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ABSTRACT .

N \\\ he 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:
4 1.7 -Velocities and attenuation of surface waves in

the eart@r,

2. Summary of crustal structure in the Middle Easp;)

3.G Source properties of shallow earthquékeq;ahéf

4 —+Three-dimensional crust-upper mantle modelé.j

e

“+In addition, a cumulative list of publications is included.

-l o o -...-.IA

“o

-
.
gt

S 4,

..




[ e X

TABLE OF CONTENTS

ABSTRACT 2.
I. INTRODUCTION 4.

II. VELOCITIES AND ATTENUATION OF SURFACE WAVES 6.
IN THE EARTH

Measurement of Interstation Phase and
Group Velocity and Q using Wiener
Filtering

III. SUMMARY OF CRUSTAL STRUCTURE IN THE MIDDLE EAST 26.

Structure and Seismic Properties of the
Alpine-Himalayan Zone

IV. SOURCE PROPERTIES OF SHALLOW EARTHQUAKES 45.

Source Characterization of Two Reykjanes
Ridge Earthquakes: Surface Waves and
Moment Tensors; P Waveforms and Non-
Orthogonal Nodal Planes

‘ V., THZREE-DIMENSIONAL CRUST~-UPPER MANTLE MODELS 132.
Crust and Upper Mantle Velocity Structure

in the Appalachian Orogenic Belt:
Implications for Tectonic Evolution

VIi. CUMULATIVE LIST OF PUBLICATIONS UNDER THIS 198.

o . PROJECT
-,
S
.
L 3

js‘ .
;7 5
.-.'?‘

X

.

i
) 1

. - ey T
- - . L *LTe W b v LI a ' -
- - - . ; - £ Y

¥, T oo



I. INTRODUCTION

fhis 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 o0ld 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

complicates the problem. Detailed analysis of body and surface




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 attenvation coefficients using a Wiener (least squares)
filtering technique 1is 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 1is wused 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.




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 wvarious station—path configurations (cf. HKovach,

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 wvelocities alone
presents a non-—-unique problem because of the trade-off between
certain parameters such as velocity and layer thickness. However,
inversion aof group velocities alone results in 3 more non-unique
problem (Pilant and WKnopoff, 1970) resulting fFrom the derivative
Telationship between phase and group velocity. 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 can heo used simultaneously to increase !

resolution. Also, because anelasticitu of the earth causes physical




dispersion of seismic waves, attenvation information can be used to
corract phase and aroup velocity curves, or the different types of

observations can be inverted 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 cach statign either directly from
the seismograms or by narrow bandpass filtering each seismogram and
dividing the group delay into the station separation. Landisman et
al., (19469) 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., (19467) also note
that the <cross—correlation function approximates the interstation
impulse response and application of the moving window technique or
multiple Ffiltering (D:ziewonski et al., 1969) can be wused to
calculate interstation group velocities. Although this technique is
useful for phase velocities, test cases shown below illustrate the
measyrements of interstation qroup velocities from the

crocss—correloqram can lead to ervors of alinost 10 percent for

station separations of 00 ki at periods of 20 seconds




In this paper, we present a technique for measuring interstation
phase and group velocities and attenuvation From the interstation
transfer function which 1is 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 sape great circle path
from a source, we want to estimate the interstation transfer
function (also known as the medium impulse Ttesponse or GCGreen’s
function), The amplitude spectrum of the transfer function gives a
measure of the spectral ratio beotween the two cstations which can be
vsed to determine @G, and the phase of the transfer function gives
the phase delay of the system which will be used to calculate the
interstation phase velocitg.' The shape of the transfer function in
the time domain provides information on the dispersiveness of the

system which will be used to estimate interstation group velocity.

Figure 1 illustrates the problem in the time and frequency domain
where the 1input signal at station 1 driwves the system and produces

the output recorded at station 2 The convelution is given by the

frequency domaln representation
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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 by dividing (1) by the 1input and computing the transfer

function

(@) R ($md)
= — K

E. e " (2)

This simple deconvolution can be very unstablg, particularly in the
presense of spectral holes Ffor which #frequencies the filter
parameters (transfer function) will be indeterminant. Various

deconvolution schemes can be wused to find the filter coefficients

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

1949; Treitel and Robinson, !9&6; Peacock and Treitel, 1969).

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

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

(bO, b1, ..,bn)

=
]

(dO, dl, ..., dnim) (3)

: g =
e F = (fO, f1, .. ., fm)
We wish ty ecoanstrucs a3 filter, A thot will best estimate the .
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desired output, d, when driven by an input b. Letting the n+m
length vector ¢ represent the actual output, we design £ such that

the difference between the actual and desired output
s C, -~
Qt ¢ ét (QX

is minimized in a least squares sense (Figure 1¢). This requires &

that the length E, of the error serias, e, is minimized

E=ce =S Ci = E_(Ct-éz)z (s)
T 3

and we design f such that

bef = ¢ (4

or
A\
Cos= ;7 fz bt-{
t=0
where # denotes convolution. Using matrix notation, the convolution
is given by
~
- [
bO O O ... (o] T F(‘.-.1 cO T
L1 LO O ... 0 f1 ci1
bn b=t ... bO - (7)
. Fm
{ 0 (o] an i J | cm+nJ
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Introduce the desired output d. which is the signal at station 2,

and solve for £ =such that the length squared of the difference

vector C*-ét is minimized
(b0 0 o ... o] [¢o] [ 40 [20 T
b1 bLO O ... 0 1 dl el
hn bn-1 ... b0 = + ¢3)
. . . Lfm
L0 0 ... bn] . Ldm+nJ | eavtn|
In matrix shaorthand
Bf = d + e (?)
We then soive for f using lecst squavres
B¢ = 1 d (10
It turns out that the terms BYB give the autocorrelation of the
input 2

n
a,z5h d, (n)
T et
and QTg is the crcss—correlation vector of b and d
n
L)

Thus, the m—length Wiener filter results from the solution of the

normal equations of the form
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a0l al a2 ... am 1 rNﬂ rcco-
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or from equation (1) we are solving
t

: . i0,~0)
F“ F“e, O =T e (8- (N\

The avtocorrelation 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 1is the autocorrelation of the input at zero
lag. Becavuse aof its symmetry, the system (13) can be solved
efficiently and with a minimum of computer storage using Levinson
recursion (Wiener, 1949, Treitel and Robinson, 1946). Although the
‘ system (13) is always nonsingular (assuming a # O0O) (Ford and Herne,
1966}, numericsl instabilities may occur for large m. For this case

the problem can be formulated using a stochastic framework where the

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

autocorrelation except at zero lag, where the autocarrelation equals {

the noise power. The actual input x, is then given by
X =h +n (13)
Assuming the noise 1is statianary, this method of solution is

equivalent to the damped least squares technique. To do this we add
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a small constant to the autocorrelation function at zero lag which

stabilizes thoe solution.

Landisman et al., (196%9) pointed out that application of multiple
fiitering to the windocwed interstation cross—correlation function
gives a good approximation to the intersztation group wvelocity.

However. for relatively short station separations where small phase

errors are impartant, the method breads down. To illustrate this,
we take identical signals Ffor bath stations and apply the
cross—correlation and Wiener filtering opervation 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, wa compute the cross—-correlation of the input
with the ouitput (Figure Za, which is actually the autocorrelation of
the input at station WES) and the interstation transfer function
using the least squares deconvoluttion described above (Figure 2b).
Both signals shown in Figure 2 are then windowed between lags of
0-200 secounds. Comparison of [igures 23 and b shows that the
transfer function approrimates a delta function much better than the
cross—correlogram". The phase and amplitude spectrum of the
windowed transfer Ffunction gives a better approximation to that of a
deltas tunction chan‘the CTOSO=—COTTOLlOGTam. Also shown in Figures 2

a and b is %he anvelose function 21t to the narrow bandpassed
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sianals for two frequencies. As can be seen from Figure 2a, the
time of maximum amplitude is at a lag of 10 seconds whicth can cause
group velocity errors of abuvut U percent over distances of 500 km.
DBetween periods of 17 to SO 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 rflat

I~ Although the cross—correlogram gives an approximation of the impulse
response of the interstation medium, test cases show that
substantial errors of interstation group velocity determinations can

occur for short statian separacians

APRILICATION

The Wiener iiltering technique is applied to a8 surface wave path

from an event occuring in the Red Sva aoan March 13, 1967 (19:22:19.5;

19. 673N, 33 742E; Mh = 95 /J,depth = 31 km) crossing the Iranian
Plat2au between the WWSSN statinns SHI and MSH ( A = 1598 and
=4. 70 degreus, resprctively; Figure 3 shows the seismograms and

corraected spectra anid thoe iatorstatioun transfer function is shown in




Figure 4. Interstation phase and group velocities are shown in
t'iqure 5. The interstation group wvelocities were calculated by
applying the multiple filtering technique to the ¢transfer function
and the interstation phase wvelocities were calculated from a

polynomial fit to the unwrapped phcse of the transfer function using

the formula

AX
= b
C(T) t, (@) N)T (1)

where Az 1s the epicentral distance, t0 ic the first time point of

the transfer function, and <§t$ 15 the phase of the transfer

function.

Q values alang the travel path were calculated using

oL 1—‘3“/\“(/\9(*)]%‘-::—,?—,‘ ) )

where U is the group velocituy and Atf 15 the amplitude spectrum of
the transfer function. Because of numerical instabilities involved
in the Levinson recursion solution for the filter parameters, the
abtsolute values of tha transfer function may be shifted by an amount
ralated to the damping u=ed to solve the system (13). Thus, the
spectrum of the trans+ar function is normalized o one, which gives

8 value o:i anfipit2 G at the trequency correcponding to the maximum
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17.

