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A finite-element formulation of faults has been incorporated into time-dependent models 
of mantle convection with realistic rheology, continents, and phase changes. Realistic 
tectonic plates naturally form with self-consistent coupling between plate and mantle 
dynamics. After the initiation of subduction, trenches rapidly roll back with subducted 
slabs temporarily laid out along the base of the transition zone. After the slabs have 
penetrated into the lower mantle, thevelocity of trench migration decreases markedly. The 
inhibition of slab penetration into the lower mantle by the 670-kilometer phase change is 
greatly reduced in these models as compared to models without tectonic plates. 

T h e  surface expression of mantle convec- 
tion is defined by tectonic plates, but mod- 
eling plates and mantle convection self- 
consistently has proven difficult because of 
the extreme variations in rheology associat- 
ed with plates, especially of plate margins. 
Plate kinematics are time-dependent, 
which introduces a level of complexity that 
has yet to be adequately modeled. Recent 
computational studies have emphasized the 
role played by the internal thermodynamics 
of the mantle in modulating the time-de- 
pendent characteristics of convection. The 
seismic discontinuity at a depth of 670 km, 
probably a solid-solid phase transition, may 
cause slabs to periodically accumulate with- 
in the mantle transition zone before leading 
to a huge, potentially global, sinking of cold 
material into the lower mantle (1 ). . , 

It has been speculated that these events 
may influence the geological and geochemi- 
cal evolution of the planet (1,  2). Unfortu- 
nately, the surface expression of these re- 
cent convection models is unlike the pat- 
tern of flow displayed by plate tectonics. 
Three features of convection are well estab- 
lished (3): (i) the flow across a plate is 
uniform (strain is concentrated at plate 
margins); (ii) the hear flow and bathymetry 
decay as age-'I2 and age112, respectively; 
and (iii) the converging margin has asym- 
metrical convergence (only one plate sub- 
ducts) and is defined at the surface by an 
oceanic trench. If a mantle convection 
model satisfies these characteristics, then 
the inferences made from the model regard- 
ing the deep interior and the influences on 
geological and geochemical observations 
are much more certain. 

In addition to these instantaneous fea- 
tures of plate tectonics, plate kinematics are 
time-dependent and are characterized by 
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changes in the size of plates and by the 
migration of the margins between plates. 
One of the most fundamental aspects of 
time dependence is the oceanward migra- 
tion of plates overriding subduction zones. 
After the breakup of Pangea, the North and 
South American plates moved westward in 
a hot spot reference frame with new ocean 
floor generated in the Atlantic (4); this 
motion led to an increase in the size of both 
of these plates and to the migration of 
trenches on the western margins of North 
America and South America (4). More- 
over, from the correlation of observables on 
a regional scale, it has been suggested that 
the migration of converging margins influ- 
ences the tectonics in back-arc regions (5), 
the dip angle of subducted slabs (6), and 
slab penetration through the transition 
zone (7). If we want to understand these 
fundamental, time-dependent features of 
mantle dynamics, we need to formulate 
models of the mantle that include plates 
with mobile margins. The  positions and 
characteristics of plate margins must change 
in response to mantle flow. 

Earlier studies have shown that the pri- 
mary influence of plates is to organize man- 
tle flow into a large-scale pattern commonly 
referred to as plate-scale mantle flow (8). 
Most studies have used either a material 
property method (9) or an imposed plate 
velocity method (8) to generate plates with 
a predetermined geometry. However, Gur- 
nis and Hager (1 0)  formulated two-dimen- 
sional Cartesian convection models in 
which plate margins could move freely with 
respect to the center of mass of the entire 
system in response to internal and plate 
dynamics. These models with periodic 
boundary conditions showed that the sub- 
ducting plate generally decreases in size as 
the diverging margin moves toward the 
converging margin and that migration of 
the converging margin leads to a shallow 
subduction dip angle (10). The margins 
were weak zones defined entirely by the 

viscosity necessary to decouple plates from 
adiacent nlates, but such a method is unre- 
alistic because it imposes weak zones with a 
lateral dimension of about the thickness of 
the plates, 100 km ( 1 1 ). 

