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An implementation of the operator n%t_hod by means of coupled modes has
been used to examine the effect of heterogeneous crustal structures on Lg.
In this technique the local seismic wavefield in the real medium is
expressed as a ocogbination of the modal eigenfunoctions of a stratifiad
reference structure. Departures of the seismic properties in the real
medium from those in the reference lead to coupling between the amplitude
coefficients in the modal expansion. The evolution of these modal
weighting functions with horizontal position are desocribed by a coupled
set of ordinary differential equations. This approach provides a
caleulation achewe for studying guided wave propagation over extended
distances, at freguencies of 1 Hz and above. The heterogeneity models
which have been used are two-dimensional and calculations are carried out
for one frequency at a time.

One of the major effects of crustal heterogeneity is to introduce the
possibility of changing the character of the main amplitude peak in the Lg
wavetrain by shifting energy between different group velocity components.
As a result, an effeotive measure of the energy content of the Lg waves
will be to consider the integrated energy along the trace between group
velocities of 3.6 and 3.3 km/s. The effects of heterogeneity vary between
different parts of the Lg wave train and can be visualised by using
synthetic seismograms computed with a narrow band response in frequency,
with allowance for interaction between the modes. The representation of
the wavefield in terms of modal contributions allows a detailed analysis
in terms of the group velocity components.
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RESEARCH OBJECTIVES

The aim of this work is to develop techniques which can be used to
describe the propagation of regional seismic phases in three-dimensionally
heterogeneous media, in order to improve the understanding of the nature
of the phases and the way in which’the characteristics of the seismic
source can be modified by propagation to the receiver. Such information
will be valusble in assessing the effects of geological structure on the
behaviour of potential discriminants between earthquakes and underground
nuclear explosions.

Most of the regional phases of interest for nuclear discrimination
problems are observed after propagation through considerable distances.
These phases travel through the crust and uppermost mantle, which from a
wide variety of studies are known to be regions of considerable horizontal
variability of properties.

We have therefore set out to find theoretical descriptions of the
propagation of the regional phases which enable us to find general results
on the relative amplitudes of different phases. In addition we have
undertaken a computational study of the interaction of the Lg phase with
specific models of heterogeneity

RESEARCH STATUS AND ACHIEVEMENTS

In general, observations of regional seismic phases are made at some
hundreds of kilometres from the source, so that the waves can have made
quite complex interactions with three-dimensional heterogeneity in the
crust and uppermost mantle. The descriptions of the propagation process is
a difficult mathematical task but can be simplified by introducing the
concept of propagation operators (Kennett 1986). This approach allows the
sequence of physical processes from the generation of the seismic waves at
the source to reception at the sensors to be represented as the action of
a set of operators on the up and downgoing waves generated at the source.

Useful approximations in the operator development to concentrate attention
on the dominant modes of propagation can be made by exploiting analogies
with earlier work on stratified media. The particular implementation for
the operators can be adapted to suit the particular nature of the process
being described.

This operator representation has been used to look at the theoretical
characteristics of a variety of potential discriminants between
earthquakes and underground nuclear explosions based on the ratio of P and
S wave amplitudes.

A full description of the operator spproach and the discrimination results
are given in the attached paper: On the nature of regional seismic phases -

I - phase representations for Pn, Pg, Sn and Lg.
..1...




Many existing techniques for describing the propagation of guided waves

in heterogeneous media can be regarded as implementations of the operator
approach. The coupled mode technique of Kennett (1984) allows for
interactions with heterogeneity by allowing the transfer of energy between
different modes with different horizontal wave-numbers, thereby
redistributing the energy between different group velocity and so changing
the character of the seismic record. This approach is particularly suited
for examining the effect of mwodest heterogeneity on regional S wavetrains
which can be described by a limited number of discrete modes.

In the accompanying paper: Lg wave propsgation in heterogeneous media.

a sequence of models with varying levels of heterogeneity have been used
to determine the merits and limitations of the coupled mode computation
scheme. The technique works well with heterogeneous models in which the
local seismic velocities differ from the stratified reference by up to

2 per cent without significant perturbation of the major interfaces (such
as the crust-mantle boundary). Localised changes in seismic velocities
and density can be even larger, but it is difficult to account for shifts
of more than 2-3 km in the position of the Moho.

The nature of the modifications produced by Lg propagation through with
heterogeneity can be clearly seen by constructing theoretical seismograms
with a narrow frequency band and then incorporating the inter-mode
coupling. The shape of the main amplitude maximum is modified and there
can be transfer of energy to Sn which tends to extend the duration of

significant signal.

Kennett B.L.N. (1984) Guided wave propagation in laterally varying media -
I. Theoretical development, Geophys. J. R. astr. Soc., 79, 235-255

Kennett B.L.N. (1986) Wavenumber and wavetype coupling in laterally
heterogeneous media, Geophys. J. R. astr. Soc., 87, 313-331




On the nature of regional seismic phases 1
- phase representations for Pn, Pg, Sn, Lg
B.L.N. Kennett

Research School of Earth Sciences,
Australian National University,.

G.P.0. Box 4, Canberra, A.C.T. 2601
Australia

Summary ’

An operator development of the seismic wavefield is used to
generate descriptions of the propagation processes contributing
to the main regional seismic phases Pn, Pg, Sn, Lg. These
operator forms are valid for laterally heterogeneous crust and
mantle models and include the major processes of interconversion
between wavetypes.

These representations of the regional phases are used to
examine the theoretical basis for discriminants between
earthquakes and underground explosions based on the relative
amplitudes of P and S phases. The ratio of Sn to Pn amplitude
looks promising as a high frequency discriminant. However, the
ratio of Lg to Pn amplitudes is naot as useful because of the

complex nature of the propagation characteristics of Lg.

Key Words: regional phases, wave propagation, laterally

heterogeneous media, Pn, Pg, Sn, Lg, source discrimination
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Introduction
The propagation of seismic phases at regional distances has

been a topic of continuous interest since the work of Mohorovicic

(1909) on the Kulpatal earthquake in Croatia, and these phases
hhave been extensively used to determine the structure of the
crust and uppermost mantle. These structural studies, especially
for P waves, lead to the development of many analysis tools such
as the computation of theoretical seismograms for realistic
models (see e.g. Fuchs & Miller 1971). A major impetus to
understand the detailed characteristics of the regional

wavefield has come with efforts to manitor underground explosions
of low yvyield and discriminate them from earthquakes

(see @.9. Pomeroy et al 1982).

Despite this long term interest, there has been considerable
debate abaut the nature of the propagation processes giving rise
to the most prominent of the observed regional phases Pn, Pg, Sn,
Lg. The object of this paper is to provide a theoretical
description of the propagation of these regional phases which can
be used as the basis for discussions of the effects of structure
and source type. The development is based on the operator methods
of Kennett (1984), to get a representation of the full wavefield
in crust and mantle models with lateral variastion in seismic
properties. The operator results are then broken down into
contributions associated with particular wavetypes using
approximations introduced by Kennett (1986a). The net result is a
specific description of the propagation processes contributing to
PQ, Lg and Pn, Sn with inclusion of the most impartant
interconversions between wavetypes, for a laterally heterogeneous
structure.

These representations of the regional pbhases are then used o




examine the hehaviour of some proposed discriminants between

earthquakes and underground explosions based on the relative

amplitudes of P and S phases. The preferred phase far use for P

waves is the Pn phase because it represents a distinct arrival

at the beginning of the record. The size of the later Pg phase is

too dependent on the nature o} the propagation path to be general

useful. The ratio of the amplitudes of the Pn and Sn phases

looks promising as a high frequency discriminant for events

which are large enough for{Sn to be . observed

clearly. However, the ratio of the amplitudes of Lg and Pn

is not as useful because of the complex nature aof the

af the propagation characteristics of Lg in heterogenecus media.
Computations based on aﬁ'implementation of the operator

representation for laterally varying media via wavenumber mixing

in the transform domain will be presented in a companion paper.

2. General description of regional phases

We will here show how the operatar development of the seismic
wavefield introduced by Kennett (1984, 19B86a) can be adapted to

the description of regional seismic phases.

2.1 Reflection and transmission operators

Coqsider a heterogeneous region bounded by smaoth surfaces A
( z=f(x ), x = (x,y) ) and C ( z = 1. (x,) ) which do not
deviate far from horizontal pianes. [n order to isolate the
region from its surrogundings, we consider it to be bo;dorcd on
each side by uniform media a, ¢ (see fig 1). Then, it there is

3 downgoing wavefield g‘ incident from the uniform medium a

upon the region AC, the reflected field back into a is written,

t A
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u ™ (x, ) = R;‘c?‘) (2.1)

where Rf is a reflection operator for downgoing waves; and

the transmitted field in c is represented as

ubw, ) = T 0%, (2.2
in terms of a transmission operator T;‘ . R;‘ N T:’

include the effect of any multiple reflections within the region

AC. For an incident upgoing wave from the uniform medium c we

Ac

may similarly introduce the corresponding operatcrs R:‘ s T v

for upgoing waves.

These reflection and transmission operators are not tied to any
particular computational implementation, and include the position
dependence of the reflected and transmitted wavefields. In a
stratified medium the action of Ry , T can be evaluated
via matrix multiplications in the frequency-wavenumber domain and
subsequent inversion of the transforms. More complex reflection
and transmission processes can be represented by including the
action of further operators. The operator algebra is
noncammutative and operators always act to their right.

