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Abstract

Seismic-wave Attenuation and the state

of the upper mantle

by

Sean Carl Solomon

Submitted to the Department of Earth and
Planetary Sciences on February 25, 1971
in partial filfillment of the
requirements for the deeree of
Doctor of Philosophy

Seismic-wave attenuation, as represented by the specific
quality factor Q, 1s strongly controlled by the state of
the propagation medium., If the dependence of & on temperature,
pressure, and phase in materials of the earth's mantle
were known, tnen measurements of attenuation might be inverted
to estimate the mantle's physical properties, In lieu _
of hard fact, a theory, generalized from the work of Walsh,
for attenuation in partially melted rock due to viscous
dissipation in the fluid phase has been used to interpret
determinations of Q in a region thought to be partilally
molten: the asthenosphere of western North America. The
theorv, supported by limited laboratory studies of attenuation
in solid-fluid composites, predicts that over at least some
vortion of the frequency band of seismic waves, attenuation
in a partially melted asthenosphere will be large and both
velocity and Q will be frequency-dependent. As long as
the 'effective' concentration of melt is less than a critical
value, the dissipation mechanism is adequately described as
one or more thermally-activated relaxation processes; the
varameters of the relaxations are related to properties of
the melt,

Attenuation in the upper mantle of North America shows
a strong regional dependence., Body-wave differential
attenuation, obtained using a spectral-ratio technique, is
hiech in western United States, between the Rocky Mountains
and the Slerra Nevada - Cascade ranges, and in northeast U.S.
In support of the hypotheslis that these lateral variations in
Q are controlled by temperature and/or vpartial melting,
the differential attenuation of P waves is attributable
entirely to losses in shear and is strongly frequency-
dependent. Surface-wave attenuation both confirms that most



of the dissipation of seismlic waves occurs in the mantle
rather than the crust and highllghts differences in the Q
structure between western and east-central U.S, The litho-
sphere (high Q) 1s thinner in the west than east (60 to

90 km versus 100 to 120 km) and the asthenosphere (low Q)
is more pronounced in the west (Q, at the frequencies of
surface waves, ls lower in the asthenosphere of western
than in east-central U.S, by a factor of 3).

A relaxation model of Q'l, based on the theory for
attenuation in partially melted rock, is proposed for the
mantle of western North America. The asthenosphere (or
low-Q zone) is 300 km thick in the model and must be
vertically inhomogeneous. The model is consistent with a
wide assortment of attenuation and velocity data, in all
spanning approximately three decades in frequency. Estimates
of the viscosity and volume concentration of melt may be
made from the relaxation parameters., Further, if lateral
changes in these parameters, determined from the
differential attenuation and travel-time delays of P and
S waves, are attributed to temperature variations, then
these temperature differences in the asthenosphere may be
calculated. The highest temperatures, appropriate to a
depth of several hundred kilometers, determined in this
fashion are heneath the Rocky Mountain and Pacific Border
regions.
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Chapter 1. Introduction and Review

The materials that constitute the earth are not
perfectly elastic. This is fortunate in many ways, for
the earth's anelasticity can be put to good use, Such
anelastic properties as seismic attenuation, effective
shear viscosity, and yield strength under shearing stress,
while notoriously difficult to measure accurately, are
highly sensitive to temperature, microstructure, and the
presence of fluid phases, Knowledge of how these properties
vary within the crust and upper mantle would thus greatly
improve our understanding of the interior state and
tectonic history of the earth.

Toward such an end, the present work reports a study
of the attenuation of selsmic waves in the upper mantle of
North America, and 1s concerned in particular with the
magnitude and causes of regional variation of this attenua-
tion. While the accurate determination of seismic
absorption in the earth is of considerable importance in
itself to real-earth problems of wave propagation such as
the studv of earthquake source-mechanlisms and the discrimina-
tion of earthquakes from underground nuclear explosions, we
seek the answers to more basic questions. By relating
measured values of attenuation to plausible theoretical
models for dissipation, we shall test the hypothesis of
partial melting in the upper mantle, estimate many of the

properties such a partial melt must have, and deduce how
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these properties (including temperature) vary laterally
beneath North America.

There are several measures of attenuation commonly
used in seismology. In a linear, perfectly elastic
medium, the amplitude of a stress wave propagating in one
dimension (x) is proportional to exp [i(kx- Wt) ], where
w 1s the angular frequency, k is the wave number, and t
is time, In a linearly, viscoelastic medium, the wave
number of a travelling wave may be considered complex,
so that the wave amplitude is proportional to
exp [ -k*x + 1 (kx- wt) 1. The imaginary part of
the wave number, k*, is called the (spatial) attenuation
coefficient, If the medium is non-dlspers;ve and losses

are small (k* << k), then the attenuation coefficient

obeys the relation

k* = w = af (1.1)
2Qv ov

where Q is the well-known dimensionless quality factor
(21 /Q equals the fractional elastic energy dissipated per
cycle), v is the wave velocity in the medium, and f 1is
the frequency. When the medium is heterogeneous, we might
.wish to speak only of the total attenuation of the wave
amplitude along the entire propagation-path. A convenient

parameter for such purposes is the quantity
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£ = %-J k*(x) dx. (1.2)

entire
path

The notation t# is derived from the formal similarity of
(1.2) to the definition of travel time. Note that if
k* is proporticnal to frequency then t¥* is a constant.
Throughout the discussion to follow we shall have recourse
to use each of the three 1indices of attenuation mentioned
aboves: k¥*, Q'l and t*,

Studies of the variation, particularly latera’ly,
of Q in the earth provided some of the stimulus to the

theories of the new global tectonics (Isacks et al., 1968;

and many others). These theorles dictate that lithospheric
plates, several tens of kilometers thick, slide over a much
weaker asthenosphere in response to yet ill-defined forces.
The boundary between lithosphere and asthenosphere 1is often
estimated by the different rates at which seismic-wave
amplitudes attenuate in the two reglions: Q in the
asthenosphere is a factor of at least ten less than in the
cooler, presumably stronger lithosphere., The interface
between the high-Q lithosphere and the low-Q asthenosphere,
while usually horizontal, is more complicated in those
regions where the lithosphere 1s thought to descend deep
into the mantle.

Such regions, principally island arcs, were sites of

the earliest observations of the lateral variation of Q.
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Katsumata (1960) and Utsu (1966b) in Japan concluded that
the amplitudes of selsmic waves which propagate along
the zone of deep earthquakes beneath the Japanese arc
attenuate less rapldly than do the amplitudes of waves
that travel through the neighboring mantle., Interest in
the Q structure of island arcs was stimulated in this
country by the work of Oliver and Isacks (1967), who
introduced the concept of a downthrust lithosphere for the
Tongan arc, To date, many additional details of the
three-dimensional Q distribution beneath island-arc
regions have been established for Japan (Wadati and
Hirono, 19563 Asada and Takano, 1963; Tsujlura, 1966;
Utsu, 19673 Nagamune et al., 1967; Utsu and Okada, 1968;
Wadati et _al., 1969; Kanamori, 1970Y, Tonga (Mitronovas
et al,, 1969; Barazangl and Isacks, 1970), New Zealand
(Mooney, 1970), Kuril-Kamchatka (Gorshkov, 1958; Fedotov,
1963; Fedotov and Boldyrev, 1969), South America (Sumner,
1967; Sacks, 1969), Novaya Zemlya, the Aleutians, and
New Guinea (Tsu:iﬁra. 1969).

Recently Molnar and Olilver (1969) qualitatively
characterized, on the basis of efficlency of Sn wave
propagation, upper-mantle attenuation over much of the
earth’s surface. In general, they found that S,
propagates efficiently across shields, deep oceén
basins and other stable regions of the earth, but
inefficliently across mid-ocean ridges and the concave

sides of island-arcs, both of which represent discontinuities
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1ﬁ the high-Q lithosphere.

Less pronounced, but no less important, lateral
variations of Q occur within the lithosphere and
asthenosphere, The best documented of these regional
differences in crustal and upper-mantle Q are in North
America. Romney et al. (1962) noticed that Py and L,
waves from the GNOME explosion near Carlsbad, New Mexico,
appeared to attenuate more rapidly along paths to the west
of the test site than along paths to the east, Ichikawa
and Basham (1965) and Utsu (1966a), from spectral
amplitude curves in the frequency range 0.5 to 3 Hz, have
suggested that the P-wave absorption is greater beneath
Resolute, Canada, than beneath neighboring seismograph
stations in the Canadian Arctic. Cleary (1967) showed
that the station amplitude A/T (A is the amplitude of
the first peak and T is the wave period), after correcting
for distance and source, shows considerable lateral
variation for l-second P waves recorded at North American
stations. A/T is low beneath mountainous regions and in
the western U.S. in general; A/T is particularly high in
the northern Great Plains. Sutton et al. (1967) measured
the apparent Q of short period Pg and Lg phases for a dozen
different paths in the United States from the spacing of
contours in the seismic-energy rediation-patterns from
several explosions and earthquakes, Their determinations
of Q, appropriate for the crust and that portion of the

mantle above the low velocity zone, ranged from near 200



18
in the western U.S. to 1000 in east-central U.S. These
values include large contributions from scattering gnd
must be assigned large uncertainties due to theilr assumption
of symmetrical radliation-patterns at the sour;es and to
their difficulty in separating modes. Molnar and Oliver
(1969) found S, aﬁtenuation high west of the Rocky
mountains and relatively low attenuation to the east.
McGinley and Anderson (1969), from differences in the
unified magnitude and the ratio of S amplitude to P
amplitude at several stations in the U.S., concluded
that upper mantle attenuation beneath the Basin and Range
province 1s higher than for other areas.
Isolated estimates of attenuation for short-period
P waves propagating in the shallow mantle beneath North
America suggest that Q may be laterally inhomogen:zous.
For P waves recorded 200 to 350 km from underwater
explosions in the Gulf of Maine, Frantti (1965) found
Q, increased from 104 at 2 Hz to 252 at 5 Hz and 510
at 10 Hz., In the Lake Superior region, Dorman (1968)
concluded Qq = 475 for reflected P waves, bottoming at
a depth of about 126 km, in the frequency range 1 to 5.5 Hz.
Julian (1970) concluded that Q must be greater than 3000
for P waves of frequency 2 Hz propagating in the upper
180 km of the Canadian shield between Lake Superior and
Yellowknife, N.W.T. Roller and Jackson (1966) noted the
“extremely low" attenuation of P waves, roughly in the

frequency range 1l-3 Hz, which had propagated through the
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upper mantle of the Central Lowlands and Great Flains,

compared with the attenuation of Pn waves in the Basin
and Range province. From an examination of refracted P
waves observed at distances of 100 to 600 km from the
GNOME and SHOAL nuclear explosions, Long and Berg (19€9)
estimated that for the uppermost mantle of eastern New
Mexico Q, = 169 at 5 Hz, while east éf the Nevada Test
Site Q, at the top of the mantle equals 116 at 4 Hz,
Archambeau et al. (1969), after studying P, amplitudes
from the BILBY and SHOAL events, obtained somewhat higher
Q values: in the frequency range 0,75 to 1,5 Hz, Q, 1in
the crust equals 1000, while Qa in the uppermost mantle
increases with frequency from 300 at f = ,875 Hz to 400
at £ = 1,25 Hz, Johnson and Couch (1970) obtained a
Q, of 383 + 41 at a frequency of 3 Hz for P, waves
beneath the northern Cascade range in Washington and
British Columbia. 1In southern Alberta, Qa in the frequency
range 5 to 25 Hz is about 300 (with considerable fine
structure) in the uppermost 2 km (sediments) of crust and
1500 (increasing with depth) in the lower 40 km of crust
(Clowes and Kénesewich. 1970).

It appears likely, for reascns discussed in the
next chapter, that low values of Q in the upper mantle
are associated with partial melting in the asthenosphere,
It is therefore imperative, 1f measured values of Q are

to be correctly interpreted, that we understand the



20
various physical processes which contribute to the
absorption of elastic waves in partially molten systems.,
These processes are considered, from both theoretical and
experimental viewpoints, in Chapter 2. It is concluded
that viscous damping in thin films of melt is most likely
the dominant mechanism of seismic attenuation in a
partially melted mantle. This mechanism may be characterized
as a relaxation process; all losses are assoclated with
the shearing component of stress and both attenuation and
shear modulus are functions of wave frequency.

One approach to determining the lateral varilation of
Q'l in the North American mantle is developed 1n Chapter
3., The P- or S-wave ‘differential attenuation®, obtained
from a sultably corrected spectral ratio, is a rough
measure of vertically averaged Q'l in the upper mantle, 1In
North America, the differential attenuation of long-period
P and S waves shows systematic regional variations, with
particularly high attenuation in the western United States
between the Rocky mountains and the Sierra Nevada-Cascade
ranges. Comparison both of the relative magnitudes of P
and S differential attenuation and of relative P-wave
amplitudes in ﬁwo distinct frequency bands lends considerable
apport to the hypothesis that at least the laterally
varying component of attenuation in the upper mantle 1is

controlled by partlial melting in the asthenosphere,
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An independent measure of Q"1 in the upper mantle
is provided by the attenuation of surface waves, considered
in Chapter 4, Surface-wave absorption, though not
particularly sensitive to detalled lateral changes in
structure, is more readily interpreted in terms of the
distribution of Q'l with depth than is body-wave attenua-
tion. In particular, the much greater absorption of
surface waves of period 40-80 sec in western United
States than in east-central United States impllies anomalously
low Q (in that period range) at depths as shallow as 60
to 80 xm in the upper mantle of western North America.
Several quite different models of Q'l can explain the
observed surface-wave attenuation to within the rather
large measurement-error. Thus the Q'l structure, even
within a single region, cannot be resolved by surface-wave
data alone,

An integration of all available information to
deduce a simple, plausible model of attenuation for
western North America 1s made in Chapter 5. The proposed
model is based on the hypothesis that the asthenosphere
is partially melted. Attenuation and velocity measurements
of various sorts, spanning a frequency band roughly three
decades in width, are all approximately satisflied. From
the considerations of Chapter 2, the parameters of the
model can give some 1dea of the physical properties of
the partially melted upper-mantle, Further, the lateral

variation of attenuation reported in Chapter 3 may be
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intepreted in terms of laterally varying temperature
and melt concentration in the asthenosphere.

Those of you, falthful readers, who at this point
are too impatient to pore over fascinating detall may
skip 1mmed1até1y to Chapter 6, .in which all of the important
conclusions of this work are summarized, Particular
emphasis 1s placed on suggestions for testing, by further
measurement, the several hypotheses made in earlier chapters
and for extending some of the techniques used to other

regions and to other problems,
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Chapter 2, On Partial Melting and Q

If it were known how such vdriables as pressure,
temperature, composition, and phase affect the elasticity
and anelasticity of possible mantle-materials, then
complete specification of seismic velocity and attenuation
in the earth could (in principle) determine the physical
and chemical state of the mantle. Neither the elastic and
anelastic properties in the earth nor their simultaneous
dependence on all of the independent variables are
sufficiently well-determined for such an interpretation yet
to be made, Fortunately, however, most of the attenuation
of se}smic waves appears to take place in the asthenosphere,
where it 1s thought the mantle may be partially melted.
Thus if we knew the form and controlling parameters for
attenuation in a partial melt, then measurement of
attenuation in the mantle could be used both to test the
hypothesis of partial melting and to estimate some of the
properties or the melt.

For our purposes, a partial melt consists of a solid
matrix which contains a small but non-zero fraction (by
mass and by volume) of a fluid (i.e. incapable of sustain-
ing shear stresses in an equilibrium state) phase which 1is
in chemical equilibrium with the solid phase or phases., It
will be assumed that the melt forms in thin films at the
boundaries between solid grains., While such a melt

configuration has been observed for granites melted in
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the presence of water and subjected to effective confining
pressures of about a kilobar (Unger, 1967), 1t is not known
to what degree partial melt will ‘wet' the arailn boundaries
in mantle rocks. The wetting properties of the melt depend
upon the (unknown) relative surface erergies of the solid
and liquid phases (Smith, 1948).

In this chapter, after a quick review of the geophysical
evidence pertinent to the existence of partial melting in
the upper mantle, we shall examine the mechanical behavior
(in particular the attenuation) to be expected of partially
molten rock, as indicated by both experimental and
tﬁeoretical considerations. The ultimate goal, to be
pursued in later chapters, 1s the specification of the
physical state of the asthenosphere from measurement; of

elastic and anelastic properties of the upper mantle,
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2.1 Partial melting in the asthenosphere

What governs the strength of the asthenosphere?

Why 1s Q in the asthenosphere lower than in the mantle
immediately above or below? Current geophysical opinion
leans heavily toward the opinion that the asthenosphere,
defined by low seismic velocities, low Q, or both, is
partially molten, In the context of sea-floor spreading,
the top of a partially melted asthenosphere is thouzht to
serve as a lubricatgd surface over which lithospheric
plates may readily ride (Press, 1959; and others) and as
the source of magma-filled cracks which might provide a
driving mechanism for symmetrical spreading at mid-ocean
ridges (Lliboutry, 1969). Certainly some melt exists in
the mantle; there must be a source of basaltic magma
beneath volcanoes and ridges. Whether there 1is a laterally
continuous zone of partial melting in the upper mantle of
oceanic and tectonlcally active continental regions is a
question currently debated, The arguments in favor of
such a zone, however, are falrly persuasive,

The low-velocityv layer, which for shear waves appears
to be present in some form throughout the entire earth, has
for many years been regarded by seismologists as implying
temperatures near the solidus at depths between about 50
and 150 km in the upper mantle (e.gz. Gutenberg, 1945a;
Press, 1959), Shimozuru (1963a,b) suggested that oblate-

spheroidal pockets of melt, with minor axis vertical, coild
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explain the low-velocity zone and the phase velocities of

surface waves in tectonic reglons as well as serve as the
source of rock magma. Anderson and Sammis (1970) combined
published velocity models for the upper mantle with ultra-
sonic measurements of the temperature and pressure derivatives
of velocity in laboratory minerals to conclude that
temperature alone cannot produce the observed low-velocity
zones in oceanic and tectonlc regions. They further

argued that possible phase changes cannot account for the
low velocities; nor is a compositional change likely the
complete answer, particularly in view of the low Q assoclated
with the low-velocity zone (cf. Birch, 1970). 1If the
velocities in the upper mantle are assumed to be a function
of temperature and pressure only, then (Anderson and
Sammis, 1970):; (1) the temperature gradient in the low-
velocity zone required by P-wave velocltles 1s greater than
that required by S-wave data; (2) the temperature gradient
required in theilow-velocity zone 1is a factor of two
greater than the gradient in the overlying °‘lid*; (3)
"unacceptably high” heat flow 1s required througzh the low-
velocity 7one; and (4) computed temperature-depth curves
intersect the dry-pyrolite solidus at depths less than

100 km. In short, partial melting of mantle material,
probably in the presence of small amounts of free water
(Kushiro et al., 1968; Lambert and Wylle, 1968; Ringwood,
1969; Anderson and Sammis, 1970), provides a simple and

consistent explanation of the region of low seismic
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velocities between 50 and 150 km depth. Lambert and
Wylie (1970) have concluded, in fact, that 1f there 1s
any water present in the upper mantle, partial melting is
a necessary consequence.

The tectonically active region of western North
America has attracted particular attention as an area where
partial melting is likely in the shallow mantle. From
the relative magnitudes of P- and S-wave travel time
anomalies in North America, Hales and Doyle (1967) concluded
that the shear modulus in the upper mantle varies laterally
while the bulk modulus remains nearly constant. Their
interpretation was that upper-mantle temperatures beneath
the western U.S. must be near the melting point. In an
effort to explain a decrease in the electrical conductivity
at a depth of 40 to 55 km beneath the North American
Cordillera, Caner et al.(1967) suggested (with no
particular enthusiasm) that partial melting may begin at
such depths, Temperature models calculated (with some
initial prejudice) by Roy et al. (1970) from heat-flow
observations indicated partial melting in the shallow
mantle beneath the Basin and Range province and the
Northern and Southern Rocky Mountalins,

We shall adpt as a working hypothesis in all discussion
to follow that large portions of the upper mantle in tectonic
rexzions, and in western North America in particular, are
partially melted and that the depth at which melting beains

constitutes the top of the asthenosphere.
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2.2 Attenuation in a partial melt: the Walsh model

If the occurrence of partial melting in the upper
mantle beneath tectonic regions is accepted, it is then
logical to attempt to determine the physical properties,
which in general vary both laterally and with depth, of
the fluid phase, Such quantities as melt concentration
and viscosity not only yield information on the
temperatures and composition of the upper mantle, but also
serve as vital input to the problems of magma generation
and mantle dynamics.

The most detailled knowledge of the earth's deep
interior has traditionally come from seismology. Can the
measured velocity and attenuation of seismic waves in
the low-veloclity zone be related to propertles of a melt
phase? Thié clearly cannot be done with confidence until
laboratory measurements of ieloclty and attenuation, at
seismic frequencies and stralns, have been made on
partially molten mantle.rocks (or likely candidates for
mantle rocks). Such measurements have not yet been
performed, ASs an alternative, somewhat inferlor, approaéh.
we can formulate a theory for the elastic and anelastic
behavior of two-phase media, test the theory agalnst the
limited laboratory-data on veloclty and attenuation in

solid-liquid composites, and choose reasonable values

for the physical parameters of partially molten rock such

that all the seismic observations are satisflied.
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A theoretical model for attenuation of a sinusoidally

varying elastic wave due to viscous dissipétion in
partially melted material, in which the melt appears in
thin films along grain boundaries, has been developed 1in
some detail by Walsh (1968, 1969)., As this model has had
considerable success in qualitatively describing the results
of recent elastic-wave velocity and attenuation measurements
in two-phse (or two-component) materials designed to
approximate partially molten rock (Nur and Simmons, 1969;
Walsh, 1969; Goetze, 1969; Nur, 1971; Anderson and
Spetzler, 1970), we shall use Walsh's theory a starting
point in our considerations.

A useful concept -in the discussion to follow 1s that
of stress relaxation in a standard linear solid (Zener,
1948), which is a material obeying the most general linear,
homogeneous relation among stress ¢ , strain ¢ , and
their first time derivatives. Ignorlhg the tensor
character of stress and strain (or, equivalently. consider-
ing only one-dimensional problems), in a standard linear

solid

=MR(€+T03—§—) (2.1) .

[}

+

-
Q-lea
(gafe}

where T, and T, are, respectively, the times of

relaxation of stress under constant strain and of strain

under constant stress, and MB is an elastic modulus.
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Modulus and attenuation, standard linear
solid, Both M and Q"1 (normalized by the
unrelaxed modulus MU and the minimum Q,
respectively) depend stronglv on angular
frequency w . A ‘relaxation®' occurs when

wt = 1, where 1 1s the relaxation time,
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When stress and strain are periodic (with period

27T /w) in tine, the effective modulus is complex:

1 + iwTt
o

=22
[

Mp

1 + iw‘rE (2.2)
Then the real modulus, which governs the rate of energy
propagation, and the attenuation (when losses are small)

are given by Zener (1948)

M= oMy {1- aM }
1 + (wt)? (2.3)
AM wT
le 1
(1-AM) 2 1 + (w1)?
“R Y
where AM =1 - e MU = Mp TO/rC and T = ( TyTe ) 2,

The dependence on frequency of both M and Q'l 1s shown
in Figure 2,1, From the figure, and by inspection of
equations (2.3), it may be seen that for large frequencles
( wt >»> 1) the modulus is equal to My and Q'l is
negligibly small. At frequencies such that 1t 1is
comparable to or less than unity, a portion of the stress
‘relaxes®' and M, the ratio of stress to that part of the
strain in phase with the stress, is reduced. (Clearly
My < My for a physically realizable material.) In
addition, at wt = 1 there is a °'peak’ in the |
attenuation. For small frequencles ( w7t << 1), M= M_.

R
Generally, "U and HR are called, respectively, the
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unrelaxed and relaxed elastic modulus and AM is some-

times called the relaxation strength or modulus defect.
(Often the latter terms are used for the gquantity :% - 1)
For convenlence, we introduce the following notation

to be used in all subsequent discussion: Rx( AM, T)

shall represent the relaxation process described by
relations (2,3). The two quantities AM and T completély
describe the behavior of M (normalized to MU) and Q‘l as

functions of frequency.
2.2.1 Walsh's formulation

The Walsh model of attenuation in a partial melt 1is
based on the following important assumptions: (1) the
fluid phase is confined to a set of isolated, randomly
oriehted. non-interacting, oblate-spheriodal (penny-
shaped) inclusions of uniform aspect-ratio; (11) tﬁe matrix,
or solid phase, 1s isotropic and linearly elastic, while
the liquid is elastic in dilatation and Newtonian viscous
in shear; (111) wave lengths are large compared to the

dimensions of the liquid inclusions; and (iv)

C' al Q 14 << 1

where ¢ is the volume concentration of melt, o is the

aspect ratio (ratio of minor axis to major axis) of the

-1

liquid inelusion, Q is the internal frictlon or specific
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attenuation factor, w 1is8 the angular frequency, n 1is

the dynamic shear viscosity of the fluid, and u is the
effective shear modulus of the composite.

Using the theories of Eshelby (1957) and Wu (1966) for
the effective elastic modull of a body with ellipsoidal
inclusions, together with the viscoelastic correspondence
principle, Walsh demonstrated that the dynamic response
of a partially melted material is completely specified by
the bulk and shear moduli ( K and u , respectively)
of the so0lid and liqid vhases and by the quantities w ,
¢, N , and o , At frequencies less than a critical
frequency, attenuation due to the hydfostatlc component
of stress 1s negligible (as long as bulk modull of solid
and liquid are not too different) and the response of the
medium to shearing stress is that of a standard linear

solid; {.e. a relaxation Rx ( Ap , T ), Where

Ay = 2
M T+ A
4n 3K + 4u, 1 (2.4)
T =
3'"'(!“1 3K, + 2“1 (l‘l‘A) V2
8 C 3K+ 4y,
A = — — e e

157n Q 3K1+ 2u,

The subscript 1 denotes the s0lid matrix; the subscript 2
is used below for the fluid inclusion. Note that the
shear modulus and attenuation do not depend directly on the

melt concentration, but rather on a much larger ‘effective
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concentration®' c¢/a which, 1f the major axis of the
fluid inclusior. 1s held fixed, 1s proportional to the
density of meltin;'sites (Walsh, 1969). When the
attenuation 1s small (A<<l), tﬂen Ay is proportional
to ¢/a and ‘T is proportional to n/a . If o and A
depend only weakly on temperature and if n = noeH/RT.
where H 18 a constant (with units of energy) and R is the
a8 constant, then (2.3) and (2.4) are of the form of a
‘thermally-activated relaxation process®'., From (2.4), it
is clear that measurement of velocity (i.e. modulus) and
attenuation in a partial melt can never uniquely determine
the three quantities ¢, n , and o unless one of the three
1s known a_priori,

To test both Walsh’s and any competing theory, we
shall compare predicted with observed behavior for two
liquid-s0lid composites which are thought to be failr
models of partially molten rock:s (1) sranite saturated with
glycerol (Nur and Simmons, 1969) and (11) lce-brine
(Spetzler and Anderson, 1968). The first test is included
because the experimenters succeeded in measuring velocity
and attenuation for shear and compressional waves over a
wide range of w . The second test 1s the more crucial
for whatever theory we adopt for partial meltinz in rock,
inasmuch as the careful work of Spetzler and Anderson
constitutes perhaps the most complete observations to date
of velocity and attenuation in a system undergoing partial

melting,



2.,2,2 Granite-Glycerol %
In Filgure 2;2 is plotted the shear modulus measured

by Nur and Simmons (1969) for Barre granite with glycerol-

filled microcracks; log n 1is the ordinate. Velocity

was measured over the temperature range -80 to 160°C: then

ianorin«- the slight dependence of elastic moduli on

temperature, the transformation

- pd
fiuga = FO/T)

where F is known from experiment, allows . to be
calculated as a function of fluid viscosity. It is
important to note that, since in walsﬁ’s theory viscosity .
and frequency appear only as powers of Wwn , varying n
with w fixed is equivalent to changing frequency with
viscoslty held constant.

Let us now apply Walsh's (1969) theory to the granite-
zlycerol experiment. The elastic moduli of so0lid and
liquid components, the total concentration of 1liquid,
fluld viscosity and frequency are all known (see Table
2.1); the parameter o is the only unknown. Suppose all
cracks have the same aspect ratio. Following Nur and
Simmons we choose a4 so0 as to match the relaxation peak
in attenuation and the inflection point in the modulus
curve at log y * -0.5, This gives a = 4 x 10'9. With

a thus deterbined. equations (1) of Walsh (1969) =zive
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Shear modulus, granite-gylcerol system,
versus viscosity of glvcerol, Measured
values (circles) are those of Nur and
Simmons (1969). Theoretical models, fit
to various features of the data, are those
of the Walsh theory (dashed line) gnd

the =zeneralized Walsh theory (solid line).
Parameters used in the fit of these models

are given 1n Table 2.1,
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Table 2.1. Parameters used in fitting partial-melt

models to granite-glycerol experiment

l. Assumed parameters

Solid (granite)

2.
data

Ky 10’4' bar

1 aK
- 1, 10-k oc-i
K, 4T

uy, 10% var

1 d uy

— -4 -1
o3 , 10=% oc

T

Fluid (glycerol)
c (totgl

¢ (*cracks® only)

. 006
.003

(T=25°C)

(T=25°C)
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Parameters derived from fit of theoretical models to

1) Walsh model (roughlv a single relaxation)

K,, 10% bar
N , polse

¢4

T, 1077 sec

Au

3.93°
.32

b x 10~9

3.2

1.00

(T=80°C)
(T~ 80°¢)

1i1) Generalized Walsh model (roughly a distribution

of relaxations)
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Ky = Ky + il
2= MRt TR
given in Nur
and Simmons (1969)
"2 T 1.iw2wn/u
U
Kgs 10* bar® 4,94-,012T (1 = °c
Ky, 10% var® ~  8.41-,011T
nys 10% bart 2.72-,018T

Distribution of inclusion shapes

¢ a) o

2 x 1073 1
1 x 10-3 1 x 1071
2.2 x 10~3 1 x 10™2
5 x 104 2 x 1073
2.5 x 1077 1 x 10-3
4.5 x. 1075 2 x 107"
4 x 10-6 2 x 107
1 x 10-6 2 x 107°

All assumed values are taken from Nur and Simmons (1969)
unless otherwise noted.

2 Prom Birch (1943) and Skinner (1966)

b From Birch (1966)

C Piceirelli and Litovitz (1957)
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¥ (n) and QJl( n), if parameters other than n are
held constant. The shear modulus calculated in this
manner is plotted in Figure 2,2,

It is immediately apparent that u determined in
the above fashion from Walsh's theory does not give a
satisfactory fit to observation., In fact we find the
model inadequate on three counts:

(1) The predicted aspect ratio is too small, If
the major axis of fluid inclusions were assumed to equal
the upper limit of 7 mm required by the quasi-homogeneous
assumption (111), then an aspect ratio of 4 x 102 gives
for the crack thickness (minor axis) the absurd value of
3 X. Even if the major axis were set equal to the sample
thickness (3 em), we would conclude that the crack thickness
is of the same order as the dimensions of a glycerol
molecule, It is unreasonable to imagine that a rock with
such cracks could be ‘saturated’. From the increase of
compressional velocity with pressure in Barre granite
(Birch, 1960), Nur and Simmons (1969) estimated the
average aspect ratio of cracks in their sample to be about
1074,

(2) The relaxation strength 1s too large. The theory
gives a ratio of unrelaxed (high-frequency) to relaxed
" (Low-frequency) modulus of 105, and prediets Q-1 = 200
at the rel;xation peak. Such a value for the internal
friction clearly violates the assumption (iv) that
Q'1<<1.
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(3) The theory falls to account for the marked
increase of 1 with log n (or 1/T) which is superimposed
on the relaxation near n = 1071 polse. This increase 1s
more rapid than that for the dry rock (Nur and Simmons,
1969).

Many of the above objections disappear if the cracks
are not uniform in shape and if only a small volume-fraction
of cracks of small aspect-ratio contribute to the
attenuation peak. In that case o need be no smaller than
about 10‘6. Several of the other assumptions implicit in
the Walsh scheme, however, are inappropriate for the'
granite-glycercl experiment: (a) the effective fluid
concentration is sufficiently great that account should be
made of the interaction between inclusions; (b) glycerol
undergoes both dilatational and shear relaxations when wn
becomes greater than about 1010 c.g.s. (Plccirelll and
Litovitz, 1957);: (c) wn/u 1s obviously not <1 for
n > 104 pois2. A more general model which takes
these considerations into account is developed in a later

section,
2.2.3 Ice-=brine

Spetzler and Anderson (1968) measured the frequency
and half-power width (attenuation) of longitudinal- and
shear-mode resonance peaks, as functlions of temperature,
for cylinders of the mixture Hy0 plus NaCl-ZHZO. The

system is partially molten at temperatures above -21.3°C.
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In Figure 2.3 are shown their results (open symbols) at

thfee temperatures: the partially relaxed mgdulus and
the attenuation for the first three harmonics in the
longitudinal mode for Hy0 plus 2% NaCl by weight. As
glven in Figure 2.3, attenuation (Q‘l) in the partial
melt was ‘normalized' by subtracting from it the Q'l
observed in the solid prior to melting. Such normalized
values of Q‘l, should represent only that part of the
total attenuation which is associated with the melting
phenomenon, .

