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SEISMIC ANISOTROPY BENEATH

THE CONTINENTS: Probing the Depths

of Geology

Paul G. Silver

Carnegie Institution of Washington, 5241 Broad Branch Road NW,

Washington, DC 20015

ABSTRACT

Seismic anisotropy beneath continents is analyzed from shear-wave splitting

recorded at more than 300 continental seismic stations. Anisotropy is found to

be a ubiquitous property that is due to mantle deformation from past and present

orogenic activity. The observed coherence with crustal deformation implies that

the mantle plays a major, if not dominant, role in orogenies. No evidence is found

for a continental asthenospheric decoupling zone, suggesting that continents are

coupled to general mantle circulation.

INTRODUCTION

Study of the formation and subsequent deformation of continents plays a central

role in geology. Of necessity, geology has focused almost exclusively on the

continent’s crust. These surface rocks reveal an interesting and often violent

history, as regions are deformed, eroded, and deformed again in a complex

evolutionary path. Indeed, it is the continents that preserve for us most of Earth’s

history. Plate tectonics has changed our view of continents and continental

evolution in many ways, substantially broadening our view. The continents

constitute the top of a global convective system, and seen in this perspective, the

history of continental tectonism is the accumulated, largely passive response

of the continent to convective stresses over the lifetime of the Earth. This

broadened perspective has also changed the way in which orogenies are studied;

we now know that most orogenies are the consequence of the Wilson cycle of

continental breakup and collision. They must now be viewed in the context

of plate dynamics: plate interactions, plate internal deformation, and plate
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386 SILVER

coupling to the convecting mantle below. This in turn places greater emphasis

on the role of the mantle, particularly mantle deformation, in orogeny.

As much as we would like direct access to orogenic mantle regions, we

have to settle for more remote means of gaining information or, as in the case

of kimberlite nodules, analysis of mantle rocks that have been transported to

the surface by very special processes. Seismology is one important means by

which to extend these geological analyses to the subcontinental mantle. The

characteristics of seismic waves are functions of the elastic properties of the

mantle, which in turn are functions of more geologically interesting quantities

such as temperature, pressure, mineralogy, and composition.

A less well-known capability of seismology is that it can also provide infor-

mation about mantle deformation, through the property of seismic anisotropy.

Anisotropy is the general term used to describe a medium whose elastic prop-

erties are functions of orientation. Seismic waves in an anisotropic medium

will travel at different velocities depending both on their propagation and vi-

bration (polarization) directions. As discussed below, the existence of seismic

anisotropy indicates an ordered medium. In the upper mantle, this order is

created primarily by the orienting of anisotropic crystals in response to finite

strain, referred to as lattice preferred orientation. If the relationship between

lattice preferred orientation and strain (such as the orientation of the foliation

plane and lineation direction) is known, then seismic anisotropy can be used to

measure mantle deformation and ultimately address a wide range of geological

and geophysical problems. In this paper, we use a particular manifestation of

anisotropy—shear-wave splitting—to address two of these problems: 1. the

role of the mantle in orogeny and 2. the extent of coupling between the conti-

nental lithosphere and the convecting mantle below.

Concerning the mantle’s possible role in orogeny, consider three hypotheti-

cal possibilities. First, orogeny could be primarily a crustal process, so that the

behavior of the lithospheric mantle is not important; it could simply serve to

transport the crust to an orogenic zone while remaining essentially undeformed

itself (e.g. Willett & Beaumont 1994), or the mantle portion of the plate could

be removed altogether through a process such as delamintion (e.g. Bird 1978,

1984, 1988). Second, if orogeny is simply regarded as plate deformation, as dur-

ing the collisional phase of the Wilson Cycle, then the crust and mantle should

deform coherently as part of the plate. Finally, the mantle could dominate the

orogenic process, because of its greater strength, and because it makes up most

of the plate. The weaker crust would then passively deform along with the

mantle. In the first case, there should be little correspondence between crustal

and mantle deformation, whereas in the latter two cases, the crust and mantle

deformation should closely track each other. What is striking about these three

views of orogeny is that there has been, until recently, little direct observational
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PROBING THE DEPTHS OF GEOLOGY 387

basis to favor one of them over the others. It is clear that the missing information

is the way in which the mantle deforms during orogenies, past and present, and

particularly, the extent of coherence between crust and mantle deformation.

The question of coupling between a plate, in particular a continental plate,

and the convecting mantle below, is one that arose early in the plate-tectonic

revolution (see Forsyth & Uyeda 1975 and references therein) and remains an

important issue today (e.g. Lithgow-Bertelloni & Richards 1995). It is closely

linked to an equally important question concerning the driving forces of plate

tectonics. If the plates are coupled to the mantle below, then the convecting

mantle is a significant driving (or drag) force for the plates. If decoupled,

then plate-generated forces (i.e. ridge-push, slab pull) are the dominant driving

forces. If such a decoupling zone indeed separates the surface plates from the

mantle below, it should concentrate strain and generate a simple, observable

anisotropic signal. We are in a position to test for the existence of such a layer

beneath the continents.

In the following, we review the existing constraints on continental mantle

anisotropy, use these data to test models of mantle deformation, and finally,

provide a picture of orogeny that is consistent with these observations. We

show that subcontinental seismic anisotropy is dominantly produced by mantle

deformation that is coherent and contemporaneous with orogenic deformation

observed at the Earth’s surface. This result is consistent with the last two

orogenic models mentioned above, but not the first. For ancient orogenies,

the anisotropic signature of deformation remains “fossilized” in the mantle. As

such, these data provide a means of extending geology well into the mantle, and

seismology back to the Archean. We also show that there is no clear evidence

for a significant (∼ 100 km thick) subcontinental decoupling zone, implying

that this zone does not generally exist beneath continents, and that continents

are, for the most part, coupled to the convecting mantle.

Although coherent deformation between the crust and mantle is most easily

viewed in the context of simple plate or lithospheric deformation, it leads to an

“Orogeny Paradox” (Silver & Chan 1991, Kincaid & Silver 1996): Orogenies

appear to be heating events (Sclater et al 1980), while the simplest models of

plate deformation (rapid shortening and thickening of a thermal boundary layer)

imply just the opposite. We suggest that the observed excess heat is produced by

the viscous dissipation resulting from deforming the mantle portion of the litho-

sphere. If true, the mantle may play an even greater role in the orogenic process.

SEISMIC ANISOTROPY

The fabric that produces seismic anisotropy can have many causes: alternat-

ing isotropic layers with different elastic properties (Backus 1962); fluid-
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388 SILVER

filled cracks, as is probably the dominant source of anisotropy in the con-

tinental crust (i.e. Crampin & Booth 1985, Savage et al 1989, Kaneshima

et al 1988, Kaneshima & Ando 1989, McNamara & Owens 1993, McNamara

1990); melt-filled cracks at midocean ridges (Kendall 1994); or the orienting of

anisotropic mantle minerals (lattice preferred orientation), through deformation

(Christensen 1984, Nicolas & Christensen 1987). It is this last process that ap-

pears to be dominant in the continental upper mantle. Assuming that the upper

mantle is the main source of anisotropy (see below), then we need to understand

the behavior of upper mantle minerals, especially olivine, that are both highly

anisotropic and develop lattice preferred orientation in response to finite strain

(Nicolas & Christensen 1987; McKenzie 1979; Ribe 1989a,b; Ribe & Yu 1991;

Nicolas & Poirier 1976; Gueguen & Nicolas 1980; Christensen 1984; Main-

price & Silver 1993). In addition to these two requirements for an anisotropic

medium, we additionally require an ordering process that generates coherent

strains over a sufficiently large region to be detected macroscopically by seis-

mic waves with wavelengths of tens of kilometers. Thus, the use of anisotropy

as a measure of deformation requires knowledge of its various seismological

manifestations, its relationship to the properties of crystalline aggregates, and

ultimately to the style of orogenic deformation.

Seismic anisotropy is revealed as velocity variations both as a function of

propagation and polarization direction of seismic waves. Most commonly, re-

searchers studying propagation anisotropy have exploited azimuthal variations

in the seismic velocity of the body-wave phase Pn that propagates just below

the Moho (Hess 1964, Raitt et al 1969, Shearer & Orcutt 1986, Bamford 1977,

Bamford et al 1979, Vetter & Minster 1981) and of long-period surface waves

(e.g. Tanimoto & Anderson 1985, Montagner & Tanimoto 1991). Polarization

anisotropy, i.e. differences in shear (or surface wave) velocity as a function of

polarization, provides another rich source of data. The discrepancy between

upper mantle velocity models based on Rayleigh (vertically polarized) and Love

(horizontally polarized) waves has long been known (Anderson 1961, 1989) and

was the basis for allowing the upper 220 km of the mantle in the Earth model

PREM (Dziewonski & Anderson 1981, Anderson & Dziewonski 1982) to be

transversely isotropic (possessing hexagonal symmetry) with a vertical symme-

try axis. Polarization anisotropy has also been used to map regional variations

in transverse isotropy (e.g. Schlue & Knopoff 1977, Nataf et al 1984, 1986;

Gaherty & Jordan 1995). More recently, a technique has been developed to

exploit the observation of quasi-Love waves—Love waves that have converted

from Rayleigh waves along a path; this appears to be a promising way to map

locations of lateral gradients in anisotropic properties (Park & Yu 1993, Yu &

Park 1994).
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PROBING THE DEPTHS OF GEOLOGY 389

Another important manifestation of polarization anisotropy is shear-wave

splitting, a phenomenon analogous to the birefringence observed in an opti-

cally anisotropic medium, such as a calcite crystal. A single shear wave passing

through a weakly anisotropic medium splits into two shear waves with orthog-

onal polarizations and different speeds. It has been used to study anisotropy

throughout the Earth’s crust and mantle (Christensen 1966; Keith & Crampin

1977, Ando 1984; Fukao 1984; Vinnik et al 1984, 1992; Kind et al 1985; Silver

& Chan 1988, 1991; Kaneshima & Silver 1995).

From an observational point of view, the distinction between propagation and

polarization anisotropy is very important. Because propagation anisotropy is

detected by comparing seismic waves traveling different paths, there is always

a tradeoff with laterally varying isotropic structures that also produce path-

dependent velocity variations. Where propagation anisotropy has had the most

success is in the mantle beneath the ocean basins, where the variations in

lateral isotropic structure are usually small and slowly varying. For polarization

anisotropy, this tradeoff with isotropic structure is much weaker in the case of

surface waves and is nonexistent in the case of shear-wave splitting. Thus it is

much easier to interpret polarization-anisotropy observations.

Because of its simplicity, we focus on polarization anisotropy, and more

specifically, on shear-wave splitting in teleseismic shear waves such as SKS and

S (see Figure 1), because of the excellent lateral resolution afforded by these

phases. Thus small geologic domains, and the boundaries between domains,

can be carefully sampled. The vertical resolution is not good in general, since

the anisotropy could, in principle, reside anywhere between the core-mantle

boundary (CMB) and the surface in the case of SKS (Figure 1). As shown

below, however, the dominant source of anisotropy in shear-wave splitting

appears to be the upper mantle.

In an isotropic, homogeneous medium there are two types of body waves, a

P and an S wave; in a weakly anisotropic medium (as in the Earth’s crust and

upper mantle), there are three, a quasi-P wave and two quasi-shear waves. In

most cases, the P and S wave displacement directions are still nearly parallel

and perpendicular, respectively, to the propagation direction, as for an isotropic

medium. The two shear waves have polarizations that are orthogonal to each

other and propagate at different velocities. For a homogeneous medium, the

velocities and displacement directions of the three waves are given by the eigen-

values and eigenvectors of the polarization matrix V defined by the Christoffel

equation,

ρViℓ ≡ Ci jkℓ p̂ j p̂k (1)

(Backus 1965), where Ci jkℓ is the elasticity tensor for the medium, p̂ is a unit

vector that defines the propagation direction, and ρ is density. The two basic
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390 SILVER

Figure 1 Schematic drawing for the path of the phases SKS and S. From the earthquake (asterisk),

SKS passes through the mantle as an S wave; it converts to a P wave at the core-mantle boundary

(CMB) beneath the source, travels through the fluid outer core, and then converts back to an S

wave at the CMB on the receiver side. Also shown is the direct S phase, which turns in the mantle

above the CMB, and which may also be used for splitting. Hachured area represents an anisotropic

region beneath the receiver. There are several advantages of using SKS. 1. The conversion to P in

the outer core removes any splitting due to the source-side of the path. 2. The conversion means

that when SKS leaves the CMB on the receiver side, it is radially polarized (in the plane of the

figure). Thus, in an isotropic medium, there is no SKS energy on the transverse component so that

the presence of transverse energy indicates the presence of anisotropy (Silver & Chan 1991). 3.