Recent developments in modeling faults 
(12, 13) now allow us to use significantly 
more realistic plate margins in convection 
models. Dynamic models of subducted slabs 
(1 2) that incorporate faults as converging 
margins suggest that oceanic trenches and 
back-arc basins dynamically originate from 
comnensation of dense slabs. Such models 
can be used to explain the observed relation 
among trench depth and subduction dip 
angles and slab age (1 2). 

In this article, we describe the results of 
models that incorporate plates with mobile 
converging margins and realistic rheology, 
continents, and phase changes in a cylindri- 
cal geometry. The converging margin is sim- 
ulated by a fault whose position is derer- 
mined dynamically by mantle flow (1 2,  13). 
We discuss how dates with a mobile con- 
verging margin interact dynamically with 
convection, subduction, and a phase change. 
These results have important implications 
for the observed past plate kinematics of 
North and South America, the dynamics of 
subduction zones, and the mechanism of slab 
penetration through the transition zones and 
the 670-km mantle discontinuitv. 

Model Setup 

The mobile plate margin is created with a 
fault algorithm (Table 1). We  used the 
finite-ecment method with constrained el- 
ements and Lagrange multipliers to solve 
convection models with a fault (12); the 
mobilitv of the fault emerges from a mixed 
~uleria; and Lagrangian Grmulation (1 3). 
The models with an endothermic phase 
change at a depth of 670 km are computed 
in a two-dimensional cylindrical geometry 
(14) (Fig. 1). A fault extending down to the 
bottom of a plate (15) with an initial dip 
angle of 30" is used to represent a converg- 
ing plate margin. Overriding the fault is a 
continent with a constant length: the re- u ,  

maining surface is cooling oceanic litho- 
sphere. Initially, the interior is isothermal 
(1600°C), and an initial oceanic plate is 
included i 10). Within the continent there , . 
is no horizontal gradient in temperature. A t  
the diverging margin of the overriding plate 
(that is at 0 = T in Fig. I ) ,  a high temper- 
ature is set initially to mimic continental 

838 SCIENCE VOL. 267 10 FEBRUARY 1995 



rifting. The continent initiallv covers the 
u 

whole region from the converging margin 
to the weak margin at 0 = T. 

The continent, oceanic plates, and man- 
tle have different rheologies. For regions 
below a depth of 410 km, we assume that 
the predominant deformation mechanism is 
diffusion creep (that is, Newtonian flow), 
whereas for shallower regions, excluding the 
continent. we assume that dislocation creeD 
(that is, non-Newtonian flow)   redo mi- 
nates (16) (Fig. 1). Viscosity is expressed by 
a generalized rheological law with a set of 
constants ( F ~ ,  cl, c2, n, 7,) (Table 1). For 
most cases. these constants for the lower 
mantle, the transition zone, the upper man- 
tle. and lithos~here are chosen such that 
thd resulting -average effective viscosity 
(Table 1) is similar to that inferred from 
geoid studies (17), in which the viscosity is 
high in the lower mantle but low in the 
transition zone. The nonsubducting conti- 
nents are simulated with a constant high 
viscosity (Table 1). On divergent margins, a 
smaller kO or 7, was used to account for the 
weakening by partial melting. 

The boundary conditions are isothermal 

boundaries, free slip on both the bottom 
and the top boundaries, and reflecting on 
the two side walls. With the reflecting 
boundary conditions, the reference frame is 
explicitly the side walls. Positions of the 
continent are updated for the assumption 
that the length of the continent is constant. 
This is a reasonable assumption because 
strain within the continent is small as a 
result of high viscosity. The region vacated 
by the continent is occupied by new ocean 
floor having a temperature- and strain rate- 
dependent rheology identical to that of the 
subducting plate. A mesh with 300 by 70 
elements was used for all the cases, and the 
mesh was refined near the fault, phase 
change, and plates (1 3). 

Results 

We address two questions: Do trench mi- 
gration and the nature of deep subduction 
and slab penetration into the lower mantle 
strongly influence each other, and are the 
plate kinematics predicted from our con- 
vection models compatible with the plate 
kinematics observed for the Americas? On 

Table 1. Physical and geometrical model parameters. 

