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Normal-Mode Splitting Observations from the Great 1994
Bolivia and Kuril Islands Earthquakes: Constraints on the
Structure of the Mantle and Inner Core

Jeroen Tromp, Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138

ABSTRACT

On June 9, 1994, a magnitude
8.3 earthquake struck ~650 km
below Earth’s surface in Bolivia. Four
months later, on October 4, a second
large earthquake of similar magni-
tude occurred >60 km below the
Kuril Islands. Both events were
recorded by more than 80 digital
instruments distributed around the
globe. For comparison, the last earth-
quake of comparable magnitude was
the 1970 Colombia event, which
was recorded by just one digital
seismometer. Analog data from 60
additional stations had to be hand-
digitized. The Colombia earthquake
provided the basis for the first high-
resolution radial Earth models; one
can imagine the wealth of informa-
tion contained in the numerous
digital recordings of the Bolivia
and Kuril Islands events.

An amplitude spectrum of a time
series recorded after a big earthquake
contains hundreds of easily identifi-
able resonance peaks. Each reso-
nance peak corresponds to a particu-
lar normal mode or free oscillation
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of Earth and contains information
about its density and its elastic and
anelastic structure. The effect of
Earth’s rotation, ellipticity, and lat-
eral heterogeneity is to distort the
shapes of the resonance peaks; this
phenomenon is referred to as split-
ting. The details of the splitting of a
given resonance peak are determined
by the mode’s sensitivity as a func-
tion of depth. By analyzing the fine
structure of a large number of reso-
nance peaks, global seismologists
attempt to improve our knowledge
about Earth’s three-dimensional
structure.

Splitting observations for
mantle-sensitive modes are generally
quite well explained by current
shear-speed models of the mantle.
Observations of compressional
modes should help constrain the
scaling relation between shear and
compressional speeds, which in turn
will tell us about thermal vs. chemi-
cal heterogeneities in Earth’s mantle.

A collection of core-sensitive
normal modes is split much more
than expected from Earth’s rotation,
ellipticity, and mantle heterogeneity.

Body-wave seismologists who study
the inner core have recognized for
more than 10 years that compres-
sional waves traversing the inner
core along a trajectory parallel to
Earth’s rotation axis arrive faster
than waves traveling in the equato-
rial plane. In 1986, Morelli et al. and
Woodhouse et al. put forward the
hypothesis that the inner-core com-
pressional speed exhibits a direc-

tional dependence such that waves
travel faster along the rotation axis
than in the equatorial plane; such

a directional dependence of wave
speed is called anisotropy. I confirm
that both inner-core travel-time
anomalies and the splitting of most
anomalous modes can be explained
in terms of inner-core anisotropy.
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Figure 1. A: Amplitude spectrum obtained by Fourier trans-
forming an 80-hour-long time series recorded at Tucson, Ari-
zona, after the June 9, 1994, Bolivia earthquake. B: Vertical
component of the surface displacement of the five spherical
Earth singlets that compose an angular degree-two multiplet,
such as 35;. In a spherically symmetric Earth model, all five
singlets oscillate with the same frequency. In a laterally hetero-
geneous Earth model, the singlet eigenfrequencies are “split,”
such that each singlet oscillates with its own individual eigen-
frequency. In that case, the / = 2 singlet displacements are a linear combination of the five spher-
ical Earth singlet displacements shown. C: The spheroidal multiplet 1S4 consistsof 2 x4 +1=9
singlets with azimuthal orders m = —4,-3,-2,-1,0,1,2,3,4. In this figure, all nine singlets that
constitute the spectral peak labeled 154 in Figure 1A have been “stripped”; the values of the
azimuthal order m for each strip are shown on the right. The linear splitting of this multiplet as

a function of the azimuthal order m is characteristic of modes that are predominantly split by
Earth’s rotation. (Courtesy of Guy Masters.)
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Figure 2. Splitting observations and predictions for mantle modes. In the left column the sensi-
tivity of a normal mode to perturbations in compressional speed a, shear speed B, and density p
is shown as a function of depth. Labels indicate the radii of the inner-core boundary (ICB), core-
mantle boundary (CMB), and the 670 km discontinuity (670). The center column shows the
observed splitting function, which is a function of latitude and longitude. The splitting function
may be regarded as a local radial average of Earth’s three-dimensional structure. The manner in
which a mode averages Earth’s structure is determined by its sensitivity kernels, shown in the left
column. For example, spheroidal mode 154 sees the entire mantle, whereas ,Sg is predominantly
sensitive to the upper mantle; this difference in sensitivity is reflected in the observed splitting
functions. Blue shades correspond on average to fast velocities, whereas red colors reflect slow
velocities. The pattern of lateral heterogeneity consists of all even spherical harmonics up to
degree 6, corresponding to a total of 28 model parameters. Notice the distinct ring of fast veloc-
ities surrounding a relatively slow region beneath the Pacific Ocean. The splitting function pre-
dicted by mantle model SKS12WM13 (X. F. Liu and A. M. Dziewonski) is shown in the right col-
umn. Multiplets 154, 157, and ,5g are predominantly sensitive to shear-speed perturbations and
are quite well predicted by shear velocity model SKS12WMT1 3. Perturbations in compressional
speed and density are obtained by scaling shear-speed model SKS12WM13. As shown by the
sensitivity kernels in the left column, mode 455 is predominantly sensitive to perturbations in
compressional speed throughout the mantle, and mode (Ss is sensitive to perturbations in com-
pressional speed in the upper mantle, which exhibits large lateral variations in speed. Neverthe-
less, SKS12WM1 3 predicts the observed splitting reasonably well, as shown in the right column.
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INTRODUCTION

