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ABSTRACT

'Nhe work during the final year of contract no. F44620-

75-C-0064, Research in Seismology (Attenuation and Source

Mechanisms) is described. This is separated into four areas:,

l.'--Velocities and attenuation of surface waves in

the earth,-

2. '.Summary of crustal structure in the middle East

3.c!; Source properties of shallow earthquakes; ,,

4 .- Three-dimensional crust-upper mantle models.,

* ~ -In addition, a cumulative list of publications is included.
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I. INTRODUCTION

This final report for contract no. F44620-75-C-0064,

"Research in Seismology (Attenuation and Source Mechanisms)",

covers the final year of the project. The work done in this

period includes detailed studies of crust-upper mantle structures

and their lateral variations, surface wave propagation and

attenuation over regional distances, and the determination

of source properties of "anomalous" earthquakes by combined

studies of body and surface waves.

At regional distances, the lateral variations of the shallow

structure have strong effects on the propagation of body and

surface waves. The lateral heterogeneities are present not

only in "tectonic" regions but also in the old geologic

provinces. The horizontally layered models are becoming less

representative of the structures in continental areas.

Continental growth processes, that include collisions, suturing,

heating and melting, leave major heterogeneities that affect

wave propagation, scattering and attenuation.

%* Similarly, complexities of the earthquake source, even for

small events, are being found with more detailed studies. Body

waves from such sources are being affected by source finiteness,

asperities, rupture propagation and by the geologic structure.

It is difficult to separate all these effects, especially for

very shallow sources, where surface reflection further

f complicates the problem. Detailed analysis of body and surface

A
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waves is necessary to determine the source properties. An

example of how this approach was utilized to study some

anomalous events is shown in this report.
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II. VELOCITIES AND ATTENUATION OF SURFACE WAVES IN THE EARTH

Measurement of Interstation Phase and Group Velocity and Q using
Wiener Filtering, S.R. Taylor and M.N. Toks8z, Bull. Seism. Soc.
Am., submitted, 1980.

Abstract

A method for calculating interstation phase and group velocities and

relative attenuation coefficients using a Wiener (least squares)

filtering technique is presented. The interstation transfer (or

Green's) function is estimated from two stations laying along the

same great circle path. The estimate is obtained from a Wiener

filter constructed to predict the signal at the station further from

the source from the signal recorded at the nearer station.

The interstation group velocity is obtained by applying the multiple

filtering technique to the transfer function, and the interstation

phase velocity from the phase of the transfer function. The

amplitude spectrum of the transfer function is used to calculate

relative attenuation between the two stations. The Q values

calculated from the transfer function appear to be more stable than

those obtained by taking spectral ratios.

The method is particularly useful for paths involving short station

separations and is applied to a surface wave path crossing the

Iranian Plateau.

-A.

1
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INTRODUCTION

Analysis of surface wave dispersion and attenuation information is a

useful means of determining crust and upper mantle structure,

particularly in remote regions where additional geophysical data are

sparse. A number of different schemes have been developed for the

measurement and inversion of phase and group velocities and

attenuation using various station-path configurations (Cf. Kovach,

1978 for a review).

In setting up the surface wave inversion, it is necessary to

parameterize the problem and define what phase and group velocities

reveal about earth structure. Inversion of phase velocities alone

presents a non-unique problem because of the trade-off between

certain parameters such as velocity and layer thickness. However,

inversion of group velocities alone results in a more non-unique

problem (Pilant and KnopofF, 1970) resulting From the derivative

relationship between phase and group velocit4. Because of a

constant of integration, two structures generating different phase

* velocity curves can produce identical group velocity curves.

Although phase and group velocities are not completely independent

variables, they do provide slightly differing sensitivities to a

given structure and cart he used simultaneously to increase

resolution. Also, because anelasticitu of the earth causes physical

U !
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dispersion of seismic waves, attenuation information can be used to

correct phase and group velocity curves, or the different types of

observations can be inveT'ted simultaneously.

The two-station technique is commonly used for measurement of

interstation phase velocities by calculating phase differences or

attenuation by taking spectral ratios From two stations laying on

the same azimuth from an earthquake. Interstation group velocities

can te calculated by differentiating the phase velocity curve or by

measuring group arrival times at each station either directly from

the seismograms or by narrow bandpass filtering each seismogram and

dividing the group delay into the station separation. Landisman et

al., (1969) suggest measuring interstation phase velocities from the

windowed cross-correlogram. Windowing where the correlation is high

reduces the effect of random noise in the phase spectrum and

stabilizes the phase velocities. Landisman et al., (1969) also note

that the cross-correlation Function approximates the interstation

impulse response and application of the moving window technique or

multiple Filtering (Dziewonski et al., 1969) can be used to

calculate interstation group velocities. Although this technique is

useful for phase velocities, test cases shown below illustrate the

* measurements of interstation group velocities from the

cross-correloqram can lead to (ri.uO's of almost 10 percent for

station 'ep,3rations of 500 ko at periods of: 0 econdi.

Y.
* d.

A.-
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In this paper, we present a technique for measuring interstation

phase and group velocities and attenuation From the interstation

transfer function which is calculated using Wiener (or least

squares) filtering, and apply the method to a surface wave path

crossing the Iranian Plateau,.

INTERSTATION TRANSFER FUNCTION USING WIENER FILTERING

Given two seismograms positioned along the saipe great circle path

from a source, we want to estimate the interstation transfer

function (also known as the medium impulse response or Green's

function). The amplitude speCtrum of the transfer function gives a

measure of the spectral ratio between the two stations which can be

used to determine Q, and the phase of the transfer function gives

the phase delay of the system which will be used to calculate the

interstation phase velocity. Tho shape of the transfer function in

the time domain provides information on the dispersiveness of the

system which will be used to estimaLe interstation group velocity.

Figure 1 illustrates the problem in the time and frequency domain

where the input signal at station 1 drives the system and produces

the output recorded at station 2. Th,* convolution is given by the

frePquencqi doma in reprf.setitatiOn

I

: rI

,m . " ,. .. . ...
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where the subscripts 1,2 and m refer to station 1, station 2, and

the interstation medium, respectively. We wish to deconvolve the

output bu dividing (1) by the input and computing the transfer

function

(N) 0% 0 a)

This simple deconvolution can be very unstable, particularly in the

presense of spectral holes For which frequencies the filter

parameters (transfer function) will be indeterminant. Various

deconvolution schemes can be used to find the filter coefficients

and we have chosen a least squares or Wiener deconvolution (Wiener,

1949, Treitel and Robinson, 1966i Peacock and Treitel, 1969).

Let the vector b represent the input (signal at station 1) to the

system f, and d be the output (signal at station 2) where

Ii = (bO, bl b . bn)

" (dO, dl , drn-'m) (3)

• , ¢ P = f 0 , 1. . .Fro)

We. wci~h to cnn- t 'ct . Piter, {, that will best estimate the

I

Li
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desired output, d, when driven by an input b. Letting the n+m

length vector c represent the actual output, we design f such that

the difference between the actual and desired output

t (4)1

is minimized in a least squares sense (Figure Ic). This requires

that the length E, of the error s.r..i , e, is minimized

a- e (s)

and we design F such that

6

or

where * denotes convolution. Using matrix notation, the convolution

is given by

IO 0 0 ... 0 F C cO
1Lo bO 0 0 fi cl

t hn bti-I . . bO (7)

i- ni'

0 0 b n c r+n

-

, , -. . , ......... +.+. - , , , _ .+.. .... -. j
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Introduce the desired output d, which is the signal at station 2,

and solve For f such that the length squared of the difference

v.c tor C is minimized

bO 0 0 ... 0 fo dO .
bl bO 0 ... 0 P1 dl el

hn bn-I ... bO .- 3)

irn
0 0 . . . bn dm+n enr+n

In matrix shorthand

Bf = d + e (9)

We then solve for f using least squares

B T BF = I3Td (10)

It turns out that the terms 1T3 give the autocorrelation of the

input b

and B d is the crcss-correl.-tion vector of b and d

cc, = _ K 4* 0

Thus, the in-length Wiener filter results from the solution of the

normal equations of the form

*1

f.

(7

-$- ?~- .
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" aO al a2 ... am I'0 coO"

al aO al ... am-1 cl,, cl

-- . (13)

am . ,. aO r,,ccm

or from equation (1) we are solving

The autocorrelation matrix in equation (13) is in a Toeplitz form

with an interesting symmetry where all oF the diagonals are the same

and the main diagonal is the autocorrelation of the input at zero

lag. Because of its symmetry, the system (13) can be solved

efficiently and with a minimum of computer storage using Levinson

recursion (Wiener, 1949; Treitel and Robinson, 1966). Although the

system (13) is always nonsinqular (assuming a A 0) (Ford and Herne,

1966), numerical instabilities maj occur for large m. For this case

the problem can be formulated usinq a stochastic framework where the

input signal, b, is contaminated by white noise, n, with zero

autocorrelation except at zoro lag, where the autocarrelation equals

Si-the noise power. The actua] input x, is then given by

x h + n (15)

Assuming the noise is sttionary. this method of solution is

equiv3lent to the damped least squares technique. To do this we add

;-.. . . . . ".. . . .",i" ,.... . . .....-;W _ , - -.. -. -"
- -- - t

A.. A,4 .
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a small constant to the autocorrelation function at zero lag which

stabilizes tho solution.

Landisman et al., (1969) pointed out that application of multiple

filtering to the windowed interstation cross-correlation function

gives a good approximation to the intern-titIon group velocity.

However, for relatively short station separations where small phase

errors are important, the method breads down To illustrate this,

we take identical signals For both stations and apply the

cross-correlation and Wiener filtering operation to them. In this

case, we assume that the impulse response of the interstation medium

is a delta function where the output equals the input. Using the

12/9/72 seismic surface waves recorded at the WWSSN station WES

shown in Figure 1, we compute thL cross-correlation of the input

with the output (Figure 2a, which is actuallu the autocorrelation of

the input at station WES) and the interstation transfer function

using the least squares deconvolution described above (Figure 2b).

Both signals shown in Figuro 2 aro then windowed between lags of

0-400 seconds. Comparison of Figures 2a and b shows that the

: Itransfer Function approximates a delta function much better than the

"cross-correlogram". The phase and amplitude spectrum of the
a i

windowed transfer ilunction gives a better approximation to that of a

deit3 functior fh.n tho cro%;! -curr31oq'ram. Also shown in Figure5

a and h is tmp ,nve!op Func;i-Ln :'i h to thp narrou bandpassed

A

.-- T
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siqnals for two frequencies. As can be seen from Figure 2a, the

time of maximum amplitude is at a lag of 10 seconds which can cause

group velocity errors of abuut U percent over distances of 500 km.

Ietween periods of 17 to 50 seconds, the lags of the maximum

amplitude for the transfer function are all within two seconds or

one digital point in this case where the sampling interval was 2

seconds. For periods below 17 seconds the error increased to 4

seconds (two digital points) which is the portion of the spectrum

that was not Iat

Although the cross-correlogo-am gives an approximation of the impulse

response of: the interstation medium, test cases show that

substantial errors of interstation group velocity determinations can

occur Por short station separgi.xons.