Physical parameters 
Thickness of the fluid layer, D 2.9 X 10" m 
Outer radius, Ro 6.37 x 10" m 
Temperature contrast, T, - To 1600 K 
Reference density, po 3.3 x lo3 kg m-3 
Thermal conductivity 3.0 W m-I K-I 
Thermal diffusivity, K lo-" m2 s-I 
Acceleration of gravity, g 10 m s-' 
Thermal expansion, a 2.0 x lo-5 K-I 
Average effective viscosity 

in the transition zone (41 0 to 670 km) -4.0 x lo2' Paas 
in the upper mantle (1 20 to 41 0 km) -4.0 X loz0 Pas 
in the oceanic lithosphere* (0 to 120 km) -2.0 x loz3 pas 

Viscosity of the continent? (0 to 120 km) 2.0 x 1 0'" pas 
Equilibrium depth for the endothermic phase change 6.7 x lo5 m 
Equilibrium temperature for the endothermic phase change 1400 K 
Density jumps across the phase-change boundaries 8.5% 
Phase transition width, d 3.2 x l o4  m 

Rheological law to express viscosity 
For either Newtonian or non-Newtonian rheology, the effective viscosity is given by 

P 
Pen = + (2+)"-'" 

where 7, is transition stress; e is strain rate; n = 1 for purely Newtonian flow, and n f 1 for 
non-Newtonian flow; k, the Newtonian part of viscosity, may be expressed as 

where c, and c, are constants; ko is the viscosity at nondimensional temperature T = 1. 
Viscosity in a region is determined by a set of constants ()I,, c,, c,, n, 7,). 

For case 1 (kO, c,, c,, n, T,)S for the lower mantle: (2vr 3.0595,0.75647, l,~,) 
for the transition zone: (O.4vr, 3.0595,0.75647, 1 , ~ ~ )  
for the upper mantles: (0.02qr, 1.9187, -1.177, 3, 7,) 
for the oceanic lithosphere: (qr, 1.9187, -1.177, 3, 7,) 

'For oceanic plates, the cutoff for the maximum effective viscosity is 4.0 X 1 Oz3 Pas. tcontinents may have higher 
viscosity than oceanic plates as a result of the loss of volatiles. $7, is 2.5 bar; q, is the reference viscosity, 2.0 X 1 02' 
Pas. For cases 4 and 5, h, C, , and cz are different (see text). $The value of p, for cold slab within the upper mantle 
is equal to that for the oceanic plate, q,. 
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the basis of manv calculations with a wide 
range of different model parameters, we 
have found strong support for an affirmative 
answer to both questions. The results from 
case 1 with a phase change (Clapeyron 
slope of -3.5 MPa K-' and a density in- 
crease of 8.5%, Table 2) are representative. 
The buoyancy introduced with the initial 
cooling lithosphere and the high tempera- 
ture in the continental margin give rise to 
subduction of the oceanic plate and conti- 
nental drift early in the time history of the 
model. Continental drift results in an in- 
crease in the size of the overriding conti- 
nental ~ la tes  with new ocean floor added at 
the spreading center and oceanward migra- 
tion of the converging margin (that is, 
trench migration). Oceanward trench mi- 
gration leads to a shallow dipping subducted 
slab, which has a small propensity to pene- 
trate through the 670-km endothermic 
phase change. 

Time evolution of plates and slabs. When 
the newly descending slab encounters the 
phase change at 670 km, plate motion and 
slab motion are slightly retarded, as shown 
by the small decrease in plate velocities at 
55 million years (My) (Fig. 2A). Because 
the slab cannot penetrate the phase change 

Fault 
Continent k~ 
a L 
A 

we& zone Weak zone 

Fig. 1. Model setup. The dashed line represents 
the 670-km phase change. The arc length of the 
model box for most cases is T, except for case 6 
for which the arc length is T - 1. CMB, core- 
mantle boundary. 

Fig. 2. (A) Time history of overriding (VJ and sub- 
ducting (VJ plate velocities and trench migration 
for case 1. (B) Time history of maximum phase- 
change depression (DJ and age of subducting 
plate before subduction (t J for case 1. 



initially, it bends in the transition zone 
slightly (Fig. 3A; Fig. 4A for the zoomed-in 
thermal structure of the slab). Durine this 

figuration of slab and plates is quite stable 
(Fig. 3C). Even though the model has only 
been integrated for 100 My after slab pen- 
etration, the stability of the final configu- 
ration of slab and ~ l a t e s  indicates that slabs 

