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Time Scales and Heterogeneous Structure in
Geodynamic Earth Models

Hans-Peter Bunge,” Mark A. Richards,
Carolina Lithgow-Bertelloni, John R. Baumgardner,
Stephen P. Grand, Barbara A. Romanowicz

Computer models of mantle convection constrained by the history of Cenozoic and
Mesozoic plate motions explain some deep-mantle structural heterogeneity imaged by
seismic tomography, especially those related to subduction. They also reveal a 150-
million-year time scale for generating thermal heterogeneity in the mantle, comparable
to the record of plate motion reconstructions, so that the problem of unknown initial
conditions can be overcome. The pattern of lowermost mantle structure at the core-
mantle boundary is controlled by subduction history, although seismic tomography
reveals intense large-scale hot (low-velocity) upwelling features not explicitly predicted

by the models.

Geodynamic Earth models were pioneered
by Hager and O’Connell (1), who calculat-
ed mantle flow by imposing present-day
plate motions as a surface boundary condi-
tion. With the advent of global seismic
tomography (2), these models were extend-
ed to predict the geoid and dynamic topog-
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raphy (3). However, these Earth models are
“static,” because they solve for instanta-
neous mantle flow in response to boundary
conditions, internal loads, or both.

Time-dependent Earth models are re-
quired to understand how the evolution of
mantle flow affects Earth processes that oc-
cur on geologic time scales. For example,
continental shelf and platform stratigraphy
are controlled by vertical motions of the
continental lithosphere in response to man-
tle convection (4). True polar wandering is
caused by changes in the inertia tensor as a
result of mantle convection (5), and the
alternation between periods of rapid and
slow magnetic field reversals is probably
related to mantle-controlled changes at the
core-mantle boundary (CMB).

The development of time-dependent
Earth models has been delayed for several
reasons: (i) Sufficient computer power to
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resolve the narrow thermal boundary layers
in global mantle convection models has not
been available; (ii) it is not obvious how the
internal mantle density structure can be re-
lated to plate motion observations at the
surface; and (iii) it is not known how time-
dependent Earth models can be initialized at
some starting point in the past, because the
mantle density structure is known only for
the present day (6).

Some of these difficulties have been over-
come. (i) Advances in computer power al-
low three-dimensional (3D) spherical con-
vection to be simulated at a resolution on
the order of 50 to 100 km (7, 8). At the same
time, large-scale mantle velocity heterogene-
ity structure has been mapped in greater
detail (9, 10), and seismic tomography has
imaged subducted slabs (11-13). (ii) The
connection of internal mantle density struc-
ture to the history of subduction (14, 15) has
allowed estimation of the internal buoyancy
forces that drive plates (16). These develop-
ments allow convection models to be com-
bined with plate motion reconstructions and
such models to be tested with seismic data.

Figure 1B shows an Earth model ob-
tained with the TERRA convection code
(17, 18). More than 10 million finite ele-
ments provide an element resolution of
about 50 km throughout the mantle, which
allowed us to model convection at a Ray-
leigh number of 10% (19). The history of
plate motion is imposed as a time-depen-
dent velocity boundary condition (20)
starting in the mid-Mesozoic at 119 to 100
million years ago (Ma). We chose this start-
ing time because well-constrained recon-
structions exist only as far back in time as
the 119 to 100 Ma period.

In computing the Earth model (Table 1)
we assumed that (i) the mantle is of uniform
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chemical composition and (ii) is heated pri-
marily from within by radioactivity, with a
modest 20% component of bottom heating
from an isothermal core. (iii) Viscosity in-
creases by a factor of 40 in the lower mantle
and in the lithosphere (21) relative to the
asthenosphere. (iv) Mantle minerals under-
go two phase transitions at a depth of 410
and 670 km. (v) The CMB supports no shear
stresses. (vi) The motion of the upper
boundary layer can be deduced from plate-
motion reconstructions. (vii) The initial
condition for thermal heterogeneity in the
mantle is approximated by a quasi steady-
state of convection derived by imposing mid-
Mesozoic plate motions for all time before
119 Ma.

The first six assumptions roughly consti-

GE
Initial Condi

TaE B

tute a “standard model” for whole mantle
convection (22). An internally heated
mantle is consistent with cosmochemical
and geochemical constraints on abundances
of radioactive elements in the mantle (23),
but a larger component of core heating is
possible. Postglacial rebound and geoid
modeling suggest an increase in viscosity of
one to two orders of magnitude from the
uppet to the lower mantle (24, 25).