Now divide the region AC by the introduction of an intermediate

surface B (zp = 1y (5‘ ) ) into two subregions AB and BC. The

Ac

composite reflection and transmission operators R‘: . Tz

can be represented in terms of those for the subregions as

AL A8 A8 14 A8 8c -4 A8
R = R + T R 1 -R R b | T
> > .
v > v ® (2.3)
AC [ 74 AS [ 14 -1 a8
T, TSt -RY R TN

where ] is the 1dentity operator. We recall that operators act
to their raight and so the physical significance of each

expression can be obtained by reading from right to left.
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The operuator inverse [ 1 - R R ] represents all
ir eractions between the regions AB and BC and hence all
. . . s _8sc _.
multiple reflections within AC. We will refer to [ I - R: R, ] ',

as the reverberation operator for the region AC.

The operator algebra has the same structural form as the
reflection matrix methods forn stratified media (see e.g. Kennett
1983). This correspondence arises because the reflection matrices
in tﬁe transform domain are just one implementation of &he
operator forms., As a result, we are able to exploit a wide range
ot results and approximatians from the stratified case with a
reinterpretation of matrices as operators.

We have s0 far considered the reflection and transmission
operators as acting on the entire incident wavefield. But within
the uniform media we have supposed to border the region of
interest, we can split up the wave field into three independent
wave types. In isotropic media these will be P-waves, SV-waves
and SH-waves, but in anisotropic media the decamposition by
wavetype may not lead to readily identifiable physical character.
We will however label the three wave types by P, § and H, as in
Kennett (1986a) and allow for the interconversions between
wavetypes arising from the nature of the medium. We can partition

the operators by input and ocutput wavetypes s0 that we can write

e.qg.
AC
R o R,y Ry
Ac
Rn = R” R“ R, R (2.4)
R” Rus R >
where we have adopted the convention that R represents

12

scattering from wavetype 2 into wavetype 1 (Kennett 1983). With
this convention the partitioned forms of composite operators can

be constructed by equivalent rules to matrix multiplication, for
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example the PP element of R, R is given by

»
" o AO [ 73 A8 sc Al 8c AB sc
R R = R R + R R .
( v D)'P ure b 104 ves a3P * Run me - (2.5)

Even for an isotropic medium, the action of heterogeneity will
often be to produce out of plane scattering and so couple the

P~-SV and SH fields together.

2.2 Operator description of the seismic wavefield

In the regional phase gituation we consider a source lying in
the crustal zone at a level S (z = 2z, ) with the crust/mantle
boundary defined by the surface C (z, = ﬂ:(zl) ) - tig 2,
If the source was placed in a uniform medium, with the local
properties at the source, it would radiate upward and downward
contributions U%, D® . By splitting the medium at the
source level, we can work in terms of reflection and transmission
operators above and below the source level S and introduce the
source via its upward (U?) and downward (D3 ) radiation terms.
The resulting representation of the seismic wavefield takes the

form

3
v

1wt e RS 2%y, (2.0

-~ (14 T8
g.(g‘)- N T, [l-R’R

where SL indicates the entire region below the source level and ¢S

indicates the zone above the source including the free surface.

fs
“

T represents the transmissicn of an upgoing wave from the

source level up to the free surface and w is the surface

amplification factor arising from the interference of up and

downgoing wavefields at the free surface. The inverse operator
St s -1 . . .

i1 - R. Rv ) includes all multiple interactions between

the regions above and below the source. Equation (2.6) for the

gseismic wavefield can be rewritten 1n a way that emphasises the
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surface reflected phases
~ (‘
go (:1 ) = W T, ig‘f (2.7)
~ fs _ Sc §s -1 s s 3 s
+ W T, LI -Ry R 1 R (D + R, U®),

In this representation for the wavefield we have the reverberation
operator for the entire structure combined with reflection from

beneath the source level. Since we have the operator identity

St 123 -t Se s fs s -1
I - R’ Ru ] R’- R’ 1 - RU R, ] R

we can view the reverberétion sequence as occurring on either the
source or the receiver sides of the main reflection R:'.

We can now begin to separate phases propaqaﬁinq in the
crust from those with a maptle component by splitting the

reflection operatorl?j just below the crust/mantle boundary C

using (2.3)

. (2.8)

RSL - Rsc . T“ L1 - Rcu. RJ: ]-l Ra- Tse
> > v > v > >

This separation includes reflection of downward travelling waves
at the crust-mantle interface in the crustal operator Rs: . The
dominant multiples in regional propagation arise from the free
surface, but there can be a contribution from a complex
crust-mantle transition. We will therefore rewrite (2.8) in a
form which emphasises the separation into crust and mantle

opefators:

R = R + T R T (2.9)

S5 s sc ~e Sc
> > u D> > .

Here R;fincludes all mantle reflection effects, both direct

reflection (R;W and any modulation from the effect of the

) c sc -t
structure of the crust/mantle transition through [ 1 - R‘; R v

We would like to make use of the expansion (2.9) to separate
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multiple reflections in the crustal zane from the overall

[2] -1

s
reverberation operator [ 1 - R.b Ru p) . We make use of

the operator identity

t1-A-8B1'= (1-a1"+c1-Aa31'BC1-Aa-87]

which leads to an expansion In multiple powers of the operator

combination B L I - A ]". With the identification of A with

& _fS 5 [ £S
R’ Ru and the mantle contribution Tu R’ Tn Ru as B, we

can develop an expansion dof the form

s 5 _-1 sc 8 _.94
cr-rERT 2T - ca1-RrYRD
$ -
s -R¥RY 3 T RY TERPL 1 - Y RE T
4 ceees (2.10)
£$

and we can recognise ([ I —‘R;f RU 1°* as the reverberation
operator for the crust.

When we make use of the crust~mantle decomposition in (2.9) and
(2.10) in the expansion for the seismic wave field (2.7) we can
set up a hierachy of propagation terms emphasising the different
classes of wave interaction with the structure of significance for

regional phases

-~ 3
oos e B T
(2.11a)
$
@ T 1 -RERD T RED e RY U
(2.11b)
-~ fs € _fS .4 o5 “ _sc £ _Sc .4
vl ™ rr-RFRT TSR T - R
(95’ R? ys}
(2.11c)

+ ® v o0 a0

The contribution (2.11a) represents the direct waves transmitted
upward from the source level. The part (2.11b) represents the
crustally trapped waves such as Pg, Lg involving multiple

interactions with the free surface and the crust/mantle 1nterface.

_10_




The contribution (2.11c) represents dominantly upper mantle
propagation such as Pn,Sn with the possibility of near-source or
near-receiver crustal reverberations. The higher order terms
involve multiple mantle interaction.

Equation (2.11) thus provides an operatiaonal description of
the main regional seismic ph;ses in terms of the propagation
characteristics of the regions above and below the source. For
shallow sources the natural divisions of the heterogeneity
structure may well not coincide with the placing of the source.
However, with a little extra effort we can generate an operator
description for fixed upper and lower crustal zones; the details
are presented in the Appendix. For heterogeneity superimposed oﬁ
stratification the operators can be simulated by wavenumber
coupling techniques in the frequency-wavenumber domain (Kennett
1984). Equation (2.11) can then be used to synthesise the
response for the various phases including, for example, different
scales of heterogeneity in the mantle and the parts of the crust
lying above and below the source.

However, (2.11) provides a composite description of the entire
seismic wavefield and provides no immediate separation into the P
and S regional phases. In order to make a specific description of
the individual phases Pg, Pn, Lg, Sn we need to look in detail at
near source and near receiver processes and the character of the

crustal reverberations.

2.1 Near-source effects

The action of the source enters the operator description of the
wavefield through (g’ + RL’ y’ ) which represents the combination
of the direct downward radiation from the source and reflections

from above the source, which will be dominated by the effect of

_11_
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the free surface.
In terms of the three basic wavetypes (P,S,H) we have the

explicit expressions

" r

fery vty = b, +rE 4 +rE u +RTy,
s 2 [ 2 1
0 + RY Uty = Dy +Rg U +RI U+ rRE, U, ,

@*+a¥ yt) = »p
- -~ “

” “ "
- +Rwu' +Rmu ¢R‘mu

(2.12)
allowing for full interconversion above the source.

For an explosive sour;c. the dominant radiation will be as P
in Dy , U, and § wave contributions will be generated from free
surface reflections; these would normally be mainly BV, but some
SH waves could occur due to heterogeneity above the source. For a
large explosion, there is also the possibility of tectonic
release close to the source inducing direct S radiation. Similar
effects will arise from extended or multiple sources. Thus if we

consider the SV wave radiation from an explosion we can group

the source contributions in terms of their likely significance:

oK R v« rR™ u ). U 2.13
$ = use e (£; * Mo Y ) Ruw "’ (2.13)

the first term would be generated with a stratified medium code
and a simple source model, the second term is associated with
tectonic release and the third would arise almost entirely from
heterogeneity effects.

