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A regionalized upper mantle (RUM) seismic model
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Abstract. Seismic velocity heterogeneity in the Earth’s mantle is strongly
concentrated near its top. The shallow heterogeneity of the mantle correlates
strongly with surface tectonics. We use these observations as constraints of a
tomographic experiment aimed at building a regionalized upper mantle (RUM)
reference model. We use a select set of teleseismic travel times to minimize
the mapping of mislocation into structure. The data selection emphasizes the
robustness of individual picks. The form of the RUM model is a set of velocity
profiles as functions of depth through the upper mantle for each of the different
tectonic provinces of Earth. Together the profiles constitute a three-dimensional
model which incorporates considerable structural detail but is described by only
90 parameters and has only about 22 degrees of freedom. This is achieved by
irregularly sampling a detailed regionalization of the globe, by detailed mapping
of subducted lithosphere in the mantle as defined by seismicity, and by combining
these structures in an irregular grid in which bookkeeping is efficiently handled.
The resulting RUM model includes subducting slabs as sharp fast features in the
upper mantle. Old continents are fast; young oceans are slow. Models have been
~ derived for both compressional and shear velocity. The RUM model is designed
to represent as much of upper mantle heterogeneity as seen by body wave travel
times as possible with a simple model. It can be useful as a reference model for
individual tectonic regions. Travel times are efficiently generated for the RUM
model. Mislocations of explosions of known location are significantly reduced when
corrections for the RUM model are applied to travel time residuals for a spherically

symmetrical Earth model.

1. Introduction

Global madels of seismic velocity heterogeneity have
emerged in the past decade which show significant de-
viations from spherical symmetry in Earth’s structure.
Most of the models for the upper mantle are primarily
derived from surface waves and yield information about
shear velocity structure [e.g., Woodhouse and Dziewon-
ski, 1984; Zhang and Tanimoto, 1993]. As the quality
of data and their coverage increases, more detail is in-
cluded in the models. Global models currently claim
to resolve structures as small as 1000 km in lateral ex-
tent [Zhang and Lay, 1996], although some authors give
a more conservative resolution estimate [ Trampert and
Woodhouse, 1995]. Regional models, on the other hand,
resolve structures to considerably smaller scales, i.e.,
hundreds of kilometers [e.g., Zielhuis and Nolet, 1994;
Debayle and Leveque, 1997]. The strength of hetero-
geneity in the models increases as more detail is in-
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cluded. The global model RG5.5 of Zhang and Tani-

moto [1993] has about £3% variation at 110 km depth,
while the regional model of Zielhuis and Nolet [1994]
has about 6% variation at the same depth.

The strength of heterogeneity in global models falls
off rapidly below a few hundred kilometers depth. Typ-
ically, the heterogeneity is +3% around 100 km depth
but less than 1% in the transition zone. Using travel
times, which potentially offer higher resolution, Gud-
mundsson et al. [1990] found that the level of hetero-
geneity at large and intermediate scales (scale >400 km)
drops by about a factor of 2 at a depth of 300 km. They
also concluded that smaller-scale heterogeneity is con-
centrated even more strongly near the Earth’s surface.

One important source of information about the struc-
ture of the upper mantle is regional refraction profiles
(of length > 2500 km) and body wave travel times and
waveforms from earthquakes which can be aligned along
a profile of comparable length and interpreted as a re-
fraction profile [e.g., Helmberger and Wiggins, 1971;
Grand and Helmberger, 1984; Walck, 1984; Mechie et
al., 1993; Kennett et al., 1994]. A comprehensive sum-
mary of the one-dimensional models which result from
this approach is given by Nolet et al. [1994]. After com-
paring a large number of models from varied tectonic
environments they conclude that there is clear evidence

7121



7122

for lateral heterogeneity which correlates with surface
tectonics. The model differences persist to 300-400 km
depth. They also point out that local studies gener-
ally produce larger velocity anomalies than are found in
global surface wave models. This suggests that global
models provide only a partially complete picture of the

upper mantle, with intermediate-scale features filtered
~ out and larger-scale features damped.

Regional tomography based on travel times has re-
vealed important aspects of subducted slab structures
in the mantle [e.g., Spakman et al., 1988; Zhou and
Clayton, 1990; van der Hilst et al., 1991; Zhao et al.,
1992]. Slabs appear as fast anomalies which display a
variation of morphology, particularly at depth. In some
instances, evidence for necking and detachment is seen,
and some slabs appear to be driven through the phase
transition at 660 km depth, while others pile up in the
transition zone. While it is clear that slab morphol-
ogy is complex, some of the conclusions from regional
delay time tomography would be strengthened by rig-
orous hypothesis testing. The most reliable slab images
are based on compressional waves. The strength of the
anomalies for compressional velocity is as high as £5%,
fast velocities defining the slab while the slower veloci-
ties are generally found in the shallow mantle wedge.

The picture that has emerged of the upper mantle
has shear velocity vary by +3% on large scales (> 1000
km) and another +3% on intermediate scales (400-1000
km). Significant heterogeneity persists at smaller scales.
Variations of compressional velocity are less well known
but are probably comparable, while somewhat less than
the variations of shear velocity. Subducting lithosphere
possesses an anomaly of about 5%. Clearly, such strong
heterogeneity will significantly affect the travel times
of body wave phases, including those most commonly
used in earthquake location. Accounting for the effect
of lateral heterogeneity can therefore significantly im-
prove the quality of event location. Fujita et al. [1981]
estimate that the structure of a slab may affect the loca-
tion of earthquakes within it by as much as 40 km. For
teleseismic P waves, that translates into a time effect of
about 4 s.