From the point of view of a global
seismologist, Earth is a large musical
instrument that is played by earth-
quakes. What we can learn about Earth
by listening to its music depends on
what notes the earthquakes play. If 1
can make an analogy between Farth
and a piano, the music of the Bolivia
and Kuril Islands earthquakes is equiva-
lent to that of sitting down on a
piano’s keyboard. These two large
earthquakes were each recorded by
more than 80 long-period seismome-
ters all over the world. Every note of
Earth manifests itself as a resonance
peak in amplitude spectra obtained
from the recordings of this event.
Most notes that are readily detected
have periods of five minutes or more
and may be observed for as long as a
week after the earthquake. In an ampli-
tude spectrum obtained by Fourier
transforming a time series of the
Bolivia earthquake recorded in Tucson,
Arizona (Fig. 1), several isolated reso-
nance peaks are readily identified, and
some, like the one labeled 1S4, are visi-
bly split. Splitting is a manifestation of
Earth’s rotation, ellipticity of figure,
and lateral heterogeneity. By analyzing
the splitting of a large number of reso-
nance peaks, we can learn something
about Earth'’s internal structure and
dynamics.

Normal-Mode
Nomenclature

Let us investigate the structure of
a resonance peak in a bit more detail.
A spherically symmetric Earth model
such as PREM (Dziewonski and Ander-
son, 1981)—i.e., a model that is a func-
tion of radius only—supports two dis-
tinct classes of normal modes: toroidal
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and spheroidal modes. Toroidal modes
can be observed only on the horizontal
components of a seismometer, whereas
spheroidal modes can be observed on
all three components. Because of sensi-
tivity to tilting, the horizontal compo-
nents of a seismometer tend to be
much noisier than the vertical compo-
nent, which is why the analysis of
toroidal splitting is still in its infancy.
At high frequencies, toroidal modes
correspond to horizontally polarized
shear waves, whereas spheroidal modes
correspond to a combination of com-
pressional waves and transversely
polarized shear waves. In the context
of surface waves, toroidal modes
correspond to Love waves, whereas
spheroidal modes correspond to
Rayleigh waves. For a good introduc-
tion to normal-mode seismology, see
Lay and Wallace (1995).

To identify a particular free oscilla-
tion, each mode is labeled by three
unique integers: an overtone number 71,
an angular degree [, and an azimuthal
order m. For every value of I there are
21 + 1 associated values of m: m=-I, ...,
m=0, ..., m=1 A multiplet ,T;
(toroidal modes) or ,,S; (spheroidal
modes) is the collection of all 2] + 1
free oscillations with the same quan-
tum numbers » and /; the 2/ + 1 mem-
bers of a multiplet are called singlets
and are denoted by ,T7" or ,S7". In Fig-
ure 1B the vertical component of the
surface displacement of the five spheri-
cal Earth singlets that compose an [ =2
multiplet, such as 3y, is displayed. On
a spherically symmetric Earth model,
all singlets within a given multiplet
have the same eigenfrequency ,w;;
we say that the singlets are 2/ + 1
degenerate. This implies that the reso-
nance peaks of all 2] + 1 singlets within
a multiplet ,T; or ,,S; are centered on
the same frequency ,w;. As a result, we
observe one single resonance peak for
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Mongolia, and until now very little has been published about them,
especially in English. The deformation here is especially well preserved,
apparently because of the dry, cold climate. This volume presents
observations of recent faulting in Mongolia and its immediate surround-
ings, particularly evidence of surface faulting associated with major
earthquakes. Summaries of deformation associated with all of the major
earthquakes and several prehistoric earthquakes are given. A brief
summary of the deep structure, regional topography, and geologic
history of western Mongolia allows the deformation patterns to be
discussed in the context of regional Asian deformation.
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Figure 3. Observed and predicted splitting functions for several anomalously split normal
modes. Notice that a large zonal degree-two contribution—i.e., a banded signal parallel to the
equator—is missing in the predicted splitting functions, but that the remaining signal is reason-
ably well predicted by mantle model SKS12WM13. All anomalously split modes are sensitive to
structure in Earth’s inner core, which turns out to be the source of the anomalous signal. See the
Figure 2 caption for further details.

every multiplet of a spherically sym-
metric Earth. Any departure of Earth
from sphericity removes the degener-
acy and causes the singlets to split,
such that each individual singlet has

a resonance peak centered on its own
distinct eigenfrequency ,w7. As a
result, one can often identify several
peaks within the resonance peak of a
particular multiplet. For example, in
Figure 1A one can clearly see two peaks
associated with spheroidal multiplet
184. In Figure 1C all 2 x 4 + 1 = 9 singlet
resonance peaks that compose the mul-
tiplet 1S4 have been “stripped.” This
multiplet is predominantly split as a
result of Earth’s rotation, which causes
linear splitting as a function of the
azimuthal order m.