SKS is an isolated phase beyond a distance of about 85◦, facilitating its measurement. Direct S

may also be used but it lacks the first two advantages. Studies of receiver-side splitting can use S

waves from deep-focus events, which are presumably below the source-side anisotropic zone. S

can also be used to explicitly study source-side anisotropy, provided the receiver-side contribution

can be obtained independently (from SKS).

splitting parameters obtained from seismic data are the polarization direction

of the fast shear wave, φ, and the delay time, δt , between the arrival time of the

fast and slow shear waves (Figure 2). From (1) it is found that δt is proportional

to path length L according to the approximate expression for small anisotropy:

δt = Lδβ̂/β0, (2)

where β0 is the isotropically averaged shear velocity and δβ̂ is the dimensionless

intrinsic anisotropy, which is generally a function of p̂ (Silver & Chan 1991).

As shown later, φ is related to the orientation of the mantle strain field.

A
n
n
u
. 
R

ev
. 
E

ar
th

 P
la

n
et

. 
S

ci
. 
1
9
9
6
.2

4
:3

8
5
-4

3
2
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 U

n
iv

er
si

d
ad

 N
ac

io
n
al

 A
u
to

n
o
m

a 
d
e 

M
ex

ic
o
 o

n
 0

5
/0

2
/0

8
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



PROBING THE DEPTHS OF GEOLOGY 391

THE SHEAR-WAVE SPLITTING DATA SET

We consider in this paper the existing observations of splitting parameters in

the phase SKS. We have focused on the data for SKS because there is no

contribution from the source-side of the path (due to the P to S conversion at

the CMB), and its initial polarization (radial) is known. It is therefore easier

to interpret (Figure 1). We have obtained the available published SKS splitting

data for the continents as well as some unpublished data. If there is more than

one measurement for the same station, we have taken the most recent one, since

it will usually include more data. Also, we take measurements from broadband

rather than long-period data where possible, because of the increased resolution

afforded by broadband data. Table 1 (see Appendix) gives the list of splitting

parameters. The majority of measurements are from the North American and

Eurasian continents where most of the seismic stations are deployed. The

splitting data set is rapidly expanding not only because of the proliferation of

permanent broadband stations, but also, and perhaps more importantly, because

of the large number of broadband transportable array experiments. The data

set includes results from nine such experiments, listed in Table 1. In addition,

regional arrays have been recently exploited for splitting purposes (references

listed in Table 1). The procedure for extracting measurements of φ and δt

Figure 2 Schematic diagram for splitting. An S wave traveling through an anisotropic medium

is split into two distinct waves with orthogonal polarizations and distinct velocities. In general,

the splitting properties depend on the propagation direction. X, Y , and Z denote structural frame:

X is lineation direction, Z is normal to foliation plane, and Y is third direction. For most mantle

samples, fast polarization direction φ is parallel to X for most propagation directions (see text,

Figure 7). δt is time between fast and slow shear wave.
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(a)

(b)
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from SKS is fairly routine. Most of the data tabulated here have utilized the

methods of Silver & Chan (1991), Vinnik et al (1992), or variations of these

two methods. Figure 3 shows an example of one seismogram in which the

diagnostics of splitting in the phase SKS are clear: energy on the transverse

component, which is approximately the derivative of the radial component

(Silver & Chan 1988, 1991); nearly identical but time-shifted waveforms when

viewed in the fast-slow coordinate frame; and elliptical particle motion.

In all, 322 observations have been compiled (see Table 1). This constitutes

more than an order of magnitude increase over the past six years. There are 153

measurements from North America (63 from stable regions, 90 from tectonic),

126 from Eurasia (49 stable, 77 tectonic), 27 from South America (16 stable, 11

tectonic), 11 from Africa (10 stable, 1 tectonic), and 5 from the Indo/Australian

plate (2 stable, 3 tectonic) (Figure 4). The histogram in Figure 5 illustrates the

statistical distribution of the delay times. The mean value δtave is a little above

1 s. The range is from barely detectable (less than 0.5 s) to 2.4 s. There are

only a few measurements above δt = 2 s. There are also 26 stations (denoted

in Table 1) where splitting was not detected, which we subsequently refer to

as “nulls.” Since nulls comprise less than 10% of the data set, it means that

anisotropy is a ubiquitous feature beneath continents. Indeed, the absence of

anisotropy is an unusual occurrence and apparently requires special conditions.

LOCALIZING ANISOTROPY AS A FUNCTION OF DEPTH

In spite of the low depth resolution of nearly vertical shear waves, it is possi-

ble, by the use of special geometries and auxiliary information, to provide a

reasonable localization of the source of the anisotropy (Figure 6).

There have been a variety of studies focusing on crustal splitting (see Silver

& Chan 1991 and references therein). Crustal values are obtained 1. from the

recording of crustal earthquakes just below the station, 2. from events occurring

in a subducting slab that passes only through the crust of the overlying plate,

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 3 (a) Three-component (top: radial, middle: transverse, bottom: vertical) broadband

seismogram of SKS for station RSON (Ontario, Canada) and a deep-focus event from the Izu-

Bonin region; distance = 89◦. Dashed lines give predicted arrival times (from IASPEI91) of SKS

and related shear waves (SKKS, S, ScS). Note the presence of SKS on the transverse component

that is approximately the time derivative of the radial component. This is an important diagnostic

for the presence of splitting. Solid lines denote the interval used to make the splitting measurement.

(b) (Top two traces) Superposition of fast (φ direction) and slow (φ+90◦) components, uncorrected

(left) and corrected (right). Note that components have nearly the same waveform but are shifted

in time by about 2 s, which is removed upon correction. (Bottom) Horizontal particle motion for

fast and slow components, uncorrected (left) and corrected (right). The uncorrected phase exhibits

elliptical particle motion, one of the diagnostics of splitting, which is reduced to linear particle

motion upon correction. Corrections made using estimated values of (φ, δt) = (80◦, 1.8 s).
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Figure 4 World map with data set of splitting parameters used in the present study. Orientation

of lines give their fast-polarization direction; line lengths are proportional to delay time, according

to the legend. Black symbols correspond to delay times in excess of 1.5 s. Note that most of the

large delay times are found either in present-day transpressional zones [Alpine-Himalayan chain,

Australian–Pacific plate boundary (New Zealand), South American–Caribbean plate boundary

(Venezuela), Pacific-North American plate boundary (including the Alaskan Cordillera)], or the

western Superior Province of the Canadian Shield, which was subject to intense transpression in the

Archean. In most cases, fast polarization direction is parallel to transpressional features with notable

exception of western North America, which exhibits complex splitting behavior (see text). Most

of the measurements are concentrated in the Northern Hemisphere, in North America and Eurasia.

and 3. by the analysis of P to S conversions at the Moho, which isolates the

crustal component of splitting. Each of these methods yields a range in splitting

parameters of 0.1 to 0.3 s, with occasional values up to 0.5 s and an average of

about 0.2 s. The delay time does not appear to be a function of crustal thickness.

For example, crustal delay times on the Tibetan Plateau (McNamara et al 1994),

which has an average crustal thickness of 70 km, also fall within the range of

0.1 to 0.3 s. We infer that the crustal anisotropy is dominated by cracks in the

top 10–15 km of the crust. Since δtave for SKS is about 1 s, it is on average

a factor of 5 larger than the crustal contribution. We conclude that the crustal

contribution to SKS splitting is small.

The long path through the transition zone and lower mantle could also con-

tribute to the splitting recorded at continental stations. Yet, this contribution

appears to be small, for the following reasons: (a) Significant variations in SKS

splitting parameters are frequently observed for stations that are separated by

50–100 km (Silver & Kaneshima 1993). This requires that the regions of the

mantle that each wave samples, the first Fresnel zones, be independent of each
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Figure 5 Histogram showing statistical distribution of splitting delay times. Range is from barely

detectable (< 0.5 s) to 2 s, with one notable exception, a measurement of 2.4 s for the northern edge

of the Tibetan Plateau. The mean (arrow) value of the distribution is 1 s. Dark shading denotes

δt > 1.5 s.

Figure 6 Contributions of various layers in the Earth to SKS splitting delay times. The path of

SKS goes from the CMB to the surface, and the anisotropy could in principle be anywhere along

the path. Using additional information, one finds that (a) the average crustal contribution δtc is 0.2

s; (b) the contribution by the lower mantle (and transition zone) δtlm is less than 0.2 s, so that the

SKS delay times arise primarily from anisotropy in the upper mantle between the Moho and the

base of an anisotropic layer, somewhere above the 400 km discontinuity.
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other. [See Alsina & Snieder (1995) for discussion.] This generally restricts the

anisotropic zones to be in the upper 400 kilometers of the mantle, for stations

that are separated by about 100 kilometers. (b) The splitting parameters for

SKS waves and for direct S waves from deep focus events (where there is no

contribution from the source-side upper mantle) are usually compatible with

each other (see McNamara et al 1994, Kaneshima & Silver 1995), although the

paths through the lower mantle are very different. Finally, (c) using the special

geometry afforded by locally recorded subduction zone events, it is possible to

directly compare the splitting parameters of upward propagating S waves from

intermediate and deep focus events that sample exclusively the upper mantle

with SKS and ScS at close distance that sample the lower mantle (once for

SKS, twice for ScS) as well as nearly the same upper mantle path. (Kaneshima

& Silver 1995, Meade et al 1995). No significant difference in delay time is

observed, restricting the lower mantle contribution to under about 0.2 s.

It is thus safe to conclude that the dominant contribution to the splitting

parameters measured at the surface comes from the upper mantle above the

transition zone. At this point, however, it is difficult to pinpoint the actual

location within the upper mantle. In some cases it is possible to appeal to other

manifestations of anisotropy for additional depth constraints. For example,

Gaherty & Jordan (1995) examined polarization anisotropy for paths across

Australia using surface waves and multiple-bouncing S waves to invert for a

laterally averaged, transversely isotropic model for the mantle. They found that

anisotropy was only required down to 200 km depth. Another indication that the

anisotropy is toward the top of the upper mantle comes from the analysis of Pn

data for the western United States (Hearn 1995). The resulting laterally varying,

anisotropic model yields fast directions that are locally parallel to values of φ

obtained from SKS (Savage & Silver 1993). This again suggests that the

splitting is in the shallower part of the upper mantle. In most regions where

such studies have not been done, however, there remains a basic ambiguity

concerning the depth range and consequently the origin of the anisotropy.

CANDIDATE TECTONIC PROCESSES

The evaluation of any hypothesis for the formation of mantle anisotropy re-

quires knowledge of three relationships: 1. between splitting and anisotropy;

2. between anisotropy and strain; and 3. between strain and geologic/tectonic

processes. For a homogeneous anisotropic medium, the relation between the

splitting parameters and the elasticity tensor is embodied in Equation (1) and is

relatively straightforward. It can become quite complicated for multiple regions

of anisotropy; however, the assumption of a localized homogeneous anisotropic

layer appears to be justified with a few notable exceptions (discussed later).
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Figure 7 Examples of lattice preferred orientation in naturally occurring peridotites. Olivine pole

figures and anisotropic properties of an average of five kimberlite nodules from South Africa. Fig-

ures are in structural frame where X is lineation direction, Z is normal to foliation plane, and Y is

third direction (out of page, not shown). Horizontal line is projection of foliation plane. (a) Equal-

area projection of contours of crystallographic concentration for a [100], b [010], and c [001].

Contours at multiples of level for uniform distribution; lowest contour (dashed line); higher values

(solid lines). Note that [100] maximum (filled square) is close to lineation direction. (b) Plot of P ve-

locity (km/s) as a function of propagation direction in structural frame. (c) S-wave delay time δt for

a 200 km long path. For vertical propagation, note that the maximum delay time occurs for a vertical

foliation plane and a horizontal lineation direction. (d) Fast-polarization direction φ. Note that for

most propagation directions, φ is parallel to lineation direction. (From Mainprice & Silver 1993.)