It is evident from even the first generation of global
models and from a comparison of early one-dimensional
models from different tectonic regions that the large-
scale features of shallow upper mantle structure cor-
relate well with surface tectonics [Romanowicz, 1991;
Nolet et al., 1994]. Old continental cores have deep fast
roots extending into the upper mantle, and spreading
centers are underlain by slow mantle rocks, although
the depth extent is subject to debate. Nataf and Ricard
[1996] attach much significance to the correlation of to-
mographic models for the upper mantle with surface
tectonics when they suggest a velocity model (3SMAC)
for the upper mantle based on a tectonic, crustal thick-
ness and sedimentary thickness regionalization, geo-
physical modeling, and constraints from other fields of
earth sciences than seismology. Their approach is justi-
fied by Ricard et al. [1996], who show that the 3SMAC
model accounts well for normal-mode frequencies and
phase-velocity observations worldwide.
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Like Nataf and Ricard [1996), we regard the strong
correlation of surface tectonics and velocity heterogene-
ity at shallow depths in the mantle, where the hetero-
geneity is strongest, as a potential constraint on global
tomography. In this paper we apply a regionalization
as a constraint to upper mantle structure derived from
travel times. We seek a simple model (few model pa-
rameters) to account for as much of upper mantle het-
erogeneity as possible. Our objective is to build a re-
gionalized reference model for travel time corrections.

2. Strategy

Accounting for the effects of velocity heterogeneity
on travel times and thus event location must include
the main features of the velocity structure and remain
a simple procedure in order to be efficient. We attempt
to meet these prerequisites with the following strategy:

We use the high level of correlation of global veloc-
ity models with surface tectonics to define the main
features of Earth structure. A detailed regionalization
defines irregularly shaped bodies on the Earth’s surface
which in turn define discrete model parameters. With
irregular sampling of the regionalization we can repre-
sent irregular bodies with a large range of length scales.
The sampling is dense where needed (i.e., at continental
margins, at island arcs, and within tectonic continents)
and sparse elsewhere (e.g., intraregional, oceanic).

Delaunay and Voronoi tesselation are recipes for con-
necting nodes in an irregular grid. In both cases the
tesselation is uniquely defined and automatically gener-
ated given an arbitrary set of nodes. The Delaunay
tesselation generates a space-filling set of tetrahedra
with nodes at their vertices. The Voronoi tesselation
defines a polyhedron around each node with faces on
the median bisectors between the node in question and
its natural neighbors [Okabe et al., 1992]. Delaunay
tetrahedra are suitable to define the volume of an ob-
ject which surface has been sampled. Voronoi polyhedra
are suitable to define the volume associated with a dis-
crete sample of a varying field. We use a combination
of a Delaunay tesselation and a Voronoi tesselation to
define discrete regions belonging to the various tectonic
types [Sambridge and Gudmundsson, 1998]. This al-
lows us to significantly reduce the number of parameters
needed to represent the complex regions compared to a
regular grid for example. Efficient algorithms are avail-
able for navigation and book keeping in irregular grids
composed of Delaunay tetrahedra or three-dimensional
Voronoi cells [Sambridge et al., 1995].

We use a select data set of travel times from well-
located events and nuclear explosions in order to alle-
viate the mapping of mislocation into structure. We
invert these data for an irregularly parameterized, re-
gionalized upper mantle (RUM) model. Our objective
is not to find the best possible model but to find the
simplest model that still contains enough information
about structure to be useful for generating corrections
to travel times used in event location. Teleseismic travel
times can then be corrected for this model by a rela-
tively simple and efficient ray-tracing procedure.
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3. Method

3.1. Regionalization

Figure 1 shows the regionalization. It is based on
maps published by Sclater et al. [1980] and on Jordan’s
[1981] GRT1 regionalization. Eight tectonic regions are
defined. The ocean is divided into three age provinces,
the same as the GRT1 regionalization, except at a res-
olution of 2° compared to 5° in GRT1. The continents
are divided into five regions according to age, four re-
gions of low volcanic and earthquake activity, in addi-
tion to a region termed tectonic continent where seismic
and volcanic activity is high. We have termed the re-
gions young continent, intermediate-age continent, old
continent and ancient continent as their separation in
time does not strictly correspond to boundaries between
geological eras. The age boundaries are listed in Fig-
ure 1 and were selected by comparing the age zona-
tion of the continents with tomographic images of the
upper mantle [e.g., Woodhouse and Dziewonski, 1984].
The regionalization is very similar to the regionalization
used by Nataf and Ricard [1996] to generate the 3SMAC
model. We have perhaps unconventionally termed the
Iceland-Faeroe-Greenland Ridge continental because of
its highly anomalous crustal thickness for oceanic crust
(25-35 km according to Bott and Gunnarsson [1980)].
We have also defined the ridges of the Tasman Sea as
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continental. A future improvement of the regionaliza-
tion would include all oceanic ridges and plateaus as
a separate oceanic region(s). This regionalization has
obvious limitations. Parts of the age mapping involve
significant interpolation of geochronological data. De-
tails are left out where limited by the resolution. For
the purposes of global seismology, much more detail is
not justified because teleseismic delay times or surface
wave dispersion will not be able to resolve it.