For an earthquake source, we have to take account of P,SV and
SH radiation at the source itself and heterogeneity will have the
effect of linking the SV and SH wavefields. In this context we
should note that such coupling would be predicted directly for
anisotropic models. However if we adopt an isotropic reference
model, the action of anisotropy and heterogeneity are formally

equivalent and combined in the same operator description (although

-12-
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the nature of the coupling terms will be different).
As shown in the Appendix, the effect of heterogeneity in the
source zone will be to modify the effective source to

s (D‘ + Rf Us }, where x* represents multiple scattering

X
effects in the source region., The action of x* will be to
introduce further coupling b;tween wavetypes. This will have the
effect, for example of generating apparent downward radiation of S
waves from even a simple explosion due to heterogeneity induced

contributions of the type-X‘ D, x* p .

s P ap P

2.2 WNear-receiver effects

The receivers are normally situated at or near the free surface
and so lie in a region of concentrated small-scale heterogeneity
even in regions with apparently homogeneous geology. Signal
generated naoise from the vicinity of the receivers is freq&ently
one of the major contaminants of high frequency seismic data.
In the operational description of the seismic phases (2.11)
such effects are included in the term G Tzs. For low
frequency waves this operator will be close to that for a
stratified medium. But, at high frequencies we will have to allow
for significant deviations from the stratified results induced by
three-dimensional velocity structure and local topography near the
receivers. We will therefore need to assume that any incident
wavetype at the level S can produce all three components of
motion at the surface, and that wavetype coupling is likely to be
significant (both in-plane e.g. P-SV and ocut-of-plane e.g. P-SH).

Thus we will write

Wee Wes Wrn
~ s
w T = Wee Wee Weu |° (2.14)
t
W W Wo
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in terms of displacement components on the vertical (Z), radial (R)
and tangential (T) components at a receiver, for a particular
wavetype incident at the level S. The character of the surface

motion may well include other wavetypes than the incident. For a

horizontally stratified medium Wop » Hm are always zero and

u“ . “m would only be significant in the near-field of a source.

2.3 Reverberation expansion

As we have seen rcvcrb;ratim operators of the type
tr - R;‘ R:’ ]" play an important role in the description of
the seisamic wavefield at regional ranges. The compact
representation of the operator inverse does not allow the
identification of reverberation sequences associated with

individual wavetypes.

The crustal reverberation operator is the inverse of

{1 - R': R:‘ ] which can be written in partitioned form as
Xpp = Ypp = Yo = Yo
s 3
€tz - R, R“ ] = - Yo Xgg =~ Yoo = Y (2.15)
Y ™ X~ Yau

where the diagonal terms are e.g.

e s s
XKpp = 1-R,, R , v_ = R* R .gr* Rgf

®< s S €5 [ 3 R(S

R
(]
er ves e uss sen yug (2.17)

Using (2.15), it is possible to construct exact expressions for
the partitions of the reverberation operator in terms of the

individual wavetypes (Kennett 1986, section 9.2). However,

~14~
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the resulting expressions are rather complex, especially when
interaction between all three wavetypes are included.

Fortunately, multiple conversions between wavetypes are unlikely

to be of very great significance, and so we may employ a
convenient approximation to the reverberation operator in which

no more than two conversions are considered:

-t -
Koo ¥ Xop Yoo Xpp X Yoo X Xow You Xuy
sc £ -4 -1 -1 -4 -1 -4 -1 -1
(I -R, R, 1 = Xes Yor Xoo Xes + Xy Yes X5 Xes Yeu Xun
< -t -4 -1 -4 - [}
xun Yur er xu.. Yus x&s xuu + xuu Yuu x.ilu
(2.18)

In this approximation we have been able to extract the

reverberation terms for the individual wavetypes X;;, X; . x:,

W
Conversions between wavetypes are accompanied by the reverberation

sequences for both primary and secondary wavetypes.

3. Representation of specific seisaic phases

In the previous section we have seen how we may describe
the seismic wavefield at regional ranges with an operational
development and have also considered near-source, near-receiver
and crustal reverberation effects. With these preliminaries, we
are in a position to produce representations of specific seismic
phases. We will start with crustally guided waves and then turn

attention to those phases whose paths lie mainly in the mantle.

3.1 Crustally guided waves
The first group of waves whose paths lie in the crust is that

associated with transmission upward from the source (2.11a)
- 2 -~ s s
[ )

u = w T (U ) (3.1)

These direct P or S waves are important close to the source, but
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at greater distances are reduced in amplitude by geometrical
spreading. Since the direct waves travel through the lower
velocity material near the surface, they are overtaken at larger
distances by phases travelling mostly through the higher velocity

material at depth, and then play a fairly minor role in the coda.

Qf much greater siqnificnncc'aro those waves which have been
reflected back from beneath the source level! and then have been

involved with reverberation through the whole crustal zone (2.11b)
fs « _fs sc

~ -1
el = ® T (1-RT R, YRS

£3
v

"+ r¥ ¢ty . (3.2)

We recall that the level C lies just below the crust-mantle
transition so that R:' includes reflection from this interface
(w.g. PmP, SmS arrivals). A schematic representation of the
various operator interactions in (3.2) is shown in figure 3.
At low frequencies, the structure beneath the interface will be
involved in the reflection process and so influence the crustal
reverberations (Burdick & Helmberger 1988). However, for
frequencies higher than about 0.5 Hz, the representation (3.2)
will include the dominant contribution to the crustally guided
pha;cs Pg,lLg. The effect of source depth will enter into the
expression (3.2) through the compound source term (g‘ + R? y‘ ).
The balance between downward and upward waves will be of
particular relevance for directional sources such as earthquakes.
With the aid of the decomposition of the crustal reverberation
operator by wavetypes discussed in section 2.3, we can now look

at the individual seismic phases.

3.1.1 Pg
The Pg phase 18 composed primarily ot P waves guided 1in

the crust although the coda is likely to have an increasing
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proportion of converted waves. Conversion near the source will
narmally be significant in transferring [ energy frc . the source
radiation to the P wavefield. The base of the weathered zone near
the surface will be one of the most likely places for conversion
from P to other wavetypes and so transfer energy to the tangential
component. These effects can be included by making a full
represantation of the transmission through the surface zone (2.14).
The most significant contribution to the Pg phase will be from
those wave propagation prgcesses with just P reverberations in the

crust with the form

- ¢ s €S (2]
Yp T .- Xo DR (Dp ¢ Rype Uy + Ry Ug + Ry Uy )
o v '
+R% (D, + Ry, U, + Ry Ug )
s £$
+R_(D, + R U, )] (3.3)

where X;; is the crustal reverberation operator for P waves

€S -1
ore ] . (3.4)

-4

sc
X o = [ 1~ R’"‘ R
H’ is the transmission operator for the surface motion generated

by an incident upward P wave at the source level

W, tm LW, s Wep s We 1, (3.5)

this allows for scattering of energy ocut-of-plane and possible
conversions near the surface.
The contributions to the coda of Pg involve multiple

reverberation trains such as

(4 {5 -1 [ 4 fs K4 £s S s -t
poe Figpe 17 (R R R R - R R, 17,

(3.6)

X Y _X = [1- R

and similar terms with conversion between reverberations of the

type
-1 . _ Sc s s s s £s S 3
Koo Yos %5 = L1 an Roee (Rw Ru's ’Rnn Rowe * R”u Rvus ) .
. (1- R®™ R ;! (3.7)
pre  vep

-17~-




—

16

with those process involving SH waves likely to be of least

significance. 8ince all these contributions require conversions

between wavetypes, they are likely to be individually small but
the cumulative effect of a number of such terms can still be
noticeable.

The character of the Pg wavetrain will be strongly dependent on
the nature of the crustal reverberation operator )ﬂ;‘ . Multiple
reflections in the crust for P provide only partial trapping of
energy, because of conversion from P to § at the surface and the
possibility of transmission through the crust-mantle transition
into S waves in the mantle.

For laterally homageneous crustal models, the detailed studies
of Olsean et al (1983), Campillo et al (1984) have shown how the
Pg phase is built up from multiple PmP reflections. However, it
is difficult to sustain the Pg phase to even S00 km range if
there is not low velocity material near the surface. A crustal
low velocity zone may help to maintain Pg amplitudes by
interference of multiples separated by only a short time delay.

In a shield type madel, the Pg energy leaks rapidly into S
with each surface reflection and the Pg phase tends not to be
observed at large ranges. The presence of lateral heterogeneity will
tend to enhance the decay of Pg with range, since scattering will
generally remove energy fram the waveqQuide. These results help to
explain why Pg is more readily observed in the western United
States, where surface P wave velocities tend ta be low, than in
the sastern United States where older geological structures brang

higher velocity material close to the surface.

-18~-
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3.1.2 S¢9, Lg

At close ranges, the crustally guided S waves, analogous to Pg,
are commonly referred to as Sg. But at greater distances as the
wavetrains become more complex, the notation Lg is frequently
used. Uriginally the term Lg was applied to intermediate
frequency arrivals with a group velocity around 3.5 km/s (Press
& Ewing 1952), but more recently the usage has been transferred to
higher frequency waves ( > 1 Hz).

When considering these S wavetrains we have to take account of
the different classes of Qave propagation processes associated
with the two S wavetypes. In a horizontally stratified,
isotropic, medium the SV waves would propagate in a vertical plane
and SH in a horizontal plane. The SV waves part of Lg can then be
described by a superposition of many higher modes of Rayleigh
waves and the SH wave part by a similar sum of Love wave terms.
However, in a real medium there will be cross-coupling between the
wavetypes due to out-of-plane scattering arising from
heterogeneity in the crustal waveguide.

The phase velocities of importance for guided S waves are such
that P waves will only propagate in the near surface region (if at
all). As a result; we anly need to retain P waves in the
description of near-source and near-receiver processes. Within the
full crustal waveguide the behaviour will be dominated by S wave
revérberations, but for each wavetype we must make a full
allowance for near-receiver effects including coupling to P waves
and Rg waves (fundamental mode Rayleigh waves) largely contfined to
the near surface.