APPL ICAT ION

The Wiener filtering technique is applied to a surFace wave path

o from an evpnt occuring in the Red Sa on March 13, 1967 (19:22: 19. 5;

- 19. 673N, 30. 742Ei Mb 5. 1, depth 31 kin) crossing the Iranian

,, Plateau betiveen the WW SLN sttinn, 'SHI ,and MSH ( 15.90 and

Q 4. 70 daqr - , u r spect i,,' l, FIQU 'e 3 shows the seismograms and

correctad spectra ,,d th, i.irtstatirn transF r function is shown in

1

.0:" ' " ' . - 4 * - * + - ' " * i. .i . - .
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Figure 4. Interstation phase and group velocities are shown in

Fiqure 5. The interstation group velocities were calculated by

applging the multiple filtering technique to the transfer function

and the interstation phase velocities were calculated from a

polynomial fit to the unwrapped phase of the transfer function using

the fornula

where Az is the epicentral distance, tO is the first time point of

the transfer +unction, and is the phase oF the transfer

f-unction.

0C values alunr'l the travel path were calculated using

where U is thT group v'iocitu annd A t is the amplitude spectrum of

the transFer func.tton. Becau-e oF numeT'ical instabilities involved

in th Levin on recUrsion solu1,iU T or the filt er parameters, the

absolute val ups of th transfer Frunrtiur nail be hiftd bg an amount

r- ,Ited to the d-.mn ing u, cd to sote the, slistem (13). Thus, the

. 3prectrum o t h r traiit-sr fun,:t i or, i- r ormai zed to one, which ngives

a vaiua o; Irli'init:1 C, it tho rqur:rrci, corrc,'' pondinq to the maximum

$-lip
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amplitude. The relative Q values for this path as calculated from

the transfer function and by the method of spectral ratios are

plotted in Figure 6.

Overall, the 0 values calculated from the transfer function appear

to be smoother than those from spectral ratios. For example, at

periods around 18-19 seconds, the Q valur-s From spectral ratios

increase rapidly to about 450 which may be due to effects of

multipathing. In contrast, because of the least squares technique

used, the 0 values from the transfer function at periods of 18-19

seconds are stabilized by those of neighboring periods. For periods

greater than 25 seconds, the Q values From the transfer function are

quite flat relative to those From spectral ratios.

CONCLU.SIUNS

In this paner, wr? have applied' the Wiener filttring technique to

seismograms iying on the ,jine great circle path from an earthquake

in order to calculate the interstatlon transfer function.

Interstation phase and group "u'locities and relative attenuation

coefficients can be calculatod 41rom the tran er function and

inverted 5iinultaneously Frjr ,;tructure Th., ,nectiod is particularl 4

u1e10'ul across path,3 in voI -,n .;h(;rt .tation 4,tpjr.3tiun,

-J
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FICURE CAPTIONS

Figure 1 Schematic illustr.3tion oil the interstation Green's function.
(a) Seismogram b at the station nearest to the source is
convolved with the interstation Green's function f to give the
output d recorded at the station furthest from the source.
(b) Frequency domain representation of Figure la and (c)
elements of least-squares Filtering.

Figure 2 Comparison of performance from cross-correlogram (a) versus
interstation transfer function (b) for modeling the
interstation medium response. In this case, the input equals
the output and the medium response should be a delta function.
(a) Cross-correlogram, spectrum, and narrow band-passed signal
for frequencies of O.05 and function calculation using Wiener
filtering, and narrow band-passed signals and envelope
functions for same two frequencies in (a).

Figure 3 Seismoqrams and spectra for 3/13/47 earthquake recorded at NSH
and S-HI.

=igure 4 Interstation Green's and Transfer function calculated between
MSH and SHI for 3/13/67 earthquake.

Figure 5 Phase velocitq and group velocity calculated from interstation
transf:er function b et ween MSH and SHI using 3/13/67
earthquake. (a) Phase velocity. (b) Group velocity from
application of multiplo Filtering technique to interstion
Green's function. High numbers correspond to maximum power.

Figure 6 0 value. between MSH a nd 3H1 measured from interstation
transfor '2unction For 3/13/67 earthquake. (a) a from
interstation transfer cunction using normalized spectrum (see
text). (bM orm.lized 0 values calculated bu taking spectral
rat ios.

'-." . -4. - .
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III. SUMMARY OF CRUSTAL STRUCTURE IN THE MIDDLE EAST

Structure and Seismic Properties of the Alpine-Himalayan

Zone, K.M. Tubman and M.N. Toks8z

Surface Wave Propagation: Velocities and Attenuation

We have made phase velocity, group velocity, and attenuation

measurements for both Rayleigh and Love waves between the periods

of 10 and 60 seconds in the Middle East and Southern Asia.

Figure 1 shows some of the paths which have been used. These

new data have been added to other available measurements (Niazi,

1968; Patton, 1978; Knopoff and Fouda, 1975; Bird, 1976; Bird

and Toks6z, 1977). As can be seen from Figure 1, coverage of

the Middle East and South Central Asia is very good.

When measuring velocities, an effort is made to choose

stations and events so that all lie along the same great circle.

Interstation velocities can then be calculated using a method

developed by Taylor and Toks6z (1980). This method is a modi-

fication of that of Dziewonski et al. (1969). Wiener deconvolution

is used to find the transfer function of the interstation medium.

This transfer function represents the observed signal at the

second station, given an impulse source at the first station. It

contains information about the phase and group delay of waves

travelling between stations. This method is particularly useful

* 'for closely spaced stations. In this situation the use of the

cross-correlogram, as was don:. by Dziewonski et al. (1969), can

lead to errors in the calculation of group velocities.

Figure 2 gives a comparison of group velocities for

I
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different regions. These show wide variations. The velocities

in Tibet are markedly different and much lower. Paths

across the Arabian Peninsula have the highest velocities.

However, these are somewhat lower than the Canadian Shield

velocities. It is interesting to note that the velocities vary

significantly within a given region such as Iran.

To determine structure for slightly different paths, we

inverted both phase and group velocities. Phase and group

velocity data in Iran are shown in Figure 3. The velocities

across the Iranian plateau are noticeably different from those

along the Zagros mountains. The airy phase is observed at

longer periods under the Zagros, indicating a thicker crust than

under the plateau. At longer periods (greater than 35 seconds)

the velocities along the Zagros become higher than those across

the plateau. This is most likely due as much to low velocities

in the lower crust-upper mantle under the plateau as to high

velocities in the Zagros.

These conclusions are supported by a study of Pn waves

4 across the Iranian plateau which gives a low Pn velocity of

7.9 km/sec. Chen et al. (1980) also found low Pn velocities

• .(8.0 km/sec) in Iran, with no evidence for Sn propagation across

the Iranian plateau (Chen, 1979, personal communication).

Canitez and Toks8z (1980) found Pn velocities of 7.9 km/sec

under the eastern Turkish plateau. Under the Zagros belt, however,

Pn velocities are high (8.1 km/sec) and the crust is thicker -

about 50 km (Islami, 1972; Akascheh and Nasseri, 1972).

- .
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The surface wave velocities were inverted giving a crustal

thickness of 45-50 km in Iran. Phase and group velocities were

inverted simultaneously for shear velocity using a maximum

likelihood technique. The inversion is weighted in both model

and data space. Chen et al. (1980) suggest a crustal thickness

of 34 km in northern Iran and 49 km in the south. The surface

wave velocities inverted were for the path SHI-MSH. MSH is in

northeastern Iran and SHI is to the southwest of the Zagros,

so the derived structure gives a good average for Iran.

Phase and group velocity data for Tibet are shown in Figure

4 along with the theoretical models fitted. The crustal

thickness in Tibet is 70 km. The velocity profiles are shown

in Figure 5. These indicate a low velocity zone within the

crust. The resolution of the surface wave data is not sufficient

to determine the presence of the low velocity zone in the P

velocity profile. However, the velocity models based on

refraction studies also suggest a low velocity zone in the

crust (Teng et al., 1980).

Phase and group velocities determined for the Arabian

Peninsula are shown in Figure 6. Also shown are velocities from

Knopoff and Fouda (1975) and Niazi (1968). Phase velocities

for the Canadian Shield (Brune and Dorman, 1963) are given for

comparison. The Arabian Peninsula is generally considered to

be a simple stable shield area, but Figure 6 demonstrates
systematic variations in velocities. Both phase and group
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velocities display a trend towards higher velocities to the

north and to the west. The north-south variation can be seen

by comparing the curves for the paths AAE-SHI, Red Sea-SHI,

SHI-HLW, and SHI-JER. The velocities steadily increase as

the path moves northward. An increase in velocity is also

seen from the east to the west, as shown by the curves for

Arabian Sea-JER and Gulf of Aden-JER. The differences decrease

at longer periods, indicating a more uniform structure at

depth. An inversion of the velocities along the path from the

Red Sea to SHI yields a crustal thickness of about 38 km. This

path crosses the central region of the peninsula so it can be

taken as an average structure for Arabia.

Attenuation values for the surface waves determined using

the method of Tsai and Aki (1969) are shown in Figures 7-9.

Values given in Figure 7 are for Rayleigh waves and the path

SHI-MSH in Iran. Attenuation is least between periods of 20

and 25 seconds. Q decreases as period decreases from 20 seconds.

This is probably due to the combination of scattering and lower

pressures at upper layers. At pressures less than about 2 kb,

Q increases significantly with pressure (Toks8z et al., 1979;

* 7 Johnston et al., 1979; Johnston and Toks8z, 1980). There are

peaks and low points in the Q curve at longer periods. It is

* not yet clear whether these are due to change with depth of

physical attenuation in layers or whether they are due to scattering

or frequency dependence of Q. A similar pattern of peaks and

,1
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lows persists in Tibet (Figure 8) and in Turkey (Figure 9). These

areas also have low velocities in the lower crust (Bird, 1976;

Bird and Toks8z, 1977; Chen and Molnar, 1980; Canitez and

Toks8z, 1980; Kenar and Toksbz, 1980).

To determine the causes of variation of measured attenuation

with period, a systematic study needs to be undertaken. The

attenuation peaks and minima, shown in Figure 10, are too sharp

to be easily explainable by change of Q with depth. Selective

scattering of certain wavelengths by structural heterogeneities

can give strong amplitude variations and apparent peaks in

-I -1Q- At higher frequencies (f > 1 hz), Q may be frequency

dependent and may have some relaxation peaks (Aki, 1980;

Spencer, 1981). It is not clear whether such peaks may play

an important role in the period range of 10-100 sec. Comparison

of short period Q- values obtained from body waves and higher

modes (Lg, Rg) with those of fundamental mode Rayleigh and Love

waves may shed light on the importance of frequency dependence

of Q.

AI
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Figure Captions

Figure 1 - Map showing some of the paths crossing the Alpine-

Himalayan convergence zone for which surface wave

velocities have been measured.

Figure 2 - Rayleigh wave group velocities along various paths

in South Central Asia.

Figure 3 - Rayleigh wave phase and group velocities in Iran.

Figure 4 - Rayleigh wave phase velocity (c) and group velocity

(u) for the average of all paths crossing Tibet. Data

from Bird (1979) and Chen and Molnar (1980).

Figure 5 - Crustal S-wave velocity model resulting from the

inversion of Rayleigh wave data combined with the refraction

P-wave profile (Teng et al., 1980) shown at right. Dotted

area indicates the region of high attenuation.

Figure 6 - Rayleigh wave phase and group velocities across the

Arabian Peninsula.
-i

Figure 7 - Q values for Rayleigh waves along the path SHI-MSH

in Iran.

Figure 8 - Q- values for Rayleigh waves in Tibet.

Figure 9 - Q- values for Love waves in Turkey.

Figure 10 - Comparison of crustal structures in different regions.

Heavy lines indicate the bottom of the crust (Moho

discontinuity). The number in each layer is the shear

velocity. "Iran" is the average model for the Iranian Plateau.