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 G 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@ valuzs From spectral ratios
increase Tapidly to about 450 which may be due to effects of
multipathing. In contrast, becauce of the least squares technique
used, the Q values from the transfer function at periods of 18-19
seconds are stabilized by those of neighboring periods. For periods
greater than 25 sa2conds, the Q values Ffrom the transfer function are

quite flat relative to those from spectral ratios

CONCILUGIUNS

In this paper, we have applied the Wiener filtering technique to
selsmagrams lying on the cume great circle path from an earthquake
in order to calculate the interstation transier function

Interstation phase and group wvelocities and relative attenvation
coefficients can be calculated 4f£rom the trancfer function and

inverted simultanceously for shtructure The methad 1s particularly

useful acrnss paths inwoalving shert Station separatians,
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FICURE CAPTIONS

Figure 1 Schematic illustration of the interstation Green’s function.

Figure

Figure

Fiqure

Figure

Figure

2

(8]

(a) Seismogram b at the station nearest tc 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 rteprecentation of Figure 1la and (c)
elements of least-squares filtering.

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 0.09 and function calculation using Wiener
filtering, and nartou band-passed signals and envelope
functions for sames two frequencies in (a).

Seismograms and spectra ter 3/13/47 earthquake recorded at iMSH
and GiHl.

Interstation Green’s and Transfer function calculated between
MSH and SHI for 3/13/67 eavthquake.

Phase veloncity and group velocity calculated from interstation

transier function between MEH and 5SHI using 3713767
earthquake. {as) Phase wveigcity. (b) Group velocity ¢from
applircation of multiplo filtering technique to interstion
Green’‘s function. High numbers correspond to maximum power.
Q values between MEHW and EHI measured from interstation
transfer #ynction Ffor 3/13/47 earthquake. (a) Q from
interstation transfer {function wusing normalized spectrum (see
text). (v Mormalized G values calculated by taking spectral
ratios.
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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 Toks®bz, 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

P —

developed by Taylor and Toks®z (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
{ﬁ contains information about the phase and group delay of waves
:;i} travelling between stations. This method is particularly useful
for closely spaced stations. In this situation the use of the
cross-correlogram, as was dorn~ by Dziewonski et al. (1969), can
lead to errors in the calculation of group velocities.

Figure 2 gives a comparison of group velocities for




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

fr———
ey 'y

velocities in the Zagros.
These conclusions are supported by a study of P, waves E

across the Iranian plateau which gives a low P, velocity of

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

(8.0 km/sec) in Iran, with no evidence for S, propagation across "1

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

Canitez and Toks8z (1980) found P_ 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 aﬂd 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;
Johnston et al., 1979; Johnston and Toks®z, 1980). There are

peaks and low points in the Q'—1 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



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 Toks®z, 1977; Chen and Molnar, 1980; Canitez and
Toksbz, 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

Q-l. At higher frequencies (f > 1 hz), Q_l

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-l values obtained from body waves and higher
modes (Lg, Rg) with those of fundamental mode Rayleigh and lLove

waves may shed light on the importance of frequency dependence

of Q.

:
)
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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.

Figure 7 - Q_l values for Rayleigh waves along the path SHI-MSH
in Iran.

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

' Figure 9 - Q—1 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" 1s the average model for the Iranian Plateau.

The Arabian Peninsula (a shiecld) model is included for

comparison. f‘

.
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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 strike

of the ridge. Apparent departures from a pure double couple

source seem to result from errors in the data and the poor
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resolution of the sz and Myz components of the moment tensor

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

4

couple sources with moments of 4.8 and 7.5 x 102 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 calcu-
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 1is 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.

o
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INTRODUCTION
Fault plane solutions 2f ridge crest earthguakes
regularly indicate non-orthoconal 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
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obtained from the surface waves should therefore help to
distinguish the cause of the non-orthogonality. The recently
developed technique of inverting surface wave data to obtain
the source moment tensor should be especially suited to this
problem as the moment tensor is not restricted a priori to
correspond to a double couple. The surface wave solution
can then provide a base from which the body wave problem

can be reexamined.

The frequency of teleseismically observable events
combined with a fortuitous location with respect to azimuthal
coverage by the World Wide Standard Seismograph Network
makes the southern Reykjanes Ridge an excellent laboratory for
studying the mechanism of faulting on a slowly spreading
ridge and the phenomenon of non-orthogonal nodal planes.
Although one could argue that the area might be anomalous
due to proximity to the Iceland hotspot, topographically and
geochemically the ridge south of about 59°N appears to be

beyond the hotspot's direct influence (Vogt and Johnson,

1975]. Spreading direction is approximately perpendicular

to the ridge and the axis is broken by an axial valley
characteristic of its spreading rate. This contrasts with
the obliquely spreading, smooth, shallow ridge to the north.
The seismicity south of 59°N is also much more characteristic
of that of the "average" Mid-Atlantic Ridge (Francis, 1973].
North of 59°N the Reykjanes Ridge is nearly aseismic,
resembling in this reséect a fast spreading rise. The
southern Reykjanes Ridge, on the other hand, has experienced
several earthquakes with body wave magnitude m, up to 5.5

since the inception of the WWSSN. Detailed bathymetric
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studies show that the transition between the two regimes
is marked by a several-fold increase in offset across the
fault scarps which border the axial constructional veolcanic

pile (Laughton et al., 1979].

Figure 1 is a topographic map of the area showing
earthquakes with m, greater than 5 which were recorded between
1962 and 1978. Moust of the ridge earthquakes display the
pronounced distortion of the body wave radiation pattern
characteristic of mid-ocean ridge events. Note, however, that
for the April 24, 1970 earthquake at 56°N compressional first
arrivals appear nearly to cover the focal sphere. This
mechanism, determined by Einarsson [1979], originally
inspired our interest in the area. Einarsson suggested that
this event might be an extreme manifestation of the non-
orthogonality. An analysis of the surface wave radiation
pattern was undertaken to determine whether this event might
perhaps be an explosion.

In this paper, the Rayleigh wave displacement spectra
from the April 24, 1970 Reykjanes Ridge earthquake are
inverted to obtain the source moment tensor. A moment tensor
solution was also obtained for the April 3, 1972 event
(Figure 1), which yielded a well-constrained fault plane
solution from P wave first motions requiring nodal planes
separated by approximately 60°. The locations of these events
are given in Table 1. The moment tensor solutions for both
events indicate shallow normal faulting with the tension axis
perpendicular to the strike of the spreading center.

We then show that the apparent non-orthogonality of the
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body wave solution for the April 3, 1972 event may be

attributed to interference effects between direct P, pP and

— e o e

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.

- S oy : kb s




51.

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 ridge 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 1s 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 matching the observed amplitude and

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

o]

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

of the moment tensor representation is that it is not
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restricted to a double couple source mechanism and should
therefore provide insights into possible departures from this
generally assumed faulting model. Other possible mechanisms
contain isotropic and/or compensated linear vector dipole

components [Knopoff and Randall, 1970]. For example, a

tensional crack corresponds to the superposition of an
explosion and a compensated linear vector dipole.

The formulation of the problem of retrieving the moment
tensor from the vertical component of the Rayleigh wave is
given in Appendix I. In summary, the moment tensor components
can be retrieved from the real and imaginary parts of the
observed source spectrum [Mendicuren, 1977; Patton and QE},

1979]:

Real = Aij cos¢ij = Mzsz(h,fi) + (Mxx + Myy)Gl(h,fi)

-(Myy-Mxx)Gl(h,fi)coszej + ZMxycl(h'fi)Slnzej

R
+ Eij (1a)

: ” e = .
Imaginary Aij Sln'ij szG3(h,fi)cosaj +

I

MyzG3(h,fi)sin9j + Eij (1b)

In (1), Aiﬁ and ¢ij are the amplitude and phase delay observed at

station j and frequency fi after having been corrected for the
effects of propagation and the source time function, Bj is the azi-

muth of station j with respect to the earthguake, and the Ei_}R

and %jr are error terms. The GK are real functions of depth
and freguency and are calculated for the appropriate source

velocity and density structure using Saito's [1967] algorithm; §
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Gk calculated for an oceanic model (Table 2)

are displayed in Figure 2. For a given depth, the moment

tensor components can be obtained from a one step inversion

of the real and imaginary parts of the spectrum. Depth can

[e——

be determined by inverting for the moment tensor at a series

of depths and choosing that depth which minimizes the residual
47 % e .
1 | ij 23J 1]

The resolving power of the inversion is determined by the

i i behavior of the functions Gk over the period range of the

l
data. We see from equation (la) that, with data from only a

!‘ single frequency, we cannot independently determine (Mxx+MYy)

and Mzz; even with data from a range of frequencies, G, and

1

62 have too similar a frequency dependence over the frequency
| range of long period surface wave data to permit independent

‘ A resolution of the diagonal components for most source depths

3
[Mendiguren, 1977]. The constraint | E M..=0, equivalent to
1=

ii
no volume change, can be analytically imposed without destroying
the linearity of the problem. Under this constraint, however,
an explosive component in the source will masquerade as a
vertically oriented compensated linear vector dipole. This
effect will be examined further in the discussion of the
surface wave results. We can also see that G3 approaches 0 as
depth decreases because it is proportional to one of the
stress eigenfunctions (Appendix I). This results in'poor
resolution of the M., and Myz copmonents for very shallow
sources and we may be forced to impose an additional constraint.