The data in Figure 2.3 are adequately described by a
single relaxation at-each temperature, We assume that
the elastic constants of the solid and fluld are known, as
well as the total concentration of fluid (Table 2,2).
Note that because of the marked anisotropy of the ice-
brine rods (Spetzler and Anderson, 1968; Anderson and
Spetzler, 1970), we must assume values for K4 and K2
rather than obtain them from the observed shear-wave and
longitudinal-wave velocities. The fluid viscosity and
melt-pocket aspect-ratio (assumed uniform) are considered
unknown,

The parameters n and o in Walsh's (1969) theory
(roughly equivalent to a single relaxation) may then be
varied until a fit to the data, at each of the three
temperatures, is achieved, The values of n and o
necessary for such fits are given in Table 2.2, The

attenuation and Young's modulus, both functions of



Figure 2.3

Ly

Attenuation and modulus, partially melted
H,0-2% NaCl. Data (open symbols) are from
Spetzler and Anderson (1968): circles, .
T=-180C; triangles, T=-14°C; squares,
=-8°C. Theoretical models, fit to the
data at each temperature, are those of
the Walsh (1969) theory (dashed lines)
and the generalized Walsh theory (solid
lines), Parameters used in the fit of
these models are given in Table 2,2

(a) 100/Q, longitudinal mode, versus fre-
quency. (b) Young's modulus, normalized

by the modulus of the (sub-solidus) solid,

versus frequency.
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Table 2,2 Parameters used in fitting partial-melt

models to ice-brine syvstem (H20-2% NaCl, longitudinal

mode )

Temperature,
1. Assumed parameters
Solid (ice)
Ky, 10% bar
Ey, 10% bar
Fluid (brine)
¢ (totsl)

K2, lOu' bar

°c

-18 -14 -8
8.332 8.33% 8.33%
9.26 9,22 9.15

.073 .090 J142
1.65b 1.73P 1.84°

2. Parameters derived from fit of theoretical models to

data

1) Walsh model (roushly a sinegle relaxation)

n, 103 boise
o
T, 10'6 sec

Au

1.3 2.2 2.6
.017 .021 .020
.82 1.13 1.23
492 495 .618

11) Generalized Walsh model (roughly two relaxations)

N poise
Distribution of

inclusion shapes

. 035 .032 , 024
c(a) o c(a) « c(a)
73x|d‘ 6)‘!0—2 9 x ‘O-Z lxlO—' I4;¢IO-‘

4 <10’ 4«67 567 axie’ 7 %0’

o

22107}

4xi07



b7
All assumed values are taken from Spetzler and Anderson
(1968) unless ctherwise noted.
& Birch (1966): pure H,0 solid, rourhly -16 to -7 ©C

© Kell (1970): pure H,C liquid
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frequency, calculated from these models are shown
(dashed lines) in Figure 2.3. The agreement with the
observations 13 quite satisfactory. However, although the
values for aspect ratio are very reasonable and agree with
those determined by Anderson and Spetzler (1970) using
only the relaxation strengths, the predicted melt-viscosity
is about five orders of magnitude greater than the viscosity
of pure water at similar temperatures (as given, say, in

the Handbook of Chemistry and Physies). It 1s not

l1ikely that the addition of even 20 percent NaCl (by
weight) to water would increase the viscosity that much,
Furthermore, the predicted viscosity appears to increase
with increasing temperature,; contrary to what we expect
for most fluids and to what is observed for water. Clearly
a somewhat more realistic model is needed of a partially

molten system,
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2.3 Attenuaticn in a partial melt: a generalized Walsh model

2.3.1 Some theoretical considerations

Let us assume, following Walsh (1968, 1969), that
partially molten rock consists of a solid matrix containing
isolated pockets of melt, and that these pockets are in
the shape of otlate spheriods oriented at random throughout
the matrix. Wu (1966) has solved the elastic problem for
a composite material in which spheroidal inclusions of one
phase are embedded in a continuous second phase. He has
shown that the bulk modulus K and shear modulus u of

the composite are given by

1
K

]

C2 UI_UZ):‘

1 1 {1+— 3T T
T T 15 GTi3357T4355)

where subscripts 1 and 2 denote, respectively, the

matrix and inclusion materials, ¢y is the volume
concentration of the inclusion phase, and Tiijj and

Tijij (summation convention implied) are the scalar forms
of a fourth-order tensor defined by Wu (1966). Explicit
expressions for Tlijj and leij' functions only of the
elastic modulil of the two phases and the aspect ratio of
the inclusions, are given in Appendix 1. It should be
mentioned in passing that if we had no preconception of

the geometrical arrangement of the fluid phase in partially
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melted rock, then we would mve to use an approach such
as that of Krdner (1967) rather than the one we have
followed heve.

Note that equations (2.5) do not yield K and u
explicitly. This is a consequence of the ‘self-consistent
assumption®' (i.e. the incluslions 'see'’ their surroundings
as having the elastic moduli of the composite, rathr than
of the matrix phase), which Wu employed so that his theory
might still be useful at relatively high concentrations of
the inclusion phase. Walsh (1968, 1969) removed the self-
consistent assumption in order that (2.5) might be
algebraically tractable., If (2.5) is to be applied to
systems where the volume concentration of inclusions is
as high, say, as in the ice-brine experiment of Spetzler
and Anderson (1968), the self-consistent approximation
must probably be retained,

If the spheroidal inclusions are not of uniform
shape, then ¢ 1s a function of ¢ (the actual dimensions
of the inclusions do not enter into relations 2.5). 1In

that case equatlons (2.5) become

P

1 1 l K;-K

[

L {1 + Is Jda c (a) [BTijij <u>—Tiijj(a)] (———“1“’“2)}
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Again following Walsh, apply the viscoelastic

correspondence principle; l.e., substitute for u, (and
possibly for K,) the complex modulus suitable to a
particular phenomenological model for the fluid phase.
Then if the elastic (or viscoelastic) parameters of the two
phases and the volume distribution ¢( o) do of melt-pocket
shapes are specified, we may solve (2.6) using an iterative
scheme, That 1is, in the first 1teration set K = K] and
W = U1 in the right-hand side of (2,6) and evaluate.
Then substitute the resultine values for K and U (which
should closely approximate those determined using Walsh's
treatment) back into the right-hand side of (2.6),
re-evaluate the expressions and repeat the process until
the solutions from successive iteratlons converge. A
useful test of convergence 1s the relative change in
the shear modulus after an iteration step.

In using equation (2,6), with u, complex and
frequency-dependent, in preference to (2.3) and (2.4),
we sacrifice the elegance of algebralc simplicity and
risk loss of an intuitive ‘feel® for the partial-melt
model. In return, we obtain a more general model,
presumably applicable at relatively large volume concen-
trations of melt and able to include such non-Newtonian
effects as stress relaxations in the fluid phase, It
should be emphasized that this generalized model shares
several of the assumptions made by Walsh: (1) wavelengths

are large’compared to the inclusion dimensions; (2) the
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inclusions, for every value of o such that ¢( o) # O,
are isolated and randomly oriented, so that the composite
may be treated as isotropic; and (3) losses are small
enough so that equating Q to the ratio of the real and
imaginary parts of the complex modulus of the composite
is valid.

A comparison of the self-consistent model with the
simple relaxation is shown in Figure 2.4, The normalized
shear modulus and attenuation for a hypothetical Poisson-
solid contalning spheroidal melt pockets of uniform shape
(o = 10'4) are plotted as functions of frequency for
several values of ¢/ o . The melt is assumed to be a
Newtonain fluid ( n= 1 poise). Also shown are the frequency
(21 1 )"l of the relaxation peak and the felaxed modulus
predicted by relations (2,4) For ¢/ a = 0.1, the
modulus and attenuation are virtually indistinguilshable
from that given by (2.3) and (2.4). In other words, the
self-consistent assumption does not alter the conclusions
of Walsh (1969). For ¢/a =1, it may be seen from the
figure that the frequency of the peak in attenuation and
the relaxed modﬁlus are both somewhat cver-estimated by
(2.4). Both the attenuation peak and the decrease in
modulus are spread over a somewhat broader range of
frequency than is a single relaxation. For ¢/a = 5,
the attenuation peak in the self-consistent model is
centered at a frequency ;lmost a decade lower than

that predicted by (2.4) and no longer coincldes with the



Figure 2.4 Modulus and attenuation in the self-
consistent, or generalized Walsh, model
of a partial melt for several values of
¢/ a . All melt is assumed to be contained
in isolated spheroids of uniform asvect ratio
o = 10““. Viscositv of the melt equals
1 poise. Shown for comparison (dashed
lines) are the relaxed shear-modulus and
the frequencv of the relaxation peak
predicted by the single-relaxation theory

of Walsh,
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frequency at which the modulus has an inflection point;
the peak half-width spans a factor of 400 in frequency
(the half-width of a single relaxation peak spans a factor
of about 14 in frequency):; and the relaxed modulus is
less ﬁhan one-fourth that given by (2.4).

That the behavior of a solld with fluid inclusions
should depart, when ¢/ @ equals 1 or sreater, from that
predicted by (2.3) and (2.4) is qulte reasonable. Consider
a sphere of composite material just enclosing a single
inclusion (1.e. the sphere’s radius equals the major semi-
axis of the oblate spheroid). Clearly the volume of the
sphere equals 1/ « times the volume of the enclosed
spheroid. If the total compos}te is made up entirely of
such spheres (i.e. 1f the spheres come in a sufficlently
wide range of sizes that they may be packed to completely
f111 any desired volume of space), then ¢/ a = 1 for the
composite. Each sphere, containing a single inclusion,
must then just touch against several other simillar spheres.
It 1s obvious that the elastic energy computed for such a
composite must include the energy of interactlion between
touching spheres or alternatively, a scheme such as the
self-consistent assumption must be employed, As c/o is
made creater than unity, interaction between nearby inclusions
further relaxes the stress (beyond the relaxation of the
non-interacting model) and spreads the single characteristic
time of relaxation into a band of relaxation times. For

e/ a greater than about 5, the shear modulus relaxes

i
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completely,

2.3.2 Application to exveriment

Let us see how well the mechanical behavior of the
partially-melten-rock analogues can be matched by the
generalized Walsh-theory, using estimates for all
parameters that are as realistic as possible. For the
granite-glycerol system of Nur and Simmons (1969), the
following input is considered known: Glycerol behaves as a
standard linear solid in response to pure compression and
as a Maxwell fluild in response to shear (Plccirelll and
Litovitz, 1957). The elastic moduli of the solid component,
the shear viscosity of glycerol and the wave frequency
are as indicated by Nur and Simmons, All assumed values
are listed in Table 2.1, (Note that K, and y, as ziven
are each the result of a single relaxation, whereas
Piccirelll and Litovitz have shown that a spectrum of
relaxation times 1is required. This distinction does not
seriously affect the discussion below.)

It then remains to choose a distribution of inclusion
shapes so as to approximate as closely as feaslible the
measured shear modulus (Figure 2.2) with that predicted
from equations (2.6). Additional constraints are that
total pore concentration equals ,003 and total ‘crack’
concentration equals ,003 (Nur and Simmons, 1969). To
the extent that a fit 1s possible, the determination of

the distribution c(a) 1is merely an exercise in curve
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fitting. The fine structure of such a distribution is

unimportant. What should concern us 1is how good a fit can
be obtained and what features the data seem to require of
c (o),

One such distribution c( a) is given in Table 2.1
the predicted shear modulus 1s shown in Figure 2.2,
Basically, for n < 107 poise we are at liberty to
choose c( o) so as to match any curve of that
increases monotonically with log n . In particular,
an inflection point in u (log n ) near log n =-0.5 may
be obtained by allowing a small concentration (c < 10‘6)
of cracks of aspect ratio about 2x10‘6. However, the
data of Nur and Simmons cannot be matched by the theory
over the entire viscosity range. Namely, the roughly
linear increase of 11 with log n 1indicated in their
data cannot be reproduced for n >103 poise, The reason
may be seen by appealinz to equation (2.4)., The slovpe
of u( log n ) would imply, if we are to fit the entire
length of the curve, that c(a) = 0.1 o over a
range of o 1in excess of 11 orders of magnitude. From
the total concentration of fluid, however, the greatest o
such that c( a) can be as great as 0.1 a is less than
101, Usine (2.4), thls corresponds to n = 104 poise.
The concentration of cracks of lower aspect ratio only
affects the curves in Figure 2.2 at values of n less
than 10% poise.

It is probable that the linear increase of u with
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log n reported by Nur and Simmons 1s not a consequence
of viscous forces in the fluid component. This 1s certailnly
true at the highest viscosities studied. In a Maxwell
fluid, the ratio of the real to the imaginary part of the
shear modulus is gliven by wn/uU » where u. 1is the
(real) value of the shear modulus in the high-frequency
limit (i.e. the unrelaxed modulus). For glycerol, when

n is ereater than about 10“

poise the quantity wn/uy
(for w /21 = 57X 105 Hz) exceeds unity; that is,
glvecerol behaves more like a solid than a liquid. Thus
viscous damping in glycerol does not contribute significantly
to the shear-modulus defect observed by Nur and Simmons
(1969) at viscosities in excess of 10“ poise, We shall
not spéculate on other possible causes of this phenomenon.
It is of more than casual interest, however, that Nur (1971),
in graphically citing his earlier results, apparently
removed most of the linear change of u with loz n before
plotting his graph.

Observed/1ongitud1na1-mode attenuation and modulus in
the ice-brine system of Spetzler and Anderson (1968)
can be well fit by equations (2.6) using values for fluid
viscosity similar to those of super-cooled water (i.e.
about 3 x 10"2 poise). The primarv distinction between
the °*Walsh model' and the °‘ceneralized Walsh model® 1is
that in the latter there is a bimodal distribution of
melt—pockgt shapes., This produces what we may consider as

two relaxations (the difference between a true relaxation
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and the broader ‘'relaxation' predicted by the self-

consistent approximation is unimportant here). Thus,
unlike the model which assumes uniform aspect ratio, the
attenuation peak apparently centered between lOu and 105
Hz may be fit without requiring an unreasonable value for
the viscosity. The particular values of n and c¢( o) used
to fit the experimental data (see Figure 2,3, solid lines)
at three temperatures are given in Table 2,2. Abcut half
of the modulus defect at each temperature is attributable
to inclusions of aspect ratio near 0.1 (and increasing
slightly with temperature) and half to a very small
volume-concentration of exceedingly narrow ( o = 4 x 10'7)
incluslions.

A common feature of the generalized Walsh-models for
ice-brine and granite-glycerol 1s the presence of fluid
inclusions of very small aspect-ratio (near 10'6). Even
if the major axis of these inclusions is 1 cm in length
(this is an overestimate by about a factor of 20 for ice-
brine unless several interconnected melt-pockets of
similar thickness act as a single 'long' pocket), the
minor axis 1is 10"'6 cm or 100 8. A somewhat smaller ma jor
axis would make the inclusions reminiscent of viscous
graln boundaries in metals. Ke (1947, 1948) found that
if he assumed the grain boundaries in aluminum and alpha-
brass to have a thickness on the order of one atomic

6

diameter (i.e. a few Angstroms, giving o = 107 ), that

the grain-boundary viscosity calculated at temperatures
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near melting from the relaxation-peak frequency closely
approximated the viscosity of the molten metal at similar
temperatures (see also Goetze, 1969). It is thus plausible
that the inclusions of small aspect ratio indicated by the
fit of the generalized Walsh-model may be grain boundaries
at which no appreciable melt has formed, Such an inter-
pretation receives some support in the case of the ice-brine
data from the observation by Spetzler and Anderson (1968)
that pure ice at temperatures between -28% and -12° C has

a shear-stress relaxation-veak at a frequency in the rance

b to 105 Hz. Attributing the attenuation peaks implied

10
in Fioure 2.3 to viscous ‘grain-boundaries', however requires
that there be more such boundaries (by a factor of about 3

per unit volume) in the temperature range of partial melting
than at sub-solidus temperatures.

Another point worth considering is that our phenomenolog-
ical description of the fluld breaks down when inclusion
thicknesses are small enough so that the effects of short-
range order in the fluid are important. Water molecules,
for instance, form °'flickering clusters® of quasi-crystalline
structure that average about 90 molecules per cluster at
T = 00 ¢ (Nemethy and Scheraga, 1962). Thus even if we
retain the notion of Newtonlan viscosity, the value of the
viscosity appropriate for water in very thin cracks (i.e.
thickness comparable to cluster dimensions, or a few tens of
Xngstroms) might be somewhat larzer than the value

determined from macroscoplc measurements., It is relevant
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that liquids for which hydrogen bonding is important (such
as water and glycerol) readily form clusters (Ubbelohde,
1965, ch, 10)., Thus extrapolating experiments made using
such liquids to conditions in the upper mantle of the earth
may be qulte hazardous, and the need for laboratory
measurements of velocity and attenuation in partially

. molten rocks appears even more painfully obvious.
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2.4 Other possible dissipation mechanisms

It should be mentioned that physical processes other
than viscous damping in the fluid phase can contribute to
the total attenuation in a partial melt. (Note that
when several mechanisms contribute to the total attenuation,
the effective Qélis the sum of the QII values arising
individually from each mechanism as long as all losses
are relatively small.) The solid phase will attenuate
some seismic energy; the loss mechanisms for solid, poly-
crystalline materials are many and diverse (e.g. Jackson and
Anderson, 1970)., It is sufficient in the discussion to
follow, however, to assume that attenuation assoclated with
the presence of a fluld component is much greater than
absorption within the solid phase, [This assumption is
reasonable for all dissipation mechanisms in sollids except
for viscous grain-boundary damping (K&, 1947), a phenomenon
which 1s mathematically indistinguishable from Walsh's
(1969) treatment of attenuation in a partial melt except
perhaps for somewhat different values of ¢, a, and n.

For our purposes the distinction between an actual melt-
phase and a grain boundary that, though of uncertain
molecular structure, behaves in all important respects as

a fluid 1s academic and need not greatly concern us further,]
Secondly, 1f the solid matrix 1s permeable (i.e. if the

melt pockets are interconnected), there may be attenuation
arising from flow of the fluid relative to the solid (Biot,

1956 a,b). Finally, changes 1n pressure assoclated with
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wave propagation may shift the phase-change boundary: the

resulting reaction acts to absorb elastic-wave energy.
(Vaidnys, 1968). We shall discuss the latter two
mechanisms somewhat more thoroughly,

The theory of elastlc-wave propagation in a porous,
permeable solid saturated with a viscous, compressible
fluid has been developed in detail by Biot (1956 a,b).
In response to inertial forces, relative motion of fluid in
the pores gives rise to friction. Below a critical frequency
fe (determined by the conditions for non-turbulent flow and

glven by

™

£, = (2.7)
t 1p,d2

where d is a characteristic pore diameter or thickness),
the composite behaves as a standard linear solid in response
to purely shearing stresses (Biot, 1956a); 1.e. the material

may be characterized by a relaxation Ex( Au , t ) where

2 2
C p2
A” = —
plcoatp, )
(2.8)
2
pk (cpz+pa) [(1-c)cpapr + p_pl
T = a
2 3
uc P

In (2.8), ¢ is the ‘effective’' concentration of the fluld

(1.e. the volume concentration of interconnecting, fluid-
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filied channels); p1 , p» and p are, respectively, the

density of the solid, fluid, and composite: k 1s the
permeability of the so0lid matrix; and Py represents an
apparent mass which accounts for a coupling of solid and

fluld displacements in the equations of motion. The ratio

pa/b is typlcally small, Thus we may write, for those
materials for which p;=p.=p holds,
by = < (2.9)
T = pk (1-c)
n

For dilatational waves (' of the first type' in Blot's
terminology), the expressions for attenuation and modulus
are somewhat more complicated. The modulus may increase or
decrease with frequency; in the particular case when a
certain ‘dynamic compatibility® condition 1s satisfled,
there 1s no relative motion between fluid and solid so

that the modulus is frequency-independent and there are no
losses. In the numerical examples given by Blot, the ratio
Q, 'l/QB -1 (1.e. the ratio of attenuation of dilatational
waves to that of shear waves) varies from about 5 to O.

To what extent does such an attenuation mechanism
contribute to the experimental results considered above?
For the granite-glycerol experiment of Nur and Simmons (1969),
the lmportant point to note is the very low permeability of

-14

most granites. If we adopt k = 10 cm? (10'6d) as a

reasonable value( see Brace et al., 1968), then even for
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n as low as 10-2 poise, 7 must be less than 10"11 sec

010 Hz),

(l.e. the peak frequency must be greater than 1
outside the rgnge of importance for the Nur-Simmons work.

At the lower end of the viscosity range studied, the
condition f < fi does not hold for cracks thicker than about
1 micron., From Biot's (1956b) work, however, the conclusion
that sienificant attenuation occurs only for frequencies
much greater than 5 x 105 Hz remains unaltered.

Whether or not the Biot theory is important for the
ice~brine system examined by Spetzler and Anderson (1968)
depends upon the permeability, largely unknown, of their
samples, Friction due to relative motion of fluid and solid
might contribute to the attenuation peaks shown in Figure
2.3 1f k = 10°8 em? (1 d), a figure appropriate to the
most permeable oil-beariﬁg sands. This is unlikely; a
value several orders of magnitude lower is probably more
reasonable. In any event, because the relaxation strength
1s roughly equal to the fluid concentration, the large
decrease in shear modulus upon first appearance of melt
reported by Spetzler and Anderson (1968) cannot be
exclusively the result of the shear relaxation given by
equations (2.9).

Vaisnys (1968) has demonstrated that a partial melt
may dissipate elastic-wave energy through irreversible
reactions toward thermodynamic equilibrium, such equili-
brium having been disturbed by the wave., The loss

mechanism may be characterized as a relaxation process,
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with the modulus defect and relaxation time depending in a
complicated fashion on the volume change associated with

the reaction and the reaction rate. An important aspect

of this dissipation mechanism is that losses assocliated

with the hydrostatic component of stress are comparable to

and probably greater than losses due to the shearing component.
(The precise ratio depends upon the geometrical arrangement

of the fluid within the solid matrix.)
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2.5 The attenuation mechanism in the asthenosphere

Which of the several mechanisms of absorption dis-
cussed above might dominate seismic attenuation in a partlally
molten asthenosphere? Consider viscous losses in isolated
pockets of melt, i.e. equations (2.3) and (2.4) or (2.6).
Viscosities of molten rock, measured in the laboratory and
in situ in lava flows, fall in the range 10! to 106 poise
(Clark, 1966), with the precise value dependent on tem-
perature and the amount of water and other volatiles
present. It 1s presumed that the viscosity of the melt
phase in a partially molten asthenosphere will fall within
or somewhat above (due to the effect of pressure) this
range of values., Thus, if all other parameters implicit
in relations (2.4) or (2.6) are similar to those in either
the ice-brine or granite-glycerol experiments, we would
almost certainly expect significant relaxation of shear
stress in the upper mantle for waves of frequency somewhere
in the range 102 to 10° Hz. Viscous dissipation in the
fluid phases will therefore be an extremely important
mechanlism of §eismic-wave attenuation, over at least a
portion of the siesmic-wave frequency-band, wherever the
upper mantle is partially molten.

Fluid flow through interconnecting melt channels is
probably not a significant source of seismic attenuation in
the asthenosphere, If all parameters in partially melted

mantle-rock other than fluid viscosity are similar to those
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in the granite-glycerol or ice-brine experiments, then
because of the rresumably higher values of viscosity
appropriate to molten rock, the relaxation time
(equation 2.9) is many orders of megritude less than the
periods of selsmic waves. We therefore need not concern
ourselves further with this mechanism of attenuation.

Attenuation due to perturbations of a phase-change
boundary by the elastic wave cannot be ruled insignificant
on theoretical erounds; and VaiSnys (1968) has, in fact,
suggested that such a mechanism in a partially molten mantle
might peak at a frequency within the range relevant to
seismic waves, The finding, to be reported in sectlon
3.5.2, that most of the attenuation of long-period P waves
in the western United States can be attributed entirely to
losses in shear, however, makes this mechanism relatively
unimportant.

Thus the most likely cause of selsmic attenuation in
a partially mclten athenosphere appears to be viscous
damping in thin films of fluid. An important facet of
this mechanism is that shear modulus and Q'l are deperdent
on frequency. (We might note that for all dissipation
mechanisms consjidered in this chapter, whenever Q‘l is
relatively large it is also a strong function of frequency.)
Such properties as the concentration and viscosity of the
fluid may be estimated by fitting the generalized model
of Walsh (equations 2,6) to the measured velocities and

attenuation in the zone of partial melt. In fact, from the
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considerations of section 2.3.1, when c(a)/q is
less than 1 or so for all values of o then the
‘generalized wWalsh-model' is not significantly different
from a superposition of several relaxations (i.e. the
interaction between inclusions may be neglected). This
1s very convenient, for we may therefore attribute all
observed attenuation to one or more relaxation processes,
and obtain the (approximate) parameters of the relaxation
from equations (2.4). We shall do precisely that in

Chapter 5.
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Chapter 3. Lateral Variation of Body-Wave Attenuation

How may we begin to determine the complete, three-
dimensional description of selsmic-wave absorption in the
earth? The classical technique for obtaining the
attenuation of a travelling wave 1s to measure the wave
amplitude (or energy) at two successive points in the wave's
propagation-path, The difference in amplitudes can then be
related directly to the attenuation averaged along the path
between the two sampling sites. For seilsmic body-waves
which sample the mantle, this technique 1s obviously limited
to waves which have been reflected at least once from the
earth's surface. The paths for which this method have been
used to determine the attenuation are generally long (e.g.
the thickness of the mantle), and thus the detalils of the
spatial variation of Q cannot be resolved.

If the variation of selsmlc-wdve amplitude with pro-
pagation direction at an earthquake source 1s assumed, then
the spatial variations in attenuation may be determined by
comparing amplitudes of waves which have traveled some-
what different paths., Though several such schemes have
been proposed, each requiring that somewhat different
assumptions be satisfied, the most plausible is the
technique of eliminating unknown source- or propagation-
parameters by forming ratlos of Fourier-amplitude spectra.

The method- of spectral amplitude ratios was first used

for body waves to determine vertically averaged values of
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Q for the upper and lower mantle (Kovach and Anderson,

1964; Kanamori, 1967a,b,c; Sato and Espinosa, 1967). A
major step in the inversion of body wave amplitudes to
obtain Q as a function of depth was made by Teng (1966,
1968), who attempted to explainchanges in the relative
attenuation of P waves with epicentral distance in terms
of a radially varying Qa in the mantle, Similar calcula-
tions have since been made by Sumner (1967), Hirasawa and
Takano (1966), and Mikumo and Kurita (1968).

Both Teng (1968) and Mikumo and Kurita (1968)
measured the P-wave spectra at many statlons spread over
a wide range of epicentral distances. The smoothly varying
attenuation-versus-distance curves predicted by spherically
symmetric Q-distributions fit the observations only in a
crude fashion; much scatter is evident, 1In this chapter
some of the 'scatter' in the reported P-wave amplitude data,
together with new measurements of the differential attenua-
tion of shear waves, are examined for systematic regional
trends in North America., An earlier version of this work
has appeared elsewhere (Solomon and Toks®éz, 1970). If
the relative attenuation between two stations, after
correcting for a reasonable variation of Q with depth, 1is
simllar for many eartnquakes at different distances and
azimuths, then there must be a corresponding difference in
the upper-mantle or crustal Q@ beneath the two stations, It
‘ls expected that observations of lateral variations in Q
will aid in determining regional differences in the

temperature, phase, and composition of the upper mantle,
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3.1 Formulation

To isolate the effect of anelasticity Qn the spectrum
of a selsmic signal, the effects of source, statlon crustal
structure, and instrument must be eliminated. We employ
for thils purpose the technique of body-wave equalization,
~as set out by Ben-Menahem et al. (1965) and Teng and Ben-
Menahem (1965), and as first used for attenuation measurements
by Teng (1966, 1968), Assume that geometric-ray theory
is valid for wave propagation through the mantle and that
both the elasticity and anelasticity of the earth are linear
'(1.e. independent of stress, or straln, amplitude). (Thése and
other assumptions made in this sectlon are discussed in the
section immediately following.) Then the observed amplitude-

spectrum of a body wave from an earthquake may be written:
A(f) = Ao (f' Oy (b) AM(f) Ac(f) AI(f) (3.1)

A, 1s the source spectrum, in sgeneral a function of fre-

quency, f, and propagation direction ( 06,9 ). AM is

the mantle transfer-function, and includes the effects of
' attenuation and seometrical spreading. AC is the crustal
transfer-function, approximately equal to the transform of
the impulse response convolved with the transform of the
time window used in calculating A(f) (Kanamori, 1967b). Ag
is the instrumental transfer-function,

Let us make the additional assumptions that (1) the
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earthquake in question acts llke a point source, i.e.
for the bundle of rays reaching stations confined to a
relatively small portion of the globe such as the United
States, Ao is separable into the product of a term depending
only on frequency and a term depending only on the direction
of ray propagation; (2) the crustal transfer-functions for
the stations considered are only weakly dependent on
frequency;: and (3) the instrumental transfer-function is
'correctly specified by the theoretical response-function

(Haziwara, 1958) once the appropriate instrumental constants

are known. Then (3.1) simplifies to
A(f) = a S(T) AM(f) AI(f) (3.2)

where a is a constant (independent of frequency), S(f) 1is
the (direction-independent) source spectrum, and AI(f) is
known.,

Consider the ratio of the spectra of a given body-

wave phase recorded at two stations (1 and j, say). Define

Ap,(£) Ay(r)

Ry 4 (f)
1)
KT, (1) A1)

Clearly

Ay ()
M
Ry 4(£)

b 1 (3.3)
1) A——(_MJ )
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where bij is a constant.

At each station we factor AM(f) into three con-

ponents:
Ay(f) = G * exp [-f.t*] * exp [-f* St*] . (3.4)

G is the geometrical-spreading factor and is independent

of frequency. Further
t* = T I Q™" (s,f) v (s) ds (3.5)
S .

where v 1is the wave veloclity and the integration is
performed along the ray path S (in general a function of
the five parameters which describe the location of the
station and the.event); and

St* = T J SQ-I(S.f) V-l
S

(s) ds . (3.6)
GQ‘l, by which we mean 6(Q'1). is the departure of the

true anelasticity, at some point along the ray path, from a

radially symmetric distribution Q'l(r). For small
attenuation,

Q-l = Q-l + SQ-l

true

(3.7)

In writing equation (3.6) 1t has been assumed that variations

tn v-! are small relative to SQ'l. We have not restricted
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GQ‘l to any vparticular spatial dependence, though we shall

normally assume GQ'l is nonzero only in the upper mantle.
For a station at an epicentral distance ( A) in the range
4O to 75 degrees, t* and St¥* may be treated as independent
of A to within an error of about ten percent (see Teng,
1969).

Using expression (3.4), (3.3) may be rewritten:
*
£O8t%5 = 8t%3) + cyy = 1n Ryy(f) + £ty - £})  (5.8)

where c1j is a constant. Hereafter, the quantity ( StI-GtS).
or sometimes simply dtf when no confusion will result,
will be called the differential attenuation. This differs
from the definitions of Tenx (1968) and of Ward and Toks8z
(1971). 1If Q'l (or 6Q‘1) depends on frequency, then so
may t* (or St¥*). 1In the treatment below we have made the
assumption, not completely justifiable, that t¥* and St*
are frequency-independent over the frequency band considered.
This will be discussed more fully in section 3.5.3.

Equation (3.8) 1s our working relation. In practice
we fix }, and for a given 1 measure 1ln Rij(f)' add
f(t] - t}), and to the sum fit a straight line of the form
a + bf, If Stg is arbitrarily set to zero, the coefflcient
b then equals - St;. The set {St:} constitutes a measure of
bthe lateral variation of ray-path-averaged attenuation. It
is 1mportant to remember that dtg, the departure of the real

attenuation at the reference station to that given by equation
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(3.5) for a particular model of v(r) and Q'l(r), is un-

known, and may vary for different earthquakes. Thus the
~set {GtI} can be known only to within addition by a

constant,
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3.2 Some discussion of assumptions

a) Losses are amplitude-independent.

Seismic strains are small, except in the immediate
vicinity of the earthquake-source rupture, For earth-
quakes of magnltude 6, roughtly the size of events considered
in this study, Duda (1970) has recently shown, for instance,
that the strains associated with P waves are less than

f 10-6

at all distances greater than a few killometers from the
focus, Jackson and‘Anderson (1970) concluded that the most
likély mechanisms contributing to seismic attenuation in the
mantle are linear., For both of these reasons, treating Q'l
in the earth as independent of strain amplitude 1s probably
an excellent approximation except perhaps for the outer

crust, where attenuation is probably controlled by frictional

dissipation along cracks (Walsh, 1966).

b) Earthquakes may be treated as point sources.

As long as wavelengths are large compared to the
dimensions of the equivalent-dislocation source of an
earthquake, the effects of finite rupture-velocity and
rise-time will not be manifested in the source spectrum.

