JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 96, NO. B10, PAGES 16,429-16,454, SEPTEMBER 10, 1991

Shear Wave Splitting and Subcontinental Mantle Deformation
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We have made measurements of shear wave splitting in the phases SKS and SKKS at 21
broadband stations in North America, South America, Europe, Asia, and Africa. Measurements
are made using a retrieval scheme that yields the azimuth of the fast polarization direction ¢
and delay time 8% of the split shear wave plus uncertainties. Detectable anisotropy was found
at most stations, suggesting that it is a general feature of the subcontinental mantle. Delay
times range from 0.65 s to 1.70 s and average about 1 s. Somewhat surprisingly, the largest
delay time is found in the 2.7 b.y.-old Western Superior Province of the Canadian Shield. The
splitting observations are interpreted in terms of the strain-induced lattice preferred orientation
of mantle minerals, especially olivine. We consider three hypotheses concerning the origin of the
continental anisotropy: (1) strain associated with absolute plate motion, as in the oceanic upper
mantle, (2) crustal stress, and (3) the past and present internal deformation of the subcontinental
upper mantle by tectonic episodes. It is found that the last hypothesis is the most successful,
namely that the most recent significant episode of internal deformation appears to be the best
predictor of ¢. For stable continental regions, this is interpreted as “fossil” anisotropy, whereas for
presently active regions, such as Alaska, the anisotropy reflects present-day tectonic activity. In
the stable portion of North America there is a good correlation between delay time and lithospheric
thickness; this is consistent with the anisotropy being localized in the subcontinental lithosphere
and suggests that intrinsic anisotropy is approximately constant. The acceptance of this hypothesis
has several implications for subcontinental mantle deformation. First, it argues for coherent
deformation of the continental lithosphere (crust and mantle) during orogenies. This implies that
the anisotropic portion of the lithosphere was present since the deformational episode and rules
out the addition of undeformed material to this layer by subsequent “underplating” or conductive
growth of the thermal boundary layer. One of the most important issues in the study of orogenies
is the need to reconcile the formation of thickened lithosphere with the paradoxically high mantle
temperatures often associated with orogenic episodes. Most efforts to date have focussed on
modes of deformation whereby the cold lithospheric mantle is removed (by convective instability
or delamination) and replaced by warm asthenosphere. These models, however, are incompatible
with the evidence for preserved coherent lithospheric deformation; rather, the deformed mantle
appears to have been heated in place. We suggest that the elevated mantle temperatures may be

due to the strain heating accompanying the deformation.

INTRODUCTION

The steadily increasing evidence that mantle anisotropy
is due to the strain induced lattice preferred orientation
(LPO) of upper mantle minerals [see Nicolas and Chris-
tensen, 1987)], an idea originally proposed by Hess [1964],
has provided a means of inferring modes of mantle defor-
mation from observations of seismic anisotropy. There have
been numerous studies of upper mantle anisotropy below
the ocean basins: measurements of P, velocity from refrac-
tion surveys [e.g., Raitt et al., 1969; Shearer and Orcutt,
1986], and both azimuthal and polarization anisotropy in
long-period surface waves [e.g., Forsyth, 1975; Nalaf et al.,
1984; Tanimoto and Anderson, 1985; Montagner and Tani-
moto, 1990]. Nearly all of these studies can be successfully
interpreted as due to the strain induced by plate-motion
processes: seafloor spreading at the mid-ocean ridges, the
differential motion of the lithosphere and asthenosphere, or
more generally, the mantle flow induced by the motions of
the plates.

An equally successful characterization of subcontinental
mantle deformation from anisotropic observations has yet
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to fully emerge. Not only is plate tectonics less success-
ful in describing the features of the continents and in pre-
dicting deformation in the subcontinental mantle, but the
much shorter horizontal length scales of coherent continen-
tal deformation make the study of anisotropy more difficult
using the techniques typically applied to the oceans. No-
table exceptions are the few P, observations on the con-
tinents [Bamford, 1977; Bamford et al., 1979; Vetter and
Minster, 1981; Beghoul and Barazangi, 1990]. The problem
of smaller length scales can be addressed by the use of a
particular manifestation of anisotropy, shear wave splitting
[Christensen, 1966; Keith and Crampin, 1977]. Splitting
in teleseismic shear waves such as SK'S, S¢S, and S, with
steep arrival angles beneath the receiver, provides excel-
lent lateral resolution in the upper mantle, and thus allows
for the direct comparison of anisotropy with surfice tec-
tonic and geologic features possessing typical continental
dimensions. Measurements of shear wave splitting in waves
sampling the upper mantle began less than a decade ago
with the pioneering work of Ando and coworkers using S-
waves from nearby events in the descending slab [Ando and
Ishikawa, 1982, Ando et al., 1983; Bowman and Ando, 1987]
and ScS [Ando, 1984; see also Fukao, 1984]. Because ScS
is most easily used in the distance range of less than 30°, it
provides information primarily about the anisotropy in tec-
tonic areas along active continental margins. ScS, however,
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is less useful in studying stable continental interiors that are
relatively devoid of seismic activity. One important advance
in retrieving splitting information has been the utilization
of SKS. First employed by Vinnik et al. [1984], this phase
has begun to be exploited extensively in teleseismic split-
ting [ Kind et al., 1985; Silver and Chan, 1988; Vinnik et
al., 1989a; Ansel and Nataf, 1989; Savage et al., 1990, here-
after called SSM], because it has many advantages for the
study of the continents. First, the observed anisotropy can
be localized to the receiver side of the path due to the P

to S conversion at the core-mantle boundary (CMB). Sec-
ond, the detection of anisotropy is much simpler; since SK'S

is radially polarized in an isotropic, spherically symmet-
ric Earth, detectable energy on the transverse component,
SK Sy, signifies deviations from these idealized properties.
As the effects of anisotropy and lateral heterogeneity can be
easily distinguished, SK'St becomes an excellent diagnostic
for the presence of anisotropy. Third, SKS is most easily
observed beyond 85°, allowing the study of stable continen-
tal interiors. Finally, SK'S represents a nearly vertical ray
path through the mantle, so that the propagation direction
is essentially constant; this allows for a somewhat simpler
analysis.

Silver and Chan [1988, hereafter called SC] began a sys-
tematic study of continental anisotropy through SKS split-
ting, with the ultimate goal of obtaining a general charac-
terization of subcontinental mantle deformation. They not
only found anisotropy at all stations studied, but also pro-
posed that the splitting is predominantly caused by “fossil”
strain in the subcontinental mantle due to the last major
episode of tectonic activity. The present report represents a
continuation of that study. In particular it seeks to test the
fossil strain hypothesis with an expanded data set, against
two alternatives: plate-motion related strain, analogous to
that Tbund_ in the oceanic upper mantle, and present-day
crusgal stféss. Each of these hypotheses carries implica-
tionsl’fgr example, if the plate-motion hypothesis is correct,
it would argue that the strains associated with plate mo-
tion dominate subcontinental mantle deformation, so that
oceanic and continental upper mantle may be treated sim-
ilarly in this respect. But if the fossil strain hypothesis
is true, it argues for something quite different: that the
orogenic and rifting episodes responsible for producing the
fabric of continental geology have also imparted this same
fabric to the mantle. Anisotropy would then constitute the
extension of structural geology to the mantle and help pro-
vide a geologic history of the entire continental lithosphere.

The evaluation of these hypotheses requires knowl-
edge of three relationships: (1) between splitting and
anisotropy; (2) between anisotropy and strain; and (3) be-
tween strain and geologic/tectonic processes. For a homo-
geneous medium, the relation between the splitting param-
eters, the fast polarization direction ¢ and delay time 6t,
and the elasticity tensor C,; is straightforward even for
the most general anisotropy. While it can become quite
complicated for multiple regions of anisotropy, however, the
assumption of a localized homogeneous anisotropic layer ap-
pears to be justified in most cases and will be utilized for
the applications in the present report.

Assuming that anisotropy is caused by the lattice pre-
ferred orientation (LPO) of mantle minerals, the relation
between anisotropy and strain requires knowledge of com-
position and mineralogy, along with the single-crystal elas-
tic constants and dominant slip systems for these minerals.
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Since these properties are reasonably well known for the up-
per mantle above 400 km depth, the problem is reduced to
finding an orientation distribution function (ODF) for the
primary anisotropic minerals (such as olivine and orthopy-
roxene) as a function of finite strain. In fact, seismological
applications only require a relationship between a suitably
averaged macroscopic elasticity tensor < Cjj; > derived
from the ODF, and finite strain. Obtaining an appropriate
relationship has involved the interplay of theory [McKenzie,
1979; Ribe, 1989a; Ribe and Yu, 1991] laboratory measure-
ments, ind observations of mantle xenoliths [see Nicolas
and Potrier, 1976; Gueguen and Nicolas, 1980; Christensen,
1984).

The third relation requires a kinematic or dynamic de-
scription of the relevant tectonic process, and a constitu-
tive relation. This issue has been addressed for.-the strain
associated with oceanic plate motion (spreading, subduc-
tion, absolute plate motion) and mantle convection [McKen-
zie, 1979; Ribe, 1989a, b] with emphasis on the resulting
anisotropy. Continental strain has been examined by several
studies [e.g., England and McKenzie, 1982, 1983; England,
1983; Bird, 1984, 1988; Molnar, 1988a; England and House-
man, 1989], although the implications for seismic anisotropy
have not been discussed.

In this report we present shear wave splitting measure-
ments from all presently available three-component broad-
band stations from the GDSN network, the NARS array,
and the Chihese Digital Seismic Network (CDSN). This in-
cludes measurements from the continents of North America,
South America, Eurasia, and Africa. We will also discuss
two other related studies, one which examines splitting in
the Basin and Range (SSM), and the other which exam-
ines IRIS/IDA stations [Given and Silver, 1990], which have
used the same measurement scheme as the present study.