The width of a resonance peak
contains information about Earth’s
shear and bulk attenuation, which
represent a measure of seismic energy
dissipation due to shearing and com-
pression, respectively. Bulk attenuation
within Earth is poorly determined
because seismic dissipation tends to be
dominated by shear. However, a certain
type of spheroidal free oscillation,
called a radial mode, has a purely radial
displacement and is uniquely sensitive
to bulk attenuation. The Bolivia earth-
quake in particular excited several of
these radial modes; analysis of their
spectral peaks should help to determine
a more detailed picture of Earth’s bulk
attenuation.

Splitting Function

Every normal mode “sees” the
structure of Earth differently. Some
modes are predominantly sensitive to
the shear-speed structure of the mantle,
and other modes see a combination of
shear and compressional speeds. There
are observable modes that see all the
way into the inner core, whereas others
are confined to the crust. How a given
normal mode samples the structure of
Earth is determined by kernels, which
describe a mode’s sensitivity to com-
pressional speed, shear speed, and
density as a function of depth (Fig. 2).
By combining the information con-
tained in all observable modes we can
improve our knowledge about Earth’s
interior.

A convenient way to visualize
normal-mode splitting is provided by
the splitting function, which was first
introduced by Giardini et al. (1987).
Basically, at a given location on the sur-
face, a mode’s splitting function repre-
sents a local radial average of Earth’s
interior structure. By plotting the value
of the splitting function everywhere
on the surface, we can visualize how
a certain mode averages Earth'’s three-
dimensional speed and density struc-
ture (Fig. 2). Red colors are used to
denote that the radial regions sampled
by the normal mode are on average
slow, whereas blue colors indicate an
average fast speed.

One disadvantage of considering
the splitting of isolated resonance
peaks, such as those labeled ¢S¢, 352 and
184 in Figure 14, is that one can deter-
mine only even heterogeneity—i.e.,
heterogeneity that is symmetric upon
reflection through Earth’s center. To
determine both odd and even hetero-
geneity, one must consider coupling
between overlapping resonance peaks,
such as those labeled ¢S7-2S53 and
185-284 in Figure 1A. This year, the
first coupled-mode inversions were
performed by Rosovsky and Ritzwoller
(1995).

In this paper I compare observa-
tions of splitting functions for isolated
mantle- and inner-core sensitive
spheroidal modes with predictions
based upon current shear-speed models
of Earth’s mantle. I subsequently invert
core-sensitive traveltime and splitting
observations for inner-core anisotropy.

MANTLE STRUCTURE

The splitting predictions in Fig-
ure 2 are based upon the most recent
Harvard model SKS12WM13 produced
by X. P. Liu and A. M. Dziewonski; the
long-wavelength structure of this
model is similar to that of the latest
Scripps model (Johnson et al., 1994).
SKS12WM13 is based upon an inver-
sion of traveltimes and waveforms, but
it contains no normal-mode informa-
tion. It is remarkable how well this
model predicts the observed splitting.
As far as these modes are concerned,

Splitting continued on p. 141
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Splitting continued from p. 140

the long-wavelength heterogeneity in
the mantle is quite accurately repre-
sented by current tomographic shear-
speed models.

Compressional-speed and density
perturbations throughout the mantle
are commonly obtained by scaling
shear-speed perturbations. Compres-
sional-speed perturbations are roughly
half and density perturbations roughly
one-third the size of shear-speed pertur-
bations. The splitting calculations pre-
sented in this paper are based upon
such scaling relations. Most of the
modes shown in Figure 2 are predomi-
nantly sensitive to perturbations in
shear speed, except for ¢Ss and in par-
ticular 483, which are also sensitive to
perturbations in compressional speed.
The splitting predictions for such
compressional modes are generally not
quite as good as for shear modes. Split-
ting observations from the Bolivia and
Kuril Islands earthquakes, such as those
shown in Figure 2, should help deter-
mine better scaling relations among
shear speed, compressional speed, and
density throughout the mantle. If
Earth’s lateral heterogeneity is a mani-
festation of purely thermal phenomena
associated with convection, we may
expect a relatively uniform scaling rela-
tion throughout the mantle. Nonuni-
form scaling as a function of depth
would indicate potential chemical het-
erogeneities. It is likely that such chem-
ical heterogeneities exist not only in
the shallowest regions of Earth’s man-
tle, but also in its deepest part, D".

INNER-CORE STRUCTURE

Earth’s inner core was discovered
50 years ago by Inge Lehmann (1936).
It has an approximate radius of 1221
km and represents less than 1% of
Earth’s volume. Notwithstanding its
small size, it appears to be one of the
more intriguing and unusual regions
within Earth.

In a depiction (Fig. 3) of several
splitting functions for inner-core sensi-
tive normal mode, although some of
the splitting pattern is reasonably well
predicted by SKS12WM13, a large zonal
degree-two contribution—i.e., a banded
signal parallel to the equator—is miss-
ing. This type of anomalous splitting is
characteristic of most normal modes
that are sensitive to Earth’s inner core.
The first observations of anomalous
splitting were reported in 1981 by
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Figure 4. A: Ray geometry of a compressional
inner-core (PKIKP) wave. B: The parameter &
denotes the angle between the inner-core leg
of the PKIKP wave and the symmetry axis of
the cylindrical anisotropy; this axis more or
less coincides with Earth’s rotation axis. The
inner-core ray segment of a PKIKP wave is
nearly a straight line because the speed in the
inner core is relatively uniform.