This contrasts with the symmetric conver- 
gence displayed by all traditional convec- 
tion models (1 8). u 

period, the subducting and overriding plates 
converge with relatively constant velocities 
(Fig. 2A). As a result, the overriding plate 
increases its size at the expense of the sub- 
ducting plate at a constant rate. By about 
210 My (time b in Fig. 2A), the length of 
the overriding plate has increased by more 
than 2000 km (Figs. 2A and 3B). Quite 
suddenly, the slab sinks into the lower man- 
tle (Fig. 3B). Once the cold material starts 
sinking into the lower mantle, the velocity 
of the subducting plate increases rapidly, 
while the velocity of the overriding plate 
decreases substantially. The decrease in ve- 

. , 

The topography of ocean floor and oce- 
anic heat flux decrease with distance from 

penetrate only transiently but that the time 
dependence of penetration induced by the 
phase changes may not be as strong as that 
suggested by isoviscous convection models 
(1). This steep dip is typical for the earlier 
models of Gurnis and Hager (10) with re- 
flectine boundam conditions. More realistic 

spreading centers and with the age of plates 
for the subducting and new oceanic plates 
(Fig. 3) (19). An oceanic trench with width 
and depth consistent with those from in- 
stantaneous flow models (12) forms on the 
oceanic plate near the converging margin. 
The cold slab causes a significant depression 
of topography on the continent near the 
converging margin, and this depression may 
extend a few thousand kilometers landward 
depending on the geometry of slabs (20) 
(Fig. 3, B and C). This depressed topogra- 
phy over the continent may be overestimat- 
ed because the high continental viscosity 

u 

periodic boundary conditions should lead to 
further mobility of the converging margin 
and perhaps a shallower dip angle (14). 

Surface velocity, topography, and heat flwc. 
Surface features in this model are consistent 
with observations. Surface velocity profiles 
demonstrate that plate-like behavior (that 

locity of the overriding plate slows trench 
migration and growth of the overriding 
plate. The velocity of the subducting plate 
increases to a maximum of about 10.5 cm 

is, significant strain exists only near plate 
margins) is achieved for both overriding 
and subducting plates (Fig. 3). The overrid- 
ing plate consists of both a continental and 

results in a strong coupling between conti- 
nental  late and the mantle. Heat flux out 

year-' when the slab reaches the middle of 
the lower mantle (Table 2) and then grad- 
ually decreases to a relatively constant ve- 
locity of about 4.0 cm year -' (Fig. 2A). 
After cold material sinks into the lower 

of the continent is smaller than that out of 
the ocean floors (21) (for Fig. 3B, 24 mW 
m-2 for the continent and 61 mW m-2 for 
ocean floors). The time-averaged surface 
heat flux is 45 mW mP2 (Table 2) (21). 

Temperature and viscosity. During the ear- 
ly stages of subduction, slabs may be deflect- 
ed above the 670-km phase change with a 
shallow dip angle (Figs. 3A and 4A), and 
the slabs can extend landward by more than 
1000 km (Figs. 3, A and B, and 4A). Slabs 
that Denetrate into the lower mantle with a 

an oceanic component, but the uniform 
surface velocity indicates that they form a 
single coherent plate (Fig. 3A). Asymmet- 
ric subduction is effectively achieved with 
the high continental viscositv and the shal- 

mantle, the slab dip angle becomes increas- 
ingly steep (Fig. 3C). Once the slab pene- 
trates into the lower mantle, the phase 
change fails to influence the history of slab 
penetration-the slab penetrates steadily 
into the lower mantle, and the final con- 

" 
low dipping thrust fault. The continental 
motion is ~rimarilv horizontal. whereas the 
subducting plate near the fault has signifi- 
cant vertical and horizontal velocities (13). 

steep dip may extend down to and spread 
over the core-mantle boundary (Fig. 3C). 