If we have evidence indicating that the principal stress

axes are approximately horizontal ané vertical, we can assume
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that the.imaginary part of the spectrum is due to noise in the

data and solve for M__, M, M and M with M
X Xy X

' and M
X vy z2z '

Yz
identically equal to 0. This constrains the corresponding double

2

T S

couple fault mechanism to be either dip-slip with a dip of 45° or
vertical strike-slip. At a single freyuency, depth cannot be
determined from the imaginaryv 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 earthgquake-station

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

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

A £ 7. Sk A TG G S P NP R gy .

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 ﬁij

of equation (1), in units of cycles, is: f
5 . = Observed _ .instr . o _ 5 o Jf£. + 0.125 + n
1] 1] 1] ] J 1) 1 =

instr
where ¢ij

is the instrument phase response; Tj is the time
between the origin time and the beginning of the digitized
record; Dj is epicentral distance in km; Ci' 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

(AS) and (l1l): and n is a constant which arises from the

periodicity of the phase and is determined by Ci If we

j
assume that TJ and Dj are known exactly, the error in Oi. due
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to an error AC,. In C.. is A:,, = (f£.D.AC..)/C... Numerical
1] 1] 1) 1) 1] 13

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 1is .13 cycles. For a given error in C, the error
increases with increasing epicentral distance and decreasing
period.

In his application of the method to a family of earch-
quakes in central Asia, Patton [1980]) began by calculating
phase velocities for the station-source paths by the method

of Weidner and Aki [1973] 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 usinag these path parameters.
An iterative scheme was adorted whereby, once the mechanism

of an earthguake 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 single isolated event.

An excellent azimuthal distribution of stations with short,
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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 egualized to a common distance of 4000 km. To decrease
the effect of amplitude fluctuations due to multipathing,
the amplitude spectra were smoothed by avéraging 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).
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Table 3a shows the percentage of each earthquake-station path
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 incoherency of the rhase was probably due to the inter-
ference effects of multipathing. Spurious phases or amplitudes

at certain periods for otherwise coherent spectra were also

ncted and assigned zero weight (e.g., 52 sec period at
station VAL; see Figure 5a).

The vertical component of the Rayleigh wave for the
April 3, 1972 event was treated similarly to that for the
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.

v . - S
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Periods frcom 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. 1In this case, the filtering
smoothed the source spectra significantly (Figure 5b)
suggesting that the technigque 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 vresented.

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 resclved. 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 sz and M components

vz
were dominating the solutions. As normal faulting with the
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tension axis approximately horizontal was indicated, the
constraint that the imacinary part of the spectrum be zero
was then imposed, both withcut 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 Gz 1s similar for both shallow and deep

1

events. The minima are more sharply defined when the
3

constraint T Mii = 0 is imposed. The inversion of the
1=1

imaginary part provides no constraint on the depth. Imposing
the constraint that the imaginary part of the spectrum is
zero and that the observed amplitude reflects the real

part decreases the residuals. Since one would expect to
obtain larger residuals for the more highly constrained case,

this behavior implies that by recasting the amplitude and

phase spectra in terms of real and imaginary components,

we are actuaily adding noise to the real part. This guestion

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 eigenvalues and eigenvectcrs represent the

first order perturbatinn 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, constraints 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 Myz components. The reason for the instability
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 sz and Myz’ we tried performing the inversion under
constraint (4), assuming a normal faulting mechanism
(:iJ = 0.5 cycles for all i and j). For both events, the
solution for a depth of 1 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
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increase regularly with depth; for a depth of 7 i (it km
below sea floor) the moments are 4.8 and 7.5 x lO24 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 Gl 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 superiﬁposed 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




62.

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 cvcle underestimation of the initial phase

delay feor a 50 second wave. If the true initial phase delay
is 0 or .5 cycles, the result of such an error in the real f
part 1s 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 9%a to Figures 8b and 9b,
we see that the variation in the imaginary part of the spectrum
with azimuth leading to large sz and Myz components 1is
primarily controlled by the variation in phase and that
stations in the Caribbean (215° to 230° azimuth) are

particularly important in defining this pattern. These

stations have long earthguake-~station paths relative to most
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of the other data used in this study and therefore have a
greater potential error due to phase velocity errors.
Moreover, the phase velocity over the Caribbean portion of the
Path is poorly known. Weidner [1974] found anomalous phase
velocities for paths to stations in the Caribbean from earthquakes
along the Mid-Atlantic Ridge at 35°N and 15°N and attributed
this to anomalously thick sediment cover. Inclusion of
his model into the regionalization further decreases the
initial phase at station CAR by about 0.23 cycles at 40
seconds where the effect is maximum and by .05 seconds at
80 seconds. Another possible source of error in the initial
phase is epicentral mislocation; a mislocation of 12 km will
impart a sinusoidal variation to the corrected initial phase
with a maximum amplitude of about 0.1 cycles at 30 seconds
and .04 cycles at 80 seconds.

If the true initial phase were close to 0.5 cycles at all
azimuths, these errors would dominate the behavior of the
imaginary part and induce additional noise on the real part.

That the residuals decrease when the inversion is performed

under constraints (3) and (4) suggests that this is indeed
happening to some degree for the events studied in this paper.
Although the sources for the two events studied may indeed
contain minor M., and Myz components, the values obtained
from the inversion of the imaginary part seem to be over-
estimated and we are unable to resolve their magnitude
from our data.

Before proceeding to the body wave analysis, we should

examine the effect on the inversion of the no-volume-change




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
100]|

MO 010| ’ the inversion should yield a solution of
001
iy 00 . .
b'Mo 0% 0 which corresponds to a compensated linear
0 0-1

vector dipcle (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
CLVD, with tension along x and compression along y and z, and

3

an explosion. Under the ha! = 0 constraint, the explosive

S, Ll
i=1
component will masguerade as a CLVD with compression along

Z; the sum of the two CLVD, assuming b = 1 and }» = u, is

13/6 0 O . .
Mo 0 1/6 0 resembllng a source with 86% double
0 Q0 -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 nolse in the data is appearing as apparent non-

double-couple components.
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i- In summary, the inversion of the surface waves to

obtain the source moment tensor for two events on the
Reykjanes Ridge indicates double couple source mechanisms
corresponding to normal faulting along planes with a dip of
about 45° and strike parallel to the local strike of the
spreading center. Both events appear to have been very
shallow (1-7 km below sea floor). This study has demonstrated
the difficulty in resolving sz and Myz components of the
moment tensor for very shallow events using data that is
less than perfect. Because errors in the corrected initial
phase due to mislocation and origin time errors alone are
large enough to severely affect the determination of sz
and Myz' the corrected source phase obtained using a

i regionalized phase velocity model is not adequately accurate
‘ : to resclve these two components of the moment tensor. We
have not determined whether the regionalized model is

adequate for slightly deeper events for which the inversion

is not inherently piagued by this problem.
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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 di
slip fault, arrivals reflected from the surface at thelep
center can have much larger amplitudes than and opposite
polarities to the direct arrivals. If the source is shal
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 cdestructively and the apparent
ncdal planes can be shifted well intco the dilatational
guadrant. Langston [1976] used such interference to con-
strain the depth of the 1957 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.

66.
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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 gqualitative 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 apvroximating 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. 1In
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 prcblem. 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, 1953] 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 ITI.
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The 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/ﬁorizontal 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 guadrant 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 guadrant.
The nodal plane appears to be shifted into the dilatational
quadrant by approximately 15°. Figure 12 illustrates the
distortion of the fault plane solution for a 45° dipping
fault with rupture initiating near the free surface. 1If
noise were superimposed on the signal, the observable dila-
tatiocnal quadrant would be further reduced.

The fault geometry 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
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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 guadrant (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. PFor strike-
slip faults, the direct P and sP have the same polarity and,
while pP hus opposite polarity, its amplitude is too small

\ : to entirely cancel the direct arrival.

Data

The P-wave fault plane sclution based on long period

observations from the earthquake of April 3, 1973 is shown o

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 -
K seconds of background noise preceding each P arrival are
shown in order to illustrate the signal-to-noise ratio. AN
This event is among the largest recorded on the Mid-Atlantic

- ridge and provides the best possible data from this tectonic !

{ regicn. 1In order to avoid complications due either to

e
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core or upper mantle structure, only stations at epicentral

distances between 30° and 80° 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
o the surface wave inversion under constraint 4. The model
parameters used in the synthesis are shown in Figure 15.
The data 4o 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. 1In 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, F
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 L{
to 4 km without significant deterioration of the overall

match. Lowering the rupture velocity may further slightly E
increase the maximum acceptable width and decrease the ‘
length. For a 44° dip this bound on width implies that g

the fault is confined to the upper 3 km or less of the crust.
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Figure l6a 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 l16a. 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 1

‘ 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 l6a we can also see that a model of a point
source below the sea floor at a depth of 0.35 km matches 1
the observed data as well as the 13 x 3 km finite fault
model. This is not surprising since for such a narrow i
fault the effect of vertical directivity is negligible. i
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.
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The seismograms in Figure l6b 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 Myz components of the moment

Xz

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

rs = AO+IMg

=~ (A +2)LW? (3)

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, 1958]. 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].
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The attenuation correction was applied by keeping a
% constant value of t* = T/Q, where T is the travel time
i and Q is the average quality factor along the path. A
t* of 1 second yielded a satisfactory match to the observed
data, whereas a value larger than this produced overly
| : smooth synthetic waveforms.
We have also examined the short period seismograms.
At most stations, a low energy first arrival followed
‘ about 1.5 sec later by a much stronger arrival was
! observed (Figure 17). The short period first motion
arrival time corresponds well to the expected first
motion time indicated by the synthetic long period
records (Figure 14). 1In order to determine whether the

: i larger arrival could be a depth phase, we calculated

‘ seismograms using the instrument response of the WWSSN
| short period seismometer but were not able to match the
observations by either a simple point source or a smoothly

rupturing fault. A match could be obtained only if we as-

i sumed a discontinuous rupture process. Because of the

: large degree of non-uniqueness involved in modelling short ’
W

period seismograms, we did not pursue this analysis further.