MEASUREMENT OF
SHEAR WAVE SPLITTING PARAMETERS

In an isotropic, homogeneous medium a shear wave ar-
riving at the surface at time 7, after traversing a path of
length L can be written as a vector function

u(w) = Aw(w)exp[-iwTo] (1)
where A is the complex vector amplitude, and w(w) is
the wavelet function which is the product of the Fourier-
transformed source time function, attenuation operator and
instrument response. We assume that A can be approxi-
mated by AP, where A is a complex scalar and p is a real
unit vector pointing in the displacement direction and which
is conta.iped in the plane orthogonal to the propagation di-
rection b. Incorporating A into the definition of w(w), (1)
is rewritten as

u(w) = w(w)exp[-iwT,]p (2)
In essence, we are ignoring phase shifts in the radial com-
ponent due to the free surface. For the steep arrival angles
used in the present report, this should be an excellent ap-
proximation.

We model the splitting due to anisotropy as the geomet-
rical operations of projecting P onto the fast and slow po-
larization directions f and § and then time-shifting these
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two components by §¢/2 (earlier) and —6t/2 (later), respec-
tively. For an elasticity tensor Cjjx, f and § are the two
quasi-shear eigenvectors of the polarization matrix V de-
fined by

(3)

[Backus, 1965] with eigenvalues 32 and 8% corresponding to
the two squared shear velocities. For small anisotropy, 6t
can be conveniently expressed in terms of a relative pertur-
bation in shear velocity 68 = 8;1(68; - 68;) as

pVie = Ciyur b, by

st=p;'LB (1)

where 8812 = f1,2 - Bo and B, is the isotropic shear velocity
defined such that 6§8; + 68, = 0. The process of producing a

split shear wave u,(w) can be represented as the application
of the splitting operator

I = exp[iwst/2)ff + expt—iw&t/2]§§ (5)

to a signal of the form (2) with the resulting split waveform
u,(w) = w(w)exp[-iwT]['(¢, 1) - (6)

where ¢ is the angle between f and P. Defining the tensor

§T = 6t/2(ff - 85) (7
T' may be more compactly written as
I’ = exp[:wéT(4, 6)] (8)

in analogy with the isotropic case (2).

The two parameters that may be estimated are 6t and
¢. A straightforward way of doing so is to try to correct
for the anisotropy and choose the pair that most nearly
returns (6) into the form (2) by reversing the geometrical
operations: that is, search for the inverse operator I -,
From (5), we note that this operator is unitary so that the
inverse is simply the complex conjugate I'*. Assuming the
polarization plane of the shear wave is known, '™ may
be found by computing the two dimensional time-domain
covariance matrix of particle motion in that plane, as its
eigenvalues may then be used as a measure of linearity [Vi-
dale, 1986]. We define the covariance c;; between any two
orthogonal components of ground motion, making angles of
¢ and ¢ + x/2 with P,

ci; (¢, 6t) =/ u,(tu,(t-6t)dt  i,5=1,2 (9)
for lag 6t.

In the absence of anisotropy, ¢ will possess one nonzero
eigenvalue A\, = F, = f:o w(t)2dt and corresponding eigen-
vector P (see (2)). In the presence of anisotropy, ¢ wil
have two nonzero eigenvalues, A1, A unless ¢ =nx/2 (n =
0,1,2,...) or 8t is zero. Thus, one may search for T~ such
that the corrected seismogram i1,(w) = I' ™" . u,(w) pos-
sesses a singular covariance matrix. For any candidate pair
of values (¢, 6t), the covariance matrix &(¢, 6t) for the ro-
tated and shifted seismograms may be expressed in terms of
the covariance ¢(8t) of a reference coordinate system (say
north-south, east-west), and will have the components
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B11 (6, 61) = / " @t + 6t/2)dt = 211($,0)
= Rai(¢)ci; (0) Ry, (¢) (10)

E22 (8, 6t) = / T a3(t - 61/2)dt = 522(9, 0)
= Rai($)ciy (0) Rz, (4) (1)

B12(6, 68) = / (e + 6t/2) iz (1  62/2)dt
= Ryi(¢)ci; (5t) Ra, (4) (12)
&2 (9, 6t) = &12(4, 61) (13)

where the rotation tensor R defines the change of coordi-
nate system from the reference frame to that defined by
the trial fast and slow polarization directions. Equations
(10)-(13) demonstrate that ¢ may be formed by taking lin-
ear combinations of the covariance and zero-lag autocovari-
ance in the original reference frame, which allows for ef-
ficient evaluation of candidate operators. In the presence
of noise n(t), ¢ will not be singular and one seeks instead
the matrix that is most nearly singular. While there are
apparently different eigenvalie-based measures of linearity
such as maximizing A,, A;/Az, minimizing Ay or X; Az, they
are in fact equivalent. This is because the two-dimensional
trace © = \; + A, of € is invariant with respect to changes
in either ¢ or ét. Various methods of estimating splitting
parameters may thus be put in this context. Maximiz-
ing the cross-correlation between components, a method
used by Bowman and Ando [1987], is similar to minimizing
the determinant, which can be seen from the relationship
M2 = 11622 - ¢3,. Maximizing the ratio A;/); (aspect
ratio) has been applied by Shih et al. [1989]. Finally, find-
ing the minimum of Ay, AJ*", is equivalent to the method of
SC. The importance of A7**" is that it constitutes a measure
of variance of the noise process. As such, it can provide the
basis for calculating a confidence region for the two split-
ting parameters. Such a procedure has been applied by SC,
SSM, and Given and Silver [1990] and is discussed below.

An important special case in splitting estimation is where
the isotropic polarization vector P is known, as with SKS
and SKKS. If viewed on the radial and transverse com-
ponents, one obtains for a noise free seismogram, the time-
domain expressions

ur(t) = w(t + 6t/2) cos® ¢ + w(t — 6t/2)sin® ¢ (14)

(15)

In this case the energy E; = fj‘; @2(t)dt on the corrected
transverse component can be minimized instead of A;, as
in SC. Equations (14) and (15) demonstrate an additional
important diagnostic for these phases. For §t small com-
pared to the characteristic period of study, », is only slightly
broadened and distorted, while u,, which is identically zero
in an isotropic medium, is approximately proportional to
the derivative of the radial component. Note that this rela-
tionship will hold for any pair of components in the direc-
tions parallel and orthogonal to P.

ue(t) = —%[w(t +6t/2) — w(t - 6t/2)] sin(24)
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Error Estimation

Error estimation is an important part of the splitting
measurement. In many cases, only a few records will be
available and evaluating the uncertainty of each measure-
ment is essential. This is especially true for portable exper-
iments, where the observing time is necessarily short. For
an n-point discrete time series, AJ**" is the sum-of-squares
of a noise process which, it is assumed, is approximately
x2-distributed. For v degrees of freedom and k parameters,
we take the confidence region at the a confidence level to
be defined by values of A, satisflying

A 14t (=)

min =
AZ

(16)

[Jenkins and Watts, 1968; Bates and Watts, 1988], where
f is the inverse of the F-distribution. In our case k = 2,
a = 0.05, and v, a quantity that depends both on the instru-
ment response and noise spectrum, is usually much smaller
than n. A discussion of expression (16) and the number of
degrees of freedom is given in the appendix. Briefly, from
each minimum obtained, an estimate of &; = 1, /n; for the
tth record is calculated; then all estimates for one station
are averaged to obtain < # >. For the networks we have
used, the product of # and the sampling rate is roughly
constant and equal to one degree of freedom for each sec-
ond of record. The confidence region is then defined for the
ith record using < ¥ > n, degrees of freedom. If the confi-
dence region is approximately Gaussian, then its bounding
values along the parameter axes correspond to 26 marginal
uncertainties for ¢ and 6¢. In cases where this region is not
symmetric but approximately ellipsoidal, we determine the
largest symmetric region that includes the asymmetric re-
gion. In either case, we take one half of the bounding values
of the confidence region (along the parameter axes) as the
1o uncertainties. In cases of no observable splitting, there
is a characteristic nonellipsoidal contour pattern that may
be interpreted as allowing the three options §t = 0, P =f
or p = 8. The second two possibilities can be evaluated by
utilizing different values of P.

In order to test the statistical assumptions that have gone
into the error estimation, we have performed two simple nu-
merical experiments, taking a synthetic shear wave, adding
Gaussian random noise with known variance, and finally
obtaining splitting estimates. In both cases we have used
the geometry of event 85253 (Table 1) to station RSON
(Table 2) with a back azimuth ¢, of —46° and have intro-
duced the splitting parameters of (¢, 6t) = (75.0° , 1.75 s)
in case one and (-39.0°, 1.75 s) in case two. (In discussing
the observations, ¢ will be referenced to north instead of
the polarization direction p.) We have convolved the noise
with a box-car filter of length 1s (four samples). The filter
is found to reduce the number of degrees of freedom by a
factor of 2.5. The weighted (by standard deviation) mean
for five realizations is (¢, §t) = (73+3° , 1.80£0.15 s). Fig-
ure 1a shows one of the realizations. For case 2, ¢, and
¢ differ by only 7° . Note in Figure 1b the characteristic
contour pattern for this case, signifying the absence of de-
tectable splitting. A similar pattern is obtained for 6t ~ 0
or ¢ =~ ¢y + 90°.

Resolution

In making the measurements, we have concentrated on
broadband digital stations because of the greatly improved
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Fig. 1a. Contour plot of energy on E; on corrected transverse
component for synthetic example with (¢, 6t)=(75% 1.75 s).
Correlated Gaussian noise, produced by convolving uncorrelated
noise with a box car of 1s in length (four samples) has been added
to synthetics before processing. The filter reduces the number of
degrees of freedom by a factor of about 2.5. Geometry is for sta-
tion RSON (Table 2) and event 85253 (see Table 1), which is at a
back azimuth of —46. Double contour is 95% confidence interval.
Solid circle is estimated minimum; star is actual value. Note that
confidence interval successfully accounts for the }mcertainty.