If we assume that anisotropy is caused by lattice preferred orientation in man-

tle minerals, then the relation between anisotropy and strain requires knowledge

of composition and mineralogy, along with the single-crystal elastic constants

and dominant slip systems for these minerals. Because these properties are

reasonably well known for the upper mantle above 400 km depth, the prob-

lem is reduced to finding an orientation distribution function for the primary

anisotropic minerals (such as olivine and orthopyroxene) as a function of finite

strain. In fact, seismological applications only require a relationship between a

suitably averaged macroscopic elasticity tensor 〈Ci jkl〉 derived from the orienta-

tion distribution function and finite strain. Obtaining an appropriate relationship
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has involved the interplay of theory (McKenzie 1979, Ribe 1989a, Ribe & Yu

1991, Chastel et al 1993), laboratory measurements, and observations of mantle

xenoliths (see Nicolas & Poirier 1976, Gueguen & Nicolas 1980, Christensen

1984, Mainprice & Silver 1993, Ji et al 1994). The nature of this relationship

is illustrated in Figure 7, where the pole figures and anisotropic properties of

an average of five kimberlite nodules are shown. In general, the results of anal-

yses on natural mantle samples are strikingly simple. Whether they come from

kimberlite nodules, Alpine Massifs, ophiolites, or basalt nodules from ocean

islands, the relation between the structural orientation of the sample, namely

the foliation plane and stretching or lineation direction, and the orientation dis-

tribution function is nearly always the same. In particular, and what is most

important for seismology, the a-axis concentration is contained within the fo-

liation plane parallel to the lineation direction. As illustrated in Figure 7, for

a vertical foliation plane, horizontal lineation direction, and for a near-vertical

propagation direction, the fast-polarization direction is parallel to the lineation

direction. This is perhaps the most critical relationship in the interpretation of

anisotropy, because it constrains the orientation of the mantle strain field. We

are then left with the problem of determining the structural frame associated

with a particular type of mantle deformation. These mantle samples also pro-

vide a means of estimating δβ̂. If we assume that strain is coherent (so that

samples can be averaged in the structural frame) and that the mantle is about

60% olivine, then the probable range of δβ̂ is about 0.03–0.05 (Mainprice &

Silver 1993). Assuming a value of δβ̂ = 0.04, we see from Equation (2) that

every second of delay time corresponds to an apparent layer thickness of 115

km. In the following we assume that the properties of these mantle samples

provide an accurate estimate of the upper mantle’s anisotropic properties, both

in terms of strain orientation and anisotropic intensity.

The third relation requires a strain characterization of the physical process.

How does the mantle deform during orogenies? This issue has been addressed

for the strain associated with oceanic plate motion (spreading, subduction,

absolute plate motion) and mantle convection (McKenzie 1979; Ribe 1989a,b;

Chastel et al 1993) with emphasis on the resulting anisotropy. Continental

strain has been examined in several studies (e.g. England & McKenzie 1982,

1983; England 1983; Bird 1984, 1988; Molnar 1988a; England & Houseman

1989), although the implications for seismic anisotropy have only recently been

discussed (Nicolas 1993).

What causes the anisotropy beneath the continents? There are a variety

of physical processes to choose from, which are considered in detail below.

As an initial guide to our search, we first examine those stations with the

largest delay times, greater than 1.5 s, because these require a very long path
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(implying coherent deformation over a significant depth of the upper mantle)

and/or unusually high intrinsic anisotropy. In addition, it is these values that

will be least perturbed by the influence of crustal anisotropy. In fact, the tectonic

settings of these stations are strikingly similar. Most of them are in present-day

orogenic areas (Figure 4) that can be characterized primarily by transpressional

tectonics: the Alpine-Himalayan collision (Caucasus, Tien Shan, Northern

Tibet; Figures 8a—see color plate—and 8b), the North American Cordillera

(Alaska, Cascadia, San Andreas fault system), the Caribbean–South America

plate boundary collisional shear zone (Figure 8c), and the Pacific-Australian

plate boundary (New Zealand). The values of φ are predominantly parallel to

the transpressional belts, with the exception of the southern part of the North

American Cordillera. Thus, at least for modern transpressional zones, there is

a close association between surface deformation and mantle anisotropy.

All but one of the stations with large delay times that are not in orogenic

zones are found paradoxically in one of the most stable of continental zones:

the Canadian Shield. These stations are in an area noteworthy for the absence of

tectonic activity since the Archean. This region was, however, subject to intense

transpressional deformation in the Archean. As with the case of present-day

transpressional zones, the values of φ are parallel to transpressional structures,

suggesting a uniformity between the past and the present. Is this suggestion

true? Is there “fossil” anisotropy extending back to the Archean? This is one

of the key issues that we address below. As a means of doing so, we consider

candidate physical processes for producing mantle deformation.

Hypothesis 1: Simple Asthenospheric Flow (SAF)

One hypothesis that we wish to test is that subcontinental mantle anisotropy

is dominated by asthenospheric flow. That is, there exists a decoupling zone

between the motion of the continental plate and (presumed stationary) mantle

below, which we refer to as the mechanical asthenosphere (note that weak

asthenospheric material does not constitute a mechanical asthenosphere unless

it is actually concentrating strain). In this case, the flow field and corresponding

anisotropic properties are easy to predict. In assessing the anisotropy, we

assume that, for asthenospheric flow, the foliation plane and lineation direction

are both horizontal and that the lineation direction follows the flow line, which

in turn is parallel to the absolute plate motion (APM) direction of the plate (in a

hot spot reference frame). We assume that the memory of asthenospheric flow

direction is short, only a few million years, since strains of order unity, enough

to completely reorient olivine aggregates (Nicolas et al 1973, see also Mainprice

& Silver 1993, Chastel et al 1993), will be generated in that amount of time

for the range of plate speeds (1–10 cm/yr) and an asthenospheric thickness

of order 100 km. We refer to this deformation as simple asthenospheric flow
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(b)

Figure 8 Examples of shear-wave splitting in areas with delay times in excess of 1.5 s. (a) See

color insert. Alpine-Himalayan chain (Caucasus, Tien Shan, Tibet). φ is given by orientation

of line and δt by length according to legend. Those values of δt greater than 1.5 s are shown in

black. White circle without line denotes a “null” (absence of splitting). (b) Close-up of Tibet along

with major tectonic features: faults (dark lines), minor faults (light lines), active volcanism (black

zones), and major terranes. φ is given by the orientation of the line through each station. Length of

line is proportional to δt according to legend. Note that φ directions for northern stations (WNDO,

ERDO, BUDO, USHU, MAQI) follow the large-scale geologic trend. Delay time at BUDO (2.4 s)

is largest in splitting data set and is just south of the North Kunlun Fault at the northern edge of the

plateau. This value of δt suggests mantle deformation to depths of 250–300 km. Just north of the

plateau in Qaidam Basin, the value of δt drops by a factor of 3. (Reproduced from McNamara et al

1994.) (c) Splitting parameters plotted on map of regional fault fabric of eastern Caribbean–South

American plate boundary (from Russo et al 1996). Subduction trace is the surface projection of 70

km depth seismicity contour. Dextral strike-slip faults: epf, El Pilar Fault zone; sf, San Francisco

Fault; ur, Urica Fault zone; es, El Soldado Fault; lb, Los Bajos Fault. Unnamed ENE-striking faults

are north-dipping thrusts. (d) Map of the array of the APT89 portable teleseismic experiment.

Dashed lines give US-Canadian boundary; solid lines denote major geologic boundaries as well as

subprovince boundaries within the Superior Province. φ is given by the arrow orientation; δt by its

length. Black arrows are for δt > 1.5 s. Splitting parameters display several distinctive features:

1. a band of stations within the Superior Province with large (approaching 2 s) delay times, 2. an

abrupt change in splitting properties at the southwestern edge of the Superior Province, and 3. a

rotation in φ of about 30◦ from northern to southern stations within the Superior Province, which

is consistent with a similar rotation seen in Archean geologic fabric. See text for details.
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(c)

(d)

Figure 8 (continued)
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(SAF) (Savage & Silver 1993) (Figure 9). For vertically propagating shear

waves, the predicted direction of φ (φAPM) is then parallel to the APM direction

and δβ̂ is predicted to be about 0.055 (Mainprice et al 1993). Even if the APM

direction is poorly known, as for Eurasia (Minster & Jordan 1978, Gripp &

Gordon 1990), the dominance of asthenospheric flow would reveal itself as

coherent directions that could be characterized by a single pole of rotation.

Thus, for plates with well-known directions, one can simply compare observed

with predicted values or, more generally, test for large-scale coherence of fast-

polarization directions. This may be done on a point-wise basis over the plate

or by testing for variations in splitting parameters on regional length scales

(less than 1000 kilometers) where the SAF component should be constant.

Significant variations in φ on a regional scale constitute a basis for rejecting

the SAF hypothesis as the dominant source of mantle anisotropy.

The delay time represents another diagnostic in certain cases. If δβ̂ is as-

sumed constant in the asthenosphere, then for an asthenospheric source δt

should increase with asthenospheric thickness. If the base of the asthenosphere

is at a constant depth, then regions of thick lithosphere would correspond to

small δt . For a lithospheric source, just the opposite would be true.

Hypothesis 2: Vertically Coherent Deformation (VCD)

Another hypothesis we test is vertically coherent deformation (VCD) (Silver

& Chan 1988, 1991), in which the crust and subcontinental mantle deform

coherently in orogenies, and that in the case of multiple episodes of litho-

spheric deformation, the last significant penetrative episode prevails, whether

it is present-day or Archean. In this case, spatial variations in splitting param-

eters should track geologic variations. Recently, it has been possible to test

this hypothesis against its alternatives with increasing frequency. The advent

of transportable array seismology, with deployment of instruments over dis-

tances of order several hundred to 1000 km, and the exploitation of permanent

regional arrays, has allowed the sampling of seismological variations across

geologic/tectonic transitions. At the same time, this scale is small enough for

plate-scale simple asthenospheric flow (as mentioned in the last section) to be

constant. Thus, if significant variations in φ occur on this scale and, if fur-

thermore, they are close to those predicted from the surface geology, then this

would constitute support for the VCD hypothesis.

Based on the surface geology, we can attempt to predict the style of defor-

mation in the mantle and, ultimately, the splitting parameters (φg, δtg) for the

vertical propagation directions encountered with SKS. The three major cate-

gories of deformation that would be encountered are: transcurrent, collisional,

and extensional regimes. In fact, pure collisions are rarely observed, and there is

almost always a significant transcurrent component (Vauchez & Nicolas 1991),
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usually referred to as transpression. For transcurrent deformation, we assume

that the foliation plane is vertical and the lineation direction is both horizontal

and parallel to the transcurrent structure (approximate for large strain), in which

case φg is also parallel to the transcurrent structure. For transpression, we again

assume that the foliation plane is vertical, but that the lineation direction may

be significantly different from horizontal. As long as the lineation direction

is not vertical, however, φg will, like transcurrent motion, still be parallel to

transpressional features. In the case of extensional or rifting environments, we

expect the foliation plane to be horizontal and the stretching lineation and hence

φg to be parallel to the extension direction, as illustrated in Figure 9.

Other Candidates

Although the above two are the simplest hypotheses to test, there are others that

can be considered and have been proposed in the literature. One possibility is

that both of these processes are operating in the same region, giving rise to two

anisotropic layers. This case has motivated the development of methods for

analyzing splitting parameters in the presence of two or more layers (Farra et al

1991, Savage & Silver 1993, Silver & Savage 1994). An even more complicated

case could occur at active convergent margins, where there may be anisotropy

beneath, within, and above the descending slab (see Vinnik & Kind 1993, Russo

& Silver 1994, Kaneshima & Silver 1996). There may also be buried structures,

such as remnant slabs associated with former convergent margins, as might be

the case with tectonic North America (see Savage & Silver 1993).

Another hypothesis that has been considered is the existence of more compli-

cated asthenospheric flow, such as small-scale convection. This would provide

an alternative explanation for variations in splitting parameters over short spa-

tial scales, within the context of an asthenospheric hypothesis (see Makeyeva

et al 1992). Finally, general mantle circulation could contribute to anisotropy,

since we might expect anisotropy down to 400 km, the bottom of the olivine

stability field. While we maintain these alternatives as possibilities, they are

only considered when the first two seem inadequate.

TESTING HYPOTHESES

Which of these two hypothesis is better supported by the available data? We treat

the continents individually, because each has its own special considerations,

such as the certainty to which the APM velocity is known and the number of

measurements. The tests are performed for stable continental regions, where the

mechanical asthenosphere, if present, is well defined and where the possibility

of fossil anisotropy can be assessed. We consider four continents: Eurasia,

North America, South America, and Africa.
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(a)

Figure 9 (a) Schematic providing rationale for the predicted value of φ for the simple astheno-

spheric flow hypothesis (SAF) and the vertically coherent deformation hypothesis (VCD). (Left)

SAF: Shown is map view of a continent moving in the absolute plate motion (APM) direction. If

we assume a structural frame in which the foliation plane is horizontal and lineation direction is

parallel to the flow line, then the predicted direction of φ is parallel to the APM direction (φAPM).