For two of the three deep earthquakes studlied in the
following sections, Berckhemer and Jacob (1968), using a
spreading-disk dislocation model for the earthquake source,
estimated the areas of the dislocation surfaces to be 20 and

34 km?. The fault radius (2.5 and 3.3 km, respectively) for
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each of the two earthquakes, therefore, 1s much less than

the shortest wavelength (about 35 km) of waves considered
below. The same may almost certainly be said of any deep

earthquake of magnitude about 6 or less.

c) Geometric-ray theory is approximately wmlid,

A requirement of geometric-ray theory is that wave-
lengths are shorter than characteristic lengths associated
with changes in the elastic properties. This requirement
usually does not strictly hold for long-period body waves in
the crust and some parts of the mantle,

The most obvious region where ray theory is often
inadequate for body waves is the crust, a fact implicit in
equation (3.1). If the crust is considered to be a sequence
of plane layers, then the pulse shape of a wave recorded at
the surface differs from the shape of the original wave
incident from the mantle because of frequency-dependent
interference from later arrivals reflected from the various
discontinuities in the crust. The crustal transfer-function
Ac(f) i1s strongly-dependent on frequency for periods
shorter than 5 or 10 seconds and for SV waves incident at
angles sreater than the critical angle (Haskell, 1962). For
longer periods, and short time-windows, however, the
variation with frequency of the ratio of crustal responses
at two different stations is slight and may be considered
negligible. Kanamori (1967b) and Berckhemer and Jacob

(1968) have discussed this assumption for incident P-waves,
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A further consideration is ﬁhat the crustal structure
beneath most seilsmograph sites 1s poorly known; the un-
certainty in the correction term whlich would account for
differences in crustal transfer functions at different
stations 1is brobaﬁly similar in magnitude to the correction
itself,

A further votential complication introduced by the
vresence of a crust is the contamination of SV waves by
S-coupled PL waves (Oliver, 1961). (This possibllity was
kindlv brousht to my attention by Dr. Gary Boucher.) An
SV wave, of veriod greater than about 20 sec and of horizontal
phase-velocity less than P, velocity, incident on a continental-
crust wave guide will generate a PL wave, of roughly the
same period and vhase velocity, that may propagate distances
as great as 30° (Oliver, 1961). From published phase-
velocity curves for fundamental-mode PL waves (Oliver,

1961; Chander et al., 1968), it may be concluded that for
the combinations of epicentral distance and frequency band
used in this study, probably no potentially interfering PL
waves were senerated within about 10° of any of the stations
considered. This distance 1s sufficiently sreat that,
judeing from PL-wave group velocities (Oliver, 1961) for

the appropriate veriods, the time windows chosen for the
spectral measurements reported below should not include
PL-wave enerey 1n the relevant frequency bands., The
possibility exists that other leaking modes, coupled to SV

or SH waves, contribute to the measured spectra; such
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contributions are assumed to be small,

Laterally inhomogeneous velocity or density in the
crust or upper mantle (e.g. a °‘step' in the crust-mantle
.1nterface) can also affect the shape of the body-wave
amplitude spectrum (Akl and Larner, 1970; Larner, 1970),
particularly for variations with dimensions comparable to
the wavelength of the incident waves (roushly 30 to 400 km
for the waves used in this studyv). At any arbitrary station
site, there 1s no means of predlicting the magnitude or form
of such inhomogeneitles. We can, however, determine the
effect on § t* measurements of a known Moho irregularity,
that beneath the Large Aperture Selsmic Array in Montana
(Greenfield and Sheppard, 1969; Aki and Larner, 1969; and
others). Using SH waves from the 1 December 1967, Kuril
Islands earthquake (U.S.C.G.S. magnitude 5.9, depth 136 km),
the following values of §t&y (.02 to .12 Hz frequency band)
were observed at the four seismograph sltes in the outermost
LASA rings 0 at F1 (reference station), -1.5 + 0.3 sec at
F2, 0.7 + 0.3 sec at F3, -1.0 + 0.4 sec at F4.

Some of the differences in étgH might be attributable
) to genuine attenuétion-variations (site F3, for instance,
is the closest station of the four to Blackwell's (1969)
Cordilleran tnermal-anomaly zone, which would be expected to
show large positive values of st¥)., The.fact that st*
at F1 and F3, the two stations nearer the postulated °‘step’
in the Moho (Greenfield and Sheppard, 1969), however, is

noticeably larger than at F2 and F4 suggests that the
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anomalous crust-mantle interface may be the principal cause
of the observed differences in ét;H. While it 1s debatable
whether Moho 'steps® of a size comparable to that under
LASA (crustal thickness changes 25% over a lateral distance
of 20 km in the Aki-Larner model) are commonplace in North
Amerlca, the above discussion suggests that little signi-
ficance should be attached to variations in 6t§ less
than about 2 sec.

For vropasation through the mantle, the use of geo-
metric rav theorv 1is questionable probably only 1if the
wave bottoms in the immediate vicinity of a transition
zone., Waves which arrive at distances of 40 to 75 degrees
(the range considered in the present study) from the
eplcenter, bbttom in the mantle at depths of about 1000
to 2200 km, From P-wave studies, 1t appears likely that
there are at least two or three ‘'discontinuities®’ (increased
velocity gradients) over this depth range (e.z. Chinnery
and Toks8z, 1967; Johnson, 1969), corresponding to epi-
central distances (for focal depth equal to 33 km) of
roughly 35-430, 50-52°, and 70-71°, (These distances should
be lowered by 3 to 4° when considering very deep earth-
quakes.) Such lower mantle ‘'transition zones®' are not
as well documented for shear waves, though it has been
suggested there are second-order discontinuities in dT/dA
at 42° (Hales and Roberts, 1970) and near 70° (Fairborn,
1969). The effect on &t* determinations of anomalously

steep velocity gradients in the lower mantle is uncertain.



Values of st* obtained from waves which bottomed near

a presumed transition zone should be used with care,
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3.3 S-wave differential atteruation

The shear waves used in this study are from the four
earthquakes shown in Table 3.1, as recorded on long-period
horizontal seismographs at stations of the World-Wide
Standard Seismograph Network. Origin time, magnitude, and
hypocenter information 1s from the United States Coast and
Geodetic Survey and the International Seismological
Centre, WWSSN Statlons in the conterminous United States,
together with physioaraphic-province boundaries (assumed to
roughly separate distinct tectonic provines), are shown in
Figure 3.1, The two deep South-American earthquakes have
almost the same hypocenter, and their wave-forms are very
much allke, These events were chosen to test the re-
peatability of differential-attenuation observations
from two presumably similar sources. The third event, a
deep earthquake in the Kuril island-arc region, was
included to examine the possibility of azimuth dependence of
attenuation measurements. The fourth event, an earthquake'
on the mid-Arctic ridee, was selected to investigate whether
lateral variations of Q in the source region of shallow
earthquakes 1n tectonic areas can be observed using tele-
selsmic, loneg-period body waves. During 1964, all WWSSN long-
period seismographs had a pendulum period of 30 seconds and
a galvanometer period of 100 seconds. By late 1965, most
stations (and all stations used for the two South American

earthquakes) had switched to a pendulum period of 15 seconds.



Table 3.1

Earthzuakes used to measure S-wave differential attenuation

Date Origin Time (GMT) Lati- Longi- Region Focal Depth Magni-
h m s tude tude km tude
15 Feb 1967 16 11 11.8 9.0°s 71.3°W Peru-Brazil 597 6.2
border
3 Nov 1965 01 39 03.2 9.0°s 71.3°W Peru-Brazil 587 5.9
border -
18 Mar 1964 04 37 25.7 52.6°N 153.7°E Kuril island- 424 5.6
arc
25 Aug 1964 13 47 19,3 78.2°N 126.6°E Laptev Sea, on 34 6.2

mid-Arctic ridge

Other earthgquakes for which P-wave differential

attenuation has been measured

9 Nov 1963 21 15 30.4 9.0°S 71.5°W Peru-Brazil 600 5.9
border
28 Aug 1962 10 59 59.0 38.0°N 23.1°E Greece 120 6.8

78



Figure 3.1
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WWSSN seismograph stations, conterminous
United States, Station locations are
indicated bv circles. Physiographic
provinces of the United States, after
Fenneman (1931, 1938), are delineated by
solid lines.
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In all, a total of 96 shear wave components were
analyzed, Records were digitized at an interval of about
0.7 seconds. N-3 and E-W components were rotated to give
SV and SH waves, ﬁhlch were then bandpass filtered to
correct small digitizine errors and to isolate the desired
frequency range from the effects of interference. The
cutoff frequencies of the bandpass, a linear-termination
filter, and the time windows applied to each trace are given
in Tables 3.2 to 3.5. The SV and SH components were
fast-Fourier transformed to give the amplitude spectra.
Prior to forming the spectral ratio, each individual
spvectrum was smoothed by applyineg a movine-average window
of width about ,02 Hz. Selected waveforms and spectral
ratios are shown in Figure 3.2. Extremes both in the amount
of attenuation‘and in the quality of the straight-line fit
to the svectral ratio are included. Figures 3.2a and
3.2c demonstrate the similarity of SV waveforms from the
two South American earthquakes (e.g. ATL, WES).

The stations at which clear S waves were observed for
each of the four earthquakes are listed in Tables 3.2 to
3.5, along with dlstance‘and azimuth information. The
reference station used in calculating ratios is indicated.

(Differences between §t* determinations are not particularly



Figure 3.2
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Selected S waveforms and spectral ratios.
(a) SV waves from Peru-Brazil earthquake
of 15 Februarv 1967. (b) SH waves from
earthquake of 15 February 1967. (c)

SV waves from Peru-Brazil earthquake of

3 November 1965, (d) SV waves from Arctic

earthquake of 25 August 1964,
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sensitive to the cholce of reference station.) The
differential attenuation is obtained by fitting a straight
line to the right-hand side of equation (3.8) by the method
of least squares. The t*'s are calculated from equation
(3.5); the integral is evaluated using the numerical scheme
outlined by Julian and Anderson (1968), with the MM8 QB -

distribution (Anderson et al,, 1965) and the shear wave

velocity distribution glven by Ibrahim and Nuttli (1967)
above 750 km and by Fairborn (1969) in the lower mantle,
We have assigned a QB of 2000 to the lower mantle
(MM8 is only given for the upper 1000 km). This gives
values for (t? - tS) of less than 1 second for shear waves
recorded in the epicentral disfancé range given in Tables
3.2 to 3.5. A non-attenuating lower mantle would make the
maximum value of (t} - t;) about 1.5 seconds. As we shall
see from the magnitude of the quantities 5t:. the
uncertainty 19 the QB distribution for the lower mantle
does not introduce serious error,

The measured values of differential attenuation for
SV and SH waves, with corresponding standard deviations for
the least-squared-error fit, are presented in Tables
3.2 to 3.5. The data are not of uniform quality. Less
reliable determinations are at stations with poor film
records, low signal-to-noise ratios, or waveforms distinctly
different from average. Such values are enclosed 1in
parentheses in the tables and are not used in the sub-

sequent analysis, The standard deviations shown range from
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0.4 to 3.3 seconds and indicate how closel& individual
spectfal ratioé may be approximated by straight lines,
though in most cases they probably underestimate the total

uncertainty.
3.3.1 South American events

SV waveforms were very similar for the deep earth-
quakes of 15 February 1967 and 3 November 1965, théugh
there was some difference in the degree of SH-wave excitation
and in the SH-waveform shapes. The ratio of peak amplitudes
of SV to SH at U.S. stations was commonly 2 for the 15
February 1967 shock, and was 4 or more for the 1965 event.

The spectra (uncorrected for instrumental response)
peaked at periods from 9 to 22 seconds, with the average
peak-period 16 seconds for SV and 15 seconds for SH.
Fault-plane solutions for the two earthquakes (Khattri,
19693 Chandra, 1970a), determined from the spectra of
long-period P waves, imply for both events that an SH
nodal plane intersects the earth's surface very nearly along
the eastern boundary of North America. Thus for the 3
November 1965 shock in particular, low SH amplitudes are
not unexpected at WES, GEO, SCF and possibly AAM. None
“of the other U.S. stations recording the two South
American earthquakes lie near nodal planes for either SV
or SH waves,

Many of the S waveforms for both events appeared to

consist of two pulses of opposite polarity separated in



Table 3,2

Differential attenuation of S waves,
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South American event of 15 February 1967

+ reference station

a film record pcor; waveform uncertain

Time window used: 40.6 sec

Band-pass filter cutoffs:

0.040 - 0.173 Hz

*
Statlon Dis-  Azl- 8 tay 8 tgy
(deg) (deg)  (sec) (sec)
AAM  Ann Arbor, 52.3 348.4 +0.6+2.0 +5.1+41.3
ALQ Miig&querque. 54,9 324,7  -1,242.7 +1.7+1.3
ATL  Ablanta, Ga. bh.0  3uk.2 -8.740.9 -1.241.2
BKS  Berkeley, 66.6 318.0 -6.5+1.0  -1,5¢1.0
Calif,
BOZ Bozeman, 65.3 330,0 -0.5+2.3 +5.8¢1.3
CoR  Corvallis, 71.0  323.4 -1.9+1.6 -3.3+1.2
DUG  Dugway, Utah 62.2  325.0 -0.7+41.6 +9.0+1,0
FLO Florissant, 50.8 340.8 -14.2+0.8 ~9.0+1.8
GSC ggidstoné. 61.5 318.4 (+0.112.2)a (+6.2+1,1)2
Jer Janction, 47.9  326.2 +2.31.6  +6.9+2.1
oXF  oxtord, 46.6  339.3 =6.040.7  =3.0+1.6
sce’ State College. 49.9  353.5 0 0
SHA g;éing H111, 42.6 338.4 -10.8+0.9  (-1.4+0.9)%
e Tagson, 55.7  319.3 =3.9%+1.9  +10.9+0.8
WES  Weston, Mass. 51.1 0.0 +10,6+1.5 +8.2+¢1.7
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Table 3.3

Differential attenuation of S waves,
South American event of 3 November 1965

» 3% ' ¥*
Station Dis- Azi- st 5t
tance mith SV SH
(deg) (deg) (sec) (sec)

AAM  Ann Arbor, 52.4  348.5 +1.6+42.0  (+9.8+2.0)°
Mich.

ATL  Atlanta, Ga. bh,1 3444 -6,9+0.5 +4,0+1.1

BKS  Berkeley, 66.6 318.0 -3.6+1.5 -2,2+0.8
Calif. ) -

COR Corvallis, 71.0 323.5 -6.6tl.3 +5.311.2
Ore. "

DUG Dusway, Utah 62,2 3251 =-5.,1+2.2 +9.140.4

FLO Florissant, 50.8 340.9 (-6.5+1.1)% (+0.2+1,9)%
Mo. .

GEO Georgetown 48.0  354.1  +4,0+1.1 (+0.6+1,4)P
Univ. -

GSC Goldstone, 6l1.5 318.5 =13.3#1.6 -8.6+1.8
Calif,

LON Longmire, 714 3264  +3.0+2.8 +14.3+1.1
Wash,

LUB Lubbock, 51.4 327.2 ~8.9tO.9 +3.7+1.5
Texas

RCD Rapid City, 60.73 334.,1 -9.3+1.5 +0.5+1.1

¥ S. Dak,.

scP” State College, 50.0 353.6 0 (0)P
Pa.

SHA  Spring H11l, 42,7 338.5 -9.6+1.1  (+12,3+1,8)°
Ala,

TUC  Tueson, 55.8 319.5 -5.741.6 +10,1+1,3
Ariz,

WES  Weston, 51.2 0.1 +11,141.1  (+7.4+1.9)°
Mass.

1 reference station

a film record poor; waveform uncertain

b low 8/n on E-W trace; station near SH nodal plane
Time window used: 40,6 sec

Bandpass filter cutoffs: 0.040 - 0,173 Hz
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time by some 12 to 16 sec. While deep earthquakes in

South America are often considered multiple events (e.g.
Berckhemer and Jacob, 1968; Chandra, 1970b), the variability
of observed pulse separation with distance and azimuth and
the shorter though similar separation between double P-pulses
suggests that the'second pulse may be a reflection of the
first from a mantle discontinuity. A concelvable candidate
for such a reflector is the discontinuity at depths between
490 and 560 km that Whitcomb and Anderson (1970) observed
beneath the Atlantic-Indian rise and the Ninety-East ridcge,
Another intriguing possibility is that the reflection occurs
at the upper boundary (somewhat deeper than 500 km) of the
discontinuous piece of lithosphere currently thoﬁght to be
delimited by the 1solated zone of very deep earthquakes
beneath the Peru-Brazil region (e.g. Isacks, 1970). What-
ever their cause, the double-pulse nature of the S waves
produced pronounced troughs in the spectra at those
periods, and was the motivation for smoothing spectra
before forming ratios,

In =eneral, the agreement between the two determina-
tions of étgv and 6t§H for the 11 stations with well-
recorded S waves for both earthquakes is good., The
exceptions reflect the differences between the two events
discussed above. For Gtgv. differences between values in
Tables 3.2 and 3.3 for a single station vary between 1 and
slightly more than 4 sec, well within the total range of

almost 25 sec covered bv the data. For dtgH. the agreement
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is not so satisfaqtory. primarily a result of the lower
amplitude of SH waves from the 1965 earthquake.

Average values of étg for the statlions given in
Tables 3.2 and 3.3 are listed in Table 3.7 and plotted
on a map of the Unlted States in Figure 3.3 The averages
were obtalned as follows: For each column of numbers

sty (k = SV or SH), we find the averase value of Sty for

the 11 stations common to Tables 3.2 and 3.3, This average
is subtracted from each member of the column, and we call
the difference the ad justed differential attenuation. We
could just as wellnhave assumed that Gt;,SCP = 0 for all
earthquakes and for both‘SV and SH but the predominance of
positive values in the 6t§v columns and negative values in
the Gt;H columns suggests that Gtgv.scp # 6t§H' SCP-
The average at; for a station is the mean of the average
ad justed values of &t8y and st3y. Data in parentheses were
not included.

The differential shear-wave attenuation divides the
U.S. into four regions, as can be seen in Figure 3,3.
There is a broad zone of low attenuation (negative 6t§)
in the central and much of the eastern U.S. And, not
surprisingly, there 1s a wide band of higch attenuation
(positive §t3) in the western U.S,, including stations
in the Basin and Range province (TUC, ALQ, DUG), the Cascade
range (LON), the northern Rocky mountains (B0Z), and
southern Texas (JCT). This region of high attenuation

roughly coincides with the western heat-flow province of



Figure 3,3
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Lateral variation of S-wave differential
attenuation, United States, étg is the
average of attenuation measurements for
two deep earthquakes in South America.
The dashed lines separate (approximately)

regions of positive and negative atg
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Simmons and Roy (1969). Finally, there are two smaller

areas that stand out from the broad pattern:s a zone of low
attenuation in California and western Oregon, and a region
of above-average attenuation in the northeast. WES and
GEO have particularly large values of ét;.

It must be emphasized that these values of differential
attenuation are averages of differences in attenuation along
the mantle ray-path, It seems probable that for ray paths
from deep earthquakes the variations 6Q§l are largest
where Q"l is the greatest (1.e. in the low velocity,

‘low Q' zone). But spatial fluctuations in attenuation near
the source cannct be ruled out as an explanation, for
example, of the unexpectedly high attenuation at stations

in the northeast U.S. (azimuths greater than 345°), unless

6t§ 1s shown to be indevpendent of source regilon.

3.3.2 Kuril event

Of the WWSSEN stations in the United States located
within 70° of the eplcenter of the Kuril event of 18 March,
1964, six (see Table 3.4) recorded S waves sulitable for
spectral analysis. Almost all of the S-wave energy was in
the SH mode, a consequence of the focal mechanism (Berckhemer
and Jacob, 1968), which produced an SV nodal plane whose
intersection with the earth's surface passed through the
United States. Also well-recorded at all six stations were
ScS waves (transverse component); these were included in

the analysis, although use of ScS waves in the spectral-



Differentlal attenuation of S waves,
Kuril Islands event of 18 March 1964

Table 3.4

¥*
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Station Dis- Azi- §t st
tance  muth SH Ses
(deg) (deg) (sec) (sec)
BKS Berkeley, 57.7 68,6 +2.8+0.8 -2.9%+1.5
Calif. - -
Ore. - -
DUG  Dugway, Utah 61.3 60.7 0 0
MNN Minneapolis, 67.2 45,1 +9.140.6 -5,440,7
Minn. - -
RCD Rapid City, 63.3 51.8 -6,.74+0,6 -7.8+0,7
S. Dak. - -
TUC Tucson, 68.2 65.2 +2,0+0.4 -1.5+0.5
Ariz. - -

T reference station

Time window used:

Band-pass filter cutoffs:

47,8 sec for S

37.5 sec

for Sc8

00023 - 00177 HZ
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ratio scheme outlined in section 3.1 requires the additional
assumption that the SH-wave reflectlon coefficient at

the core-mantle boundary, if frequency-dependent, does not
depend significantly on epicentral distance.

The computed differential attenuation values are
given in Table 3,4, That the errors shown for this event
are generally lower than those obtained for the South
American events (Tables 3.2 and 3.4) may be due to the
simpler wave-forms for the Kuril event (i.e. no double
pulses), a characteristic that may be typical of all deep
earthquakes from the Kuril arc (Berckhemer and Jacob, 1968).
The absolute amplitudes of SH and ScS waves, after
correcting for focal mechanism and geometrlic spreading, are
roughly consistent with the differential-attenuation
measurements at all stations but one (ScS at TUC). That
is, at each station other than DUG (the reference station),
1f 5t* is positive (nezative) then over much, if not all,
of the frequency band, the corrected spectral amplitude is
less than (greater thqn) the amplitude of the same wave
recorded at DUG.,

‘ If we adjust the st* values in the table by requiring
that the average of st* at the five stations BKS, COR,

DUG, RCD, and TUC equal the average étg, for the same
five stations, from the South American earthuakes (this
amounts to adding 0.5 sec to ‘the St¥y column and 3.2 sec

to the JSt&.g column), then the two ad justed determinations
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agree reasonably well (to within 3 sec) at every station
except MNN. The large discrepancy ( 6t§H = 9.6, étgcs = «2,2)
at MNN is difficult to explain; it may be related to the
likelihood that the S wave to MNN bottoms very near a
suggested lover-mantle transition zone mentioned earlier,
It is intuitively more reasonable that the positive

GtgH. rather than the negative Stgcs. value 1is in greater
error in view of the large negative travel-time delay
observed at MNN (e.g. Hales and Roberts, 1970),

The mean, for each station except MNN, of the two

ad justed Jt* values is given in Table 3.7. The agreement
between 5t§ determinations using events from two different
azimuths is quite good (within 1.5 sec) for four of the
five stations at which both measurements could be made, This
suggests that'(l) most of the contributions to étg arise

in the upper mantle or crust, and that (2) for these four
stations at least, ét¥ is not strongly dependent on

S
the particular path through the upper mantle along which

the wave has travelled; i.e, attenuation varies slowly

with lateral rosition in the mantle beneath these stations,
The exceptional station is BKS, at which shear

waves from the northwest appear to be more attenuated,

relative to the North-American norm, than do shear waves

which have propagated from the southeast. Thls 1s

probably related to the fact that BKS lies near the con-

tinental margin: the S wave from the Kurils passes through
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a predominantly oceanic mantle, whereas the ray path from
South America intersects the upper mantle beneath central
California. Nuttli and Bolt (1969) have recently suggested
that lateral variations in the depth to the top and
bottom of the low-velocity zone may explain the azimuthal
dependence of P-wave travel-time residuals at California
stations near BKS. Such a structure would probably make

étg azimuth-dependent as well, Alternatively, there 1is
a growing body of evidence implying the prior existence of
a zone of oceanic-lithosphere subduction near the California
coast perhaps as recently (near BKS) as 6 million years ago
(Atwater, 1970). If there 1s a fossil °‘plate', thermally
distinet from the surrounding asthenosphere, beneath
California then attenuation of body waveé in that region
may be nearly as strongly path-dependent as in the
vicinity of active island-arcs. (The difference is
% at BKS for events in South America and the Kurils

S
is of the correct sign for the notion of a relatively

st

*cool’ plate dipping toward the east or northeast.,) It
is concelivable thgt measurement of dtg as a function of
path direction to California stations can distinguish
between the model of Nuttli and Bolt and the hypothesis
that a remnant lithospheric plate lies beneath western
North America.

It is not unreasonable that at all stations situated

near boundaries betwen distinct tectonic or structural
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provinces, dJt* should vary with azimuth. Thus, for
example, 5t§ at COR for wave propagating from the north-
east or at RCD for waves from the southwest might be
significantly different from the corresponding value in
Table 3.7. The careful determination of &t* as a function
of azimuth might prove to constrain powerfully the possible
lateral variations of attenuation beneath a station. The
requirement that large, deep-focus earthquakeé be uniformly
distributed in azimuth, however, rules out most portions of
the world (except perhaps Hawail) as candidate sites for

such an experlment,
3.3.3 Mid-Arctic ridge event

The earthquake of 25 August 1964, a shallow event
near the conﬁinental shelf of Siberia, produced S waves
of much longer period than those froﬁ the deep earthquakes.
SV spectra (uncorrected for instrument) were dominated by
peaks of width ,03 to .04 Hz, with maximum Fourier
amplitudes occurring between 40 and 50 sec periods., SH
waves were of shorter duration and wavelength, and correspond-
ingly their spectra were smoother and on the average peaked
at periods shorter than 40 sec, A time window of about 90
sec was required for the SV waves; the shorter wavetrains
and the more llkely possibility of S¢S contamination at

distances greater than 60° dictated a shorter time window

for SH waves.
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Table 3.5

leferentiél attenuation of S waves,
Arctic event of 25 August 1964

Station Dis-  Azi- 5 tsy Sty

(deg) (deg) (sec) (sec)
AAM  Ann Arbor, 58.4 26,0 +18,3+1,0 -0.1+0,6
ALQ xiggéverque, 62,8 47,6 -3.7+2,.8 -4,9+1.7
BOZ  Bozeman, 51.6  49.6 (-11.9+1.5)®  -4,9+0.5
CoR  Corvallis, 50,6 60.2  -5.5+0.9  (-17.4+1.0)C
DAL  Daliae, 66.3 39.2 (-19.1+2.5)P (-17,2+1.8)°
FLO Plotlssant,  61.2 32.k -1.3+2.4  -0.8¢1.1
GOL ggig?n. 58.3 45.6  -9,0+1.5  =17.6+1.7
LON Longmire, 48,8 58,2 +0.2+2.0 (-6.4+3,0)°
MNN :?:géapolls, 54.8  33.8  -4.U4+1.6 -4.5+3,3
OXF g;?giq. Miss. 65.5 32.2  +4.44+2.3 -0.1+0.9
SCP’ State College, 60.3 21,2 0 0
TUC gﬁéson, : 64.7 52,1 -6.242.4  -11,441,2

Ariz.

+ reference satation
a T1lm record poor; waveform uncertain
b spurious high frequency modulation of waveform

¢ 1irregular waveform; station near SH nodal plane

Time window used; 90.8 sec for SV

61.0 sec for SH

Band-pass filter cutoffs: 0.019 - 0,100 Hz
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The calculated values of differqntial attenuation for
this earthquake are given in Table 3.5. It is immediately
apparent that the attenuation pattern is different than that
for the deep South-American events. One complication is
the source radiation-pattern (Sykes, 1968), which indicates
that COR and LON lie near an SH-wave nodal plane, an
explanation of their unusual SH waveforms, More significant
is that the stations with the five highest values of 6t§H
(in order: SCP, AAM, OXF, FLO, MNN) are all in the eastern
U.S. and, in fact, all record arrivals which left the source
at azimuths less than 35°, These five stations‘are among
those with the seven largest values of étgv. The fact
that FLO and OXF show very little attenuation for S waves
from the south implies eilther a strong azimuthal dependence
of 4&tg at those stations or, more likely, that in the
source area\the attenuation depends greatly on the
direction of ray propasation,

The earthquake occurred on what the seismicity
(Sykes, 1965) and linear magnetic-anomalies (Demenitskaya
and Karasik, 1966, and others) indicate is an active mid-
ocean ridege, It is thus reasonable that the seismic
attenuation 1s large in the immediate vicinity of the earth-
quake source. We might expect that the angle the projection
"of an S-wave ray-path onto the earth's surface makes with
the ridge axls is related to the amount of near-source

attenuatlion that the wave suffers, Further, it may be



Figure 3.4
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Lateral variatlon of near-source attenuation:
the mid-Arctic ridze earthquake. The
difference between dtg determined at
U.S. stations from the Arctic¢ event and

6t% (S. Am.) determined from the
South American events (i.e. Table 3,7)
is shown (right) as a function of propaga-
tion direction (azimuth, measured clockwise
from north) from the source. The projections
onto the earth's surface of several S-wave
propagation-paths to North America are
plotted (left) on a map of the Arctic
resgion (Lambert equal-area projection).
The Lomonosiov ridge is well-defined by
the 2-km 1sobath (simplified from Vogt and
Ostenso, 1970), while the deeper mid-Arctic
(also Nansen) ridee follows the trend of
earthquake epicenters (crosses; from
National Earthquake Information Center,

1970).
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no more than coincidental that rays leaving the earthquake
focus at azimuths less than 35° or 40° must pass beneath
the aseismic Lomonosov ridge, a feature that appears to

be assoclated with uniformly high heat-flow (e.g. Lyubimova,
1970), whereas those at greater azimuths do not. This is
shown graphically in Pigure 3.4, where we have plotted the
difference between 5t§ as determined for the Arctic event
from that obtained for the South American earthquakes as

a function of propagation direction at the epicenter of the
Arctic event., 1t should be cautioned that the determina-
tions of Gtg for the two source regions we;e made over
somewhat different frequency-intervals,

The notion that the lateral heterogeneity of attenua-
tion near a mid-ocean ridge strongly might affect the
spectra, observed teleseismically, of long-period shear
waves from earthquakes on that ridge is potentially very
useful, Ward and Toks®z (1971) observed similar lateral
variations of attenuation of short-period P waves near the
crest of the mid-Atlantic ridge. While conclusive
support for such a hypothesis has not been demonstrated, the
possibility that spatial variations of Q'l, and hence
of the material properties which affect Q‘l. in the
vicinity of active ridees might be deduced from body-wave
spectra of ridge earthquakes deserves considerable study.

In spite of the fact that both near-source and near-

recelver attenuation influence the st* values in Table 3.5,
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we may still chepk some of the small-scale patterns
of Figure 3.3 by looking at the relative value of St#*
for stations at nearly the same azimuth from the source.
Thus FLO appears less attenuating than OXF, LON is
more attenuating than COR, and BOZ and ALQ have similar
spectral ratios. This is in good qualitative agreement
with Figure 3.3. In addition we can predict that 1f we
analyzed records at GOL and MNN for South American earth-
quakes, 6t§ would be less than -5 sec for GOL and less than
-10 sec for MNN.



113

B.Q' P-wave differential attenuation

To determine the P-wave differential attenuat;on
" §t%, we use values of relative attenuation reported in
the literature., Table 3.6 lists values of 6t§ obtained
from Teng (1§68) and Mikumo and Kurita (1968) for the earth-
quakes indicated. Both sets of authors measured P-wave
spectral ratios and used a relation such as equation (7)
with 6t3 = 6t§ z 0, to obtain the quantities (tj - t!).
which were assumed to depend only on epicentral distance
and the focal depth of the source, We subtracted from their
reported values of (t3 - t;) the attenuation predicted by
equation (3.5) for a CIT-11A velocity distribution (e.g.
Anderson, 1967) and Teng®s (1968) model-F Qa-distributlon.
The differences were then assumed to equal ( Stj - &ty).
Table 3.6 includes two independent determinations of

Stx for the Peru-Brazil border earthquake of 3 November

P
1965, The differences between the two determinations are
greater than 3 sec for three stations (BKS, OXF, WES).
The two values at the remaining stations agree to within
0.1 to 2,8 sec. The reason for the discrepancies may lie
in the slightly different forms of analysis nused by the
two sets of authors.

Teng's (1968) method of obtaining SAy = tg -t
is the one we have followed in this paper: equations (3.1),

(3.4) and (3.8)., He smoothed all spectra and spectral

ratios by averaging over a window of width ,02 Hz. The



Table 3.6 114
P.wave differential attenuation

4#
6tP (sec)

Teng (1968) Mikumo & Kurita(1968)
9 Nov 65 3 Nov 65 3 Nov 65 28 Aug 62

AAM  Ann Arbor, 2,06 -2,10
Mich.

ALQ Albuquerque, 1.33 b,14 (14,75)8
N. Mex,

ATL  Atlanta, Ga. 1.87 =1.,47 -1,.66

BKS Berkeley, 1.80 -8.18
Calif,

BLA Blacksburg, Va. =0.94

BOZ Bozeman, -0,04
Mont.

COR Corvallis, 4 -0.55 -0.42  (0.43)2
Ore. ‘

DAL Dallas, Tex. (0.95)8

DUG Dugway, Utah 1.05

FLO Florissant, -0.68 -=3.35 (1.41)%
Mo.

GEO Georgetown 1.72 0.36 3.54
Univ.

GOL Golden, Colo. -0,48 1.45 =1,27 (6.54)8

LON Longmire, 3.41 (7.55)2
Wash.

LUB Lubbock, Tex. -0.75 (5.21)8

MDS Madison, Wis. (6.43)a

MNN Minneapolis, (4.72)8
Minn.

OGD Ogdensburg, -0.10 -2.32
NIJ.

OXF Oxford. Miss. 1.92 0,22 3.80

PLM  Palomar , -3.24
Calif,

RCD Rapid City, 1.43 1.02  (3.52)2
S. Dak,

scPT State College, 0.0 0.0 0.0 0.0
Pa,

TUC Tucson, 1.94 6.52
Ariz,

WES Weston, -0,98 4,68 L, 57
Mass,

+ Treference station

a A > 759, core diffraction effects important
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frequency bandwidth for whiéh hils attenuation measurements
are appropriate i1s .0l to 0.2 Hz, Teng has estimated that
scatter 1n the data and errors in assumed crustal
structure each introduce uncertainties in 6Ai of about
+1 sec.