Fia. 3. Temperature (T), effective viscositv (w) ,  and surface distribution of dvnamic topoaraphv (M. plate . - . . . . . . 
velocity (vJ; and heat flux (q) for case 1 at three instants in time (time markings in Fig. 2A): (A) at time a; Fig. 4. (A) The zoomed-in thermal -.. Aure of the 
(B) at time b; and (C) at time c. The black lines in the snapshots of Tand p represent the 670-km phase slab in Fig. 3A. Temperature (T), dynamic topog- 
change. The dashed lines near Vs are the zero-velocity lines. Profiles of H, Vs, and q have different scales raphy (H), and surface velocity (VJ for case 8 (B) 
in (A), (B), and (C). before and (C) after the start of slab penetration. 
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The viscositv structure is characterized 
by a low-viscosiiy layer with variable thick- 
ness within the upper mantle, a high-vis- 
cosity slab, and a low-viscosity converging 
margin (Fig. 3) .  For the given rheological 
law (Table 1). the viscositv contrast be- , , 

tween slabs and ambient mantle is about 50 
in the upper mantle and about 3 within the 
transition zone and lower mantle. The vis- 
cosity in the weak converging margin is 
about l/lOOO of that within the interior of 
oceanic plates. The low-viscosity layer be- 
neath the continent is at a greater depth 
than under the ocean floor when the con- 
tinental motion is small (Fig. 3, B and C) .  
The small continental motion gives rise to a 
small strain and. through the non-Newto- 

c, 

nian rheology, to a large viscosity under the 
continent. 

A n  older subducting lithosphere or a 
larger subducting velocity gives rise to a 
lower temperature in the slab and depresses 
the depth at which the phase change mark- 
ing the lower mantle occurs. The maximum 
depression can be as large as 130 km (Fig. 
2B), and this is about twice the depression 
beneath the Izu-Bonin subduction zone 
(22). But the average depression over the 
slab from the model, which is 60 km, is 
consistent with the observed value (22). 

Effects of different parameters. We com- 
puted models with different phase-change 
strength (cases 2 and 3) ,  viscosity structure 
(cases 4 and 5) ,  and initial thermal buoy- 
ancy (cases 6, 7, and 8)  (Table 2). For all 
the cases. we observed results similar to 
those for case 1, which include the forma- 
tion of a coherent overriding plate with 
both continental and oceanic components, 
the temporal evolution of plates, and the 
connection between trench migration, slab 
dip angles, and slab penetration. 

For case 2, without a phase change, the 
slab enters the high-viscosity lower mantle 
without any delay (Table 2), quite similar 
to the results of earlier work by Gurnis and 
Hager (10). Not surprisingly, when the Cla- 

peyron slope is increased to -5.0 MPa K-' 
(case 3) ,  the slab is held above the phase 
change for a longer time before sinking into 
lower mantle (Table 2). Because the over- 
riding plate continues converging toward 
oceanic plate until the slab penetrates 
through 670 km, the overriding plate trav- 
els a greater distance compared with cases 
with smaller Clapeyron slopes. 

In the model without a viscosity contrast 
between the transition zone and the lower 
mantle (case 4) ,  the slab penetrates into the 
lower mantle earlier and the converging 
margin travels a shorter distance, compared 
with case 1. A smaller lower mantle viscos- 
ity decreases the resistance to slab penetra- 
tion. In case 5, in which the viscosity of 
slabs within the transition zone is increased 
by a factor of 10 compared with case 1, it 
takes longer for the slab to sink into the 
lower mantle. This seems to be inconsistent 
with studies (23, 24) that are based on a 
fixed converging margin in which higher 
viscosity slabs penetrated more easily. For 
case 6 with an initially short and thus less 
negative buoyant oceanic plate, it takes 
longer for the slab to penetrate into the 
lower mantle (24). 

Continental motion and deep thermal buoy- 
ancy. A plausible hypothesis (25, 26) for the 
breakup of Pangea is that hotter than aver- 
age lower mantle underneath Pangea caused 
the breakup. The area now vacated by Pan- 
gea contains most of the world's hot spots 
(25, 27) and has low seismic velocity (28). 
Thermal anomalies within the lower mantle 
may also be responsible for the rapid drift 
rate of Laurentia and Baltica during the Late 
Precambrian and Early Paleozoic (29). Con- 
sidering that subduction beneath a conti- 
nent pulls it oceanward (30), it seems pru- 
dent to ask which process drives the ocean- 
ward continental motion more efficiently, a 
slab or a lower mantle anomaly. 