Masters and Gilbert. By the time of the
Bolivia earthquake, a collection of
about 20 such anomalously split modes
had been identified (Ritzwoller et al.,
1986, 1988; Giardini et al., 1988; Li et
al., 1991; Widmer et al., 1992). The
Bolivia and Kuril Islands earthquakes
have more than doubled the number of
available spectra, and the quality of
the splitting measurements is much
improved. The number of anomalously
split modes will undoubtedly continue
to grow.

Compressional waves traveling
through Earth’s inner core are called
PKIKP waves (Fig. 4). In 1983, Poupinet
et al. reported that PKIKP waves travel
several seconds faster along a trajectory
parallel to Earth'’s rotation axis than in
the equatorial plane. Three years later,
Morelli et al. (1986) and Woodhouse
et al. (1986) introduced the concept
of inner-core anisotropy as an explana-
tion for both inner-core traveltime and
normal-mode anomalies. In an aniso-
tropic medium, seismic wave speeds
exhibit a directional dependence. In
the case of the inner core, waves travel
faster in a direction parallel to the rota-
tion axis than perpendicular to it.
Although this concept appears to have
been generally accepted as an explana-
tion for the directional dependence of
PKIKP traveltimes (Shearer et al., 1988;
Shearer and Toy, 1991; Creager, 1992;
Song and Helmberger, 1993, 1994;
Vinnik et al., 1994; Shearer, 1994; Su
and Dziewonski, 1995), there has been
considerable debate about the level and
radial distribution of anisotropy, and
doubts have been raised as to whether
inner-core anisotropy can explain the
anomalous splitting of all currently
identified core-sensitive modes
(Widmer et al., 1992).

In 1993 I demonstrated that the
anomalous splitting of most inner-core
sensitive normal modes may be ex-
plained in terms of cylindrical anisot-
ropy (Tromp, 1993, 1995). Even though
my analysis did not include PKIKP trav-
eltime observations, my anisotropic
inner-core model makes reasonable
traveltime predictions (Tromp, 1993;
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Figure 5. PKIKP traveltime observations and
predictions in eight epicentral distance bins.
The circles represent the average traveltime
anomalies determined by Su and Dziewonski
(1995). The solid line is the traveltime predic-
tion based upon the anisotropic inner-core
model displayed in Figure 7. The parameter &
represents the angle between the direction of
the inner-core leg of the PKIKP wave and the
symmetry axis of the anisotropy, as shown in
Figure 5B. This symmetry axis nearly coincides
with Earth’s rotation axis. When cos2& = 0,
PKIKP waves travel in the equatorial plane,
and when cos2§ = 1, they travel parallel to the
symmetry axis.
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The Active Tectonics Planning Initiative

George H. Davis, University of Arizona

A National Science Foundation—
supported planning initiative in active
tectonics has now been completed.
Recommendations are presented in
“Active Tectonics and Society: A Plan
for Integrative Science” (1995). This
report is available through the World
Wide Web at http://www.muohio.
edu/tectonics/activetectonics.html.

ORIGIN OF THE INITIATIVE

The planning effort in active tec-
tonics grew from two major studies,
Active Tectonics (1986) and Solid-Earth
Sciences and Society (1993), both sup-
ported by the National Research Coun-
cil. Active Tectonics advocated the
need to build a national basic science
initiative in active tectonics, emphasiz-
ing both the scientific and strategic
value of this research. Mitigation of
hazards related to great earthquakes,
explosive volcanism, and major land-
slides were recurrent themes. Solid-
Earth Sciences and Society identified
active tectonics as one of eight priority
themes representing critical opportuni-
ties for research in the coming decades,
especially as related to important soci-
etal issues involving such matters as
the global environment, natural
resources, and natural hazards. In April
1993, NSF’s Advisory Committee for
Earth Sciences (ACES) recommended
active tectonics as one of five high-pri-
ority initiatives. The ACES report said,
“We recommend an increased empha-
sis on interdisciplinary research on
active crustal deformation. The overall
scientific objective of better under-
standing how and why crustal stresses
ultimately result in faulting, seismicity,
and rapid geomorphic change con-

Splitting continued from p. 141

Shearer, 1994; Su and DziewonskKi,
1995).

In this paper I simultaneously
invert inner-core traveltime observa-
tions and anomalous splitting observa-
tions from the Bolivia and Kuril Islands
earthquakes for inner-core anisotropy.
The simplest type of anisotropy that
exhibits cylindrical symmetry about
Earth’s rotation axis is transverse
isotropy. Let & denote the angle
between the inner-core ray segment
of a body-wave trajectory and Earth'’s
rotation axis, as shown in Figure 4B.
The directional dependence of the
compressional speed v in a transversely
isotropic inner core may be expressed
as (Su and Dziewonski, 1995)

v=vo(1 + €cos2& + ysin22§), 1)

where vy is the unperturbed isotropic
compressional wave speed in spherical
Earth model PREM. I seek to determine
the behavior of the two parameters €
and y as a function of radius in the
inner core. Although PKIKP traveltime
anomalies are solely determined by the
compressional-speed distribution in the
inner core, and hence by the radial
dependence of the two parameters €
and y, some normal modes have sensi-
tivity to the shear-speed structure of
the inner core; this shear-speed sensi-
tivity will be represented by the radial
dependence of a third parameter,
which I will call o. Theoretically, there
exists a body wave that travels through
the mantle and outer core as a com-

tributes directly to the national goal of
mitigating geologic hazards. [Another]
objective ... is to foster and facilitate
interdisciplinary collaborations among
subdisciplines such as experimental
and theoretical rock mechanics, field
studies of active and Neogene faults
and the rock products of faulting, geo-
dynamic modeling in areas of active
deformation, seismology and earth-
quake mechanics, quantitative geomor-
phology and paleoseismology.”