(Right) VCD hypothesis for transpression (above) and extension (below). For transpression, arrows

denote convergence direction and wavey lines a general transpressional structure. The predicted

value of φ(φg) is parallel to transpressional structures. For transcurrent motion, we expect the same

result (parallel to transcurrent structures). In the case of extension, φg is predicted to be parallel to

extension direction as shown. (b) Cross-sectional view of SAF flow. Lithosphere is moving with

APM velocity given by horizontal arrow at top. Asthenosphere (shaded region) is a shear zone that

concentrates strain, decouples the lithosphere from the slowly moving mantle below and produces

anisotropy. The a-axis concentration and hence φAPM are assumed to be parallel to APM for a

nearly vertically propagating SKS wave. (c) Cross section of VCD hypothesis for transpressional

case. Arrows denote oblique convergence as in Figure 9a. Initially undeformed lithosphere of crust

(light) and mantle (dark) are deformed by transpression. Deformed zone is thickened and sheared.

Foliation planes (vertical lines) are assumed to be vertical, with lineation subhorizontal in foliation

plane. In this case the a-axis concentration and φg are assumed to be parallel to lineation direction.

A
n
n
u
. 
R

ev
. 
E

ar
th

 P
la

n
et

. 
S

ci
. 
1
9
9
6
.2

4
:3

8
5
-4

3
2
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 U

n
iv

er
si

d
ad

 N
ac

io
n
al

 A
u
to

n
o
m

a 
d
e 

M
ex

ic
o
 o

n
 0

5
/0

2
/0

8
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



Figure 8a

Figure 10a
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Figure 10c
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Figure 12   Splitting data for western United States. Two lines at the same station denote two 

anisotropic layers. The black line denotes the upper layer. Note that most two-layer stations are 

along the San Andreas fault with the upper layer parallel to the fault. Note also that Basin and 

Range data are inconsistent with the value of φ predicted from the extension direction shown 

(−60
ο; red double arrow). Also shown is the APM direction (red arrow). Except for stations near 

the San Andreas Fault, neither SAF nor VCD hypotheses can successfully explain their data.
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(b)

(c)

Figure 9 (continued)
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Eurasia

Eurasia is by far the largest continental land mass, having both large stable

regions and actively deforming zones. The only drawback to its use in testing

hypotheses is that the APM direction is not well known, because it is such a

slow-moving plate. Nevertheless, the dominance of simple asthenospheric flow,

which predicts plate-scale coherence in splitting parameters, can be rejected.

Figures 10a (see color plate) and 10b are maps of the stable regions of

Eurasia. Note that there is a concentration of roughly east-west values of φ

in stable western Europe and predominantly north-south values in stable Asia,

respectively (although there are far fewer values in Asia). There are also sys-

tematic variations on a regional scale that cannot be satisfied by the SAF hy-

pothesis. In the stable part of Europe, north of the Alpine deformation, stations

show a systematic variation from roughly NE-SW in the west to NW-SE in

the east: a rotation of nearly 90◦ over 500 km (Bormann et al 1993, Vinnik

et al 1994). We can furthermore test for geological coherence in regions where

there are both stations and well characterized geology. As noted by Bormann

et al (1993), and as is clear from Figure 10, this pattern follows the general

trends of the Paleozoic Hercynian orogenic belt in this zone, as indicated by the

orientation of fold axes (taken from Bormann et al 1993). Vinnik et al (1994)

have alternatively argued that the values of φ are locally perpendicular to a

smoothed model of the direction of maximum horizontal stress (Grunthal &

Stromeyer 1992) and that the anisotropy reflects asthenospheric flow in these

stable regions resulting from the Alpine orogeny. However, the actual stress

data in the vicinity of the seismic stations (Zoback 1992) show a near-uniform

NW-SE maximum compressive stress direction and do not indicate the change

in direction implied by the smoothed model (ML Zoback, personal communi-

cation). One final example of geologic control comes from two stations, one

within the axis of the Ural deformation zone, exhibiting a value of φ parallel

to the trend of the Urals, and one on the eastern edge of the undeformed East

European Platform, just 150 km to the west, with a nearly orthogonal value of

φ (Figure 10b, Helffrich et al 1994). We conclude from this and the other data

presented for stable Eurasia that the SAF hypothesis can be rejected and that

the coherence of φ with geologic structures supports the VCD hypothesis.

North America

It is more difficult to evaluate competing hypotheses in the case of stable North

America in spite of the large number of stations. This is because of a basic

ambiguity, namely, the APM direction for the stable part of the continent trends

roughly ENE-WSW, and this is approximately the strike of the dominant geo-

logic trends (Appalachian, Grenville, Oachitas, much of the Superior Province

of the Canadian Shield), as shown in Figure 10c (see color plate). As a result,
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there is a reasonable correspondence both between φ and φAPM, as noted by

Vinnik et al (1992), and between φ and φg.

Regarding the concentration of data along the eastern and southern coast of

the United States (Barruol et al 1996), the values of φ appear to follow coher-

ently the large-scale geologic trends of both the southern and eastern edge of

Grenvillian deformation, all the way into Canada, with the exception of a zone

just north of the boundary between the southern and northern Appalachians.

There are two nulls east of the Appalachian deformation zone near the conti-

nental margin, suggesting some geologic control to delay time variations. The

APM directions are also reasonably coherent with the trend of the data, with

the exception of the three most northern stations. Thus, on the basis of these

data alone, it is not possible to favor either hypothesis.

As with the other continents, however, regional studies allow for a more

stringent test. One such experiment was performed across the southwestern

edge of the Canadian Shield (Silver et al 1993), in order to specifically resolve

this ambiguity. These data, along with those of other investigators are shown

in Figure 8d. Silver & Kaneshima (1993) found that the variations in splitting

parameters across the transect generally reflected geological variations (see

Figure 8d); the values of φ within the Superior Province are subparallel to

the geologic fabric, and the observed 30◦ rotation in φ from north to south

is also reflected in the geologic fabric. Additionally, the very largest values

of δt are restricted to a 200 km wide NS band within the Superior Province.

These values of δt are associated with large and negative isotropic S-wave

vertical delay times, 1T (obtained from observed shear-wave station delays

at the same station; Bokelmann & Silver 1996), which are considered to be a

measure of lithospheric thickness. This suggests that the anisotropy is located

in the lithosphere, not the asthenosphere (Silver & Kaneshima 1993).

A similar relationship between δt and 1T appears to hold generally for

stable North America. Figure 10d is a plot of δt vs 1T obtained from inte-

grating the shear-wave velocity model of Grand (1994) from the surface down

to 400 km depth for all stations for which this model is defined over the depth

range. Although there is much scatter, the largest delay times are associated

with the regions of greatest negative 1T . As with the regional data, this trend

is what would be expected if the anisotropy resided in the lithosphere, not the

asthenosphere.

South America

South America has a well-defined value for φAPM that is approximately EW

for much of the continent. There are presently only measurements from two

permanent broadband stations in stable South America, BDF and CAY (Figure

4, Table 1). Their values of φ differ from each other by more than 60◦ and also
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differ significantly (by 30◦) from the APM direction. Much more valuable for

hypothesis testing are the data from a recent portable experiment to study the

Brazilian Craton (James & Assumpcao 1996). Over a distance of roughly 1000

km this experiment yielded well-constrained values of φ (and δt) that range

over nearly 90◦ (and 0.35–1.55 s; Figure 10e). Furthermore, these data display

a striking coherence with the surface geology. In particular, they closely follow

the fabric of late Precambrian orogenic belts that surround the Sao Francisco

Craton (Vauchez et al 1994). This is one of the clearest examples of coherence

between ancient transpressional features and mantle anisotropy.

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Figure 10 Splitting measurements in stable regions used to test SAF and VCD hypothesis. (a)

See color insert. Central Europe. Thick lines are splitting parameters. Short line segments denote

fold-axis orientations for (Paleozoic) Hercynian orogenic belt (from compilation of Bormann et al

1993). Note the significant variations in φ within Europe. This is inconsistent with the SAF

hypothesis. Note also the close correspondence between fold axes and φ, indicating coherent

deformation between crust and mantle. Also shown is the maximum horizontal stress direction

for Europe. (b) Stable Eurasia. N-S trending mountains are the Urals. Most values of φ are

oriented NS. Two close-by stations correspond to one in the axis of the Urals (SVE) and another

(ARE) just west of the Urals on the eastern edge of the East European platform. Dashed line

denotes limit of Ural tectonic zone and heavy lines denote known thrust faults (from Helffrich et al

1994). Orthogonal directions suggest geologic control. (c) See color insert. Stable North America.

Dark lines denote major geologic subdivisions of North America. Most eastern line: Grenville-

Appalachian boundary. Adjacent line marks Grenville Front. Also shown are the Superior Province,

the Trans Hudson, and the Central Plains boundaries. Red arrows give APM direction (Minster &

Jordan 1978). Note that APM direction and large-scale geologic trends in eastern North America

are roughly parallel to each other, making hypothesis testing difficult. Splitting measurements

are reasonably well explained by either hypothesis. SAF hypothesis provides a good fit except

for the three most northern stations. VCD hypothesis provides a good fit except for stations just

above the boundary between the southern and northern Appalacheans. (After Hoffman 1989.) (d)

Integrated S travel-time anomaly 1T through the top 400 km of the model of North America by

Grand (1994) vs splitting delay time for stations in which the model is defined. Negative 1T

values are fast and indicate relatively thick lithosphere. Also shown are the average values of δt for

stations shown (dashed line). Note that large delay times are found primarily where large negative

travel-time delays are found. This is consistent with anisotropy of lithospheric origin. (e) Splitting

data for Brazilian Lithospheric Seismic Experiment (BLSP; after James & Assumpcao 1996) along

with geologic divisions and fabric directions of the late Precambrian Ribeira-Aracuai belt that

surrounds the Sao Francisco Craton (short lines). Also shown is APM direction. Note presence

of significant variation in the direction of φ over a few hundred kilometers, which is inconsistent

with the SAF hypothesis. Note also that splitting directions closely follow the geologic trends of

the belt, suggesting coherence between crust and upper mantle deformation. (f) (Left) Permanent

stations in Africa plus APM direction. (Right) Portable stations analyzed by Vinnik et al (1995)

plus two nearby permanent stations. Also shown are the major structural features of the Kaapvaal

Craton (from De Wit et al 1992). Note that most stations are parallel to the APM direction, but are

also parallel to major geologic trends, including a station in the north that follows the EW trend of

structures in this region. The three dashed lines denote a station with three inconsistent splitting

parameters, open circle denotes null result.
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(b)

(d)

Africa

Africa is potentially an especially good continent to test the two competing

hypotheses, as most of the continent has been stable for millions of years,

much of it since the Archean. As yet, however, few data are available. There

are four permanent stations in stable regions for which we have data (Figure

10f ): MBO, SUR , SLR, and BCAO. The values of φ at two of these stations

(SLR and MBO) trend about EW, whereas at BCAO, φ is closer to NE-SW,

and SUR has no detectable splitting. These stations do not exhibit a coherent

A
n
n
u
. 
R

ev
. 
E

ar
th

 P
la

n
et

. 
S

ci
. 
1
9
9
6
.2

4
:3

8
5
-4

3
2
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 U

n
iv

er
si

d
ad

 N
ac

io
n
al

 A
u
to

n
o
m

a 
d
e 

M
ex

ic
o
 o

n
 0

5
/0

2
/0

8
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



410 SILVER

(e)

(f)

Figure 10 (continued)

pattern over the continent, and are not consistent with the APM direction of the

continent, which is about NE-SW.

A recent study of data from a portable deployment in South Africa within

the Kaapvaal Craton (Vinnik et al 1995) has provided particularly interesting

observations. Shown in Figure 10f are the splitting results from this study,

along with the nearby permanent stations SLR and SUR. Also shown are the

large-scale geological structures of the craton as inferred by De Wit et al (1992)

and the NE trending APM direction from Minster & Jordan (1978). For six of

the stations, the trend of the φ values is NE-SW and roughly parallel to the APM

direction. In fact, this correspondence has led Vinnik et al (1995) to argue that
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the present-day motion of the African continent (SAF hypothesis) is controlling

the anisotropy of the subcontinental mantle. Yet, the geologic trends provide

an equally good if not better explanation. Note that the large-scale structures

(thrust faults and shear zones) trend NE-SW toward the southwest of the craton,

and then rotate to roughly EW within the northeastern part. The values of φ

closely track this structural fabric, including the station SLR, whose EW value

of φ also follows the EW fabric orientation in the northeastern zone. In addition,

this hypothesis provides an explanation for the absence of anisotropy at station

SUR, which is well off of the craton (Helffrich et al 1994). Thus, the VCD

hypothesis is more successful than the SAF hypothesis in explaining these data.

A forthcoming transportable seismic experiment in South Africa (Carlson et al

1996) should provide further testing of this conclusion.