The Arabian Peninsula (a shield) model is included for

comparison. I
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IV. SOURCE PROPERTIES OF SHALLOW EARTHQUAKES

Source Characterization of Two Reykjanes Ridge Earth-
quakes: Surface Waves and Moment Tensors; P Waveforms
and Non-Orthogonal Nodal Planes, A.M. Trehu, J.L.
Nabelek and S.C. Solomon, J. Geophys. Res., in press, 1981.

Abstract

Well constrained fault plane solutions from P wave first

motions for mid-ocean ridge normal faulting earthquakes usually

require non-orthogonal nodal planes. Local structural effects

and/or departures from a double couple source mechanism have

been invoked to explain this phenomenon. In order to obtain

an independent determination of the source mechanisms for the

April 24, 1970 and April 3, 1972 events on the southern

Reykjanes Ridge, we invert the Rayleigh wave radiation pattern

to obtain the source moment tensor. The moment tensor

formulation should be particularly well-suited to this problem

because it is not restricted a priori to a double couple

source mechanism. A potential drawback of the technique,

however, is the requirement that phase velocities along the

earthquake-station paths be known very accurately in order to

obtain the source phase from the observed phase and an objective

of this study was to determine whether a regionalized phase

velocity model compiled from published dispersion curves is

adequate. The results of the moment tensor inversion for both

events indicate shallow normal faulting with the tension axis

approximately horizontal and perpendicular to the local strikeI
of the ridge. Apparent departures from a pure double couple

source seem to result from errors in the data and the poor

A
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resolution of the M and M components of the moment tensorxz yz

for shallow sources. After performing the inversion under a

series of increasingly more stringent constraints we conclude

that the data for both events are compatible with pure double

couple sources with moments of 4.8 and 7.5 x 1024 dyne-cm,

respectively. We then show that interference between P, pP,

and sP due to shallowness of the source can account for the

observed non-orthogonality and match the observed P waveforms

for the April 3, 1972 event with theoretical seismograms -alcu-

lated for a shear fault whose orientation is consistent with

the surface wave solution. The best fit to the data is

obtained for a long, narrow fault (13 km by 3 km), with rupture

initiating near the sea floor. The moment indicated by the P

waves is 7.5 x 1024 dyne-cm. These source parameters give an

average displacement of about 60 cm and a stress drop of 30-60

bars, taking into account various uncertainties. Although we

might expect attenuation to be high in the mid-ocean ridge

environment, the average attenuation required to fit the

teleseismic data is not higher than normal (t* = 1 sec). The

P waves from the April 24, 1970 earthquake were too small

to be suitable for quantitative modeling by synthetic seismo-

grams but are qualitatively consistent with a shallow fault

model similar to that for the larger event. We conclude that

the faulting process described by these two earthquake

mechanisms is directly related to the formation of rift valley

topography.

I
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INTRODUCTION

Fault plane solutions of ridqe crest earthquakes

regularly indicate non-ortho':nnal nodal planes for normal

faulting events [Svkes, 1967, 1970, Solomon and Julian, 1974].

Because orthogonal nodal planes are implicitly required by the

double couple faulting mechanism from which the fault plane

solution is derived, either a process must be found whereby

the true body wave radiation pattern is distorted to yield

an apparent non-orthogonality or an alternative faulting

mechanism must be found. Several explanations for this

phenomenon have been proposed. Solomon and Julian [1974]

demonstrated that a low velocity wedge below the ridge, the

existence of which is predicted by thermal models and

confirmed by surface wave and refraction studies, can focus

rays from a source on the ridge, thus collapsing the apparent

dilatational quadrant. Other explanations include: 1) an

explosive volcanic component superimposed upon the double

couple [Solomon and Julian, 1974]; 2) a mechanism of

extensional failure in a porous, fluid saturated medium

[Robson et al., 1968]; and 3) interference between P, pP and

sP resulting from the shallowness of the source [Hart, 1978].

Focusing of rays below the source or interference at

the surface are explanations invoking structural effects

which would distort the apparent body wave radiation pattern

of a double couple fault but which should not strongly affect

the surface wave radiation pattern. A true source mechanism

of an explosion or of tensional cracking, on the other hand,

should be manifested in the surface waves as well as in the

body waves. An independent source mechanism determination

,A%
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body wave solution for the April 3, 1972 event may be

attributed to interference effects between direct P, pP and

sP and that the body waveforms can be reconciled with the

source mechanism obtained from the surface waves. We

conclude that the April 24, 1970 event was too small to

yield a reliable fault plane solution if the amplitude of

the back, ound noise and expected amplitude of the first

arrival are considered. The observed body waves from the

slightly larger April 3, 1972 event, however, are matched

with synthetic seismograms calculated for a finite fault

with an orientation corresponding to the moment tensor

solution and suggest a narrow, long, shallow fault plane

which reached the seafloor. This mechanism may correspond

to faulting which breaks through the thin axial crust and

contributes to the topography of rift valley and mountains.

t
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SOURCE MECHANISM FROM SURFACE WAVES

Background

Surface waves are especially useful for studying oceanic

earthquakes because such events are often too small to yield

reliable fault plane solutions [Kafka and Weidner, 1979];

those fault plane solutions which have been obtained for

spreading center events raise questions concerning the basic

assumptions about the source mechanism. The radiation pattern

of surface waves can be used to obtain an independent deter-

mination of the source mechanism. Moreover, because the

surface waves used for this determination have a longer

wavelength than the body waves used for the fault plane

solution, they are less affected by structural anomalies

immediately below the ridqe axis.

The representation of the far field displacement in

terms of the moment tensor was first presented by Gilbert [1970]

and Gilbert and Dziewonski [1975] for free oscillations and was

extended to surface waves by McCowan [1976] and Mendiguren

[1977] and to body waves by Stump [1976] and McCowan [1977].

Seismic waves radiated from a source at a given depth can

be expressed as a linear combination of the moment tensor

components. For surface waves, the inversion to obtain the

moment tensor is much more rapid than the traditional

trial and error method of calculating theoretical spectra

for all possible combinations of strike, dip, and slip of a

double couple fault and matchina the observed amplitude and

phase spectra independently [e.g., Ben-Menahem and Toks6z,

1962, 1963; Mitchell, 1973; Patton, 1976]. Another advantage

of the moment tensor representation is that it is not







54.

that the.imaginary part of the spectrum is due to noise in the
data and solve for Mxx M y, I zz, and Mxy with Mxz and Myz

identically equal to 0. This constrains the corresponding double

couple fault mechanism to be either dip-slip with a dip of 450 or

vertical strike-slip. At a single frequency, depth cannot be

determined from the imaginary part and, even with data from a

range of frequencies, the depth resolving power is poor.

A drawback of the moment tensor inversion method is the

requirement that the phase velocity along the earthquake-station

path be known very accurately [Aki and Patton, 1977] in order to

correct the observed phase back to the source. In the moment

tensor formulation, amplitude and phase cannot be decoupled

without destroying the linearity of the problem (for an

example of a non-linear inversion using amplitude data alone,

see Kafka and Weidner, 1979).

The relationship between the observed phase and the ..

of equation (1), in units of cycles, is:

~observed ,instr + [T. - D./C. If. + 0.125 + n

obnrvdtrst
ij = iij - ij + [T3-Di/ ij Ifi + 0. 2 -

where nstr is the instrument phase response; T. is the time

between the origin time and the beqinning of the digitized

record; D. is epicentral distance in km; C i is the phase

*velocity; the constant 0.125 includes the effects of the

source time function (assumed to be a step) and the asymptotic

expansion of the Hankel function for the notation of equations

(A5) and (1); and n is a constant which arises from the

periodicity of the phase and is determined by C... If we

assume that T and D. are known exactly, the error in due

L
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to an error AC.. in C.. is (. - (f.D AC. i)/Ci.. Numerical

experiments [Patton and Aki, 1979] indicate that random

errors on the phase of up to + 0.125 cycles lead to the

introduction of an apparent non-double couple component of

0 to 10%; an error of up to 0.25 cycles can lead to 36%

non-double couple. The orientation of the principal axes

of the moment tensor, however, remains very stable. For

values typical of our dataset, an epicentral distance of

2500 km and a velocity of 4 km/sec, the phase change for a

50 second wave resulting from .25% error in the phase

velocity is .13 cycles. For a given error in C, the error

increases with increasinq epicentral distance and decreasing

period.

In his application of the method to a family of earth-

quakes in central Asia, Patton [1980] began by calculating

phase velocities for the station-source paths by the method

of Weidner and Aki [19731 using two neighboring earthquakes

with different known source mechanisms to separate the path

and source effects. The moment tensors of other earthquakes

in the region were then calculated usina these path parameters.

An iterative scheme was adocted whereby, once the mechanism

. iof an earthquake had been determined, its "known" mechanism

was used to refine the values of the path parameters. A

motivation for conducting the moment tensor inversions for

the Reykjanes Ridge earthquakes was to see if reasonable

results could be obtained simply by using a regionalized

velocity model to correct for propagation and thus obtain a

source mechanism solution for a sinqle isolated event.

An excellent azimuthal distribution of stations with short,

L
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structurally simple earthquake-station paths coupled with the

availability of Rayleigh wave phase velocity studies in the

North Atlantic Ocean and adjacent continental regions suggested

that such an approach might be fruitful.

Data

For the April 24, 1970 event, vertical component Rayleigh

waves from 23 stations of the WWSSN and Canadian network

were digitized at an interval of 2 seconds. Each digitized

time series was then Fourier analyzed and corrected for

instrument response, geometrical spreading, and attenuation.

The Q model of Tsai and Aki (1969] was used. Amplitude spectra

were equalized to a common distance of 4000 km. To decrease

the effect of amplitude fluctuations due to multipathing,

the amplitude spectra were smoothed by averaging over a

frequency window of 0.0025 Hz centered at each frequency.

The phase spectra were corrected for propagation effects

using the regionalized phase velocity model of Figures 3 and 4.

Regional boundaries were determined from geologic and bathy-

metric considerations. The oceanic domain was divided into

young and old lithosphere roughly by the 20 m.y. isochron,

and the continental margin was defined by the 4000 m isobath.

For several necessary continental provinces, phase velocity

dispersion curves were not available in the literature for

the entire period range from 20 to 100 seconds and an

appropriate curve was extrapolated from curves published for

geologically similar regions. The estimated errors on the

phase velocities given by the authors of the regional studies

range from about 0.2% (oceanic regions and recent studies

of continental regions) to 1.0% (older continental studies).

L
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Table 3a shows the percentaqe of each earthquake-station oath

within a given region. These percentages were used to

calculate an appropriate phase velocity for each period at

each station.

The corrected source spectra were then sampled at 2

second intervals in Period. Examples of seismograms and

corrected source spectra are shown in Figure 5a. Only data

for periods between 30 and 60 seconds were used in the inversion.

The earthquake was too small to excite waves at periods much

greater than 60 seconds and data at periods shorter than 30

seconds were considered unreliable because of the effects of

structural heterogeneities along the path and of phase

velocity errors on the phase correction. The source spectra

were then examined visually to see if phases were coherent.

A few stations were dropped from the calculations at this

stage leaving 16 stations (256 data) for the final inversion.

The rejected stations usually corresponded to long paths

with sections parallel to structural discontinuities and

the incoherencv of the hase was probably due to the inter-

ference effects of multipathing. Spurious phases or amplitudes

at certain periods for otherwise coherent spectra were also

noted and assigned zero weight (e.g., 52 sec period at

station VAL; see Fiaure 5a).

The vertical component of the Rayleigh wave for the

April 3, 1972 event was treated similarly to that for tne

1970 event except that amplitude spectra were not smoothed.