RESPONSE

A 20-person planning team (see
list) met in September 1993, and began
drafting an active tectonics science
plan in response to the call from ACES.
Their long-range objective was to pro-
duce an active tectonics science plan
for concerted, integrated efforts to
understand the fundamental processes
underlying the full range of deforma-
tional processes that currently shape
Earth’s lithosphere and that threaten
life and property. A major emphasis
emerged: To understand how single
tectonic processes work, and how these
processes link together through time as
parts of larger systems that ultimately
lead to the formation of mountain sys-
tems and the evolution of the solid
Earth.

Strategic applications are clear. For
example, as the past decade of earth-
quakes in California has so dramati-
cally demonstrated to the public, cities
and towns in tectonically active regions
are built not on single faults, but on
complex systems with hundreds of
potential “moving parts,” any one of
which might reveal itself through a
sudden shift. Understanding why one

pressional wave, and through the inner
core as a shear wave. This body-wave
arrival, named PKJKP, would put valu-
able additional constraints on the third
model parameter o, but it has never
been unambiguously observed because
the transmission coefficient at the
inner-core boundary is very small. Peter
Shearer recently pointed out to me that
PKJKP has become the Holy Grail of
body-wave seismology.

The normal-mode data used in the
inversion consist of splitting functions
for 16 anomalous modes similar to the
ones shown in Figure 3. These splitting
functions are corrected for mantle con-
tributions based upon shear-speed
model SKS12WM13 produced by X. F.

Figure 6. Anisotropic inner-core model
obtained by the joint inversion of anomalous
splitting functions and PKIKP traveltime
anomalies. The elastic response of an isotropic
medium is determined by two elastic parame-
ters: the shear modulus p and the bulk modu-
lus K. A transversely isotropic medium, on the
other hand, has an elastic response that is
governed by five elastic parameters: A, C, F, L,
and N (Love, 1927). The parameters A and C
govern the compressional speed of seismic
waves, whereas the parameters L and N gov-
ern the shear speed. The fifth parameter F
influences the speed of both compressional
and shear waves. PKIKP traveltimes constrain
just two combinations of the five elastic
parameters: € = 5(C — A) /Ao, and y = —V4(1%A
+ 4C— 2L - F)/Ag, where Ag = K + %4}, is

part moves, or why one part might
move, requires systems knowledge. The
1994 Northridge earthquake, a case in
point, occurred along a fault that does
not even breach the surface, and yet
the natural disaster created by move-
ment along this fault was the most
expensive in our nation’s history.

THE PLAN

Draft versions of the active tec-
tonics science plan evolved between
September 1993 and April 1995, with
input from the national geoscientific
community. The draft versions were
made available for inspection and
comment on Mosaic. The plan was
presented in poster sessions at national
and regional meetings of the Geologi-
cal Society of America and of the Amer-
ican Geophysical Union. Special sym-
posia highlighted opportunities in
active tectonics research, including an
AGU session convened by Robert B.
Smith in December 1993 and a GSA
symposium convened by J.-Bernard
Minster and me in October 1994. The
plan elaborates on five basic themes:
Integration of geology and geophysics,
relevance to mitigation of tectonic haz-
ards, capturing tectonic processes in
action, exploiting the geologic record,
and harnessing new technologies.

PROPOSED DIRECTION

Active Tectonics and Society (1995)
places a high premium on planning
and on collaborative team efforts. Cur-
rent collective scientific approaches to
understanding active tectonic processes
fail to fill one important niche: the for-
mation of fully integrated partnerships
among independent teams of individu-

Liu and A. M. Dziewonski. The remain-
ing signal, which consists mainly of

a large degree-two zonal pattern, is
inverted simultaneously with PKIKP
traveltime measurements obtained by
Su and Dziewonski (1995) for inner-
core anisotropy. Su and Dziewonski
collected more than 310,000 PKIKP
arrival times reported by the Interna-
tional Seismological Centre in eight
epicentral distance bins that corre-
spond to all regions within the inner
core. The longer the distance between
the epicenter and the station, the
deeper the PKIKP waves penetrate into
the inner core, as shown in Figure 4A.
For example, from 120° to 130° PKIKP
waves sample the upper few kilometers
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determined by the bulk and shear moduli at the center of spherical Earth model PREM. Normal
modes constrain one additional combination of the five elastic parameters: o = V5(L — N)/Ao. This
third combination corresponds to shear anisotropy in the inner core. The behavior of the three
parameters €, y, and o is shown as a function of inner-core radius.

als from disparate though complemen-
tary fields. The proposed concept lies
somewhere between that of an individ-
ual principal investigator and a consor-
tium. Its compelling difference
acknowledges that, with some excep-
tions, individual investigators make
greater scientific contributions if they
enlarge their range of expertise by
collaborating with a few other experts
from complementary fields in both for-
mulating and executing research plans.
Small teams of investigators can work
especially effectively on integrated
active tectonics science, addressing
understanding of the inner workings
of interconnected active tectonic pro-
cesses. Those of us involved in this
planning process hope that Active Tec-
tonics and Society (1995) can be used
to gain broader and deeper support
from federal and state agencies whose
scientific and public policy mission
objectives can be supported effectively
by active tectonics research. For exam-
ple, the NSF Division of Earth Sciences
has now established Active Tectonics as
a special emphasis area. The planning
document provides strong scientific
and societal justification for enhanced
national funding of active tectonics
research. Research grant funding drawn
from sources nationwide would enable
the community to investigate the fun-
damental processes underlying the
development and evolution of tectonic
systems, including individual defor-
mational mechanisms.