In order to simplify the notation we introduce C(, ., C,, .
representing the net dawnward radiation for SV, SH waves

including the effect of reflection processes above the source

-1 9_
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' s ¢s
Cos = Dy *+ Ry Uy + R U + Ry, U, ’
(2] 15 5
Couw = Dy + Ry, +/RS v +8r% o (3.8)

The dominant reflection processes above the source are likely to
be those without change of wavetype. The main effects of the
Quiding process will be described by the crustal reverberation
operators for the two S wave types representing the effects of
multiple internal reflections within the crust. Using the

notation of section 2.3 we will write

-1 © €3 -
Xes = C1=-R Ro 17,

x' = (1 -R¥* Rpf

-1
"o PO L NV ] . (3.9)

Within the crustal waveguide we can expect cross-coupling between

wavetypes through the terms Y, Y, , Yus + Yau with principal

contributions
sc £s %% € se s
Y“ ¢ Rxn Rm 4 Yu = Rw Rwu + Ruu van ’
se 5 se s % s
You * Raus Rm ’ Y ® Rw R e * R Rowe (3.10)

and terms of lower importance involving P wave conversion. We
must allow for full coupling in propagation through the
near—-surface zone. For incident S waves the two transmission
terms can be represented as

We = [ Weg o Wag 5 Wee 1,

(3.11)

Wy, = [ We » Wey s Wy, D,

with allowance for transfer of energy out-of-plane.

The Lg wavetrains can then be split into two classes depending
on the nature of the main sequence of multiple S wave reflections.
Within the waveguide, cross-coupling between wavetypes wiil
increase the complexity of the wavepropagation process. With

dominantly SV reverberation, the major countributions to Lg can be
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written as
-1 sc -1 s -1 23
g‘-gs =W Xy U (Rpgs + Yo Xog Rpge % You Xuuw Rpus 7 Cs
se -t 8¢ - P
¢(Rxn * Ve Xy Run * Yau xun Ram ) Cou s
(3.12a)
with a similar form for the dominantly SH wave propagation
- s -t s -1 8¢
gl—g“ =W X DR+ Y Xo R+ Y X R ) Gy
N 5 .t ' -1 8¢
"'(Rnuu * Yo Xy R’“ + Y. X"R““ Y Cpu 1
(3.12b)

Because the wavespeeds of the different wavetypes are so similar,
we need to retain a more complete representation than for Pg.
However, the main effects will arise from terms with a single
reverberation sequence.

For the Lg phases, the trapping of S energy is quite efficient.
In the laterally homogeneous case, there will be total reflection
of S waves at the surface and at a crust-mantle interface; some
slight energy loss may arise at the base of the crust for a
transitional structure into the mantle. Even in the presence of
lateral heterogeneity most of the energy will be trapped. There

will be some energy loss by anelastic attenuation and scattering

-t

and so the reverberation sequences x; y X

will decay in
time., This leads to a general reduction of the coda amplitude
along the wavetrain as time progresses, whose envelope can usually
be approximated by an exponential to define a coda @ (Herrmann
1980).

There are a number of regions where the propagation of the Lg
wave is interrupted by some tectonic feature e.g. the graben
structure in the North Sea (Gregersen 1984) and the mountain belts

of central Asia (Ruzaikin et al, 1977). This disruption of the

wavetrain is generally associated with upsetting the constructaive
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interference of the multiple crustal S reflections comprising

-1 -1

Xgg s Xy, + A8 illustrated by Kennett (1986b), modifications

aof the shape of the crustal waveguide tend to break up the
constructive interference and these trends will be enhanced

by significant horizontal velocity gradients. In addition
anomalously low Q@ may be needed to finally extinguish the guided

energy (Maupin 1989).

3.2 Mantle phases

Once we get beyond thofcritical distance for reflection from
the crust-aantle transition, we have the possibility of phases
with a significant path in the mantle associated with operator
(2.9) , which includes all reflection from beneath our
separation level C (just below the crust-mantle inter ce).

The general description of such mantle phases is provided by

(2.11c)
-~ (13 - €S - _8¢ [ [ € Sc -1
gn-urvtl—n,n,’]r‘,abr»[x-au R, )
«2®+«R® Uty ,
~ - (3.13)

which includes the possibility of reverberations in the crust
near the source or near the receiver. We recall that R;‘ is a
contracted notation

RY = Ry c1-RyRY T,
designed to include all mantle reflections including those
arising from the structure of the crust-mantle transition zone.
As in (3.2) the effect of source depth enters into the expression
for the wavefield through the compound source term (9’ + R:'g’).

We can extract the main term corresponding to Pn, Sn from

(3.13) as

.(9 + R u (3.14)
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which includes the possibility of reflections from the surface at
the source e.g. pPn, sSn (see fig 4). The coda of these two

phases will include crustal multiples such as PPn, SSn.

3.2.1 Pn

The beginning of the Pn wavetrain will be dominated by P waves
radiated downward from the source, with some reinforcement
slightly later from surface reflected phases (including S to P
conversion) for shallow sources. The mantle leg will be as a P

wave so that we may represent the wavetrain as

€€ L] S
u = W TER™ 1% (p R _u +r" u +R" u, 3,

~ Pa P "vee per Dee 4 ure P ves s urm
(3.15)
where cross—-coupling between wavetypes in the near-surface zone is
included via the transmission term W, (3.5).

At ranges beyond 300-400 km, crustal multiples of Pn begin to
contribute to the coda of Pn as indicated in the representation
(3.13). For the range of phase velocites of importance for this
phase 8.3-7.8 km/s, conversion of P to S waves at the surface is
more efficient than reflection of P to itself so that some crustal

legs may be as S waves. As a result the Pn coda will begin to

acquire a partial S wave character,

3.2.2 Sn

The principal phase velocity interval for Sn (4.8-4.3 km/s)
will involve only limited interaction with P waves in the near
surface zone and so we only need to consider S wave propagation
over the bulk of the path. The maost significant other class of
wavetype conversion is likely to be between the two S waves,
induced by the presence otf heterogeneity. We will therefore
compound the transmission up and down below the source level with

the mantle reflection processes 1nto a composite operator
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™M s¢ _wmL _gc
R’ = Tu R’ T' s (3.16)
and then partition the whole process by incident and emergent
wavetype. Then, with the aid of the compact effective source
notation introduced in section 3.1.2 we can represent the
dominantly 8V wave cantribution to Sn as
R‘. R" c 3.17
. + .
g&sgus(wcas R Can ¥ » (3.17)
with an equivalent form for the SH wave contribution
sn sn
gs““ = Hu. { Raus C” + Rbun C” ), (3.18)

As for Pn, the coda af Sn will include crustal multiples. Since
reflection at the surface involves only limited coupling to P,
this will be a relatively efficient process and as such a major
contributor to the character of Sn at larger ranges (Kennett
19895).

Although the various operator descriptions take similar forms
for the crustally guided and mantle waves, we must recall that the
ranges of phase velocity for which the representations are useful
are rather different, We have been able to partition the seismic
wavefield via the dominant modes of propagation, but we must
recall that the phases do not exist in isolation. Thus the Sn and
Lg arrivals are superimposed on the Pg coda and the spectral
character of the actual wavefield can be dominated by coda
contamination (Blandford 1980). Also, we have included all mantle
propagation effects within the Pn,Sn representations, energy
return from structure well below the crust/mantle interface can be
of considerable importance at larger ranges and may well occur in
a time window that, for an isolated record, could be confused with

the crustal multiples of shallower propagating energy.
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4. P/S amplitude ratios for regional phases

With these relatively compact descriptions of the regional
selismic phases, we are now in a position to look at the behaviaour
of possible discriminants between different types of seismic
sources. fFor discrimination between earthquakes and explosions,
such criteria are based on the observation that earthquakes should
be much more efficient generators of S waves than explosions, as

'demonstrated very elegantly by Gilbert (1973). For regional
phases this result implies that we would, in general, expect
larger amplitude Sn and Lg phases relative to the size of the P
waves far earthquakes than explosions. Some earthquake
observations near nodes in the source radiation patterns could be
deceptive, but with a reasonable coverage of azimuths such
problems should be avoided.

Such discrimination criteria based on the relative amplitudes
of P and S regional phases have been investigated for some time
but their performance has been somewhat mixea. Blandford (1980)
argues strongly for the the use of the ratio of the maximum
amplitude before Sn (Pmax) to the maximum after Sn (Lg),
particularly at high frequencies. However, Pomeroy et al (1982)
report on a range of other observations which are not as
encouraging. Clearly, it is desirable to look at the theoretical
basis for the discriminant to see if we can understand where the

problems arise,

4.1 Sn/Pn amplitude ratio
This amplitude ratio is designed to compare the Pn and Sn
phases which both have a significant mantle component to the

propagation path. Pn has the advantage that 1t appears as a first
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arrival and only contends with the ambient noise conditions. Sn,
on the other hand, is superimposed on the late P coda and
frequently has a relatively emergent character with the largeat
energy on the vertical component often associated with crustal
multiples (Kennett 1985). Over continental areas Sn usually
propagates well, although there is some disruption due to tectonic
features (Molnar & Qliver 1969).