Mikumo and Kurita (1968) define a new quantity
F( w) = ln[RIJ ( w)/le(wo)]

where w = 2 7f and y, is a reference frequency. They

fit a straight line through the origin to F( w), and equate
% with (t4 - £})/2r . (Dr. Mikumo kindly provided his
values of gg in tabulated form.) Because of the

narrower frequency band (.03 to 0.13 Hz) and the slmplér
crustal model (a single layer, uniform for all étations)
used in their calculations and the greater spread in

thelr reported attenuation-values, the 6t§ values obtained
from Mikumo and Kurita (1968) are considered somewhat

less reliable:than those calculated from Teng's (1963)
work, '

Teng measured the attenuation for a second South
American shock with a hypocenter very close to that of the
3 November 1965 event., The agreement in the values of

St; for the two earthquakes is not any better than that
between the two determinations of §t§ for 3 November
1965. Shown also in Table 3,6 are §t* calculated from the

P
attenuation measurements of Mikumo and Kurita (1968) for
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an intermediate depth shock in Greece. Unfortunately,

all U.S. stations are at least 68° from the epicenter.
Beyond 75° or 80°, the effects of core diffraction become
important. Since these effects were not considered by
Mikumo and Kurita, 6t§ for all stations at epicentral
distances greater than 75° are not of much value except
for comparing stations at similar epicentral distances,
These values are enclosed in parentheses in the table,

Mean values of St; at each station for deep

South American earthquakes, adjusted so that the average
6t§ for the U.,S, equals zero, are listed in Taple 3.7

and plotted on a map of the U.S. in Figure 3.5. Similarities
between Figures 3.3 and 3.5 are readily apparent. The
wide zone of high attenuation west of the'Rockies and the
low attenuation on the Pacific coast and througﬁout the
central and much of the eastern parts of the country duplicate
similar features in the Jt% map. Some differences emerge.,
RCD and BOZ, the latter near the border between two
physiographic provinces, have atg. respectively, greater
than and less than zero, but 6t§. respectively, less than
and greater than zero. WES and GEO show both P and S
waves highly at£enuated. though the continuous zone of
high attenuation in the northeast is less well outlined in
the d&t* data., OGD, in particular, has a low value of

P

St¥*, though unfortunately no ¢J§t¥ for that station
S

Pl
has been yet measured. The P-wave differentilal
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Table 3.7
Comparison of average differential attenuation
for P and S waves at U.S. stations

From South America From Kuril arc
Station sty 5ty 5 tg
(sec) (sec) (sec)
AAM -0.3" 3.8
ALQ 2.5 0.8
ATL -0.7 -2.8
BKS -3.4 -3.1 1.7
BLA -1.2
BOZ -0.3 3.2
COR | -0.7 -1,0 -2.3
DUG 0.8 3.3 1.8
FLO -2.3 -11.0
GEO 0.8 7.6
GOL -0.4
GSC -10.8
JCT 5.2
LON 3.1 8.8
LUB -1.0 -2.4
0GD -1.5 |
OXF 1.7 -3.9
PLM =3.5
RCD 1.0 -4,2 -5.6
SCP -0.3 0.6
SHA -6.7
TUC 4,0 3.2 2.0

WES 1.6 10,2



Figure 3.5

Lateral variation of P-wave differential
attenuation, United States. 6t§ is the
average of attenuatlion measurements for
two deep earthquakes in South America.

Dashed lines sevarate (approximately)

regions of positive and negative Gtg.
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attenuation also points to relatively high absorption for
waves arriving at stations in the Gulf coastal plain

(0OXF), though this is not indicated by S-wave data, In
general, however, qualitative agreement between the patterns
of S and P attenuation 1s fairly good. A more quantitative

comparison is made in the next section.
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3.5 Constraints on the mechanism of attenuation

The data of the preceding section do not, by any
means, completely define the Q-structure beneath North
America. Nonetheless, several important results peftaining
to the physical mechanism of dissipation (at least of the
laterally-varying component of dissipation) may be obtained
by comparing. the relative attenuation of SV and SH waves
and of P and S waves. A convincing case may also be made

that Q'l must be frequency-dependent.
3.5.1 Possible anisotropy of attenuation

If the mantle is everywhere isotropic, then stgv and

Se¢%
*Su

a single quantity. To the extent that shear-wave

for a glven station provide independent estimates of

attenuatioh is anisotropic in some region of thé mantle,
that region will show different values of §t* for SH

and SV components, With the alm of investigating the
vossibility of attenuation isotropy in the upper and lower

mantle, we havé examined ‘'adjusted® values of 8t§v and
6t§H for all combinations of stations and events for

which we have reliable estimates of both quantities,

'‘Ad justment® for the 25 August 1964 earthquake was
satisfied by requiring that at the set of stations common
to Tables 3.5 and 3.7, the average value of §t* (SV or SH)

in Table 3.5 equal the average value, for the same station
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We suppose that if the difference 6t§H - 6t§v
(adjusted values), at a given station and for a given event,
departs significantly from zero then anisotropic attenuation
is indicated. The term °'significantly® deserves more than
passing note., We are subtracting two quantities, each with
considerable uncertainty (due both to errors. in obtaining
the slopes of the spectral ratio and to incorrectly
accounting for the baseline differences used in comparing
various sets of data). Thus conclusions derived from the
quantities St&y - Gtgv should be treated with a healthy
skepticism, With that note of gloom we press on.

Vvedenskaya and Balakina (1959) have invoked aniso-
tropy of attenuation at certain depths in the lower mantle
to explain decreased amplitudes of SH waves, relative to
those of P and SV waves, within five epicentral distance
ranges., As a test of theilr sugéestion. we plot in Flgure
3.6 the quantity 6t§y - Ot§y as a function of epicentral
distance., Vvedenskaya and Balakina (1959) found the
ratio of SH amplitude to SV amplitude to be anomalously
low for eplcentral distances in the range 51-53° and near
70°, (These figures are appropriate to shallow sources;
for deep earthquakes the corresponding values will be
several degrees lower). While there is no readily
discernible trend in Figure 3.6, the scatter indicating
that either upper mantle properties or data errors dominate

the effect of the lower mantle, the absence of obvious peaks
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Relative differential attenuation of SH

% o St#
and SV waves, The quantity GtSH étsv.
assumed here to be a function of epicentral

distance only, has been determined using

two deep earthquakes (solid circles) and

one shallow event (open circles). The
two shaded reglions indicate ranges of
eplcentral distance (for a shallow focus)
over which SH-wave amplitudes are reputed
(Vredenskaya and Balakina, 1959) to be
anomalously low relative to SV and P

amplitudes.
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in 6t% - '6t* near 47° or 66° (for the South-American

S
data) igovide no encouragement for Vvedenskaya's and
Balakina's hypofhesis. It ma& be concluded that the
amplitude anomalies they observed either are regional‘in
character or are not the result of atténuation.

A look at the quantity 6t§H - étgv, averaged for
the two South American earthquakes, at individual stations
is also illuminating. The absolute value of the difference
between SH and SV attenuation is greater than 3 sec at 6
(out of 17) stations. At LON, DUG, TUC, and LUB in the
western U,S., GtgH - St&y equals +5 to +9 sec (i.e, SH
waves appear more attenuated than SV waves); while at WES
and SCP in the northeast U.S., st§y - ot§, equals -8
and -6, respectively (i1.e. SH waves are apparently
less attenuated than SV waves)., The notion that such
differences imply anisotropic Q‘l (presumably the result
of non-hydrostatic stresses) in the upper mantle has
not been verified, of course, since the effects of
attenuation alone remainine parts of the ray path have not
been élimlnafed. Nonetheless, the 1dea is an intriguing one

that deserves further attention.

3.5.2 Relative magnitude of P and S differential-attenuation

Consider the relative magnitudes of 5t; and 5t§

obtalned from records of South American earthquakes. The

St* values in Table 3.7 vary over a range of 7.5 sec,

P

whereas the range of ng values is 22,2 sec or almost three



Figure 3.7
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Comparison of S and P differential
attenuation at U.S. stations. Vertical and
horizontal error bars delimit the.range of
calculated values for each station. The
straight line drawn throuch the data points

is the least-squared-error fit,
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times as great, This implies that contributions to the
differential attenuation due to losses in shear are greater
than those due to losses in pure compression. This
conclusion may be stated more quantitatively.

In Figure 3.7 1s a comparison of average étg and
6t; at U.S. stations for ray paths from South America.
(GSC and PLM are treated as a single point.) Error bars
indicate the range of individual values, The correlation
coefficient for the two sets of data 1s. 0.65. This
correlation coefficient 1s significantly greater than zero
at the 99 percent confidence level., The straight line |
satisfying the requirement that the sum of the squares of
the perpendicular distances of the points from this line be
a minimum (e.g. York, 1966) is gilven by

St%* = «0,6+1,6 + (4.1+0.8) st% |

#*
S P

(The uncertainties indicated are the standard deviations,)
From the slope of the stralight-line fit, an estimate
may be made of the relative contributions to observed
differential attenuation of losses in shear and in com-
pression, Let us write 6Q;1 (equal to ngl) in the
following form (Anderson and Archambeau, 1964), valid

for most attenuation mechanisms when losses are small.

-1 = 7 .
esQ” (3.9)
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where the complex shear modulus 1is given by
o= p' 4+ i (u" + Su") .

For S waves at normal incidence, assuming lateral attenua-
tion-variations (i.e. &u") are confined to a zone of
thickness h in which u‘and u" do not vary, equations

(3.6) and (3.9) give

. 1/ 611“

‘Stg = hp 2 — (3010)

(u'¥2
where o is the density, assumed constant. Similarly
4
1 SK" + = 61-1"

5t% = hp s (3.11)

(K' + 3 u') 72

where K = K' 4+ 1( K" + 6K") is the complex bulk modulus,

Then

n %

]

%

4

3
5t su" (K + 4 u-)/Z (3.12)
St SK" + 3

v

[
>
.
et
I+
o
.
(o]
.
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Taking ( K' + 4 u')/ u* = 3 in equation (3.12) gives

3

"

Su
=1,0+ 0.2 (3.13)

11} 3 "
which implies 6K" = O, Even If we take 6t§ / Stg = 3.3,
one standard deviation less than the calculated value,

we find

— = 0,24 or K ='0,14
Su" —I'—GQ_
u

Thus compressional losses are considerably less important
than shear losses in governing regional differences in
attenuation, and the relative magnitudes of S- and P-wave
differential attenuation are consistent with all contribu-

1 being due to losses in rigidity. This is

tions to 6Q;
in line with the findine by Hales and Doyle (1967) that
travel-time residuals in the U.S. are most simply explained
by regional differences only in the shear modulus.

(A word of qualification should be interjected.
Filgure 3.7 shows considerable scatter, This is due in
large part to random errors, but may also reflect real

lateral differences in the contributions of compressional

losgses, At ALQ and TUC, for instance, 5t§ is greater than
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Gtg)

The conclusion that all regional variations of attenua-
tion in North America may be attributed entirely to losses
in shear is of immense importance. A viscous dissipation-
mechanism, such as would be approoriate to a partial melt
(cee Chaotef 2), 1s strongly indicated. Further support
for such a hypothesis comes from the fact that most of the
regions of himsh attenuation are areas where near-solidus
temperatures in the upper mantle are indicated by other
geophysical studies., Thus upper-mantle attenuation
mechanisms for which compressive losses are comparable to
or greater than shear losses (i.e. those which involve
changes in volume), such as interface 1nelast;city at fluid-
filled cracks {Gordon and Davis, 1968) or acoustic-wave
propagation through a phase change with reactlon rate
comparable to wave frequency (Vaisnys, 1968), contribute

negligibly to the lateral variations of attenuation,

3.5.3 Prequency dependence of Q"1

It i1s now widely accepted that for rocks at pressures
less than a few kilobars, the intrinsic Q 1s substantially
independent of frequency (see Knopoff, 1964 , or Attewell
and Ramana, 1966, for reviews of recent measurements).

Much more in doubt 1is the frequency dependence of Q in the
earth's mantle, Elaborate theories have been worked out for

a myriad of attenuation mechanisms, and various functional
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dependencies of Q-l on f have been proposed. Unfortunately
most .seismic evidence 1is ambiguous at best.
Gutenberz (1945¢,1958) was the first to make

measurements of body-wave attenuation. He concluded that

Q in the mantle is proportional to frequency for both P

and S waves.' Because he used data from many earthquakes,
without regavd to variations in source functions, instrument
responses or station crustal structures, his findings have
been lightly dismissed by subsequent workers,

That Q méy increase with frequency for short-period P

waves in the mantle 1s suggested by the high values of Q
(ereater than 1000) determined for the frequency range 1-10
Hz (Asada and Takano, 1963; Sumner, 1967). This contrasts
with values an order of magnitude lower for the frequency
range .0l to 1 Hz reported by other authors (Teng, 1966,
1968; Hirasswa and Takano, 1966; Kanamori, 1967a). More
concluslvely,.Qu proportional to frequency has been shown
to be anoropriéte for Pn waves in the frequency range

1.5 to 20 Hz, in Maine (Frantti, 1965) and for direct

P waves 1n the frequency rance 0.3 to 1.3 Hz (Kurita, 1968).
Furthermore, Fedotov and Boldyrev (1969) found that Qa

and Q at depths near 100 kmr beneath the southern Kuril

B
Islands increase as £0:8 for r in the range 1.25 to 20

Hz. From the attenuation of Pn waves In the western United
States, Archambeau et al. (1969) also concluded that Qa in

the uppermost mantle increases with increasing frequency
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over the frequency range 0.75 to 1.5 Hz.

After a study of the spectral ratios of shear waves
multiply reflected at the core-mantle boundary and recorded
over a wide epicentral-distance range, Sato and Esplnosa
(1967) concluded that QB in the mantle decreases with
period, T, between periods of 25 and 90 sec, Thelir method
consists of first computing Q for each independent spectral
amplitude in the spectral ratio of a given (n+l) SeS/nSeS
or (n+l) sScS/nsScS palr for a single earthquake. Plots
of Q versus T are then grouped into three epicentral-
distance ranges. In each range, the Q's for a certain period
are averaged, The resulting average Q's show a general
decrease with increasing period for all three distance-
ranees.

The results of Sato and Espinosa are suspect on
several counts, however. For the smallest eplcentral
distances, spectral ratios with both Q increasing with T
and Q@ decreasing with T are observed, For a glven perlod,
averaging the various values of Q'l -- more physically
reasonable than averasing the Q's -- would zl&e a mean Q‘l
that shows very little if any dependence on period. For
greater epicentral distances, the drop in apparent Q with
period appears to be real. This may not represent an
intrinsic frequency dependence, however, Sato and
Espinosa assumed that surface and core reflection
coefficients, as well as station crustal response, are

independent of period. Including the effects of layering
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in the crust and near the core-mantle boundary may alter
their conclusions.

More recently Tsal and Akl (1969) were forced to
invoke a frequency-dependent Q@ to explain Love- and
Ravleigh-wave attenuation in the frequency range ,02 to
,065 Hz, They proposed that Q for veriods shorter than 20
seconds 1is lower than that for longer veriods in the
upper 30 km of the earth,

Let us suppose that for a sufficlently restricted
frequency bandwidth we have for anv sliven region of the
earth three possible forms for the functional dependence of
Q on frequency: (1) Q is indevendent of f, (2) Qf is
independent of f, (3) Q/f is independent of f. (Clearly,
for a frequencyv band as wide as a decade or more, these
three choices do not exhaust all possible forms of frequencyv
dependence; cf. Chapter 2) If (3) holds everywhere in
the earth, then all body-wave spectral ratios, after
correctlions for source and station effects had been made,
would be constants, iIndevendent of frequency. This is
not the case, If, on the other hand, Q@ in the mantle
is everywhere inversely proportional to frequencyv (l.e. 2
holds), then avpropriately corrected spectral ratios would
varv as the square of frequency. In fact, the (n+l)
ScS/nScS spectral ratios of Kovach and Anderson (1964)
and the P/PcP ratios of Kanamori (1967c), as functions of
frequencyv, show a downward curvature, indicating that in

those studies the apparent Q@ may decrease with frequency.
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As a test of whether &ti (and therefore sQT)

provortional to frequency is appropriate for the S-wave
svectral ratios discussed above, each ratio from the two
South American earthquakes and from the Kuril arc event
was fitted not only by a stralght line of the form a + bf
but also by a square law of the form a + bfz. The sum of
the squared resliduals was used as a test of the goodness
of fit, Of the 57 spectral ratios (again omitting components
with St# ziven in parentheses in Tables 3.2 through 3.4),
29 were fit slightly better by the second-power law than
by the straisht line, The opposite was the case for the
remaining 28 ratlos, This 1s hardly overwhelming evidence
elther for or against a frequency-dependent Q, and the
question may be conslidered still unresolved. It is
safe to say, however, that there 1is no strong reason to
Indicate the pfevious assumption of a frequency-independent
St* is improper. (Note that the assumption that St
is frequency-independent, because §t#* 1s an integral over
a ray pmath, is much weaker than requiring éQ‘l to be
everywhere indevendent of frequency. See also Chapter 5,)
It 1s quite possible that the ambiguous results
clted in the preceding varasraph are the result of the
relatively narrow frequency band (less than a decade) over
which spectral measurements were made. How may we extend
our discussion, say, to higher frequencies? For P waves,
we miscsht compare values of Sth (appropriate to

f =,10+.09 Hz) at U.S. statlons to the measured station
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Surface-wave magnitude versus body-wave
magnitude for events in southwestern North
America. Mg and my, measured at stations
in the Canadian Network, are from Basham

(1969). Earthquakes represented by solid

symbols are located in regions of negative

5t; in Figure 3.5; those given by open

symbols are located in areas of high

‘attenuation (pvositive 5t§) in Figure

3,5, Straight lines are (lowest line)
Basham's fit to nuclear-explosion data
and (upper two lines) least-squared error

fits to the two earthquake populations.
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anomalies for bodv-wave masnitude, obtained from amplitudes
of short-period (f = 1 Hz) P waves (e.g. Guyton, 1964;
Cleary, 1967). The body-wave magnitude at any single
station may be at least as sensitive, however, to local
geology (1.e. the presence of a sedimentary basin) as it
1s to upper-mantle attenuation. Thus we shall éake an
alternate (and, to some extent, reciprocal) approach: we
compare 6t$»at U.S. stations to the body-wave magnitude,
my, of U.S. earthquakes of a given dimension (i.e. surface-
wave magnitude).

From Filgure 3.5 one can make two important hypotheses
concerning body-wave magnitudes: (1) If the differences
at long periods between 6t§ for the Paclfic Border province
and that for the Basin and Range province persist at periods
near 1 second, then bodyv-wave magnitudes for California
earthquakes, recorded at teleseismic distances, should be
greater than those for Nevada-Arizona earthquakes of
comparable surface wave magnitude Mq. (This presupposes
that the effect on my of lateral variations in d&t§ is
much greater than the effect on M, of lateral varlations in
Qﬁlfor ?0-sec Rayleigh waves, an assumption supported by
the results of Chavter 4,) (2) Because differences in m
predicted from Stg values obtained for long-period waves
are less than those observed, Q&l is frequency-dependent.
Each of these statements merits closer scrutiny.

As a test of the flrst hypothesis above, we reproduce

in Ficure 3.8 Basham's (1969) measurements at Canadian
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stations of My, and Mg for earthquakes and explosions in

south-western North America; we make, however, an additional
important distinction. The earthquake population is
segregated into two groups: (1) those that ocecur within the
zone of high attenuation (10 in the Basin and Range Province
and 6 in the Gulf of California), and (ii) those that occur
outslde the zone (8 in the California Border Province, 2

in western Baja California, and 1 near Denver). The earth-
quakes in group (i1) cluster very tightly about a straight
line. With one exception, earthquakes in group (1) lie

well above that line, From the fitting of straight lines,
usineg a least-squared-error criterion, to the two popula-
tions, we conclude that in the My rance 4.5 to 5.5 earthquakes
of a given surface wave magnitude from the Basin and Range -
Gulf of California region show apparent body wave magnitudes
0.3 to 0.4 less fhan do comparable earthquakes from

ad jacent areas (principally the San Andreas region of
California), That this difference is due to lateral varia-
tions of Q‘l in the upper mantle is strongly suggested, thoush
not proven. Differences in average depth of focus or

source volume for earthquakes of the two areas 1s another
possible explanation. The typically shallow depth of
earthquakes throuchout southwestern North America, however,
and the findings by Wyss and Brune (1968) that source
dimensions of earthquakes in the Nevada-Arizona region are

similar to or smaller than those on the San Andreas fault-
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system are compelling arzuments that the latter explanation
is not valid. Basham's (1969) measurements, therefore,
lend considerable qualitative support to the results of
Figure 3.5 for at least the western United States.

Thus the attenuative properties of a medium can
significantly alter the Mg - my, relationship, used to
discriminate underground nuclear explosions from earthquakes.
The anomalous Mg =~ m, pattern in western North America 1is
at least in part due to greater-than-average attenuation
of P waves in the upper mantle of that region (e¢f, Ward and
Toks8z, 1971). Even more importantly, by considering in
Figure 3.8 only those earthquakes and explosions which
.occur in the same tectonic region (NTS is in the Basin and
Range province). a more effective separation/of explosion
and earthquake populations 1s achleved than if all earth-
quakes from western North America are lumped into a single
category. |

Conslider now the difference in body wave magnitudes
for earthquakes of a civen Mg in California and the Basin
and Range province that we might predict from Figure 3.5.
The average 6t§ for California is -3.4; for the Basin
and Range province J§tf is about 2.4, Using equations
(3.3) and (3.4), we find that for P waves of 10-second
period the amplitude observed from a California earthquake
should be, on the average, a factor of 2 greater than the
amplitude of an event of similar size (i.e. energy release)

in the Arizona-Nevada region.
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If &t% is independent of frequency (i.e. if we make

P
the questionable assumption that long-period spectral ratios
may be extrapolated to higher frequencies), then for
l-second P waves we should predict amplitudes in California
300 times greater than in the Basin and Range area. This
amounts to a’maznitude difference of 2.5, clearly much
larger than the difference of 0.3 to 0.4 indicated in Figure
3.8. Though the larger source volume of California earth-
quakes (Wyss and Brune, 1968) mentioned above may mask

some of the effect of varlations in upper-mantle attenua-
tion, the conclﬁsion that the differences in 5t; between
the two regions decreases with increasine frequency is
difficult to avoid.

A further interestine observation may be made by
comoaring Figure 3.5 with the results of Ward and Toks8z
(1971). For long-period P waves, thuc - Stﬁoz equals
4.0 sec, indicating that P waves of frequency about 0.1
Hz are much more highly attenuated beneath southern
Arizona than beneath the middle and northern Rockles.

Ward and Toks®z (1971) measured the differential attenuation
of short-period (f 1 Hz) P waves at the LASA and TFSO
arrays in Montana and Arizona, respectively. They found

s St¥ equal to -0.2 and -1,1 sec for two deep
LASA

% -
tIrso
earthquakes (in South America and in the Kuril arc,
respectively) equidistant from the two arrays. While the

attenuation beneath LASA (TFSQO) may not be identical to
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that beneath BOZ (TUC), it appears that the lateral
varlation of Q'l between Arizona and Montana is a stroné
function of frequency between 0.1 and 1.0 Hz,.

Thus from the standpoint both of the physical
mechanisms likely to dominate attenuati;n in the upper
mantle (Chapter 2) and of a substantial number of amplitude

measurements of various sorts, Q'l

in the upper mantle of
such tectoniec regions as western North hmerica appears to
be dependent on frequency over at least some poftion of the
frequency range appropriate to seismic raves. This fact
must be considered in any scheme for inverting attenuation
observations to obtain Q'l within the earth., It is also
probable that our assumption that d&t#* for lonz-period P
and S waves is independent of frequency over the’frequency
bands studied 1s incorrect, In that case, the values of
Gtg and Stg dlscussed above may be considered para-

meterizations of corrected spectral ratios which are some-
what more complicated than linear functions of frequency.
The actual measured value of St* is then appropriate rouchly
to the midpoint of the frequency band, i.e. a frequency of

about 0,1 Hz for the determinations given in this

chapter,
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Chapter 4, Regional Variation of Surface-Wave Attenuation

In the last chapter it was shown that the differential
attenuation of body waves shows a strone and systematic
regional variation, which was presumed to be due to a
laterally inhomogeneous absorbing zone (low Q) in the upper
few hundred kilometers of the mantle. If this 2one is a
locus of partial meltineg, then the discussion of Chapter 2
suggests thaf Q“l at these depths is highly dependent on
frequency over at least some portion of the frequency rancgce
aporopriate to seismic waves. A crucilal test of these two
hypotheses 1s the determination of surface wave attenuation,
in the, period range roughly between 15 and 100 seconds, for
individual tectonic brovinces.‘ Inversion of sﬁch measure-
ments to yleld Q’l as a function of depth and frequency
will determine the region of the mantle or crust in which
the greatest attenuation occurs and whether Q'l within
that region can have the frequency devendence expected for
a vartial melt,

The obstacles involved in such a task are lecion. The
measurement of surface-wave disslilpation over path lengths
on the order of 1000 km is notoriously wrought with
complications. Uncertainties in instrument calibrations,
the effect of crustal-structure variations, often unknown,
on wave amplitudes, and the frequent presence of inter-
fering higher modes or laterally refracted multiple

arrivals can make Q@ determinations meaningless.



Even if surface-wave attenuation were known with
absolute accuracy along some path and over some period
range, the technique of inversion is largely a matter of
personal taste., There is, of course, no unique inverse,
and the variation of surface wave Q'l with frequency may
be ambiguously interpreted as a variation of the material
Q'1 with depth alone, with frequency alone, or with both
depth and frequency. |

The above difficulties notwithstanding, because the
attenuation of surface waves with periods between 15 and

100 seconds 18 so highly sensitive to the state of the
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uppermost mantle, Q‘l for surface waves has been determined

over two North American paths. Plausible models of

Q‘l(z.f) for the two paths fit both surface- and bodv-wave

attenuatibn measurements and are consistent with the idea
that the low-velocitv, low Q zone is a region of

partial meltine,
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4,1 Formulation

Most recent measurements of the attenuation of
surface waves have been obtained from the spatial decay
of Fourier amplitude spectra, a scheme lntroduced by
Sato (1958)., When two seismograph stations and an earth-
quake evicenter all lie on a common great-circle path,
the ratio of the observed surface-wave svectral amplitude
at station 1, at a frequency f, to that at station 2, may

be written in ths form:

A, (f)

1]

Ry, (£)
A, (f)
1 (4.1)

. /
@y (£) Ia(f) (81n AZ)Ze‘(Al—Az)k*(f)
A, (£) Io(f)

sin A,

(e.x. Toks8z et al.,, 1964)., In the above expression by
is the epicentral distance to station i; X*(f) is the
average attenuation-coefficient along the vath between
the two stations; I;(f) 1s the amplitude response of the
seismograph at station i; and (li(f) is proportional to
the theoretical amplitude, appropriate to the underlying
lavered structure, at the 1th station. In the special
case where the crust-mantle structure 1s constant alonsg
the two-station path, the ratio ayd, equals unity.

Consider a surface wave propagatineg from station 1

to station 2, Define
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1
1 Io(£) [sin Aq\2
k¥, (f) = 1In [Ry2 (f) .( ) 1
Ar—-A, I;(f) \sin A,
. 1 a (£) (&.2)
= k (f) + 1n .
Ay=-A, a, (£)

Similarly, for a wave propagating from station 2 to station

1l we define

k21(£f) = In [Ry; (f)

1/
* 1 Il (f) (sin Az
A=A, I,(f)

2
B
sin Al (4'3)

. 1 d, (£)
= k (f) + 1n [
A=A, a, (£)

Thus

2k*(f) = k§,(f) + k%, (f) (4.4)

The specific quality factor Q is obtained from

@-l(r) = K1) _U(s) (%.5)
nf

where U (f) is the reciprocal of the average group
slowness between the two stations.

1r d,/d; differs from unity, i.e, if the two
stations lie in different structural provinces, then the
above discussion is not valid in the immediate vicinity of
the transition zone between the two provinces, where such

effects as scattering and mode conversion are important.
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For Love waves, Boore (1970) has shown that (4.1) is a
valid approximation at distances greater than one wavelength
from the traﬁsition region, This provides a useful
criterion for judging whether relations (4.4) and (4.5)

will yield an accurate estimate of Q.
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4,2 Location of surface-wave paths

The two paths over which surface-wave attenuation
has been determined lie in western and east-central United
States., The first 1s between WWSSN stations at Lonzmire
(LON), Washington, and Tucson (TUC), Arizona, and crosses
the Basin and Range and Columbia Plateau provinces, with
a short segment in the southwest corner of the Colorado
Plateau. The LON-TUC path is relativelv homogeneous, though
anomalous, in manv geophvsical parameters; the Pn velocity
is 7.8 to 7.9 km/sec (Herrin, 1969); travel-time residuals
are generally large and vositive (except at LON itself!) for
both P (Clearly and Hales, 1966; Herrin and Taggart,
1968; and others) and S (Hales and Roberts, 1970) waves;
5t§ and 5t§yare large and positive (see Figures 3.3 and
3.5)3 heat flow 1s consistently creater than 1.5 ucal/cmzo
sec (Roy et al., 1968; Blackwell, 1969); and thé electrical
conductivity in the uoper mantle is abnormally high
(Caner et al.,, 1967; Reltzel et al., 1970),

The selismograph station at Longmire, Washineton, is
located in the Cascade mountain range ét the foot of
Mount Rainier and overlies a crust of some 25 to 35 km
thickness., From local earthquake travel times, Dehlinger
et al. (1965) found the crust west of the Cascades to be
5 to 10 km thinner than the crust to the east (roughly
35 km thick). Thus the érustal structure in the immediate

viecinitv of LON may vary laterally, a conclusion strencthened
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by the pronounced negative Bouguer-anomaly closure south-
east of the station site (Woolard and Rose, 1963). The
Cascade range considered as a structural unit, however,
has little or no crustal root (Johnson and Couch, 1970),
Unreversed selsmic-refraction profiles to LON from the
coast of Oregon (Berz et al., 1966) and from British
Columbia along the northern Cascades (Johnson and Couch,
1970) vielded crustal thicknesses of 16 and 32 km,
respectively, For the path between LON and TUC, a sood
estimate for the crustal thickness at the LON end is
therefore between 30 and 35 km,

The selsmograph station at Tucson, Arizona, is located
in the Sonoran Desert section of the Basin and Range pro-
vince and sits atop a crust probably less than 25 km thick.
Warren (1969) observed that the Mohorovicic discontinuity
beneath central Arizona dips to the northeast, and the
crustal thickness increases from 21 km in southwestern
Arizona to abouf LO ¥m near the boundary of the
Colorado Plateau., Extrapolatine from Warren's results
some 200 km aloneg the strike of the M-discontinuitv would
indicate a crustal thickness beneath'Tucson of 21 or
22 km,

It 1s clear that the structure of at least the crust
beneath TUC is different from that under LON. The mantle
velocity structure may also vary along the LON-TUC path,
though Julian {(1970) has indicated thet the entire Basin

and Range province mav be represented by a single com-
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oressional-velocity model. It is therefore imperative that
the apparent attenuation be measured in both directions
along the path., Then Q'l may be determined from equations
(4.4) and (4.5) as long as the transition zone between the
two structurél provinces is sufficiently far from either
station. We anticipate that the transition is centered
near the boundary between the Great Basin and the Colorado
Plateau (see also Pakiser and Zietz, 1965), ﬁhich along the
path to TUC lies about 400 km southeast of LON, This
distance, we shall see, is greater than one wavelength for
all surface waves considered below.

The second surface-wave path examined in this study
lies between WWSSN stations at Rapid City (RCD), Soﬁth
Dakota, and Atlanta (ATL), Georgla, and includes segments
crossing the Great Plains, the Central Lowland, and the
Appalachian provinces., Along the RCD-ATL path the P,
velocity 1s 8.1 to 8.2 km/sec (Herrin, 1969); travel-time
residuals are generally negative (Clearv and Hales, 1966;
Hales and Roberts, 1970); &st& and §t§ are mostly nezative
(see Figures 3.3 and 3.5); heat flow, masnetic and
electrical properties are zenerally normal, The only
exceptional portion of the path is in the northern Great
Plains near RCD, where heat flow greater than 2 ucal/cmz-sec
has been obsérved (Roy et al., 1968; Combs, 1970) and

dt* {s positive,

P
The crustal structures beneath RCD and ATL are quite
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similar (total thickness of crust is 40 to 45 km), and
are not much different from those determined by re-
fraction experiments at other locations near the RCD-ATL
path (Steinhart and Meyer, 1961; James et al., 1968; Healy
and Warren, 1969). Furthermore, recent upper mantle
compressional-wave velocitv models for various parts of
central and eastern United States (Green and Hales, 1968;
Julian, 1970) are alike in their broad characteristics,
differing only in detail. We therefore assume that the
surface wave attenuation between RCD and ATL may be
determined by measuring the amplitude decay in a single

direction only,.
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4,3 Events used in analysis

The earthquakes used as sources of surface waves for
the measurement of attenuation in the western United
States, after a reasonably exhaustive search of all
possible events in the years 1964-1968, are given in
Table 4.1, Those used to determine attenuation in east-
central U,S, are listed in Table 4,2, The origin time,
location, and‘mamnitude are those supplied by the United
States Coast and Geodetic Survey,

For the determination of surface-wave attenuation along
a path between two stations, we should in principle use as
sources of surface waves only earthquakes which lle precisely
on the great circle connecting the two statlions, guaranteeing
that we are saﬁpling a single bundle of energy at two points
in space., This is practically impossible. We therefore
must relax 6ur requirements somewhat, and allow events
that are very near to the two-station areat clrcle., Near-
ness i1s a subjective entity, but we have quantified it in
the form of two parameters given in Tables 4.1 and 4,2,
The quantity A¢ 1is simply the difference in azimuth, at
the source, between the actual paths to the two stations,
and thus 1s a measure of the extent to which the source
radiation-pattern can affect attenuation measurements. For
most source mechanisms, Ap less than 10° is probably
adequate. The quantity AT is the greatest (perpendicular)

distance between the paths to the two stations, 1.e. the
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Earthquakes used to determine surface-wave Q'l, western U,S,

Event
Number

10

20

16

30

18

30

11

15

26

Date

Apr

Apr

Apr

Apr

Aug

Jan

Aug

Apr

Nov

Apr

1964

1964

1964

1965

1966

1967

1967

1966

1967

1968

Origin Time
(G.M.T.)

h

22

09

11

23

20

05

o4

17

21

17

m

33

10

56

22

20

34

22

17

31

Lg

s

h2.2

5501

41.6

18.6

54,0

32.6

01.5

33.8

51.5

02.3

Latitude Longitude

61.6°N
56.9°N
61.4°N
64.7°N
61.3°N
56.6°N
31.7°N
18.4°N
28.7°s

18.7°N

Reglion

147.6°W Southern

Alaska
152.7°%  Kodiak
Island
147.3°W  Southern
Alaska
160.1°%  Central
Alaska
147.5°W Southern
Alaska
120.8°E Southeastern
Russia
100. 3°E Szechwan

Province, China

102.3°W Mexico

o
71,2 W Northern
: Chile

103.39W Mexlco
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Table 4.1 cont.

