 

U 4-> 

O 
•H 

a» 0 s 
0 
(X 

n) 
i-t 
0) 
u 

Ü 

u 

J^ nt 4J u 
3 
0 

0 
U 

> 
0 

•H 0 
V 

^ r-l 
i—i 

«S 
• H 
u 

Ü V CJ 
r-t to 

CO 

0 
B 
(4 

•H 

0) 
u 
0 
0) 

0) 
»4 O 

Ü 
0) 

fll 
s U 

o as 
i—i rt r—1 <U   X i ^ 

0) 

CO 
O 

CO 
•r-l 

O 

nt B  "^ 

2 «4 % 
H 

§ 
u Ö w ü a H 

r «**k .*■*» ^** 
o <; 

'w*' 
PQ Ü a 

.a 0) 

09 3 
« M 

g fa 

11-62 sol«nce ••rvlo«s division 



for each time t.    Where 

R = Amplitude of the radial component 

T = Amplitude of the transverse component 

6 = Angle through which the radial component must be 

rotated in order to be inline with the computed 

great circle azimuth to the source 

The next step is to apply mode separation filters to the inline 

horizontal and ver Leal seismograms by the multichannel convolution and 

summation process. 

d.    Errors 

The data used in this analysis have been equalized at SDL by 

applying scale factors computed from calibrating the instruments.   Power 

spectra computed from the equalized traces show the peak power to be 

nearly equal, indicating adequate equalization.    Also, the mean of several 

traces was computed and found to be very close to zero. 

Random gain fluctuations appear as spatially uncorrelated 

noise,  the wavenumber spectrum of which may be assumed constant.    If 

random differences in receiver gains between channels occur,  they may 

be introduced into the mode separation filter design by scaling up the auto- 

correlations.    This will extend the applicability of the processor at the 

expense of degrading the filter response.    In the filter design previously 

described, no noise has been added. 

The rotation of the coordinate system uses the formula 
i 

R^t) = R(t) cos 6 +    T{t) sin 9 
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In addition,  it is absolutely necessary that the channels be 

gain-equalized since the horizontal components must be rotated to produce 

an inline and a transverse trace. 

Another source of error is that the horizontal and vertical 

instruments may have different response characteristics.    If the instru- 

ments are not matched,  the individual responses must be used to correct 

the recorded signals.    No correction was made on the present data since 

individual instrument responses were not available. 

None of the events were directly inline with either arm of the 

TFO extended array.    The seismometer positions were,  in effect, projected 

(by using circular arcs) onto a linear array inline with the event.    This is 

valid for an earth model consisting of plane parallel layers.    Theoretical 

mode separation filters then we^e designed using the spacings of the con- 

structed linear inline array. 

e.    Application 

The theoretically computed mode separation filters were 

applied to the experimental seismograms using the multichannel convolution 

and summation process.    The results from the 4- and 3-channel processors 

show that the Rayleigh wave was not rejected as much as was predicted by 

the computed filter response.    The large Rayleigh wave residual precludes 

any measurement of M   . dispersion which may be present.    This suggests 

important differences between the assumed theoretical model and this 

experimental data. 

Attempts have been made to find the cause of the large 

Rayleigh wave residual.    Rayleigh wave dispersion estimates were com- 

puted for tue Jalisco event by time-partitioning the Rayleigh wave portion 

of the records and computing the dispersion between pairs of stations. 
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The estimates are very poor in that they do not agree between various pairs 

of stations nor do they agree with the theoretical curves.    This is surprising, 

since very good agreement was obtained from the Southern California event 

using the same methods. 

Next, the Oaxaca event was time-partitioned and Rayleigb 

dispersion estimates were computed. The results were even worse than 

for the Jalisco event. 

The experimental f-k characteristics for the Jalisco and 

Oaxaca events differ from the assumed theoretical f-k characteiistic. 

Therefore,  the Rayleigh wave will not fall in the M      notch shown in the 

filter responses (Figures 11-36 and 11-37) but will fall on the sides of the 

notch,  giving very little rejection. 

Dispersion estimates from the Southern California event 

agree well with theory,  while these from Jalisco and Oaxaca show signifi- 

cant differences.    There are two important differences in the data.    First, 

the Jalisco and Oaxaca events have large epicentral distances (1700 and 

2600 km) compared to the Southern California event (500 km),  and second, 

the surface waves from the Jalisco and Oaxaca events are traveling roughly 

S-N across the array while the direction of propagation is W-E for the 

Southern California event.    Lateral inhomogeneity could explain some of 

the difference between theory and experiment; however,  vhe exact cause 

is not known at present. 