In the absence of uidcspr#ad digital three-component stations
the amplitude comparison of Pn and 8n is normally made on the
v.rtieal component. Thus from equations (3.15), the vertical

component of Pn will be represented by

- w Rs”(D *R"U <"R‘SU } 4.1
“& > orw P vre » ves s ’ (4.1)

with a phase velocity window of interest from 7.8-8.3 km/s.
For shallow saurces there will be the complication that the time
separation of direct downward radiation and surface reflections
will be too short to allow separate identification except at high
frequency. '

From (3.17,3.18) the vertical component of the Sn phase will

be described by

M ™~ 3 12
Wo, * UM Rpgy + W R M0 + Rue Up *+ Ry Ug )
™ [ ) [ £
*CM R+ W R (D, + Ry, U, * R U, ), (8.2)

for phase velocities from 4.1-4.7 km/s. 1f the level of
heterogeneity is not too high the dominant propagation shaould
remain ‘in plane , with a consequent simplification of the

expression for the vertical component of Sn:

FL} 8 (<3
w & W _R (Ds *Rv“ U‘ #Ru” U, ), (4.3)

The ocut-of-plane scattering terms are particularly impartant for
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explosions, as recognised by Gupta & Blandford (1983), since in
this case the SH energy produced at the source will be low. Even
with equal efficiency of scattering back and forth between SV and
SH, there will be transfer of energy into the SH field until the
size of the SV and SH terms tend to equalise. For earthquake
sources similar cross-conversions of wavetype will occur but will
be harder to recagnise because of the presence of significant

SH energy generated at the source.

Within the mantle the character of the propagation terms R:L s
R:; is dictated by the wavespeed gradients beneath the Moho.
Even a slight positive gradient is sufficient to produce an
‘interference’ head wave in which multiple reflections from the
gradient constructively interfere to give a larger arrival than
is possible with just a uniform zone (Menke & Richards 1980). As
the range increases the deepest penetrating ‘diving’ ray separates
from the bunch of multiple reflections near the crust-mantle
interface and may get suppressed by interaction with a wavespeed
inversion at depth. With fine scale structure in 'the mantle, the
interaction of the P and S waves will be different becéuse of the
shorter wavelengths for S.

Comparing (4.1) and (4.3), we see that they have a similar
structuré of propagation terms. Loss of energy by out-of-plane
scattering will tend to reduce the Sn mantle componment somewhat
and also the transfer to the vertical component is less efficient
than for P waves. The ratio of the Pn and Sn amplitudes should
however be dominated by the ratio of the source terms in (4.1) and
(4.3).

At high frequencies, the P wave contribution to (4.3)
wilf be very small for the phase velocities in Sn (unless the

source is very shallow), so that the Sn/Pn ratio becomes a
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comparison of S and P radiation at similar take off angles from
the source. At lower frequencies, and for shallow sources, the
inter ference of PS conversion at the surface with the direct
downward S radiation would complicate the picture. For
explosions, this conversion process will be the principal
mechanism for the generation of Sn.

This would suggest that the Pa/Sn ratio would perform better

as & discriminant between earthquakes and explosions at higher
frequencies, which would fit in with a number of obserQations
(R. Blandford ~ #rivcte communication). For shallow earthquakes
the discriminant would not be very effective. Clearly, adequate
azimuthal coverage is needed to eliminate complications due to
<“ource radiation patterns.

The actual behaviour of the ratio will be affected by
the presence of heterogeneity. Contamination of the arrivals by
near-receiver scattering can be overcome by integrating the
envelope of the waveforms over a time window rather than just
picking a maximum value. Where available, three component data
should be used to try to stabilise the measure of the ratio of
energy in Sn end Pn against distortion due to energy transtfer
between the vertical and horizontal gplanes due to scattering.

Further, in order to #qualise the sensitivity of the Pn,Sn
phases to structure (particularly the effects of heterogeneity) it
would be appropriate to work at a common wavelength e.g. make a
comparison between Pn in a frequency band around &4 Hr with Sn in a

frequency band around 2.5 Mz,

4.2 Lg/Pn amplitude ratio
Although it would be most appropriate to compare the amplitudes

of the two crustally guided waves Pg, Lg, we have noted above that
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the Pg phase does not propagate very far in structures with high P
wave velaocity at the surface (such as shields). For utility in a
wide range aof geologic environments, it is therefore necessary to
use the Pn phase as a measure of the strength of the P wave field,
except at shaort ranges.

With a comparable approximation to (4.3) the vertical component
of Lg associated with in-plane propagation can be derived from

(3.12) as

w = W X R

ge
Ls Zzs ss 253 € D5 + R U + R Ue 1, (4.4)

for the phase velocity range 3.8-3.3 km/s. The propagation term
now involves reflection from the crust/mantle interface in R
and reverberations within the waveguide X;; . The coherence of
the Lg phase depends on a complex pattern of constructive
interference which is normally well established at frequencies
around 1Hz, except where some major barrier blocks propagation.
Deep reflection soundings of the crust often show very variable
structure at the crust/mantle transition along a profile and so at
high frequency (> 5 Hz) the propagation effects will tend to get more
complex.

Comparison of the source terms in (4.1) and (4.4) shows a
similar behaviour to that for Sn/fPn with a simplification at
higher frequencies, although now the Pn waves will have much steeper
take-aff angles than for the S waves. The waves comprising Lg
travel at angles of about 70 degrees to the vertical, whereas the
Pn takeoff angle would be between 25 and 45 degrees depending on
the depth of the source.

The Lg/Pn amplitude ratios will therefore be subject to two
opposing trends, the source ratios will be becoming better defined

as frequency increases but the propagation complexity will
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increase markedly making the interpretation of the ratio rather
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difficult. This result supports the discordant observations of the
value of the amplitude ratio Lg/Pn as a discriminant noted by
Pomeroy et al (19862).

The L.g wave has a valuable role to play in the detection of
events at regional ranges, but the relatively complicated
propagation characteristics for Lg reduce its value for

discrimination.

S. Discussion

In this paper we have shown how an economical and informative
representation of the seismic wavefield at regional distances can
be made in terms of reflection and transmission operators. The
expressions we have derived for the various regional phases are
valid in laterally heterogeneous and anisotropic media. For the
particular case of a horizontally stratified media they can be
readily evaluated by adapting matrix methods in the transform
domain (see e.g. Kennett (1983)). In the presence of
heterogeneity the operators can be simulated by allowing
coupling between horizontai wavenumbers in the frequency domain.
Preliminary calculations show that it is possible to achieve
siqnificant transverse components for the regional S wavefield
from an explosive source as has been frequently observed
(Blandford 1980), but which is not predicted by a stratified
model.

We have demonstrated how operator representations for
particular seismic phases can be applied to look at the
theoretical basis for discrimination between earthquakes and
underground nuclear explosions using regional phases. A number
of empirical discriminants have been proposed based on the

characteristics of regiLonal phases (see Pomeroy et al (1982)).
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Our phase representations give a way of examining the theoretical
basis of such discriminants amd may allow a better assessment of

their limitations.

Appendix: Upper and lower crustal heterogeneity zones

In section 2 we have shown how the propagation characteristics
for regional phases can be described in terms of the regions
above and below the source. Frequently, we would like to work
with fixed regions irrespective of source depth, so that we can
model an upper crustal zone of heterogeneity down to a level
z,y underlain by a lower crustal zone and the mantle. We will
assume that the source level 2z lies above z, and will show

how we may make a representation of the wavefield equivalent to
(2.11) with a separation of the propagation characteristics at
the level K.

1f we had a source at the level K, the displacement field could

be written in an analogous form to (2.7)

_ ~ ~< x
u (x,) = w T futt (A.1)
~ x 18 fx -1 KL © fx [3
+W T, [I-R_R R(D"+ R, U™,

and we could then make a separation of the crustal propagation

terms as in equations (2.8-2.10) in terms of the artificial source

level K.

In order to incorporate the effects of the true source at S we

[ 4 [ = [

have to relate the apparent source terms u and D + Ru u

to the actual source radiation. Fortunately, we can exploit the

formal equivalence with reflection matrix results for splitting

the response of stratified media (Kennett 1983, section 9.2). We

find for the net downgoing field
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[ x = <
£, = +R, VU
kL 1 ;™ -t 3 €3
= TOC01-R, R Y (0°+R} vy, (A.2)

For the upgoing wavefield at K, it is best to look at the full

propagation term

~ $x K ~ £ -“ 43 -1 £ ”® $
R M TTA0 T T M O TR Sl M I AR Sl L S Y

which we may recast into a farm where we can extract the direct

upgoing wave;

[ f © o~ s s
] Tu (y )} = ("} Tu v )
~ £ & & 73 -1 s f5 5
+ W Tu R.[ I - Rv R’ b} {g + Ru g },

(A.4)
In general we would not expect R:‘ to be too large so that the
direct wave waould be the dominant contribution. In both (A.2) and

(A.4) we can recognise a modified source term

19
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c1-RY RY 1+ RY Uty
representing the effect of multiple interactions with
heterogeneity in the vicinity of the source.