¢(degrees)

6t 2(s)

Fig. 15: Same as Figure 1a, but for (¢, §t)=(-39°, 1.75 s). Con-
tour is typical for the absence of splitting and allows for the three
possibilities: ¢ ~ @5, ¢ ~ @, + 90°, or 6t ~ 0. In this case,
&~ ¢y

resolution. The average value of §t for teleseismic split-
ting is approximately 1 s. For long-period instruments with
characteristic periods of 20 s, this is a subtle effect. The
result is reduced detectability and increased uncertainty in
the splitting parameters. For SK'S, this is seen by writing
E, (using (15)) as
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E, =sin2(2¢)/ |w(w)|?sin?(wbt/2)dw 17)
where we have utilized Parseval’s theorem. The integrand
is a product of |w(w)|? modulated by an oscillating function
with maxima at w = (2n+ 1)x/6t and zeros at w = 2nx/6t.
For 6t = 1 s, the maxima occur at 0.5 Hz, 1.5 Hz, 2.5 Hz,
etc., with zeros at 0 Hz, 1 Hz, 2 Hz, etc. For a broadband
instrument that is flat to velocity, a wavelet function with
characteristic duration . [Silver and Jordan, 1983] will have
a maximum at about 7!, Thus, energetic intermediate and
deep focus events with short durations close to 26t are the
most useful. The difficulty of using long-period data is that
at the peak semsitivity of the instrument (about 0.05 Hz),
the integrand is down by a factor of nearly 50 compared to
the maximum. Broadband data are also preferred to narrow
band short-period sensors, as cycle-skipping is minimized
and several maxima, rather than one frequency maximum,
can be utilized.
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REsuLTS

The data for this study comsist of SKS and SKKS
phases in the distance range 85-140° from three-component
broadband data compiled by the GDSN (including
DWWSSN, RSTN), GRF, NARS array, and the CDSN.
We have considered all events deeper than 80 km and m,
greater than 5.7 (Table 1). For each station listed in Ta-
ble 2, we have made individual measurements on all avail-
able records with sufficiently excited and isolated SKS and
SK K S phases. Measurements are made in two ways: mini-
mizing E; and minimizing A;. We normally take the former
procedure as the measurement and use the latter as a check
for the influence of lateral heterogeneity. In this way, we
can allow for the possibility that the presence of SK St can
be explained by the rotation of p away from the predicted
direction ¢, (e.g., by a dipping layer) rather than splitting.
In performing the minimization, we have chosen increments
of 1° and 0.05 s for (¢, 8t ).

TABLE 1. List of Earthquakes Used in Study
Event Year Month Day Time, UT Latitude Longitude Depth, kin my
79138 1979 05 18 2018:03.50 24.13 142.41 598.00 5.8
81247 1981 09 04 1115:13.90 9.95 124.00 651.00 5.6
83153 1983 06 02 2012:50.70 -9.51 -71.25 598.60 5.9
83237 1983 08 25 2023:33.30 33.51 131.48 126.40 6.1
83304 1983 10 31 1737:56.30 -9.02 119.18 83.40 6.0
83328 1983 11 24 0530:34.20 -7.48 128.17 178.50 6.4
83355 1983 12 21 1205:06.40 —-28.19 —-63.17 601.90 6.2
84032 1984 02 01 0728:28.70 49.06 146.59 573.40 5.9
84047 1984 02 16 1718:41.60 36.43 70.83 207.60 6.1
84065 1984 03 05 0333:51.00 8.15 123.76 649.10 6.5
84066 1984 03 06 0217:21.30 29.38 138.93 457.40 6.2
84115 1984 04 24 0411:29.10 3091 138.43 403.10 6.1
84151 1984 05 30 0749:43.70 —4.84 151.58 174.40 6.2
84191 1984 o7 09 2319:03.60 -5.79 111.30 533.50 5.8
84289 1984 10 15 1021:07.50 -15.86 -173.64 128.40 6.5
84304 1984 10 30 0105:49.90 -17.11 -174.08 141.00 6.0
84322 1984 11 17 1345:49.20 -18.78 -178.03 451.40 6.1
84325 1984 11 20 0815:16.20 5.17 125.12 202.20 6.4
84327 1984 11 22 1707:36.20 -17.78 —-178.05 645.80 5.9
85011 1985 01 11 1441:58.60 0.20 123.58 189.10 5.9
85054 1985 02 23 1341:55.00 -10.25 161.13 84.80 6.0
85093 1985 04 03 2021:36.30 28.23 139.52 468.70 5.9
85100 1985 04 10 1626:20.60 29.96 138.93 420.00 5.8
85113 1985 04 23 1615:12.00 15.34 120.61 188.40 6.3
85121 1985 05 01 1327:56.10 -9.20 -71.23 599.90 6.0
85154 1985 06 03 1206:33.50 -15.23 —-173.64 139.60 6.0
85161 1985 06 10 1537:01.00 —27.96 —-67.00 151.40 5.8
85214 1985 08 02 0746:53.30 36.17 70.78 120.10 6.1
85240 1985 08 28 2050:48.30 -21.01 —-178.98 624.60 6.1
85253 1985 09 10 0639:01.70 27.21 139.85 501.00 5.8
85282 1985 10 09 0115:04.70 -6.79 107.08 153.80 5.9
85285 1985 10 12 0212:57.90 —21.66 -176.38 155.00 5.9
85291 1985 10 18 0419:06.40 46.32 146.27 271.30 5.9
85304 1985 10 31 2149:20.20 —28.69 —-63.17 596.00 5.8
86015 1986 01 15 2017:31.40 —-21.37 170.33 146.30 6.0
86066 1986 03 o7 0246:52,00 -4.99 151.71 115.90 6.0
86128 1986 05 08 1437:35.90 4.63 125.50 165.50 5.8
86146 1986 05 26 1906:16.00 -20.19 178.86 538.30 6.4
86175 1986 06 24 0311:30.90 —4.45 143.94 102.30 6.6
86179 1986 06 28 0503:47.50 —20.04 -176.06 211.20 6.1
86197 1986 07 16 1241:28.30 -19.51 169.16 111.10 6.2
87078 1987 03 19 1714:41.30 -14.90 167.23 149.60 5.5
87119 1987 04 29 1427:35.70 -19.01 -177.74 384.90 5.9
87184 1987 07 03 1010:43.80 31.20 130.32 168.20 5.8
88184 1988 07 02 1001:28.90 -14.28 167.18 142.70 5.9
88223 1988 08 10 1311:19.40 -14.88 167.29 124.80 6.2
89233 1989 08 21 1825:40.70 -4.09 154.45 487.10 6.0
89320 1989 11 16 0839:42.40 -17.69 -179.06 530.70 5.8
89333 1989 11 29 0549:03.50 -25.39 179.52 526.60 5.6
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TABLE 2. Measurements
N
b, o4 5t, og¢ Lat Long.
Station SKSp SKS;y SKKSp SKKSp deg deg s 8 deg deg Location
RSSD 20 8 5 2 55 5 0.65 0.10 44.12 -=104.04 Black Hills, WY
RSON 14 12 6 4 76 2 170 0.05 50.86 —-93.70 Red Lake, ONT
RSNT 12 8 2 1 51 4 1.20 0.05 62.48 -=114.59 Yellowknife, NWT
COL 8 7 0 0 -82 3 155 0.10 64.89 -147.79 College, AK
GRA1 6 3 0 0 77 4 1.05 0.15 49.69 11.22 Graefenberg, W. Germany
RSCP 5 2 2 0 59 6 0.75 0.15 35.59 ~85.57 Cumberland Plateau, TN
SLR 5 3 3 0 81 8 110 0.10 -25.73 28.28 Silverton, S. Africa
RSNY 3 2 5 1 74 5 090 0.15 44.55 ~74.53 Adirondack, NY
HIA 3 3 0 0 -20 5 0.70 0.15 49.26 119.74 Hila, China
LON 2 2 0 0 84 11 1.00 0.20 46.75 -121.81 Longmire, WA
TOL 2 2 0 0 84 4 1.00 0.15 39.88 -4.05 Toledo, Spain
WMQ 2 2 0 0 39 4 1.00 0.15 43.82 87.69 Wulumugi, China
NRAO 2 0 3 0 00 - - - 60.74 11.54 NORESS, Norway
KEV 2 V] 0 0 00 - - - 69.76 27.01 Kevo, Finland
NEO4 2 0 1 0 00 - - - 52.81 6.67 Witteveen, NL
NEOS5 2 0 1 1] 00 - - - 52.13 5.17 Utrecht, NL
SCP 3 0 4 0 60 - - - 40.79  -T7.79 State College, PA
BDF 1 0 1 0 66 - - - -15.66 —=47.90 Brazilia, Brazil
KMI 2 0 0 0 -69 - - - 25.12 102.74 Kunming, China
NE15 0 0 1 0 13 - - - 50.81 5.83 Valkenburg, NL
NE16 2 0 0 0 54 - - - 45.76 3.10 Clermont-Ferrand, FR
ARU* 68 - 0.90 - 56.40 58.60 Arti, USSR
OBN* 5 - 0.50 - 55.10 36.36 Obninsk, USSR
NNA* -54 - 1.10 - -11.99 ~76.84 Nana, Peru
MNvt 7 - 090 - 38.43 -118.15 Mina, NV
Lact -54 - 1.20 - 34.39 -116.41 Landers, CA

SK(K)Spg refers to the number of isolated, well recorded SK(K)S phases on the radial component. SK(K)Sy refers to the
number of isolated, well recorded SK(K)S phases on the transverse that allowed for a well constrained measurement of splitting.

Parameter ¢ is the fast polarization direction (clockwise with

respect to north), 6t is the delay time in seconds, and o4 and

05, are the 1o uncertainties. Stations with 00 and dashes for the next three columns do not exhibit splitting from at least two
different nonorthogonal back azimuths and are interpreted as having splitting below the threshold of the data. Stations with a
nonzero value for ¢ and dashes for the next three columns, do not exhibit splitting from at least one back azimuth or at least
two orthogonal back azimuths and are interpreted as either having splitting below the threshold of the data or a fast polarization

direction equal to ¢ or ¢ + 90°.
* Measurements taken from Given and Silver [1990].

t Measurements taken from SSM (value of ¢ for MNV represent average for the northern Basin and Range).