C.    LASA CRUSTAL MODEL 

1.    Geophysics of Large Aperture Seismic Array 

The model crust selected for the Large Aperature Seismic 

Array (LASA) in Montana is based on the 1959 measurements of Steinhart 

and Meyer (1959). 
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A detailed profile was recorded from Acme Pond north to 

the Ft. Peck reservoir in eastern Montana (Figure 11-40).    The Carnegie 

Institution of Washington, D. C,   recorded along several profiles oriented 

E-W using the same shotpoints.    The geologic cross-section associated 

v/ith the ^«istern Montana crust, is fairly simple    with plane-layer type 

formations.    From the standpoint of mode theory,  the ideal geology of 

the LASA crust offers the best experimental circumstances to date. 

Several crustal models satisfying observed travel times ar>.d 

exhibiting the same closure times at both ends of the previously mentioned 

profiles were derived as be^t approximations to the actual thickness and 

velocity structure of the Montana crust.    The LASA model parameters 

are given in Table 11-10.   Again,  the shear velocities have been computed 

by means of Poisson's relation.    The depth to the M discontinuity is 50. 3 

km; thus, dispersive effects,  based on the entire crust, will become 

noticeable at wavelengths near 50 km.    Wavelengths this long or longer 

correspond to frequencies below 0. 1 cps for typically observed shear 

waves.    Higher-order nudes show dispersion at higher frequencies but are 

commonly less strongly excited. 

Table 11-10 

PHYSICAL PARAMETERS FOR LASA CRUSTAL MODEL 

Compressional Shear Layer             | 
Velocity, a Velocity,  B Thickness 

]         Layer (km/sec) (km/sec) (km) 

1              1 2.60 1.50 0.3               j 

2 3.70 1.85 3.0 

3 6.08 3.51 20.0 

4 6.97 4.02 17.0 

5 7.58 4.38 10.0 

Half-space 8.07 4.66 00                                      1 
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Figure 11-40.    Large Aperture Seismic Array in Eastern Montana 
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At this time,  long-period data are not available for the 

LASA site.    However,  short-period recordings covering the band from 

0.5 to 2. 0 sec have been obtained.    Dispersive phenomena at these short 

periods can best be studied by considering only the uppermost layers in 

the model of Table 11-10 because these layers exercise the greatest control 

over the dispersion at high frequencies.    Consequently,   modal dispersion 

and excitation for  the simple 3-layer model of Table 11-11 were computed. 

Table II-11 

PHYSICAL PARAMETERS FOR 
HIGH FREQUENCY LASA CRUSTAL MODEL 

Layer 

Compressional 
Velocity, a 
(km/sec) 

Shear 
Velocity,  3 
(km/sec) 

Lay^r 
Thickness 

(km)          | 

1              1 
2 

j    Half-space 

Z.6 

3.7 

6.08 

1.5 

1.85 

3.51 

0.3            | 

3.0 

00                        1 

2.    Mode Calculations for LASA Crust 

The preliminary LASA calculations were made with a 

Af = 0. 04950495 cps based on a sample time of 0.2 sec and a time window 

20.2 sec long.    (This gives a folding frequency of 2.5 cps.) 

Nine normal modes were found between 0.0 and 2.5 cps, and 

plots of their phase velocity vs frequency are displayed in Figure 11-41.    The 

M      shear mode velocity decreases rapidly from 0.0 to 0.35 cps, approaching 
11 

the 1. 5 km/sec shear velocity of the top Icyer at 2. 5 cps.    The next wo modes, 

M01 and M.-, do not disperse as rapidly; their limiting velocity at 2.5 cps is 
21 I« 

close to 1.85 km/sec, the shear velocity of the second layer.    The modes 

above M      have not closely approached any layer velocity at 2. 5 cps. 
6b 
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Normal mode excitation amplitudes are shown in Figures 

11-42 through 11-45.    There is an unusual rise in M      excitation amplitude 

above 1.5 cps.    This mode's power across almost the entire frequency 

band insures its dominance in any field measurements. 

The horizontal amplitude exceeds the vertical amplitudes for 

the first four modes near their cutoff frequencies.    This atypical result is 

especially noticable for the two modes M      and M    . 