As with North America, there is additional evidence based on delay times

suggesting that the anisotropy resides in the Kaapvaal Craton lithosphere rather

than the asthenosphere below. Mantle nodules from kimberlite pipes in the cra-

ton provide a direct sampling of mantle anisotropy. Mainprice & Silver (1993)

analyzed such samples to construct a value for the average elastic constants

of this mantle, assuming vertically coherent deformation. They restricted the

analysis to large-grain aggregates with depths and temperatures consistent with

those expected for the lithosphere. If one assumes that the foliation plane is

vertical and that the lineation direction is horizontal (the direction expected for

transpressional deformation), then the calculated value of δβ̂ is 0.031. Thus,

every second of delay time corresponds to a layer thickness of 145 km. Using

the value of δt obtained at SLR (δt = 1.1 s), the station for which there is most

data, and allowing 0.2 s for the crustal contribution (see section on the crust),

this translates to a depth to the base of the anisotropic layer of 170 km. This

is nearly the same as the depth to the base of the low-temperature kimberlites

(thought by many to constitute the base of the lithosphere; Boyd & Gurney

1986) in nearby Premier mine, which is about 165 km. This consistency sup-

plies further support for the lithospheric, not asthenospheric, origin of mantle

anisotropy beneath stable Africa.

Evaluation

Taking the data set as a whole, we conclude that the SAF hypothesis can be

rejected primarily on the basis of significant intracontinental variations in the

fast-polarization direction, on a length scale of hundreds to thousands of kilome-

ters, and secondly from delay-time variations, suggesting a lithospheric origin

for the anisotropy. In addition, where it is possible to check, these varia-

tions reveal a striking correspondence with the surface geologic fabric, which

strongly supports the VCD hypothesis. This conclusion is not without contro-

versy. Indeed Vinnik et al (1992, 1995) have argued the contrary, that the SAF
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(a) (b)

Figure 11 (a) Histogram of difference δφ between φ and φAPM (Minster & Jordan 1978), i.e.

value predicted under SAF hypothesis for stable regions. Dark bars correspond to North American

stations. Although the broad peak around δφ = 0 indicates an apparent correlation between these

two parameters, note that the peak is dominated by North American observations. With North

America removed, (b) there is no correlation. The peak for North America is apparently due to the

closeness of the APM and geologic directions.

hypothesis is the most successful, and this has led to a long-standing contro-

versy (see Mooney 1995). Their conclusion is essentially based on a histogram

of the difference between observed values of φ and the φAPM values for stable

continental regions (Vinnik et al 1992, see their Figure 10), which should be

zero under the SAF hypothesis. As they noted, the actual data show a broad

peak centered around zero. We have repeated this exercise with the present

expanded data set and have obtained a histogram with similar characteristics

(Figure 11a). As noted in Figures 11a and b, however, this pattern is dominated

by the data from stable North America. But we have shown that the APM and

geologically predicted values of φ are close to each other so that, as discussed

previously, the VCD hypothesis not only provides an equally good explanation

for the data on a continental scale, but a better one on a regional scale where

significant and geologically related variations in φ were seen. For regions other

than North America, there is no significant correlation (Figure 11b). We con-

clude therefore that the apparent correlation these authors found is due solely

to the ambiguity associated with North America.

The VCD hypothesis is not only able to account for anisotropy in stable

continental areas that were the site of ancient orogenies, but it can also explain

the anisotropy associated with many present-day orogenies as well. As noted
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earlier, the very largest delay times come primarily from present-day trans-

pressional zones, with φ parallel to transpressional structures. Two examples

illustrate the geological coherence for modern orogenies. The results from an

experiment along a north-south line in eastern Tibet (McNamara et al 1994)

are shown in Figure 8b. For most of the line of stations, especially the northern

stations where the delay times are largest, there is a close correspondence be-

tween the orientation of the large-scale surface deformation and the orientation

of φ. In particular, the anisotropy appears to record both mantle shortening and

extrusion of Tibet towards the east (see McNamara et al 1994 for discussion).

The largest SKS delay time yet recorded (2.4 s) was observed at the northern

edge of the Plateau, just south of the active strike-slip Kunlun fault. Given

the scaling typically used, this suggests mantle deformation down to a depth

of some 300 km. Just to the north of the fault, about 100 km away, off of the

plateau and within the relatively undeformed Qaidam Basin, δt is reduced by a

factor of 3. Thus northern Tibet provides a striking example of the coherence

between crust and mantle deformation in modern orogenies.

Another noteworthy region is along the Caribbean–South American plate

boundary in Venezuela. This boundary is the site of an intense transpressional

shear zone with a north-south width of approximately 200 km (Figure 8c).

The values of φ are parallel to the structural grain of the plate boundary zone.

The delay times are the largest found in South America and among the largest

globally. Equally important, the size of delay time diminishes to about 1 s as

one moves south of the transpressional zone into more stable regions (Russo

et al 1995), signaling either a decrease in thickness or intensity (or both) of the

deformation.

Regions with Complex Anisotropic Behavior

There are groups of measurements and particular regions that cannot be ex-

plained by either the VCD or SAF hypothesis. For example, what produces

the “nulls” that make up 10% of the data set? Are they specific to a particular

region? Do they suggest a change in the orientation of the structural frame,

or the destruction or suppression of fabric? What about nontranspressional

environments? Do they exhibit the same coherence with surface geology?

EXTENSIONAL ENVIRONMENTS In general the anisotropic response to exten-

sional environments appears to be variable. As noted by Vinnik et al (1992),

whereas several of the permanent stations near rifts show fast-polarization di-

rections parallel to the extension direction, others do not. This is also seen on a

regional scale. A study of splitting in the Rio Grande rift (Sandvol et al 1992)

revealed values of φ perpendicular to or at an oblique angle to the extension
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414 SILVER

direction, not parallel to it. On the other hand, portable data for the Baikal rift

(Gao et al 1994), the most extensive data set for an active rifting environment,

yield measurements that are closer to what would be expected for rifting. Be-

neath the rift zone and Siberian platform to the north, most of the values of φ are

parallel to the NW-SE extension direction. South of the rift, there is a transition

to EW values of φ that the authors associate with the transition to the fold belt in

Northern Mongolia. Yet, even in this case, there are complexities. The NW-SE

direction extends several hundred kilometers to the northwest, well into the

stable Siberian Platform and could just as easily be associated with Siberian

lithospheric properties. One could argue that the rift is coincident with the

boundary between two distinct tectonic regimes and has no clear signature of

its own (see their Figure 1). The travel times obtained from the same data re-

vealing relatively thick lithosphere NW of the rift and thinner lithosphere SE of

the rift, indicate the existence of a boundary between distinct tectonic regimes.

Finally, one of the largest zones of extension, the Basin and Range province,

fails to yield the predicted extensional signature, as we see below.

CONVERGENT MARGINS The anisotropy beneath active convergent margins is

a particularly difficult region to study because teleseismic shear waves sample

three distinct regions: the subslab upper mantle, the slab itself, and the mantle

wedge. Indeed, it has been shown that there is significant anisotropy beneath

the subducting Nazca plate as well as zones in the Western Pacific (Kaneshima

& Silver 1992, Vinnik & Kind 1993, Russo & Silver 1994, Kaneshima & Silver

1995). There have, however, been a variety of studies using the direct S phase

from local slab events to stations above the slab. These phases isolate the mantle

wedge and consequently are easier to interpret. As summarized by Kaneshima

& Silver (1995), the delay times for lithospheric mantle are small, in the range

associated with crustal values (0.1–0.3 s), although values approaching 0.5 s

have sometimes been found (Shih et al 1991, Fouch & Fischer 1996). These

latter values, while smaller than delay times for continental interiors are larger

than those associated with the crust, and signify a weak mantle component. The

reduced delay times, compared to 1 s average value for continental interiors,

may be due either to a rotation in the structural frame to less optimal orientations

or to subduction related processes, such as the infiltration of fluids, that serve to

suppress or destroy lattice preferred orientation. The fast polarization directions

appear to track the state of strain in the wedge, being parallel to transpressional

features in compressional back arc environments (Shih et al 1991, Yang et al

1995, Fouch & Fischer 1996) and parallel to the extension direction in the

case of back-arc extension (Fouch & Fischer 1996). This behavior is similar
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PROBING THE DEPTHS OF GEOLOGY 415

to that found for continental interiors and suggests that the mantle wedge, like

the subcontinental mantle in general, exhibits vertically coherent deformation.

There is apparently no anisotropic manifestation of corner flow, often thought

to exist in the mantle wedge.

TECTONIC NORTH AMERICA The region with the most complicated splitting

patterns is tectonically active North America. It is especially intriguing because

there are abundant observations, nearly 100, obtained from both regional net-

works and portable experiments (Savage & Silver 1993, Ozalaybey & Savage

1995). What clearly emerges is that neither of the simple hypotheses tested

above provides an adequate explanation for this region. There is the strong

suggestion of multiple processes operating in some areas, giving rise to two

distinct anisotropic layers (Savage & Silver 1993, Silver & Savage 1994, Oza-

laybey & Savage 1994, 1995). SKS splitting measurements are usually made

(and interpreted) under the simplifying assumption of a single homogeneous

layer of hexagonally symmetric material with a horizontal symmetry axis. In

this special case, the splitting parameters are nearly independent of arrival an-

gle and initial polarization. If dependence on these variables is found, then

one of the assumptions has been violated. Although other complications are

possible (Plomerova et al 1996), as discussed by Savage & Silver (1993) and

Silver & Savage (1994), the presence of two layers has unique characteristics,

namely a strong dependence on initial polarization with π/2 periodicity, which

can be used to obtain the splitting parameters of the individual layers in most

cases.

As shown in Figure 12 (see color plate), most of the stations that show two-

layer diagnostics are along the San Andreas fault. The top layer is locally

parallel to the fault. The size of δt for this layer, nearly 1 s, is consistent with

San Andreas fault deformation extending well into the upper mantle. Below

this layer, and seen from the west coast of North America to the western Basin

and Range, is a layer with EW values of φ. Savage & Silver (1993) suggest

that this is either the anisotropy from a buried slab (old Farallon plate) or is

strained asthenosphere, deformed by the northward passage of the trailing edge

of the Gorda Plate (Savage & Silver 1993, Ozalaybey & Savage 1995). It

is not possible at present to distinguish between these two hypotheses. The

existence of San Andreas Fault–related anisotropy requires that the Pacific–

North American plate boundary is diffuse in the mantle. If the plate boundary

consisted of a simple mantle extension of the San Andreas fault, then we would

not see anisotropy from this. The results suggest that the mantle deformation

is much more diffuse and is of order 50–100 km wide, roughly the size of the
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416 SILVER

Fresnel zone that these waves sample. In addition, towards the south, this San

Andreas Fault–related pattern is seen for at least two (possibly three) nearby

stations (Figure 12, also see discussion in Helffrich et al 1994). This would

indicate the presence of even a broader zone of deformation to the east of

the fault, on the order of 100–150 km wide. This broad zone, however, does

not appear to extend to the west of the fault; these stations exhibit east-west

trending fast polarization directions and not the fault-parallel orientation that is

seen closer to the fault (Ozalaybey & Savage 1995).

The values of φ for the Basin and Range display a variety of directions from

EW to NNE. The expected WNW direction, that of present-day Basin and

Range extension, is not generally observed. Using a two-layer model, Savage

& Silver (1993) attempted to determine the effective thickness of a “Basin and

Range” upper layer (i.e. extension-parallel value of φ) by fixing φ for that

layer, finding a δt for the top layer, and allowing arbitrary properties for the

lower layer. They find that the upper layer gives a small delay time of 0.3 s,

approximately the value obtained by McNamara & Owens (1993) for the crustal

contribution, with φ parallel to the extension direction. Such a small delay time

suggests that the Basin and Range extension has not significantly penetrated

into the mantle or at least has failed to generate mantle fabric (Savage & Silver

1993).

A third area with puzzling results is the Rocky Mountain region. The most

characteristic feature of these data are the large number of null measurements

(Savage et al 1996). The null measurements appear to correspond to those

regions that have been subject to the Laramide orogeny, but which have not

suffered subsequent deformation. We speculate that the weak anisotropy is the

result of convergent margin processes related to the Laramide (see convergent

margin discussion above).