The regionalization is initially represented by 16,200
parameters. Roughly a quarter of these are then se-
lected to parameterize the boundaries between the re-
gions (4100 parameters) (see Figure 1b). The bound-
aries are all parameterized with a 2° resolution eXcept
the boundaries between oceanic regions. Thus the den-
sity of parameterization is high where we expect poten-
tially sharp contrasts, i.e., at continental margins and
boundaries between tectonic and atectonic regions, and
low where we do not, i.e., within the oceans. Figure 1b
shows the boundaries of the Voronoi cells around the
selected samples of the regionalization. Figure 1b con-
tains about 4100 Voronoi cells. Figure 1c shows how
the original regionalization is reproduced by the 4100
selected cells. The full complexity of Figure la is re-
produced in Figure 1c with only about a quarter of the
number of parameters in the original. Each Voronoi
cell is taken to encompass a region of uniform velocity

[ ] Young ocean [< 25 Myr]
| Intermediate ocean [25-100 Myr]
Old ocean [> 100 Myr]

Tectonic continent

| Young continent [< 250 Myr]

B Intermediate continent [250-800 Myr]
@ O1d continent [800-1700 Myr]

Bl Ancient continent [>1700 Myr]

Figure 1a. Tectonic regionalization as designed on a 2x2 degree grid using 16,200 parameters.
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Figure 1b. Boundaries of Voronoi cells around 4100 of the original 16,200 2x2 degree cells
selected to sample the details of the regionalization.

at each depth. The regionalization is extended from the
surface to a depth of 660 km to span the whole of the
upper mantle.

This regionalization is not taken to be a complete
description of velocity heterogeneity. We ignore lower
mantle heterogeneity because extrapolation of surface
tectonics into the lower mantle would not be warranted
and because the strength of heterogeneity decays rapidly
with depth in the upper mantle. Shallow small-scale

structure internal to tectonic regions is not accounted
for by this regionalization. In island arc regions, such
structures are modeled as subducting slabs. In con-
tinental regions, such structures are accounted for by
station corrections.

The ability to reduce 16,200 parameters to 4100 is
not crucial to the feasibility of the present study. How-
ever, it demonstrates conceptually a capacity to reduce
computational needs which may become important once

Figure 1c. The tectonic regionalization as represented by the 4100 Voronoi cells in Figure 1b.
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more detail is built into the regionalization. The irreg-
ular parameterization of slab structures (section 3.2) is
essential on the other hand in order to avoid an unman-
ageable parameterization.

3.2. Subducting Slabs

Subducting slabs are significant structures in the up-
per mantle which are clearly oblique and cannot be in-
cluded in a two-dimensional regionalization as above.
Most of Earth’s seismicity occurs in or around sub-
ducting slabs. Slabs do affect travel times significantly,
and their presence can, if not accounted for, cause a
systematic mislocation of island-arc earthquakes by as
much as 40 km [Fujita et al., 1981). We have included
oblique slab structures in our parameterization of the
upper mantle as the ninth region. First, we contoured
slab-related seismicity world wide. A total of 24 sepa-
rate slab bodies were defined (see Figure 2a). Examples
of slab contours are presented in Figure 2b for the slabs
of the northwest Pacific. The contours are drawn at
50 km depth intervals such that they lie near the top
of the seismogenic region. We used the relocated cata-
log of Engdahl et al. (submitted manuscript, 1997) as
well as a filtered version of the International Seismolog-
ical Centre catalog (based on location quality) to define
the seismicity. Neither catalog is complete, and both
contain significant gaps which are difficult to interpret.
These gaps were not interpolated if they exceed a few
hundred kilometers in size. The slab contours obviously
do not define a slab where there is no seismicity. It is
difficult to envisage the thermal anomaly of subducting
lithosphere to terminate as abruptly as the seismicity
in many places. Thus our model of slabs is likely to be
incomplete. However, slabs are defined where we most
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need them, i.e., where the earthquakes occur and for
which travel time corrections are needed.

The slab contours define a surface which we take to
define the top of the slab (or what used to be the top
of the oceanic lithosphere before subduction). We then
define a complimentary surface assuming that the slab
is 200 km thick. This is a simplification of slab geom- -
etry, particularly at depth. No necking or slab detach-
ment is allowed for, while it is possible that that type of
morphology is associated with gaps in seismicity [Spak-
man et al., 1998; Widiyantoro and van der Hilst, 1996).
Slabs are not allowed to pile up in the transition zone
as appears to be the case for, e.g., the Izu-Bonin slab
[van der Hilst et al., 1993]. -

Projecting the original surface 200 km along its local
normal occasionally results in the folding of the original
surface. Such folds were simply edited out interactively
with a graphics tool. We sample the contours using

- nodes placed at a lateral spacing of about 10 km. These

nodes are not internal to the slabs as we define them
but are on their surface. In this case, constant-velocity
Voronoi cells as were used in the surface parameteriza-
tion are not suitable to describe their complex geometry
because these cells surround each node and would nec-
essarily extend the slab and change its volume. Instead,
we place the nodes of the slabs in a global coordinate
system and construct the three-dimensional Delaunay

‘tesselation for the approximately 23,000 slab samples

for all 24 individual slab structures. Those Delaunay
tetrahedra which join the two surfaces of the same slab
structure then define the volume of slabs in the upper
mantle. The Delaunay tetrahedral representation of the
slabs of the northwest Pacific is shown in perspective in
Figure 2c as an example. These are some of the larger
and deeper slabs which display significant complexity
in shape.