The resulting estimates of (¢, §t), given in Table 2, were
formed from weighted averages of the individual measure-
ments. Rather than relying solely on the uncertainties de-
rived from the noise model, we have modified the error es-
timates to allow for other unknown sources of error. First,
for individual measurements, we place lower allowable lim-
its on the standard deviations of ¢ and 6t; these are oy >
5%, 05 2 0.2 5. Second, 204 > 45° is interpreted as a
failure to detect splitting. Third, we estimate a reduced
chi-square, %2, for variation of the individual measurements
about the mean, using the predicted values of o4 and oy,.
This provides a measure of whether the predicted variation
adequately reflects the observed variation. In cases where
%2 > 1 (predicted errors appear too small), the values of
oy and o for the means are scaled up by \/54_2 so that
X2 If X < 1 (predicted errors too large), the esti-

X
mated uncertainty is left unchanged. In a few cases, the
formal uncertainties give reasonable error bars, but the es-
timated ¢ is close to ¢, or ¢, + 90°. These situations are
characterized by an increased sensitivity of the size of the
confidence region to the critical contour level. These are
usually taken to be cases of undetectable splitting.

In Figures 2 through 4 we give some examples of measure-
ments made. For each measurement we determine (¢, 5t)
and then display three diagnostics that each evaluate differ-
ent aspects of the measurement. (1) Radial and transverse
seismograms are displayed uncorrected and corrected using

the estimated splitting parameters. This provides a mea-
sure of the success of the two-parameter model in removing
the energy on the transverse component. (2) We superim-
pose the fast and slow components of the isolated SK'S (or
SK K S) phases, both uncorrected and corrected, and plot
the particle motion for these two cases. This illustrates both
the phase coherence of the two components and the degree
to which the correction procedure produces linear particle
motion. (3) In order to assess the uncertainty of each mea-
surement and to check for multiple minima, a contour plot
of E(¢4,5t) is produced with the 95% contour level drawn
plus multiples of this level. We present some examples that
illustrate the range of splitting parameters that may be ob-
tained: some that have well constrained anisotropy, and
others that show marginally detectable splitting.

Finally, for each of the stations, we display the results of
all of the measurements for which there is a good radial com-
ponent phase. All measurements are plotted as a function of
¢y, as in Figure 5. The closed symbols represent constrained
measurements; the others signify null measurements (split-
ting not detected) and are plotted with ¢ corresponding to
¢ or ¢y + 90°, whichever is closer to the positive observa-
tions. This is illustrated in Figures § - 7 for stations RSON,
RSSD, and COL, as we have the most number of records for
each. Note that in the case of RSON, the results are very
consistent as a function of ¢, over a range of about 120°.
RSSD is at the limit of detectability for the RSTN inter-
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mark the interval used to make the measurement.

mediate period channel (§¢=0.65 s), which is why there are
so many more null measurements. Nevertheless, there are
sufficient measurements over a range of ¢, to suggest that
the results are well constrained. In only one case is there
a suggestion of azimuthal dependence of the splitting. For
COL (Figure 7a) several measurements of ¢ over the range
$»=100-230° yield a consistent value. However, one record,
for which ¢,=261° gives an answer that is clearly inconsis-
tent with the rest; a greater sampling of this backazimuth
range will be required to confirm this. In the average quoted
in Table 2, we have not included this record although adding

it does not change the average of ¢ by more than 10° .
The measurements for all stations are plotted in Figure 8.

There are three categories of measurements, each denoted
by a different symbol. First, those with well constrained
observable anisotropy are given by a solid symbol propor-
tional in size to §t and a line whose orientation gives ¢.
Second, there are open symbols where no anisotropy was
detected. Given the resolution of our data, this constrains
6t to be less than about 0.5 s. Third, there are stations
that exhibit no splitting but which possess a limited range
of ¢y, so that anisotropy is still possible but with only two
allowable values of ¢.

In all, we have analyzed 21 stations in this study. We have
also plotted the results from SSM (LAC, MNV; MNV has

been assigned the average value obtained in that study for
the northern Basin and Range) and Given and Silver [1990]
(NNA, OBN, ARU). While the stations are concentrated
in North America and Eurasia, we do have results for all
continents, with the exception of Australia and Antarctica.
The largest value of §t is found for RSON, 6§i=1.70 s, fol-
lowed by COL with §2=1.55 s, while the smallest detectible
is 6§t=0.65 s for station RSSD; the average value is 1.0 s.

Characterization of the Anisotropy

While the phases SK'S and SKKS, with nearly vertical
ray paths through the mantle, provide excellent lateral res-
olution, the depth resolution is poor. One can regard the
splitting parameters as representing the integrated effect
along the entire mantle path on the receiver side. Informa-
tion about source side anisotropy is lost through the S to P
conversion at the core-mantle boundary (CMB). In certain
cases, it is possible to obtain tighter depth constraints. For
example, the stations RSON and RSSD are about 1000 km
apart at the surface. While each station shows little depen-
dence of (¢,68t) on ¢, as shown in Figures 5 and 6, their
delay times represent the largest difference in the data set.
The insensitivity to ¢, argues for homogeneous anisotropy
within a cone whose vertex is at the station and whose base
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has a radius of about 1500 km at the CMB. The disparity
between these stations means that the anisotropic regions
lie outside the volume defined by the intersection of the two
cones. This constrains the anisotropy to lie in the upper
half of the mantle, above about 1000 km depth. While this
is not a very tight constraint, it does rule out significant
contributions from such regions as D" as giving rise to the
anisotropy. Support for an upper mantle source comes from
a recent portable experiment which deployed 22 stations be-
tween RSON and RSSD [Silver et al., 1989; P.G. Silver and
S. Kaneshima, The APT89 seismic experiment: Shear-wave
splitting results, submitted to Geophysical Research Let-
ters, 1991]. Preliminary results for one event, well recorded
by most of the stations, shows variations in splitting along
the traverse with length scales of a few hundred kilometers.
This would suggest that the anisotropy lies well within the
upper mantle.

Contribution of the Crust

In order to determine the size of the mantle anisotropy
we need to estimate the extent of crustal contribution to
the splitting. The presently available evidence suggests
that the crustal component is in fact small and can be ef-
fectively ignored in most cases. We first note that shear
wave splitting measurements that exist for the upper crust

[Crampin and Booth, 1985; Savage et al., 1989] and entire
crust [Kaneshima et al., 1988; Kaneshima and Ando, 1989;
McNamara et al., 1989; McNamara, 1990] yield delay times
in the range 0.1-0.3 s. On average this is about a factor
of 5 smaller than what we observe. Second, confining the
anisotropy entirely to the crust would require unreasonably
high effective crustal anisotropy of about 5-16%. In order
to produce the typically simple split waveforms we observe,
any crustal contribution would have to be coherent with the
mantle (i.e., same fast polarization direction) or else it could
complicate or even diminish the mantle component.

As discussed by SC, a direct assessment of the total
crustal component beneath some stations such as RSON;,
can be obtained by the use of the radially polarized phase,
PmS [see Clarke and Silver, 1991] that converts from P to
S at the Moho. This is because it is only sensitive to shear
wave splitting in the crust. At RSON in particular, this
phase is clearly observable and has been used previously to
model the crustal structure under this station [Owens et al.,
1987]. We have searched for very impulsive events recorded
at RSON, for which Pm.S is clearly observed, and the back-
azimuth is within 5° of where we see the strongest SK .St ar-
rivals. Shown in Figure 9 are two such events that occurred
beneath the Sea of Okhotsk. While Pr.S is observed on
the radial components of both events, the transverse com-
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ponents shows no detectable signal during the same time
interval. This strongly suggests that the coherent crustal
component is no more than about 0.5 s (corresponding to
4% anisotropy throughout the emtire crust) and is proba-
bly closer to the 0.1-0.3 s range quoted above. Preliminary
attempts to measure crustal anisotropy using PrhS in the
Basin and Range [McNamara et al., 1989] appear to be suc-
cessful and may lead to a general procedure for separating
out the two components.

RELATION OF SPLITTING TO
TECTONIC/GEOLOGIC PROCESSES

. As mentioned in the introduction, the interpretation of
splitting observations in terms of tectonic/geologic pro-
cesses involves a chain of relations: between splitting and
anisotropy, between anisotropy and strain (through LPO),
and between strain and tectonic processes. We briefly re-
view the data relevant to these relationships and state the
assumptions that will be used to interpret the data.

Splitting and Anisotropy

One of the essential parameters that is required to inter-
pret anisotropic measurements is the parameter 57 in equa-
tion (4), as it provides an estimate of the effective layer
thickness L. The single-crystal elastic constants for olivine
provide an absolute upper bound on the maximum allowable
splitting §B3maz of about 0.10 [ Verma, 1960; Kumazawa and

50

¢{degrees)
o

-50

6t.2(s) )

Fig. 2d. Contour plot of E;(¢, §t). Minimum value shown along
with 95% confidence region (double contour) and multiples of
that contour level. For symmetric ellipsoidal regions, we take the
1o confidence level ta be half the bounding values of this region
along the parameter axes. For asymmetric regions, we use the
smallest symmetric region that includes the original confidence
region.
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Anderson, 1969] for propagation along the crystallographic
axes. For certain intermediate propagation directions in the
[010] plane, 63 can get as high as 0.17, although the average
value in this -plane is close to 0.10. The upper mantle, how-
ever, is only 50-70% olivine with the rest primarily orthopy-
roxene (see SC for a discussion), a mineral that is much less
anisotropic than olivine. In addition, crystals are far from
being, perfectly aligned so that the strain-induced LPO of
mantle minerals produces an ODF and macroscopic 6,3,,.“
that is somewhat below the single-crystal value. The most
direct methods for estimating this parameter are by utilizing
mantle samples derived from ophiolites, Alpine peridotites,
or xenoliths from kimberlite pipes. The two most common
methods are petrofabric analysis combined with estimates
of the single-crystal elastic constaiits; and ulirasonic mea-
surements. The most extensive data set is for ophiolites
[Christensen, 1984)], where 6ﬁmu =~ 0.04. This same value is
also found for kimberlite xenoliths (D. Mainprice, personal
communication, 1990) and will bé adopted in the estimation
of effective layer thickness. In, this case, 1 s of delay time
corresponds to 115 km. Thus the range for our data set is
75 km (RSSD) to nearly 200 km (RSON).