R.f‘ :
TR R
o s @

-

A poor signal-to-noise ratio for the P waves from the

fﬁ

April 24, 1970 earthguake made them unusable for guanititative

53 ’- waveform modelling. However, because of the simiiarity of
: 1 the source mechanisms deduced from the source moment tensor
} ’ inversions, we used the synthetic waveforms calculated for
g : the April 3, 1972 event for a qualitative comparison.
; { Examples of seismograms corresponding in distance and
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azimuth to those used to model the April 3, 1972 event are

shown in Figure 18. 1If 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
polaritv 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 .s
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 pdre 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

R "

¥
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L

this is a valid argument, it is not easy to prove because

j precursors of any mechanism would cause an emergent P

i- : wave which, especially for a shallow source, would be
very difficult to pick. Although the short period seismo-

grams indicate discontinuous rupture, the agreement between

L. the arrival time measured on the short period records

and that predicted by the synthetic seismograms argues against

this explanation.

é Thermal models of mid-ocean ridges and observed

attenuation of teleseismic S waves passing under the

L southern Reykjanes Ridge [Solomon, 1973] suggest that we might
also expect high attenuation of teleseismic P waves. The P-
wave attenuation (t* = 1 sec), however, does not appear to

be larger than average. The results for P and S waves are

not necessarily contradictory. 1If the low Q zone in the

vicinity of the ridge crest is caused by partial melting, the
compressional waves should be less affected than shear waves.
Our results do not exclude the possibility of a small

amount of focusing contributing to the non-orthogonality.

This would allow a slightly wider fault than that indicated
by our analysis. We prefer that shallowness of the source

be the explanation for the anomalous P-wave fault plane

and because of the agreement between the results of the

l; solutions because of the simplicity of such a mechanism |
! body wave synthesis and surface wave inversion.

.
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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 sz and Myz components become poorly resolved
anc very sensitive to errors in the data, mcreover, the three
diagonal components cannot be independently determined. By
comparing the results of the inversion performed under a series o®
increasingly more stringent constraints, we are able to
gualitatively 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 Ridge 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 faulting 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




W, T ' ST

79.

indicates that the source was a long, narrow fault which

broke the sea floor.

|

The faulting process implied by these results grovides
additicnal 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
guestion about mid-ocean ridges concerns the depth of
hydrothermal circulation and its effect on the thermal
structure of the crust. The close agreement between cbkbserved
ridce crest topography and that calculated for the simple
model of a conductively cooling slab suggests that extensive

hydrothermal circulation is restricted to the top few

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

other hand, deep (5-8 xm! hvdrothermal circulation has been
invoxed 1n order to depress the isotnerms enough to produce

a cold brittle laver of sufficient thickness to support faults
with the dimensions 1mplied by the moments of the largest
spreading center events if it is assumed that length-width
ratios and stress drovs are similar to those observed for

other plate boundary earthguaxes [Solomon, 1979). The long,

narrow fault plane sugoested by an analysis of the body waves
from the earthguake on the Revkjanes Ridge, however, can be
entirely accommodated within the brittle crust determined from
the purely conductive model cof Sleep {1975] if it 1is assumed
that the earthquaxe occurred 10 km from the axis, along the

rift valley walls (Figure 19). An as vet unanswered gquestion




is whether the length-width ratijio will increase with

increasing moment; the larcest earthquake studied from this

region had a moment of 2 x 1025 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 te.g.. Sleep and Rosendahl, 1979].
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APPENDIX I. Moment Tensor Source Representation and
Surface Wave Radiation

The displacement at y at time ; in the direction k

due to a seismic source at time t can be represented as:
® v
e (y,g) = Jdt{sav G, . (y,z:x,t)y (x,t) + JdS,G Ay Cix, ) YS(x, b))}
< o ka3~ - i~ sxk3~ < 3~

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

v .

volume, y.  and y? are the egquivalent volume and surface forces
J J

corresponding to a physical mechanism, ij(g,c;g,t) 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

__,V- ...=S
tensor such that mij,i = Yj in V and nlmlj Yj 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]}:

u (y,s) = _;1— ;deijmij,i + gdeijnimij}dt
© (A2)
= [ -{/AV_ G, .m.. . + fdAV_(G_.m_ ), }dt
e v X"kj ij,1i vy X nlij 1
= " r ; = " . . . .
= _;dt %dxxmijckj,i _;dt Ml]ij,l

oy

Sl a P DTy N Y I
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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 scurce model, however, is not
unique as a given moment tensor can result from several
different linear combinations of moment tensors. This
ambiguity islinherent in any determination of source mechanism

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

O 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:
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1 0 0

@' = @ - 1/3 (trace @) I= MO 0 £~1 0|, 0 < £ < 1/2 (A3)
0 0 -f

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

double couple and compensated linear vector dipole components

[Knopoff and Randall, 1970]:

1 0 é] 1 0 0
M' =M < (1 - 2£)]0 -1 0} + 2£)0 ~1/2 O (A4d)

0 00 0 0 ~1/2

The double couple scalar moment, Mp~, is (1 - 2f)Mo and the

corresponding fault plane solution can be obtained from

the principal axes of the moment tensor. Mpe~ can be related

to the dimensions of a shear fault: M. = LUA where L is the

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

area [Aki, 1966].

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 1is:

. Y1(0,2) —
u(r,6,u) = Ael? = _%EGE'” 27 (7kr) exp(~i(wr/c-n/4)]
{ (M, + M) ky; (R, w) M = Yy (hyw) = A (B)KY5(h,w) (AS)
tWvx Yy’ T3 2z A () + 2uh)

kYB(h,w)cos2e

- - in286
(Myy Mxx) » + Mxka3(h,m)81n
Y4(h:w)C058 Y (h w)sin@
1M, —RT— + M o I dotdunblid I
X2 u Yz L (h)

[N
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where A and ¢ are the observed amplitude and phase at the
angular frequency » and the Mij are the moment tensor

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

e

axes pointed East, North, and Up [Mendiguren, 1977]. The
position of the receiver is expressed in polar coordinates
where r is distance and 8 is azimuth measured counterclockwise
from East. The Yi(h,m) 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 u (h)

n are the Lame coefficients; mZI, k, C, and U are the kinetic

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

The moment tensor componz::nts 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.

\ . ey o ——— sia v e
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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

F nce WO § wnsve |

and attenuation. For epicentral distances between 30° and

80° these assumptions are well justified [Burdick and

o

Helmberger, 1978]. The synthetic seismogram is obtained by

) -y

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

L

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 1S an |

extension of the formulation of Bouchon [1976] for a double- 1

1777

couple point source to a finite fault with circular rupture

propagation. Contributions from point sources distributed

S

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 E
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

~—




efficient use of the propagator 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 [1976]. 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(f,t) = F(§)E(t={5-5 /) (26)

Its Fourier transform is

6(§,m) = F(E)%(w)exp(—imlg—goﬂ/c) (A7)

is

where £ = (51,52) is a point on the fault surface, o ;i

tyvy

the point of origin of the rupture, ¢ is the rupture velocity, "
and » is the angular frequency. The fault is a rectangle
of length L = N&I, parallel to the surface, and of width

W = M., dipping at an arbitrary angle; A% is che grid

Aldan. e i o snsiacdi.

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

displacement spectrum due to this source can be expressed as

e

~oe 2B "
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~ N M ~
U(w) = Aiz < T u.D(3,w) explik (* ,cos #=£_cos d-sin $)]
= - ]~ 1 2
n=1 m=1
4 (A8)
. - .
151 gzj(w)exp[lAQj(zO + £y sin d)]
with
= -1 o= -1
Sl = (n E)AE’ £, = (m 2)AE

where zO is the depth to the top of the fault; x is the
horizontal wave number which is determined by the take-off
angle; 4 and d are azimuth and dip of the faulv; and Uj is
the shear modulus. The subscript j refers to the layer within
the crustal model in which the point source is located.
The terms glj and AQj are as defined by Bouchon [1976] and
are related to the up and downgoing P and S waves excited
by a source located withir 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

R(w) = [(A,.-A . )v. - (B

217811V 11 * Bpplkle /e (A9)
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where Aij and Bij represent upgoing and downaoing compressional
and rotational potentials in the layver immediately below the
receiver. V1 is the corresponding vertical compressional wave
number and % is the compressional velocity of the medium below
the crustal lavers.