Figure 2a. Contoured subducting slabs with a topographic/bathymetric map shown for refer-
ence. The contours are at 50 km intervals in depth
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Figure 2b. The slabs of the northwest Pacific.

Figure 2c. A perspective view of the slabs of the northwest Pacific from above and the southwest.
The edges of individual Delaunay tetrahedra are shown in black. -
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3.3. Summary of Parameterization

In summary, the parameterization of the upper man-
tle consists of two distinct elements: Delaunay tetra-
hedra to define slabs and a two-dimensional grid of
Voronoi cells extended uniformly to a depth of 660 km
to define tectonic regions. The slabs are overlaid on the
regionalization. To determine which type of environ-
ment a given point (along a ray) is in, we first detect
if it is within a slab. If it is not, its position in the re-
gionalization is determined. Thus we represent complex
structures efficiently and economic algorithms are avail-
able to locate any arbitrary point in either irregular grid
[see Sambridge and Gudmundsson, 1998]. The param-
eterization includes fine spatial features in subduction
zones on a scale of 10 km and also tectonic age provinces
a few thousand kilometers across. Its dynamic range is
thus 2-3 orders of magnitude.

3.4. Data Selection

Researchers who use the ISC database of travel time
picks often emphasize the importance of the large num-
ber of data it contains. Their argument is that the
data contain errors that due to their randomness are
suppressed when averaging a large number of observa-
tions. We question the assumption of randomness. In
particular, it is likely that earthquakes are systemati-
cally mislocated on scales correlating with tectonic fea-
tures. Therefore we use a select data set of travel times
from well-located events and nuclear explosions in order
to alleviate the mapping of mislocation into structure.
This is of particular importance in building a reference
Earth model because observed biases in earthquake lo-
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cation can be significant and can inject artificial struc-
tural signal into travel times of the order of seconds.
The events we use are the 105 events of the test data
set used by Kennett and Engdahl [1991] supplemented
with 92 large earthquakes to get a more even sampling
of the globe and the nine tectonic regions. The crite-
rion for the selection of these events was that they be
recorded by a large number of globally distributed sta-
tions. Their locations are taken from nuclear agencies,
from local and regional networks, and if neither of the
above is available, from the relocated catalog of Eng-
dahl et al. (submitted manuscript, 1997). They reasso-
ciated ISC data, included pP and pwP phases in the lo-
cation, used IASP91 [Kennett and Engdahl, 1991], and
subjected locations to stringent fitness criteria. We use
only teleseismic P and PKIKP arrivals (first arrivals)
for the compressional velocity model and teleseismic §
arrivals for the shear velocity structure. We use only
picks reported to the ISC as impulsive to insure a high
degree of robustness of individual picks.

All the data have been corrected for the Earth’s ellip-
ticity [Kennett and Gudmundsson, 1996), for station el-
evation, and for surface topography/bathymetry in the
case of phases reflecting off the Earth’s surface. We
have prepared data from other phases such as pP, PP,
PcP, PKP, sS, 55, S¢S, and SKS from the 197 events
in this select data set.

Figure 3 shows a map of the 197 events used together
with the regionalization. The events are grouped into
three categories. First, there are 21 nuclear and chem-
ical explosions (displayed as stars in Figure 3). Their
locations will be taken to be fixed. Second, there are
39 earthquakes which are well located with local obser-

Figure 3. Epicenters of the 197 events used in this study with regionalization for reference.
Stars represent artificial explosions, open dots represent events located within a regional network
of stations, and solid dots represent events located using global observations.
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vations in a local velocity model. They are displayed
as open dots. Their locations are also assumed fixed.
Then, the remaining 137 events (shown as solid dots)
are located using teleseismic observations and are al-
lowed to vary in their origin time and depth.

We reference travel time residuals to the AK135 model
[Kennett et al., 1995] and reassociate all impulsive picks
reported to the ISC for the above events. We find a
surprising number of events with a significant mean
residual. This is surprising because AK135 is almost
identical in the mantle to IASP91 which Engdahl et al.
(submitted manuscript, 1997) used for their locations.
The explanation must lie in a difference in data selec-
tion. We, for example, include PKIKP and not pP. We
do not associate pwP. The large number of events with
a significant apparent origin time shift led us to allow
origin time to be a free parameter in our inversion for
regionalized structure. Allowing origin time to vary in-
dependently for P and S is equivalent to allowing for
a relocation in source depth and origin time. We find
14,291 P and PKIKP picks and 2608 S picks which sat-
isfy our selection criteria.