The stations used for the analysis of this event are shown

in Figure 3, the regionalization of the paths is given in

Table 3b, and a sample of the data is shown in Figure 5b.

. -. " .
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Periods frzrn 32 to 78 seconds at 19 stations were used for

a total of 456 data.

The data for the 1972 earthquake were filtered using

the time variable filter technique of Landisman et al. (1969)

to avoid potential interference from higher modes and

multi-pathing. This time variable filtering did not

significantly change the source spectrum at most stations.

Erratic phase values were not eliminated by the filtering

although they were sometimes shifted by up to +4 seconds in

period (Figure 5b). For one station, BLA, the analysis did

suggest interference from a mode clearly separated in time

from the fundamental mode. In this case, the filtering

smoothed the source spectra significantly (Figure 5b)

suggesting that the technique will be useful for treating

the data from events less auspiciously located with respect

to the WWSSN than those along the southern Reykjanes Ridge.

Using filtered data did not improve the resolution of the

inversion and in the rest of this study only results obtained

from the unfiltered data will be presented.

*Results

*, The inversions were performed under a series of

• increasingly more stringent constraints. With all six moment

tensor components unconstrained (constraint 1 in table 4)

the diagonal components were poorly resolved. The no-volume-

change constraint was therefore imposed (constraint 2).

It then became apparent that the sources were very shallow

and that large, poorly determined M and M componentswrxz yz
were dominating the solutions. As normal faulting with the

. - -
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tension axis approximately horizontal was indicated, the

constraint that the imag inary part of the spectrum be zero

was then imposed, both without and with the no-volume-change

constraint (constraints 3 and 4, respectively).

The residuals of the inversions, normalized to the

number of data minus the degrees of freedom, are plotted

against depth in Figure 6. The behavior of -he residuals

with depth is similar for the two events. For the inversion

of the real part, we observe minima for both shallow (4-10 km,

or 1-7 km below sea-floor) and deep (80-90 km) depths,

regardless of the constraint imposed. This ambiguity is to

be expected because, over the period range of the data, the

behavior of G and G2 is similar for both shallow and deep

events. The minima are more sharply defined when the
3

constraint M = 0 is imposed. The inversion of thei=l II

imaginary part provides no constraint on the depth. Imposing

the constraint that the imaginary part of the spectrum is

zero and that the observed amolitude reflects the real

part decreases the resiIuals. Since one would expect to

obtain larger residuals for the more highly constrained case,

this behavior implies that by recasting the amplitude and

S..phase spectra in terms of real and imaginary components,

we are actually addinq noise to the real part. This question

will be discussed further when the results of the inversion

under the various constraints are compared to the observations.

The results cf the inversion for depths corresponding

to minima in the residuals are given in Tables 4a and 4b.

The errors for the eiqenvalues and eigenvectcrs represent the

first order perturbation resulting from errors in the moment

tensor components (Mathews and Walker, 1964; Strelitz, 1980].
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First, note that although the calculated errors on the diagonal

components are so large as to render the solution meaningless

when the trace is not constrained to be 0 (solutions for

a depth of 4 km below sea floor, c-nstraints 1 and 3) the

orientation of the principal axes and the percentage of

double couple mechanism in the solution are similar to

those for the corresponding solutions with the trace con-

strained (constraints 2 and 4, respectively). By imposing

the no-volume-change constraint we are not suppressing any

information which could otherwise be extracted from the data.

Next, let us discuss the results of the inversion under

constraint (2). For shallow depths the solutions indicate

normal faulting with tension approximately perpendicular

to the spreading center. They do, however, contain important

strike-slip components and suggest significant departures

from a pure double-couple source mechanism. We can also

observe a marked rotation of the axes as depth increases

from 1 to 7 km below the sea floor. Examination of the

individual moment tensor components reveals that, as depth

decreases, the solution becomes increasingly dominated by

the M and M components. The reason for the instabilityxz yz

* of the inversion of the imaginary part for shallow sources

has been discussed above.

In order to avoid problems due to the poor resolution

of M and M we tried performing the inversion under

constraint (4), assuming a normal faulting mechanism

(t = 0.5 cycles for all i and j). For both events, the

solution for a depth of I to 7 km below sea floor is very

stable: double-couple normal faulting along a strike

parallel to that of the spreading center. The moments

I.!
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increase regularly with depth; for a depth of 7 J. (1 km
24

below sea floor) the moments are 4.8 and 7.5 x 10 dyne-cm

for the 1970 and 1972 events, respectively.

The solutions at 80 km under constraints (2) and (4)

indicate primarily non-double couple source mechanisms and

do not bear any apparent relationship to the local geologic

setting. The interchanging of the compression and tension

axes relative to the shallow solutions (constraint 4)

indicates that the ambiguity in determination of depth from

the minimum in the residuals of the surface wave inversion

is a direct result of the similar behavior, with opposite

sign, of G1 and G2 for both shallow and deep sources. In

the next section we will see that the body waves are not

compatible with a deep source and the solutions at 80 km

will not be considered further.

Discussion

The fault plane solutions corresponding to the moment

tensors obtained under constraints (2) and (4) for a depth of

7 km are superimposed on the observed P-wave fault plane

solutions in Figures 7a and 7b. We can see that the P-wave

first motion pattern for the 1972 event displays the non-

orthogonal nodal planes characteristic of mid-ocean ridge

normal faulting events (Figure 7b). For the 1970 event, the

data coverage is less complete and the observed nodal planes

are poorly constrained but are consistent with a normal

faulting solution requiring non-orthogonal nodal planes.

The large strike slip component in both moment tensor

solutions under constraint (2) implies a pronounced assymetry

Lhow
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in the P-wave radiation pattern which is not observed.

Except for the observed non-orthogonality, the P-wave first

motion patterns are consistent with the results of the surface

wave inversion under constraint (4).

It has been noted that the residuals of the inversion

are smaller under constraints (3) and (4) than under (1) and

(2), implying that by separating the observed spectrum into

its real and imaginary parts one is actually adding noise

to the real part. An examination of the fit of the solution

to the data, expressed both as real and imaginary part and

as amplitude and phase provides insights into this behavior.

For the 1970 event (Figure 8), the observed value of the

imaginary part is generally greater than that of the model

(Figure 8a) and the phase is about 0.1 cycle less (Figure 8b).

From equation (2), an origin time error of 5 seconds can

result in a 0.1 cycle underestimation of the initial phase

delay for a 50 second wave. If the true initial phase delay

is 0 or .5 cycles, the result of such an error in the real

part is to underestimate the amplitude and consequently

the moment. That this is indeed happening is clear in Figure

8b where the amplitude data is compared to the solutions

calculated under constraints (2) and (4).

By comparing Figures 8a and 9a to Figures 8b and 9b,

we see that the variation in the imaginary part of the spectrum

with azimuth leading to large M and M components isxz yz

primarily controlled by the variation in phase and that

stations in the Caribbean (2150 to 230' azimuth) are

particularly important in defining this pattern. These

stations have long earthquake-station paths relative to most

I
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constraint when the source actually contains a volume

change component because this constraint must usually be

imposed to resolve the diaconal components of the moment

tensor. For a shallow explosive source with moment tensor

M 010 , the inversion should yield a solution of

01

b-M 0 Ol which corresponds to a compensated linear

vector dipole (CLVD) with compression along the z axis and

tension along x and y. The factor b depends on depth and is

close to 1 for a shallow source [Patton, 1978]. An explosion

should be clearly distinguishable from a double-couple both

with and without the no-volume-change constraint. A vertical

tension crack in the y-z plane corresponds to the sum of a

CLID, with tension along x and compression along y and z, and

3an explosion. Under the M M. = 0 constraint, the explosive

component will masquerade as a CLVD with compression along

z; the sum of the two CLVD, assuming b = 1 and = ,i, is

M r3/6 0 07
M L/6 0 6 resemblinq a source with 86% double-0 0 1/6 00 o -14/6
couple mechanism. For the events studied in this paper,

the double couple component of the source remains stable

when the no-volume-change constraint is removed and the

CLVD component distributes itself between the new CLVD and

the explosive components; moreover, the double couple

component increases as the residuals decrease. This

suggests that the sources were primarily double-couple

and that noise in the data is appearing as apparent non-

double-couple components.
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BODY WAVE ANALYSIS

Background

A striking feature discerned in the surface wave

analysis of the two mid-ocean ridge events is the excep-

tionally shallow focal depth. This result suggests that

interference between the direct and reflected body wave

phases, as proposed by Hart [1978], might be responsible

for the apparently non-orthogonal nodal planes. For a dip-

slip fault, arrivals reflected from the surface at the epi-

center can have much larger amplitudes than and opposite

polarities to the direct arrivals. If the source is shallow,

the temporal separation of the arrivals is less than the

pulse width of the impulse response of the long period

WWSSN seismometer convolved with the attenuation operator.

The arrivals interfere cestructively and the apparent

nodal planes can be shifted well into the dilatational

quadrant. Langston [1976] used such interference to con-

strain the depth of the 19 7 Koyna, India, earthquake and

cautioned that interference could lead to errors when

determining fault plane solutions from first motion

polarities for earthquakes with shallow focal depths.

We first present a simple hypothetical case of a

shallow dip-slip fault in a homogeneous halfspace and

show that the interaction of surface reflections with

the direct arrivals can indeed cause an apparent reversal

of the first motion polarity at certain take-off angles.
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We then demonstrate that the surface wave and the body wave

observations can be reconciled for the April 3, 1972

earthquake if the event originated near the ocean floor.

Although the April 24, 1970 event was too small to be

suitable for quantitative modelling by synthetic seismo-

grams, a qualitative inspection of the observed P waves

suggests that interference could be responsible for the

apparent reversal of first motion polarity.

The method used to calculate the synthetic seismograms

is an extension of the point-source formulation of Bouchon

[1976] to a finite fault. Seismograms are calculated by

numerical integration of point sources distributed on a

rectangular grid approximating the fault area. Rupture

propagation is simulated by progressively firing individual

point sources in a circular pattern radiating from the

rupture origin with an appropriate rupture velocity. In

order to approximate a smooth rupture, the grid spacing

must be such that the firinq intervals are smaller than

the shortest period important to the problem. As attenuation

and the response of the long period WWSSN instrument effec-

tively filter out periods shorter than 4 sec, a grid spacing

of 1 km is appropriate for a rupture velocity between 2 and

3 km/sec. The method incorporates the propagator matrix

formulation [Haskell, 19531 for computation of the crustal

response at the source and receiver and is particularly

well suited for crustal structures which cause extensive

reverberation (e.g., structures with a water layer). A

more detailed description of the method is presented in

Appendix II.

TL
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Thl fault geometry and the medium parameters used in

the example are shown in Figure 10. The fault is an 11 by

11 km rectangle which is located in a homogeneous half-

space and whose top edge reaches the surface. The rupture

velocity is 2.5 km/sec (0.8 times the shear velocity of

the medium). Each point source has a rise time of 0.3 seconds.

We have investigated three possible situations (Figure 10):

rupture initiation 1) at the top,

2) in the center, and 3) at the bottom of the fault.

Figure 11 shows synthetic P wave seismograms calculated for

the three models depicted in Figure 10. Also shown are

the theoretical nodal planes and the projections of the

ray paths onto the focal sphere. The dip of the fault is

55'. In all figures the calculated seismograms begin at

the time of the first expected arrival. No motion will

be observed at that time if interference is cancelling

the first motion. In the examples, the seismograms are

equalized to a common radius on the focal sphere and

the vertical/horizontal scale ratio is kept constant; the

relative variations in amplitude for different ray paths

are as shown.