Our seventh assumption is the most prob-
lematic, so we tested how mantle convection
responds to a realistic change in plate move-
ment. We first imposed 119 to 100 Ma plate
motions for 2 billion years to produce an
initial condition (Fig. 1A). We then im-
posed present-day plate motions for 500 mil-
lion years (My). The global cross-correlation

.,:_ﬁ,i.”_{._;_'i;‘["‘\ )

Final State (

Observed plate velocity

Fig. 1. (A) Cut-away of the 3D temperature field for a starting model seen from the Pacific hemisphere.
(GEMLAB: Geodynamic Earth Model of Los Alamos and Berkeley). The model was obtained by
imposing mid-Mesozoic plate motions until quasi steady-state was reached (see text). Blue is cold and
red is hot. The upper 50 km of the mantle are removed in order to show the convective planform.
Present-day plate boundaries are drawn for geographic reference. Narrow hot zones near the surface
reflect passive mantle upwelling at the Izanagi, Farallon, and Phoenix spreading centers. The prominent
cold downwelling in the cross-sectional view results from subduction of the Izanagi and Farallon plates
in the northwestern Pacific. (B) Same as (A) but after the 119-Ma through present-day plate motion
record has been imposed. The major difference lies in the more complicated downwelling structure of
(B), which reflects the history of subduction beneath the northwestern Pacific. (C) Map of plate bound-
aries for the 119 to 100 Ma stage. Arrows indicate the direction of plate motion. Their length is
proportional to the plate speed. The ancient Izanagi (IZA), Farallon (FA), and Phoenix (PH) plates occupy
most of the Pacific basin. (D) Same as (C), but for the present day. The Izanagi, Farallon, and Phoenix

plates have largely disappeared.

of the evolving mantle temperature field
with the initial condition starts from exactly
one [perfect correlation (Fig. 2)] and evolves
toward a final stage, at which nearly all
initial-condition information is lost. Most of
the adjustment occurs during the first 150
My, and the correlation falls to about 0.3. It
reaches a value of about 0.2 in the remaining
350 My, which reflects the correlation of the
Mesozoic and the present-day plate configu-
ration. The CMB correlation also declines
rapidly to about 0.4 during the initial 150
My, accelerated by our inclusion of about
20% core heating (18, 26).

The modeled response time of 150 My is
comparable to the vertical transit time in

Table 1. Model parameters.

Outer shell radius 6370 km

Inner shell radius 3480 km

T, surface 300 K

T, CMB 2800 K

p, surface 3500 kgm~3

p, CMB 5568 kg m~3

«, surface 4,011 X 10~ K~
«, CMB 1.256 X 1075 K~'
7 (upper mantle) 8.0 X 10%' Pas

7 (lithosphere and 40 X m upper mantle

lower mantle)
Thermal B8.O0WmM™1K?
conductivity k
Internal heatingrate 6.0 X 1072 W kg™
int
Heat capacity 1.134 X 108 JKg~' K™!
v, 410 km 2 MPa K~
v, 670 km -4 MPa K™
1.00 - T T T x
& = D" layer
‘:\ w lower mantle
"-"‘.‘ == upper mantle

== whole mantle

»
H

075 %
.

.

[l

[

Correlation
o
(e
o

0.25

0.00 . - . .
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Time (millions of years)

Fig. 2. Global cross-correlation of the evolving
mantle convection model with the initial condition
as a function of time. Correlation is shown sepa-
rately for the upper, the lower, and the whole man-
tle, and for the CMB. A correlation of 1 means
perfect correlation. Zero means no correlation.
The model evolves from perfect correlation at the
beginning toward a final state corresponding to
the present-day velocity boundary conditions.
Most of the adjustment occurs within the first 150
My. The final correlation value of 0.2 reflects the
correlation between the Mesozoic and the
present-day plate tectonic regime.

92 SCIENCE ¢ VOL. 280 * 3 APRIL 1998 * www.sciencemag.org




our convection model, that is, the time it
takes for thermal disturbances to be ad-
vected from the surface plates to the CMB.
Thus, our simulation demonstrates that
most of the initial-condition “information”
from past plate-motion regimes is lost after
about 150 Ma, suggesting that the plate
motion record is probably just adequate for
modeling the genesis of present-day mantle
heterogeneity (27).