4. Inversion: Data Reduction

We solve a linearized inverse problem. A higher-order
approach is not warranted because ray bending criti-
cally depends on velocity gradients which are artificially
represented by our parameterization. We sample depth
10 times at 66 km spacing and seek nine independent
velocity profiles, one for each of the eight tectonic re-
gions as well as slabs. We use a standard damped-least-
squares inversion procedure. In regions with limited
depth distribution of sources, teleseismic rays give lim-
ited depth resolution in the upper mantle. We cannot
well resolve 10 independent parameters except in sub-
ducting slabs, where there is a distribution of events
in depth. Since the level of heterogeneity in the upper
mantle is strongly concentrated near the surface [e.g.,
Gudmundsson et al., 1990], in the top 300-400 km, we
have projected the depth profiles on to a set of four
Gaussian basis functions which are not allowed to put
structure in the lower half of the upper mantle. In ef-
fect, we are implementing depth-dependent damping.
We argue that this is in line with our general approach
of applying stringent geometrical constraints to the in-
version based on a priori information. The basis func-
tions are not orthogonal in themselves but decompose
into a fourfold orthogonal basis. The model for sub-
ducted lithosphere is allowed to vary throughout the
upper mantle. The results we present are moderately
damped. The trade-off employed to select the damping
was that of variance reduction versus damping coeffi-
cient (which varies monotonically with resolution). The
damping was selected where it started to significantly
affect the variance reduction (lowered by 10—20%). The
relocation component of the inverse problem is scaled
to allow for virtually full removal of average residuals
for each event.

For the P wave data, origin time shifts of 137 events
out of 192 account for about 55% variance reduction
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(see Table 1). An undamped inversion allowing for 10
independent depth parameters in each region achieves
a 19% variance reduction. Limiting the degrees of free-
dom to four per region via the Gaussian basis reduces
the variance reduction to 16%. We have damped the
solution to yield a variance reduction of 14%. For the
S wave data the pattern is similar, with the damped
model achieving a 10% variance reduction. For the §
waves the variance is considerably higher than for the P
waves, and the relative variance reduction achieved by
origin time shift is much less than for the P wave data.

We find that none of the minor data sets consisting
of the compressional pP, PP, PcP, and PKP phases or
the shear s5, S5, ScS, and SKS phases improve fesolu-
tion significantly nor are they consistent with the major
data sets of P, PKIKP, or § phases. The RUM model
does not significantly reduce the variance of the minor

. data sets. These minor phases are all secondary, and

their travel times are thus less precisely read from a
seismogram than for the primary phases. Furthermore,
their frequency of observation is much less than that
of the primary phases. We can only suggest that the
structural signal in those minor phases is swamped by
their observational errors.

As a final step in the data reduction, we estimate
station corrections to be applied after correction for the
RUM model. We evaluate a correction only for stations
with more than four picks reported. The station cor-
rection is simply the average residual for each station
after correction for the RUM model. This step achieves
a further variance reduction of 16% and 11% for the P
waves and S waves, respectively. Table 1 summarizes
the reduction of the mean and variance of the P and §
wave data by the individual steps of the data reduction.
Figure 4 shows a histogram of time residuals before and
after data reduction. We note that the quoted variance
reduction applies to individual picks, not to summary
rays. We also note that the remaining variance in the
data is comparable to, but slightly higher than, the esti-

Table 1. Mean and Variance Reduction After the Dif-
ferent Steps of Inversion/Data Reduction

Mean Variance

Variance
s 52 Reduction
percent
P Residuals
Initial P residuals 1.18 4.30
After relocation 0.69 1.99 54
After velocity perturbation  0.19 1.71 14
After station correction 0.04 1.44 16
S Residuals
Initial S residuals 0.51 35.8
After relocation -0.17 30.0 16
After velocity perturbation  0.01 26.9 10
After station corrections -0.03 23.9 11
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Figure 4. Histograms show distribution of time resid-
uals before and after inversion/data reduction. (a) P
wave residuals. (b) § wave residuals.
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mates of noise variance in the ISC data for teleseismic P
and S waves by Gudmundsson et al. [1990] and Davies
et al. [1992].

5. Results

The results of the inversion are shown in Figure
and Table 2. In Figure 5 each function of depth repre-
sents a velocity perturbation for a given tectonic region.
Figure 5a shows the results for P waves, and Figure 5b
shows the results for S waves. The results are plotted
as a relative velocity perturbation (in percent) with one