Points B, C and D lie within the theoretical dila-

tational quadrant and we would therefore expect to observe

downgoing first pulses. This is indeed what we observe

when the rupture initiates at the center or at the bottom

of the fault. An important aspect of the finite source

model which influences the relative amplitude of the

direct and reflected arrivals is vertical directivity; down-
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ward rupture propagation increases the amplitudes and

shortens the effective time functions of the direct

arrivals and decreases the amplitudes and lengthens

the effective time functions of the reflected arrivals

whereas upward propagation has the opposite effect.

Because of directivity, the first motion has a larger

amplitude if the rupture initiates at the center than at

the bottom. Although directivity enhances direct arrivals

the most when rupture propagates from top to bottom, it

plays a secondary role if the hypocenter is very shallow.

In this case, destructive interference between the direct

arrivals and surface reflections effectively masks the

direct arrivals for certain take-off angles. First arrivals

along ray paths B and C appear to be compressional although

they lie well within the theoretical dilatational quadrant.

The nodal plane appears to be shifted into the dilatational

quadrant by approximately 150. Figure 12 illustrates the

distortion of the fault plane solution for a 450 dipping

fault with rupture initiating near the free surface. If

noise were superimposed on the signal, the observable dila-

tational quadrant would be further reduced.

The fault qeometry and medium parameters affect the

degree to which interference influences the wave form. For

large faults, the finiteness and directivity strongly influ-

ence the radiation pattern. Because the vertical directivity

for a rupture propagating from top to bottom increases the
amplitude of the direct arrivals, decreasing the width

of the fault will diminish this effect and increase the

Ib.
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amount of observed non-orthogonality. Effects which in-

crease the effective rise time will also cause an emergent

direct P arrival and may further contribute to the distortion

of the apparent dilatational quadrant (e.g., higher attenu-

ation, lower rupture velocity, and longer rise time).

To apply the results for a normal fault to thrust

faulting, only the polarity of the seismograms must be

changed. These results can also be generalized to include

earthquakes originating beneath low velocity layers such

as water or sediment, the base of which provides sufficient

impedance contrast to produce large reflections. The

predicted distortion of the apparent first motions, however,

applies only to normal and thrust faults. For strike-

slip faults, the direct P and sP have the same polarity and,

while pP has opposite polarity, its amplitude is too small

to entirely cancel the direct arrival.

Data

The P-wave fault plane solution based on long period

observations from the earthquake of April 3, 1973 is shown

in Figure 7b and exhibits characteristically non-orthogonal

nodal planes. Examples of the P waveforms used in the body

wave analysis (Table 5) are shown in Figure 13. Several --

+* seconds of background noise preceding each P arrival are

shown in order to illustrate the signal-to-noise ratio. I

This event is among the largest recorded on the Mid-Atlantic

ridge and provides the best possible data from this tectonic

region. In order to avoid complications due either to ~
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core or upper mantle structure, only stations at epicentral

distances between 300 and 800 were used [Burdick and Helm-

berger, 1979]. Seismograms were equalized by correcting

for differences in instrument magnification and for geo-

metrical spreading. The correction for geometrical spreading

was calculated using the formula of Carpenter [1966] and

the P-wave travel times of Herrin [1968]. The similarity

in shape and amplitude of seismograms from neighboring

stations indicates that background noise and crustal struc-

ture below the receivers do not significantly affect the

observations. One nodal plane appears to pass through

stations OXF and FFC; first motions at stations TUC, DUG,

and EDM begin to show a dilatational character whereas BKS,

CAR and COL are clearly dilatational. The other apparent

nodal plane passes between stations KBL and JER. The mono-

chromatic oscillations in the later portion of the seismo-

gram are due to reverberation within the water layer.

Results

The synthesized seismograms are compared to the obser-

vations in Figure 14. The best overall match was obtained

with a source mechanism compatible with that obtained from

the surface wave inversion under constraint 4. The model

parameters used in the synthesis are shown in Figure 15.

The data do not enable us to determine which of the two

nodal planes corresponds to the actual fault plane and

the westward dipping plane was arbitrarily chosen.

The match between the synthetic and observed waveforms
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is quite good. The fact that the observations tend to show

a larger amplitude for the water reverberations than the

theoretical seismograms indicates that the fault broke

the sea floor. In the calculation of theoretical seismo-

grams, the fault stops just below the surface of the sea

floor; a finite displacement of the sea floor would enhance

the amplitude of water arrivals. The period of the water

reverberations constrains the water depth to be 2.8 km,

in good agreement with the bathymetric data (Figure 1).

The best overall match was obtained for a fault length of

13 km and a width of 3 km with rupture initiating near

the sea floor and propagating bilaterally. We assumed a

rupture velocity of 2.6 km/sec (0.8 x shear wave velocity).

If the rupture propagation were not perfectly bilateral the

fault could be somewhat shorter. Unilateral rupture

propagation, however, does not fit the observations as

it would require a noticeable directivity effect for stations

with northern and southern azimuths. The width of the fault

is constrained by the observed non-orthogonality. Keeping

the other parameters unchanged, the width can be increased

to 4 km without significant deterioration of the overall

match. Lowering the rupture velocity may further slightly

. increase the maximum acceptable width and decrease the

length. For a 440 dip this bound on width implies that

the fault is confined to the upper 3 km or less of the crust.

-W I
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Figure 16a illustrates the sensitivity of the solution

to the fault geometry. For the 13 x 3 km fault, the effect

of vertical directivity is negligible and interference

between the direct and reflected phases determines the

apparent non-orthogonality. For a 6 km wide fault with

rupture propagation from top to bottom, however, the down-

ward directivity enhances the amplitude of the direct

arrival so that it can be observed at take-off angles

corresponding to the examples in Figure 16a. For bottom-

to-top propagation, the direct and reflected arrivals from

a 6 km wide fault are sufficiently separated in time for

the direct arrival to be observed. (Although top-to-bottom

rupture propagation matches the observed seismograms

better than bottom-to-top propagation for a 3 km wide fault,

we do not ascribe any tectonic signifance to this observa-

tion).

In Figure 16a we can also see that a model of a point

source below the sea floor at a depth of 0.35 km matches

the observed data as well as the 13 x 3 km finite fault

K' model. This is not surprising since for such a narrow

fault the effect of vertical directivity is negligible.

Although one might argue that extension of the point source

model to a finite fault is therefore not justified, for

this event we are able to constrain the fault geometry by

using a finite fault model and we feel that this added

information is useful for understanding the tectonic processes

involved.

L
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The seismograms in Figure 16b were calculated for the

moment tensor obtained from the surface wave inversion

under constraint 2 for a depth of 4 km below sea floor

(Table 4b). The overall match is worse than that for the

solution under constraint 4 supporting the conclusion that

the magnitude of the M and M components of the momentxz yz

tensor is indeed an artifact of their poor resolution for

shallow sources.

The average moment from the body wave analysis is

7.5 x 1024 dyne-cm, the same as that obtained from the

surface waves. This moment corresponds to about 60 cm

of average displacement on the fault. The body wave

moment was calculated by normalizing the amplitude of

the synthetic seismograms to the first upgoing pulse of the

observed P waves. The variation in the moment obtained

from individual stations (Figure 14) indicates that the

average value may be in error by as much as 50 percent.

For a dip-slip fault the stress drop can be expressed

as

" = 4(+ 0)M , (3)
-(i+2U)LW

2

where and u are the Lame's constants, Mo is the scalar seismic

moment of the double couple, and L and W are the length

and width of the fault [Knopoff, 1958J. Allowing for the

uncertainties discussed above, the stress drop is between

30 and 60 bars. This stress drop is similar to that found

for other interplate events [Kanamori and Anderson, 1975].

-L
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azimuth to those used to model the April 3, 1972 event are

shown in Figure 18. If the amplitude of the background noise

and expected amplitude of the first arrival are considered,

it is not surprising that all the first motions were

originally picked to be compressional. First motion

polarity determinations at several stations were later

revised to be "possible" dilatations (e.g., KBL, TAB;

Figure 18). The observed waveforms can qualitatively be

explained by a shallow fault, similar to that deduced for

the April 3, 1972 event.

Discussion

In summary, the body waveforms for the April 3, 1972

Mid-Atlantic ridge earthquake can be matched without

invoking anomalous ray propagation if the source is

confined to the upper 3 km or less of the crust. The non-

orthogonality of the P-wave fault plane solution can be

entirely explained in terms of interference between

the direct and reflected phases. Because of the trial-and-

error technique used in the P-wave analysis we must,

however, admit the possibility of non-uniqueness in the

solution.

*The moment tensor inversion from the surface waves

show that the source was consistent with a pure double-

couple mechanism. Because of the long periods used in

the surface wave inversion, however, one might argue that

a small precursor with an explosive or tensile mechanism

could cause the non-orthogonality of the P-wave nodal

planes and not be observable by the surface waves. Although

tK
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CONCLUSIONS

The major conclusions of this study are:

(1) The source moment tensor can be retrieved from the Rayleigh

wave radiation pattern for a single isolated event. This

method of obtaining the source mechanism is useful for small

events for which the body wave fault plane solutions may be

inconslusive and/or perplexing. For very shallow sources,

however, the M and M components become poorly resolvedxz yz

anc very sensitive to errors in the data; moreover, the three

c iagonal components cannot be independently determined. By

comparing the results of the inversion performed under a series of

increasingly more stringent constraints, we are able to

qualitatively evaluate the validity of imposing constraints

which lead to a stable solution.

(2) The final moment tensor solutions for two events along

the southern Reykjanes Ridqe indicate double couple, normal

faulting mechanisms with the tension axis approximately

horizontal and oriented perpendicular to the spreading center.

For both events, the surface waves indicate a focal depth

of 1-7 km below the sea floor.

(3) The non-orthogonality of the nodal planes frequently

observed in the body wave fault plane solutions for mid-ocean

ridge normal faultina events can be attributed to extreme

shallowness of the source which results in interference

between the direct and reflected phases and effectively

masks the first motion recorded on long period seismograms.

(4) Comparison of observed P-waveforms from the April 3, 1972

Reykjanes Ridge event to those calculated for a fault with

an orientation obtained from the surface wave analysis

= .
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indicates that the source was a lonq, narrow fault which

broke the sea floor.

The faulting process im[ lied by these results prov:des

additional constraints on models of spreading center tectonics

and thermal structure. The double couple nature of the

solutions relates these earthquakes to tectonic rather than

volcanic processes and supports the evidence from seismicity

and topography which associates teleseismically observable

ridge-crest activity with rift valley formation. An important

question about mid-ocean ridges concerns the depth of

hydrothermal circulation and its effect on the thermal

structure of the crust. The close agreement between observed

ridge crest topography and that calculated for the simple

model of a conductivelv cooling slab suggests that extensive

hydrothermal circulation is restricted to the top few

kilometers of the crust [Fehn and Cathles, 1979]. On the

other hand, deep (5-8 kNm) hvdrothermal circulation has been

invoked in order to depress the isotherms enough to produce

a cold brittle layer of sufficient thickness to support faults

with the dimensions iminlied by the moments of the largest

spreading center events if it is assumed that length-width

ratios and stress drops are similar to those observed for

other plate boundary earthL:uakes [Solomon, 19793. The long,

narrow fault plane suggested by an analysis of the body waves

from the earthquake on the Reykjanes Ridge, however, can be

entirely accommodated within the brittle crust determined from

the purely conductive model of Sleep [19751 if it is assumed

that the earthquake occurred 10 km from the axis, along the

rift valley walls (Fiaure 19). An as yet unanswered question

SbO. . ,., . . . _, .-
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is whether the length-width ratio will increase with

increasing moment; the largest earthquake studied from this

region had a moment of 2 x i50 dyne-cm [Hart, 1978],

approximately twice that of the larger event studied here.