Calculations for the LASA crust are proceeding,  and an 

attempt to design mode separation filters and apply them to high frequency 

LASA data is planned. 

3.    Short-Period LASA Events 

LASA field recordings of two events have been obtained from 

the Seismic Data Laboratory.    Figure 11-40 shows the configuration of the 

21 subarrays in Montana.    Each subarray consists of 25 short-period vertical 

Hall-Sears seismometers. 

One event has been demultiplexed into subarrays and copied 

onto TIAC.    Variable-area seismograms from three of the subarrays are 

shown in Figure 11-46.    Table 11-12 describes associated PDE information 

for this event, which is approximately 700 km epicentral distance from LASA. 

Table 11-12 

ASSOCIATED PDE INFORMATION 
FOR COLORADO EVENT 

Location Colorado 

Date 5 January 1966 

Origin Time 00:37:17.8 

Latitude 39. 8° N 

Longitude 104. 7° W 

Magnitude 4.6 

Depth 5 km 
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Figure 11-46.    Seismogram Recordings of the Colorado Event at Three 
LASA Subarrays 
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A preliminary examination of the LASA recordings shows a 

w^    defined P-wave of short duration,  a shear mode region and the first 

part of the surface waves.    The edit of the event at SDL was not sufficienty 

long in time to encompass the entiie event.    The signal energy lies primarily 

between 1,0 and 3. 0 cpi».    Surface wave propagation in this frequency range 

will be controlled primarily by the upper 3 or 4 km of the crust at LASA. 

Therefore,  information about the sedimentary layers can be obtained from 

these recordings by array pvocessing. 

Long period data which xs currently being recorded at LASA 

will be obtained for mode separation processing as it becomes available. 
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SECTION III 

SCATTERING STUDIES 

A. DESCRIPTION OF ANALOG MODEL 

An analog model,  designated H-6, was used to perform 

scattering studies.    This model consists of a single brass layer overlying 

a steel "half-space,"   The brass layer is 30 mm thick at one end and 50 

mm thick at the opposite end.    This change in thickness takes place over 

a horizontal distance of 60 mm.    The brass and steel are 1/16 in. in width. 

A drawing of the model,  along with its elastic parameters,  is shown in 

Figure III-l.   If one millimeter is scaled to one kilometer,  *he lateral 

inhomogeneity is representative of a transition from continental to oceanic 

crust. 

A 400-kc barium titanate crystal,   1 mm in dia and glued to 

the surface of the model,  serves as the source transducer.    The receiving 

transducer (1 mm x 3 mm) is also a barium titanate crystal.    Polarization 

of the transmitter is such that it operates in a compressional mode, while 

the receiver responds in a tr,. nsverse mode.   A square pulse of about 

3-Msec duration and lOOO-volts amplitude is applied across the sourc    crystal. 

The receiver may be rotated 90° in order to measure horizontal and 

vertical components of lateral motion.    The signals are passed through 

amplifiers, filters and a voltage-to-frequency converter and then digitized. 

The output is punched on paper tape for computer processing. 

B. SCATTERING DV'^ TO LATERAL iNHOMOGENEITY 

With the source located on the trin end of the model (Figure 

III-l),  recordings we* e made at 1-cm intervals along the suriace of the 

model.    High and low gain recordings of horizontal and vertical amplitudes 
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were made to insure optimum recognition of the weak as well as the strong 

signatures.    The low gain vertical and horizontal recordings are shown in 

Figures III-2 and III-3,   respectively, while the high gain vertical and 

horizontal recordings are shown in Figures III-4 and III-5. 

Travel-time curves,  shown in Figure III-6, have been 

calculated for the case where the source is located on the surface at the 

thin (30 mm brass) end of the model.    Measured values are plotted as 

small dots on the theoretical travel-time curves.    They were obtained by 

timing the "first break" and secondary arrivals on the high-gain records. 

Even though the wavelengths of the first arrival are of the order of the 

layer thickness and thus lend themselves to a modal interpretation, there 

is good agreement between the ray theory predictions and experiment 

(Figure III-6). 

An inspection of the recordings from Model H-6 (Figure III-4) 

shows a well developed leaking mode propagating in the thin end.    In order 

to identify the mode, two independent sets of input traces were Pie Slice 

processed to pass only the high velocity leaking mode energy propagating 

between 4.0 and 6.7 mm/lisec and to reject energy propagating at velocities 

outside this band.   A single-channel spatial prediction filter was then com- 

puted from auto- and crosscorrelations of the Pie Sl;ced output traces, 

and dispersion was determined from the phase of the prediction filter.    The 

dispersion estimates agree with the theoretical curves for PI-^z propagating 

in the thin end of the model.    Power spectra show the energ, to be highly 

peaked around 70 kc. 