Earthquakes used to determine surface-wave Q‘l. western U.S.

Event Depth Magni- Distance Azimuth Modes A¢ Ar

Number (km) . tude (deg) (deg) Used (deg) (km)
to to to to
‘ LON TUC LON TUC
1 40 5,7 20.98 37.69 123.3 123.9 R 0.6 23
2 15 5.9 21.44 37,77 105,1 112,6 L 7.5 304
3 30 5,7 20,75 37.46 123,3 124,1 R,L 0.7 28
L 5 5,8 27,44 44,15 112,4 112,8 R,L 0.4 22
5 36 5.9 20.77 37.49 122.8 123.7 R 0.9 35
6 11 6.1 64.54 81,25 42,6 42,2 R 0.4 39
7 3 6.1 93.16109.88 27.5 27.7 L 0.2 22
8 72 5,7 32,52 15.82 334.7 332.7 R,L 2.0 60
9 15 6.2 87,91 71,38 327.9 325.3 R,L 2.6 272

10 65 5.5 31.85 15.13 335.6 335.0 R,L 0.5 16



Table 4,2

east-central U.,S.

T ERED
h o s
11 23 May 1965 23 46 12,0
12 30 Dec 1965 02 06 29,0
13 16 Apr 1966 01 27 15.3
14 19 May 1966 07 06 26.8
15 7 Jun 1966 13 59 36.0
16 7 Aug 1966 02 13 5.1

52,2°N
54,1°N
57.0°N
54 ,1°N
11.3°N

50,6°N

Latitude Longitude

175.0°E
164,3%
153.6°W
164,1°%
139.6°E

171,3%
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Earthquakes used to determine surface-wave Q'l,

Region

Rat
Islands

Unimak
Island

Kodilak
Island

Unimak
Island

Caroline
Islands

Aleutian
Islands
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Table 4.2 cont. ‘

Earthquakes used to determine surface-wave Q'l,
east-central U,S.

Event Depth Magni- Distance Azimuth Modes A¢ Ar
Number (km) tude (deg) (deg) Used (deg) (km)
to to to to
RCD ATL RCD ATL
11 22 6.1 52.4 70.3 64,2 60.8 L 3.4 296
12 13 5.7 40,1 58.1 78,6 76,0 R,L 2.6 189
13 33 5.7 33.7 51.6 90,6 86.2 L b4 272
14 28 5.8 139.9 57.9 78.8 76.2 R,L 2.6 188
15 50 6.5 100.8 118.9 40.8 41.5 R 0.8 85

16 19 6.5 k5.1 63.2 70.7 69.4 R 1.3 105
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(pervendicular) distance of the nearer station to the
(great-circle) path between the source and the farther
station., If AT 1s large, then lateral (i.e. perpendicular
to the wave paths) changes in structure can significantly
alter the apparent attenuation. An upper limit for
allowable values of Ar is difficult to determine; such a
limit will varv from one region to another and may be a
function of wavelenegth, We may assume that Ar 1is sufficlently
small for all earthquakes listed in Table 4,1, for
instance, except possibly for events 2 and 9, The fact
that velocities and attenuation calculated for the latter
two earthquakes asree with those of other events in the
table 1s a good argument for theilr inclusion in the

compilation below,
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L,4 Procedure

Long-period selsmograms were digitized at a time
interval of about l.4 sec. After mean and linear trend
were removed, N-S and E-W components were rotated to the
radial and transverse directions. All components were then
bandpass filtered (.01 to .067 Hz), appropriate aroup-
velocity windows were applied, mean and linear trend were
again removed, and Fourler amplitude and phase spectra
were computed using a fast Fourler-transform technique,
Both amplitude and phase spectra, the latter made a con-
tinuous function of frequency by removing jumps of +2 ,
were smoothed by averasing over a frequency interval of
.0085 Hz, For the palr of stations 1 and 2, the ratlo
Rlz(f) of amplitude svectra and the difference

A0(£) = [ ¢,(f) = ¢3(f) ] /2n 1in phase spectra were
determined and corrected for any differences in the
theoretical-response curves of the two instruments
(Hagiwara, 1958). The apparent attenuation-coefficient
was obtained using equation (4.2), and the phase and group

velocity were calculated from the relations

A, - A,
c(f) =
ta - t1 + (N-AQ)/f
A, -4,

f2 0 m g
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where t1 is tﬁe start time of the group velocity window
at station i and N is an inteeer, The derivative of the
tabulated function Ad (f) was approximated by the
derivative of the Lagrangian interpolation-polynomial of
degree 2. |

Data in a particular frequency-band were considered
acceptable ﬁhgn they satisfied the following constraints:
(1) The arrival of energy for all frequencies 1ln the
specified band should be clearlv visible on the seismo-
grams (perhaps after sultable filtering)at both stations.
(2) If all three components were availlable, then the Love
and Rayleigh waves should separate upon rotation. This
was checked by comparing the radial component with the

m/2 phase-sﬁifted vertical component., (3) Group

velocities for the western U.S. path should be near
(1.e. within perhaps 5 percent) those found by Alexander
(1963) for fundamental-mode Love and Rayleigh waves in the
same region. (4) For the western U.S. path, Rayleigh-wa&e
phase velocities should be similar (l.e. within about 5
percent) to those found by Ewilng and Press (1959) for the
tripartite array of Reno, Boulder City, and Eureka, Nevada;
and Love-wave phase velocities should be roushly similar
to those computed by Chana (1968) for the path NTS-Houston.
For the east-central U.S. path, phase velocitles are
expected to be close to those of McEvilly (1964). The

above restrictions occasionally required combinations of
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narrow band-pass fillters and group-velocity windows.
Failure of the above conditions was generally due to:

(1) insufficient excitation at the source of waves in

the particular frequency-band (e.g. longer periods),

(2) interference due to multipathing (i.e. two or more
waves of nearly the same frequency arrive simultaneously),

or, in at least one case, (3) interference due to higher

(Love) mode contamination.
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4,5 Discussion of observations - qualitative

In Tables 4.3 through 4.6 are given the average values
of phase velocity, group velocity, and attenuation (k* and
Q'l) for Love and Raylelgh waves along the two North
American paths. (Individual determinations of velocity
and attenuation for all events listed in Tables 4.1 and
4,2 are given in Appendix 2). The errors shown in the
tables are statistical only, For each direétlon along a
given path, meran and standard deviation are computed for
c=1(r), U‘l(f) and k*(f) at each f, (These are also
included in Appendix 2). Attenuation and reciprocal
velocities for the two directlions are then averaged, with
standard deviations obtained by assuming the determinations
along the two opposite directions are independent. This
use of the standard deviation as a measure of error is a
gross simplification: firstly, departure from the mean of
an individual observation is probably not a normally-
distributed random varliable; secondly, the samplinm space
is too small, for some frequencles 1t is only two observa-
tions; finally, velocity and attenuation in the two
oprosite directions may not be independent. Thus the
errors given in Tables 4,3 through 4.6 are intended only

as rough indicators of the precision of the measurements.
4,5.1 Western United States

QL'l(f) and QH‘l(f) for the LON-TUC path are shown
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Love-wave propagation parameters, western United States

f
Hz

.0121
.0135
.0150
. 0164
.0178
.0192
. 0207
. 0221
.0235
. 0249
. 0264
. 0278
. 0292
.0307
.0321
.0335
.0349
. 0364
.0378
.01392

a

sec

82,52
73.8L
66,80
6€0.99
56.12
51.96
L8, 38
45,26
42,51
b0.68
37.92
35.97
34,22
32.€2
31.18
29.85
28.63
27.51
26.47

25.51

V]
km/sec

b.475

4,479

4,400

I,320+,0532

k,292+,050
4,257+,041
4,231+,035
4,208+.029
4,185+.022

4.136+.011
4.113+.007

I, 088+.009

4,067+.015
4,045+,022
4,024+,031
4,013,040
3.992+ . 049
3.969+.059
3.92%.051

standard deviation

U
km/sec
b,12
411
4,10
4,02+.042
3.97+.02
3. 94+ . 04
3.91+.,05
3.871.0%
3.83+.09
3.79+.11
3.774.08
3.69+.11
3.66+.12
3.65+.13
3.61+.18
3.5%+.22
3.55+.23
3. 51+, 22
3.47+.21

k*
lO“""km'l

2,31
2.57
2.65
2,58+.688
2,65+.65
2.90+.65
3.02+,70
3.02+.84
2,88+,84
2.65+.90
2,65+.68
2.38+.64
2,18+.67
2,04+, 87
1.§11.2
1.1+2.0
0.9+2.4
0.7+2.7
0.5+2.9

3.36+.13 -1.6+0.4

100/Q

2,50

2.48

2.31
2,01+,532
1.88+.46
1.89+,42
1.81+.42
1.68+,41

1.49+.44

1.28+,44
1.21+.31
1,01+.27
87+.27
«77+.33
.69+ .43
.35+.68
«28+.76
«22+.81
.14+,85

Q

40
4o

115
129
144
283
360
450
700
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Love-wave propagation parameters, western Unlited States

. 0406
. 0421
0435
. Ohlg
. 0463

. 0478
| . 0492
. 0506
.0520
.0535
. 0549
. 0563
. 0577
.0592
. 0606
.0620
. 0634
. 0649
. 0663

24,61
23.78
23.00
22,27
21,58
20,94
20.33
19.76
19.22
18,70
18.22
17.76
17.32
16.90
16,50
16.12
15.76
15,42
15,08

km/sgc
3.899+.055
3.877+.059
3.857+.059
3.839+.057
3. 8244+, 056
3.810+.054
3.796+.054
3.783+.053
3.772+.052
3.728
3.717
3.706
3.696
3.686
3.677
3.669

3.662

3.656
3.649

a standard deviation

4]
km/sec
3.34+.15
3. 34+.13
3. 36+.12
3.39+.15
3.40+.16
3.40+.17
3.39¢.17
3.39+.15
3.39¢.12
3.38
3.34
3.33
3.33
3.34
3.35
3.37
3.39
3.38
3.35

k*

10=4ym=1

-1.8+0.9
-1.9+1.6
-1.9+2.1
-1.8+2.3
-1.6+2.3
-1.2+2.1
-0.7+2.0
-0.1+1.9
0.3+1.7
0.15
0,27
0.36
0.44
0.52
0.66
0.80
0.88
0.98
1.16

100/Q

Q

.06+.36 1600

.03
.05
.07
.08
.09
12
L
.15
.16
.19

3400
1900
1500
1230
1070
870
730
670
615
540



Raylelgh-wave

f

H

L]
[ ]
L]
L]
]
.
.
L]
.
.
.
.
L]
L]
.
L]

z

0235
0249
0264
0278
0292
0307
0321
0335
0349
0364
0378
0392
0406
o421
o435
oLl9
0463

. 0478

. 0492

.0506

.0520
.0535

a

T
sec

42,51
40,08
37,92
35.97
34,22
32,62
31.18
29.85
28.63
27.51
26.47
25.51
2k .61
23.78
23.00
22.27
21.58
20,94
20.33
19.76
19.22
18.70
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propagation parameters, western United States

c
xm/sec

3. 744

3.740+,0108

3,726+.008
3.708+.007
3.692+.008
3.677+.008
3.660+,007
3.644+,008
3.639+.024
3.625+.026
3.606+.031

3.590%, 03

3.573+.037
3.554+,037
3.536+.038
3.518+,039
3.49%.039
3.47%.039
3.453+,039
3.436+.040
3.420+, 041
3. 406+ . 043

standard deviation

U

km/sec

3.55
3.50+.03%
3.4+, 04
3.41+.06
3.40+,05
3.36+.04
3.32+.06
3.29+.08.
3.28+.09
3.22+,12
3.20+.11
3.17+.11
3.13+.09
3.09+,07
3. 06+, 06
3.004+, 06
2.93+.04
2.92+,07
2.92+,09
2.94+.10
2,95¢.11
2,95+.12

*
Kk
10-4ym~1

1,62
1,424,968
1.22+.92
1.0+1,2
1.6+1.3
2.1+41.4
2.3+1.3
2.041.0
1.54+,62
0.84+.80
0.3+1.2
0.08+1.4
O.Qlt}.h
0.2+1.5
0.6+1.6
0.8+1.8
0.3+1.6
0.9+41.6
14414
1.6+1.3
1.7+1.1
1.8%+.94

100/Q

.78
63+, 438
«51+.38
«37+.49
58+ .47
«72+.48
L75k .42
64+,.31
A6+.19
.2+, 23
.08+,32
«02+.37
.00+, 35
«05+.35
«13+.36
«16+.37
.07+.33
.17+.31
.26+.27
<30+, 24
«31+.20
.32+.17

Q

128
158
197
270
172
138
134
156
217
L20
1200
5000

2000
790
600

1500
580
380
340
320
310



Raylelgh-wave

. 0549
.0563
.0577
. 0592
. 0606
. 0620
. 0634

. 0649

. 0663

>

18,22
17.76
17.32
16.90
16.50
16.12
15.76
15.42
15.08

‘Table 4.4 cont
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propagation parameters, western United States

km/sgc
3.392+,046
3.379+.049
3.366+.051
3.354+.052
3.342+.052
3.329+.075
3.316
3.305
3.295

a standard deviation

U
km/sec
2.94+.12
2.93+.12
2.92+,10
2.91+.09
2,88+, 08
2.85+.09
2.88
2,91
2.92

*

X
10-4im=1

1,83.71
1.78+.55
1,68+ .42
1.51+.25
1,644,401
1.80+.80
2.14
2,27
2.69

100/Q

«31+.12
+29+.09
274,07
o2l 04

.25+,06

.26+.12

.3

.32
.38

Q

320
340
370
420
Loo
380
320
310
270
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in Figures 4.1 and 4,2, respectively, along with sevefal
measurements of Q'l(along other paths) publf!hed by other
investigators. (Negative values of QL'1 in Table 4.3 are
not included in Figure 4.1). Several interesting observa-
tions may be made.

For perilods greater than 35 or 40 sec (f < .03 Hz),
QL‘l (see Figure 1) 1s dramatically greater than values
determined in the same period range for the Atlantic Ocean
(Anderson et al., 1965) or for complete great-circle paths
(Sato, 1958; Bath and Lopez-Arroyo, 1962; Kaminuma and
Hirasawa, 1964). The value Qp, = 40 for 70-80 sec Love
waves, even with an uncertainty of 25 bercent; is the
lowest value of surface-wave Q yet reported. The rapid
rise in QL'l. as a function of period, between 30 and 50
seconds places a severe constraint on possible Q‘l models
for western North America.

For periods less than 35 sec, QL‘l in the western U.S.
closely resembles the v@lues cited by Tsai and Akl (1969),
who used a least-squares technique to fit attenuation
along predominﬁntly oceanic paths east from Parkfleld,
California. Most of the surface-wave energy in this
period range (15-35 sec) propagates in the lithosphere,
1.e. the crust and uppermost mantle., That QL'l in a
tectonic region such as the western U.,S. 1s similar in
this period range to QL'l in more 'normal’ regions of
the earth confirms the notion that the most noticeable

lateral variations of Qs'l(z) occur in that part of the
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Figure 4,1 Love-wave attenuation, QL°l(f). western
United States (semi-log scale). Error
bars, showing standard deviations for
selected determinations, indicate the
precision of the measurements. Several
published values of QL‘l(f). obtained for
primarily oceanic paths, are included for
comparison (Sato, 1958; Bath and Lépez-
Arroyo, 1962; Kaminuma and Hirasawa, 1964;
Anderson et al., 1965; Tsal and Aki, 1969).
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Figure 4,2
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Rayleigh-wave attenuation, QR“l(f).
western United States (semi-log scale).
Errors bars are as in Figure 4.1,
Published values of QR'l(f). also shown
in the figure, are for primarily oceanic
(open symbols) or purely continental
(closed symbols) paths (Gutenberg, 1945b;
Press, 1964; Tryegvason, 1965:.Tsa1 and
Aki, 1969).
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mantle below the lithosphere (see also section 4.6).

Raylelgh-wave attenuation in the western U.S,
(Figure 4.2) is not significantly different from attenuation
in other areas (as measured by Gutenberg, 1945b;
Tryggvason, 1965; Tsal and Aki, 1969), at least for the
period range 15 to 40 sec, over which our measurements
were made. (A possible exception is the apparent peak in
attenuation for perlods near 30 sec.) QR'l(f) in Figure
4,2 never exceeds .008, and in fact the line QR-l = ,003
(1.e. QR independent of frequency over the range shown)
would intersect almost all of the error bars, a consequence
of the considerable relative uncertainty attached to most
determinations of attenuation, for both Rayleigh and Love
waves, at the higher frequencles considered in this study.
In the perliod range 15 to 32 sec, QR'l is consistently
greater than QL’l. though for greater periods this
relationship appears to bhe reversed,

The rapld increase in QL-I with increasing period
between 30 and 50 seconds is weakly mirrored by a similar,
though considerably less pronounced rise in QR']. of
some interest 1s the single determination of QR(325)
for 12-second Rayleigh waves made by Press (1964) for

the Nevada region, very near to the values (320-270) of

Qr =lven in Table L,4h for periods between 15 and 16

seconds.
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Both Lové and Rayleigh waves show an apparent, but
not statistiéally significant, minimum in Q’l for peridds
between 20 and 25 seconds., This minimum has been noted
previously by Tryzgvason (1965) and by Tsail and Aki
(1969), It appears to be the result of a decrease in
Q&l and le with depth in the 11thosphere and may require
a frequency-dependent Q-1 in this depéh region (Tsal and
Aki, 1969). This minimum in Qg~l(f) is relevant to the
well-known surface-wave magnitude'(Guﬁenberg. 1945b),
derived from Rayleigh waves with 20-second period, If
such a minimum is a world-wide phenomenon, then lateral
variations of Q;; and le in the earth will not appreciably
affect the surface-wave magnitude (a fact of which we made
use in sectlion 3.5.3).

We note in passing that the Love- and Raylelgh-wave
group velocities given in Tables 4,3 and 4.4, over most
of the frequency range considered, are lower (by .05
to .15 km/sec) than those measured by Alexander (19613)
using paths from Montana and Utah to Pasadena, California.
An interesting side-problem, one not considered here,
would be to determine what changes in his preferred model
(35CM2) are necessary to fit the velocities that are

observed for the LON-TUC path.
L,5,2 East-central United States

q_"1(f) and Qz~1(f) for the RCD-ATL path are shown

in Figures 4.3 and 4.4, respectively. (Again, negative



Table 4,5
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Love-wave propagation parameters, east-central United States

f
Hz

. 0164
.0178
.0192
. 0207
.0221
. 0235
.0249
. 0264
.0278
. 0292
.0307
.0321
.0335
.0349

a

T
sec
60.99
56.12
51.96
48,38
15,26
42,51
40.08
37.92
35.97
34,22
32.62
31.18
29.85
28.63

c
km/sec

4,55+, 042

4.49+,03
b.45+.03
4.41+.02
k. 38+.03
4, 34+, 02
4.30+.02
b.26+,02
b,23%,02

4.,19¢+,02

4.16+.02
4.13+,02
4,10+.01
4.07

standard deviation

U
km/sec

4.00+.02% 1,13+.10%

3.95+.01
3.9&3.62
3.92+,06
3,804,004
3.76+.02
3.71+.02

3-67‘_’:. 02'

3.63+.02
3.60+.02
3.57+.03
3.55+.03
3.54+.03
3.58

*

X
10-%em=1

.76+.01
. 55+.14
«16+.53
0 +.8
-,05¢+.9
.09+1,2
<3 +1.5
.5 +1.7
.8 +1.9
1.1+2,0
1.3+2.1
1.5+2.1
2

100/Q Q

.88+.08% 114
544,01 185
.36+.09 280
.10+,32 1000
.04+,58 2400
13+.66 780
«22¢,70 460
30+.78 330
<3%.75 260
A7+.74 210
.51+,71 200
.06 1700
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Table 4,6

Rayleigh-wave propagation parameters,
east-central United States

T
sec
51.56
48,38
45,26

42,51

ko, 08
37.92
35.97
34,22
32.62
31.18
29.65
28.63
27.51
26.47
25.51
24,61
23.78
23.00
22.27

c
km/sec

4,077+.009% 3.80+.032 1,6+1,28

4.059+.015
4,036+.018
4,010+,019
3.982t;019
3.953+.020
3.923+.021
3.893+.021
3.865+.020
3.837+.018
3.807+.018
3.778+.020
3.752+.024
3.713+.012
3.686+.012
3,654+, 013
3.629+.013
3.607+.014
3.586+,013

standard deviation

U
km/sec

3.76+.07
3.68+.04
3.61+.04
3.54+.05
3.47+.05
3.41+.04
3.37+.02
3.34+.01
3.28+.04
3.2%.07
3.20+.10
3.19+.12
3.10+, 06
3.07+.,04
3.04+,01
3. 04+, 02
3.05+.02
3.07+.01

*

k
10'4km'1

1.1+1.4
1.0+1.3
.8+1.3
41,2
5+ .9
.7

100/Q

. 98:. 7sa

63+.79
+53+,69
40+.63
«31+. 54
.23+.40
.16+.28
134,22
.10+ .28
.05+ .40
.02+ .48
<03+.53
. Ob+, 57
.03+.73
.10+.77

.01+.19
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Q

102
160
190
250
320
Lyo
610
760
970
1900
L4500
3900
2Lk00
3400
960

7600



by
Hz
. 0467
. 0478
. 0492
. 0506

Table 4,6 cont.
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Rayleigh-wave propagation parameters,
east-central United States

T
sec

21,58
20,94
20,33
19.76

c .
km/sec

3.568+,013
3.552+.013

3. 544
3.529

a standard deviation

U
km/sec
3.08+.01
3.08+,01
3.06
3.05

k
10-4ym-1

*

.8
.6

100/Q Q

.09+.17 1150

164,13 610
.29 340
.33 310



Figure 4.3
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Love-wave attenuation, QL'l(f), east-central
United States (semi-log scale), Error

bars are as in Figure 4.1. For comparison,
QL‘l(f) in western U.S. and along paths
crossing the Atlantic Ocean (Anderson et al.,

1965; Tsal and Aki, 1969) are also shown.
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Figure 4.4 Rayleigh-wave attenuation, QR'I(f),
east central United States (semi-log
scale). Error bars are as in Figure b.i.
Also shown are QR'l(f) for western U.S.
and for paths crossing the Aﬁlantic Ocean
(Anderson et al., 1965; Tsail and Aki,
1969).
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values of Q‘l. attributable to interference affects or
measurement error, are not inclvded in the figures, It
1s presumed, however, that when the measured value of

Q-

frequency range over which Q"l could be measured was

1 1s negative, the actual value is small.,) Though the

less, particuiarly for Love waves, than along the LON-TUC
path, several conclusions can be made,

Love-wave attenuation (Figure 4,3), at peripds be tween
4O and 60 sec, in east-central United States 1s much less
than in western United States. 1In fact, in east-central
United States QL’l over the entire frequency range studied
is comparable to or less than QL'l determined for oceanic
or great-circle paths (Sato, 1958; Anderson et al., 1965;
Tsal and Aki, 1969).

At periods less than about 27 sec (f > ,038 Hz),
QR‘l(f) in east-central United States (Figure 4.4) is
very similar to Q™! determined for the LON-TUC path. At
longer periods, however, QR'l is consistently lower in
east-central than in western United States. (This
difference 1s not statistically significant, thousgh.)

If surface-wave attenuation is interpreted as due to a
Qal in the earth that varies with depth but not with
frequency, then we might say that Qél (and Q&l) is fairly
uniform in the crust of eastern, central, and western
North America but that Qél in the upper mantle of western
United States is higher than in the mantle to the east.

An interesting point, of veripheral interest to the
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present study, 1s that the phase velocities of Love waves
(Table 4,5) for the RCD-ATL path are slightly lower than
most of the values (at corresponding periods) reported by
McEvilly (1964) for central United States, while the phase
velocities of ﬁayleigh waves (Table 4.6) are generally
higher (at corresponding periods) than the majority of
McEvilly's values, The sense of these differences is such
that an anisotropic mantle (such as that proposed by
McEvilly) may not be required to fit the velocities within

reasonable uncertainties.



182

4,6 Interpretation of observations - quantitative

Numerical inversion of the surface wave Q'l observa-
tions, as mentioned earlier, may be accomplished using
any of several dliverse techniques., Because of the large
uncertainties in measured Q‘l, it makes little sense to
requlre a possible le (z,T), Qal(z,f) model to fit the
observations exactly. Our approach, rather, will be to
seek simple but physically plausible attenuation-models
which satisfy the data to within a reasonable estimate of
the measuremént error, By 'slmple' we mean (1) losses under
pqrely compressive stress are neglected (see section 3.5.2,
also Anderson et al., 1965; Tsal and Aki, 1969), so that
Q;l = % (2)2 le ; and (2) Qé’l (z,f) is completely
determined by the specification of a small number of
parameters., For historical reasons, we include mention
of le (z) mbdels which are everywhere independent of
frequency. Preferred models, for reasons discussed in
Chapters 2 and 3, include at least one relaxation-type

mechanism in the depth range of greatest attenuation,
4.6.1 Western United States

Even 1f the values of QL'l and QR-l in Tables
4,3 to 4.6 were known were no uncertainty, such a set
of observations can give only the broad-scale features of
the actual Q distribution in the earth. ‘A formalism for

quantitatively measuring the resolving power of a finite
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set of exact earth-data has been developed in elegant
detall by Backus and Gilbert (1968). If the material Q-1
is 1ndependent of frequency in the earth and if all losses

e e T ———

are associated with the shear component of stress, then

QL 1(f) and Qp” 1(f) are linear functionals on the linear .

spdce of all possible Q l(r) models; 1.e.

, |
QL,R (fi) = j G, (r) Qél(r) dr | (4.6)
x .
where r is thé-radlus normalized to the radius Ry of the
earth and the kernel G,(r) may be determined from an
assumed velocity-density model (Anderson and Archambeau,
1964), The resolving length of the data at radius r,
is ziven in the Backus~Gilbert treatment by the peak width
of that unimodular, linear combinatlion A(r,, r) of
kernels Gi(r) " (1=1,2,...,N) which most nearly resembles
the function S{r-rg)s 1.e. A(ro.r) satisfies a specified

' §-ness’ criterion subject to the constraint

J A(ro,f) dr = 1

The optimum averaging kernel A(r,,r) dorresponding
to the set of attenuation observations for the western U.S.
given in Tables 4,3 and 4.4 (using only positive values of
QL‘l) was obtalned as follows: A plane-layered velocity-
density model was assumed (above 125 km depth, model

35CM2 of Alexander, 1963; below that depth, a from
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model NTS N3 of Julian, 1970, 8 similar to model US 26

of Anderson and Julian, 1969). Then Gy(r) at the midpoint

of layer j was taken to be given by

R B. oc, (£.)
Gi (r) = _O 7 L 1

Hy cp (£) asj (4.7)

for Love waves and

' 2
R . dc. (F. . . .
R crify) affy) 9y 2eg(fy) (5.8)
i H. |c.(f.) 98 a.| co(e) o ’
j U"RYi 3 ! RV %5

3

for Raylelgh waves (Anderson et al., 1965). 1In the above
relations, HJ; By and o4 are the layer thickness (in

km), the layer shear-wave velocity, and the layer compression-
al-wave velocitys; cy, and cy are Love- and Rayleigh-wave

phase velocities. The phase-velocity partial derivatives

were calculated using computer programs written by D.G.
Harkrider (Harkrider, 1964). Then following Backus and
Gilbert (1968), the optimum unimodular function A(r,,r)

is the linear combination of all Gi(r) that minimizes the

integral
1

jJ(ro,r) A(ro,r)2 dr

o

where J(ro.r) = ZUZ {1 - exp [-(r-ro)z/zgz]}

p A
and 2¢ 1s taken equal to 10‘2.
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The resolving power of surface-wave
attenuation data, western United States.,
The resolving length of the data set,
assumed to be error-free, of Tables 4.3
and .4 is given roughly (Gilbert and
Backus, 1968) by the half-width of the
optimum averaging kernel A(ry,r), shown
as a function of r (or z) for several

values of z, = Rqo(l-r,).

(o]
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In Pigure 4.5, A(ro,r) is shown for several values
of ro(i.e. several values of z, = Ryl1l-r;] ). For z,
between 20 and 150 km, the half-width of the optimum
averaging kernel is not too different from 0.5 Zge
Consider a set of values of ro(or Zo) such that the main
peaks in the collection of kernels A(r,,r) do not
appreciably overlap. Such a set contains at most about
8 values of r,. In our inversion of QL‘l and QR'I for
the western U.S., we shall consider models of Qél(r)
that have at most 8 free parameters,

The attenuation observations, of course, are not free
from error., If we had complete knowledge of the variance
matrix of the errors of measurements, thenwe night wish
to trade off resolving length against the resultant
error in our weighted averages _fA(ro,r) Q;l(r) dr
(Backus and Gilbert, 1970). From an earlier discussion,
we conclude that the variance matrix of errors is poorly
known. We thus note only that the actual resolving length
of the Q'l data in Tables 4.3 and 4.4 is at least as large
at all depths as is indicated in Figure 4.5,

What are some possible models of shear-wave attenua-
tion le(z,r) which can explain the surface wave
attenuation measurements for western United States (Tables
4,3 and 4.4)? We counsider plane-layered structures, such
that within each layer le either is a constant or has a

functional dependence on frequency such as that discussed
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in Chapter 2, A model is considered possible if le(z,f)> 0
everywhere and if the predicted values of QL'l(f) agree
with the values given in Table 4.3 to within the cited
error or, if no error is given, to within ,004, (We might
in addition require agreement with the QR'l(f) observations
of Table 4.4 to within the cited error, though as we shall
see, this leads to considerable difficulties.) Starting
with an assumed model le(z.f), the surface-wave attenua-
tion is calculated using the scheme of Anderson and
Archambeau (1964); i.e. equations (4.6) through (4.8).
An iteration process described in Appendix 3 is used to
obtain an acceptable model from the starting model,
Suppose Qél(z) is independent of frequency at all
depths. While this is not a particularly reasonable
assumption, we discuss such models for the western U.S.
primarily for comparison with frequency-independent le
models that other workers (Anderson and Archambeau, 1964;
Knopoff, 1964; Anderson et al., 1965; Tsai and Akl, 1969)°
have proposed to explain surface-wave attenuation in
other regions. Typical of the layered models of Qél which
fit the Love-wave attenuation data for western United

States (see Figure 4.7) is model 1, shown in Figure 4.,6a.

-1
B

Qé‘l > ,03 below about 60 km depth. The detalls of the

model are unimportant; the uncertainties in QL'l(f)

Baslcélly, Q < +004 near the surface in model 1 while

allow considerable latitude in specifying the fine structure.
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1, western United

Figure 4.6 Some models of QB-
States. (a) In models 1 and 2, Q' is
everywhere independent of frequency.

(b) In models 3 and 4, a (frequency-
dependent) relaxation of the shear stress
takes place within the ‘asthenosphere’,
but Q'l 1s frequency-independent outside
the asthenosphere. The parameters of the

relaxations are Ay = .1, T = 8 sec in

model 3; Ay =.1, T = 20 sec in model 4,
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Figure 4.7
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Love-wave attenuation predicted by QB-
models, western United States. Numbers
next to theoretical (continuous) curves of
QL‘l(f) correspond to numbers of QB'l(z,f)
models in Figure 4,6, Observed QL‘I(f),
with selected error bvars, are included.

Note semi-log scale,
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Unequivocal, however, is the rapid transition from high to very
low Q (20 < Qg < 35) at some depth (roughly 50 to 80 km)
in the upper mantle. From the rate of damping of
torsional oscillations of the earth and the attenuation of
long-period surface waves along great-circle paths, it may
be presumed that below some depth zl(200 km, say), le(z)
must decrease with depth beneath the western U,S, The
set of observations given in Table 4.3, however, places no
constraint on precisely what z; should be or how rapidly
Qél must decrease with depth below zy. In the terminology
of the new global tectonics, however, we might venture
that between LON and TUC the lithosphere is about 60 km
thick and the asthenosphere is at least 150 km thick.