On the receiver side, we can also expand out the upward
propagation term ; T:‘ to indicate the multiple interactions

with the shallow heterogeneity

>~ ~ ~ 45 _ p¥% * -t s
] Tv = ] Tu [ S § R’ Rv ] Tu . (A.5)

The reverberation term will be responsible for most of the
canversions between wavetypes near the receiver,

With these expressions for the effect of shallow heterogeneity,
we can rewrite the operational description of crustally guided

waves (such as Pg, Lg) into the form

crust ~ Iz Ke _fx _=9 xc K

u = W T .[(I-R R 1 R .C , (A.6)
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with the main propagation characteristics determined by the
multiple reverberations within the crust described by

~ -1

£trI - R:° R” }J . For those phases with a dominant mantle path

(Pn, Sn) we have a comparable form

mant ~ " Ke s~ -4 [ ) " 73 ©
u = “ Tv « LI ~ Ra Rv 1 7, Rb Ta - E’ s (A.7)

with the mantle propagation operator R:r modulated by possible
crustal reverberations, and the possibility of strong interactions
with heterogeneity in the near-source (g: ) and near-receiver

~ K . .
(W Tv ) contributions.
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Figure Captions

1. Configuration of regions and surfaces for the definition of
reflection and transmission operators.

2. Schematic representation of the action of reflection and
transmission operators in the representation of the seismic
wavefield.

3. Schematic representation of the operator representation for
crustally guided waves (3.2).

4. Schematic representation of the operator representation for

the main mantle phases (3.14).
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Lg-Wave Propagation in Heterogeneous Media
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Australia

ABSTRACT
The Lg wave phase which is of considerable interest for nuclear discrimination

problems is normally observed after propagation through a few hundred kilometres.
This phase is dominantly guided in the crustal waveguide, which is known to be a
region with very significant horizontal variability in properties.

The effect of heterogeneous crustal structures on Lg waves has been
determined by using a "coupled-mode" technique in which the local seismic
wavefield in the real medium is expressed as a horizontally varying combination of
the modal eigenfunctions of a stratified reference structure. Departures of the seismic
properties in the medium from those of the reference medium lead to coupling
between the various amplitude coefficients in the modal expansion. The evolution of
these modal weighting factors with horizontal position are described by a coupled set
of ordinary differential equations. This approach provides a calculation scheme for
studying guided wave propagation over extended distances, at frequencies of 1 Hz
and above. The heterogeneity models which have been used are two-dimensional
and calculations are carried out for one frequency at a time.

A sequence of models with varying levels of heterogeneity have been
considered in order to determine the merits and limitations of the computation
scheme. The coupled mode technique works well with heterogeneous models in
which the local seismic velocities differ from the stratified reference model by up to
2 per cent and there are no significant distortions of the main discontinuities (e.g. the
crust-mantle boundary). The approach can be used for higher levels of heterogeneity
and with distorted interfaces but a large number of modes needs to be considered
with consequent high computation costs. If the level of heterogeneity is not too large
then the interaction between modes can be restricted, rather than extending over the
whole mode set, with consequent reduction in computation cost.

One of the major effects of crustal heterogeneity is to introduce the possibility
of smearing out the main amplitude peak in the Lg wave train over a band of group
velocities. As a result, an effective measure of the energy content of the Lg waves
will be to consider the integrated amplitude along the trace beween group velocities
of 3.6 and 3.3 km/s. The effects of heterogeneity vary between different parts of the
Lg wave train and the representation of the wavefield in terms of modal
contributions allows a detailed analysis in terms of the group velocity components,
which can be illustrated by constructing theoretical seismograms (with a narrow
bandwidth in frequency) for the heterogeneous models.
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INTRODUCTION

Regional S phases have been the focus of considerable attention in recent years in the
context of nuclear discrimination problems (see ¢.g Pomeroy, Best & McEvilly (1982)).
The Sn and Lg wave trains are well established by about 200 km from the source and can
frequently be followed out to ranges of 1000 km or more. These S phases travel through
the crust and uppermost mantle which from a variety of studies, are known to be regions
with very considerable horizontal variability in properties. In order to improve
understanding of the nature of regional seismic phases and the way in which the
characteristics imposed by the source may be modified by propagation to the receiever, we
need a computational procedure which will allow the tracking of guided seismic wave
propagation through a horizontally heterogeneous crust for a thousand kilometres. A
suitable candidate is the coupled mode scheme described by Kennett (1984) which has
aircady been used with some success in understanding the characteristics of Lg wave
behaviour (Kennett & Mykkeltveit 1984).

For regional S wave trains, a representation in terms of a limited number of discrete
modes gives a economical computational description for horizontally stratified media. At
cach frequency only a limited number of such modes need be considered. In a laterally
heterogeneous medium, at a single frequency, it is possible to represent the seismic
displacement and traction fields within the varying medium as a sum of contributions from
the modal cigenfunctions of a reference structure, with coefficients which vary with
position. The evolution of these modal expansion coefficient terms with horizontal position
can be described by a set of coupled partial differential equations in the horizontal
coordinates (Kennett 1984). The cross-coupling terms between different modes depend on
the departures of the hetcrogeneous structure from the stratified reference model. These
differences are not required to be very small but must not be such as to completely change
the nature of the crustal wave guide. Thus, it is possible to accommodate substantial
localised change in seismic velocities and density, but more difficult to allow for shifts of
more than 2-3 km in the position of major interfaces such as the crust-mantle boundary.
Maupin & Kennett (1987) give an extended discussion of the circumstances in which the
coupled mode approach can be applied to two-dimensional heterogeneous models.

-

STUDIES OF TWO-DIMENSIONAL HETEROGENEITY IN THE CRUST AND

When the heterogeneity within the medium is two-dimensional, the calculations can be
recast as the solution of non-linear differential equations of Ricatti type for the reflection
and transmission matrices connecting the modal expansion coefficients at different
positions (Kennett 1984). The advantage of this rearrangement is that, for each frequency,
the boundary conditions on the differential equations are simplified for a generally
heterogencous medium.

If we adopt a reference medium which does not vary with horizontal position, the
individual mode contributions propagate independently in that structure. However, once
the properties of the true medium differ from the reference, the independence of modal
propagation is lost. The effect of the heterogeneity enters into the differential equations for
the modal expansion coefficients via a coupling matrix whose dimensions are dictated by
the number of modes included in the calculation. The choice of the number of modes is of
considerable importance. All the significant wavenumber components for the seismic phase
of interest should be included, as well as an allowance for steeper angles of propagation
than would be present in the reference medium, in order to allow for scattering effects. The
demands of computation are that the number of modes should be kept as small as possible,
since the computation time depends on the square of the number of modes. On the other
hand if the truncation is too tight, a poor representation of the displacement field can ensue
and the results are of limited use.

In figure 1 we illustrate the reference model (ARANDA) used for most of the Lg mode
calculations, and the modal cigenfunctians for the 22 Love and Rayleigh modes included in
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calculations at 1.5 Hz. The vertical component of the Rayleigh modes are displayed to
illustrate their very similar depth dependence to the horizontal component of the Love
modes. The cut-off criterion was based on the effective depth penetration of the modes.
The fundamental and first higher modes are confined to the sedimentary zone. Modes 2 to
15 are the main contributors to the Lg phase with nearly all their energy trapped in the
crust. Mode 16 begins to have significant displacement in the mantle, and the remaining
modes carry their main energy in the mantle and represent the Sn phase. The truncation is
made at a phase velocity of 4.54 km/s, corresponding in this model to a penetration depth
of about 100 km. Features in the wave propagation process corresponding to higher phase
velocities than 4.54 km/s cannot be represented by these coupled mode calculations.

In order to give a good account of the guided wave propagation, we must make sure
that all the significant wavenumber components for the seismic phases of interest are
included, as well as making an additional allowance for steeper angles of propagation in
order to allow for scattering effects. This means that we cannot just use those modes
which have the bulk of their energy within the crust but must also include waves with
higher phase velocity whose energy in the stratified reference model lies dominantly in the
upper mantle. At 1.5 Hz, we need to carry at least the 22 modes illustrated if we are to
allow for wave interaction processes generating waves travelling at angles up to 40° from
the horizontal in the midcrust and even then we will not give a full account of waves
travelling at steeper angles to the horizontal.

Significant perturbations of the major interfaces in the model lead to extensive coupling
between modes and can induce relatively steep angles of propagation (Maupin & Kennett
1987). If such features are required in the models to be considered, then a broad sweep of
modes must be taken for the reference model (for the Lg case at 1.5 Hz, at least 30). With
the benefit of hindsight, it would appear that the structural model used in the calculations of
Kennett & Mykkeltveit (1984) on the influence of graben structures on Lg, was as large a
deviation from the reference mode! as could be treated effectively using their 20 mode set.

The coupled mode representation is well suited to heterogeneous models where the
behaviour consists of relatively random variations about the properties of the reference
model (see e.g. fig 2). In this case, a single incident mode will interact with a limited
number of neighbouring modes so that the coupling matrix is dominated by the diagonal
elements, with a limited effective bandwidth. With the aid of the coupled mode technique,
a study has been made of the way in which the modal field for Lg waves is affected by
various levels of distributed heterogeneity for frequencies up to 2Hz over paths of 100 to
1000 km long with both long and short horizontal scales of heterogeneity within the crust
and mantle.

Broad Scale Heterogeneity

We will firstly describe simulations of long range propagation, for which a sequence
of different heterogeneity models were constructed by specifying the seismic velocities at
40 km horizontal intervals, for a sequence of depths in a vertical section and then using
bicubic spline interpolation within each layer. For the distributed heterogeneity models the
velocity values were generated with a random perturbation to the reference value within a
prescribed range of variation. The velocity values were then smoothed horizontally by
applying a moving average over 3 points to avoid extreme variations with short horizontal
scales. The horizontal smoothing process imposes a typical horizontal scale length of
around 100 km, and the vertical scale varies within the model becoming larger in the upper
mantle. The velocity distribution is arranged so that there are no deviations from the
reference structure at the ends of the model (0 and 1000 km). This enables a direct physical
interpretation of the mode coupling results, after passage through the heterogeneous region,
in terms of the reflection and transmission of the modes of the reference structure.