We compared the Earth model with the
seismic shear body-wave velocity structure of
Grand (12), which is similar to the compres-
sional body-wave study of van der Hilst et al.
(13), and with the long-period horizontal
shear-wave (SH) study (SAW 12) of Li and
Romanowicz (10). Convection at 1100 and
2000 km (Figs. 3A and 4A) is dominated by
narrow, linear cold downwellings under
North America and the western Pacific
caused by subduction of the Farallon, lzanagi,
and Pacific plates. Temperature variations
away from downwellings are small, as expect-
ed for mostly internally heated convection.
The Farallon slab is displaced eastward rela-

A

GEMLAB 1 (1100 km)

Fig. 3 (left). Maps of de-meaned lateral heterogeneity at a depth of 1100 km.
(A) The standard Earth model GEMLAB1 described in the text. The seismic
shear wave models are from Grand (B) and Li and Romanowicz (C). For the
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tive to the simple model of Ricard et al. (15),
because of return flow from sub-Pacific into
sub-Atlantic mantle beneath America.

Smaller scale downwellings away from
plate bounaries are the result of boundary-
layer instabilities beneath slow-moving
plates such as Africa. However, their role is
minor as a result of the relatively stiff litho-
sphere and the radial mantle viscosity struc-
ture (28). There is a lack of active hot
upwellings, owing to the small amount of
core heating. Near the CMB at 2800 km
(Fig. 5A), heterogeneity is dominated by
large-scale structure as the cold downwell-
ings spread laterally at the CMB.

The body-wave tomography shows nar-
row, sheetlike downwellings corresponding
to old subducted slabs beneath the Americas
(Farallon plate), the Tethys, and the western
Pacific. There is a prominent low-velocity
anomaly under Africa. Other mantle regions
show minor heterogeneity. The CMB is
characterized by broadscale fast-velocity
anomalies in the circum-Pacific and a very
large amplitude low-velocity anomaly be-

fast and red is slow.
km.

o REPORTS

neath Africa. The long-period SH study,
which gives a particularly good fit to the
nonhydrostatic geoid, agrees in the overall
location of these anomalies.

Some characteristics of GEMLABI are
similar to those of Grand’s S-wave study,
but there are important differences. For
example, the cold subduction—related
CMB temperature pattern in GEMLABI
correlates well with the seismic models,
but there are no prominent hot regions
with temperatures substantially above the
mean. This result is expected inside a hot
thermal boundary layer and suggests that
the very low wave-speed anomalies may
not represent purely thermal effects. They
may, however, result from chemical heter-
ogeneity, which may also help to explain
why some of the low wave-speed anoma-
lies are confined to the deeper mantle.

In the midmantle, the strong endother-
mic phase change delays the sinking of
material through the transition zone, and
GEMLABI1 provides a relatively poor
match to Grand’s image of subducted slabs

convection model, blue is cold and red is hot. For the seismic models, blue is

Fig. 4 (right). Same as Fig. 3 but at a depth of 2000
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beneath some weaker subduction systems
under South America and the Tethys. We
compared GEMLABI1 to an Earth model
GEMLAB?2 (29) without the strong phase
transitions, and found that GEMLAB2 pro-
vides a better fit to Grand’s study, as evi-
denced by the spectral heterogeneity plots
(Fig. 6).

The midmantle differences between
GEMLAB! and GEMLAB2? illustrate the
effect of model parameter changes (phase
transitions in this case), but uncertainties in
the plate motion input data may be equally
important. For example, our reconstruc-
tions indicate considerably more subduc-
tion beneath the northwestern Pacific than
is evident in either seismic model, which
suggest that reconstructions in GEMLAB
models should be refined.
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Strong Regularities in World Wide Web Surfing

Bernardo A. Huberman, Peter L. T. Pirolli, James E. Pitkow,
Rajan M. Lukose

One of the most common modes of accessing information in the World Wide Web is
surfing from one document to another along hyperlinks. Several large empirical studies
have revealed common patterns of surfing behavior. A model that assumes that users
make a sequence of decisions to proceed to another page, continuing as long as the
value of the current page exceeds some threshold, yields the probability distribution for
the number of pages that a user visits within a given Web site. This model was verified
by comparing its predictions with detailed measurements of surfing patterns. The model
also explains the observed Zipf-like distributions in page hits observed at Web sites.