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],

6= s [Os's 1 ar , a°rt )1/2
= P— : : — Ix | T
rsrR fRptg sin c051s COSlR dA aa (Al10)
with
X o1
, . s dT . . R 4T
sin 1_ = — =<~ , sin i_ = — —
S rg da R e dA
where as, ;S’ ‘R and :R are the velocity and density of the

material below the crustal layers at the source and receiver,

respectively; is 1s the angle the ray makes with the vertical

at the base of the crust below the source and i, is the corre-

R
sponding angle below the receiver; re and re 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
2 1s 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]. 1In the

frequency domain the operator is given by
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- |
Alw) = exp {—-% t* (+_) rexp i t*wQ( Wl = - nl —) (A1l
- l+=—in— - l1+=in—t 1+=in=— ..
o &~ O_ w @£ ;
o] o o i
for the angular frequency - in the range Wy LW Towy,

and Wq being the highest and lowest frequencies resolved in i
the data. The quantity t* is defined as T/Q where Q is the

average gquality factor along the path.

e B

Finally, the seismogram must be convolved with the
appropriate instrument response; for long period WWSSN

stations we use the formula by Hagiwara [1958].

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

Centre).

Time Location Magnitude*

Date
hr min sec lat.N long. W mp Mg

April 24, 1970 1 23 17 55.64° 35.03° 5.3 5.4
April 3, 1972** 20 36 20 54.33° 35.20° 5.1 5.5

*Although the 1970 event is assigned a larger m,, 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.

-f.
From USCGS and NEIC.

**This event was the second of a rcir of events at the same .
’ location and of approximately the 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 seguence.
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Table 2. Velocity Model for the Mid-Atlantic Ridge,
from Weicdner ([(1974].

Thickness p X 8
km g/cm3 km/sec xm/sec
3 1.03 1.52 0.0
6 3.05 6.40 3.70
1) 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 4.58
300 3.68 8.70 4.80
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Table 5. Stations Used for the Body Wave Analysis of
April 3, 1972 Earthguake.

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
COoL ~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
QuUI -130.7 65.0 3000
SCP -97.8 31.2 1500
TRI 85.1 32.0 3000 )
TUC -80.2 56.2 15¢0

Canadian Network
EDM -57.9 43.8 4500

FFC -61.5 37.0 4200

FSJ -51.3 48.3 3400
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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 m, 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
kys(h,w)
for the oceanic model of table 2. Gl = A—i— ;
. = —Y2(h.w)-k(h)KYzjh,m);G - a Y4 (h,w) .
2 A(h) + 2u(h) 3 u(h)y -’
Y-(Or’J.“) ,‘7‘!}?
A = —i—5~—— — where r is the data equalization
v Tr
4Un "I

distance of 4000 km. For definition of other terms; see
Appendix I.

Figure 3. Stations and regionalization used for the surface
wave analysis plotted on an azimuthal equidistant
projection centered on the April 3, 1972 event. Regions
are ;abeled with Roman numerals and thr corresponding
phase velocity dispersion curves are displayed in
Figure 4. Circles mark distances of 30° and 60° from
the epicenter of the 1972 event.

Figure 4. Phase velocity dispersion curves for the reaions

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

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

I1I, IV. Wickens [1971]; V. Oliver et al. [1961];

VI. Forsvth {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 invers?on 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 [J - constraint (2); solid line and (-
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

considering the moment tensor solution and the expected

amplitude of the first motion as
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predicted by synthetic seismograms. In the lower

right hand corner is the fault plane solution presented
by Einarsson [1979]. 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 60° 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 = Q). 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

. Lo S
R AU SURP I S.
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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 1s 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 propagation radiating from top-to-bottom, from
the center, and from bottom-to-top, respectively.

Figure 12. Theoretical seismograms for case T-B in Figure
10 illustratine 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 ‘.
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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
J 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 MO is the average moment.
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 l4. 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 scurces. Fault length is 13 km. The medium

structure below the receivers is a homogeneous half-

! space with x = 6 km/sec, B = 3.46 km/sec and p = 3 g/cm3.

L Figure l16a. 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

. “
. . . . - -
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Figure 15. scismograms 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 l6b. 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 tc the observed data at several repre-
sentative stations f{upper trace). The seismograms were
calculated for a point source with the same depth and time

function as in Figure l6a. The fit is worse than that for

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

that station CAR be further within the dilitatjonal 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 {1975]. 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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V. THREE-DIMENSIONAL CRUST-UPPER MANTLE MODELS
i Crust and Upper Mantle Velocity Structure in the Appalachian
Orogenic Belt: Implications for Tectonic Evolution, S.R. Taylor
and M.N. Toksdz, Geol. Soc. Am. Bull., submitted, 1980.
Abstract
The crust and upper mantle ctructure of the northeastern
United States (NEUS) is studied by combining teleceismic
and regional body wave obcervations with surface wave
dispersion measurements. The wvelocity models suggest that
structures down to 200 km and greater can be corvelated
i‘ with surficial geologic and tectonic features and that the
Grenville and Appalachian orogenic belts show marked
differences in crustal structure. This has the important
: implication that major orogenic belts have effects that

‘ : reach well into the 1lithospiere which are stable for

i extended periods of time, perhaps as long as 1 b.y.

A ; - Regional travel times tecordea across the NEUS seismic

; network indicate that +the northern Appalachians are
?ﬂj characterized by a well defined two—-layer crust, with a
*-%. relatively high wvelocity lower layer. The crust of the
 -§1, Grenville Province in New York State is slightly thinner
';1 than that cf the [dew England Appalachians and vertically

homogeneous with nearly constant F and S veleocities.

‘ Latersl vsriations in structure are <ctudied wusing time
H
1
L
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term analysis and teleseiemic P wave Tesiduals. The
suture between the G;enville and Appalachian Province in
the NEUS probably occurs slong a north—-northeast trending
belt extending from northwestern Yermont to southwestern
Connecticut. High <crustal velocities and/or crustal
thinning, a linear gravity high, a <cerpentinite belt,
Precambrian uplifts., and the Taconic thruste are found

along much of this belt.

Comparisen of seismic velocities with resistivity
measurements suggests that the lower crust of the
Grenville Province may be composed of rocks with hydrous
mineral phases resuvlting in lowered velocities and a
higher Poisson’s ratio. Alternatively, the rocks of the
lower crust beneath the Grenville Frowvinc= ~2an be similar
to those found on the surface while higher velocity, mafic
mineralogies are prevelent in the lower crust of the
Appalachians. This is consistent with the hypothesis that
the Grenville  crust underwent substantial reactivation.
thickened, and became wvertically wuniform during the
Grenville orogeny. In contract, the rTocks of the
Appalachian belt probably were associated wi.h 3 cuéle of
oczanic opening and closure which zuggests an ensimatic

origin of the lower crust in this region.

EE




Recent COUOCURP results indiccte thet the orogenic belt of
the southern Agpalachians is allechthonous and is
underlain by 8 bazal decollcment that extends eastward to
the coastal plain. However, contrasts in structural style
and tectonic evolution between the northern and southern
Appalachians cuggest that it mey not be possible to
extrapolate the COCOEP recsulte to the northern
Appalachians (north of about 41 dearees latitude) asnd that
the suture between the Grenvalle Province and the
Appalachian orogenic belt in New CGngland is located in the

vicinity of, or just east of the cerpentinite belt

134.
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INTRODUCTION

In previous papers (Taylor, 1980;Taylor end Toksoz, 1979;
Taylor and others., 1980) we hzve combined seismic body
weve data from measured blasts and regional and
teleseismic earthquakes with surface wave dispersion
measurements to determine the crust and upper mantle
‘ ' structure in the northeastern United States. Although the

variations in regicnal structure are subtle (which is not

I unexpected in an ancient orogenic belt), the structural

models derived wusing different measurement techniques are
3 Tessonably self-consistent. Along with the geology, the
-‘ , data provide some important constraints on the tectonic

evolution of the northern Appalachians. In this paper, we
combin2 cur results witn geolcgic anad other geophysical

information, and compare the New England Appalachians with

the Grenville Province and the southern Appalachians.

wctiio ol X

&5 | B Finally, we interpret the results in a plate tectonic

framework snd present a model which satisfies the geologic

R —
[Em——

- SRR

and geophysical constraints.
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[ GEOLOGIC SETTING COF THE APPALACHIAN MOUNTAIN BELT

| In this cection, we brieflu review the geologic setting of
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the northern and southern Appalachians and the Grenville
Province. More detailed summaries can be found in
McLelland and Isachsen (1780) and Dewey and Burke (1973)
for the Grenville Province; Rodgers (1970), Bird and
Dewey (1970), Osberg (1978), and Taylor and Toksoz (1979)
for the northern Appalachians; and Rodgers (1970).,
Hatcher (1978) and Cook and others (1979), for the
southern Appalachians. A generalized geologic map of
eastern North America is shown in Figure 1. Table 1 lists
the major Appalachian orogenic episodes, and their nature

and extent of deformation.

The Precambrian ( 1.1 b.y.) Grenville Province, exposed
in eastern Canada and the Adirondacks, extends southward
in the subsurface to the west of the Appalachian mountain
belt. The rocks of the GCGrenville Provinc# are largely
remobilized older basement of Superior or Hudsonian age
and consist mainly of thick sequences of high-grade
metasediments extensively intruded by granitic and

anorthositic rocks.