In figure 2 we illustrate a set of models (D, E, F) with increasing crustal heterogeneity.
Model D was constructed by imposing a perturbation to the velocities at the specified knots
of the interpolation, chosen from a uniform random distribution on * 2 percent. After
horizontal smoothing by averaging over 3 horizontal knots, the resulting perturbations in
model D have about £1 per cent heterogeneity in the crust with a horizontal scale fength of
about 100 km, and 1 per cent heterogeneity has been introduced in the mantle as well.
Models E and F retain the same mam‘l:;-,1 heterogeneity structure as model D but have higher
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crustal heterogeneity amplitudes, in the initial perturbation stage up to 15 per cent variation
from the reference model was allowed for model E and 110 per cent for model F. After
horizontal smoothing, the variations from the reference model are of the order of 2 per
cent for model E and 5 per cent for model F. We shall also consider model C with the
same crustal structure as D, but no heterogeneity below the crust-mantie

After propagating a large horizontal distance in a heterogeneous model the energy
originally in a single incident mode will no longer be confined to that mode, and indeed
some cnergy may be reflected back by the heterogeneity, with again the possibility of
conversion between modes. When the level of heterogeneity is relatively low (of the order
of 1 per cent deviations from the stratified reference model - as in model D) transmission
cffects dominate and the level of reflected energy is negligible. Even with rather larger
levels of heterogeneity the reflection from the whole model is small but, as pointed out by
Maupin & Kennett (1987), it is necessary to retain apparently reflected waves in the course
of the computation in order to get an accurate calculation of transmission effects. The
Ricatti equations are much simpler when reflection can be neglected and so computation
time can be reduced.

For any particular heterogeneous structure, it is therefore necessary to undertake a

preliminary calculation including both reflection and transmission effects before it can be
assumed that reflection can be ignored. The control of numerical accuracy in the course of
the calculations is rather difficult, although for perfectly elastic models there is the
possibility of monitoring the constancy of the total energy in reflection and transmission
associated with an individual incident mode. To preserve full numerical precision quite
small steps have to be taken in the horizontal direction: at 1.5 Hz the step should be no
larger than 0.5 km if both reflected and transmitted waves are considered. For a number of
models a somewhat larger step length gave reasonable results for the case of transmission

The numerical calculations presented in this paper have been performed with the
inclusion of both reflection and transmission effects, and energy conservation was satisfied
to better than 0.25 per cent over 1000 km of propagation through heterogeneous structure.
To reduce possible errors due to truncation of the modal sum, the calculations were carried
out using a modal suite at least 5 modes larger than required by the truncation criterion.
The reflection and transmission matrices for the full heterogeneous region were then
truncated before display or other analysis.

For an incident mode at 0 km the effect of 1000 km of heterogeneity is that the energy
originally in the mode is no longer confined to that particular mode. In figure 3 we show
the transmission matrix for both Love and Rayleigh modes with the 22 mode set
appropriate to the ARANDA reference model at 1.5 Hz, after passage through the
heterogeneity model D. Each column of the matrix corresponds to the modal coefficients
produced by the incidence of a single mode of amplitude 100 at 0 km. We see that the
behaviour is dominated by the diagonal elements, but that significant mode conversions
occur producing sizeable off-diagonal elements. For the Lg type modes (2-15) the
bandwidth for significant interaction is typically £ 2 modes. The strong interaction of
modes 2 and 3 arises because of their similar shape in the top 10 km. For the Sn modes
(16-21), the eigenfunctions are very similar and there is strong interaction due to mantle
perturbation extending to 200 km (the lower portion of the hetcmgcncnmodcls are not
shown in fig 2). However the separation from the Lg modes is striking; is very little
interaction except for modes 15 and 16 which share some of the characteristics of each
group. The behaviour for Love and Rayleigh waves are similar, although they display
some difference in their sensitivity to heterogeneity because the coupling terms in the Ricatti
equations depend on different combinations of physical parameters.

As the frequency increases the number of modes need to cover the same phase velocity
range increases, which causes some problems in combining the results from different
frequencies. The increased size of the differential equation system also means an increase
in computation time as the square of the number of modes if all mode interactions have to
be considered. Fortunately, for the same model, the bandwidth of interaction increases
only slowly with frequency. For Lg waves propagating through models similar to D with
about 1 per cent heterogeneity, computations can be restricted to a band of 7 modes either
side of the target mode without appreciable error for frequencies up to 2 Hz. At 1.5 Hz,
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with 22 modes included, this bandwidth restriction has the effect of reducing computation
time by nearly a factor of three.

The required bandwidth increases with the level of heterogeneity in the model (see
figure 5). For model D in figure 2, a bandwidth of £6 modes around the target mode is
sufficient for both Lg and Sn modes. However to account for the interaction between
modes for model E it is desirable to have at least a bandwidth of £8 modes included in the
calculation. For the highest level of heterogeneity illustrated in fig 2 (model F) a bandwidth
of £10 modes is definitely insufficient for full accuracy. For very heterogeneous models
there is also the possibility of high angle propagation effects and so the size of the mode set
has to be increased. Thus although the coupled mode approach is not confined to low level
heterogeneity, the method is most effective when the structure does not deviate too far from
the reference. A convenient working limit would seem to be about 2 per cent deviation as
in model E.

In order to understand the effect of propagation through a heterogeneous model on the
nature of regional phases we need to understand the characteristics of the surface wave
modes in the reference model. In figure 4 we display the group slowness behaviour as a
function of frequency up to 2 Hz for the first 40 Rayleigh modes on the ARANDA
reference structure. The advantage of displaying the group slowness (the reciprocal of the
group velocity) is that the various arrivals can be recognised in the time relationship that
they have on a seismic record.

The Sn phase can be recognised in figure 4 as the superposition of many slowness
maxima and minima at a slowness around 0.22 s/km (4.5 km/s). All 40 modes contribute
to this tightly defined band of slownesses which clearly separates from the other classes of
arrival. The onset of the Lg phase at a slowness of 0.286 s/km (3.5 km/s) is associated
with the superposition of a number of relatively broad slowness minima arising from
relatively low order modes. Following this onset is a more tangled skein of maxima and
minima with slownesses less than 0.304 s/km (i.e. group velocities greater than 3.3 km/s),
associated with about four modes at each frequency, which will provide the main Lg
arrival. Somewhat later, we have a sequence of well defined slowness maxima associated
with each mode in turn as the frequency increases. These maxima represent the Airy phase
for each mode and will be significant contributors to the Lg coda; they arise physically from
multiple reflections at angles to the vertical just greater than the critical angle for the
crust-mantle boundary.

From the modal eigenfunction patterns displayed in figure 1, we can recognise that
those modes (3-6) which contribute most to the onset of Lg at 1.5 Hz have the bulk of their
energy confined to the middle and upper crust. The main Lg arrivals come from modes
7-10 which sample the whole crust. The Airy phases for modes 14, 15 arise just before
the transition to energy transport in the mantle.

The effect of varying the heterogeneity level in the structural models can be well
illustrated by comparing the energy distribution across the modal sequence for a single
incident mode. In figure 5 we show this energy distribution for a set of incident modes at 0
km, at a frequency of 1.5 Hz, chosen to represent different parts of the Lg wave phase.
We consider horizontal transmission through 1000 km of structure for four different
models C, D, E and F with increasing levels of heterogeneity. Model C has 1 per cent of
hetrogeneity confined to the crust. Models D, E and F are illustrated in figure 2, and have
the same heterogeneity model in the mantle with about 1 per cent variation from the
reference model (ARANDA, fig 1), but increasing levels of crustal heterogeneity (1 per
cent for D, 12 per cent for E, and +5 per cent for F).

At 1.5 Hz, mode 4 is a principal contributor to the onset of the Lg wave train. From fig
5a we see that for the incidence of this single mode at 0 km, the majority of the energy is
carried in the original mode over the full 1000 km propagation path for the structures with
up to 2 per cent variation away from the reference model (C,D,E). However, the
proportion of energy in the original mode decreases as the crustal heterogeneity increases.
As expected the mantle heterogeneity has very little influence on this group of interacting
modes which is principally confined to the crust. Once we reach the highest level of
heterogeneity (model F) the pattern of the energy distribution is markedly changed, the
energy maximum is shifted over two modes to mode 6 which has a slightly different group
velocity and energy is spread widely across the whole suite of crustal modes. There is very
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littde interaction with the fundamental or first higher modes because, as can be seen from
figure 1, their energy is confined to the near surface and so is only sensitive to a small part
of the total crustal heterogeneity.

For a mode in the main Lg wave arrivals (mode 9), we see from fig 5b that for the two
models with relatively modest levels of heterogeneity (C,D) the energy is concentrated over
three neighbouring modes centered on the incident mode. These three modes have group
velocities varying by about 0.15 km/s and so the effect of the this level of heterogeneity
will be to give a2 more diffuse maximum in the Lg wave amplitude. The presence of mantle
heserogencity now has a slight effect since it is possible to couple into modes with some
encrgy penetration into the uppermost mantle. For the higher levels of crustal heterogeneity -
the incident energy gets spread out over a broader range of modes (6 are signific~nt fer
wl‘Edmd at least 10 for model F) and the effect on the Lg wavetrain will be more

‘ound.