The exponential growth of the World
Wide Web is making it the standard infor-
mation system for an increasing segment of
the world’s population. The Web allows
inexpensive and fast access to unique and
novel services, including electronic com-
merce, information resources, and enter-
tainment, provided by individuals and in-
stitutions scattered throughout the world
(1). Despite the advantages of this new
medium, the Internet still fails to serve the
needs of the user community in a number of
ways. Surveys of Web users find that slow
access and inability to find relevant infor-
mation are the two most frequently report-
ed problems (2). The slow access is at least
in part a result of congestion (3), whereas
the difficulty in finding useful information
is related to the balkanization of the Web
structure (4). Because it is difficult to solve
this fragmentation problem by designing an
effective and efficient classification scheme,
an alternative approach is to seek regulari-
ties in user patterns that can then be used to
develop technologies for increasing the
density of relevant data for users.

A common way of finding information
on the Web is through query-based search
engines, which enable quick access to in-
formation that is often not the most rele-
vant. This lack of relevance is partly attrib-
utable to the impossibility of cataloging an
exponentially growing amount of informa-
tion in ways that anticipate users’ needs.

Xerox Palo Alto Research Center, 3333 Coyote Hill Road,
Palo Alto, CA 94304, USA.

But because the Web is structured as a
hypermedia system, in which documents are
linked to one another by authors, it also
supports an alternative and effective mode
of use in which users surf from one docu-
ment to another along hypermedia links
that appear relevant to their interests.

Here, we describe several strong regular-
ities of Web user surfing patterns discovered
through extensive empirical studies of dif-
ferent user communities. These regularities
can be described by a law of surfing, derived
below, that determines the probability dis-
tribution of the depth—that is, the number
of pages a user visits within a Web site. In
conjunction with a spreading activation al-
gorithm, the law can be used to simulate the
surfing patterns of users on a given Web
topology. This leads to accurate predictions
of page hits. Moreover, it explains the ob-
served Zipf-like distributions of page hits to
Web sites (5).

We start by deriving the probability
P(L) of the number of links L that a user
follows in a Web site. This can be done by
considering that there is value in each page
a user visits, and that clicking on the next
page assumes that it will be valuable as well.
Because the value of the next page is not
certain, we can assume that it is stochasti-
cally related to the previous one. In other
words, the value of the current page V| is
the value of the previous one V; _; plus or
minus a random term. Thus, the page values
can be written as

Vi=Vi_ +g (1
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where the values €; are independent and
identically distributed Gaussian random
variables. A particular sequence of page val-
uations is a realization of a random process
and thus is different for each user. Within
this formulation, an individual will continue
to surf until the expected cost of continuing
is perceived to be larger than the discounted
expected value of the information to be
found in the future. This can be thought of
as a real option in financial economics, for
which it is well known that there is a thresh-
old value for exercising the option to con-
tinue (6, 7). Even if the value of the current
page is negative, it may be worthwhile to
proceed, because a collection of high-value
pages may still be found. If the value is
sufficiently negative, however, then it is no
longer worth the risk to continue. That is,
when V; falls below some threshold value, it
is optimal to stop.

The number of links a user follows before
the page value first reaches the stopping
threshold is a random variable L. For the
random walk of Eq. 1, the probability dis-
tribution of first passage times to a thresh-
old is given asymptotically by the two-pa-
rameter inverse Gaussian distribution

A =ML = p)?
P(L) = 1/2wL3 exp[ Z;LZL}L ] (2)

(8), with mean E(L) = p and variance
Var(L) = w3/\, where X is a scale parameter.
This distribution has two characteristics
worth stressing in the context of user surfing
patterns. First, it has a very long tail, which
extends much farther than that of a normal
distribution with comparable mean and vari-
ance. This implies a finite probability for
events that would be unlikely if described by
a normal distribution. Consequently, large
deviations from the average number of user
clicks computed at a site will be observed.
Second, because of the asymmetry of the
distribution function, the typical behavior of
users will not be the same as their average
behavior. Thus, because the mode is lower
than the mean, care must be exercised with
available data on the average number of
clicks, as this average overestimates the typ-
ical depth being surfed.

To test the validity of Eq. 2, we analyzed
data collected from a representative sample
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