DISCUSSION

One of the central conclusions to be drawn from our study of anisotropy beneath

continents is that the same deformational process responsible for the orogenic

belts at the Earth’s surface deforms the mantle in a very similar manner. Thus,

what we call geology is indeed a deep-seated process that penetrates well into the

Earth’s mantle. With this very simple conclusion, we can revisit the three hypo-

thetical scenarios for the mantle’s involvement in orogenies that were mentioned

in the introduction. In particular, we must conclude that explanations of orogeny

restricted to crustal deformation are not consistent with these data. Mantle in-

volvement is required in the orogenic process, and this deformed mantle is

preserved, not removed, from the crust above. A simple plate- or lithospheric-

deformation model for orogeny would be consistent with these data.
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The coherence of crust and mantle deformation is not restricted to any par-

ticular era in Earth’s history, but is seen from the present to the Archean, at least

for the transpressional terrains that dominate the Earth’s continental fabric. We

are thus studying a time-invariant process. The anisotropy that is forming to-

day beneath present-day orogenies will ultimately be preserved in the mantle as

fossil anisotropy. The fact of its preservation is noteworthy as it implies special

conditions that may shed light on the post-orogenic evolution of the mantle.

Since the preservation of anisotropy requires the absence of subsequent defor-

mation, and this in turn is facilitated by low temperatures, anisotropy implies

that the cooling of mantle after orogeny is a critical part of the preservation

process. A temperature below about 900◦C is probably required to preserve

anisotropy over geologic time scales (Silver & Chan 1991).

The Orogeny Paradox

As attractive as the plate-deformation model is in accounting for the defor-

mational properties of the mantle, it does less well in predicting the mantle’s

thermal properties. If a plate is thickened by a factor of two, then the thickness

of the crust and mantle portion of the plate, as well as the thickness of the thermal

boundary layer, will similarly increase. Orogenic geotherms will be advected

downward, leading to a cold and seismically fast upper mantle. This model ex-

plains simply the origin of deep, high-velocity continental roots found beneath

Archean cratons (Jordan 1978, 1981, 1988). Although doubly thick crustal

sections are commonly observed in present-day orogenic zones like Tibet, the

cold mantle root is not (see Molnar 1988b and references therein). Northern Ti-

bet (which is free from subduction-related complications) has a thick crust, but

also exhibits active volcanism that appears to be derived from the lithospheric

mantle (Molnar et al 1993), low seismic velocities in the shallowest mantle

(Jobert et al 1985, Brandon & Romanowicz 1986, Zhao et al 1991), and the

suggestion of partial melt in the vicinity of the Moho (Ni & Barazangi 1983,

McNamara 1995). Excess heat beneath orogenic areas does not appear to be

confined to Tibet. The level of continental heat flow, in general, appears to be

controlled by the time since the last orogeny (Sclater et al 1980), implying that

orogenies are heating events, not cooling events. This problem, which I refer

to as the “Orogeny Paradox” (Silver & Chan 1991, Kincaid & Silver 1996),

has been recognized for some time. In fact, it is the primary motivation behind

models of orogeny where the orogenic mantle is removed by either a convective

instability (e.g. Houseman et al 1981, England & Houseman 1989) or delami-

nation (Bird 1978, 1988) and replaced by warm asthenosphere. Although these

models successfully account for the thickened crust and thermal properties of

the mantle, they cannot be invoked in regions with observed vertically coherent

deformation, as noted above. The excess mantle heat must have another cause.
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As suggested by Silver & Chan (1991) and Kincaid & Silver (1996), the oro-

genic deformation itself may supply the excess heat. They proposed that the

viscous dissipation of heat in a collision competes with the downward advec-

tion of material to control mantle geotherms. Viscous dissipation dominates

in the shallowest mantle, where the mantle is stronger (and thus strain energy

is greater), and advective thickening dominates in the deeper mantle, where it

is weaker. The resulting inverted geotherm, with anomalously high tempera-

tures in the shallow mantle and low temperatures at greater depth, is consistent

with the above-quoted seismic studies that find anomalously low and high ve-

locities in the shallower and deeper parts of the upper mantle, respectively. In

addition, the vertically averaged shear-wave velocity for this region (Sipkin &

Revanaugh 1994) suggests that the Tibetan upper mantle is on average fast, but

highly attenuating. This is not the signature of most tectonic areas, which usu-

ally exhibit low velocities and high attenuation. Sipkin & Revanaugh (1994)

argue that this property is due to a relatively thin and recently formed low-

velocity zone in an otherwise thickened mantle lithosphere, which may have

been the result of viscous dissipation.

For viscous dissipation to play a significant role in controlling mantle geo-

therms, orogenic stresses have to be high, of order 500 MPa (5 kilobars). Es-

timates of deviatoric stresses of this magnitude have been suggested based on

observations of the buckling of oceanic lithosphere associated with the colli-

sion of India and Eurasia (McAdoo & Sandwell 1985), from thin viscous sheet

models for the deformation of Tibet (England & Houseman 1986), and from

elastic thickness estimates of deforming continental plates (McNutt 1987). In

fact, Jin et al (1996) recently modeled topography and Bouguer gravity anomaly

data for Tibet and found that their preferred model allowed for high stresses

and their best-fitting model involved the buckling of an elastic-plastic plate by

horizontal compressive stresses of several kilobars. If these stress estimates

are correct, they imply that viscous dissipation of lithospheric mantle plays a

major role in the orogenic process.

Independent of whether this proposal is correct, the Orogeny Paradox re-

veals a difficulty in the use of classical plate-tectonic terminology in discussing

orogenies. Orogenic mantle, because it is hot, displays properties normally

associated with asthenosphere, a weak layer that may signal decoupling from

the plate above. But vertically coherent deformation is a property normally

associated with the lithosphere. Denying the existence of this dual behavior

has unnecessarily restricted the types of models that have been proposed to

describe the orogenic process. We have suggested one such model, but there

are certainly many others.
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The Mechanical Asthenosphere Beneath the Continents:

Does It Exist?

The growing shear-wave splitting data set is also important for assessing the

degree of coupling between the continental plate and the convecting mantle

below. One of the major surprises of these data is that we have failed to find

unambiguous evidence for a mechanical asthenosphere, i.e. a decoupling zone

that would produce simple asthenospheric flow. It even appears difficult to

argue for an asthenospheric layer below a geologically controlled lithospheric

layer. A 100 km thick mechanical asthenosphere with 4% intrinsic anisotropy

should produce about 1 s of delay time. The anisotropy observed in ophiolites

suggests an even larger contribution (Mainprice et al 1993). If both lithospheric

and asthenospheric layers were present we should see the diagnostics of two

anisotropic layers in many places (Silver & Savage 1994). In fact, this has only

been detected in a few places in the western United States (Savage & Silver

1993, Ozalaybey & Savage 1995) and possibly one station in Europe (Vinnik

et al 1994). Secondly, the presence of both layers would imply much larger

total delay times than we actually observe. For example, if there are two nearby

measurements with orthogonal values of φ and delay times of about 1 s (see

Figures 10a,b,e) and if for simplicity we assume that the φAPM is parallel to

one of the directions and perpendicular to the other, then the existence of a 1 s

delay time in the asthenospheric layer requires the lithospheric delay time to

be 0 s for the APM-parallel station and 2 s for the other. If we had, in general,

lithospheric delay times within this range, 0–2 s, then, combined with the 1 s

from the asthenosphere, we would often expect to find delay times of up to 3

s (when the lithospheric and asthenospheric components are aligned). In fact,

values of δt = 3 s for SKS have never been observed and only one value (out

of 300) is significantly above 2 s. We conclude that the existence of such an

anisotropic layer is unlikely.

We are then left with three options: 1. The mechanical asthenosphere is very

thin, of order 10 km, and below the detection threshold. 2. Lattice preferred

orientation does not develop at the depth and temperature of the asthenosphere

beneath the continents (Karato 1992) 3. A decoupling zone is absent beneath

the continents. On the basis of the splitting data alone, it is not possible to

choose between these three possibilities. We should note, however, that, based

on the analysis of ophiolites, oceanic asthenosphere appears to be capable of

producing strong fabric (A Nicolas, personal communication), and should gen-

erate ∼ 5% anisotropy for vertical propagation through material appropriately

oriented for simple asthenospheric flow (Mainprice et al 1993). A very thin

layer seems improbable, given the geometrical difficulties introduced by large

(of order 100 km) variations in the depth to the base of the lithosphere. The most
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straightforward explanation, and the one I prefer, is that continental plates are

simply coupled to the mantle below. This explanation is consistent with recent

independent evidence for such plate-mantle coupling in the case of the South

American plate. Russo & Silver (1996) have argued that the stresses required

to form and maintain the Andes are too high to be accounted for by plate forces

(such as ridge-push), concluding that the South American plate, and probably all

of the plates of the Atlantic Basin, are coupled to and driven by deep mantle flow.

This idea is supported by a recent study by VanDecar et al (1995), who interpret

an upper mantle low-velocity anomaly beneath Brazil as a fossil plume associ-

ated with continental breakup, again implying coherent translation of the upper

mantle with the continent. This does not mean that all plates are coupled to the

mantle. Indeed, mechanical asthenosphere could be absent beneath continents,

but present beneath oceans. It may be that the deep, low-temperature roots that

exist beneath several continents (Jordan 1981) suppress the development of

a mechanical asthenosphere. Even in environments where the subcontinental

mantle is at asthenospheric temperatures, simple asthenospheric flow might not

develop if another portion of the plate is coupled to the deep mantle. Instead,

a more complex pattern of flow might exist and could, for example, provide an

explanation for the anisotropic properties of tectonic North America.

CONCLUSIONS

The study of seismic anisotropy beneath continents has ceased to be solely a

seismological endeavor; it is rapidly evolving into a new branch of geology: the

structural geology of the subcontinental mantle. Nor is this branch of geology

restricted to seismology. The interpretation of seismological observations relies

heavily on other fields: the structural geology of surface rocks, the petrology

and petrophysics of deformed mantle rocks, and the numerical modeling of the

orogenic process. In this review, we have taken a first step toward the devel-

opment of this field by demonstrating the relevance of mantle deformation to

the orogenic process and the observational accessability of deformed mantle

through seismic anisotropy. Significant progress in this field is anticipated, due

to the rapidly expanding splitting data set. The new data will allow the con-

tinual and thorough testing of the conclusions presented in this paper. Perhaps

more importantly, they can be used to address more pointed geological ques-

tions. Indeed, work of this nature has already begun, as exemplified by a recent

study of the United Kingdom geology by Helffrich (1995). He not only demon-

strated from fast-polarization directions that the crust and mantle deformation

is coherent, but further that the delay times increase with increasing basement

involvement, as observed through field observations. There is even a slight 10◦

offset of φ with respect to major structural features, which is consistent in sense
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and size with that expected for the surface-observed finite sinistral transcurrent

deformation (Helffrich 1995).

It may be that a thorough understanding of the relatively simple transpres-

sional terranes will provide insight into regions not well explained by the VCD

model, such as extensional regimes, convergent margins, and, specifically, tec-

tonic North America. How does the mantle accommodate extension? Is it fun-

damentally different from transcurrent or compressional deformation? Does

olivine behave differently? Why is anisotropy much weaker in the lithosphere

above a mantle wedge? Is fabric in fact destroyed? What controls seismic

anisotropy in areas such as tectonic North America? Are we actually observing

small-scale convection, resulting from the partial coupling of the continent to

the mantle below?

As we noted in the introduction, orogeny is all too often treated as a crustal

process, the crust being the feature that most obviously distinguishes conti-

nental from oceanic plates. But we have shown that orogeny is not limited

to the crust; it is a phenomenon that pervasively deforms the entire continen-

tal plate. This not only affects our understanding of the orogenic process,

but it additionally suggests a close interaction between orogeny and the basic

structure and hence behavior of continental plates. For example, the intensely

deformed Archean zones, preserved to the present, are probably responsible

for the mantle high-velocity zones underlying Archean terrains (Jordan 1978,

1981, 1988). Furthermore, these deformed, thickened continental plates ap-

pear to efficiently couple the continents to deeper mantle below. Thus, the

degree of coupling could be primarily a function of orogenic history. These

penetratively deformed plates are not restricted to ancient orogenies, for this

same process is with us today in present-day transpressional zones. Will the

deep deformation produced by these orogenies be transformed into Archean-

like mantle structures? Are we seeing deep continental roots in the making?