Regardless of funding source,
active tectonics research proposals
might profitably share some distinctive
elements: high potential for meaning-
ful integration of multiple disciplines;
demonstrated capability of measuring
dynamic-earth properties that are
directly relevant to elucidation of spe-
cific tectonic processes; harnessing of
new technologies (such as GPS, GIS,

Tectonics continued on p. 149

of the inner core, whereas from 175° to
180° they travel close to Earth’s center.
From their analysis, Su and Dziewonski
determined that the symmetry axis

of the anisotropy is tilted relative to
Earth’s rotation axis such that the pole
of the symmetry axis is located at 80°N,
160°E. Because of the relatively inaccu-
rate splitting corrections for mantle
structure, normal-mode data do not
reliably constrain a tilting of the sym-
metry axis. Therefore, for the purposes
of this analysis, I will take Su and
Dziewonski’s orientation of the sym-
metry axis for granted and correct the
normal-mode observations for this tilt.
Their averaged traveltime anomalies
are represented by the circles in Fig-
ure 5. In each epicentral distance bin
the traveltime anomaly relative to
PREM plus SH12WM13 (Su and
Dziewonski, 1994) is plotted as a func-
tion of the angle & between the ray
direction and the symmetry axis; when
cos2& = 0, PKIKP waves travel in the
equatorial plane, whereas when cos?
=1, they travel parallel to the symme-
try axis. The fact that the traveltime
anomalies are negligible in the epicen-
tral distance range 120°-130° indicates
that the source of the signal in subse-
quent bins is located in the inner core,
rather than the outer core or mantle.
The 1 s (second) offset is an artifact due
to the spherical reference model that
was used in the analysis. The small
anomalies in the epicentral distance
range 120°-140° are in agreement with

Splitting continued on p. 149
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Tectonics continued from p. 148

remote sensing, innovative dating tech-
niques, radar interferometry); designa-
tion of an actively deforming region

or subregion where dynamic activities
can be observed or measured; ability to
integrate models of tectonic processes;
and potential for transfer to proactive
societal outreach in such arenas as
hazards and environmental and global
change.

COORDINATION
OF THE INITIATIVE

An Active Tectonics Coordinating
Committee has been established to
foster and enhance communication,
coordination, and integration among
scientists engaged in active tectonics
research, education, and service to soci-
ety. Members are Kerry Sieh (California
Institute of Technology), chair; Susan
Beck (University of Arizona), vice-chair
in charge of highlighting key scientific
issues; Mark Brandon (Yale University),
coordinator of annual planning work-
shops; Mike Bevis (University of
Hawaii), coordinator of training work-
shops; Rick Allmendinger (Cornell Uni-
versity), coordinator of international
relations; Roy Dokka (Louisiana State
University), coordinator of societal rela-
tions; and Larry Mayer (Miami Univer-
sity), coordinator of the Mosaic hub.

OPPORTUNITIES
TO GET INVOLVED

If you are interested in becoming
involved in some aspect of working on
the initiative, please contact Kerry Sieh
at sieh@seismo.gps.caltech.edu. There
is a lot of work to go around, especially
during the launch year of this coopera-
tive initiative. The coordinating com-
mittee seeks to establish a core group
of 50 or more people distributed
among several working committees,
both to further develop the initiative
and to increase its impact.

Splitting continued from p. 148

the observations of Shearer (1994) and
Song and Helmberger (1994) and sug-
gest relatively small anisotropy near
the ICB. Notice that traveltime anoma-

ACTIVE TECTONICS:
SCIENCE AND SOCIETY

A comprehensive understanding of
the process of Earth’s deformation, and
effective transfer of this understanding
to society, will help mitigate the
human and economic costs associated
with the inevitable tectonic events that
mark our planet. The active tectonics
planning effort is designed to foster the
formulation of basic research proposals
that help explain the fundamental ori-
gins of tectonic deformation. The geo-
logical and geophysical communities
represent the nation’s strategic intellec-
tual resource in explaining the origins
of tectonic hazards. Active tectonics
science is an arena in which geologists
and geophysicists can simultaneously
carry out basic science and serve soci-
ety’s needs. We expect that enhanced
communication and integration
among active tectonics scientists will
result in breakthrough-quality basic sci-
ence, more effective transfer of knowl-
edge, and exceptional opportunities for
professional growth. A likely byproduct
is accelerated integration of geology
and geophysics within college and uni-
versity curricula, thus preparing the
way for more effective earth science
education for the next generation.
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lies in the epicentral distance range
175°-180° can be as large as 4 s. Such
large traveltime anomalies were also
observed by Vinnik et al. (1994) and
suggest strong anisotropy near Earth’s
center. The anisotropic inner-core
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Figure 7. Observed and predicted splitting functions of several anomalously split normal