We  therefore included additional lower 
mantle thermal anomalies (31 ) under the 
continent as an initial condition in cases 7 

Table 2. Model parameters and statistics of models; AT is the magnitude of the lower mantle thermal 
anomaly; Lo is the initial length of oceanic lithosphere; y is the Clapeyron slope; qlrn is the average lower 
mantle viscosity; t ,  is time that a slab takes to reach about the 1200-km depth; MI,,, is the cumulative 
trench migration at the end of each model run.  V,,, and V,,, are the maximum overriding and 
subducting plate velocity, respectively; qrnea, is the average heat flux on the surface. The numbers in 
parentheses are the standard deviations. 

Y 
AT LO (MPa Tlrn 

"srnax Vornan 
Case ts M ~ a s t  (cm (cm qm,,, 

(Pa.s) (my) (km) year-i) year-i) (mw m-') 
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and 8, comoared with case 1. The maxi- 
mum magnitudes (3 1 ) of the thermal anom- 
alies for cases 7 and 8 are 25 and 100 K 
(Table 2), respectively. For both cases, the 
additional thermal anomaly enhances the 
oceanward continental motion. Especially 
for case 8, continental motion is more than 
twice as large as that for case 1 (Fig. 4B and 
Table 2). The velocity of the continental 
plate may be larger than that of the oceanic 
plate before the slab penetrates into the 
lower mantle (Fig. 4B), and the subduction 
is caused primarily by the rollback of the 
continent over the oceanic plate. This re- 
sult suggests that a moderately strong ther- 
mal anomaly in the lower mantle can pro- 
duce significant effects on the continental 

c, 

motion and subduction under continents. 
For both cases 7 and 8. the continental 

motion causes slabs under the continent to 
have shallow dips, which produce large- 
scale surface depressions on the continent 
(Fig. 4, B and C) .  The continental motion 
diminishes when slab penetrates into the 
lower mantle (Fig. 4C),  similar to that in 
case 1 (Fig. 3) .  However, compared with 
case 1, the converging margin travels a 
larger distance, and it takes longer for the 
slab to penetrate into the lower mantle 
(Table 2). For case 8. when the slab starts to 
penetrate through into the lower mantle 
(Fig. 4C),  the cumulative trench migration 
is about twice the migration in case 1, and 
the resulting new oceanic floor is so large 
that it can no longer form a coherent plate 
with the continent. As a result, subduction 
initiates at the passive margin of the conti- 
nent (Fig. 4C). As the new ocean floor 
increases in length, the buoyancy associated 
with the ocean floor increases. The in- 
creased buoyancy tends to enhance the mo- 
tion of the new ocean floor, but the conti- 
nental motion decreases as slab oenetration 
occurs. The difference in motion between 
the continent and the new ocean floor re- 
sults in subduction at the passive margin. 

Inferences on the Dynamics of 
Plates and Subduction 

The incorporation of mobile faults into 
convection models results in the formation 
of realistic plates. We  have observed that 
the temporal evolution of plate size and 
kinematics are similar to those of the North 
American and South American olates since 
the breakup of Pangea. The models demon- 
strate that the motion of overriding ~ l a t e s  " & 

and hence the position of the converging 
margins strongly influence the morphology 
of slabs and slab penetration through an 
endothermic phase change at the 670-km 
depth. 

The plates in the models are realistic in 
terms of the resulting piecewise constant 
surface velocity with only significant strain 



at plate margins and the decrease in topog- oceanward significantly (37). Laboratory of computational limitations. 
raphy and heat flux with distance from the studies (38) also suggested that subducted ' & ~ ~ ~ ~ : , b , P ~ ~ ~ ~ ~ ~ $ , " ,  1E.i; ZL,;;,":;,": 
spreading centers (Fig. 3). A single coher- slabs with shallower dips have a smaller dav dewendence of oceanic trench dewth versus - - - 
ent overriding plate forms even though it 
consists of both continental and oceanic 
components (Figs. 3 and 4B). The  ocean- 
ward motion of the overriding continental 
plate leads to the migration of converging 
margins and TO the growth of continental 
plates as new ocean floor is generated at 
spreading centers (Fig. 3, A and B). If the 
length of new ocean floor is sufficiently 
large, subduction may initiate at the passive 
continental margin (Fig. 4C). The  ocean- 
ward continental motion is driven bv the 
initially set, hot continental margin, the 
subducting slabs, and the lower mantle " 
thermal anomaly under the continent in 
those models where it is included. The  low- 
er mantle thermal anomaly has a significant 
influence on continental motion (case 8). 