standard deviation error bars assuming that the error

variance is as given by Gudmundsson et al. [1990] for
the teleseismic P wave data, i.e., 152, and by Davies et
al. [1992] for teleseismic § wave data, i.e., 8s2. Table 2
also list the results as relative velocity perturbations.
The results for compressional velocity are encourag-
ing. Slabs appear as a continuous fast anomaly through-
out the upper mantle except at the top where we have
tectonic crust rather than a true slab and where the re-
sult is probably affected by the slow mantle wedge. The
amplitude of the slab structure is 2-3% velocity pertur-
bation. This is assumed to be uniform over a thickness
of 200 km. The subducting lithosphere is probably not
that thick at shallow depths, but the associated thermal
anomaly diffuses with time or depth. Furthermore, it
would peak above its average level. The 2-3% level of
perturbation in the slabs would thus be consistent with
a somewhat higher peak perturbation in the core of the’
slabs, possibly as high as 5%. This is a reasonable level
of perturbation compared to predictions on the basis of
thermal modeling. Other features of the results are also
encouraging. The oceans are slow with old oceans devel-
oping a fast lithosphere. Tectonic continent and young
continent are also slow and essentially indistinguishable.
This is of interest because, e.g., Nataf and Ricard [1996)
do not make a distinction between those regions in their
regionalization. That decision appears to have been jus-
tified. Currently active continental margins and island
arcs are not clearly distinguishable from other Meso-
zoic continental regions. Intermediate-age continents
have developed a fast lithosphere, while their astheno-
sphere looks much like that of young continental re-
gions. There is no resolvable structure underneath old
continents, suggesting that AK135 (and IASP91) is rep-
resentative of continents in that age range. This is in-
teresting and not surprising because the AK135 and
TASP91 models were not designed to represent average
Earth structure but rather as effective reference models
for travel time prediction deliberately biased according
to the distribution of stations. Ancient continents are
fast, but not to a great depth, only about 200 km. Note,
however, that depth resolution is limited. It should be
noted that we have not corrected for crustal structure
so the model should be interpreted to include crustal
signature. The number of degrees of freedom in the
compressional model is 22 (trace of resolution matrix).
The RUM model compares remarkably well with the
3SMAC model of Nataf and Ricard [1996). Compar-
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Figure 5. The RUM velocity model presented as percentile velocity perturbation from AK135
model. (a) For compressional velocity. (b) For shear velocity. The shaded area represents the

range +o, where o is one standard deviation.

ing Figure 5 with their Figures 12 and 13 reveals that
subducting slabs represent a similar level of perturba-
tion from the IASP91 model as RUM does from the
AK135 model. The same holds in a general sense for
oceans, tectonic areas and shields. Note, however, that
the level of perturbation in the RUM-C5 (ancient con-
tinent) model is less than the 3SMAC prediction for
the Canadian shield. This discrepancy is rectified by
the station corrections on the Canadian shield which
according to RUM has a higher-velocity substructure
than the average shield. .
The RUM model is best compared to individual one-
dimensional models by comparing the integral travel
time anomaly at vertical incidence. The RUM model
gives a range from -0.25 to 1.16 s relative to AK135.
The negative (fast) extreme corresponds to ancient con-
tinent while the positive (slow) extreme corresponds to
young ocean. Shield models, such as S25 of Lefevre and
‘Helmberger [1989] for the Laurentian shield, QUARTZN
of Mechie et al. [1993] for the Fennorussian shield, and
FLSB of Kennett et al. [1994] for the Australian shield,
have an average travel time anomaly of about -1 s. The
tectonic models T7 and T9 of Burdick and Helmberger

[1978] and Burdick [1981] average at about 0.6 s. Tec-
tonic continent in RUM has an anomaly of about 0.5
s. The oceanic models GCA and CJF of Walck [1984,
1985] average at 0.2 s. The range is the same for the
elements of RUM and the one-dimensional models, i.e.,
about 1.5 s. The time anomaly for tectonic continent is
similar in RUM as in tectonic one-dimensional models,
but for shield models and oceanic models there is a shift
of about 1 s. We suggest a few potential explanations of
this discrepancy. Stations and events are colocated in
tectonic regions. Therefore one-dimensional refraction
type studies enjoy good constraints on shallow struc-
ture. This is not the case in shield regions or oceanic
regions. The stations are removed from the seismic-
ity. Therefore the shallow constraint is poor and/or
the paths tectonically mixed at short distance. From
Figure 3 it is evident that we do not have any events
in young oceanic regions that are constrained by local
observations. Neither do we have such events in shield
regions. The RUM model may therefore suffer from a
lack of absolute reference in those regions. On the other
hand, stations in shield regions record many of the lo-
cally constrained events which adds absolute constraint
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Table 2. RUM Model as a Percentile Slowness Perturbation Relative to AK135

Depth, km RUM RUM RUM RUM RUM RUM RUM RUM RUM
o1 02 03 C1 C2 C3 C4 C5 S
Compressional Velocity
33 2.23 219 -2.03 2.08 158 -1.53 -0.14 -2.24 1.23
99 2.84 2.78  -0.96 1.94 1.77 0.54 0.07 -116 -1.12
165 2.81 2.84 1.14 1.45 1.04 1.91 0.13 -0.71 -1.73
231 241 2.23 2.04 0.89 0.42 1.90 0.17 -0.31 -2.06
297 1.76 1.84 1.52 0.27 0.17 1.05 0.26 0.25 -2.38
363 1.13 0.56 0.65 -0.13 0.11 0.20 0.29 0.65 -2.29
429 0.68 0.37 0.13  -0.27 0.09 -0.20 0.26 0.26  -2.00
495 0.38 0.22 -0.04 -0.23 0.06 -0.24 0.18 0.09 -2.01
561 0.20 0.12 -0.05 -0.14 0.04 -0.16 0.10 0.03 -1.89
627 0.10 0.06 -0.03 -0.07 0.02 -0.09 0.05 0.01 -1.70
Shear Velocity