Since mode conversion is expected to occur in going from 

the thin to the thick end, a similar analysis was performed on the seismo- 

grams from the thick end.    However, no consistent dispersion estimates 

could be obtained. 
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Figure III-3.    Low-Gain Horizontal Rec< 
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theoretical dispersion curves (Figures III-7 and III-8) show that if M      on 

the thin end scattered into M-. on the thick end, a decrease in phase velocity 

at each corresponding frequency would result.    Frequency-wa^ enumber 

analysis was used in an attempt to measure this velocity change. 

Ninteen traces from the thin end of the model were used to 

obtain correlations which were double Fourier transformed to give the f-k 
Q 

spectra shown in Figure III-9.      The theoretical dispersion characteristics 

for M.    and M-. on the thin end are shown on the plot as solid lines.    The 

Rayleigh mode is the dominant event on the recordings, and its dispersion 

characteristic is well defined in the f-k plot.    The 6- to 12-db contour at 

60 kc and 0. 2 wavenumber is probably a manifestation of M-..    The theo- 

retical and experimental curves should not agree exactly,  since the velocities 

used to compute the theoretical curves differ slightly from the actual model 

velocities. 

Next, the f-k spectra shown in F'~ure 111-10 were computed 

using 19 traces from the thick end of the model.    As before, the Rayleigh 

mode characteristic is well defined.    The theoretical dispersion characteris- 

tics for M_. and M. _ on the thick end are shown on the plot as solid lines. 

One obvious difference between the two f-k spectra is the more complicated 

appearance of the spectra for the thick end.    The 6- to 12-db contour at 

60 kc and 0. 2 wavenumber,  which was observed on the thin end, has changed 

appreciably in location.    There now are two 6- to 12-db contours present 

at 60 kc, and they agree well with M_    and M.. characteristics for the 

thick end. 

These results are consistent with mode-to-mode scattering. 

However, it is known that crosscorrelation between modes complicates 
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Figure 111-9.    Spectral Estimate of Model H-6 Data Using a 19-Element 
Array on the Thin End of the Model 
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the fine structure of the frequency-wavenumber estim'ate (particularly 

when one mode,  such as the Rayleigh,  is 12 to 18 db stronger than the 

next higher mode).    Therefore,  if accurate dispersion characteristics are 

to be measured,  mode separation processors must be designed and applied. 

C.    SCATTERING FROM SMALL SURFACE IRREGULARITIES 

In order to simulate the effect of incident seismic waves 

interacting with a small surface irregularity,  brass scatterers were glued 

to the surface of the analog model,    (yne of the scatterers was triangular 

shaped with a base length of 10 mm and a height of 3 mm.    The other one 

had approximately the -same dimensions but was Gaussian shaped.    Figure 

III-II shows a side view of these two scatterers.    Henceforth,  they will be 

referred to as scatterer 1 and 2,  respectively. 

± 
O   rnfn       _^r ^^w J MW 

*   |*—   ;CMM-*| *   \*—I0MM-^| 

(A) (B) 
SCATTERER I SCATTERER  2 

Figure III-11.    Surface Scatterers 
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Each scattered was centered on the surface of the thin end of 

Model H-6, 40 cm from the source (Figure III-12).   In effect, the analog 

model was a single layer over a half-space with a surface irregularity. 

Using this arrangement,  ehe receiver was moved along the surface,  and 

recordings were made at 1 -cm intervals at a distance from the source which 

ranged from 10 to 59 cm. 

The vertical output traces of the received signal using no 

surface scatterers are shown in Figure III-13. The dominate feature of 

these traces is the incident Rayleigh mode. 

Figure III-14 shows recordings over the same profile when 

scatterer 1 is in position.    A pulse reflected from the scattering center is 

observed propagating back toward the source at Rayleigh velocity (1. 97 

mm/|isec).    Recordings with scatterer 2 in place are shown in Figure 

III-15.    A similar reflected pulse is observed. 