The single-crystal elastic constants for olivine show that
propagation along [010] and [001] produces a large value of
6B with ¢ parallel to [100]. Propagation along [100] would

probably not produce observable splitting. That ¢ can usu-
ally be taken as the direction of [100] for observable splitting
(a relation that also appears to hold for aggregates that pos-
sess strong [100] prefetred orientation [Christensen, 1984]),
is of central importance in the interpretation of splitting
observations.

LPO-Induced'Am‘sotropy and Finite Strain

It is generally accepted that the primary cause of LPO is
finite strain, ¢ [Nicolas and Poirier, 1976 McKenzie, 1979;
Nicolas and Christensen, 1987; Ribe and Yu, 1991], and as a
result it is possible to regard splitting observations as func-
tions of finite strain as well. There are two relations of
interest: one of magnitude, 6§t = 5i(|¢]), and one of ori-
entation, ¢ = ¢(¢;), where the & (i=1,2,3) are the three
principal strain -directions of ¢ corresponding to the short-
ening, intermediate, and extension directions, respectively.
The most relevant relation involves the behavior of the [100]
axis of olivine. Based on observations of naturally occur-
ring peridotites, laboratory work and theoretical modehng
[Nicolas and Poirier, 1976; McKenzie, 1979; Christensen,
1984; Nicolas and Christensen, 1987; Ribe and Yu, 1991],
[100] is predicted to be parallel to €, (extension direction)
for nearly all kinds of finite strain: uniaxial extension (pure
shear), uniaxial shortening (pure shear, [010] is parallel to
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é while both [100] and [001] are in the extension plane
containing €,,€;), and progressive simple shear [Hobbs et
al., 1976; McKenzie, 1979]. This last mode of deforma-
tion is appropriate for the differential motion between a
plate and underlying mantle, or relative motion along plate
boundaries (RPM); in this case [100] is contained within
the flow plane, and is parallel to the flow direction [Nicolas
and Poirier, 1976]. Since ¢ is genggally parallel to [100], we
expect ¢ to follow these same rules:

Mantle Strain and Tectonic Processes

How does the subcontinental mantle deform in response
to various tectonic processes, such as orogenic episodes, ex-
tension, large-scale strike-slip fault.mg or plate motion? As
with the case of ohvme deformation;, there are certain gener-
alizations that may be made regarding continental deforma-
tion which we use in the subsequent analysis. (1) We treat
collisional episodes. as producing pure shear within the sub-
contmenta.l mant.le, with €, parallel to the collision direction
and both &; and &; in the plane perpendicular to it. (2) We
regard extensional regimes such as the Basin and Range as
exhibiting pure shear with €, parallel to the extension direc-
tion. (3) We assume that both relative (RPM) and absolute
plate motion (APM) produce progressive simple shear as a
result of differential motion between the plates in the for-

mer case and between the plate and a presumed stationary
mantle in the latter. Thus, for strike-slip plate boundaries
such as the San Andreas Fault, €; should be parallel to the
fault strike (for large finite strain); for convergent margins,
€3 should be parallel to the relative plate motion vector be-
tween the downgoing and overlying plate. Finzi.l{y, for APM,
€3 should be parallel to the APM direction.

It has been proposed that there is often a large strike-
slip component associated with major continental erogenies
such as the Hercynian, and that much of the deformation
occurs by simple, rather than pure shear [ Vauchez and Nico-
las, 1991]. This mode of deformation has been referred to as
transpression and has also'been proposed for the Archean
deformation in the Canadian Shield [see Card, 1990].
this case, there will be strike-slip faulting that is parallel
to orogenic structures. Thus, the strike-slip component will
tend to align €; perpendicular to the collision direction, as
in the pure shear case, although ¢&; is restricted to be in the
horizontal plane.

CANDIDATE PROCESSES

. Putting together the above relationships, we are in a po-
sition to make predictions of ¢ (for vertical propagation
of SK S) for various sources of mantle strain. This pro-
vides us with a means of distinguishing between modes of
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deformation, localizing the anisotropy and ultimately iden-
tifying the dominant processes. For this purpose, we con-
sider three candidate hypotheses for producing the observed
anisotropy. The first is inspired by what is believed to occur
in the oceanic upper mantle: namely, that the anpisotropy
is the result of absolute plate motion, concentrating strain
in the asthenosphere but possibly producing strain in the
lithosphere as well. This will be referred to as the APM hy-

pothesis. This model predicts that the fast polarization di-
rection @apm is parallel to the APM direction for the plate.
It furthermore predicts that ¢ should be smoothly vary-
ing over the plate; assuming 8t is solely a function of plate
speed, 6t should be smoothly varying as well.

The second hypothesis is that the present-day stress
measured in the continental crust reflects lithospheric-wide
stress that ultimately produces strain-induced anisotropy.
The global survey of crustal stress measurements by Zoback
et al. [1989] provides a means of testing this possibility.
The crustal stress (CS) hypothesis is conceptually different
from APM in that it does not invoke a particular physi-
cal process. Rather, it states that the processes responsi-
ble for crustal stress (basal drag from APM, ridge push,
mountain-building, rifting...), are also responsible for man-
tle anisotropy. This hypothesis is more difficult to evaluate
than APM, however, because LPO-induced anisotropy is
a function of finite strain [Nicolas and Christensen, 1987,
not instantaneous stress. Thus one must assume a consti-
tutive relation between the two and unfortunately there is
no unique relationship. The most straightforward would be
to equate the compression, intermediate, and tension stress
axes with the shortening, intermediate, and extension finite
strain axes respectively. This would be most appropriate
for pure shear in tensional and collisional regimes as the
result of membrane stresses (i.e., those derived from forces
parallel to the plane of the pla.te) Using the maximum
horizontal stress (maximum compression) direction &pmaz
provided by Zoback et al. [1989], the predicted fast pola:-
ization ‘direction ¢c should then be orthogonal to Fhmaz-
Predictions are much more difficult to make in regions that
are deforming by progressive simple shear (strike-slip fault-
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Fig. 4.

ing) and characterized by &xma, and minimum horizontal
shear stress &,,,;» magnitudes that are comparable. The
orientation of the finite strain principal axes would depend
on which of the two planes of maximum shear stress has ac-
tually failed. An additional ambiguity is introduced if the
strains are produced by a basal shear stress as would be the
case with APM-related resistive drag forces on the plate.
Assuming that this would cause &4, to be in the direc-
tion of absolute plate motion, then ¢. should be parallel to
the &ppmaz direction.

The third hypothesis is that mantle anisotropy is domi-
nated by the last significant episode of internal coherent de-
formation (ICD) of the continental lithosphere by tectonic
processes such as orogenies, rifting episodes, and strike-slip
deformation. These strains are assumed to be the result of
membrane stresses, in contrast to basal shear stresses. It is
assumed that the anisotropy is preserved in the lithosphere
unless there is subsequent deformation that overprints it.
The coherence predicts that the strain field revealed in the
structural geology of the Earth’s surface constitutes a reli-
able measure of mantle strain and thus provides a geologi-
cally derived prediction, ¢4, based on the expected relation
between ¢ and strain, as discussed above. In particular,
we take ¢, to be perpendicular to the inferred collisional
direction (or parallel to the structural trends) for orogenic
episodes, and parallel to the extension direction for regions

Same as Figure 2 for station SLR, event 84151.

undergoing extension. Finally, for deformation near major
strike-slip plate boundaries, ¢4 is predicted to be parallel to
the strike of the fault.

The three candidate processes can be grouped in the fol-
lowing way. Both the APM and CS hypotheses imply that
anisotropy is due to present day processes, as does the ICD
hypothesis in tectonically active areas. However, ICD pre-
dicts that “fossil” anisotropy is dominant in regions that
are tectonically stable, with the important implication that
the anisotropy would then provide a history of deformation
in the mantle. APM would predict that anisotropy is local-
ized in the asthenosphere with perhaps some anisotropy in
the lithosphere as well. CS and ICD would both argue for
lithospheric deformation. With regard to the lithosphere,
APM implies that mantle strains are produced by basal
shear stresses, whereas ICD predicts that they are caused
by membrane stresses. The CS hypothesis would allow for
either type of deformation.

Absolute Plate Motion

In order to test this possibility, we have computed the
APM velocity vectors for the model AM1-2 [Minster and
Jordan, 1978] at each of the stations for which anisotropy
has been clearly observed. The predictions are shown in Fig-
ure 10 and may be compared to Figure 8. For many of the
North American stations, the general ENE trend of the ob-
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servations appears to correspond to ¢apm. The notable ex-
ceptions are COL and LAC (SSM). For the other continents,
there are several stations that are at a high angle to ¢dapm:
NNA in South America, SLR in Africa, and TOL and GRA1
in Europe. In the case of active continental margins, such
as NNA and COL, what is plotted is the ¢apm for the con-
tinental plate. One could rightfully argue that it would be
more appropriate to consider either ¢apm for the descending
plate or ¢.pm, corresponding to the relative motion vector
between the continental and oceanic plates. If these direc-
tions are chosen, however, the discrepancy remains because
for both stations, the three directions are roughly parallel.
For COL, ¢apm for the Pacific plate is —26° and ¢rpm is ap-
proximately NS. Similarly, in South America ¢apm for both
the Nazca and South American plates are roughly EW as is
¢rpm. A histogram of the angle ¢ — dapm is shown in Fig-
ure 11. As one can see, the agreement between predicted
and observed directions is not good. The APM prediction of
plate-wide coherence in ¢ meets with limited success as well.
Of the two plates for which we have a significant amount of
data, North America and Eurasia, North America appears
to show platewide coherence; however, Eurasia does not.
This is especially apparent for the stations in China (HIA,
WMQ) and the Soviet Union (ARU, OBN).