The Raylelgh-wave attenuation predicted by model 1
is not a good fit to observations (see Figure 4,8). A
search for a frequency-independent le(z) that satisfles
both Love and Raylelgh-wave attenuation produced models
like that shown as model 2 in Figure 4.6a. Model 2
predicts values of QL"1 and Qﬁ-l respectively greater than
and less than observed for frequencles greater than .05 Hz
(Figures 4,7 and 4.8), This is not surprising, but
rather indicates that losses under pure compression are not
negligible near the earth's surface,

A more serious falling of model 2 is that for fre-
quencies between ,023 and .028 Hz, the model predicts values

of QL‘l and QR'l respectively less than and greater than



Figure 4.8
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Rayleigh-wave attenuation predicted by
QB'l models, western United States. The

numbers next to theoretical curves of QR'l(f)
correspond to those of the QB°1(z.f)

models of Filgure 4,6, Observed Rayleigh-
wave attenuation, with selected error bars,

is also shown, Note semi-log scale.
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observed. Furthermore, the discrepancies exceed the
supposed uncertainties. This falling, which we shall see
is not restricted to frequency-independent models, cannot
be due to the neglect of compressive losses; QK'l would
have to be negative to correct the differences between model
and measurement shown in Figures 4,7 and 4.8. The problem
may be put simply: at frequencies between .023 and .028 Hz,
QL'l is measured to be roughly twice QR‘l, while all
models of attenuation for this region (using the phase-
velocity partial derivatives calculated from a reasonable
facsimile of the true velocity structure) predict QL'l
comparable to (and usually less than) QR‘l for the same
range of frequencies. Among all models considered, none
was able to fit both Love and Raylelgh wave Q‘l for
023 <f <. 028 Hz. We are thus left with the conclusion
that either le is not isotropic in the upper mantle beneath
the United States or that the surface waves in thils
frequency range are strongly affected by some mode-
dependent, but undetected, phenomenon such as lateral
refraction or higher-mode interference.

Ellipsoidal magma-pockets preferentially oriented
with their major axis in the horizontal plane have been
proposed (Shimozuru, 1963a,b; Takeuchi et al., 1968) as
the cause of an anisotropy in mantle shear-wave velocity
beneath Japan. Akl and Kaminuma (1963) suggested such
an anisotropy to account for a discrepancy between Love

and Rayleigh-wave phase velocities (ecf. Aki, 1968).
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A similar anisotropy in the western U.S., involving
oblate-spheroidal pockets of melt oriented with one major
axis vertical and the minor axis roughly NE-SW (e.g.

NW trending dikes), might explain both the discrepancy
between Love-and Rayleigh-wave attenuation and the observed
differences between SV and SH attenuation (see section
3.5.1). The data, however, do not warrant further pursuit
of this point,

Because the measurements of Love-wave attenuation
extend to longer periods than do those of Rayleigh waves,
we place greater emphasis in all following discussions on
QL'1 between frequencies of .01 and .03 Hz than on
QR'l in the range .023 to .028 Hz.‘ The need for careful
determinations of Qg~l in the western United States at
periods greater than 43 seconds, of course, cannot be
overstated,

As mentioned above, the requirement that le be
everywhere independent of frequency 1s neither reasonable

nor necessary. It 1s anticipated that near the earth's
-1

B

is frequency-independent. This follows from laboratory

surface, and perhaps throughout the lithosphere, Q

observations of the independence of le on frequency for
rocks at low pressure (e.z. Attewell and Ramana,1966)
and on Walsh's (1966) explanation of this phenomenon as
frictional losses at the surfaces of cracks, which are

expected to be closed by the application of an effective
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pressure of a few kilobars. The presence of fluid fn the
cracks might extend to the upper mantle the depth at which
such an effective pressure 1s reached (Gordon and Davis,
1968). In much of the mantle, and certainly in the
asthenosphere, le is likely to be a function of frequency.
From the discussion of Chapter 2, wherever the astheno-
sphere 1s a site of partial melting the attenuation may
be treated as arising from one or more relaxation processes.

If le is allowed to depend on frequency as well as
depth, then measurements 6f the damping of surface waves
do not constrair the depths to regions of high or low
attenuation. Two models of le(z.f) which roughly fit
Love-wave attenuation and Rayleigh-wave attenuation (f >,03
Hz) are shown in Figure 4.,6b(see also Figures 4,7 and 4.8).
In model 3, a relaxation Rx(.1,8) (see Chapter 2) is
postulated for the depth range 85 to 350 km. In model
4, a relaxation Rx(.1,20) is confined to the depth
interval 60 to 160 km, From these and similar models
in which a single relaxation process controlé attenuation
over some depth interval in the upper mantle (and le is
frequency-independent elsewhere) we concludes (1) if
the zone in which the relaxation occurs is specified, the
parameters of the relaxation (relaxation strength,
relaxation time) may be determined. (2) The relaxation
time is a decreasing function of the depth to the top of

the relaxation zone, (3) The relaxation time must lie
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roughly 1in the range 25 to 150 sec¢; the corresponding
depth to the top of the relaxation zone 1is in the

approximate range 60 to 90 km,
4,6,2 East-central United States

There 1s also a fairly wide range of le models that
can fit surface-wave attenuation in east-central United
States. The technique used for generating models to match
the data set given in Tables 4.5 and 4.6 was the same
as in the previous section except that the (isotropic)
velocity-model of McEvilly (1964) was used to calculate
the phase-velocity partial derivatives to be substituted
in equations (4.7) and (4.8). Several possible models of
le for east-central U.S. are given in Figure 4,9; the
values of QL'l and QR"1 predicted by these models are
compared with observed values in Figures 4.10 and 4.11,
respectively. The fit is, for all models, within the
stated uncertainties except for the longest-period
Love waves (a consequence of the unusually small ‘error’
for QL‘l at these frequencies, particularly f = ,0178 Hz;
i.e. theoretical QL‘l(f) curves are constrained in the
inversion procedure to pass through 100/Q; = .539 at
f = ,0178 Hz).

If Q;l 1s assumed to be independent of frequency
ﬁhroughout the crust and upper mantle, then a model such

as model 5 (Figure 4.9) is required. 1In model 5, QB is
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Some models of QB'l. east-central United
States. In model 5, Q=1 1s everywhere
independent of frequency. In models 6

and 7, Q'l within the ‘asthenosphere’ is
controlled by a relaxation process and Q'l
outside the asthenosphere is frequency-
independent. The parameters of the
relaxation are Ay = ,032, T = 20 sec in

model 63 Ap = .037?, T = 10 sec in

model 7.
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Figure 4,10
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Love-wave attenuation predicted by QB

models, east-central United States.
Numerals correspond to the numbered
QB

wave attenuation, including selected error

-1 models of Figure 4.9, Observed Love-

bars, is shown for comparison, Note semi-

log scale.
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Figure 4,11
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Rayleigh-wave attenuation predicted by

-1
o

Numbers adjacent to theoretical curves

models, east-central United States.

correspond to numbers of the QB"1 models
(Figure 4,9). Observed Qp~1(f), with
selected error bars, are also given,

Note semi-log scale,
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on the order of 1000 in the uppermost 100 km (and decreases
with depth in the top 60 km), but Q6 equals about 65
between 100 and 280 km (i.e. within the most pronounced
*low-velocity' layer of McEvilly's velocity modéls).
Comparison of model 5 with models 1 and 2 (Figure 4,6a)
would lead, if we were willling to accept the notion that
le is everywhere frequency-independent, to the conclusion
that the lithosphere is thicker in east-central U,S. (100 km)
than in western U.S. (60 to 80 km) and that attenuation in
the asthenosphere 1s less (by a factor of 2 or 3) in east-
central U.S, than in the western reglon,

- Two equally possible le models 1ncorporating
relaxations in the asthenosphere are shown as models 6 and
7 in Filgure 4.9, In model 6, a relaxation Rx(.C32,20)
is located between 100 and 280 km depth while le 1s
frequency-independent above 100 km depth, In model 7,

a relaxation Rx(.037,10) occurs between about 120 and 150
km depth [thils depth interval roughly coincides with the
*low-velocity zone®' in the model ER-2 (Green and Hales,
1968), appropriate to short-period P waves, of mantle
velocity in central U.S.] ; while le is taken to be
independent of frequency above and below the zone of
relaxation., Note that if the relaxation 1s confined to
a depth interval as narrow as in model 7, then the mantle
below the relaxed zone must still be highly attenuating

(1.e. successive iterations in the inversion process move
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toward a more attenuating mantle below 150 km). The
strengths of the relaxations in models 6 and 7 are con-‘
siderably less (by a factor of about 3) than those of the
relaxations in models 3 and 4 for the western United
States. These models (6 and 7) also suggest, therefore,
both that the lithosphere 1s thicker and that the astheno-
sphere is less pronounced in east-central U.S. than in

western North America.

Clearly, any of a wide assortment of le(z.f) models
can satisfy equally well the surface-wave attenuation
observations in east-central and western U.S., even if
we restrict consideration to models with no more than four
to eight free parameters and with no losses under pure
compression. To further narrow the collection of
possible models, we must consider independent evidence.

This we do in the next chapter: travel-time delays,

veloclty structures, and body-wave differential attenuation
measurements are combined with the surface-wave attenuation
results discussed in this chapter to determine a model of
the mechanical behavior of the North American upper mantle

consistent with all of the above data.
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Chapter 5. Synthesis and Discussion

We have measured selsmic absorption in the North
American mantle with several different yardsticks, each
sensitive to a different integral or average of the true
attenuation over a particular frequency band., In this
chapter we shall combine the results of the varilous
approaches, with the aim of producineg physically plausible
models of Q'l consistent with all of the attenuation data,
Because of the functional relationship of modulus to
attenuation in a linear system, further constraints to
Q'l models are provided by the travel-time residuals of
body waves and velocity models derived f;om seismic-
refraction surveys. Particular atﬁention will be focused
on the western United States, both because of the
abnormally high attenuation in the upper mantle there and

because of the region’'s significance to global tectonics.
5.1 A model of Q‘l. western United States

Let us construct a model of Q’1 (z,f) appropriate to
the western United States, principally the Basin and Range
and Columbia Plateau provinces, based on the ideas and
findinas discussed in the previous three chapters, We
know that the upper mantle in the western United States
is probably partially molten and is characterized by high
attenuation which is almost entirely the result of losses

due to the shearing component of stress. The most likely
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attenuation mechanism 1is viscoﬁs damping in the fluid
phase, a mechanism that 1s adequately charactérized as a
thérmally-aetivated relaxation, or superposition of several
relaxations, of the shear stress. (If the 'effective
concentration' of fluid is sufficiently sreat, then the
damping is no longer formally equivalent to a relaiation
process, though the essential features of a relaxation are
retained.) Thus Q'l should be frequency-dependent (as
should the shear modulus), a result corroborated in Chapter
3.

A model of attenuation in the western United States is
constrained by at least the following input: (1) QL'l and
QR'I as given in Tables 4.2 and 4.3; (2) an estimate of
the total attenuation of vertically incident shear-waves
(f=.1 Hz) as implied by Figure 3.3; (3) the boundaries and
the velocity decrease of the ’low-velocity zone' for short-
period (f= 1 Hz) compressional waves.

The total attenuation of a shear wave vertically
incident in the western United States is clearl& at least
as large as the difference in attenuation of (vertically
incident) shear waves between western and east-central
United States, Let us set stg = 0 in east-central U.S.

Then from Flgure 3.3, a conservative lower bound for

Gt; (f= ,1 Hz) in the Basin and Range province is +7 sec,
(If we had set St = 0 at FLO, say, then we would have

Stg =+14 at TUC, +19 at LON.) This lower bound 1is still a
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large number, If thelzone of pigh attenuation is confined
to a layer 100 km thick, then 5t§ = +7 sec (for'vertical
incidence) at f=.1 Hz implies that QB =10 at f=.1 Hz within
such a layer,

The exlstence throughout most of western North America
of a well-defined low-veloclity zone for both shear and
compressional waves has been accepted for some time and has
been cited as evidence for partial melting in the upper
mantle (see Section 2.1), If the low-veloclty zone is a
locus of partial melting, then the low velocities are con-
sequences both of shear relaxations due to viscous dissipa-
tion in the melt phase and of (freqﬁency-lndependent)
decreases in the elastic modull of the solid phase due to
thermal expansion of the crystal lattice. Separation of
these two effects, unless one of the two 1s negligible or
unless the velocities (modull) are measured over the entire
frequency range, requires an arbitrary assumption., We
shall assume that the sharp decrease in velocity beneath
a higher-velocity 'lid'is due to a relaxation process, and
that the shear modulus 1s partially relaxed at all depths
between the base of the '1id' and the depth atwhich the
veloclty agaln equals the velocity in the 'l1id*. In the
Basin and Range and Columbia Plateau provinces, the zone
of relaxed shear-modulus appropriate to a frequency of
1 Hz is presumed to extend from about 60 to 160 km (Johnson,

1967; Julian, 1970). [In at least parts of the Basin and
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Range province, the 'lid* has an abnormally low velocity and
may not even be present (Archambeau et al., 1969; Julian,
1970); partial melting extending to depths as shallow as
the base of the crust has been suggested.] The decrease in
compressional velocity (at f= 1 Hz) associated with the
relaxation is taken to be 0.2 km/sec (this 1is roughly
the mean of the veloclty decreases in Julian's models
NTS N1 and NTS N3), which amounts to a relaxation strength
A of about 0.1, It is further presumed that the
peak frequency of such a relaxation is in excess of 10 Hz,
so that the shear modulus at f = 1 Hz is approximately
equal to the relaxed modulus,

It is necessary then to assumed that at least one
additional relaxation process operates in the asthenosphere
in order to satisfy the attenuation of surface waves and
of long-period body waves, As was shown in Chapter 4, a
single shear-relaxation in the upper mantle can explain
the attenuation of Love and Rayleigh waves in the western
United States. The parameters of such a relaxation are
such, however, as to predict 6t§ less than 7 sec for
S waves of frequency 0,1 Hz ( 5t§ = 3,5 sec for model 3,
0.6 sec for model 4). For a single relaxation, confined
to a depth interval of 100 km or less, to give Gt; = 7 sec
at £ = 0.1 Hz requires that the relaxation strength be
sreater than or equal to 0,2 (with equality only if the
relaxation-peak frequency is 0,1 Hz)., If there were such

a relaxation operative between 60 and 160 km depth, then
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the attenuation of surfaces waves in the period range 20
to 40 seconds would be much greater than is observed
(Figures 4,1 and 4.,2); e.g., at f=,03 Hz, lOO/QL 2 1.5
and lOO/QR 2 2,5, We are therefore forced to conclude that
most of the attenuation of 10-sec S-waves takes place
deeper than 100 or 150 km.

A model of QB 'l(z.f) consistent with all of the
above considerations 1s given in Figure 5,1 and Table 5.1,
The essential features of the model are as followg: (1)
Attenuation is small in the uppermost 60 km. The decrease
in Qs'l with depth in this 2zone, though suggested by
results of the inversion procedure discussed in Chapter 4,
is not statistically significant. QK'l is non-zero only
in the uppermost 30 km (this to better match QL/QR in
the period range 15 to 20 sec), in line with the notion
that attenuation in this reglion 1s due to frictional
dissipation at the surfaces of microcracks (Walsh, 1966).
Note that the ratio Qu /QK =3 corresponds approximately
to QB /Qa = 2, Such a ratio was found by Press (1964)
for Lg and Pg waves in the crust near the Nevada Test
Site, though he attributed some of the P-wave energy loss
to mode conversion. (2) In the 'low-velocity zone'
between about 60 and 160 km, attenuation is the result
of a superposition of two relaxations of equal strength.
The higher frequency (271 1 = .05 sec) relaxation produces

sharp decreases in compressional and shear veloclties
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A relaxation model of QB'l(z.f), western
United States. QB'l is independent of
frequency above 60 km, and depends on
frequency as shown in the inserts (semi-
log scale) for the two layers deeper than
60 km, lOO/QB 1s plotted as a function of

depth z for two specific frequencies.
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Table 5.1

A model of Q~1, western United States

Layer Thigﬁness 100/Qu lOO/QK
1 29 0.1 0.3
2 35 \ 0,01 0
3 96 Rx(0.1,.008)+Rx(0.1,20) 0
4 190 Rx(0.1,2) 0

Notes Rx( Au, t ) indicates that attenuation 1s given by

U (1e ap)? 1e(27f1)?

where f is frequency.
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(0.18 and 0.24 xm/sec, respectively, at 1 Hz) at the top
of the layer. The lower frequency relaxation (2 7 © = 125
sec) accounts for the observed attenuation of surface
waves., (3) Below 160 km, a single relaxation (27 t = 12.5
sec) is sufficient to account for mcst of the attenuation
of long-period (f = 0,1 Hz) shear waves. The lower boundary
of this fourth layer, which we shall call the *lower
asthenosphere® to distinguish it from the ‘upper astheno-
sphere' between 60 and 160 km, is located at a depth of
350 km in the model; this depth is not well-determined and
may, in fact, lle anywhere in the range 250 to 400 km, It
should be remembered, however, that the produect h * Ay ,
where h is the layer thickness and Au the strength of
the relaxation in tﬁe layer, is roughly fixed by the value
of  {tf.

The model of Table 5.1 may be checked against measured
attenuation in several ways. The predicted surface-wave
attenuation is shown in Figure 5.2, together with the
observations of QL'l and QR'l as given in Tables 4,3 and
4,4, The fit of the model is quite satisfactory, except
perhaps for QR“l between .,0235 and ,030 Hz. (The discre-
rancy between QL‘l and QR‘l in this frequenpy range was
noted in section 4.6.,1.) Although not shown in Figure
5.2, the predicted Raylelgh-wave attenuation, which peaks
(100/Qg = 2.7) at £ = ,0l4 Hz, 1s quite large for frequencies

less than ,03 Hz., Efforts to confirm or disprove the
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Attenuation of Love and Rayleigh waves,
western United States. Theoretical curves,
predicted by the relaxation model of

Table 5.1, are compared to measured

values (circles), taken from Tables

4,3 and 4.4,
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validity of these values should be encouraged. (See also
the discussion on possible anisotropy of Q™! in Chapter 6.)

The predicted body-wave attenuation and travel-time
delay (for vertical 1nciden§e) are given as functions of
frequency in Figure 5.3. At f = 0.1 Hz, oty = 7.4 sec,
in agreement with our (conservative) estimate, [Note that,
while Stg does indeed depehd on frequency, its value
lies within 15¢ of 7 sec at all frequencles in the band
over which sheax-wave spectral ratios were determined
(section 3.3)s thus the assumption that the slopes of the
spectral ratios are iqgependent of frequency over the

frequency band shouldﬂgot introduce serious error.]

Travel-time residuals.iwhicb are monotonically decreasing
functions of frequency, are comparable in magnitude but
somewhat lower (as we expect, see following section)

than the difference in travel-time delays between western

and central United States (Hales and Roberts, 1970;

Cleary and Hales, 1966), It is possible, in theory, to
test Figure 5.3 by measuring the variation of P- or

S-wave trqvel-time delay with frequency; such variations
are probably not resolvable, however, using present
techniques, At £ = 1 Hz, 1°°/Qu = ,3 throughout the
asthenosphere and 6t§ = 0,38 sec. This value of differen-
tial attenuation is equilvalent to a body-wave magnitude

0.16 (f = 1 Hz) lower than at a station overlying a non-

attenuating lower mantle. While the results of section
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Pigure 5.3 Differential attenuation and travel-time
delay predicted by QB'l‘model, western
United States. (a) 6&t*, for P and S
waveé. versus frequency (semi-log scale),
(b) Travel-time delay &t, for P and S
waves, versus frequency. Both §t¥ and
§t are evaluated relative to an unrelaxed

upper mantle,
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3.5.3 suggest that the attenuation of short-period
(f = 1 Hz) P waves in the Basin and Range province may be
greater than predicted by the model of Figure 5.1, the
model should be treated as an average over several
provinces, Certainly Figures 3.3 and 3.5, for instance,
imply that attenuation beneath some stations exceeds that
given by the model,

The relaxation model of Figure 5.1 predicts that the
shear modulus is frequency-dependent. In particular, for
frequencies less than about .01 Hz, u 1is at least
partially relaxed at all depths between 60 and (roughly)
350 km. This is shown in Figure 5.4a, where shear velocity
as predicted by the relaxation model is plotted versus
depth for f = ,01 and .003 Hz. For simplicity, an
unrelaxed velocity of 4.6 km/sec is assumed for the entire
depth range 30 to 350+ km, For comparison, two recent
models (Toksd8z et al., 19673 Kanamori, 1970a) of the shear-
‘velocity structure in tectonic regions of the earth are
also given, These models, generated to fit phase and group
velocities of long-period (f = .003 to ,010 Hz) Love and
Rayleigh waves for purely ‘tectonic’ paths, may or may
not accurately represent the upper mantle of western
North America. The essential point is that the relaxation
model, while not designed to describe the velocity as a
function of depth, 1s consistent wlth the major features of

the ‘tectonic® models: a sharp decrease in shear velocity
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Figure 5.4 Some comparisons of the relaxation model
of Q,~! with additional data. (a) Shear
-velocity. at frequencies of ,003 and .01 Hz,
predicted by the relaxation model (un-
relaxed velocitv = 4.6 km/sec, 60 to 350
km) compared with ‘'tectonic®' models of
Toks8z et al. (1967) and Kanamori (1970a).
(b) P-wave attenuation, at a frequency of
3 Hz, predicted by the relaxation model
compared with the attenuation model of

"Archambeau et al, (1969),
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at some depth in the range 50 to 80 km; a small increase

1p velocity at a depth near 160 km; and a larger increase

in velocity at a depth of 300 km or greater (this increase
is deep enough in the model of Toksazlgg_gi.. though not

in the model of Kanamori, to be associated with the olivine-
spinel transition). At seismic periods sufficiently shorter
than 100 sec, the shear-wave velocity will be essentially

. unrealxed below 160 km, Thus Kovach and Robinson (1969),
using dt/dA of S waves in the approximate perliod-range

10 to 25 sec, found the ‘low-velocity® in the Basin and
Range province to extend from 50 to about 180 km,

A further test of the relaxation model is shown in
Figure 5.4b, where the predicted attenuation of high-
frequenpy (f = 3 Hz) P-waves 18 compared to the Qa model
of Archambeau et al.(1969) for the western United States
(they glive 2-5 Hz as the frequency range for which their
model is appropriate), While the precise value of Qu -1
in the depth interval 60 to 160 km is controlled by the
(somewhat arbitrary) value of the relaxation time of the
higher-frequency relaxation, still the close similarity
(at least below 60 km) of Q, -1 determined by Archambeau
and hls co-workers is heartening. (At depths shallower
than 60 km, neither we nor Archambeau et al, have much
control on Q, )

If the relaxation processes of our attenuation model

are the result of partial melting in the asthenosphere, then
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we may apply/equatlons (2.4) to estimate the physical
properties of the fluild phase. A relaxation strength
of 0,1 implies ¢( o)/ a = 0,5, where ¢ and o are the
fluid concentration and the aspect ratio of the melt
pockets, respectively. Furthermore, relaxation times of
.,008, 2, and 20 sec correspond to n /a =1,1x 1010.
2.4 x 1012, and 2,4 x 1013 poise, respectively, As has
been emphasized earlier, the quantities ¢, o and n are
not uniquely determined by the relaxation parameters.
Nonetheless, we may hazard a guess at plausible values,
Between 60 and 160 ka a partial melt with c(total) =
01, n =2x 108 polse.;and fluild 1incluslons of two
distinct shapes ( ¢ = 2 x'10'2 and o =1 x 10'5) is
consistent with both the relaxation model and our expecta—'
tions of how molten material might be distributed in the
mantle., (Also consistent are any set of parameters equal
to the above multiplied by a fixed constant less than
perhaps 5 or 10.) The viscosity, while somewhat higher
than values observed for molten lavas on the earth's
surface (Clark, 1966), is not out of line with estimates of
the viscosity of molten rock at pressures near 100 kb
(Murase and Suzuki, 1966). A melt model with two
inclusion~populations of very different aspect ratios is
reminiscent of the discussion of the ice-brine system
(section 2.3.2). One might postulate that 'melt' behaves
differently at different grain boundaries (e.g. olivine-

olivine, olivine-pyroxene, etc.), completely ‘wetting’ some
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boundaries wpfle only partially wetting others, but there
1s no way to fest such an idea at present,
Between 160 and 350 km, if the total fluid concentration
is equal to the concentration in the overlying layer (60
to 160 kxm), then ¢ = ,01 implies o =2.x 102 and
ol0 |

n =5x1 ‘poise. (This amounts to a 'mapping- of

the relaxation Rx (.1,.008) to Rx (.1,2) on going from the
upper to the'lower asthenosphere; i.e, a shift to lower
frequencies because of the higher viscosity in the lower
layer, Does‘the same 'mapping' then apply to the lower-
frequency relaiation in the upper asthenosphere; is there
a second relaxation, with t = § x 103 sec, between 160
and 350 km?) Such an increase in viscosity of the fluid
probably cannot be expiained as due merely to the increase
in pressure, but might be related to the stability of
free.water or some other volatile. An alternative hypo-
thesis 1s that the viscosity of the fluid phase remains
very negrly constant throughout the depth range 60 to
350 km, In that case, the total concentration or viscous
inclusions below 160 km equals 5 x 10=5 (o = 1 x 10-4),
It 1s clear that, while we have resolved none of the
ambiguity in interpreting our relaxation model for
attenuation in western United States, the consequences of
the model for studies of volcanism and tectonies of the
reglion are significant,

When considering the relaxation model proposed for

the western United States, one should keep several points in
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mind: (1) The notion that observed seismic attenuation in
the mantle 1s the result of thermally-activated relaxation
processes 1s not new (see Gordon and Nelson, 1966;
Jackson, 1969a; Nur and Simmons, 19693 Goetze, 1969;

Nur, 1971). Most previous studies, however, were based on
the premise of spherical symmetry and were constrained by
a data set less complete than that considered here, The
interpretive value of such studlies is questionable. (2)

A necessary, but not sufficlient, condition for partial
melting in the asthenosphere, if the considerations of
Chapter 2 are approximately correct, 1s that seismic
attenuation in the asthenosphere be almost entirely due

to one or more relaxations of the shear component of
stress. Thus the conclusion that the proposed relaxation-
model fits all avallable attenuation data for the western
United States is consistent with partial melting in that
region but does not prove that a partial melt, in the
usual sense, exists. For instance, viscous grain-boundary
relaxation-peaks of strength greater than 0.1 have been
observed at %ub-solidus temperatures in polycrystalline
metals, salts, oxides, and at least two silicates (see
Jackson, 1969bs Goetze, 19693 Jackson and Anderson, 1970).
Whether we might wish to call the viscéus-inclusions
'grain boundaries® or ‘melt pockets' does not affect,
however, our use of equations (2.3) and (2.4); ef. section

2.3.3. (3) The model of Table 5.1, even were it approximately
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correct in its major features, is a gross simplification.
If the asthenosphere 1s indeed partially molten, then such
quantities as the amount and distribution of melt and the
viscosity of the fluid no doubt vary continuously along
both vertical (i.e. with temperature and pressure) and
horizontal directions, Even the idea that viscosity is
proportional to e H/RT, for some activation energy H,
while a more realistic approach than assuming viscosity
constant within layers 100 to 200 km thick, does not hold
for many silicate liquids (Clark, 1966). Attenuation
models more complicated than the relaxation model of Table
5.1, however, are not justified by existing selsmic data
though may eventually be required as information on the
physical state and rheology of rock systems at high
temperatures and pressures becomes available,

In summary, both the shear modulus and the attenuation
in shear in the upper mantle of western North America
appear to depend upon frequency in ways whic@ are
consistent with simple models for the physic&l behavior of
partial melts. The mantle displays some viscous character
to depths as great as 350 km. The asthenosphere, viewed
as the zone within which the shear modulus at very low
frequencies is abnormally small, is th%s seen to be at least
300 km thick beneath western North America. [It is possible
that at frequencies less than those of seismic waves, |

further relaxations ocecur either above 60 km depth or
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deeper than 350 km, Walcott (1970), for instance,
estimated from the 1sostatic rebound of the Lake Bonne-
ville region that the lithosphere in the Basin and Range
province 1s only 20 km thick, | Thus equating the
asthenosphere to the ‘'low-velocity zone', particularly if
the velocities are those of short-period body waves, may

!

be quite misleading.
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5.2 Lateral variation of some properties of the asthenosphere

The model of attenuation developed in the preceding
section éonstitutes an average Qs'l(z.f) for mgch of
western North America., But the details of the attenuation
structure vary laterally, reflecting lateral changes in
temperature, composition, or microstructure, Using the
relaxation model of attenuation given in Table 5.1 as a
gulde, we attempt in this section to unravel some of the
regional variations in those physical properties which
affect the mechanical behavior of a partially m&lten

asthenosphere,
5.2.1 The relaxation in the lower asthenosphere

Let us gdopt the following hypothesis: the QB"1
structure beneath any point in the western United States
(and perhaps the rest of the continent as well) is
similar to the relaxation model of Table 5,1 except
that the particular parameters ( Au , T ) of each of the
three relaxations are considered unknown. How may these
parameters, which we expect will show regiénal variations,
be determined? Clearly we should not use as constraints
any measurements which average over too great a horizontal
distance; this probably rules out surface-wave velocity or
attenﬁation as important input. Vertically averaged
information, however, should preserve most lateral variations.

Thus travel-time delays and differential attenuation of
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body waves ére vital pieces of data.

In section 5.1, we distinguished between an upper
and a lower asthenosphere. Most of the attenuation oflong-
period teleseismic P and S waves occurs in the lower
asthenosphere, while most of the delay (due to relaxation
of the shear modulus) of short-period body waves takes
place in the upper asthenosphere, [Most of the total delay
of short-period P waves can also be attributed to the
‘low-velocity zone®, i.e., to the depth interval 100 to 200
km (Hales et al., 1968).] Let us focus on the (single)
relaxation process in the iower astheﬁosphere. Beneath
any given seismograph-station, attenuation in the lower
asthenosphere is completely specified by the two parameters
( Ay, T ) of the relaxation., To determine Ay and 1t ,
we need to find two independent observables that are
functions of both parameters, Measurement of attenuation
( St*, say) at two distinet frequencies would serve this
purpose, In effect, such information is contained in the
spectral ratio, aver a finite frequency-band, of two body
waves; but the relatively small bandwidth and the pertur-
batlions introduced by crustal layering and lateral inhomo-
geneities probably preclude the use of the spectral ratios
of Chapter 3 to determine Gtg () orstg (f). Measurement
of Stg and Gtg at the same frequency (e.g. 0.1 Hz),
however, does not determine Aj and v since, if all

attenuation is assoclated with the shear component of
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stress, Gtg and at; contain (in principle) the same
information. Thus, we shall make use, in addition to gst¥
and at; of the travel-time delay Sts of long period shear
waves, in particular that fractlion of the dela& due to the
relaxation process in the lower asthenosphere. In the dis-
cussion to follow it will be assumed that (1) a single
relaxation-process in the lower asthenosphere controls atg
and  St¥ and contributes some portion of atsg (2) the
remainder of the S-wave delay 1s attributable to effects the
magnitude of which may be estimated.

The trével-time delays of S waves to most North
American seismograph-stations have been determined byv
Hales and co-workers (Doyle and Hales, 1967, Hales and
Roberts, 1970).. These values, corresponding to first
motion of long-period S waves, are approprhtg to a
frequency of about 0.1 Hz (or perhaps slightly higher);
though the déminant frequency of the waves used was
typically sohewhat lower, .05 to .07 Hz (Doyle and Hales,
1967). A positive travel-time delay is due to lower-than
average shear-velocity in the crust or upper mantle. The
low velocity may be attributed to several possible
causes: (1) hich temperatures, (2) one or more relaxation
processes with relaxation times (1 ) less than aﬁdut 2
sec, (3) a erust thicker than average, (4) chemical or
mineralogical composition. How may we isolate that portion
of the travel-time delav which arlses from a relaxation in

the lower asthenosphere?
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We shall assume that the travel-time delay GtP of

short-period P waves consists of only two partss (1) the

delay, which we shall call Gtﬁ, due to passage through the
'low-velocity zone®' (in the upper asthenosphere), which is
primarily the consequence of at least one relaxation (due
to partial melting, say) which peaks at a ffequency in
excess of 10 Hz; (2) the delay, which we shall call

sty, due to temperature-induced changes in the elastic
moduli associated with thermal expansion in the crystalline
lattice of the solid portions of the entire upper mantle,
(We require dtp, &tp, and Stg to be non-negative; this
1s satisfied by adding a constant to all values as reported
in the literature, of §tp at stations of interest.) The

term &t} may be calculated if the P-wave velocity structure

P
of the mantle has been determined by seismic-refraction
experiments. We then presume étg = §tp - 6t§
1s non-negative, Both the high-frequency relaxations
in the upper asthenosphere and the temperature-induced
changes in the shear modulus of the solid mantle affect
StS (f ~ 0.1 Hz)s let us call the respective contri-
butions Sté and §tg. The relations among 6t2, Gt".étﬁ.
and &ty are given in Appendix L, Note that we have
neglected, largely out of ignorance, contributions to
Stp arlising from compositional differences (i.e.

different crustal thickness, different upper-mantle

mineralogy, etc.). If relative changes in P- and S-wave
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velocity due to such a composlition difference are similar
to changes that might be produced by a (fictional)
difference in temperature, then our conclusions below are
unaffected; 1f'not. then our estimate of the S-wave
delay attributable to a rélaxation process in the lower
asthenosphere will be in error.