The traces were Pie Sliced   for a velocity of -2.0 mm/nsec 

to pass the reflected pulse only.    The Pie Slice output distances were 15. 5, 

24. 5,  33. 5,  46. 5 and 53. 5 cm from the source.    These results are shown 

in Figures III-16 and III-17,  respectively.    Similarly, the traces were Pie 

Sliced at 2. 0 mm/|-isec in order to pass the incident Rayleigh wave. 

Power spectra of the +2.0 mm/Msec Pie Sliced output 

(incident Rayleigh) and the -2.0 mm/l^sec Pie Sliced output (reflected 

Rayleigh) were calculated for distances of 15. 5,  24. 5 and 33. 5 cm from 

t>>e source.    The two spectra at each of the above three distances are shown 

in Figures 111-18, III-19 and III-20,  respectively, for scatterer 1.    The 

relatively low power level at low frequencies for the reflected wave observed 
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Figure 111-14.    Low Gain Vertical Recordings for Model H-6 with Scitterer 1 
(Distance from th3 source ranges from 10 to 59 cm) 
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in these figures indicates that wave lengths much larger than the dimensions 

of the scatterer are not strongly influenced by the surface irregularity. 

Power spectra for the transmitted Rayleigh wave at distances of 46. 5 and 

53. 5 cm are shown in Figure III-21 for scatterer 1.    Similar results for 

scatterer 2 are shown in Figures 111-22 through 111-25.    In Figures 111-18 

through III-25, and value below -72 db would have no physical meaning 

since it falls outside the dynamic range of the digitizer used to record the 

output time tiaces. ;| 

s 

Transfer functions that change the incident Rayleigh mode 

into the scattered energy were computed for both scatterers at output 

distances of 15. 5,  24. 5 and 33. 5 cm.    The amplitudes of the transfer 

functions are plotted in Figure III-26.    These results are compatible with 

previous conclusions. 

Theoretically, a time trace taken from the model with no 

scatterer present may be subtracted from a trace taken with the scatterer 

in place,  leaving only reflected energy.   However, due to the receiver 

crystal coupling and slight placement differences,  this is not the case 

experimentally and,  therefore, the waveforms differ slightly.    When the 

traces are subtracted in the above manner,  residual incident energy re- 

mains because of the slight difference in waveform. 

In order to achieve the desired subtraction,  cross equalization 

filters were designed which remove experimentall/ induced discrepancies 

in the waveforms of the incident Rayleigh energy. 

An 11-point prediction filter was designed using correlations 

constructed over a time gate of 400 points.    The short length filter was 

used so that it would design primarily on the incident Rayleigh energy and 
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Figure III-26.    Amplitude of Transfer Function for Distances of 15. 5,  24. 5 and 
33. 5 cm for Scattered 1 (above) and Scatterer 2 (below) 
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not try to fit the backward reflected energy.    The fUters were applied to the 
I 

trace with no scaiterer present, 
r 

The convolved trace was then subtracted from the trace 

recorded with the scatterer present.    This was done for corresponding 
i i 
I traces at each output distance from 10 to 40 cm.    The convolved output 

traces are shown in Figures III-27 and III-28,  respectively, for scatterers 

J 1 and 2.    The results after subtracting the convolved traces from correspond- 

ing time traces are shown in Figures III-29 through III-32. 

Results vary from location to location.   If the 11-point filter 

had worked perfectly, the result after cross equalization and subtracting 

would have been only scattered energy.    The residual incident Rayleigh 

energy is due to the inability of the filter to do a perfect job.    This results 

I partially from the fact that the two traces at the same output location are 

fe not sufficiently similar in shape. 

r The scattered signal is enhanced by applying the Pie Slice 

operator for a velocity of -2.0 mm/|isec to the results of the orossequaliza- 

tion and subtraction process (Figures III-29 through III-32).    The net effect 

of the processing up to this point has been to reduce the incident Rayleigh 

mode by 12 to 18 db for both scatterers. 

The Pie Sliced outputs for both scatterers are shown in 

Figures III-33 through III-36.    Each result is shown at the same level as 

the original input traces, as well as at a 12-db higher gain.    It is difficult 

to observe any reflected energy other than the -2.0 mm/|isec energy. 

Some of the +2.0 mm/jisec energy remaining is aliased energy.    Cross- 

equalization and subtraction left a smaller residual energy for scatterer 2. 

Future plans for scattering studies with Model H-6 will 

include recording data with the source on the surface of the 5cm end,  as 

well as on the bottom of the model,  and development of a theoretical 

scattering program. 
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