33 2.29 1.73 3.08 -0.08 4.46  -0.00 124 -4.15 0.29
99 2.18 1.93 3.65 -0.29 2.32 0.04 1.09 -3.75 -1.68
165 1.58 1.61 3.36 -0.57 0.82  -0.00 0.75 -2.55 -2.79
231 1.07 1.25 2.84 -0.68 0.03 -0.03 0.50 -1.61 -3.25
297 0.71 0.91 217 -060 -0.25 -0.04 0.32 -1.00 -2.96
363 0.46 0.62 151 -045 -0.26 -0.03 021 -0.63 -2.44
429 0.30 0.40 0.99 -030 -0.18 -0.02 0.13 -040 -2.00
495 0.17 0.24 0.58 -0.18 -0.11 -0.01. 0.08 -023 -1.54
561 0.09 0.13 0.32 -0.10 -0.06 -0.01 0.04 -0.13 -1.23
627 0.05 0.06 0.16 -0.05 -0.03 -0.00 0.02 -0.06 -0.98

The labeling of the regions is as in Figure 5.

to the shields. The RUM model represents an average
property for all regions of the same tectonic type. Sta-
tion corrections (discussed below) indicate that consid-
erable variability exists among regions of the same type.
It is possible that published one-dimensional, regional
models are not representative of their regions.

The results for the shear velocity are less well con-
strained and more poorly resolved. This is because
of fewer and poorer data. In order to render the re-
sult interpretable in the sense of suppressing noise suffi-
ciently so that model exceeds uncertainty in amplitude,
we have had to damp the § wave model more heav-
ily than the P wave model. The number of degrees of
freedom in the shear velocity model is only 11. Still
subducted lithosphere extends as a fast anomaly of rea-
sonable amplitude throughout the upper mantle; old
continental cores are fast and oceans are slow. The ab-
sence of a lithosphere in the oceans may be ascribed to
lower resolution. The reduced level of coherency in the
transition from young ocean to ancient continent can be
understood in terms of poorer constraint. The range of
the predicted vertical travel time anomaly for RUM-S
(S wave model) is -2.1 s for ancient continents, which is
comparable to the SNA model of Grand and Helmberger
[1984] and the NJPB model of Kennett et al. [1994]
for the North American and Australian shields, respec-
tively, to about 2 s in the oceans. The vertical time

delay for the tectonic regions of RUM-S is only about 1
s, while the tna model of Grand and Helmberger [1984]
has a 7.5 s delay. Here the agreement in the tectonic
region is of the same sense but poor in amplitude.

We refrain from interpreting the results beyond point-
ing out that despite strict geometrical constraints on
the lateral extent of anomalies the level of velocity per-
turbation is reasonable. Any comparison between the
results for P waves and S waves would have to take
into account the difference in the damping of the two
models. The § wave model is more heavily damped
than the P wave model, which qualitatively explains
why the modeled perturbation in shear velocity does
not clearly exceed the perturbation of compressional ve-
locity (we would expect the former to exceed the latter
by 50 — 100%). Surface waves may be better suited
to study the shear velocity heterogeneity of the upper
mantle than delay times.

Our confidence in the results is much higher for com-
pressional velocity than shear velocity. It is interesting
to display the modelin its full three dimensionality. Fig-
ure 6 shows a pair of cross sections through the RUM-P
model (P wave model). In Figure 6a the section cuts
through the Tongan slab, the Banda Sea slab near its
sharp bend, some shallow slabs in the Philippines, and
the Andean slab. It also grazes through the Hellenic
slab. In Figure 6b the cross section cuts through the Su-
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[J 1 second fast

V¥ 1 second slow

Figure 7. Station corrections for P wave residuals after correction for the RUM model. Squares
represent negative corrections (fast); triangles represent positive corrections (slow). The symbol
area is proportional to the amplitude of the correction with 1 s corrections given in legend for

reference.

materan slab, shallow slabs in the Philippines, and the
slabs of the northwestern Pacific along strike. Subduct-
ing lithosphere constitutes a major feature of the RUM
model at the extremity of fast perturbations. Their
geometry is imposed. This may render the estimate
of their overall velocity perturbation more robust than
in less constrained delay time models of slab regions.
The velocity perturbations in the upper mantle range
between +2.5%, which is similar to what one might ex-
pect on the basis of estimates of v = dlnV's/8InVp and
the heterogeneity pattern as modeled from surface wave
data.

Figure 7 shows the station corrections for P wave
residuals. A corresponding map for S wave residu-
als is not presented because of its sparseness and how
poorly constrained we regard the shear velocity model.
Clearly, a significant signal is left in the data after inver-
sion for regionalized structure. Note, for example, that
a fast anomaly remains within the Laurentian craton.
On the other hand, the African cratons are left with
slow anomalies. This is in agreement with results of
global, surface wave tomography which has the African
cratons show up much less clearly than, e.g., the Lau-
rentian, Fennorussian, and Australian cratons. Some
tectonic regions are left with systematically fast resid-
uals, while others are slow. Considerable scatter is ev-
ident within some regions. Clearly, all regions of the
same type are not the same. Furthermore, small-scale
structure within individual regions is not modeled but
instead is absorbed in station corrections.