Further studies of fault dimensions, stress drops, and

recurrence intervals for ridge earthquakes in regions

spanning a range of spreading rates should permit the

incorporation of time dependent faulting and stress release

in models which simulate the spreading process and are used

to explain the relationship between spreading rate, topo-

grapny, and magma supply [e.g., Sleep and Rosendahl, 1979].

9'.
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APPENDIX I. Moment Tensor Source Representation and
Sirface Wave Radiation

The displacement at y at time -1 in the direction k

due to a seismic source at time t can be represented as:

uk(Y'4) = fdt{dVxG (y, ;x,t)y (x,t) + fdS G k(y, ;xt),YS(x,t)}
-00 V x kj~ S Xk3

(Al)
where V is the source volume, S is the surface of the source

v s
volume, f. and y. are the equivalent volume and surface forces

J 3
corresponding to a physical mechanism, Gkj(y,;xt) is the

impulse response or Green's function of the medium, and

repeated indices imply summation [Aki and Richards, 1980].

If the "moment density tensor" m is defined to be a symmetric

tensor such that miji = - in V and nimij = Ys on S

(n being the unit normal to the surface), we can regroup

the expression for displacement into one term using Gauss's

theorem [Backus and -Mulcahy, 1976]:

uk(y' ) =_. vdVxGkjmi. i + sdS G nim.. }dt
k ~ v x ji~ X kj ij1

(A2)
= v dVxGk m.i  + idV (Gn i ) , }dt
-; xkj ij, i x nj ij 1I
-- o V

- 'dt v/dVxm. G = -dt M. G
V j kj,i -~ii kj,i

LA"
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For an effective point source, the "moment tensor" M can

be defined as the integral of the moment density tensor

over the source volume and surface and can be retrieved

from the far-field displacement radiation pattern [for

free oscillations see: Gilbert, 1970; Gilbert and Dziewonski,

1975; for surface waves: McCowan, 1976; Mendiguren, 1977;

for body waves: McCowan, 1977; Strelitz, 1978]. The

advantage of this representation is that the inversion

of far-field displacements to obtain the moment tensor is

linear and is not dependent on a presupposed source mechanism.

We can then relate observed moment tensors derived from

data to phenomenological source models through the equivalent

body forces. Although the total equivalent force is uniquely

determined from the resulting motion, the interpretation in

terms of a phenomenological source model, however, is not

unique as a given moment tensor can result from several

different linear combinations of moment tensors. This

ambiguity is inherent in any determination of source mechanism

from the displacement field [Aki and Richards, 1980].

If we assume that the principal stress axes of the

various components are coincident, the diagonalized moment

tensor can be uniquely decomposed into isotropic, double

couple, and compensated linear vector dipole components.

We first remove the isotropic part:

Im .
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M' = M - 1/3 (trace M) I = M [ f-I , 0 < f < 1/2 (A3)

where I is the identity matrix. We may then separate the

double couple and compensated linear vector dipole components

[Knopoff and Randall, 1970]:

M' = Mo  - 2f) 0 -1 0 + 2f 0 -1/2 (A4)00 0]0 0 -2

The double couple scalar moment, MDC, is (1 - 2f)M o and the

corresponding fault plane solution can be obtained from

the principal axes of the moment tensor. MDC can be related

to the dimensions of a shear fault: MDC = uEA where w is the

shear modulus, u is average displacement, and A is fault

area [Aki, 19661.

In this study, the moment tensor is derived from the

surface wave radiation pattern. For a vertically heterogeneous

earth, the Fourier spectrum of the vertical component of the

fundamental Rayleigh wave due to a point source with a step

function source time function is:

u(r,e, ) - Ae - Yj(0c,) 2/'(-kr) exp[-i(wr/c-r./4)]' 4CUI.,

(M + M kY3 (h'w) - Y2 (h,w) - X(h)kY 3 (h,w) (A5)

MxMyy 2 zz (h) + 2 u(h)

kY3 (h, ) cos2e
- (Myy - M x) 2 + MxykY3 (hw)sin

2 6

Y4 (h, ' )cose Y4 (h, )sine)
-i(Mxz 4 (h) -- + Myz (h.)

S(h)

[17iJS~ L fL .--- -
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where A and t are the observed amplitude and phase at the

angular frequency j and the M.. are the moment tensor1 ]

components in cartesian coordinates with the x, y, and z

axes pointed East, North, and Up [Mendiguren, 1977]. The

position of the receiver is expressed in polar coordinates

where r is distance and 0 is azimuth measured counterclockwise

from East. The Y. (h,w) are the eigenfunctions derived by

Saito [1967] for the surface wave excitation problem and are

functions of angular frequency and depth h; X(h) and i(h)

are the Lame coefficients; w 2I, k, C, and U are the kinetic

energy, wave number, phase velocity, and group velocity.

The moment tensor components can be retrieved through a

linear inversion of the real and imaginary parts of the

observed radiation pattern if a good azimuthal distribution

of stations is available.

I
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APPENDIX II. Method of P-wave Synthesis for Finite Sources

A fundamental assumption in calculations of teleseismic

body waves from shallow sources is that only the free surface

and the crustal and uppermost mantle structure at the source

and receiver have a significant effect on the shape of the

seismograms. Gradients within the mantle are considered to

be too small to cause converted or reflected phases and

travel time caustics, and the effect of the mantle portion

of the propagation path is restricted to geometrical spreading

and attenuation. For epicentral distances between 30* and

800 these assumptions are well justified [Burdick and

Helmberger, 1978]. The synthetic seismogram is obtained by

convolution of the response of the source U(t) with the

responses of the receiver I(t), the crust below the

receiver R(t), attenuation A(t) and geometrical spreading G.

Our technique for calculating source response is an

extension of the formulation of Bouchon [1976] for a double-

couple point source to a finite fault with circular rupture

propagation. Contributions from point sources distributed

along the fault surface on an equally spaced grid are

numerically integrated. Rupture propagation is simulated

* by progressively firing individual point sources in a

circular pattern radiating from the origin with a constant

rupture velocity. In order to approximate a smooth rupture,

the grid spacing must be such that the firing intervals are

smaller than the shortest period important to the problem.

The integration is performed in the frequency domain and

then transformed back into the time domain. This enables

T~[
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efficient use of the propaqator matrix algorithm of Haskell

[1953] to obtain the response of the medium. This approach

is particularly useful for the case examined in this paper

because of the prolonged ringing of the P-wave in the water

layer. The ray-theoretical approach [e.g. Langston and

Helmberger, 1974] is less efficient for such a large number of

rays. Although we integrate in the frequency domain, we can

separate individual phases by setting appropriate potentials

to zero.

The problem configuration is the same as in the work of

Bouchon [19761. We assume that the dislocation has the same

time dependence at any point on the fault surface and can be

written in the form

D(:',t) =  F( )E(t- C -  '/c) (A6)

Its Fourier transform is

= F() exp(-iw -_ol/C) (A7)

where = ( is a point on the fault surface, Lo is
1' 12 -0

the point of origin of the rupture, c is the rupture velocity,

and . is the angular frequency. The fault is a rectangle

of length L = N"", parallel to the surface, and of width

. . W = zdipping at an arbitrary angle; £ is Lhe grid

spacing; and N an5 M are integers. The far-field P wave

displacement spectrum due to this source can be expressed as

!I
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N M
= 2 7 D w) exp[ik( ICos 2 cos d-sin ¢)]

n=lm=l 3 1

4 (A8)

Z g Z()exp[iA j 0 + rI sin d)]

with

1 1
= (n - 1), 12 = (m - 2)A

where z is the depth to the top of the fault; k is the0

horizontal wave number which is determined by the take-off

angle; t and d are azimuth and dip of the fault; and i. isJ

the shear modulus. The subscript j refers to the layer within

the crustal model in which the point source is located.

The terms gj and Aj are as defined by Bouchon [1976] and

are related to the up and downgoing P and S waves excited

by a source located within the layer j.

Following the same notation, the response of the crustal

layers below the receiver to an incident P wave can be written

in the form

=~w [(A 2 1-A1 1 )v1 -(B 11- B 21)k~ca n W (A9)

S --._.,-i
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where A.. and B.. represent upgoing and downaoing compressional1 3 13

and rotational potentials in the layer immediately below the

receiver. J is the corresponding vertical compressional wave

number and a n is the compressional velocity of the medium below

the crustal layers.

When calculated seismograms are to be compared to observed

data, a correction must be made for geometrical spreading.

This is a frequency independent term which can be expressed

in the form (Carpenter, 1966],

(t (S 1 dT d2T 1/2
rsrR Rt sin cosi cosi d d' (dS R R RSR/2 (AI)

with

sin i SdT 'R dT
S rd' rR dA

where aS, S tR and are the velocity and density of the

material below the crustal layers at the source and receiver,

respectively; i is the angle the ray makes with the vertical
S

at the base of the crust below the source and iR is the corre-

sponding anale below the receiver; rS and rR denote the

distance from the base of the crust at the source and receiver

to the center of the earth; T is the P wave travel time; and

- • 'I is the angular distance between the source and receiver.

The effect of attenuation in the mantle is introduced

by the causal Q operator of Futterman [1962]. In the

frequency domain the operator is given by

I

, I- , i . , , . ,. ,_ r . . .. .. - .. : * i : n 1" / 
'
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A(w) = exp t* exp[i t*Q( i (All 1
2 -+ 1 i+- n L 1+T% -14 n.

for the angular frequency in the range uo - w

and w being the highest and lowest frequencies resolved in

the data. The quantity t* is defined as T/Q where Q is the

average quality factor along the path.

Finally, the seismogram must be convolved with the

appropriate instrument response; for long period WWSSN

stations we use the formula by Haiwara [1958].

I
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Table 1. Locations of Reykjanes Ridge Earthquakes Studied
in This Paper (from the International Seismological
Centre).

Date Time Location Magnitude*

hr min sec lat.N long. W mb Mst

April 24, 1970 1 23 17 55.640 35.030 5.3 5.4

April 3, 1972** 20 36 20 54.330 35.200 5.1 5.5

*Although the 1970 event is assigned a larger mb by
the ISC, an examination of seismograms recorded at the
same station for the two events indicates that these
values are erroneous as P-wave as well as surface wave
arrivals are consistently of larger amplitude for the
1972 event.

t
From USCGS and NEIC.

**This event was the second of a n- ir of events at the same
location and of approximately thL same magnitude which
were separated in time by 1 hr, 43 min. Seismograms for
the two events are remarkably similar. The second event
was chosen for study because clear P wave arrivals were
observable for a greater range of azimuths and distances.
These two events were not accompanied by any smaller
teleseismically recorded events, unlike the 1970
earthquake which was the largest event of a swarm sequence.

I
1
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Table 2. Velocity Model for the Mid-Atlantic Ridge,
from Weidner [1974].

Thickness g /cm
km g/cm km/sec km/sec

3 1.03 1.52 0.0
6 3.05 6.40 3.70

11 3.40 8.10 4.60
10 3.40 8.10 4.33
10 3.38 8.00 4.33
20 3.38 7.92 4.33
20 3.38 7.68 4.33
20 3.36 7.65 4.33
20 3.36 7.76 4.00
20 3.36 7.82 4.00
20 3.36 8.10 4.00
100 3.36 8.15 4.00
20 3.37 8.15 4.00
20 3.38 8.15 4.00
20 3.39 8.15 4.00
20 3.40 8.15 .4.44
20 3.41 8.22 4.51
20 3.45 8.27 4.55
20 3.50 8.32 4.59

300 3.68 8.70 4.80

4

'4

A



100.