Or are we seeing a weaker, more short-lived counterpart of a process that was

much stronger in the Archean? These questions and their answers comprise the

domain of mantle structural geology.
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APPENDIX

Table 1 Splitting parametersa

Station Lat. Long. φb δtc Continentd Tectonice Ref.f

(deg) (deg) (deg) (s)

BRG 50.900 14.000 −80 1.20 EA 1 BOR
CLL 51.300 13.000 −80 1.00 EA 1 BOR
MOX 50.700 11.600 −80 0.70 EA 1 BOR
ARU 56.400 58.600 68 0.94 EA 1 H
ESK 55.317 −3.205 74 1.07 EA 1 H
OBN 55.100 36.360 −19 0.68 EA 1 H
BBO 54.737 −3.247 −86 0.61 EA 1 H95
BHH 55.093 −3.219 −25 0.90 EA 1 H95
CME 50.176 −5.190 −89 0.47 EA 1 H95
CWF 52.738 −1.307 73 0.78 EA 1 H95
DYA 50.435 −3.931 37 0.81 EA 1 H95
EDI 55.923 −3.186 64 0.75 EA 1 H95
GAL 54.866 −4.711 −66 0.85 EA 1 H95
HPK 53.955 −1.624 81 0.62 EA 1 H95
HTL 50.994 −4.485 −85 0.58 EA 1 H95
KPL 57.339 −5.653 83 0.65 EA 1 H95
LRW 60.136 −1.178 4 0.53 EA 1 H95
MCD 57.583 −3.254 45 0.94 EA 1 H95
MCH 51.998 −2.998 20 0.79 EA 1 H95
PGB 55.810 −4.478 −86 1.03 EA 1 H95
SWN 51.513 −1.801 −66 0.49 EA 1 H95
TFO 51.114 1.141 70 0.67 EA 1 H95
WCB 53.378 −4.547 −26 0.60 EA 1 H95
GRA1 49.690 11.220 77 1.05 EA 1 SC
TOL 39.880 −4.050 84 1.00 EA 1 SC
WMQ 43.820 87.690 39 1.00 EA 1 SC
BER 60.400 5.300 −75 1.10 EA 1 V1
BRV 53.100 70.200 30 1.20 EA 1 V1
ILT 67.900 −178.800 15 0.90 EA 1 V1
KHC 49.100 13.600 −80 1.10 EA 1 V1
KHE 80.600 58.000 65 1.20 EA 1 V1
KONO 59.600 9.600 20 0.80 EA 1 V1

aList of splitting parameters used in this study. Listed first are normal measurements, then “nulls” (φ, δt set to zero), and
then two-layer observations (top layer given first). φ is given on interval −90◦ to +90◦.
Regional arrays used: Berkeley Regional Seismic Network, Terrascope, University of Nevada, Reno, German Regional
Seismic Network, Chinese Regional Seismic Network, Russian Regional Seismic Network, United Kingdom Seismic
Network, NARS.
Portable experiments: APT89 (SK93), TIBET (TBT), Rocky Mountain Front (RMF), BLSP (BLSP), Pyrenees (PYR),
Lake Baikal (GAO), Hindu Kush (HNKU), Kaapvaal Craton (VKAP), SECASA (R).
bFast polarization direction (clockwise from north).
cDelay time.
dContinent: SA = South America, NA = North America, EA = Eurasia, AF = Africa, AU = Indo-Australian plate.
eTectonic: 1 = stable, 2 = tectonically active.
fReferences abbreviated as BOS: Bostock & Cassidy 1995, MG Bostock, personal communication; HNKU: Sandvol et al
1994; RS: Russo & Silver 1994; V1: Vinnik et al 1992; KS: Kaneshima & Silver 1995; R: Russo et al 1996; SC: Silver &
Chan 1991; H: Helffrich et al 1994; BOR: Bormann et al 1993; SK93: Silver & Kaneshima 1993; H95: Helffrich 1995;
V2: Vinnik et al 1994; GAO: Gao et al 1994; VKAP: Vinnik et al 1995; LRSM: E Sandvol, personal communication;
RMF: Savage et al 1996; TBT: McNamara et al 1994; PYR: Barruol & Souriau 1995; SV: Sandvol et al 1992; SS:
Savage & Silver 1993; RUP: Ruppert 1992; FF: Fouch & Fischer 1996, GUI: Barruol et al 1996, G Barruol, personal
communication; TIEN: Makeyeva et al 1992; BLSP: James & Assumpçao 1996; SER: Ozalaybey & Savage 1995; CW:
C Wolfe, personal communication.
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Table 1 (continued)

Station Lat. Long. φb δtc Continentd Tectonice Ref.f

(deg) (deg) (deg) (s)

KSP 50.800 16.300 −60 0.90 EA 1 V1
NE02 56.500 9.200 60 1.20 EA 1 V1
NE15 50.900 5.800 70 0.50 EA 1 V1
SSB 45.280 4.540 −40 1.00 EA 1 V1
STU 48.800 9.200 50 0.50 EA 1 V1
SVE 56.800 60.600 0 1.40 EA 1 V1
BFO 48.330 8.330 40 1.00 EA 1 V2
CLZ 51.840 10.370 −70 0.60 EA 1 V2
FUR 48.160 11.280 60 1.20 EA 1 V2
HAM 53.470 9.920 −60 0.40 EA 1 V2
TNS 50.220 8.450 80 0.80 EA 1 V2
WET 49.140 12.880 90 1.40 EA 1 V2
HIA 49.260 119.740 −20 0.70 EA 2 SC
MAJO 36.540 138.210 12 1.70 EA 2 FF
YSS 47.000 142.800 8 1.00 EA 2 FF
G01 55.965 101.410 −47 1.00 EA 2 GAO
G02 55.560 101.803 −10 0.90 EA 2 GAO
G03 55.022 102.055 −35 0.80 EA 2 GAO
G04 54.516 102.070 −52 1.20 EA 2 GAO
G05 54.193 102.649 −36 0.70 EA 2 GAO
G06 53.929 102.934 −31 0.60 EA 2 GAO
G09 52.778 104.105 −42 0.90 EA 2 GAO
G10 52.622 104.234 −42 0.60 EA 2 GAO
G12 51.847 104.893 −36 0.60 EA 2 GAO
G13 51.526 105.121 −32 1.30 EA 2 GAO
G14 51.292 105.339 −48 0.90 EA 2 GAO
G15 51.021 105.682 −42 1.10 EA 2 GAO
G17 50.193 106.254 −43 1.50 EA 2 GAO
G18 49.747 106.188 −35 0.80 EA 2 GAO
G19 49.738 106.202 −33 0.30 EA 2 GAO
G20 49.288 106.412 −46 0.40 EA 2 GAO
G22 48.383 106.783 −75 1.10 EA 2 GAO
G23 47.921 106.954 64 0.80 EA 2 GAO
G24 47.866 107.051 69 0.70 EA 2 GAO
G25 47.209 107.422 44 0.30 EA 2 GAO
G27 46.115 107.619 55 1.30 EA 2 GAO
G28 45.262 108.260 85 1.40 EA 2 GAO
ERM 42.015 143.157 28 1.48 EA 2 H
GAR 39.000 70.310 69 1.31 EA 2 H
KIV 43.956 42.688 88 1.20 EA 2 H
AVL 41.881 0.753 −78 1.40 EA 2 PYR
BDB 43.059 0.150 90 0.80 EA 2 PYR
LTE 43.183 0.763 −82 0.60 EA 2 PYR
MLS 42.956 1.095 70 0.90 EA 2 PYR
PON 42.404 0.757 −81 1.50 EA 2 PYR
VIH 42.629 0.770 −78 1.30 EA 2 PYR
AMDO 32.247 91.688 75 0.88 EA 2 TBT
BUDO 35.529 93.910 87 2.40 EA 2 TBT
ERDO 34.520 92.707 73 1.49 EA 2 TBT
GANZ 29.767 94.050 79 0.94 EA 2 TBT
MAQI 34.478 100.249 −48 0.82 EA 2 TBT
SANG 31.024 91.700 51 0.80 EA 2 TBT
TUNL 36.199 94.815 89 0.93 EA 2 TBT
USHU 33.011 97.015 −61 0.72 EA 2 TBT
WNDO 33.448 91.904 62 1.91 EA 2 TBT
XIGA 29.234 88.851 82 1.25 EA 2 TBT
ALR 44.000 74.200 80 1.20 EA 2 TIEN
ANA 42.775 77.681 80 1.40 EA 2 TIEN
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Table 1 (continued)

Station Lat. Long. φb δtc Continentd Tectonice Ref.f

(deg) (deg) (deg) (s)

ARK 41.871 71.960 80 1.80 EA 2 TIEN
ARL 41.900 74.200 60 0.60 EA 2 TIEN
ARS 41.329 72.973 80 1.60 EA 2 TIEN
BTK 40.057 70.818 80 1.40 EA 2 TIEN
ERK 42.500 73.600 80 1.40 EA 2 TIEN
FRU 42.800 74.600 80 1.00 EA 2 TIEN
KDS 42.100 77.200 −20 1.00 EA 2 TIEN
MNS 42.506 72.562 90 1.20 EA 2 TIEN
NRN 41.433 76.000 −40 0.80 EA 2 TIEN
OSH 40.525 72.785 80 2.00 EA 2 TIEN
PRZ 42.483 78.240 −80 1.60 EA 2 TIEN
SAM 39.672 66.990 −80 1.20 EA 2 TIEN
SFK 40.033 73.500 40 1.20 EA 2 TIEN
TAS 41.325 69.295 80 0.60 EA 2 TIEN
ANTO 39.900 32.800 25 1.30 EA 2 V1
ASH 37.900 58.300 25 0.80 EA 2 V1
BKR 41.700 43.500 90 1.70 EA 2 V1
CHTO 18.800 99.000 −80 1.60 EA 2 V1
ELT 53.200 86.300 80 1.20 EA 2 V1
GRS 39.000 46.300 −80 1.50 EA 2 V1
INU 35.400 137.000 −10 1.20 EA 2 V1
IRK 52.200 104.300 75 1.10 EA 2 V1
KAAO 34.500 69.000 60 1.80 EA 2 V1
MGD 60.100 150.700 20 0.80 EA 2 V1
SEM 50.500 80.300 −10 1.50 EA 2 V1
SEY 62.900 152.400 −70 1.20 EA 2 V1
TATO 25.000 121.500 60 1.80 EA 2 V1
VTS 42.600 23.300 −60 1.20 EA 2 V1
ZAK 50.300 103.300 −50 1.20 EA 2 V1
DRLN 49.250 −57.500 29 0.85 NA 1 BOS
EDM 53.220 −113.350 33 0.60 NA 1 BOS
FCC 58.760 −94.080 27 0.55 NA 1 BOS
FFC 54.720 −101.970 48 0.70 NA 1 BOS
FRB 63.740 −68.540 78 0.70 NA 1 BOS
GAC 45.700 −75.470 36 0.65 NA 1 BOS
INK 68.300 −133.520 81 0.60 NA 1 BOS
MBC 76.240 −119.360 43 0.85 NA 1 BOS
RES 74.680 −94.900 −60 0.95 NA 1 BOS
BCMR 39.510 −77.710 73 1.06 NA 1 GUI
BINY 42.199 −75.986 −79 0.85 NA 1 GUI
BLA 37.211 −80.421 58 1.12 NA 1 GUI
CBKS 38.814 −99.737 42 0.61 NA 1 GUI
CBM 46.932 −68.121 39 1.15 NA 1 GUI
CCM 38.056 −91.245 34 1.11 NA 1 GUI
CSMR 39.690 −77.970 50 0.98 NA 1 GUI
DUG 40.195 −112.813 −34 0.67 NA 1 GUI
EYMN 47.946 −91.495 52 1.38 NA 1 GUI
FVM 37.984 −90.426 42 0.83 NA 1 GUI
HRV 42.506 −71.558 86 0.99 NA 1 GUI
JFWS 42.915 −90.249 46 0.84 NA 1 GUI
LBNH 44.240 −71.926 83 1.34 NA 1 GUI
LSCT 41.678 −73.224 83 1.38 NA 1 GUI
MCWV 39.658 −79.846 67 1.18 NA 1 GUI
MIAR 34.546 −93.573 89 1.15 NA 1 GUI
MYNC 35.074 −84.128 74 1.38 NA 1 GUI
OXF 34.512 −89.409 61 1.50 NA 1 GUI
SCP 40.795 −77.865 64 0.83 NA 1 GUI
SSPA 40.636 −77.888 70 1.15 NA 1 GUI
WFM 42.610 −71.490 −84 1.10 NA 1 GUI
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Table 1 (continued)

Station Lat. Long. φb δtc Continentd Tectonice Ref.f

(deg) (deg) (deg) (s)