The southern Appalachians extend from central Alatama to

about 41 degrees latitude in southern-most New York state

and can be divided across strike into three main

136.
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[RPS—

structural provinces (Rodgers, 1970). The westernmost
! section includes the marginal fold and thrust belt of the
Valley and Ridge Province which involves Alleghanian (late
| ‘ Carboniferous—-Permian; 270-220 m. y.) deformation of

Paleozoic miogeoclinal rocks. The Blue Ridge Province is

located to the east of the Valley and Ridge Province and

é consists of an allochthonous belt involving middle
1 ] Precambrian (1.0 to 1.1 b.y.) basement. The late
‘. Precambrian and Paleozoic metaseciments and metavolcanics
I become more intensely metamorphosed from west to east
= across the Blue Ridge Province which separates :
k é miogeoclinal rocks of the Valley and Ridge Province from ;
‘ . eugeoclinal rocks and intrusives of the Piedmont Province. |
* The alloachthonnus n "l R b

indicated by the existence of fensters in the Blue Ridge
thrust shcet such as the Grandfather Hountaiﬁ window in
North Carolina where low grade platform sedimentary rocks
and carbonates are found (Hatcher. 1978). Tectonic

slivers of relatively unmetamorphosed carbornates have been

bt B
VSR R . X

i observed in the Erevard fault zone which marks the
i

,1 %
53

g
j f

southeast boundary of the RBlue Ridge and gives additional

-r

evidence that lower Palevioic continental margin deposits

——

extend beneath the Blue Ridge (Hatcher, 1978; Cook and

{ others, 1979).




The Piedmont Province is 1located to the east of the
Brevard fault zone and can be sub—-divided into a number of
different z20nes based on differences in metamorphic grade
and dominant lithology. In general, the Piedmont consists
of metamorphosed eugeoclinal rocke 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 e&stern belt of
irregularly distributed bodies in the Piedmont (Misra and
Keller, 1978). Recent COCORP seismic—reflection profiling
has zhown that the platform rocks overlying the Grenville
basement can be traced bemeath the Blue Ridge and continve
at least 150 km +to the east beneath the crystalline

Piedmont Province (Cook and cothers, 1727%9)

The northern Appalachians show a number of geologic
dissimilarities to the southern Appalachians, The
northern equivalent of the Valley cnd Ridge Province 1is
older, less developed, and involved westward thrusting of
eugenclinal rocks (fthe Taconic klippen 1n New York EState)
ovVET mi1ogeoclinal rocks during the Ordovician Taconic
oruvaeny FPrecambrian uplifte such as the Giroaen Mountains

1in Vermont and the Berkshires in western Mascachusetts

138.




involve Grenville basement and are located in the vicinity
of the transition of the micgeocline to evgeocline.
However, in the northern Appcslachians, the vuplifts are not

as extensive as those in the Blue Ridge and Precambrian

rocks are not exposed alang the Sutton Mountain
anticlinorium in Quebec. To the east of the Precambrian
vplifts is a north to northeast trending belt of
serpentinites which are located on strike with the
Newfoundlond ophiolites. In contrast to the southern

Appalachians, few ultramafics are Ffound to the east of the

serpentinite belt in New England except along coastal

Maine (Gsberg. 1973). Rocks of the New England
Appalachians are deformed into a number of broad
structural  wawrps containing Paleozoic - eugeoclinal

continental tise or back &arc basin metasediments in the
synctlinoria and isiand arc metavolcanics and their
associated intrusives in the anticlinoria (Rodgers, 1970).
Except for a few expcsures 1in coastal Maine, Paleozoic
c=rbonate rocke typical of stable continental margins are
rarely found to the east of the Precambrian inliers in the
northern Appalachians (Milliams, 1979; Osberg: 1978).
Cranites of the MNew Hampshire Plutonic series which were
cmplaced during the middle Devonian Acadian orogeny are

expaosed throughout much of the central orogenic belt of

139.
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New England and give age dates of about 360 m y. (Naylor,
1979). On the eastern flank of the central orogenic belt
of the New England @Appalachians, a major northeast

trending thrust belt (the Clinton--Newbury and Bloody Bluff
favlt zone 1in eastern Massachusetts) is found. Rocks -
which are probably correlative with those of the Avalon
tone in Newfoundland are found to the east of this thrust
belt in eastern HMassachusetts and souvtheastern Maine (Bird ¢

and Dewey, 1970; Nelson, 1776). .
SUMMARY OF REFRACTION MONELS IN EZASTERN NORTH AMERICA

Yelocity structures based an regianal travel times suggest
that significent differences in crustal structure exist
between the Grenville and Appalachian Provinces. In this
section, the models for the NEUS presented beiow will be

compared with other refraction models measured in eastern

North America. The tectonic implications of the
! structural differences will be examined in a leter

e soction.
KHef{raction wmudels for the northern and southern

Appalachians and the Grenvaille Province are contrasted in

Table 2 und shown 1n Figure | The northern Appalachians

[
g




appear to be composed of a relatively thick, 40 km crust
with two well-defined layers. The lower crust is
characterized by rTelatively high wvelocities of 7 km/s.
This is consistent with refraction models of Leet (1941)
and Steinhart and others, (19462) in the NEUS, R.L. Street
{(pers. ctomm. ) in central New flampshire, and Dainty and
others (1754) in NhNewfoundland. Two models presented by
Chiburis and Ahner (127%2) in southeastern New England and
Nakamura and Howell (1954) in eastern “Maine suggests
crustal thinning and a missing high velocity lower layer
aleng the Atlantic coast. The region where the Chiburis
and Ahner (1979) model was compiled 1s located in a region
characterized by a z2one 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 asbove.

Refraction models from the Grenville Province appear to be
fairly similar along its lenagth from eastern Canada to the
southeastern U S. In eastern Canadae the high veloFitu
lower crustal layer ics absent or weakly developed (Dainty
and others, 1966 Dertry «nd Fuchs, 1972). It also
appears that the Grenville crust thickens from about 36 km

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

141.
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the vicinity of the Grenville Front Recent detailed

seismic studies in the LLa Malbai1e Regioun, GQuebec indicate

a 43 km thick crust with an cverage upper crustal velocity
of about 6. 5 km/s and lower crustal wvelocities of about
6 8 km/s with a thin 7.1 km/s layer at the bace of the
crust and Pn velocities of 3.1 km/s (Lyons and others,
1980) . in New York state, the Grenville crust appears to
be uvniform. about 35 km thick, with velocities Tanging

from & 4 to 6.6 km/s (KRatz, 17205 Aggarwal in Schnert! and

others, 1976)

Further south, west of the Blue Ridge. the Grenville crust
appesars to have two layers, but the lower crustal layer
has 8 P wvelocity of about &6 7 km/< which is low relative ¢
to the northern Appalachians (Steinhart and HMeyer, 1G61).
The 14 km thick upper lauyer could be composed in part of ﬂ

allochthonous miogeoclinal vocks.

The southern Appalachians appear to show velocity
structurec that are more like the Grenville models than
those of the northern Appalachians because of the lack of “
rhe high wvelocitu lower crustsl layer (Long, 1979
Viarren, 1768 Rollinger and others, 1980). This has very

f 1important implications that will be discussed below.
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SEISMIC RESULTS IN THE NDRTHEASTERN UNITED STATES

| , The cross—-section of Figure 2 summarizes the structural
features based on the velocity models derived from body
and surface wave analysis in the northeastern United
States (Taylor, 1980; Taylor and Toksoz, 1979; Taylor

and others, 1980). The northern Appalachians are

characterized by a two-layer, 40 km thick crust with a

{ Trelatively high velocity lower crustal layer. To the west
in the Grenville Province, the crust thins by a few

] kilometers and appears to be very homogeneous except in |

. ' : the vicinity of the Taconic thrust belt. This contrast in 1
E_ crustal structure between the Appalachians and the

Grenville Province occure across the north-northeast
trending serpentinite belt. To the east.. there also
k! appears to be a contrast in crustal structure between the
central orogenic belt of the Appalachians and the eastern

[, block (Avalonia) described above. Becavse of the
I proximity to the coastline, this difference in structure

SEPEPOIIR

(which may occur across the Clinton—-Newbury — Bloody Bluff

{ fault 2one in eastern Massachusetts) is poorly defined.
{

{ The upper mantle velocities extending to depths of about
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200 km beneath the Grenville Province are about 2 percent

higher than those beneath the Appalachians.

Specific observations . are outlined below in greater
| detail.
: 1. Regional travel times of P and S waves recorded across

the NEUS seismic network indicate that (Taylor and others.

1980; Figure 3): &

a. The northern Appalachians are characterized by a

Fa— E .

well-defined two layer crust, with a relatively high velocity

lower layer. The wupper crustal layer, approximately 15 km }
‘ thick with P and S velocities of &.1 and 3.6 km/s,
respectively, overlies a high velocity lower crust with P and g
S velocities of 7.0 and 4.1 km/s. The average crustal z
SN thickness is approximately 40 km.
- P
=
v b. The crust of ¢the Grenville Province is vertically
homogeneous with nearly constant P and S velocities of 6.6 l
y ¥ end 3.7 km/s, respectively, and an average crustal thickness [
e.F
y of 37 km.
hj E
j €. I'n velociities are 8.0 km/s for the Grenville and 8.1 I
‘ [
-
4

e it |
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km/s for the Appalachians.

2. A time term analysis (Taylor 1980; Figure 4) of the Pn

|

branch of the travel time cyrve defines a region of thick or

low-velocity crust trending' northeast across eastern New

York, western Massachusetts, southeast Vermont, central New

Hampshire, and west-central Mzine. Crustal thinning, or

higher velocities are observed in northeastern New York and

e —

northwest Vermont and also along much of the foastline.