The APM hypothesis would have to be substantially
modified to reconcile these difficulties. First, it would have
to be abandoned for tectonic areas, leaving stable areas as

the possible domain of applicability. This would work for
stable North America, but apparently not for Eurasia. It
could be argued, however, that in the case of Eurasia, the
APM velocity is so low that (1) the direction may be in er-
ror, and (2) APM-related strains may be too small to pro-
duce anisotropy. With regard to the first point, a recently
proposed absolute plate motion model HS2-NUVELI1 [Gripp
and Gordon, 1990], based on the relative plate motion model
NUVEL-1 [DeMets et al., 1990], predicts plate motions for
Europe that differ in direction by 90° from AM1-2. The
errors are so large, however, that the differences between
models for the Eurasian plate are not statistically signifi-
cant [Gripp and Gordon, 1990]. Thus, it appears that this
issue may not be resolved for some time. Regardless of what
the true APM velocities are for Eurasia, lack of coherence
of ¢ values within this Eurasian plate suggest that APM
strains are not dominant. This may be due to the second
point, that APM velocities are low. This implies, however,
that the only region left for the APM hypothesis is stable
North America or other undeformed, fast-moving plates.
Even within stable North America, there are difficulties
with this hypothesis. The large variation in 6t between
RSSD and RSON (which are only 1000 km apart) argues
that plate speed could not be the only variable controlling
6t. Lithospheric thickness might be proposed as another
important parameter. If the anisotropy is localized in the
asthenosphere, one would expect anisotropy to be strongest



SILVER AND CHAN: SHEAR WAVE SPLITTING AND MANTLE DEFORMATION

108

Lot aaa gl

15 20

‘fl||||||||l||||||||

D S 10

(sec)

100 |-

S0

.sﬂ -

Ls e Lol o el

1 100

16,443

15 20

0 5

{sec)

100 |-

0 100

Fig. 4¢

where the lithosphere is thinnest, as is apparently true in the
ocean basins (the observations of anisotropy in the oceanic
upper mantle from long period surface waves find the largest
anisotropy in the youngest lithosphere near the mid-ocean
ridges [Montagner and Tanimoto, 1990]). In contrast, if
the anisotropy is the result of the uniform straining of the
continental lithosphere, one would expect larger delay times
to occur in regions with thicker lithosphere. Since RSON
appears to have thicker lithosphere than RSSD [see Grand,
1987], the latter possibility would seem more reasonable.

Present-Day Crustal Stress

Since it is not possible to obtain crustal stress estimates at
the locations of the stations analyzed, the comparison with
the splitting observations must be done in a more qualitative
manner. Such an evaluation can be made by concentrating
on particularly coherent regions of crustal stress where in-
terpolation is warranted. From Zoback et al. [1989], the two
regions with the most data and most uniform horizontal
stress orientations are North America and Western Europe.
Assuming that ¢. L &i,ma.z, the expected relationship for
a pure shear response to membrane stresses, we find that
¢c is at a high angle to ¢ for all of the stations in stable
North America, since &p,,q; ranges from NE to ENE; the
CS hypothesis is more successful for tectonic areas to the
west, especially COL and LON, where 6j,,,, i8 nearly NS.
For Western Europe, assuming a range of values of #pm4s
of NW to NNW, ¢, should range from NE to ENE. Both of
our measurements are E to ENE, as are most of the ¢ mea-
surements from SKS splitting obtained at other Western

¢(degrees)

European stations [ Vinnik et al., 1989b], and would thus be
marginally consistent with this prediction.

If instead we assume ¢c || Fpmaz, appropriate for APM-
related basal shear stresses, we again meet with mixed suc-
cess. The CS hypothesis does reasonably well in stable
North America as ¢. and ¢ both point in the direction NE to
ENE, although it is inconsistent with the tectonic stations
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LON and COL. It is also inconsistent with the Western Eu-
ropean stations, since ¢. would range from NW to NNW.

In order to more successfully reconcile ¢. and ¢, it would
be necessary to invoke different relationships between ¢.
and &p,y,qe, for various regions. The most reasonable would
be to assume the dominance of APM-related basal shear
stress (¢c || Onmaz) in presently stable areas and membrane
stresses (@c L Gpmas) for areas of active tectonism. This
is successful for North America, but it is more difficult to
explain the West European data. Although the Western
European stations are situated in relatively stable areas,
the only way to reconcile the crustal stress data would be
to invoke ¢¢ L Gpmaz, Which is the assumed relationship for
tectonic areas.

Internal Coherent Deformation

To test the ICD hypothesis, we need to determine the
strain field of the last major tectonic episode, as inferred
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Fig. 6. Same as Figure 5 for station RSSD.

from the surface geology. We have compiled geologic in-
formation for each of the stations for which splitting has
been detected and for which fairly unambiguous geologic
information can be obtained; a predicted fast polarization
direction, ¢4, is determined as given in Table 3 using the re-
lationships between modes of continental deformation and
mantle strain. Where precise numerical values were not
available, we have converted compass directions as follows:
NS: 0° , EW: 90° , NE-SW: +45° ENE-WSW: 467.5° etc.
There is ultimately some subjectivity in making such an es-
timate. However, in most of the areas where anisotropy is
observed there is a relatively unambiguous fabric. There are
some exceptions to this: first, there is presently insufficient
geologic information available to determine ¢4 for either
the Soviet stations (OBN, ARU) or the Chinese stations
(WMQ, HIA), and these stations have not been included.
For RSSD there is both Archean and Proterozoic fabric of
roughly equal strength whose strikes are at right angles to
each other. We have reported both directions. For MNV in
the Basin and Range we have reported the direction for the
present day extension as well as for the somewhat stronger
pre-Miocene extension (see SSM). In Figures 12a and 12b
are displayed a histogram of ¢ — ¢4 for our data set. Fig-
ure 12a corresponds to the younger deformation, 12b to the
older. We note that in most cases there is a striking agree-
ment in the directions. The places where the APM and
crustal stress hypotheses appeared to be good predictors of
¢, namely eastern North America, are precisely the places in
which ¢apm, ¢ and ¢4 are nearly parallel. In addition, the
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obvious discrepancies with ¢apm: COL, LAC, NNA, SLR,
TOL, and GRA1 are reasonably well accounted for by this
model.

The ICD hypothesis also explains some of the variations
in 8¢ in stable North America. Given equal values of 5B
and assuming the anisotropy is in the lithosphere, 6t should
correlate with lithospheric thickness. One plausible mea-
sure of thickness, at least in stable continental areas, is the
lateral variation in shear wave vertical delay times. Such in-
formation is available in North America from the model of
Grand [1987]. Plotted in Figure 13 is a contour map of the
vertical delay times 8T (integrated from 400 km depth to
the surface) along with the locations of the the five stations
in stable North America, as well as portable stations that
were deployed along a traverse between RSSD and RSON
[Silver et al., 1989; P.G. Silver and S. Kaneshima, submit-
ted manuscript, 1991]. In Figure 14 is a plot of §T versus
6t for these stations. Note that there is indeed a good cor-
relation both for the permanent and portable stations. The
existence of such a correlation is consistent with the propo-
sition that the anisotropy has a lithospheric rather than
deeper mantle source and that 6,@ is roughly constant.

Of the three hypotheses, the ICD appears to be the most
successful in accounting for the entire data set. Ultimately,
the only region where the APM hypothesis has any success
is stable North America, a region where the ICD hypothesis
is equally successful. The CS hypothesis was the most dif-
ficult to evaluate, due to the need to assume a constitutive
relationship. No one relation, however, appears to satisfy
the data, even for stable areas. -

16,445

SPECIFIC STATIONS OF INTEREST

Some of the stations are of particular interest because
of their location and because of their unusual splitting pa-
rameters. We therefore discuss RSON and RSSD, which
possess the largest and smallest delay times in the data set,
COL, which possesses the second largest delay time and
is located in a region of large-scale tectonic activity, SLR,
which is situated within the Archean Kaapvaal Craton, and
GRA1, which shows evidence for two sources of anisotropy.
Some of the other stations have been discussed previously
by SC.

RSON: Red Lake, Ontario

This station, first discussed by SC, yields the largest de-
lay time in our data set and thus warrants special attention.
Paradoxically, it is situated in one of the most geologically
stable regions in the world: an 800 km by 1000 km block of
E-W trending gneiss and greenstone terrains in the Western
Superior province of the Canadian Shield; it is also distin-
guished by unusually fast shear velocities [Grand, 1987]. It
was noted in SC that there is an excellent correlation be-
tween ¢ and the dominant fabric present in both small-scale
and large-scale features (see their Figure 4). This region ex-
perienced a large-scale episode of north-south compressional
deformation at the end of the Archean, formerly referred to
as the Kenoran Orogeny. The deformation, which has been
extensively dated, took place from 2.73 to 2.70 b.y ago, with
the older deformation occurring to the north of RSON and
the younger deformation to the south [Card, 1990]. The
portable data [Silver et al., 1989] suggest that the large de-
lay times persist about 300 km to the south of RSON.

RSSD: Black Hills, South Dakota

RSSD is distinguished by having the smallest delay time
in the data set (0.65 s). It is also the closest station to
RSON. RSSD sits on the eastern edge of the Wyoming Cra-
ton along the boundary between the Craton and the Trans-
Hudson orogenic zone. ‘While it took part in late Archean
deformation, it has subsequently been exposed to the Pro-
terozoic Trans-Hudson deformation as well as the Laramide
Orogeny. The structural fabric in the Black Hills is fairly
complex and is dominated by the NE-SW Archean and NW-
SE Proterozoic events [Gosselin et al., 1988; Dewitt et al.,
1986]. As these two directions are virtually perpendicular
to each other, they would tend to cancel each other out.
This may partially account for the small 2. The value of ¢
is closer to ¢, for the Archean direction and would suggest
that, at least in the mantle, the Archean deformation is the
stronger of the two. - ’