WMOK 34.738 −98.781 −71 0.77 NA 1 GUI
YSNY 42.476 −78.537 77 1.06 NA 1 GUI
ALE 82.483 −62.350 61 0.91 NA 1 H
EBMT 49.628 −95.622 42 1.60 NA 1 LRSM
EUAL 32.779 −87.874 −88 0.80 NA 1 LRSM
HHND 48.948 −98.692 51 1.30 NA 1 LRSM
JELA 31.785 −92.015 83 1.10 NA 1 LRSM
RYND 48.097 −101.494 69 0.50 NA 1 LRSM
RSCP 35.590 −85.570 59 0.75 NA 1 SC
RSNT 62.480 −114.590 51 1.20 NA 1 SC
RSNY 44.550 −74.530 74 0.90 NA 1 SC
RSON 50.860 −93.700 76 1.70 NA 1 SC
RSSD 44.120 −104.040 55 0.65 NA 1 SC
CNOW 49.070 −93.140 58 1.20 NA 1 SK93
CPSW 43.710 −103.390 84 1.05 NA 1 SK93
CROW 50.150 −93.070 76 1.60 NA 1 SK93
DIWR 43.460 −105.580 29 0.95 NA 1 SK93
DLOR 49.610 −92.860 66 1.75 NA 1 SK93
EFOR 50.530 −93.300 64 1.70 NA 1 SK93
FLOR 52.870 −93.650 73 1.00 NA 1 SK93
FVNR 48.230 −97.740 54 1.00 NA 1 SK93
LPSW 45.800 −102.610 68 0.80 NA 1 SK93
MAMW 48.100 −93.800 81 1.30 NA 1 SK93
MCNW 47.550 −100.360 48 0.40 NA 1 SK93
NBOW 51.410 −93.690 66 1.45 NA 1 SK93
NSOW 52.460 −93.050 80 0.70 NA 1 SK93
OPSR 44.910 −102.510 83 0.75 NA 1 SK93
SHNW 47.850 −99.230 28 1.35 NA 1 SK93
STNR 46.670 −99.880 37 1.20 NA 1 SK93
TRMW 48.120 −96.420 38 1.00 NA 1 SK93
GDH 69.300 −53.500 −60 1.20 NA 1 V1
BBB 52.180 −128.110 9 0.30 NA 2 BOS
DAWY 64.060 −139.310 −64 1.35 NA 2 BOS
PGC 48.650 −123.450 74 1.15 NA 2 BOS
PMB 50.510 −123.060 45 0.65 NA 2 BOS
PNT 49.310 −119.610 51 1.70 NA 2 BOS
WALA 49.050 −113.910 37 0.90 NA 2 BOS
WHY 60.650 −134.880 −14 0.95 NA 2 BOS
COR 44.586 −123.300 70 1.50 NA 2 GUI
FOTX 30.902 −102.698 39 0.80 NA 2 LRSM
GEAZ 33.776 −110.528 42 1.30 NA 2 LRSM
KNUT 37.023 −112.827 27 0.70 NA 2 LRSM
LCNM 32.402 −106.599 23 1.10 NA 2 LRSM
NLAZ 35.901 −109.569 76 1.30 NA 2 LRSM
RTNM 36.729 −104.360 27 0.80 NA 2 LRSM
TDNM 36.656 −106.172 48 1.00 NA 2 LRSM
BLAR 37.540 −105.580 23 0.75 NA 2 RMF
BTO 40.380 −105.200 58 1.00 NA 2 RMF
DBQ 39.200 −108.150 −89 1.45 NA 2 RMF
HLD 39.226 −109.080 80 0.83 NA 2 RMF
LED 39.150 −106.360 86 0.62 NA 2 RMF
MBL 40.600 −108.050 −53 0.50 NA 2 RMF
MKR 40.050 −107.750 48 0.48 NA 2 RMF
MON 38.410 −107.990 −28 0.45 NA 2 RMF
ORD 38.500 −103.700 −48 0.25 NA 2 RMF
RKF 38.070 −103.620 −40 0.88 NA 2 RMF
SFK 37.690 −106.610 38 1.02 NA 2 RMF
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Table 1 (continued)

Station Lat. Long. φb δtc Continentd Tectonice Ref.f

(deg) (deg) (deg) (s)

SHL 38.600 −102.500 44 0.60 NA 2 RMF
WIG 40.323 −104.070 61 0.92 NA 2 RMF
YUM 40.158 −102.775 44 0.65 NA 2 RMF
P1K 34.800 −112.400 59 0.85 NA 2 RUP
P2H 34.000 −112.900 68 1.12 NA 2 RUP
P36 33.700 −114.100 74 0.74 NA 2 RUP
PCC 35.750 −112.500 56 0.64 NA 2 RUP
COL 64.890 −147.790 −82 1.55 NA 2 SC
LON 46.750 −121.810 84 1.00 NA 2 SC
ADW 38.416 −121.000 −89 1.80 NA 2 SER
AFD 38.948 −120.971 −79 1.30 NA 2 SER
ARC 40.877 −124.075 83 0.55 NA 2 SER
GSC 35.303 −116.808 −88 1.07 NA 2 SER
ISA 35.663 −118.473 11 1.52 NA 2 SER
KVN 39.051 −118.100 55 0.92 NA 2 SER
MIN 40.345 −121.610 79 0.78 NA 2 SER
MNA 38.433 −118.157 −87 1.29 NA 2 SER
PAS 34.148 −118.172 82 1.21 NA 2 SER
SBC 34.441 −119.713 −89 1.02 NA 2 SER
WCK 37.528 −118.651 52 1.30 NA 2 SER
WCN 39.302 −119.756 56 0.84 NA 2 SER
WDC 40.580 −122.540 48 1.08 NA 2 SER
YBH 41.723 −122.720 60 1.56 NA 2 SER
CMB 38.035 −120.385 85 1.68 NA 2 SER/SS
DNY 41.081 −119.277 82 1.61 NA 2 SER/SS
ELK 40.745 −115.240 −72 1.00 NA 2 SS
KNB 37.017 −112.820 22 0.95 NA 2 SS
MNV 38.432 −118.150 −89 1.25 NA 2 SS
P01 40.530 −119.030 74 0.80 NA 2 SS
P07 39.330 −118.120 77 0.70 NA 2 SS
P12 37.010 −116.780 37 0.55 NA 2 SS
ANMO 34.946 −106.456 41 1.50 NA 2 SV
CZL 36.283 −105.910 26 0.90 NA 2 SV
ELPA 31.772 −106.510 5 1.50 NA 2 SV
SEVI 34.270 −106.730 41 1.10 NA 2 SV
WSMR 32.340 −106.490 11 1.20 NA 2 SV
WTX 34.072 −106.950 46 1.10 NA 2 SV
JAS 37.900 −120.400 80 1.50 NA 2 V1
SCZ 36.600 −121.400 −80 1.30 NA 2 V1
AGVB −19.739 −50.233 −54 0.97 SA 1 BLSP
CACB −21.680 −46.733 −64 1.10 SA 1 BLSP
CAPB −22.812 −51.015 86 0.60 SA 1 BLSP
CDCB −20.236 −44.718 −84 0.35 SA 1 BLSP
FRMB −20.488 −45.642 −66 1.25 SA 1 BLSP
FURB −20.678 −46.278 −52 1.05 SA 1 BLSP
IBIB −21.777 −48.814 89 0.75 SA 1 BLSP
NAVB −21.434 −54.184 57 0.65 SA 1 BLSP
OLIB −20.879 −48.931 −69 0.35 SA 1 BLSP
PARB −23.342 −45.624 68 1.30 SA 1 BLSP
PPDB −22.033 −51.313 −86 0.75 SA 1 BLSP
PTMB −21.463 −57.476 56 1.55 SA 1 BLSP
RIFB −20.074 −47.502 −63 1.10 SA 1 BLSP
TRIB −20.673 −51.326 −77 0.70 SA 1 BLSP
BDF −15.664 −47.903 53 1.50 SA 1 RS
CAY 4.948 −52.317 −61 0.70 SA 1 RS
CUS −13.563 −71.877 −65 0.80 SA 2 KS
NNA −11.988 −76.842 −67 1.20 SA 2 KS,H
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Table 1 (continued)

Station Lat. Long. φb δtc Continentd Tectonice Ref.f

(deg) (deg) (deg) (s)

BARV 10.660 −63.170 84 2.10 SA 2 R
CECV 10.570 −64.170 84 1.60 SA 2 R
ECPV 9.180 −65.250 83 1.00 SA 2 R
MNVV 9.950 −64.030 −79 1.40 SA 2 R
RSLV 10.650 −62.250 86 1.90 SA 2 R
SJG 18.110 −66.150 85 1.20 SA 2 R
TRNV 10.650 −61.400 −85 1.90 SA 2 R
LPAZ −16.288 −68.131 −60 1.10 SA 2 RS
BOCO 4.590 −74.040 20 1.20 SA 2 V1
MBO 14.391 −16.955 82 0.70 AF 1 RS
SLR −25.730 28.280 81 1.10 AF 1 SC
BCAO 4.400 18.500 60 0.60 AF 1 V1
BPI −26.175 28.030 20 0.40 AF 1 VKAP
DOU −29.115 23.865 40 1.10 AF 1 VKAP
KAM −29.133 23.125 20 1.40 AF 1 VKAP
KLI −25.853 26.272 40 1.00 AF 1 VKAP
PIL −25.221 27.101 50 0.60 AF 1 VKAP
WAR −28.377 24.893 20 1.30 AF 1 VKAP
AGD 11.530 42.820 45 1.20 AF 2 V1
CTAO −20.100 146.300 40 1.00 AU 1 V1
NWAO −32.900 117.200 60 1.50 AU 1 V1
SHIO 25.600 91.900 −60 1.10 AU 2 V1
SNZO −41.300 174.700 20 1.80 AU 2 V1
TAU −42.900 147.300 80 0.60 AU 2 V1
———————————————————-nulls
NRIL 69.400 88.100 0 0.00 EA 1 CW
NRAO 60.740 11.540 0 0.00 EA 1 SC
KEV 69.760 27.010 0 0.00 EA 1 SC
NEO4 52.810 6.670 0 0.00 EA 1 SC
NE05 52.130 5.170 0 0.00 EA 1 SC
SBRA 34.029 72.628 0 0.00 EA 2 HNKU
KALM 35.485 72.569 0 0.00 EA 2 HNKU
CEH 35.891 −79.093 0 0.00 NA 1 GUI
DTMR 38.960 −77.060 0 0.00 NA 1 GUI
TUC 32.310 −110.780 0 0.00 NA 2 GUI
ORV 39.555 −121.500 0 0.00 NA 2 SER/SS
DGO 37.290 −107.800 0 0.00 NA 2 RMF
DOT 39.780 −106.990 0 0.00 NA 2 RMF
GUN 38.470 −107.050 0 0.00 NA 2 RMF
HSL 39.020 −105.760 0 0.00 NA 2 RMF
KRM 40.130 −106.370 0 0.00 NA 2 RMF
MGP 40.260 −108.780 0 0.00 NA 2 RMF
CES 39.393 −101.066 0 0.00 NA 2 RMF
CCY 38.550 −105.350 0 0.00 NA 2 RMF
CRG 40.540 −107.430 0 0.00 NA 2 RMF
PKS 39.259 −99.539 0 0.00 NA 2 RMF
POS 38.540 −106.120 0 0.00 NA 2 RMF
PAR 38.330 −108.930 0 0.00 NA 2 RMF
SOP 39.330 −107.190 0 0.00 NA 2 RMF
YJK 37.540 −108.780 0 0.00 NA 2 RMF
SUR −32.379 20.812 0 0.00 AF 1 H
———————————————————-two layers
BKS 37.877 −122.240 −45 1.00 NA 2 SS/SER
BKS 37.877 −122.240 90 1.40 NA 2 SS/SER
LAC 34.390 −116.410 −75 1.10 NA 2 SS/SER
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Table 1 (continued)

Station Lat. Long. φb δtc Continentd Tectonice Ref.f

(deg) (deg) (deg) (s)

LAC 34.390 −116.410 50 0.80 NA 2 SS/SER
SAO 36.765 −121.450 −60 1.50 NA 2 SS/SER
SAO 36.765 −121.450 75 1.20 NA 2 SS/SER
MHC 37.342 −121.640 −45 1.00 NA 2 SS/SER
MHC 37.342 −121.640 90 1.40 NA 2 SS/SER
PFO 33.609 −116.455 −70 0.60 NA 2 H/SER
PFO 33.609 −116.455 70 1.20 NA 2 H/SER
STA 37.404 −122.174 −50 1.00 NA 2 SER
STA 37.404 −122.174 90 1.30 NA 2 SER
SVD 34.104 −117.097 −70 0.60 NA 2 SER
SVD 34.104 −117.097 70 1.20 NA 2 SER
PKD 35.889 −120.420 −45 1.00 NA 2 SER
PKD 35.889 −120.420 90 1.40 NA 2 SER
BMN 40.431 −117.222 −85 1.60 NA 2 SER
BMN 40.431 −117.222 25 1.40 NA 2 SER

Any Annual Review chapter, as well as any article cited in an Annual Review chapter,

may be purchased from the Annual Reviews Preprints and Reprints service.

1-800-347-8007; 415-259-5017; email: arpr@class.org
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