Implicit in the use of the equations glven in Appendix
4 is the presumption that GtP and Stg are réasonably
well known. . Such a presumption is not, in fact, valid.

All of the several published tabulations of travel-time
delays employed shallow earthquakes or explosions as sources;
most of these events were located near lithospheric plates
downthrust into the asthenosphere at island-arc reglons.

The effect of plates on the travel-times of body waves

ffom shallow events near island arcs is large and direction-
dependent (Davies and McKenzie, 1969; Toks8z et al., 1971);
this effect introduces some blas to most station travel-
time delays reported to date,

In an effort to ecircumvent this bias, atP at WWSSN
stations in the United States was determined using
deep-focus South American earthquakes, For each of 16
earthquakes in the peridd January 1964 through January
1967, the travel-time delays, relative to the Jeffreys-

Bullen travel-time tables, at United States stations were

taken from the Bulletin of the International Seismological

Centre, Every earthquake used was deeper than 530 km,



236

was of magnitude 4.3 or greater, and was recorded (i.e.
P-wave arrivals were reported) by at }east two WWSSN
stations in the United States. The mean value of  §t,
together with standard deviation, at each station is

glven in Table 5.2, Values of 6tP taken from several
frequently eited compilations (Carder et al,, 1966; Cleary
and Hales, 1966; Herrin and Taggart, 1968) are also

included. (Note that these St_ values differ slightly

P
from those originally reported, Since travel-time delays
are usually known only to within addition of a constant,

we have subtracted from each delay a ‘baseline’ value,
common to every entry in a given column; the °'baseline’ for
each column wa? selected so that the average delay equals
zero at those 15 stations covered by all four studies.)

.It 1s expected that the travel-time residuals of
Carder et al. (1966) most closely approximate those that
would be determined if deep-earthquakes in several
scattered regions were used as sources., This 1s because
none of the sources used by Cardef and co-workers was
situated near a downthrust plate; all sources were nuclear
explosions located either in the Paelfic‘basin or in the
interior of a continent. Comparison of the 6tP values,
whlch represent an average over several propagation-
directions, of Carder et al.(1966) and tﬁe values
determined using deep-focus earthquakes in South America

suggest anomalously large delays are associated with the
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Table 5.2, Travel-time delays of short-period P waves at

WWSSN stations in the United States.

Station dtP, sec
Deep Carder Cleary- Herrin-
earthquakes, et al. Hales Taggart
S, America
AAM -1,.0+ .3*  -0.9 -.24 -.26
ALQ 0.3 + .6 0.1 .32 -.02
ATL -0.6 + .2 -0,2 -.21
BKS 0.3 + .4 0,2° .32 .59
BLA 0.3+ .5 0.1 ~.b2 -.28
BOZ 0.8 0.2 | -.50
COR 0.9 + .3 1.0 .79 .73
DAL -0.5 -0.6 -,02 .07
DUG 0.6 + .3 0.0 .22 -.10
FLO 1.7 -0.5 -.89 -.78
GEO -0.1 -0,5 -.42 -.13
GOL 0.4 + .2 -0.5 .30 .00
GSC 0.9 -.58
JCT 0.2 + .7
LON -0.1 + .7 . Ol -.23
LUB -0.9 0.4 -. 0l -.31
RCD -0.3+ .1 0.4 -.06 .05
SCP 0.6 + 1,1 -0.3 -, 14 -.37
TUC 0.1 + .5 0.3 25 .08

WES 0.l + ,2 0.3 .01 .66
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Table 5.2 (continued).

baselineP <0.2 0.3 -.06 .25

& standard deviation (4 or more determinations)

b must be added to each entry in column to agree with
published values

C this value is actually for station BRK
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Rocky Mountain region (compare delays in the two columns

at RCD, GOL, I.UB, DUG, and BOZ) and perhaps the Appalach-
ians (SCP?). The total range of Stp values in the

several previously published studies is less than for the
delays obtained from the deep earthquakes; this range would
be reduced in the latter compilation if data were averaged
over'a wider range of azimuths,

The’scﬁene for determining the parameters Ay and T
of thé relaxation in the lower asthenosphere, given étg.
St¥, Stg, 6t§, and §tp, 1s outlined in Appendix 4,
There are 14 geismograph stations in the United States at

which the required flve quantities are known or can be
estimated., Values of the first four of these quantities
at those stations are given in Table A4.1 of Appendix 4,
We have calculated Ay and 1 at each station using

three different tabulations of Stps (1) those determined
from deep South American earthquakes, (2) those of Carder
et al. (1966), and (3) those of Herrin and Taggart (1968),
(The requirement that Stp be non-negative requires that we
add a constant to every entry in each column of Table

5.21 1,0 sec to the deep-earthquake residuals; 0,9 sec

to the residuals of Carder et al., and 0,85 sec to the
residuals of Herrin and Taggart. Any residuals still
nezative after this correction were arbitrarily set equal
to zero, See Appendix 4 for a discussion of the ‘baseline

ambiguity'.) The relaxation parameters and s2, a
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measure of the ability of a single relaxation to fit the
data (éee Appéndix 4), are given in Table 5.3,

Differences between values of Ap and 1 at a given
station for different 6tP give some illustration of the
dependence of the relaiation parameters on the input,

In general, Au 1is most sensitive to &tg (corrected),
and is about equally sensitive to 6t§ and 4 atﬁ.

[ See equations (A4,12) through (Ab4.14), Appendix 4.)
We may think of < as being determined by the relative
magnitudes of &tg and &t% (or stf). If St and

6t§ are considered fixed, then decreasing the corrected
value of &tg (i.e. the delay which we attribute to a
relaxation in the lower asthenosphere), say by using a
larger value of §tps generally results in a larger T .,
Thus large changes in the adopted value of StP at a
station can profoundly affect Au and Tt (see, for example,
stations BOZ, DUG, GEO, LUB, and WES). Furthermore, none
of the three sets of data used to determiné the relaxation
parameters in Table 5.3 is internally consistent. We
should have used dtg from deep South Amerlican earthquakes
in trial 1; and values of 6t§ and 6t§ avefaged over
several propagation directions would have been more
appropriate for trials 2 and 3. We are limited, however,
by the datd at hand., The values of Ap and T in Table
5.3 should therefore be considered approximate and subject
to possible further change as improved attenuation and

travel-time data become available,



Table 5.3

Relaxation parameters for the lower asthenosphere

Trial 1 Trial 2 Trial 3
Station deepogarﬁigﬁakes Carderfggégl. Herrgﬁ a£§o$aggart
Au T s? Au T s? AuA T 82
sec sec sec
ARAM .15 2.75 .0013 .15 2.75 .0013 .09 1.54 .0122
ALQ .18 1.74 .0086 .18 1.39 .0086 .19 1.25 .0089
BKS .08 .55 .0102 .09 .50 .0125 .07 .59 .0087
BOZ .12 1.41 .0005 .16 .73 .0007 .21 .48 .0010
COR .10 .95 .0000 .10 .95 .0000 .12 .67 .0000
DUG .31 6.65 .0007 .16 1.20 .0003 .17 1.06 .0003
FLO .02 0. .0035 .01 0. .0009 .02 0. .0032
GEO .27 4.41 .0008 .18 1.82 .0004 .21 2.91 .0005
LON .36 4.60 .0038 .28 2.84 .0026
LUB .14 .41 .0002 .07 1.91 .0000 .11 . 55 .0000
RCD .08 1.56 .0164 .08 vl.56 .0163 .08 1.56 . 0164
scp .07 1.56  .0080 .11 1.35  .0000 .11 1.31  .0000
TUC .23 1,42 .0136 .22 1.70 .0137 .23 1.45 .0136
WES .14 1.52 .0293 .45 7.66 .0000 .14 1.52 .0292

|8 24
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5.2.2 Lateral variation of temperature and other properties

We may regard the compilation of Table 5.3 as a map,
on a rather groés scale, of the physical properties of
the lower asthenosphere. In this section, values of Au
and T in Table 5.3 are interpreted to imply lateral
variation of meit concentration, fluid viscosity, and
temperature in a partially melted asthenosphere. Con-
siderable spéculation and simplification wlll be necessary
the results should be viewed as illustrative rather than
definitive,

In Figure 5.5 is shown the relaxation strengths for
trial 1; i.e. using GtP as determined from deep
earthquakes 1in South America. If our very simple notion
that thickness and depth of the asthenosphere are constant,
then 4Ap 1s very roughly equél (using equation 2.4) to
.2¢/ o . If we further presume, for no justifiable
reason, that a is constant, then Figure 2.3 may be regarded
as a map of melt concentration in the‘lower asthenosphere,
The 1line Ay = 0,2 corresponds to ¢= o ; taking a= 2 X 10'2,
for instance (see section 5.1), would imply that the melt
concentration exceeds 2% in the asthenosphere beneath the
Basin and Range and Columbia Plateau provinces.

The relaxation time T 1s approximately proportional
to the melt viscosity. Let us assume that the functional

dependence of n on temperature T is of the form



Figure 5.5
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Lateral variation of the strength Au of
the relaxation process in the lower
asthenosphere of the United States. Data
used to determine Au were those of

Table A4,1 and the P-wave delays determlned
from deep earthquakes., The dashed lines
represent (approximately) the contour

AU = 02.
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n(T) = g eH/RT (5.1)

where N and H are constants, Then if we have obtained
relaxation times 7, and 172 for the lower-asthenosphere
relaxation beneath stations 1 and 2, the temperatures Ty
and T2 in the asthenosphere beneath the respective stations

are related by .

ln ( T, ) (5.2)

3=

Use of (5.2) to obtailn temperatures is restricted by
several agssumptions in addition to those stated in section
5.2.131 (1) The relaxations in the asthenosphere beneath
stations 1 and 2 occur at the same depth (loosely, over
the same depth range). This requirement is made because

H is a function of pressure; in the most simple relation-
ship, H increases linearly with pressure. (2) The aspect
ratio of fluld inclusions in the lower asthenosphere is
the same for stations 1 and 2, This 1mportant assumption
has no justification other than simplicity. (3) Lateral
differences in n (i.e., 1 ) are attributed only to temperature
variations; such other wvariablesas composition must remain
fixed. This 1s a weak assumption; it is discussed more
fully below. (4) To obtain the absolute values of
temperature beneath all stations, the value of T beneath

one station must be assumed,
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A correction to (5.2) must be made when the relaxation
strength Ay 1is relatively large, This is because of the
shift in the reiaxation-peak frequency, relative to that
predicted by equation (2.4), when ¢/ ¢ 1is of the order
of 1 or greater (see section 2.3.1; also Figure 2.4), If
To i3 the relaxation time given by (2.4) and v is the
'relaxation® time of the self-consistent, generalized
Walsh model, then an approximate rule-of-thumb for the

relationship between T and T, 1is
in (v / To) = 1.4 Ap H (5.3)

i.e. if o and n are considered fixed, then as ¢ 1is
varied the relatiye changes in 71 and Au are given roughly
by (5.3). The relaxation times in Table 5.3 corfespond
to T 3 the ﬁroper relaxation~-time to substitute in (5.2)
is 7o,

Using (5.3) and (5.2), temperatures in the lower
asthenosphere were computed for the three sets of Ap and
T 1listed in Table 5.3, These temperatures are given in
Table 5.4, For each set of relaxation parameters, two
activatioﬁ energies were used in equation (5.2). The
value of 57 keal/mole 1is the activation energy (at 1 bar
pressure) for gfain-boundary relaxation in forsterite
(Jackson, 1969b); it is also very near the value of 52

kcal/mole that Euler and Winkler (1957) obtained for the
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Table 5.4, Temperature in the lower asthenosphere from

relaxation parameters,

Station Tfial 1 Trial 2 Trial 3
T18 T,P T, T, Ty T,
oK oK oK
AAM 1700¢ 17006  1700° 1700¢ 17006  1700°
ALQ 1751 1722 1777 1732 1735 1715
BKS 1868 1768 1881 1772 1801 1742
BOZ 1767 - 1728 1846 1759 1847 1759
COR 1806 . 1744 1806 1744 1793 1738
DUG 1636 1672 1789 1737 1749 1721
GEO 1669 1687 1747 1720 1654 1680
LON 1678 1690 1665 1685
LUB 1914 1785 1727 1711 1815 1747
RCD 1748 1720 1748 1720 1697 1699
Scp 1748 1720 1769 1729 1720 1708
TUC 1781 1734 1761 1725 1726 1711
WES 1760 1725 1641 1675 1708 1703

8 calculated assuming H = 57 kcal/mole in (5.2)
134 kcal/mole in (5.2)

b calculated assumine H

C assumed
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activation energy controlling viscosity (at 1 bar pressure)
in molten basalt (natural and synthetic) of a fairly wide
composition-range [atomic ratio (Si + Al)/ 0 = .40 to
43], The value of 134 kcal/mole is the activation energy
for viscous flow in liquid silica (Bockris et al., 1955).
Both because of the increase in effective activation-
energy with pressure and because the composition of the
melt, if melting in the lower asthenosphere contributes to
the generation of basalt, is no less silicic than basalt, .
we may treat the former value of activation energy as a
lower bound,

Suppose we adopt literally a set of temperature values
from Table 5.4, In Figure 5.6, for instance we have
. plotted temperatures for trial 2 (H = 57 kcal/mole).
The highest values of temperature appear to be aséociated
with the Rocky Mountain and Pacific Border regions.
Particular values of temperature are uncertain, due not
only to errors in Au and Tt but to uncertainty in H and in
the assumed temperature at the reference station (AAM in
Table 5.4); however the trend of temperature differences
in Figure 5.4 is reasonably accurate if all our assumptions
are correct., From the discussion of the preceding para-
graph, the range of temperature 18 probably no larger than
that in Figure 5.6 (for the same travel-time and attenﬁation
input); i.e. about 2400K, Julian (1970) noted that lateral
differences in temperature, at a depth of 350 to 400 km, of

this mgnitude might explain observed variations in the
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Figure 5.6 Lateral variation of temperature in the

"lower asthenosphere of the United States.
Values of temperature, given in units of
degrees Kelvin, are roughly appropriate
to a depth of 250 km., Data used to
determine T were those of Table A4,1,
the P-wave delays of Carder et al, (1966),
and an assumed activation energy for

" viscosity of 57 kcal/mole, Some very
approximate contours of temperature are

shown as dashed lines,
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depth to the *400-km discontinuity®' in western North
America., The spacing of values in Figure 5.6 is too large
to be of much use at thls stage in testing hypotheses of
mantle tectonlcs; one might speculate, however,'that the
high temperatures beneath BKS and COR are related to a
late-Tertiary iithosphere-subduction zone near the western
coast of North America (e.g. Atwater, 1970).‘

Lateral variation of temperature in the mantle such
as that indicated in Figure 5.6 should affect other physical
-properties. High temperature is generally related to high
heat-flux at the surface; it is doubtful, though, whether
temperature differences no larger than 100°K in the lower
asthenosphere (150 to 350 km) could be resolved by surface
measurementé of heat-flow, whieh is much more sensiti&e to
conditions in the upper crust. The temperature variations
and melt concentrations given, say, in Figures 5,6 and
5.5, because of thelr effect on density, might be expressed
in surface topography or long-wavelength gravity anomalies.
If the relative density-decrease upon melting is 10 percent,
then a melt concentration of 2 percent (see above) amounts
to a relative density change of -,002, If such a difference
were uniform within a layer 200 km thick (i.e.. the lower
asthenosphere), the lithosphere would be elevated (relative
to a solid lower asthenosphere) by .4 km., Similarly,
adopting a value of 3 x 10~5 k=1 for the coefficient of
(volume) thermal expansion, a temperature increase of

1009K should, by isostasy, raise the lithosphere .6 km,
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Thus some of the elevation of the Rocky Mountains and
ad Jacent plateau regions may be compensated by decreased
density in the lower asthenosphere.

In principle, both Ay and © 1in Table 5.3 contain
information on temperature. We expect that, other
variables held fixed, Au increases with increasing
temperature, Thus it 1s an apparent contradiction that
some stations with low (high) temperature in Table 5.4
show high (low) Au in Table 5.3 (in the trial-l set, for
instance, see BKS, COR, LUB, GEO, LON), How.may such a
contradiction be explained? To some extent, errors and
inconsistencies (see above) 1n our input-data are to blame,
It 1s’worth noting that the ‘contradietions' at CEO and LUB
are much less pronounced when the (presumably better-
determinted) Stp values of Carder et al. are adopted than
when the delayé determined from deep earthquakes, at roughly
a single azimuth, are used, Observe also that the total
spread in temperatures in Table 5.4 1s less for trial 2
than 1 and less for trial 3 than 2; this 1is probably a
consequence of the larger data-base used in the.Herrln-
Taggart study than in the other two.

It is possible that the 'discrepanciles' between T
(Table 5.4) and Au (Table 5.3) at many stations are real.
In that case one or more of our assumptions 1s in error.
(1) The assumption that a single relaxation can fit travel=-

time delays and attenuation is clearly not reasonable at
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several stations listed in Table 5.3 (i.e. those for which
the error s is relatively large). (2) The assumption
that the asthenosphere is uniform in thlckness may be
incorrect. In that case, while values of T in Table
5.3 remain unchanged, the listed values of Au are
actually proportional (approximately) to h ° Au , Where
h is the (laterally variable) thickness of the lower
‘asthenosphere. Thus a large (small) value of Aup might
mean a thick (thin) asthenosphere instead of abnormally
high (low) temperatures. (3) It is highly probable that
the composition of the melt varies laterally, even if the
composition of ﬁhe asthenosphere as a whole is uniform,

In many binary and ternary liquid-silicate systeﬁs. the
activation energy for viscous flow 18 linear with composition
(mole fraction) over certain composition-ranges (Mac-

kenzie, 19575 Bottinga and Weill, 1970). The molar
composition of the melt phase in a partially molten

mantle is, no doubt, a function of melt concetration (i.e.

of temperature). Thus use of a single fixed activation-
energy (even iT the depth of the relaxation beneath all
stations is the same, a dubious presumption) may lead to
considerable error in the estimate of temperature.
Furthermore, the role of water or other volatlles may be
crucial, Suppose there is a small amount of water throughout
the asthenosphere. 1In regions where the temperature 1is

barely above the solidus, the melt concentration (and thus
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Au ) 1s small, Because most of the water will be

present in the melt phase, the concentration of water in
the melt will be relatively high, This will drastically
decrease the melt viscosity (see Shaw, 1963). On the

other hand, where the melt concentration is large, the
water will be a relatively minor phase so the viscosity

of the melt.will not be too different from the anhydrous
value., (An. argument similar to this was advanced by Ring-
wood, 1969, to support the hypothesis of wet melting from

a stability standpoint.) Such an explanation could account
for the pattérn of Ay and n (i.e., T ) in western

United States (see Table 5.3): At COR and BKS, Ap is
relatively low while the apparent temperature (Table 5.4)
is quite hieh (relative to stations in the Basin-and Range
province, say). It might be that the high ‘'temperatures’
(as interpreted from low viscosities) are due to the presence
of water, perhaps in abnormally large amounts (due to
subduction of water-saturated sediments at an adjacent

trench?).

We have seen how the functional relationships among
travel-time delays and differential attenuation may be
used to estimate properties of a partialiy melted mantle,
In order of decreasing reliability, these properties are

the relaxation time 1 , the relaxation strength Au, and
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the temperature T in the lower asthenosphere. With the

usual ambiguity, Ap and 1 may be further used to estimate

the condentration. viscosity, and geometrical arrangement

of the melt phase, These physical properties, however,

can be determined to an accuracy no better than that of

the data used as input, Thus the large uncertainties
presently associated with attenuation and delay determinations
and the unknown dependence on temperature of fluid viscosity
in partially melted mantle-rocks greatly limit the quantita-

tive application of many of the ideas discussed above.
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Chapter 6., Concluding Remarks

Models of the spatial dependence of seismic attenua-
tion within the earth have become more sophisticated and
more complicated as further data is acquired. Such a
phenomenon is not new to geophysics; on most scales of
investigation the earth is a complex body. Hetefogeneity
however, 1is one of the earth's most interesting character-
isties; a thoroughly uniform planet would quickly prove to
be quite dull, The anelastic properties of the upper
mantle, in particular, because they are so strongly
controlled by temperature, fluid content, and micro-
structure, can be inverted to deduce the mantle's physical
state.

Several different techniques to elucidate the lateral
and vertical variations of Q'l in the earth have been
introduced and discussed in this work and applied,
specifically, to North America. One such technique is
the measurement of differential attenuation dt* from the
spectral ratios of long-period body waves generated by
deep~-focus earthquakes, Horizontal variations in &t#*
can resolve, in principle, lateral changes in the vertically
averaged Q'l of the mantle over distances as short as a
wavelength, or several tens of kilometers, Thus
generating a ‘map' of §t¥ for a particular region can
ald in determining that region's mantle-properties; the only

requirement for use of this procedure 1s that the area have
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& reasonably dense network of seismograph stations., If

one could deploy his own network of seismometers, one might
better‘undersfand the physics of the transition between
tectonic provinces by measuring §t¥ at closely-spaced
intervals across the boundary between regions of high and
low differential attenuation (e.g. between the Southern
Rockies and the Great Plains, or perhaps between the Basin
and Range province and the Sierra Nevada or Colorado Plateau
provinces) or perpendicular to the strike of a zone of
active rifting (e.g. the Imperial Valley-Salton trough
region, or, when ocean-bottom seismometers become more
readily usable, a mid-ocean ridee such as in the Gulf of
California, say).

Measurement of &t¥* need not be restricted to waves
from deep earthquakes, Once ‘station corrections® to
§t¥ have been determined using P and S waves from deep
events, then the effect on §t*, measured using waves

1 near the

from shallow earthquakes, of heterogeneous Q"
earthquake source can be recovered. From our observations
of Gtg from an event on the Arctic mid-ocean ridge,
such an effect may be quite large. Both island arcs and
oceanlc ridges are excellent candidates for study using
such a schene,

Another technique employed in this work to investigate
the dissipative characteristics of the North American

mantle was the measurement of Love- and Rayleigh-wave

attenuation over short (less than 2000 km), relatively
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homogeneous paths. Surface-wave attenuation at periods
longér‘than 40:or 50 sec is invaluable for estimating the
vertical dependence of Q-l in the upper mantle of a region.
At shorter periods, largely because the anelastic losses
of surface waves are small, the technique is limited by
the effects of scattering and interference,

Seismic-wave attenuation in the mantle of North
America shows a strong regional dependence. There is a
broad zone of high dt# between the Rocky Mountains
and the Sierra Nevada-Cascade ranges; a smaller area of
high apparent attenuation is in northeast United States.
Regional patterns of atg and 6t§ are éonsistent. and
the relative magnitudes of P- and S-wave attenuation
' suggest all of the P-wave dissipation is due to losses in
shear. That the high §t¥* in western United States is
due to low Q in the upper mantle 1s confirmed by the
attenuation of surface waves, Models for QB"1 in western
North America involve a high-Q (Qeu 1000) lithosphere some
60 to 90 km thick and an asthenosphere with QBa 20 to 30
in the frequency range of surface waves, In east-central
United States, on the other hand, the lithosphere (as
seen by surface waves) 1s perhaps 100 to 120 km thick and
Qe(at surface-wave frequencles) in the asthenosphere is
probably not less than 60 or 70,

The attenuation of seismic waves beneath western

North America appears to have several further interesting
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characteristics. Limited evidence from compérison of
QL'l and QR'l and of st¥, and  §t&, gives some suggestion
that Q'1 in the asthenosphere of the Basin and Range and
Columbia Plateau provinces may be/anisotfigigf SH waves
propagating in the NW-SE direction are apparently attenuated
more than SV waves. Similarly, the ratio QL’IAQR'l in the
frequency range .02 to .03 Hz 1is too high to be explained
by any 1isotropic QB‘l model, It 1s of course risky to
deduce anisotropy from measurements in only one direction
of propagation. Still, if the attenuation in the mantle
is attributed to ellipsoidal (oblate spheroidal) pockets
of magma (see below) preferentlally oriented by non-hydrostatic
stress, we would deduce that the minor axes of these
ellipsolds are horizontal and point NE-SW. Such a minor
axls should be perpendicular to the direction of compression-
al deviatoric stress; this direction, if presumed to be
horizontal, would therefore parallel (roughly) the
present dlrection of sea-floor spreading in the Gulf of
California and on the Gorda and Juan de Fuca ridges, Thus
an anisotropy of attenuation, if confirmed by further
measurements along different directions from that employed
in this study, would provide a test of hypotheses of mantle
tectonic-patterns that involve western North America
(e.z. Atwater, 1970),.

@l in the mantle of western United States, further,

is frequency dependent. In particular, the difference in
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body-wave attenuatign between the Basin and Range and
ad jacent provinces éppears to be less at frequencies
near 1 Hz than at frequencies a decade lower, That Q'l
is a function of frequency should not be surpriéing. A
large body of geophysical evidence supports the hypothesis
that the asthenosphere of at least the western part of
North America 1s partially molten; both theoretical and
laboratory models of partially melted rock prediét that
atténuation'and shear modulus in a partially molten
asthenosphefe are strongly frequency-dependent over at
least some pbrt;on of the frequency-range of seismic
waves,

We presume that the fluid phase in partially melted
rock 1is concéntraﬁed at grain boundaries. Though
several distinct mechanisms of attenuation are operative
in a partial melt, the dissipation of elastic-wave energy
at seismic frequencles is probably controlled by viscous
losses within the fluid inclusions. Generalizing a
) mechanical model proposed by Walsh for partially melted
rock, 1t has been shown that for ‘effective' concentra-
tions c¢( a)/ o , where c¢( &) is the volume concentration
of 1nclusions of aspect ratio a , less than about unity
the attenuation and shear modulus in the (partially molten)
asthenosphere are adequately described by a superposition
of one or more relaxation processes. The parameters
of the relaxations are controlled by the viscosity,

concentration, and geometrical arrangement of the melt,
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Based upon the above theoretical considerations, a
relaxation model for Q~1(z,f) in western Unlted States
was constructed. In the model, a lithosphere about 60
km thick overlies an asthenosphere that may be as thick as
300 km and must be vertically inhomogeneous. The model
was designed to fit measured surface-wave attenuation, an
estimate of the total attenuation of vertically incident
shear-waves from 8t§ values, and the approximate dimensions
and velocity decrease of the 'low-velocity'® zone determined
from travel-times of short-period P waves., In addition,
the model is consistent with published ‘tectonic' models
of the shear-veloclty structure obtained from long-ﬁeriod
surface waves and with attenuvation models for short-period
P waves., In all, the model satisfies a wide range of
data spanning rousghly a factor of 1060 in frequency;

There are many ways thls model may be further
tested. The foremost test will be the measuremeﬁt of
attenuation, preferably at frequencies and strain amplitudes
appropriate to seismic waves, in partially melted rocks,
varticularlv the ultrabasic rocks thought to comprise the
upper mantle, A great number of the statements made above
depend upon our particular ophenomenological model for the
mechanical behavior of a partial melt., If this model 1is
incorrect, manv of our interoretations will require
alteration,

The relaxation model for Q'1 may also be tested by
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seismic means., Of particular help would be a network of
reliable, broad-band seismometers such as are currently
being developed. The synthesis of body waves, over a
wide frequency band and over the approximate distance-
range 10 to 30 degrees, might prove to unravel simultaneously
some of the elastic and anelastic propertiesxqf the upper
mantle, The proposed model of Q'1 in western United
States could be used as a starting point for such a study.
The relaxation model may be tested and improved at lower
frequencies by the suagestion of Liu and Archambeau (1970)
that the periods of ﬁhe earth’s free oscillations might be
measurably sﬂiffed in a region with upper-mantle Q'l as
high as in the’Basin and Range province.

Because ¢§t* is a function of position, the parameters
of the relaxatipns in the asthenosphere must also chance
laterally., Variatlons in the strength of a relaxation
may be interpreted (with ambiegulty) to gzive the regional
dependence of the concentration of melt, Differences 1n
the péak frequency of a relaxation mayv be interpreted, with
several additional assumptions, to yield the latefal
variation of teﬁperature. The unknown dependence of the
relaxation time on such other variables as major-element
composition and concentration of volatiles makes absolute
values of temperature subject to considerable uncertainty;.
It may nonetheless be concluded that temperature differences

In the lower asthenosphere (at a depth near 250 km, say)
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need be no larger than 100 to 200°K, with the highest
temperatures beneath the Rocky Mountain and Pacific Border
regions, to explain differences in the relaxation time
obtained from travel-time delays and differential

attenuation.
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Appendix 1. Wu's treatment of the elastic modull of two-

phase materials

Consider a single inclusion, in the shape of an
ellipsoid, of one (elastic,isotropic) material embedded
in a matrix of a second (elastic, isotropic) maﬁerial. If
the matrix is subjected to a uniform strain £; at
infinity, then the strain éj wilthin the inclusion is
uniform and is a function only of 6;- » the elastic
constants of matrix and inclusion, and the shape of the
inclusion (Eshelby, 1957). When the axes of the ellipsoid

colncide with the coordinate axes, we may write

o
a‘)- =Ty ypg € pg (Al.1)
(Wu, 1966), where lepg are the components of a fourth-
order tensor.

Now consider a composite material, consisting of
isolated ellipsoidal inclusions of one material (with
elastic constants K> and /“2) within a continuous matrix
of another material (with elastic constants K, and q).
Suppose further that the inclusions are randomly oriented
and are of dimensions smaller than any characteristic
length of interest. Then the composite may be treated as
macroscopically isotropic with two elastic constants,

say K and ;L. If the volume concentration of the inclusion
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phase is not small, then it is presumed that the strain
within any single inclusion due to a uniform strain
applied to the composite at infinity is still given by
(Al.1), but with the elastic constants of the matrix
replaced by those of the composite in the approﬁriate
expressions for Tijpg' This is the ‘self-consistent
approximation®’, first applied (in somewhat different form)
to the problem of‘the elasticity of polycrystalline
aggregates by Hershey (1954) and Kr8ner (1958),

If at the boundaries (presumed to be at infinity)
of the composite a uniform surface traction is applied,
then the total elastic energy may be written (Wu, 1966)
both in terms of the elastic constants of the 6omposite
and in terms of the constants of matrix and .inclusion
(the latter involves computing an orientation average of
the inclusion strain). When the applied stress at infinity
1s, respectively, pure compression or simple shear then
equating the two expressions for elastic energy gives
implicit tensor formulas (2.5) for the macroscopic modull
(all of the resulting orientation-averages of components
lepg can be written, conveniently, in terms of Tiijj and
Ty31j» Which are both independent of orientation). 1If
the inclusions are oblate spheroids of aspect ratio « |,
then the scalar forms T1133 and Tijlj depend only on

&, Koy Moy K, and/;t(Wu, 1966)., In particular:
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T3y = ;Zi . o)
Tisng - % T11.JJ = ‘;'3 + %#4 + FuFSF:FZ6F7 - FgFg

where
Fy= 1+ A 3er#) - R(e + §4 - 3]

F, =14+ A{l + %(g +$) - R(gg + %75)] + BfB-“R)

+ 38 (A4 3B) (3-4R) [g+¢- Rz -p+ 2 4%

2 2
1l 4+ 1l + o ’
F -— 1 - -
= + %A [ — g + R(2 ¢'F 3 g)
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o
]
>

[-e+R(z+ ¢ -] + 893 - 4m)

Fg=1+A4[1+g-Rz+4) +BL-4) (3 - 4R)

]
"
N

+ 48[ 9¢ + 3 - B(54 + )| + B¢ (3-bR)
Fg=A|1l-2d-dm+ R(5g+ - 4] + B A - bR)

F =A[-g+n(g-¢)] + B & (3 - UR)
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A= 22
/1
- 1%z /2
B 3‘(K—-‘/-—l-)
- M
K + by
x -1 2%
qf = a 0.(2)3/2 [cos K -l - x%) ]
2
g = _°‘___,2_(3<}5-2).
l] -«

When the inclusions are not of uniform shape, then an
additional average 1s required in computing the contribution
of the incluslons to the total elastic energy. In that
case, equations (2.6) supplant (2.5).
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Appendix 2. Complete compilation of surface-wave propaga-

tion parameters, western and east-central United States,

The ten tables to follow present individual determina-
tions, for all events studied, of phase velocity, group
velocity, and apparent attenuation-coefficient for Love
and Rayleigh waves along the LON-TUC and RCD-ATL paths.
In addition, average propagatlion-parameters are given for
each of the two propagation-directions for the LON-TUC
path. The numbering of events follows the listing in
Tables 4,1 and 4,2,

In the following tables, F is the frequency (in Hz),
C 1s the phase velocity (in km/sec), U 1s the group
veloeity (in km/sec), GAMMA or G is the attenuation
coefficient (l.e. k* in the text), and SD is the standard

deviation,
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40294
40268
4e245
40225
40204
44183
40158
4el22
44089
44060
44033
46007
3.971
3. 930
36902
3.871
3.843
3e821
3.811
3.808
3.800
3,805
3,804
3,802
36798
30789
34776
3,763
34751
36 740
3.733
3.729
34729
3,730
36729

2

3,987
3,974
3,959
3,955
3,960
3,963
3,960
3.951
3.941
3.937
3.938
3,940
3,932
3,908
3.871
3.830

44003
3,971
30963
3,957
3,932
3,386
3.812
34652
3,546
34545
36532
3.445
3,307
3,261
3.223
3,200
3.202
3. 241
3,401
3,625
3740
3,768
3,767
3, T44
3.690
3.578
3,424
3.329
3,315
3,341
3,400
3,514
3.644
34748
3,735
3.639

WESTERN Us Se

LON TO TUuC
LOVE WAVE
GAMMA F
0y 385E-03 0.0194
0e¢393£-03 0.0208
0.389E-03 0.0223
Ce379E-03 040237
0363E~03 0.0251
0e341E-03 0.0266
0s313E-03 0.G280
0.285E-03 0, 0294
0e263E-03 00309
0.259E-03 00323
0.280E-C3 0.0337
0e326F-03 0.0352
0.391€E-03 0. 0366
Oe461E-C3 0.0389
0e 526E-03 040395
04579E-03 0. 0403
0.0424
0e.0438
000452
0e0467
Co 0481
0.0495
040510
GAMMA 060524
0.177E-03 0.0538
Ge231E-03 0e 0553
04 270E-03 Je0567
0+297E-03 0.0581
0e 307€-03 0. C59¢
0.297€-03 Qe061C
0.270E-03 0.0625
0e235€6-03 0s 0639
Oel76E-C3 060653
0.970E-04 0. 0668
06 727E-05
-04378E-04
-0e321t-C3
~0+377E-03
-0.421E-03
-0e432E-03
-04395E~-03
~0e 311E-C3 F
~0.183E-03 0. 0121
~0+493E-04 0.0135
C. 367E-04 0001‘09
0.906E-04 Vé0163
0e136E~-03 0.0178
Oe 184E-03 0.0192
06227E-03 0.0206
0. 242E-03 040220
04219E-03 0.0235
0.197E-03 00249
Ce 190E-03
0e¢190E~03
0.192E-03
0. 190E~03
0.174E-03
Ce151E~03
Oe148E-03
Cel85€~03

EVENT

4e215
49203
40194
44182
4e169
44156
4el3a
44103
44085
44064
40037
44011
3,985
3.957
3,928
3. 901
3,876
3,854
3.833
3.814
3,795
3,776
30758
34 742
3.728
3,713
3,700
3,688
3,676
3,666
3,655
3¢ 644
3.634
30624

EVENT

44524
40496
44457
4e434
“e 402
40368
4e 325
40287
40247
4,199

40082
4,055
4.030
3,986
34956
3,850
3.669
30663
34 707
3.655
3,506
3e464
34393
3. 321
34285
34279
34292
34300
3.292
3.282
3.257
36231
34240
34255
3248
3,247
3,257
3,266
3,279
30266
3,232
3,218
3,220
3,224

4186
40193
4e160
40131
44023
34900
3.813
3,757
3.622
3.517

294

GAMMA
Oe 441E-C3
0.483E-03
0.460€-03
Qe 412E-03
04352E+03
0.268E-03
0.183E-03
0.135E-03
Oe 112E-93
04962E-04
~0e238BE-03
-0s293E-03
-04359E-C3
-0e.437E-03
~0e4512E-C3
~0.573E-03
=Ce 62VUE-03
~0.631E-03
-04587E~03
-0e512E-03
~0+418E-03
-04327E-03
-0267E-03
-0s218E-03
-0e 159€E-03
~0e.116E-03
-06 920E-04
-06736E-04
~0e629E-G4
=0s 240E-04
0.341E-04
0. 731E-04
0s 935E-04
Ce960E-04

GAMMA
Ce325E-03
06 337E-03
Qe 3(4E-03
0e262E-03
00228E-C3
0.192E-03
Cel72€-03
Qel56E-C3
Oell4E-C3
Ce TT7E-04



F
0.01¢4
0.0178
0.0192

C.020T7.