-
é
; o 3. Analysis of Rayleigh wave phase and group velocities in
b i the region yields structural models that are reasonably
L
‘ consistent with those described above (Taylor 1980; Figure

? S5). Interstation phase and group velocities were measured
between selected long-period station pairs in eastern Canada

and the northeactern United States. The phase and group

velocities were inverted simultaneously to obtain regional

crust and upper mantle models

X a. For a path along the strike of the Appalachians, between

St. Johns, Newfoundland and southcastern New England, a 40
i A !- km thick crust with upper layer S velocities of about 3. 6
km/s overlies a relatively high velocity lower layer with S

velocities around 3.9 - 4.1 km/s (Path Al in Figure 5).




b. The Grenville path, between Ogdensburg, Nesw Jersey and
Montreal, Quebec, appears to have a3 thinner 35 km crust with
a slightly 1lower velocity lower—crust relative to the
Appalachian paths (Path G in Figure 5). In contrast to the
travel-time models which show a homogeneous crust. a two
layer crust is necessary to fit the observed phase and group
velocities. However, part of the surface wave path crosses
the Taconic thrust sheet in eastern New York where a two

layer crust in not unexpected (Figure 22).

4. Analysis of teleseismic P-wave residvals delineates
structures which correlate well with surface geology and is
useful for studying lateral variations in structure (Taylor
end Toksoz, 1979). Teleseiemic P wave arrival times wete
collected from 50 stations which are part of the northeastern
United States seismic network. Relative éravel time
residuvals were calculated and wused to invert for
three-uimensional crust and upper mantle structure using the

technique of Aki and others (1777).

a. Structures down to at least 200 km can be correlated with

large-scale yeologic and tectonic feestures.

i

e

b. The Grenville upper mantle is characterized by velocities
e
" I, SSNSRNEP SIS vy P T ORI ™ | i C ol e ':3, 3;1“: 5 ;n. b - a0
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¥




147.

that are approximately 2 percent Figher than those beneath
the #ppalachians. Tha2se velocities are maximum beneath the

Aditrondack dome.

€. A relatively low velocity anomaly dips to the northwest
beneath the central mobile beit of the Appalachians and shows
| a spatial correlation with the Bronson Hill - Boundary
Mountains Anticlinorium in New liampshire and Maine.

| .

d. By making assumptions on crustal velocities, the P wave

residuals were vuvsed to estimate variations in crustal

thickness. Crustal features are relatively consistent with

P N,

those derived from the time term analysis (Figure 4), and the
Appalachian crust appears to be slightly thicker than the

Grenville (Figure 6).

e. Rapid crustal thinning or high velocities in the <crust

occur in northwestern Vermont and souvuthwestern Connecticut

t f. Thick crust is observed below the Taconic thrusts in

east--central New York and western Macssachusetts.

g. There is some evidence that the

-
o

-

v

3]
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m

along the coastline.




CONTRASTS BETWEEN GRENVILLE AND APPALACHIAN PROVINCES IN THE

NiUS

One of the most significant results of this study 1is the
pronounced difference in crustal structure between the
Precambrian Grenville Province and the Paleozoic Appalachian
Province. The observed differences in crfctal structure
between the two orogenic belts are probably the result of
variations in petrology: chemistry, water content,
temperature, and tectonic evolution. These factors will be

examined in this section.

Recent summaries of geophysical, geological, and geochemical
information suggest that beneath the sedimenta;q layer, the
upper crust is composed mainly of schists and gneisses of the
amphibolite facies which grade downward into migmatites and
finally into basic and intermediate granulites in the lower
crust (Smithson, 1977). Becavce seismic velocities increase
rapidly from amphibolite to granulite facies rocks, the depth
to the Conrad discontinuity may mark the location of this

change in metamorphic grade (Fountain, 1976). Numerous

crustal layers characterized by low velocities, high and low
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velocity gradients., etc.., have been observed and/or
postulated using deep seismic sounding techniques (c#f.
Mueller, 1977; Giese, 1975) and will not be reviewed here.
Electrical measurements in the northeastern United States
suggest the presence of a highly conductive lower crust in
the Adirondack Mountains in New VYork State (Connerney and
others, 1980), and a rtesistive lower crust wunderlying a
slightly conductive 15 km thick upper crust in New England
(Kasameyer, 1974). The slightly conductive 15’km thick upper
layer in New England correlates well with the 15 km thick,
upper layer observed in this study and probably corresponds
to metamorphoced eugeoclinal rocks of the major synclinoria.
This implies that the observed differences in velocity and
conductivity of the Jower crust between the two belts may be
the result of a hydrated lower crust beneath the Grenville
Province. Although the rocks of the lower crust may be
compositionally similar, 3 hornblende-granulite petrology
beneath the Grenville would yield lower velocities than a
purozene-granulite petrology beneath the Appalachians

(Christensen and Fountain, 1979)

The existence of a low velocity lower crust beneath the

Grenville Province 1is also supported by the study of the Sp

phace across eastern Canada by Jordan and Frazer (1975), who
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found evidence for a lower crustal layer with a very high
Poisson’s ratio of 0. 33. Because we only acquired travel
times of first arrivals, it was not possible for us to
}ositivelu identify 4 low velocity zone. We found shear
velocity models with low velocity crustal layers that could
fit the observed surface wave dispersion curves. However, in
these models the resolution was inadequate and the model
errors too large to positively identify & low velocity layer.
Using the P and S wave velocity models derivéd from Tegional
travel times and surface wave inversions, the Poisson’s ratio
of the lower crust beneath the Grenville is 0.27 which is
slightly higher than the value of 0.25 —~ 0.26 found bencath

the Appalachians.

The values of Poisson’s ratio and shear velocity for the
Grenville and Appalachian Provinces are shown on Figure 7
along with a plot of Puisson’s ratio versus shear velocity at
10 kbar for a number of rocks that may exist in the lower
crust (Christensen and Fountain, 1975 Christensen 1966:;
Manghnani and others, 1974). From Figure 7, it can be seen
that the observed lower crustal velocities may be partially
explained by an amphibole granulite beneath the Grenville
Province and a pyroxene granulite beneath the Appalachians.

Interestingly, the Grenville point on Figure 7 plots in the
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vicinity of quartzo-feldspathic gneisses and has shear
7 velocities similar to anorthosite. The Grenville Province is
Ctheracterized by a number of large anorthosite intrusive
lodies which, on the basis of gravity modelling, may be

confined to the upper 10—15 km of the crust (Simmans, 1964).

The above interpretation of hydrous versus anhydrous mineral
phases bene3ath the Grenville and Appalachian Provinces is
also consistent with the observed resistivi%q models. At
, temperatures and pressures Tepresentative of the lower crust
in shield areas, microcracks are generally closed or healed
and conduction by pore fluide is probably small relative to

that of hydrated mineral phasec (Brace, 1971)

Field studies of granulite terrains in the Adirondacks
indicate a fairly dehydrated crust (Buddington, 1939). Dewey
1 and Burke (1973) suggest the Grenville Province is a deeply
eroded zone of rTeactivated basement similar to a Tibetan
platcau. Partial meltinag of a dioritic lower crust during

the Grenville OUrogeny may have resulted in potassic granitic

melts which rose tce  higher crustal levels 1leaving a
dehuydrated vefractory resi1due consictinag of pyroxene
granulites, charnockirtes, and anorthosites. However, there
f are exposures of amphibolite and hornblende granulite 12ones




with rocks containing scattered biotite in the Adirondacks
(Buddington, 1939; Manghani and others, 1974) which agrees
with observations ¢that conditions with some degree of water
| ;aturation can exist during granulite facies metamorphism
(Fyfe and others., 1958). Conductivity measurements on
amphiboles at lower crustal conditions are lacking (Connerney
and others, 1980) and it is not clear if the existence of
horriblende granulites (which generally contain less than 1

percent water, Manghnani and others, 1974) in’the lower crust

o
will explain both the conductivity measurements and the
observed seismic velocities.
o .
‘ As suggested by Jordan and Frazer (1975), the existence of E

serpentinite in the lower crust of the Grenville Province may -

explain their observations of a low velocity layer with a

b high Poisson’s ratio and would be consistent with the ;
"af observed high d=ep crustal conductivilies. Although
E €
‘ serpentinized peridotite does not exhibit seismic wvelocities i

comparible to those shown in Figure 3, a small degree of
serpentinization may change the average lower crustal

properties by increasing Poisson’s ratio and increasing rock

conductivities.

e}

Temperature differences may affcct the velocities observed in

-
v

o o
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i the lower crust. However, at temperatures and pressures
{ Tepresentative of the lower <crust in older geologic belts
(Blackwell, 1971), the effect of temperature on seismic

| .velocities is small relative to pressure (Christensen, 1979).

Christensen (1979) concluded that critical thermal gradients

‘resulting in low velocity leyers can be reached at
temperatures and pressures representative of the upper and

F| ‘ middle crust in shield areas. This is particularly apparent
for coarse grained rocks with euhedral cfystals such as
granites, amphibolites, anorthosites, and granulites which
have grain boundaries that open at higher temperatures.
? However, at greater pressures, the grain boundary cracks

. ) remain closed even at elevated temperatures and it is more
difficult to reach criticai thermal gradients in the lower
crust. As discussed by Taylor and Toksoz (1979), temperature
differences may be important in the upper m#ntlo and may

| account for the observed teleseismic P-wave delays.

As an alternative explanation to those which are based on

- Ly
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physical properties such as water content or temperature, the

3
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rocke of the Grenville and Appalachian Provinces may show

¥

x

L gt Bt

contrasts in their chemstry and petrology that are caused by

differences in their tectonic evolution. As waes noted from

Figure 7, rocks of the lower crust in the Grenville Province




may be very similar to the quartzo—-feldspathic gneisses found

on the surface. In contrast, the lower crust in the

ﬁppalachians exhibits velocities more representative of mafic
rocks such as pyroxene—-garnet granulites. Geochemical models )
sugacst that some members of the White Mountain Plutonic

series in central New Hampshire were formed by reaction of

&

E fractionated mantle derived alkali basalt with metamcrphosed

P —

tholeiitic (oceanic) basalt at the bese of the crust
3 (Loiselle, 1978). At temperatures ahd pressures

representative of the lower crust, a tholeiitic basalt will

alter to a garnet or pyroxene granulite (Green and Ringwood.