COL: Fairbanks, Alaska

Outside of RSON, this station possesses the largest de-
lay time in the data set, (¢, 6t)=(-82°,1.55 8); it is also
situated in the most tectonically active region, the result
of a convergent plate boundary. Crustal stress measure-
ments indicate that the convergence produces roughly NS
compression [Nakamura et al., 1980; Gedney, 1985; Zoback
and Zoback, 1980] and associated strain throughout most of
Alaska [Estabrook et al., 1988]. The combination of parallel
strike-slip motion along major faults and orogenic features
suggests a “transpressional” mode of deformation. The clos-
est features to COL are the strike-slip Denali Fault and
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the Alaska Range to the south of COL and the strike-slip
Tintina-Kaltag fault system to the north. At the longitude
of the station, all features strike approximately EW. This
direction is the same as ¢, strongly suggesting that the sub-
continental mantle is being deformed in the same way.
The thickness of subcontinental mantle is constrained by
the presence of the subducting slab. The closest slab-related
seismicity is about 50 km to the southwest, and approaches
depths of 140 km [Gedney and Davies, 1986], so that the pre-
sumed aseismic extension of the slab under COL would have
a depth of about 200 km. The delay time 6t predicts a layer
thickness of about 170 km of mantle material and is thus
consistent with the deformation of the entire subcontinental
mantle. Similar behavior is seen for other convergent plate
margins. NNA, on the west coast of Peru (Figure 8) yields
a value of ¢ that is parallel to the coastal mountains. This
same result is seen in two other splitting studies in analo-
gous areas. Using data from portable stations in Columbia,
South’ America recording events within the Bucharamanga
nest, Savage et al. [1989] found that estimates of ¢(~ 0°)
were paralle]l to coastal mountains. Similarly, below Hon-
shu, Japan estimates of ¢ from direct S waves coming up
vertically from events in the downgoing slab yield values
of ¢ parallel to the dominant mountain ranges in Honshu

(S. Kaneshima, personal communication, 1990). These re-
sults are somewhat surprising. The two studies that have
modeled flow-induced anisotropy associated with subduc-
tion, McKenzie [1979] and Ribe [19898], both predict large
strains and strong anisotropy above the slab, but with ¢
parallel to the direction of convergence. Our results sug-
gest that the dominant effect is instead the shortening and
deformation within the overlying subcontinental mantle.

SLR: Silverton, South Africa

SLR is situated within the Kaapvaal Craton just north
of the Witwatersrand Basin. It is only about 20 km from
the Premier mine, the oldest Kimberlite pipe in the world
(1 b.y. old). This site then provides perhaps the best oppor-
tunity to compare the properties of mantle xenoliths with
anisotropy. While the rocks from this mine have yet to
be analyzed for anisoiropy, some mines several hundred
km to the south have been analyzed (D. Mainprice and
X. Christensen, personal communications, 1990) with val-
ues of §3maz that are consistent with those found elsewhere.
The value of 1.1s for §t corresponds to a layer thickness of
about 120 km. The last large-scale deformational episode to
affect this part of the Kaapvaal Craton is related to the the
2.6~2.7 b.y.-old north-south collision between the Kaapvaal

Fig. 9. P waves from two deep-focus events. (Top) April 23, 1984, m;=6.0, depth 415 km, ¢, = 321° . (Bottom)
April 20, 1984, m;=6.0, depth 581 km, ¢;= 321° . Events were recorded at station RSON with the same back-
azimuths as events showing strong transverse component SKS phase (see Figure 2). Shown are the vertical,
radial, and transverse components of the phase PrnS. Note clear PiSp but absence of observable P Sy for
both events.



1984

40008

-4ypeed

114

]

-upes :

T ) N L [ ] T RSN
0 20 40 ?sec) B0 190 120
PR P pas

ugeee |- Yy

8 ;_MM\/J\WWW\W’W’

-ug208 :

0008 e e e P Loy ]
] 20 40 s?sec) 80 10 120

1984 lI“.PZ

20008 - P PcP
L edea :

- 19200

+20009

20004

18009

- 10023

T ) T AR S

20008

(eaed

- Looee

-20008

20 49 ? BG 10 120
PR sec)
I P PmS
I Y v




16,448

SILVER AND CHAN: SHEAR WAVE SPLITTING AND MANTLE DEFORMATION

T T [ T T T [T T T[T 7

A 3

0 40 80 120 160

Fig.10. The predicted values of the fast polarization directions ¢gapm, based on the absolute plate motion (APM)
velocity vectors {from the model AM1-2 [Minster and Jordan, 1978] for all stations with detectable splitting. Here,

"'l'"l"'ZU'Q‘w"'l"'l"'
o o
60
40
20
0
-20
-40
-160 -120 -80 -40
@apm is taken to be parallel to the APM direction.
12
| | |
10 |— —
8 — ]
Z 86— —
4 — —
2 -% 7 _
0 H;// 49 217

—-50 0
¢_¢apm(degrees)

Fig. 11. Histogram of ¢ - dapm for all stations with splitting
measurements. Shading denotes stations with available geologic
l[nfon]natlon. Includes data from SSM and Given and Silver
1990].

50

and Zimbabwe cratons that gave rise to the Limpopo belt
to the north. Volcanism and deformational features found
within the Kaapvaal Craton have been interpreted by Burke
et al. [1986] as an Andean-style arc, in which the Craton
was shortened and thickened during the collision. The Wit-
watersrand basin has been interpreted as a foreland basin;
its northern boundary marks the southward extent of the
shortened block and is characterized by east-west trending
thrust faults. The detailed zircon-based dating of sediments
in the Witwatersrand basin are consistent with this picture
[Robb et al., 1990]. SLR is just at the southern edge of
the collisional plateau and the fast polarization direction of
81° is virtually parallel to the trend of the Witwatersrand
northern boundary, strongly suggesting that this event was
the primary cause of the observed anisotropy.

GRA1: Grafenberg Array, West Germany

As first discussed in SC, ¢ for GRA1 is nearly east-west.
The strongest deformation seen in these rocks are associated

with Hercynian deformation [see Behr et al., 1984]. GRA1
is situated on a ENE-WSW trending thrust fault separat-
ing the Saxothuringikum and Moldanubikum zones. The
close correspondence between ¢ and ¢4 suggests that this
deformation is producing the anisotropy. This region is of
special interest as there was a study in Germany of P wave
anisotropy using P, [Bamford, 1977], where the fast propa-
gation direction was found to be $=22.5°. Since this should
also be the fast polarization direction for split shear waves,
if caused by the a-axis of olivine, then there is a clear dis-
crepancy between the two results. Fuchs [1983] noted that
the direction of maximum shear stress, as inferred from the
source mechanisms of crustal events, is essentially parallel
to the P, fast propagation direction and concluded that this
relation would hold if the crustal stress pattern penetrated
into the uppermost mantle and if the a-axis of olivine aligns
itself in this direction. The SK'S results, corroborated by
Vinnik et al. [1989b], would suggest that the P, results are
sampling a superficial feature, while the SKS results are
sampling lithospheric-wide, earlier deformation. -

A discrepancy between SK S splitting and P, anisotropy
is also found in the Basin and Range. As discussed by
SSM, measurements of shear wave splitting yield a value
for ¢ that is about 75° and is more closely associated with
the larger pre-Miocene extension (¢y =~ 68°) rather than
the present-day extension (¢ ~ -60°). However, splitting
results for the crust [McNamara et al., 1989] and P, ob-
servations [Beghoul and Barazangi, 1990] for the uppermost
mantle are more consistent with the present extension be-
ing the cause. The discrepancy can again be explained by
a superficial and relatively weak deformation superimposed
upon a deeper stronger one.

DiscussioN AND CONCLUSIONS

Characterizing Deformation in the Subcontinental Mantle

Shear wave splitting observations constitute an important
way in which to characterize subcontinental mantle defor-
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TABLE 3. Predicted Values of the Fast Polarization Direction, ¢4, Based on the Surface Geology

Station g Ref. Basis

COL +90 1 Strike of Denali fault zone and Alaska range both
of which strike almost exactly EW directly south
of COL; maximum compressive stress direction

RSNT +45 2 Foliation direction in Yellowknife greenstone belt
and adjacent western Granodiorite

RSON +83 34 Average foliation direction in Archean Granite-
Greenstone terrains; strike of subprovince boundaries

RSSD +45/-45 5 Dominant Archean/Proterozoic fabric. Both fabrics
appear to be of equal strength in surface rocks

RSCP +45 Strike of Grenville deformation

RSNY +67.5 6 Local strike of Adirondaks

LAC —45 Strike of San Andreas Fault system

MNV -67.5 7,8 Strike of present-day/

+67.5 pre-Miocene extension

TOL +90 9 Strike of fabric from Hercynian deformation

GRA1 +67.5 10 Strike of fabric from Hercynian deformation

MNA —-45 Approximate strike of coastal ranges in Peru

SLR +80 11,12 Strike of fabric from 2.6-b.y.-old collision with
Zimbabwe Craton

LON +90 13 Perpendicular to present-day most compressive stress

direction

Where precise numerical estimates are not available, compass directions are converted to numerical values: EW = 90; NS =
0; NE-SW = 45; NWSE = —45; ENE-WSW = +67.5; WNW-ESE = —67.5. Where two values are given (RSSD, MNV) there are

two predominant directions.

References are 1, Nakamure et al. [1980]; 2, Henderson [1985]; 3, Beakhouse [1985]; 4, G. Stott (personal communication,
1988); 5, Gosselin et al. [1988); 6, Whitney et al. [1989]; 7, Zoback et al. [L981]; 8, Eaton [1982]; 9, Julivert et al. [1972); 10, Behr
et al. [1984]; 11, Burke et al. [1986]; 12, Robb et al. [1990]; 13, Zoback and Zoback [1980].

mation and ultimately to examine the dynamics and evo-
lution of continents. As we have shown, the measurements
collected thus far are most successfully interpreted as due
to strain-induced mantle anisotropy that is dominantly pro-
duced by the past and present internal coherent deformation
of the continental lithosphere. In particular, the splitting
parameters are best predicted by the last significant episode
of continental activity (as seen in the structural geology
of surface rocks). This appears to apply equally well to
presently active areas (such as Alaska) and areas that were
last active in the Archean (such as the Canadian Shield and
Kaapvaal Craton).

This result is in marked contrast to the ocean basins,
where mantle anisotropy appears to be caused by the pro-
gressive simple shear accompanying past and present-day
plate motions. This is not to say that APM-related strains
are completely absent beneath continents. Rather, it sug-
gests that the internal deformation of the plate, a feature
of continents but not of oceans, is a very strong source of
upper mantle anisotropy. As more shear wave splitting re-
sults are obtained from the rapidly expanding number of
portable and permanent broadband stations, the full extent
of oceanic-style anisotropy in the subcontinental mantle can
be more extensively evaluated.