modes. The splitting predictions are based upon mantle model SKS12WM13 (X. F. Liu and A. M.
Dziewonski) and the anisotropic inner-core model shown in Figure 6. See the caption of Figure 2
for further details.
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model that fits both the traveltime
data and the anomalously split modes
reasonably well (Fig. 6) is quite similar
to the model obtained by Su and
Dziewonski (1995) by an inversion of
PKIKP traveltimes. The fit to the travel-
time data is represented by the solid
line in Figure 5. The inner-core model
slightly overpredicts the traveltime
anomalies in the epicentral distance
range 130°-140°, and it slightly under-
predicts the traveltime anomalies for
the near polar paths in the epicentral
distance range 160°-173°. The observed
and predicted traveltime anomalies in
the epicentral distance range 150°-153°
are in general agreement with differen-
tial traveltimes between rays turning in
the liquid outer core, PKP(BC), and rays
turning in the solid inner core, PKIKP
or PKP(DF) (Creager, 1992; Song and
Helmberger, 1993). Normal modes
have very little sensitivity to structure
near Earth’s center. Therefore, the large
anisotropy in the center of the inner
core is entirely constrained by the
traveltime data in the epicentral dis-
tance bins 165°-173° and 173°-180°.
Predicted splitting functions of several
anomalously split modes (Fig. 7)

are based upon mantle model
SKS12WM13, and the anisotropic
inner-core model shown in Figure 6.
Inner-core anisotropy provides the
large zonal degree-two signal that is
missing in the predicted splitting in
Figure 3. Clearly not all the remaining
signal is explained. This unexplained
signal may reflect errors in the mantle
model (the mantle model is a shear-
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speed model, whereas the anomalously
split modes are PKIKP-equivalent—i.e.,
compressional—modes), but it may
also indicate that the inner-core
anisotropy does not exhibit pure cylin-
drical symmetry. The traveltime vari-
ance reduction relative to PREM plus
SH12WM13 is 92%, and the normal-
mode variance reduction compared to
a model incorporating only the effects
of rotation and ellipticity is 70%. It
should be noted that one anomalously
split mode, 1352, is poorly fit by the
inner core model displayed in Figure 6;
thus far, the splitting of this mode has
never been explained satisfactorily in
terms of inner-core anisotropy.

CONCLUSIONS

The 1994 Bolivia and Kuril Islands
earthquakes have provided the seismo-
logical community with a large number
of high-quality splitting observations.
An analysis of some of Earth’s mantle-
sensitive spheroidal free oscillations
indicates that especially the splitting
of shear-sensitive modes is very well
explained by current tomographic
models of the mantle. The first
toroidal-mode splitting observations
were reported by Tromp and Zanzerkia
(1995), and the first coupled-mode
inversions for odd structure were
performed by Rosovsky and Ritzwoller
(1995).

Both the anomalous splitting of
inner-core sensitive modes and anoma-
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lous PKIKP traveltime observations
may be explained in terms of cylindri-
cal anisotropy of Earth’s inner core.
This robust observation has important
implications for the composition,
growth, and internal dynamics of the
inner core. First of all, we need to deter-
mine the mineralogy of Earth’s core.
Recent theoretical calculations by
Stixrude et al. (1994) and Stixrude and
Cohen (1995) confirm earlier calcula-
tions by Brown and McQueen (1985)
which suggest that the inner core con-
sists of hexagonally close-packed (hcp)
iron. Under inner-core conditions, this
phase of iron exhibits anisotropy on a

level that is in accordance with the
seismological observations. If we are
willing to accept that the predominant
mineral in the inner core is hcp iron,
this raises questions about the mecha-
nism for the preferential alignment of
these minerals. Only if most of the
minerals are more-or-less aligned does
the aggregate behave as an anisotropic
body; a random orientation would
result in a seismically isotropic inner
core. Jeanloz and Wenk (1988) and
Wenk et al. (1988) suggested that this
preferred orientation is a result of
degree-one convection in the solid
inner core. Much as in the mantle, this
convection would be a manifestation
of thermal effects, and we would be

seeing a snapshot of the internal
dynamics of the inner core. Karato
(1993) proposed that the hcp iron min-
erals are oriented by Earth’s magnetic
field. The feasibility of this mechanism
critically depends on the magnetic
susceptibility of iron under core condi-
tions. In this case, the three-dimen-
sional distribution of anisotropy would
reflect the history of the geometry of
the magnetic field at or near the inner-
core boundary. A third possibility is the
preferred orientation of iron minerals
due to rotation and self-gravitation
during the solidification and growth

of the inner core. At the moment, it is
not at all unlikely that the inner core

is one giant single crystal. During the

next several years close collaboration
between mineral physicists, geodynam-
icists, and seismologists will, one
hopes, uncover more of the mysteries
of this fascinating region of Earth'’s
interior.
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Positions Open

SUPERVISOR OF COMPUTER OPERATIONS
DEPARTMENT OF GEOLOGICAL SCIENCES
UNIVERSITY OF TEXAS AT EL PASO
The Department of Geological Sciences at the Uni-
versity of Texas at El Paso is seeking a person to
manage its computer operations. The existing facili-
ties include a substantial network of UNIX worksta-
tions and peripherals, and a variety of personal com-
puters. The software packages employed inlcude
PROMAX, IDL, and Interleaf. This position involves
the maintenance, expansion and improvement of this
system and the facilitation of its use by students and

faculty.