0.0221
0.0235
C.0249
0.0264
0.0278
0.0292
C.0307
0.0321
0.2335
0.0349
0.0364
0.0378
0.C392
0.0406
0.0421
C.0435
0.0449
0.0463
0.0478
0.0492

C.0506.

0.0c2C
0.0535
C.0549
0.0563
C.0577
00,0592
J.0606
0.0€20
0.06134
0.0649
0.0663

3.784
3,772
3,759
3,751
3.737
3.724
3.722
3.7CS
2,667
3,€6€5
3.6175
1,664
3,653
3.642
3,634

" 3.61E€

3.602
3.5¢87
3.571

3,555
3,541
3.511
3.491
3.471
3.452
3,435
3.418

- 34402

3.3€5
34366
3,35¢
34342
3,328
3,315

3.307

3.201

WESTERN UeSe

LCN TC TLC

RAYLEIGH WAVE VERTICAL

SO

0.7204
0.C01
0.0C1
G.Cl6
C.015
0.014
0.Cl5
0,015
0.014
0.014
0.012
C.011
0.005
0005
C.CC7
040069
C.010
0.015
De.716
CaClée
0.013
0.C10
C.00¢
0.001
0.001
0.0C1
0.002
0.CC1
0.001
0.0C1

u
3.647
2.,622
3,6(5
3.559
2,543
3.528
3.522
24474
3.467
36467
3.469
3,437
3.4(9
3.362
3.2438
2,215
3.193
2,176
3.1%/2
2,133
3.C1706
2.958
2.929
ZIQCl
2.914
2,317
2.861
2.8€4
2.852
24861
2+ E€3
2.844
2.838
24920
3.028
2.064

SD

D042

-0en30

Ce0N6
Jo017
CeC37
Ne 100
JeC91
0372
0.C66
0.0€5
0.089
Je.137
0.054
C,065
C.C061
0.069
JeC75
0.C87
0.CC7
D.032
J.0&4
JeNTH
0.C99
0.101
J.038
e (DT
0.0J6
JoC17
0.013
0.328

G*10%=4
0e404
0.825
14140
1.299
1.380
1.645
0.920
1.259
0.863
1.644
2.329
2.812
3.130
3,292
2.638
2.439
2.434
2.512
2.688
2.934
2.725
04947
1.041
1.315
1.460
1.665
2.050
2.305
24590
2.795
2.740
2.985
3.135
3.540
3,560
44190

295

SO

0.014
0.057
C.332
1.852
l. 749
2.054
l.664
l. 468
leb474
1.503
1.185
l.547

" 1. 484

1.451
1.365
l.346
1.472
1.828
C.812
e592
C.106
0.212
D544
0.834
0.643
Ce552
0.516
C.297
Ce71l4
1.237



F
0.,0121
3.0135
0.0150
0.0164
C.C178
0.,0192
C.d207
0.0221
0.0235
0.0249
0.02¢€4
C.C278
S.C292
0.23C7
3.0321
0.0335
0.0349
C.03¢4
0.0373
0.G392
C.C406
0.0421
C.0435
0.0463
0.C478
0.,0492

C.G506

0.,0E520
0.0535
C.0546
0.C563
0.0577
80592
0.0606
0.0620
0.0634
0.0649
0.0663

C
4,524
4.4SE€
44,451
44326

4,268

4,258

44235

La214
4,193
4.171
4.14%
4.123
4.C9E
4,080
4.C062
4,942
44019
3.66¢
3.512

31,899

1,812
3,848
3.832
2,823
3.810
3.8CC
3,738C
3.78C
3.717C
3.758
1. 744
3,721
3.719
3.708
3.696
3.692
3.,6¢E6
3.681
3,676

W

SO

0.104
0.C99
C.C79
0.C67
0.C56
0.044
0.C29
¢.C2C
0.011

«CC8
0.018
0.C28
C.C38
0.052
Je0066
0.376
04340
C. 041
0.C39
0,330
c.C18
C.006
0.CO7
0.C20
0.031
C.040
0.043
0.045
N.C45
04045
0.045
0.Ca7
0.052
C.060
0.068
0.074

ESTERN U.S.

LCN TC TUC

LOVE wWAVE

u
4,186
4,163
40 1€0
4.0329
3.589
3,315
3.943
2,919
3,859
3.802
2.814
3,711
3,7(8
3,718
3.6€9
3.5¢3
3.524
34475
3.420
3.243
3,260
2.346
3.455
3.5C2
3.,5C8
3.453
3.4¢€9
3.450
2.4C9
2.334
3.287
2. 286
3,303
3.341
3.385
3,426
3.4€3
3.458
3.419

SD

0.078
0.029
OeD76
0.100
0.120
C.173
C.216

Jel54"
00198

0.157
0202
06246
0.309
0.320
0.322
C.318
0.059
0ed27
0.C77
D.229
00315
0.342
0359
0.361
06317
0.228
0.124
0.058
0.041
0.053
0.090
0.115
0.290
0.3173
Je362
0292

Gx10%*4
3.250
3.370
3.040
2.747
24840
3.230
3.327
3.215
2910
24532
26627
2.C73
1.637
1.331
1.108

-0.560

°00697

-0.847

~0.967

-4.015
”3.401

.‘20751

‘20107
-1.410
-C.715
’0.200
0.120
0,300
0.405
0+490
0.582
0.645
0.830
1,040
1.120
1.207
1.405

296

SD

1.046
0.944
1.129
1.314
1.272
1,272
1.217
C.254
C.483
0.847
1.376
2.083
3.893
4.615
5.298
5.851
0.827
1.853
3.690
4,113
4.410
4,261
3.917
3,613
3,493
3,253
2.673
2.213
1.994
1.864
1.802
1.513
0.989
0.551
0.385
0.629



F
€C.C235
0.0249
0.0264
C.C278
0.0292
C.C3C6
0.0221
0.0335
C.C349
€C.C3¢63
€.C378
€.C392
0.0406
€.0420
0.0435

" 040449
CeC463
0.0477
0.C492
C.C5C6
0.3520
€.{534
0.0549
0.05¢3
CeC577
0.3591
C.C6%6
£.0620
D.3634
CeCb648
Selke3

EVENT

3.764
3.751
3.737
3.717
3.7C1
3.6A0
3.€55
3.628
3.569
3.571
«£32
3.5C6
3.480
3.457
3,425
3.414
3.393
3.373
3.357
3.342
3,227
3.212
3.266
3.281
3.267
2,254
3.242
3,228
2,213
34200
2. 1€6

8

3,572
2.523
3.441
3.404
3.359
3,235
3,146
3.C76
3.016
2.663
2.973
2.919
2.898
2.894
24883
2.861
2.841
2.268
2.897
2.380
2.849
2.821
2.803
2.796
2.787
24766
24750
2. 736
2.714
2.684
24 €55

WESTERN U.S.

TUC TO LON

RAYLEIGH WAVE VERTICAL

GAMMA F
0.160€~-03 0.0248
0.157E-03 C.C262
0,160E-03 0.0277
0.205€£-03 0.0291
0.287€-03 C.2305
0.349E-03 0.0319
0,320E-03 C.0333
0.189€~-03 0.0347
0.252E-04 0.03¢€2

~00139E-03 C.C376

-0,393E-03 0.C399

~0.5C0E-03 CeC404

-0.533E-03 C.0418

-0.530E-03 C.C432

-0,5C8E-03 CeCh47

=0.464€-03 0.0461

-0.338E-03 C.3475

~0.284E-03 C.l489

-0.186E-03 0.0503

-0.114€-03 C.C518

=0.59CE-04 CeC532

~0s214E-04 CeC546

-0, 727€-05 C.C560

-0.1CAE-04 0.0574

-0.,1T0E-04 C.C5843

-0.167E~-04 C.C603

~0.170E-04

~0.242E-04

~0.316E-04

~0.315E-04

-0.322E-04

EVENT 12
F C U

CeC3413 3.689 3.217
CeC36€2 3.€73 2,294
0.C377 3.656 3.252
06.C3651 3.€39 3,234
C.C495 3.€22 3.1%9
o4l 3.597 3.104
CeC434 3.%F0 3.069
00443 3,560 3.CC9
CeCle2 3,539 3.003
0.34176 3.%22 2,082
C.C490 3.5C9 3.148
CelSCH 3.46G¢ 3.192
C.C519 3.497 2,246
C.C533 3.4R4 3.295
CeCE47 3.479 3.215
Q.C561 3.475 34292
Cal576 3.469 3.272
C.C590 3.4¢€1 2.102
CeCH34 3.459 3.041
C.C618 3,475 2.583
CeC633 2,202¢ 24945
CeCb47 3.414 2.919
C.Cb61 3.431 2.9C2

EVENT

c
3,767
3,747
3,729
3.658
3.677
3.¢€57
3.643
3.€23
3,608
34568
3.5%0
3.517
3.558
3,537
3,16
3.494
3,470
3,446
3,423
3.4CS
3.3G2
3,379
3.3¢7
3,356
34346
3.339

GAMMA
~0.457E-04
-Ce G96E~04
-0.142E-03
-0.161E-03
-0.163E-03
-0.826E-04

0.130E-05
0. 562E-04
0.118E-03
Ce?15E-03
0.315E-03
0.377E-03
0. 370F~03
0e311E-03
J.238€~03
0. 16CE-D3
0.R12E-04
Ce410E-04
0.618E~0C4
Nel19E-33
N.18CE-03
Ne228E-03
0.27CE-C3

Y

U
3,449
3,353
3.268
3,304
3,284
3,287
3.279
2,269
3.320
3,371
3,318
3.169
3,049
2,937
20 945
2.880
2.823
2.789
2,829
2.915
2.560
2.966
2.967
2.5R4
3.021
3.007

297

GAMMA
0.226E-03
0.794€E-04
0. 41 7E-05
0.125E-04
0.162E-04
0+ 236E-04
0.341E-05

-0.401E-04
=0.505E-04
~0.281E-04
=0.228E~-04
-0.489E-04
-0.627E-04
=0.347€-04
0.563E-04
J.190E-03
0.285E-03
J¢ 304E-03
0. 260E-03
0.217E-03
0.196E-03
0.175E-03
0.148E-03
0s107E-03
0.602E-04
0e422E~04



F

c.ClCc7
(.C121
TeC135
0.C150
C.Cl€4
0.C178
0.C162
C,02C7
0.0221
C.C2135
0.C249
C.C264
C.C278
0.0292
CeC3CHo
C.0321
C.C335
CeC349
CeC363
C.3378
C.C392
CeJ406
C.0420
0.0435
0.0449
CoeC4é€3
CeCa17
Ce.C452
C.C5¢€o

0.C529-

0.C534
C.0549
0.0563
CeCH17
0.C591
C.C600
C.C620
0.0634
Ce.C€49
C.C6613

EVENT

4.458
444C3
40259
4.226
4.3C0
46272
4240
4.213
44190
4.17C
4e143.
44124
4.1C1
4,076
44759
4.C23
3.995
3.566
3.€37
3,906
3,881
3,855
3.827
3., €C1
3.779
3,76C
3744
3.729
3,716
3.7c6
3.€93
3,691
3.682
3.¢6173
3.665
3.656
3.€417
3.633
3.€21
3.623

]

H
4.246
443022
4.025
4.044
4.012
1.923
3,874
3,89¢
3.834
3,844
3.783
3.729
3.6480
2,619
3.549
3.482
3.419
3.364
3‘341
3,313
3.239
3.212
3.165
3.19%
32,236
3,267
3.2¢¢
3,296
32.346
3,421
3,433
3.359
3.370
3.348
2.333
3. 324
3.316
2.313
3.303
.291

WESTERN U.S.

TUC 1) LIN

LCVE WAVE
GAMMA F
Oe4T1F-04 Ce.Cli6
0.484E-04 CeCl21
Je 862E~-04 0.C135
0.130E-03 00149
0.153€E-03 CeClé3
C.160€E-13 0.0177
0.135E-03 Tel191
0.225€E-23 C.C2Ce
Ce25GE-03 G.C220
Ce?246F-03 C.C234
0.724E-03 CeC248
0.273E-03 JeC262
0.189E-03 CeG277
0.177E-C3 0.0291
0.163E-03 €.03G5
0.,151E-03 $.C319
0.152E~03 C.0333
0.,171€E-~03
0. 2C9E-03
0.2J71€E-03
0. 146F-03
0. 676E-C4
-0.183E-04
-J.G6S7E~04 F
-0.171E-93 Cell49
-0.218F~03 C.0163
=0.222E~-03 C.Cl78
=J0+179E-C3 €.0192
-0.105€E-0% C.C206
~0.,360E-C4 C.C220
~0.705€-26 C.0235
0.138E-04 C.C249
Ne22CF~04 C.0263
0. 305E~04 0.C277
Q. 358F-C4 C.C291
0.481E-04 C.C3C6
0.551E-04 C.0329
Deb32E-C4 C.C324
0.754E~04 00,0348
0. Q12E-04 C.C3€2
C.n377
0.0391
C.CacC5
Ce.Cal9
CeC434
Ce0448
0.3462
CeCa16
C.C490
C.{505

C.C519

EVENT

44506
40453
44473
4.369
4.3235
44321
40282
44250
44215
4.182
4.1%1
4.124
4.(56
4.063
4.021
4.CCC
3,565

EVENT

4,236
44309
4.27¢
44247
4,222
4.1¢8
4.176
4.156%
44124
4,115
4.C56
4.C79
4.C606
4.C60
4,051
44C41
40023
4.C16
4.C52
3.,G5RA
3,565
3.¢€41
3.919
3.868
3.9
3.861
3.€43

q

44100
4.074
4,743
4.320
44,710
2,646
3.923
3.4824
3.749
3.715
3. 65§
3.672
3.573
3.490
3.451
3.368
3.252

10

U
44350
3.984
3.622
3,914
34396
3.867
3.R44
3.821
2,795
2,776
3,159
3,784
3.867
3, EE6
3,827
3,771
3.722
3.635
3.646
2,5C3
3.360
3,327
2.325
3.327
2.323
3.313
3.325

298

GAMMA
e 155FE=03
Ce226E-03
D.268E-93
0.302F-03
0.329g-73
Te 23KE-03
0.311€E-93
0.266E-23
0.2276-93
0.199E-03
0.18CE-C3
0.173€-03
0.211€6-03
0.256E-03
0.232E-03
0.7R3E-03
0.27¢E-03

GANMNMA
Qs 247€-03
J3¢240E-23
Qe 241F=-013
J4273E-0Q3
0.322E-03
0. 368E-D3
0.4CSE-03
0.429E-03
Ge423E-23
0.404F-23
0.385E-03
Je 37GE~C3
D439¢F-03
0.371€-93
0.212E-03
0¢247E-03
Je189E~03
O« 13¢E-N3
Je389E-14
Ce43CE-NG
Tell2E-04
Ze26CE-CS
Ca7527-C5
N4236E=J4
Js 529E-04
N,916E~C4
04132E-03



F
Ce0235
J.0249
C.0264

C.C278 .

0.0292
C.C3C7
0.0221
0.0335
JeN349
0.0364
J.0378

Ded292 .

e 0406
0.0421
0,0435
040449
0.0463
0.C478
Je 0462
3.0506
N.052C
C.0535
J3.,0549
Je0563
0.C577
0.,0592
C.06C6
C.0620
0.0634
JeCE4LS
00663

3,7€4
2,759
3,742
2,71€
346665
23,6719
2.€5¢
3,634
1,€37
21,617
31,595
1,571
3.559
1,537
1,516
3,456
1,474
1,454
2,.43¢

©3e42C
3.4(6

34365
2.3€3
3.312
143€2
2.282
2.341
20228
2,316
2.3C4
2,29C

WESTERN U.S.

TUC TC LCN

RAYLFIGH wWAVE VERTICAL

SO

0,011
0.CC7
JeCu?
Q6302
Q.02
C.C01
D.C08
0046
G.C51
0.062
C.C68
0,073
DeC74
Q375
C.075
G.C75
DeCT7¢
0.C77
C.078
C.081
O.C86
CeCs51
C.C37
0.101
G103
Gel1CH
Ce.l15C
Uel5G
0.151
04152

U
3.572
2,486
2.3G6
2.350
3,221
3,259
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le274
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Appendix 3., On the inversion of surface-wave attenuation:

the over-determined problem,

Suppose we have a set {bi‘ 1=1, m} of m independent
measurements of surface-wave (i.e, normal-mode) attenuation.
Assume a le(z) model consisting of n layers within each
of which le is constant, independent of frequency. Let

{xj: j=1, n} be that model, If x% << 1 for all j, then
(Anderson and Archambeau, 1964) each observation by 1s a

linear combination of the x,:

J
‘El i X_-] = bl i=1,2, ,m
or, in matrix notation,

where A is a known, mxn matrix, and x and b are column
matrices with n and m rows, respectively. when m > n,
then (A3.1) is over-determined and may be solved by the
customary method of least squares., That is, requiring the

squared vector norm
£ = x-pff

to be a minimum leads to the relation
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(A3.2)

which may be solved directly for x once b is givepn, (AT 1s
the transposevof A.)

There is no assurance, however, that the least-
squares solution is physically plausible, i,e. that
xJ > 0 for every layer j. And, indeed, in practice (A3.2)
is usually unstable for attenuation problems (see also
Knopoff, 1964); producing oscillating solutions in which,
for most J, X and X441 are large in magnitude and
opposite in sign. We therefore use a modification of
(A3.2), sometimes called the method of ‘damped least
squares®(Levenberg, 1944; Marquardt, 1963), which has
. been used with considerable success in the numerical
solution of ndn-linear problems, In particular, Julian
(1970) recently employed the technique to obtain com-
pressional-velocity models from travel-time data.

Assume an initlal model x, and define

B s (43.3)

[_3_ =

o

- A X
_o

We now seek to determine £ , the solutlon to
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(A3.4)
subject to the additional constrailnt that x = x + ¢
be not too different from Xge This may be satisfiled by

requiring that our cholce of £ be such as to minimize

o = ae-gf el (43.5)

The parameter o may be chosen freely, and is usually
selected so that the two terms in the right-hand side
in (A3.5) are comparable in magnitude., The requirement

2
that 0 be a minimum leads to the well-posed problem

@'a+ar) g = AT g

(A3.6)

where 1 1s the nxn identity matrix. Solution of (A3.6),
together with (43.3), leads to a model x that °*fits' the

observations better than x,; 1.e.

Jax-pl® < Jax -2)?

(e.2z. Levenbere, 1944), We note in passing that such a
nodel x depends upon b, X5, and o .

In practice, we have adopted the following procedure:
(1) Assume a starting model X - (2) Choose Ej (j=1,n)

such . that
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a m" n 2 n 2 _ _

where aij are the components of the matrix A, This 1is
) ,
equivalent to minimizing o 1in (A3.5), except for the

welghting function w, (1=1,m), taken equal to the
reciprocal of the variance of the measurement error for
the quantity b,. (3) Caiculate X=Xg+ £ . (U4) Repeat
(2) and (3) with x as the new starting model until either

2

.. X, = Db, < 1/w, for all 3},
1j 73 1 1

or (b) Xy < 0 for some }j,

(a) a

Now let us suppose that X (=le(z). z in layer j)
is a function of frequency in some of the layers, i.e.
xy = Gj(f),,ﬁhere GJ has a known functional form and
depends explicitly on a small number of unknown parameters.
The dependence of GJ on these parameters is not in general
linear, however, so incorporation of the unknowns directly
into the damped-least-squares scheme is not possible,
Rather a suitable search process may be used for those
parameters upon which G‘1 depends non-linearly or, alterna-
tively, Gj(f) may be approximated (Backus and Gilbert,
1968) by some linear combinaticn of unknowns (e.g. a
polynomial in f).

To illustrate, let us postulate a simple relaxation
in layer j = r; i.e.

ca2f

X:. T Gi(f) = ¢ —- .,
J 1 + (cf)

J
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for j = r, Clearly, GJ(f, ¢1s C,) 1s linear in c; but

not in Coe Let us fix Coe Now define

a CZfi
— 1) l+(sz-)‘2 J=7
pij = 1
a, . otherwise
1]
C j=1r
u. =
J xj otherwise

where f1 is the frequency of the ith surface wave (normal

mode). Then (A3.1l) may be written in the form

Pu = b

which can be sélved in the manner outlined earlier, with

some modifications,

As before, assume an initial model u,, (equivalently,

Xg). Let
v = u-ug
£ = x - x_
8 = b-Pu

Then requiring the quantity

2

R T VAN PN
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to be a minimum for some fixed frequency fO yields the

relations

®TP+aQ v = PT g | (A3.7)

where the dlagonal, nxn matrix Q 1s given by

sz.
________1'___§._ j-r
_ 1+(c2£)% HJ
935 6. otherwise
ij

and S§44 1is the (n-dimensional) Kronecker delta.

Solving (A3.7) gives v and thus x. This solution x depends
upon the data b, and upon ¢,, U5, o and fo. By choorsing
a second Co repeating the above steps, Jjudiclously
selecting yet another co, ete., it is possible to determine

a ‘best’ value for c, and the resulting solution x.
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Appendix 4, Determination of relaxation parameters from

travel-time delays and differential attenuation.

We wish to determine the relaxation strength Ay and
the relaxation time 7T of a hypothetical relaxation-
process in the lower asthenosphere, assuming that the
differential attenuation &t§ and §t% of long-period P and
S waves, the travel-time delays 5tP and Gts of,
respectively, short-period P waves and long-period S
waves, and the delay 6t§ introduced to the travel time
of a short-period P wave due only to passage (at vertical
incidence) through the *'low-velocity zone' (as constrained
by selsmic-refraction data) are all known. Define

Sti, ot§, and St as in section 5.2. Let us then

S
first express été and §t% in terms of sty and Stp.

S
If the ‘'low-velocity zone'®' (as 'seen' by short-
period waves) is vertically homogeneous (not a bad
assumption considering the uncertainties involved in
deducing the parameters of a low-velocity layer from

travel-time data) and is attributable to a single relaxation

with peak frequency greater than 10 Hz, then we may write

-
St = % [(l - A/»t-\/z - t} C o (ABL,1)

where h; is the thickness of the ‘low-velocity zone'’

(as defined by short-period P waves), 81 is the unrelaxed
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shear-wave veloclty ln that zone, and the strength of the

relaxation in the zone 1is given by

_ o\ o, St; <
T ‘%(ﬁ;) [‘W(H T)} (AL, 2)

X, i1s the unrelaxed P-wave velocity in the 'low-velocity
zone', and 1s normally equated to the P-wave velocity in

the 'l11d°'., Note that when AVA is small relative to unity,

It is presumed that contributions to Stﬁ are
confined to some depth interval (of thickness h2) over
which elastic properties at very high frequencies (i.e.
frequencies above any relaxation-peak frequencies) are

uniform, Then

p

S [ I

where pl.is the (unrelaxed) shear-velocity that the layer

would have 1f AT = 0 and the ‘'temperature difference’
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(relative to a mantle with Stg = 0) is given by

- g L % SJCU - ~ ]
AT [(l h e ) l} , (Ab.k)

2

The partial derivatives of velocity with respect to
temperature (at constant pressure) may be taken from
published ultrasonic measurements. [We have used the
VRH values calculated for polycrystalline forsterite by
Kumazawa and Anderson (1969).] It may seem grossly
improper to assume that AT, o, and 4, are constant
throughout the depth interval h2 over which temperature-
induced lateral changes in veloclty are significant.

However, note that when

Sk

- )P %T « | (AL, 5)

(which holds for T < 1000°K), then

oT 2

Lo

-
sty = (3/3) g (Ak.6)
P



Further, 1if

dot AT
(?) w, <
oTlp

then

R

St"

( % ) (ﬁ)p ¢

Bz

We may approximate the upper mantle by a stack of layers

within each of which velocity and temperature are

312

o, (Ak.7)

(AL,8)

constant, If (A4,5) and (A4.7) hold within each layer, then

(A4.8) is still valid for the mantle as a whole as long
as Poisson's ratio is approximately constant in the
upper mantle and the derivatives of veloclity with respect
to temperature are approximately independent of pressure
and temperathre (this latter requirement is probably not
strictly valid). Thus, from (AL.6), the quantities h,
and AT in (A4,3) may be considered, respectively, the
sum of the thicknesses of all layers in which lateral
temperature-variations affect travel-time delays and the
average (weighted by layer thickness) temperature excess,
relative to an upper mantle for which §t& = 0, within

these layers.,
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Suppose that Sts has been sultably corrected by
subtracting Sté and Stg, glven respectiveiy by
equations (A4.1) and (A4.3). Then the three quantities

Stg Sté. and St; (all evaluated at roughly the

same frequency) over-determine the two parameters zyu and
T .« We thus resort to a variation of the method of
least squares to evalute these two parameters,

In terms of Au and 7 , Stg, $tE (see .

equation 3.6) and Sts may be written,

V2
h A
otg = [l - ML} - (A4.9)
‘ /Bu { | + (1_.)'2') .
/3

- ™ h A At DT

ot - 2 [l - H(W)L} (8 To@o (A4,10)
and L,

_ 47h _4(BY am Bl s wT

St; - 30( il 3(&;) |+-((A'Z')z'] E(w)] (I—Zk/lxt\‘/z ]-c—(wt)L (ALI'.ll)

In writing (A4.9) through (A4.11) it has been assumed that

the relaxation is uniform throughout a layer (the lower



314

asthenosphere) of thickness h; f and o afe the unrelaxed
shear-wave and compressional-wave velocities [we have
taken 4, = 8, + (%/o7), ATs similarly for ] ; & (w)
and o (w) are the shear-wave and compressional-wave
velocitlies at the angular frequency <« , where w«w/z; = ,1l Hz,

If we make the approximate substitution

/5("‘J> " /3u
o (W) - Ly

in (A4.11), then each of the relations (A4.9) through

(A4.11) may be rewritten to yield Ap explicitly:

il

[l +(w-c)z] 1, - (,4_ /_BL-’ Sts)_L} (AL4,12)

h

2

]

AM,

)+ (:)zz’): - \/[l _'_(%3 )1]2— [lo(wz\’_c%ﬁgz (wl)‘]
| +(wr)‘*( %SIZT (T

(A4,.13)

v

A/u [l + (wz\‘]

A M,

\\
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and

Al et [ 48 wr ] - S o 3]
& (&) st $(E5(Za Vo> |

A/a = [“(wr)"}

(A4.14)

i

L/\ M3

Assume 7 is known. Then choose Q¢Lsuch that

. 3 2
S’"((_\/u_) = Z (A/u"AM¢>
(=1
is a minimum, (This criterion will give a ‘best®
estimate of %ﬂ only 1if 4¢lls a normally-distributed
random variable, Such is almost certainly not the case.)

This is clearly satisfied by

3
ALl = :é ;; AM
Note that s? = 82( Ay T ). Thus we may change <7 ,
recompute A« such that g2 is minimized, and repeat this
two-step sequence in some systematic fashion (we employed
a binary-search routine) until we find A and 7 such
that s2 (. \N¢iy, ¢ ) 1s a minimum with respect to both
parameters.

The quantities JSt#, StE, Stgs Sté and été
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at the 14 U.S. stations studied are given in Table A4.,1.
Values of Sts are from Hales and Roberts (1970).

Values of §t§ were calculated from the compressionalw
velocity models indicated., At BKS and COR, because no
mantle velocity-structures have yet been reported for
California or western Oregon, we have assumed Sté
beneath these stations equals the average at other stations
in western United States. [Nuttli and Bolt (1969) have
proposed a rather extreme model, based on the azimuthal
varliation of travel-time residuals, for the low-velocity
zone beneath California; we choose, however, not to
-adopt their model because the predicted value of Sté
(2.2 sec) at BKS seems high.] Values of Stg were calculated '
- using equations (A4.2) and (A4.1), with o, = 8.2 km/sec and
A = 4.6 xm/sec (1f AT = 0), and h; obtained from the
compressional-velocity structure. Following the discussion
of section 5.1, the parameter h in equations (A4.12)
through (A4,14) was taken equal to 200 km,

Equations (A4.12) through (A4.,14) presume knowledge
of the absolute values of éts. o>t& and St;. In fact
these gquantities are known only to within addition of a
constant; the ‘'baselines' are uncertain. Nonetheless
these baselines must be estimated. We might, for instance,
subtract from each value of Btsrthe lowest value reported.
This would be reasonable 1f the lowest delay-value were

well-=known; such is not the case, We have therefore
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Table A4.1, Travel-time delays and differential attenuation

used to compute relaxation parameters.

Station &t¥ stp  Stg sth st

sec sec sec sec sec
AAM 11.8 1.9 .99 . 04C .17
ALQ 8.8 4,7  5.31 .20d .93
BKS 4,9  oP 6.46 218,97
BOZ 11,2 1.9  6.14 .15f 70
COR 7.0 1.5 6.57 .21° .97
DUG 11.3 . 3.0  4.85 .15 .70
FLO o - oP 1.85 .05 .22
GEO 15.6 ., 3.0 2.82 .04c .18
LON 16.8 5.3 3.59 .31h 1.39
LUB 5.6 1.2 4,10 .19d .88
RCD 3.8 3.2 0P 200 o2
SCP 8.6 1.9 2.73 . 04C 17
TUC 11,2 6.2  5.87 3ot 1,35
WES 18.2 3.8 3.23 . 04C .18
Baseline®-8,0 -2.2  =h,20

2 must be added to each entry in column to agree with
values as published or reported earlier
b calculated value negative; value set equal to zero for

calculation of relaxation parameters
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Table AL4,1 (continued)

¢ model NC 1, Julian (1970)

d model NTS El, Julian (1970)

€ assumed (see text)

f model NTS NE1, Julian (1970)

% model ER 2, Green and Hales (1968)

N model NTS N3, Julian (1970), unrelaxed velocity =
8.0 km/sgc

1 similar to 5t§ = ,28 in model CIT204, Johnson (1967)
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allowed some leeway in the cholce of baselines, varying
them until the average value of 52 for our statlion-set
appeared to be roughly a minimum. A crude constraint was
that variations in Stg and §$tf (and in Sts and Stp)
baselines be approximately in the ratio of 4 to 1 (see
section 3.5.2, also Hales and Roberts, 1970). The final
baselines chosen are shown in Table A4,1, Not- that a
few of the values of Stgs gtg andj §t§. even after
subtracting respective baselines, are still negative,

This is attributed to measurement error; residuals with

such negative values are arbitrarily set equal to zero.
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