-T IV 0P- .0Q ~ ,4 N -4 0'
-4 I -4 N n %D0 Ln N "W I r- w. 0% %D0 m~ co %0

0 > .W .N r4 .-1.

4-)

0o 4 a

to)

I-. 41- (U -W col IoL N 4 % N %0 o 0 r 4 0

-4 "-

4) 0

'U0 E-0 0 <
Q. I- I j N U4 N I '.0 il m m m Zn P

4-g4





-' - I. -. N ~ or,- 102.

00 41 0C
E T II T + 00 GO N4

+1 - + +
4t, C4+ 4 %0

C) C -4 ' 0 1 4 '0 C. CD N 4 -f '.0

C' I c

E +1 +1 +1 I I +1 .4t - 'l 0O.i NN N (n I . .rN 0 N

a: C .0-4 13

41 L +i
0 N co0 - 0 . ' - +, -.0

) E +1 + +1 + ' + +1 +1 +!
co4 Lt- m -7 N r r, ON N * 0D

-r - M 0 , 0 r N N cc co1 0- - r-C

N4 -4 4 04 N N :

*~ C1- -- 4 ..- , 0

- ~ ~ C .3 8 - O

E 1 +1 +1 +1 +1 +1 +c- . ~ ~ 0
-n 14 N0 ct x C40 C 0 .

r, (N --T -- LIZ-~ -

2 ~ +1

C)~Lr V)-')F-

0.. 0 0 0 N N C ,N c CN ~' 00 en +1 C.) r, .7
I: ON co 10 1' a, '0 0 0 00 - P- 00 it-

'T -.3 Ct- it- Ct- en Lt- U en4 C- hI Cf --

c; 0); C

wC 00 00 00 F-.C14 0ON ON r,
> L0--jJ 0 C 0 F- +C

- 0 w 0)0 0; 0 ci I . 0 ~
2- E cH I I +1 + ~0( 1

FL -. 0 . -. t . . 4. '0
C 0) ~~0 Ct- 0 C'4 14- O

0 0 C4 cc u' -
C) --) u IC 00 +.. w

0) ) C .4C U -r +1 it)40
:90 ' 0 00 0 0 C -. Ca 0 N C N I -4

c0 0 0 co %0 0n LN - 7 0 ) V- N , >
00 C

-4 -4 .4 0 O -4 Ut -LsO'0 +

r- N, ., 00 .f . . . .+1 -3
4-1 '' 0D 07 04 0 0 0 CN NO i-

-~~~~+ %C +11 1+ + 1 1 1 -
4 C00 - t-r43 C- 4?. . 0'. *'D~ +1 1

0 ID IT , I T n \D -4

Ct-N
ce. V.3 N

1 
CD CN') nIr - F.D

i- 0% oI 00 -
0'. 0 it0 0 co- 0 F

.3t . *.C- t-

I 0

0C) o0 C C' 07.

- 0 -CC -

- +1 +! 1 I I +1 + .'-4 C ' 4 '

00 0 -3 c-" C 1 N cn' - '

x .1 >. N N- C

-r -- 0) E' c? C. V-
C E i u 0

.0 C--- Pc-



' ~ ~ ~ ~ ~ : ;4( ~- . '. 103,

+~- +I+ i +~ I i + i
0.' r-c ' Ca o'c

17 CO N C4 1-1

-4 C1+ 4 -

~~r IJ1r~

c- o

C' + ~ +++:

CN 00 Go cr

N- ~ ~ II0 0 CD 0 -C '
1 '1-4! -+1 + I+1 + + +. --.. '

I 'a (CD -4 -

wI -Y )s 0 0 r- u 0 0L ccN c41 00- -4 CDI + ~ 9I +CC~ -4 C r- N- 0 70c. 0

> C -4 *~
0 0 -- -4 -4 0~~-

C 0 - . x** (N C, c,-.
-1 u V I I

0 u I -4 IT .- +a +Col Q
c E'-' - ~ J - o c

0 'D C;I ,j *4*o a'**j

Iu CD "- '

-4 CO a') -4 'r'

Ej >1 (U- +1+
) 'N 'a (N 17 a' C: 10 V) -C >a)

N- -4 WI CO u- 'a 2o -~ "
(1 I C -- --

c* C4 (N 'aN 'a4 o

00 r-) 0 0 C1 m 0 1 0

C' C- --I 'a 0 - a

c 0 00 14 CYO .(N 0 c

-4 -4 en '
0 0 0 07 14 10 -000 -C

C14 * ID --: en -

r- a -4 -'L. -

a, I0 0 I

000

C) C) CD

-7 CC C)- +~ *~-

x-- >1 N N N .

--4 -- 0



104.

Table 5. Stations Used for the Body Wave Analysis of
April 3, 1972 Earthquake.

WWSSN Network

Station Azimuth, Distance, Magnification

degrees degrees

ATU 87.5 42.6 1500

BKS -67.6 58.6 3000

CAR -137.8 50.5 3000

COL -30.7 50.3 1500

DUG -71.9 51.8 3000

IST 80.2 43.6 1500

JER 84.5 53.6 3000

KBL 58.1 70.1 6000

NUR 54.2 31.7 1500

OXF -95.1 42.2 3000

QUE 62.4 72.5 6000

QUI -130.7 65.0 3000

SCP -97.8 31.2 1500

TRI 85.1 32.0 3000

TUC -80.2 56.2 1500

Canadian Network

EDM -57.9 43.8 4500

FFC -61.5 37.0 4200

FSJ -51.3 48.3 3400

L
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FIGURE CAPTIONS

Figure 1. Bathymetric map of the southern Reykjanes Ridge

and Gibbs Fracture Zone. Contours are at one kilometer

intervals. Earthquakes of mb greater than 5.0 recorded

by the WWSSN from 1962 to 1978 are shown by dots. Fault

plane solutions are from Einarsson [1979]. Bathymetry

from NAVOCEANO WORLD RELIEF MAP, NA-4, May 1977.

Figure 2. Response curves calculated at different depths
kY3 (h,w)

for the oceanic model of table 
2. G = A 2

1 2

G -Y (h,w)--A(h) I kY(h) G A (h,w)
2 X(h) + 21 (h) 3 (h)

y. (0, T)
A = F K: where r is the data equalization

4U 2 Ir

distance of 4000 km. For definition of other terms, see

Appendix I.

Figure 3. Stations and reqionalization used for the surface

wave analysis plotted on an azimuthal equidistant

projection centered on the April 3, 1972 event. Regions

are labeled with Roman numerals and th- corresponding

phase velocity dispersion curves are displayed in

Figure 4. Circles mark distances of 30' and 600 from

the epicenter of the 1972 event.

Figure 4. Phase velocity dispersion curves for tht regions

shown in Figure 3. References: I. Naponen [1966],

Calgagnile and Panza [1978]; II. Gregersen [1971];

III, IV. Wickens [1971]; V. Oliver et al. [1961];

VI. Forsyth [1975] (5-10 m.y. normalized to water depth

of 3.2 km); VII. Weidner [1974] (normal ocean basin).

,,. " ,
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Figure 5a. Examples of seismograms and corrected source

spectra for the April 24, 1970 event. Displayed seismograms

were traced directly from WWSSN records and are not equalized

to a common epicentral distance and station magnification.

Open circles in the source spectra indicate points which

were eliminated from the data set for the inversion during

the visual inspection of the data. A - epicentral

distance in degrees, az - station azimuth in degrees

from north, mag-station magnification.

Figure 5b. Examples of seismograms and corrected source

spectra for the April 3, 1972 event. Source spectra

obtained from filtered records are also shown.

Figure 6a. Residuals vs. focal depth for the inversion of the

Rayleigh wave radiation pattern to obtain the moment

tensor for the April 24, 1970 event.

Figure 6b. Residuals vs. focal depth for the April 3, 1972 event.

Figure 7a. Fault plane solution for the April 24, 1970

event. Superimposed are the axes and double-couple

fault plane solutions corresponding to the results

of the moment tensor inversion under constraints (2)

and (4) for a focal depth of 4 km below the sea floor.

Dotted line and(] - constraint (2); solid line and 0-

constraint (4). T - tension; B-intermediate; C-compression.

Closed circles indicate compressional first motion of the

P-wave. Open circles indicate stations for which the first

motion was originally thought to be compressional but for

which this interpretation was subsequently modified when
.1

considering the moment tensor solution and the expected

amplitude of the first motion as

L
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predicted by synthetic seismograms. In the lower

right hand corner is the fault plane solution presented

by Einarsson [19791. Large dots signifiy clear arrivals

whereas small dots indicate less reliable picks. Arrows

indicate S-wave polarization angles.

Figure 7b. Fault plane solution for the April 3, 1972 event.

Superimposed are the axes and nodal planes corresponding

to the results of the moment tensor inversion for a

focal depth of 4 km below the sea floor. Closed circles

indicate compressional first motion of the P-wave; open

circles indicate dilatational first motion. Apparent

nodal planes separated by approximately 600 are constrained

by the data. In the lower right hand corner is the fault

plane solution presented by Einarsson [1979): closed

circles - compression; open circles - dilatation;

crosses - nodal.

Figure 8a. Examples at several periods of the fit of the

moment tensor solution to the observed data for the

April 24, 1970 event for a depth of 4 km below sea floor.

Plots of the real and imaginary parts versus azimuth

illustrate the fit when the inversion is performed

under constraint (2); plots of negative amplitude versus

azimuth show the result under constraint (4) (real part =

amplitude, imaginary part = 0). Open circles indicate

data that were weighted by zero during the visual

inspection of the spectra.

Figure 8b. Fit of the model to the data recast into the

form of amplitude and phase: the solution under constraint

(2) is given by dashed lines, the solution under constraint

~b
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(4) is given by solid lines.

Figure 9. Examples of the fit to the data of the moment

tensor solution for the April 3, 1972 event for a depth

of 4 km below sea floor (see Figure caption 8).

Figure 10. Model parameters and fault geometry used in the

example of P-wave synthesis for a shallow, finite earth-

quake source. Circles are successive rupture fronts.

Rupture propagates from top to bottom (T-B), from the

center (C), and from bottom to top (B-T) in the three

cases shown.

Figure 11. Theoretical seismograms for models described in

Figure 10. The dip of the fault is 55'. Also shown is

the theoretical fault plane solution; points A, B, C,

and D represent projections of ray paths for which seis-

mograms were calculated. T-B, C, and B-T signify

rupture propaqation radiatinq from top-to-bottom, from

the center, and from bottom-to-top, respectively.

Figure 12. Theoretical seismoqrams for case T-B in Figure

10 illustratina the apparent distortion of the

fault plane solution due to interference between the

direct and reflected phases. Solid line is the true

fault plane solution whereas dashed line delimits the

• apparent dilatational quadrant. The dip of the fault

is 45*

Figure 13. Examples of long period P-wave seismograms

(vertical component) observed for the April 3, 1972

event. Seismograms were equalized by correcting for

geometrical spreading and for differences in the

seismometer magnifications. Dots indicate projections

rL."
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of ray paths to the given stations. Also shown is

the preferred fault plane solution.

Figure 14. Theoretical seismograms (vertical component)

compared to observed P-wave data for the April 3, 1972

event. Upper trace is observed; lower trace is

calculated. Seismograms were equalized to a seismo-

meter magnification of 3000. Numbers below the station

names corresponded to moment (in units of 1024 dyne-cm)

at the given station, and M is the average moment.o

Dotted lines on the observed seismograms

indicate the time of the first motion observed on the

short period vertical component.