The suerpvisor must also direct students who are
assigned to help operate the system. In addition to
the knowledge needed to keep our system running,
we are looking for a person with a good knowledge
of computer applications in the geosciences. There
also would be opportunities to participate in studies
employing computer-oriented equipment.

A B.S. degree in science or engineering and con-
siderable UNIX experience are required. An M.S.
degree and training in the geosciences is desirable.
The salary would be competitive.

The position is available beginning September 1,
1995. Position will remain open until filled but screen-
ing will begin about July 1, 1995. To apply, send let-
ter of application, resume, and provide three letters
of reference to: Dr. G. R. Keller, Chair, Department
of Geological Sciences, The University of Texas at El
Paso, El Paso, Texas 79968-0555.

The University of Texas at El Paso does not dis-
criminate on the basis of race, color, national origin,
sex, religion, age, or disability in employment or the
provision of services.

SOLID EARTH SCIENCES
TEXAS A&M UNIVERSITY
COLLEGE OF GEOSCIENCES
AND MARITIME STUDIES
DEPUTY DEAN/ASSOCIATE DEAN FOR

SOLID EARTH SCIENCES
Texas A&M University invites nominations and appli-
cations for the combined positions of Deputy
Dean/Associate Dean for Solid Earth Sciences of the
College of Geosciences and Maritime Studies. The
College includes the Departments of Geography,
Geology and Geophysics, Meteorology, and
Oceanography, all in College Station, TX, and Texas
A&M at Galveston (the marine/maritime campus of
the College). The College includes 2,000 students,
187 faculty, 568 staff, and research funding of
$62,000,000/year.

The duties of Deputy Dean include functioning as
Dean in the Dean's absence, coordination of major
interdisciplinary research programs in which the Col-
lege participates, acting as primary liaison between
the College Station and Galveston campuses to
ensure program coordination, responsibility for coor-
dination of strategic planning, assisting with the
development and management of the College bud-
get, and assuming other duties assigned by the
Dean.

The duties of Associate Dean include the coordi-
nation and promotion of teaching, research and ser-

vice activities of the Geology/Geophysics and Geog-
raphy Departments in College Station. The Associate
Dean is expected to encourage interactions between
the research programs and the acadmeic depart-
ments, particularly with regard to interdisciplinary
activities.

We seek an accomplished earth scientist with a
srong research program who can balance academic,
research, and administrtive demands for time and
attention.

Required: A doctorate in Geology, Geophysics, or
Geography (or closely related field); a proven record
of research accomplishemtns; qualifications for a full
professorship; demonstrated administrtive and lead-
ership capabilities. Desired: Experience with multidis-
ciplinary and/or international research activities.

Candidates should send a curriculum vita and
names, addresses, phone, fax or e-mail of four refer-
ences to Dr. Edward J. Zipser, Chari, Search Com-
mittee for Deputy Dean/Associate Dean for Solid
Earth Sciences, Department of Meteorology, Texas
A&M University, College Station, TX 77843-3150.
Evaluation of applications will begin on August 1,
1995 and will continue until the position is filled.

Texas A&M University is an affirmative
action/equal opportunity employer committed to
diversity.

Services & Supplies

GEOSCIENCE INFORMATION SOCIETY
PROCEEDINGS: Preserving Geoscience Imagery.
Finding and Communicating Geoscience Information.
International Initiatives in Geoscience Information.
Contact: GIS Publications Manar, Geology Library,
Indiata University, Bloomington, IN 47405, (812-855-
7170) or Heiser@ucs.indiana.edu

Opportunities for Students

Graduate Studentships/Department of Earth Sci-
ences. University of Hong Kong. The Department
of Earth Sciences was recently established at the
University of Hong Kong and is ideally situated on
the margin of east Asia to undertake genuinely new
research into the tectonic evolution of both ancient
and modern orogenic systems. The tectonic evolu-
tion of China and eastern Asia will be a key focus of
our department. The subtropical location and local
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geology of Hong Kong also present significant chal-
lenges and employment opportunities for engineering
and environnmental geologists. Engineering site
investigations and offshore boreholes provide a
wealth of data on Hong Kong geology including the
history of sea leavel changes.

Funding is available to support excellent students
at M.Sc and Ph.D. levels. If you are interested in
higher degree study and wish to know more about
our department you should write to Dr. Jonathan
Aitchison, Dept. of Earth Sciences, University of
Hong Kong, Pokfulam Road, Hong Kong or email:
jona@hkuxa.hku.hk.

For those with access to a WWW browers try
http://www.hku.hk/earthsci/rock.html for detailed
information about our department and other links to
the University of Hong Kong.
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eltime anomalies, and Xiang-Feng Liu
and Adam Dziewonski provided their
latest mantle model. Géran Ekstrom
developed the initial software for edit-
ing the data and answered many ques-
tions about time-series analysis. John
He assisted in editing the data and
making splitting measurements. I
thank Adam Dziewonski, Wei-Jia Su,
and Goran Ekstrom for numerous dis-
cussions; IRIS, the USGS, and Geoscope
for providing the data used in this
study; and two anonymous reviewers
for their helpful suggestions and
comments.
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