6. Locating Known Events

To test the success of the RUM model as a reference
for teleseismic travel times, we relocate 19 of the 21
explosions in the data set. The locations of those 19
explosions can be regarded as known [Kennett and En-
gdahl, 1991]. We compare relocations using teleseismic
P residuals which are referenced to the AK135 model, to
the RUM-P model, and to the RUM-P model as well as
station corrections. We relocate only the epicenter, i.e.,
the depth is fixed at the reported depth. Many of the
earlier events in particular have a very unevenly dis-
tributed sampling. The locations become much more
robust by evening this distribution or declustering it.
For each event we construct a kernel matrix which is
nx3, where,n is the number of observations. The three
elements of each row are the sensitivity to relocation in
latitude, longitude, and origin time (the last is always
-1). We bin the first and second columns of the kernel
matrix four times each. After removing outliers (resid-
uals more than 5 s away from mean of bin) we calculate
an average residual for each of the 16 bins downweight-
ing emergent picks. This procedure has a similar effect
in improving the robustness of location to the weight-
ing scheme employed by Smith and Ekstrom [1996]. We
use only P residuals in the teleseismic range. Finally,
we solve a linearized relocation problem giving all bins
equal weight. In effect, we are declustering the sampling
of the focal sphere as seen from the event to minimize
biases in the relocation. The procedure of the relocation
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Table 3. Mislocation of Explosions of Known Location After Correc-
tion for the RUM Model and the Associated Station Corrections

AK135 AK135 + RUM  AK135 + RUM
4 Station corr.
iy 8 op, km oy, 8 op, km oy, s oy, km
Castle Bravo -0.13 14.03  0.48 11.85 0.40 10.85
Castle Yankee -0.22 9.43 0.42 6.84 0.36 5.28
Oak -0.10 8.27 045 6.04 0.46 4.71
Bilby -0.18 6.20 0.78 5.54  0.75 5.93
Sahara Oct. 20 1963 -0.07 8.72 0.35 9.19 0.73 5.89
Sahara Feb. 27 1965 -0.27 11.09 0.10 10.61 0.61 5.12 i
Chase -1.11 8.41 -0.46 4.29 -0.39 1.55 -
Commodore -0.90 16.18 0.16 9.39 0.34 4.75
Gasbuggy -0.81 2.79 -0.56 1.67 -0.54 4.06
Faultless -0.58 9.48 0.46 3.33 0.59 6.03
Boxcar -0.49 8.46 0.52 2.75 0.65 4.84
Rulison -0.86 13.32 -0.53 15.19 -0.24 6.22
Kazakh Nov. 30 1969 0.78 7.59 1.14 8.10 1.04 2.39
Kazakh Apr. 25 1971 0.55 10.72  0.90 11.18 0.80 5.53
Cannikin 1.55 22.32 1.88 14.28 1.90 11.60
Kazakh Aug. 16 1972. 0.85 11.79 1.21 12.06 0.89 4.72
Kazakh Nov. 02 1972 0.79 9.71 1.11 9.49 1.25 3.86
Rio Blanco -0.60 9.24 -0.26 11.19 -0.31 8.80
Alamo -0.59 11.73  0.34 5.33 0.38 6.21
RMS 0.71 11.23 0.77 9.16 0.77 6.19

Only teleseismic residuals were used.

is the same for all events and for all levels of data reduc-
tion. The results of the relocations are listed in Table 3
as misfit in origin time (seconds) and length of the hori-
zontal mislocation vector (kilometers) and summarized
at the bottom as the root-mean-square (rms) misfit in
time and horizontally. The mislocations of individual
events using AK135 for reference are similar to the mis-
locations reported by Kennett and Engdahl [1991]. In
other words, the level of robustness of the location pro-
cedure is similar although the procedures differ. After
correction of residuals for the RUM three-dimensional
model the mislocations are significantly improved, i.e.,
by about 20%. Applying the RUM station corrections
reduces the rms misfit by a further 33%. While it is
tempting to compare the rms misfit to that achieved by
Smith and Ekstrom [1996], in absolute terms that would
have limited meaning because the location procedure is
not the same.

A significant level of reduction of mislocation is re-
lated to the application of station corrections. The
RUM model’s usefulness for travel time corrections lies
in the fact that the corrections are derived from a model
and that it effectively implements corrections for near-
source structure, event corrections. Where a station’s
history does not allow for a robust station correction,
the model provides a reasonable means of predicting
that station correction to first order.

7. Conclusions

We have described upper mantle structure with 22
degrees of freedom (compressional velocity) and 11 de-
grees of freedom (shear velocity) and managed to ex-
plain a significant portion of the apparent structural
variance in travel time data. The data are individual,
not summary ray data. § wave residuals give results
similar to the P wave velocity variations but less well
constrained. Our parameterization, in effect, imposes
complex spatial constraints on this inversion for upper
mantle structure which we can think of as a priori in-
formation, i.e., the presumption that the upper mantle
can be regionalized as we have done. The success of
the inversion justifies those constraints. The remaining
station residuals point to the fact that this regionalized
description is not complete, however, and that on order
of half the structural signal in the data is explained by
it. The RUM model is derived as a regionalized refer-
ence model for the upper mantle. It should prove useful
for correcting travel times for upper mantle heterogene-
ity to first order. Improvements in the location misfit
of known explosions demonstrates the model’s success.
The RUM model can be used as an initial reference
model for tomography. It should also prove useful to
provide a first-order estimate of structure in regions of
sparse data coverage.
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The RUM model is tabulated in Table 2. We have
also prepared a home page on the World-Wide Web at
http://rses.anu.edu.au/RUM/rum.html with graphical
information, software, and software description. The
software includes codes to calculate travel time correc-
tions for the RUM model for a variety of phases includ-
ing other first-order effects such as due to the Earth’s
topography.
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