The existence of coherent lithospheric deformation should
not be very surprising. Continental breakup and collision,
the essential components of the Wilson Cycle, are, after all,
interactions between plates. Coherent deformation over the
thickness of the continental lithosphere would be a most
likely outcome. The long-term survival of this deformation
in the form of “fossil anisotropy” [SC] requires, above all,
the absence of subsequent deformation. This, in turn, is
enhanced by temperatures that are below the critical tem-
perature T. where creep in mantle materials is expected to
be unimportant over geologic time scales. Based on pub-
lished data for creep in olivine, T. is about 900°C [Goetze
and Kohlstedt, 1973; Nicolas, 1989] . Thus, the depth to
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Fig. 12. Histogram of ¢ - ¢4 (predicted ¢ based on surface ge-
ology/tectonics, Table 3). Includes data from SSM and Given
and Silver [1990]. For RSSD and MNV, there are two prevalent
directions in the data: Archean and Proterozoic for RSSD and
pre-Miocene and present-day for MNV; (a) uses the younger de-
formation for both stations, and (}) uses the older deformation.
Note that in either case, ¢4 is a better predictor of ¢ than ¢apm.
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Fig. 14. Plot of §t versus AT for stations shown in Figure 13.
Solid circles are the permanent stations. Triangles denote the
results from the portable stations. Solid and open symbols repre-
sent broadband and short-period sensors, respectively. Note the
good negative correlation between AT and 6t.

the deepest preserved anisotropy, Dg, should correspond to
a temperature near T. If the thickness of the lithosphere is
defined by the 1300°C isotherm, D, would represent about
2/3 of that thickness. As discussed above, such estimates

are consistent with independent constraints on lithospheric
thickness [see Grand, 1987].

The shear wave splitting measurements provide a means
for evaluating the ways in which the subcontinental mantle
evolves over time. For example, if the inferred mantle defor-
mation can be associated with a dated surface deformation,
this effectively dates the mantle material down to D,, as
having been present since the deformation. This constraint
is similar to that obtained from diamond inclusion data [see
Richardson et al., 1984]. Specifically, the anisotropic por-
tion of the subcontinental mantle had to have been present
since the time of the deformational event. This rules out for-
mation by subsequent “underplating.” Also, the anisotropic
layer could not have been formed merely by the conduc-
tive growth of the thermal boundary layer. The material
added to the lithosphere by this process would have had to
participate in the same deformational event and translate
coherently with the surface since the event.

Another application of the splitting data is in assess-
ing the relative strength and penetration depth of geologic
episodes. For two stations, GRA1 in West Germany and
MNV in the Basin and Range, the effect of present-day ac-
tivity appears to be limited to the crust and uppermost
mantle, while the previous episode has ostensibly deformed
most of the lithosphere. This would imply that for both
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stations, contemporary tectonic activity is not sufficiently
strong to produce lithospheric-wide deformation.

The Orogeny Paradoz

The simplest model for subcontinental mantle deforma-
tion based on the ICD hypothesis is that the continental
plate is shortened and thickened by orogenies. The expected
characteristics of this deformed plate would be a thickened
crust and a low-temperature, high (seismic) velocity, thick-
ened lithospheric mantle. Yet, this model raises a serious
paradox. Present and recent orogenies do not fit this de-
scription. Instead, they commonly have thick crust asso-
ciated with what appears to be thinned lithosphere: low
mantle seismic velocities, high heat flow, and surface vol-
canism. The two best known examples are North Central
Tibet [see Molnar, 1988b and references therein], formed
by the collision between India and Eurasia, and the Alti-
plano [Jsacks, 1988], formed by the convergence between the
Nazca and South American plates. In fact orogenies appear
to leave the mantle hotter, not cooler in general. Sclater et
al. {1980)] have shown that one of the important predictors of
surface heat flow is the age since the last orogenic episode,
suggesting that orogenies reheat the lithosphere. Where is
the thickened subcontinental lithospheric mantle?

To date, efforts to resolve this paradox have focussed on
more complex modes of orogenic deformation that serve to
remove the cold subcontinental mantle. One way is by argu-
ing that a thickened thermal boundary layer indeed forms,
but is removed by the development of a convective instabil-
ity and replaced by warm asthenosphere [e.g., Houseman et
al., 1981; England and Houseman, 1989]. The other is by
asserting that the subcontinental mantle delaminates from
the crust as a result of interactions with a subducted slab
[Bird, 1978, 1988; Isacks, 1988].

Such models, however, are inconsistent with the pre-
served record of coherent lithospheric-wide deformation sug-
gested by the shear wave splitting results given in the
present report. These observations suggest that despite ele-
vated temperatures, the original subcontinental mantle has
not been removed and has instead been heated in place.
How might we now resolve the paradox? One possibility is
that we have misinterpreted the splitting observations. The
most direct way of testing this possibility would be to ob-
tain splitting parameters for regions that clearly show this
paradoxical character, such as north-central Tibet and the
Altiplano. The ICD hypothesis would predict a large value
of 5t with ¢ orthogonal to the collision direction. The “man-
tle removal” models would predict very little anisotropy.

Assuming the ICD hypothesis is correct, another means
of resolving this paradox is required. One possibility is the
strain heating that must accompany deformation. In order
to satisfy the observed properties of the mantle, a tempera-
ture increase of several hundred degrees would be required.
Assuming that the finite strain is of order unity (consis-
tent with doubling crustal thickness), the orogeny is rapid
(<<100 m.y.), and all mechanical work is converted to heat,
then 100 MPa (1 Kbar) would produce a temperature in-
crease of about 35°-40°C. Thus orogenic stresses of several
hundred MPa would be required. The importance of this
effect then hinges on the actual level of orogenic stresses.
Although such stresses have been traditionally thought to
be somewhat less than 100 MPa [e.g., Molnar and Lyon-
Caen, 1988], we note that estimates of lithospheric stress
in the literature range from tens of MPa to several hun-
dred. There are several studies, in fact, that argue for NS
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compressional stresses of several hundred MPa in the North-
east Indian Ocean, that appear to be directly related to the
collision between India and Eurasia. These are based on
evidence for the lithospheric buckling of oceanic lithosphere
[McAdoo and Sandwell, 1985; Stein et al., 1989 ] and on the
numerical modeling of the net forces on the Indo-Australian
plate [Cloetingh and Wortel, 1986]. In addition, thin vis-
cous sheet models of the formation of the Tibetan plateau
[England and Houseman, 1986] appear to require stresses
of several hundred MPa. This at least suggests that such
stress levels are not implausible. If orogenic stresses are in
fact low, then the orogeny paradox remains, and some other
mechanism for heating the mantle in place will be required.

APPENDIX: CALCULATION OF CONFIDENCE REGION

The confidence region is determined from the sum-
of-squares function S(¢,6t) for an n-point time series:
E.(¢,6t) in the case of SKS and A;(¢,6t) in the case
of other S phases. If the minimum value of S(4,6t),
Smin (¢, 6t) may be regarded as a x? variable with n degrees
of freedom, which would be true for a Gaussian white noise
process, then the confidence region may be constructed for
the o confidence level from the following expression

Az k
,\,2,,_,,, <1+ mfk,n—k(l -a)

[Jenkins and Watts, 1968; Bates and Walts, 1988)], where
J is the inverse of the F probability distribution, k is the
number of parameters, two in our case, and a = 0.05 cor-
responds to the 95% confidence level. If S(4,6t) is not dis-
tributed x2, appropriate modifications must be made. We
assume that S(¢, 6t) is approximately x2-distributed where
v, which depends both on the instrument response and noise
spectrum, is usually much smaller than n. Parameter v is
found in the following way. We define

E= %/_: 7 (t)dt

where (1) is a finite-length sample of the noise process of
length T. It is assumed that we can write 5(2) as the convo-
lution of an uncorrelated Gaussian noise process g(t), and a
filter, f(t). By Parseval’s theorem, (A1) can then be written
in the frequency domain as

(A1)

£=F [ e (42)

For digital data, (A2) may be approximated by a finite sum
of terms up to the Nyquist frequency and with frequency
spacing 1/T:

N-1

1
E =Y " 1fallgnl® + 5 fol’lgol” + 1 1Ion1?)

n=1

(A3)
If E is approximately x? distributed then we may estimate
the degrees of freedom from the expression

< E>?
Y= NarlET

[Jenkins and Watts, 1968]. From the definition of E, and
assuming gn has zero mean and variance 02, we can write

(A4)
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N-1
<E>=o) Ifal’+ %(|fa|2 +1fnP) =’ F;

(A5)
n=1
Since
< E? >=o*(F2 + F,), (A6)
it follows that
Var[E?] = o* F, (A7)
where
N-1 1
— 4 1 4 4
Fy=> " tfal* + 500" +151")] (48)
n=1

In (A6), the assumption that the real and imaginary parts
of g, are independent and normally distributed has been
used in computing its fourth moment. Substituting these
results into (A4),

(49)

Finally, it is necessary to determine the quantities F? and
Fy in (A9). One could accomplish this by knowledge of the
instrument response and assumptions about the noise pro-
cess. We have chosen, however, to determine this directly
from the data. In analogy with the definition of E, we define
the freqency domain sum

N-1
1
Eq =Y Ufnl'lgnl* + 3(1fol*Igel* +17n1*1n1*)  (A10)

n=1

whose expected value is

< E, >=20*F, (A11)

Consider the quantity

p= 2(% 1) (A12)

Writing E? =< E? > 48E? and E, =< E; > +6F, and us-
ing expressions (A6),(A9), and (A11), we find that to first
order in §E%?/< E? > and 6E,/< E, >, ¥ is an unbiased
estimate of ». Since both E? and E, can be determined
from the data, we can estimate ¥ for each record and then
take the average value of several records, assuming a sta-
tionary noise process. Expressed as the ratio ¥ =v/n, it is
found that ¥ is typically 0.3 for RSTN intermediate channel
and about 0.12 for DWWSSN intermediate channel and for
NARS. In general, this comes out to one degree of freedom
per second for all of the networks, and thus appears to be
independent of digitizing interval for the data we are using.
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