19722).

‘ From the cross—section of Figure 2, the upper 15 km layer in

the northern Appalachians probably corresponds to rocks which

have been subjected to a high degree of compression and !
crustal shortening during the Taconic and Acadian orogenies.
The metasediments exposed in the central orogenic belt of the
northern Appalachians were probably subduction melanges and 2
backarc and forearc basin deposits from an island arc regime. /
As discussed by Dickercson and Seely (1979), oceanic crust may |
often be trapped beneath a Forcerc besin, and it is expected
'that these and backarc basin mafic rocks will be caught vp in i

the crucst during collision episodes. Thus, involvement of

g
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ocean floor within the Appalachians would account for the
higher velocities found 1n the lower crust relative to the

predominantly ensialic crust of the Grenville Province.

The homogeneous character of the crust in this portion of the
Grenville Province is consicstent with the hypothesis that the
crust underuwent substential reactivetion, thickened, and
became vertically uniform during the Grenville orogeny (Dewey
and Burke, 1973). Subsequent to the thickéning, the crust
was eroded to relatively deep levels, as evidenced by the
surface exposure of granulite terrains (Putman and Sullivan,

1979).

Based on teleseismic P-wsve residuals and Pn residuais
(Taylor and Toksoz, 1979; Figures 4 and &), it appears that
the transition zone between the Grenville and Appalachian
Province in the NEUS occure 1in the vicinity of the
Frecambrian uplifts and the serpentinite belt (Figure 2).
This north-northeast trending belt may mark the suture zone
between the two orogenic Lelts. At many locations along this
postulated suture, particularly in northwest Vermont,
geological and geophusical features such as  high crustal
yelocities. 8 linear gravity high, & serpentinite belt,

Precambrian wuplifts, and the Taconmic thrusts show many
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similarities to the Ivera zone in northern Italy (Ciese and

Pradehl, 1374, FOUR L%, oL

There is also the possibility of a second suture located in
the eactern section of the study area. This feature is
merked by the Clinton-Newbury - Bloody Bluf# fault zone (CN -
BB F.Z.) in eastern Massachusetts (see Figure 2) and other
structures such as the Norumbega fault zone in eastern Maine
(Loiselle and Ayuso, 1579). In eastern Massachusetts, the CN
- B F. Z. separates rocks that are probably rorrelative with
Avalon rocks from those of the central mobile belt. The
northwest-dipping fault z2one is also well-marked by such
features as the offset of metamorphic isograds, a strong
magnetic signature, and a cataclasstic z2one containing
mylonite that is up to 1.5 km thick. A pronounced gravity
anomaly is also associated with the fault zuné (Taylor and
others, 1980b), and the Bouguer gravity is relatively high
over the eastern basement. Loiselle and Ayuso (1979),
present evidence suggesting that post-Acadian strike slip
faulting along the Norumbega fault has juxtaposed plutonic
rocks of differing greochemistry, texture, and mode of

cemplacement.

The deep crustal structure of the castern block appears to
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differ from that of the centrzl belt. Refraction models, Pn
and teleseismic P-wave residuale indicate that the crust of
the eastern block is probably thinner than that of the

| j central belt and may be missing a high velocity lower crustal

layer.

o=

j Although there are a few localities along the CN - BB F.Z.

where mafics and ultramafics are exposed that resemble highly

L

altered ophiolites (P. Jsberg, personal’ communication,
i 1980), the pavucity of ophiolites along this zone is
prcblematical. As discussed by Dewey (1977), zones of

} intense suturing undergo the most wuplift and subsequent

‘ ' t erosion and may exhibit few ophiolite exposures. This is
g S A imse wind CHPUST in "=%a1 etanes of

i orogeny and occupy high structural levels. Thus, a deeply
eroded suture zone may be observed as a narrow high-strain or

1 thrust zone with little evidence of any ophiolites. For
example, few ophiolite bodies are observed along the eastern
portion of the Indus svuture of the Himalayas where the
2 collision appears to have been more intense (LeFort, 1975).

Additionally, the CN - BB F.Z. may have become a transform

) favult in late Paleozoic time (Ballard and Uchupi., 1975) which

may have obliterated any evidence of ophiolites.




e

Alternatively, the suture may be located further west and the
CN — BB F.Z. may have had @ history similar to the Main
Central Thrust or the Boundary Fault of the Himalayas. This
hypothesis is supported by recent paleomagnetic results which
suggest that Lower Devonian volcanics from north—-central
Maine have paleopuvlies closer to Avalonia thanmn to North
America (Brown, 1980). Even in this case, however. the
suture remains cryptic and numerous other tectonic problems
are encountered. Regardless of its mode of efiplacement. the
eastern block has wundergone a significantly different
orogenic history than that of the central belt, and
differences in deep crustal structure across the CN - BB F. Z.

are not unexpected.

Three dimensional inversion of travel time data illustrates
that structures down ¢to perhaps 2200 km and greater can be
correlated with large scale geologic features (Taylor and
Toksoz, 1979). This has the important implication that major
orogenic belts have effects extending well into the
lithosphere which are stable for extended periods of time,
perhaps as 1long as 1 billion years. The lateral variations
in seismic properties of the crust and upper mantle beneath

the northzastern United Stotes are very small relative to

those observed over similar distances in active tectonic

158.
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regions such as central Asia or the western United States.
Poupinet (1979) showed that absolute P-residuals are a linear
function of the square root of &ge inside stable continental
plates. This indicates that the <c¢crust and upper mantle
become increasingly more uniform with age during evolution

toward a state of equilibrium.

In addition to the regional differences existing between the
two structural provinces in the northeast&rn U.S., we see
smaller scale features that are related to specific segments
of esch orogenic belt and to the intervening suture zone. As
discussed previously, the Taconide belt, the eastward-lying
Precambrian uplifts (The DBerkshire Highlands and Green
Mountains), and serpentinite belt are Lower Ordovician
structures thet may be related to the closure of an inner-arc
basin and to a continent-island arc collision. .This Tegion
is extensively deformed and is also characterized by apparent
crustal thinning and geophysical anomalies such high crustal
velocities, and large positive Bouguer gravity anomalies. It
is possible that these features are related to deep—-seated
thruets emplaced near the end of the YTaconic orogeny which
carriea oceanic crust and upper mantle material to higher

levels within the crust. This material would have high

velocities and dernsities relative to the surrounding
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eugeoclinal lithologies and would provide a model consistent

with the observed geophysical anomalies.
CONTRASTS BETWEEN NORTHERN AND SOUTHERN APPALACHIANS

Recent COCORP seismic reflection profiling in the southern
Appalachians indicates that the platform rocks overlying the
Grenville basement can be traced beneath the Blue Ridge and
continue at lcast 150 km to the east (Cook afid others, 1979
Figure 8). Because the northern and southern Appalachians
show many contrasts in structural style and tectonic history,
it may not be possible to extrapolate the COCORP results to
the northern Appalachians (north of about 41 degrees
latitude). The tectonic evolution of the northern and
southern Appalachians is ve;g similar up through the
mid-Devonian Acadian orogeny. However, thé southern
Appalachians have an additional late Paleozoic orogenic
episode (the Alleghenian orogeny) which resulted in the
westward thrusting of the Blue Ridge, Inricr Piedmont, and
Carolina Slate Belt (Cook and others., 1979). In the northern
Appalachians, the Alleghenian orogeny was only felt in
southeastern New England and by strike slip faulting farther
north. It has been suggested that the Alleghenian

deformational belt truncates the Appalachian—-Caledonian belt

T AR oW

——— bt . IR, T



l ¥ 161.

in southern Connecticut and Rhode lsland and is correlative

} with the Hercynian belt in central Europe (Dewey and Kidd,
1974). The extensive cruztal shortening of the late
Paleozoic Alleghenian marginal fold and thrust belt of the
Valley and Ridge Province is confined mainly to the southern
| - Appalachians. Slices of relatively unmetamorphosed

carbonates are found to the east of the Blue Ridge in the

1 Brevard zone and the Grandfather Mountain window (Cook and

others, 1979). The wultramafics found ih the southern |
Appalachians are diffuse and are irregularly distributed
throughout the Piedmont zone indicating their involvment in
k, | the numerous thrusts of the allochthonous «crystalline belt
‘ | A (Misra and Keller, 1978). In contrast, the ultramafics of

the northern Appalachians form & mnarrow north-northecst

trending belt and lower Paleozoic platform rocks are rarely
found east of the Precambrian outliers in the northern

} Appalachians.

3 i As pointed out by Williams (1930), Alleghanian deformation
y & ) involves Carboniferous r1ocks in the Piedmont of the southern
Appalachians. In contrast, autochthonous Silurian and

| younger cover Tocks unconformably overlie Trocks of the

into the <central orogenic belt of the northern Appalachians.

i Ordovician iaconic v - e o & s
i
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This implies that any major decollement in the northern

Appalachians would have to be a pre-Silurian structure.

The COCORP results indicate that the suture between
proto-Africa and North America is loccated at least 150 km to
the east of the Blue Ridge. However, by combining gravity
and geologic information, Diment and others (1972) suggested
that the suture (which would actually separate North America
from Avalonia) cuts across southern New<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>