As a result of the dispersal of energy across a number of modes, for modest levels of
heterogencity (around 1 per cent), the best measure of Lg wave strength will be the
integrated energy in a time window spanning group velocities of about 3.6-3.3 km/s for a
typical continental situation; since the modes with these properties have their dominant
interactions within the group.

Similar results arise for the Lg wave coda (incident mode 14) though this case, where
the incident mode is most sensitive to lower crustal structure, is not as strongly affected by
the heterogeneity as for mode 9. Even so, as we see in figure Sc, with increasing
heterogeneity levels the representation of the propagation via the modes of the reference
structure requires extensive mode coupling. For the higher heterogeneity levels there is
significant energy shift into Sn type modes, which we can explain physically as occurring
from local changes in the critical angle at the crust-mantle boundary. Modes like 14 travel
close to the critical angle in the reference model and so a slight change of conditions can
lead easily to energy transmission into the mantle, with a consequent shift of amplitude to
modes like 17 and 18 (in the Sn suite). Energy is conserved across the whole modal field
but is redistributed between the contributions of individual modes.

For incident modes 4 and 9, the nature of the energy spread induced across the modes
of the réference structure has been principally to couple Lg type modes together and so the
pattern of energy spread shows a skew towards higher mode numbers for mode 4 and
lower numbers for mode 9. Whereas, for incident mode 14, the coupling is largely into a
the immediate neighbouring modes with similar character and also into the Sn modes.

We should note that even for the moderately heterogeneous model D (fig 3) there has
been a significant modification of the distribution of energy between modes after passage
through 1000 km of structure. Such modifications over a band of frequencies will lead to
theoretical seismograms which will differ significantly from the predictions for the
horizontally stratified reference model.

We can simulate the effect of heterogeneity on theoretical seismograms, by modulating
the modal coefficients by the appropriate transmission matrix. In order to reduce
computational effort, whilst displaying a useful result, we have considered seismograms
for a narrow frequency band and interpolated the modal transmission matrix between
calculations for just a few frequencies. We restrict attention to explosive sources to simplify
the source behaviour. In figure 6, we show seismograms at 1050 km for a source at Skm
depth in the ARANDA model with a centre frequency of 1 Hz. The upper trace is for the
horizontally stratified reference model and is dominated by Lg waves with relatively weak
Sn. The two lower traces include the effect of transmission through 1000 km of the
heterogeneous models D and E. The seismograms are normalised to the same peak
amplitude and relative amplitudes are indicated to the right of figure 6. The behaviour of
these theoretical seismograms illustrates clearly the character of the intermode interactions
we have already discussed. The ARANDA model has a weak gradient for S velocity in the
mantle and so the Sn phase is relatively weak for the horizontally stratified model.
However the coupling between the Lg and Sn wavegudes induced by the heterogeneity
leads to an increase in Sn amplitude, principally at the expense of the Lg coda. Whilst
model D with only 1 per cent hetrogeneity shows most change in the onset of Lg, the
higher level of heterogeneity in model E has lead to a smearing out of the most energetic
part of the Lg phase with an amplitude reduction of about 10 per cent. The Lg wavetrain
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can be viewed either as a superposition of many multiple reflections within the crustal
waveguide or as a interference of many modes. The effect of heterogeneity is to change the
relative arrival times of the multiple reflections and thus the phases of the different modes
so that the interfence pattern changes. Because there is a delicate balance between
constructive and destructive interference, relatively small changes in timing can have a
substantial effect on the waveform.

These resuits show that propagation over hundreds of kilometres through structures
with relatively long wavelength of heterogeneity can have substantial effect on the character
of the Lg wave train. However, in addition to large scale effects, there is abundant
evidence for small scale heterogeneity on a scale of tens of kilometres with amplitudes of a
few percent (see e.g. Aki 1981). We need to know what is the effect of such small scale
heterogeneity and how it may affect long range propagation.

Small scale heterogeneity

In order to look at concentrated local heterogeneity we have considered the effects of
the same velocity perturbations as before but on a compressed distance scale. We have
taken the same velocity values as in models D and E above (fig 2) but reduced the
horizontal scale by a factor of 10 so that in the new models H (approximately *1 per cent
variation) and I (approximately * 2 per cent) the heterogeneity is concentrated in a 100 km
zone. The velocity sampling is now at 4km horizontal intervals. This yields velocity
perturbations of a few percent with a horizontal heterogeneity scale of around 10 km,
representing the smaller scale features commonly found in the crust.

For these scales of heterogeneity, as frequency increases and consequently wavelength
diminishes, the size of the off-diagonal elements in the modal coupling matrix increase at
the expense of the diagonal elements which will induce a broader spread in the group
slownesses associated with the propagation.

The heterogeneity model H has relatively little effect on the modes: there is a spread of
energy away from the incident mode after a 100 km passage through the model, but this is
principally to nearest neighbour modes which will, in general, have similar character. Once
the heterogeneity level increases (to around t 2 per cent in model I) the behaviour is not so
simple . The transmission matrix is still diagonal dominated but there is now coupling over
a span of a number of modes. These effects can be illustrated well by once again forming
theoretical seismograms with a narrow frequency band. To allow direct comparison with
figure 6 we have once again considered the seismograms at a distance of 1050 km with a
centre frequency of 1 Hz.

In figure 7 we show the theoretical seismograms at 1050 km including the effect of
passage through 100 km of small scale heterogeneity; the upper trace is for the horizontally
stratified reference model. For model H (£ 1 per cent) the difference in waveform is slight
and can only be seen on careful inspection but the amplitude has decreased by nearly 5 per
cent. However, with 1 2 per cent heterogeneity as in model I there is a noticeable change
in waveform and a small, but significant, transfer of energy ahead of the main Lg phase.
The amplitude maximum is now more sharply defined and large than in the absence of
heterogeneity due to favourable constructive interference. The coupling between modes is
at its strongest for the lower orders and this is reflected by the change in the nature of the
onset of Lg. Thus, a substantial change in the character of the Lg wavetrain can be
produced by only 100 km of moderate, small-scale, heterogeneity. So that it is clear that
the cumulative effect of multiple scattering within the crust can be substantial and that
observed waveforms can be heavily shaped by the propagation path as well as the source
characteristics (even in the absence of major lateral heterogeneity).

DISCUSSION

The results of the studies of Lg wave propagation in heterogeneous models for the
crust and upper mantle show that reflection from distributed heterogeneity is not very
important. However, both reflection and transmission processes should be included, if at
all possible, in the numerical calculations in order to ensure the accuracy of estimates of
modal transmission. The coupled mode technique works well with heterogeneous models
which differ from a stratified reference model by up to 2 per cent with a limited bandwidth
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of imteraction between modes. The approach can be used for higher levels of heterogeneity
but a large number of modes need to be considered with consequent high computation
costs.

One of the major effects of crustal heterogeneity is to introduce the possibility of
smearing out the main amplitude peak in the Lg wave train over a band of group velocities.
As a resulk, an effective measure of the energy conteni of the Lg waves will be to consider
the integrated amnplitude along the traces beween group velocities of 3.6 and 3.3 km/s. The
infleence of mantle heterogeneity on Lg wave propagation was found to be quite small.
However, any conversion into Sn modes will give arrivals which will have apparent
group velocities of between 4.3 and 3.7 kny/s, depending on the position where conversion
occurs. Such arrivals will appear in a portion of the seismic record which would be
predicted to be very quiet in stratified medium calculations, and as a resuit may appear to be
more prominent than expecied. The increase of energy in this time interval for the
heterogeneous models goes some way towards reconciling theoretical seismograms with
the character of observed regional phases.
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FIGURE CAPTIONS

Figure 1: ARANDA reference model with Love and Rayleigh mode eigenfunctions for
phase velocity less than 4.54 km/s, at frequency 1.5 Hz.

Figure 2: Contour plots of the sequence of heterogeneous velocity models used in the
studies of Lg wave propagation. The heavier lines indicate positive perturbations away
from the ARANDA reference model, and the contour interval is 0.5 per cent

perturbation.

Figure 3: Representation of the transmission matrix for Love and Rayleigh modes at 1.5 Hz
after passage through 1000 km of model D. Amplitude values less than 1 are left blank.

Figure 4: Group slowness beviour as a function of frequency for the first 40 Rayleigh
modes of the ARANDA reference model illustrated in figure 1.

Figure 5: Energy distribution across the Love and Rayleigh modes for the ARANDA
reference model at 1.5 Hz, after transmission through 1000 km of heterogeneous
structure. The symbols denote the different hetrogeneity models, as discussed in the
text: a) incident mode 4, b) incident mode 9, ¢) incident mode 14.

Figure 6: Theoretical seismograms at 1050 km for a narrow frequency band around 1 Hz
illustrating the effect of broad scale heterogeneity on the regional S wavetrain. The
upper trace is for the horizontally stratified ARANDA reierence model and the two
lower traces for propagation through 1000 km of heterogencity models D ( 1 per cent)
and E (£ 2 per cent). The seismograms are normalised to the same peak amplitude and
the relative amplitudes are indicated to the right of cach seismogram.

Figure 7: Theoretical seismograms at 1050 km for a narrow frequency band around 1 Hz
illustrating the effect of small scale heterogeneity on the regional S wavetrain. The
upper trace is for the horizuntally stratified ARANDA reference model and the two
lower traces for propagation through 100km of heterogeneity models H (t 1 per cent)
and I (£ 2 per cent). The seismograms are normalised to the same peak amplitude and
the relative amplitudes are indicated to the right of each seismogram.
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