Figure 15. Model parameters used for the calculation of

the theoretical seismograms shown in Figure 14. The

indicated fault width is measured down-dip and the

fault is projected onto a vertical plane parallel to

the strike of the fault. Dots represent individual

point sources. Fault length is 13 km. The medium

structure below the receivers is a homogeneous half-

space with a = 6 km/sec, 6 = 3.46 km/sec and p = 3 g/cm
3

Figure 16a. Theoretical P-wave seismograms calculated for

several fault geometries compared to the observed data

(seismogram I). Fault dimensions are 13 km length by

3 km width for seismograms II and III and 7 km length

by 6 km width for IV and V. Seismograms II and IV were

calculated for rupture initiating at the top of the fault

whereas III and V were calculated for rupture initiating

at the bottom. Other parameters are the same as in

'9.
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Figure 15. -,ismograms VI were calculated for a point

source at a depth of 0.35 km below sea floor and a trian-

gular time function with a 0.8 second rise and a 1.8

second roll-off.

Figure 16b. Theoretical P-wave seismograms (lower trace) cal-

culated for the moment tensor obtained from the Rayleigh

wave inversion under constraint 2 (Table 4b - 4km below

sea floor) compared to the observed data at several repre-

sentative stations (upper trace). The seismograms were

calculated for a point source with the same depth and time

function as in Figure 16a. The fit is worse than that for

constraint 4 (Figure 14). For example, constraint 2 requires

that station CAR be further within the dilitational quad-

rant than is indicated by the data and that KBL have the

wrong first motion polarity.

Figure 17. Examples of short period P-wave seismograms (vertical

component) for the April 3, 1972 event. Seismograms are

direct copies of observed records.

Figure 18. Examples of long period P-wave seismograms recorded

for the April 24, 1970 earthquake. Seismograms are direct

copies of observed vertical component records. Mag-

station magnification, Az-station azimuth, A-epicentral

distance.

Figure 19. Depth to various isotherms at a distance of 10 km

from the ridge axis vesus spreading rate, calculated

for the thermal model of Sleep E1975]. Also indicated is

the depth of faulting, 2.1-2.8 km, corresponding to the

3-4 km wide fault obtained for the April"3, 1972 event.

Figure modified from Solomon and Burr [1979].
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Recent COCORIP results indica;te that the orogenic belt of

the southern Appalachians is allochthonous and is

underlain by a basal decollcment that extends eastward to

the coastal plain. I iowlever, contrasts in structural style

and tectonic evolution betweren the northern and southern

Appalachians suggest that it may not be possible to

extrapolate the CO,2ORP re.ults to the northern

Appalachians (north of about 41 dearees latitude) and that

the suture between the Grenville Province Bnd the

Appalachian orogenic belt in Ncw Engllaiid is located in the

vicinity oF, or just east of the serpentil.te belt.

U.









138.

The Piedmont Province is located to the east of the
-d

Urevard fault zone and can be sub-divided into a number of

different zones based on differences in metamorphic grade

and dominant lithology. In general, the Piedmont consists

of metamorphosed eugeoclinal rocks of lower and middle

Paleozoic age which are associated with Paleozoic plutons

of variable composition. The southern Appalachians show

two zones of ultramafic bodies; a well-defined belt

associated with the Blue Ridge, and an ecstern belt of

irregularly distributed bodies 'n the Piedmont (Misra and

Keller, 19"/8). Recent COCORP seismic-reflection profiling

has shown that the platform rocks overlying the Grenville

basement can be traced beneath the Blue Ridge and continue

at least 150 km to the east beneath the crystalline

Piedmont Province (Cook and others, 1979).

The northern Appalachians show a number of geologic

dissimilarities to the southern Appalachians. The

northern Equivalunt of the Valley Fnd Ridge Province is

older, less developed, and involved westward thrusting of

euqeoclinal rocks (the Taconic klippen in New York State)

ovrr clogeoclinal rucks during the Ordovician Taconic

oru(ieny Precambridn upliFts such as the Gv.'en Mountains

in VeTmont and the Berkshires in western Massachusetts

CA
a.

- I .
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involve Grenville basement and are located in the vicinity

of the transition of the miogeocline to eugeocline.

However, in the northern Appalachians, the uplifts are not

as extensive as those in the Blue Ridge and Precambrian

rocks are not exposed along the Sutton Mountain

anticlinorium in GLebec. To the cast of the Precambrian

uplifts is a north to northeast trending belt of

serpentinites which are located on strike with the

Newfoundland ophiolites. In contrast t.b the southern

Appalachians, few ultra-nafics are Found to the east of the

serpentinite belt in New England except along coastal

Naine (Osberg, 1973). Rocks of the New England

Appalachians Ire deformed into a number of broad

structural wa-rps containing Paleozoic eugeoclinal

continental rise or back arc basin metasediments in the

synclinoria and island arc metavolcanics and their

associated intrusives in thi, anticlinoria (Rodgers, 1970).

Except for a few exposures irn coastal Maine, Paleozoic

csrbonate rocks typical of rtable continental margins are

rarelu found to the east of the Precambriarn inliers in the

northe7.n Appa1.:chians (,.I liams, 1979; Osberg, 1978).

Oranites oF the rew ,..,mph.Li- e Plutonic series which were

emppiced during the middle Devonian Acadian orogeny are

exposed throughout much of the central orogenic belt of

.. "-.
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New England and give age dates of about 360 m y. (Naylor,

1975). On the eastern flank of the central orogenic belt

of the Now England Appalachians, a major northeast

trending thrust belt (the Clinton--Newbury and Bloody Bluff

fault zone in eastern Massachusetts) is found. Rocks

which are probably correlative with those of the Avalon

zone in Newfoundland are found to the east of this thrust

belt in eastern Hassachusetts and southeastern Maine (Bird

and Dewey, 1970; Nelson, 1976).

SUMMARY OF REFRACTION MODELS IN EASTERN NORTH AMERICA

Velocity structures based on regional travel times suggest

that signiFicant difference5 in crustal structure exist

between the Grenville and Appalachian Provinces. In this

section, the models for the NEUS presented below will be

compared with other refraction models measured in eastern

North America. The tectonic implications of the

:tructural differences will be examined in a later

s ion.

PeHoractiot, a1dde Is for the northern and southern

Appaiachi.jns and the Grenville PTovince are contrasted in

Table 2 nd shnwn in Figure I The northern Appalachians

r..
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appear to be composed of a relatively thick, 40 km crust

with two well-defined layers. The lower crust is

characterized by relatively high velocities of 7 km/s.

This is consistent with refraction models of Leet (1941)

and Steinhart and others, (1962) in the NEUS, R.L. Street

(pers. comm.) in central New Hampshire, and Dainty and

others (19-56) in Newfoundland. Two models presented by

Chiburis and Ahner (1979) in southeastern New England and

Nakamura and Howell (1964) in eastern 'Maine suggests

crustal thinning and a missing high velocity lower layer

along the Atlantic coast. The region where the Chiburis

and Ahner (1979) model was compiled is located in a region

characterized by a zone of negative time terms and

apparent crustal thinning (Figure 4). Interestingly,

these surveys may have sampled rocks of the eastern block

(or Avalon zone) discussed above.

Refraction models from the Grenville Province appear to be

f-airyl similar along its length from eastern Canada to the

- • , southeastern U.S. In eastern Canada the high velocity

lower crystal layer is absent or weakly developed (Dainty

aii others, 1966; Perry and Fuchs, 1973). It also

appears that the Grenville crust thickens from about 36 km

at its eastern edge to about 45 km at its western edge in

U
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the vicinitL of the Grenville Front Recent detailed

seismic studies in the La Malbaie Peqiun, Quebec indicate

a 43 km thick crust with an average upper crustal velocity

of about 6. 5 km/s and lower crustal velocities of about

6 8 km/s with a thin 7. 1 km/s layer at the base of the

crust and Pn velocities of 8. I km/s (Lyons and others,

190). in New York state, the Grenville crust appears to

be tLniform, about 36 km thick, with velocities ranging

from 6.4 to 6.6 km/s (Kati, 1955; Agaarwal in Schner and

others, 1976).

Further south, west of the Blue Ridge, the Grenville crust

appears to have two lagers, but the lower crustal layer

has a P velocittg of about 6. 7 km/s which is low relative

to the noT thern Appalachians (Steinhart and reyer, 1961).

The 14 km thick upper layer could be composed in part of

allochthonnus miogeoclinal iocks.

The southern AppalaLhians appear to show velocity

-' ;tructures that are more like the Grenville models than

those of the northern Appalachians because of the lack of

VhP h1yh velocitu lower crtstal lauer (Long, 1979;

Wa rren, I1 -3; So]linqer and others, 1980). This has very

important implications that will be discussed below.
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vicinity of quartzo-feldspathic gneisses and has shear

velocities similar to arjorthosite. Ihe Grenville Province is

characterized by a number of large anorthosite intrusive

bodies which, on the basis of gravity modelling, may be

confined to the upper 10-15 km of the crust (Simmons, 1964).

The above interpretation of hydrous versus anhydrous mineral

phases beneath the Grenville and Appalachian Provinces is

also consistent with the observed resistivi'ty models. At

temperatures and pressures representative of the lower crust

in shield areas, microcracks are generally closed or healed

arid corduction by pore fluids is probably small relative to

that of hydrated mineral phases (Brace, 1971).

Field studies of grarilite terrains in the Adirondacks

indicate a fairly dehydrated crust (Buddington, 1939). Dewey

and Burke (1973) suggest the Grenville Province is a deeply

eroded zone of reactivated basement similar to a Tibetan

platcau. Partial ineltina of a dioritic lower crust during

the Grenville Ovogeny ndy have resulted in potassic granitic

melts which rose to higher crustal levels leaving a

dehudratpd 7efTactory residue consisting of pyroxene

granulites, charnockitts0, and anorthosites. However, there

are eAposures c,F intphibolite and hornblende granulite zones
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Appalachians, Newfoundland J. Geol. Educ. , 3, 17-35, 1977.
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TABLE 2

GENERALIZED REFRACTION MODELS IN EASTERN NORTH AMERICA

Canadian Appalachians

Grenville Appalachians Cont. Margin

Berry and Fuchs (1973) Dainty et al. (1966) Dainty et al. (1r -

Depth (km) Vp (km/s) Depth Vp Depth Vp

0.-20. 6.3 0.-15. 5.9 0.-9. 5.4
20.-40. 6.6-6.9 15.-25. 6.3 9.-35. 6.25
Moho 8.06 25.-42. 7.2 Moho 8.0

Moho 8.1

Dainty et al. (1966)
0.-37. 6.25
Moho 8.18

Lyons et al. (1980)
0.-22. 6.5
22.-38. 6.8

38.-43. 7.1
Moho 8.1

Northeastern United States

Grenville Appalachians Cont. Margin

Katz (1954) Street (1976) Nakamura and Howeji
(1964) 1

0.-35. 6.4 0.-2.5 5.76 0.-30. 6.0
Moho 8.14 2.5-26.0 6.40 Moho 8.1

26.0-142.1 7.147
Moho 8.13

. Aggarwal in Taylor et al. (1980) Chiburus and Ahne
(Schnerk et al. 1976) (1979)

0.-4.0 6.1 0.-15. 6.1 0--13.0 6.1
4.0-35.0 6.6 15.-40. 7.0 " -

Moho 8.1 Moho 8.1 Mono 8.1

I 1/
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