Seismic tomography studies reveal that 
subducted slabs may either be deflected by 
the 670-km discontinuity with a relatively 
shallow dip angle, as under central Japan 
(32, 33), or penetrate into the lower mantle 
with a steep dip, as beneath the Mariana 
trench (34). These two kinds of slab struc- ~, 

ture are the same as those from our models 
(Figs. 3 and 4). Grand (35) has recently 
shown that the subducted slab under western 
North America can be clearly traced to the 
core-mantle boundary, with a structure near- 
ly identical to that seen in Fig. 3C. The cold 
slabs spreading over the core-mantle bound- 
ary may produce the large-scale structure in 
the lowermost mantle. as observed with the 
use of core-reflected shear waves (36). 

Our models strongly suggest an intimate 
relation between slab penetration, slab dip, 
and migration of converging margins. A 
subducted slab with a steep dip angle is 
more likelv to be associated with a relative- 
ly stationaiy trench, and the subducted slab 
is more likely to extend into the lower 
mantle (Fig. 3C). On the other hand, a 
subducted slab with a shallow dip is more 
likely to be associated with a rapid retro- 
grade trench migration, and the subducted 
slab is less likely to have penetrated into the 
lower mantle (Figs. 3A and 4B). This rela- 
tion between slab morphology and trench 
migration is similar to the correspondence 
between slab tnorphology revealed through 
seismic tomography studies and plate recon- 
struction (7). Seismic tomography of west- 
e m  Pacific subduction zones indicate that 
the steeply dipping Mariana slab may ex- 
tend into the lower mantle, whereas the 
relatively shallow-dipping Izu-Bonin and 
central Japan slabs may be deflected above 
the 670-km discontinuity (34). Plate recon- 
struction suggests that, in the last 45 My, 
the Mariana trench has not had significant 
retrograde migration whereas the Izu-Bonin " 
trench and the Japan trench have migrated 

propensity of penetration into a lower layer 
with both an increased density and viscos- 
ity; phase changes cannot be included in 
laboratory models. 

The shallow-dipping slabs under the 
continents are caused by oceanward conti- 
nental motion or trench migration (6, 10) 
(Figs. 3A and 4B). This result is consistent 
with the observation of a shallow-dipping 
slab under the Andes and supports the hy- 
pothesis of slabs with shallow dips under 
North America during the Cretaceous (39). 
Our models show that slabs have shallower 

dius and extend farther landward when the 
oceanward continental motion (that is, 
trench migration velocity) is greater (Figs. 
3A and 4B). With changes in the dip angles 
and the length of slabs under continents, 
variations in continental motion may have 
significant effects on  continental tectonics 
that are related to subduction. including 
topography (20), subsidence, and the evo- 
lution of maior basins on  active continental 
margins (39). However, exceptions to the 
simple relation between slab dip angles and 
trench migration velocity may be found in 
some other subduction zones. For example, 
the Solomon trench currently is migrating 
oceanward at a fast rate, but the slab dip 
underneath the Solomon trench is steep 
(40). Cumulative trench migration in the 
past may be more important than present 
values in influencing slab dip. 

REFERENCES AND NOTES 

1 .  A strong and periodic mantle overturn has been ob- 
served in isoviscous flow models with no plates [S. 
Honda etal., Science 259, 1308 (1 993); P. J. Tackley 
etal., Nature 361, 699 (1993); S. A. Wenstein, Geo- 
phys. Res, Lett. 20, 101 (1 993)l. This process is qute 
similar to that first discussed by U. R. Christensen 
and D. A. Yuen [J. Geophys. Res. 90, 10291 (1 985)]. 

2. W. R.  Peltier and L. P. Soiheim, Eos (spring suppl.) 
74, 47 (1 993); M .  Sten and A. W. Hofmann, Nature 
372, 63 (1 994). 

3. G .  F. Davies and M .  Richards, J. Geol. 100, 151 
(1 992). 

4. J. W. Morgan, Tectonophysics 94, 123 (1983). 
5. P. Moinar and T. Atwater, Earth Planet Sci. Lett. 41, 

330 (1 978). 
6. T. A. Cross and R. H .  Pilger, Geol. Soc. Am. Bull. 93, 

545 (1 982). 
7. R.  D, van der Hiist and T. Seno, Earth Planet Sci. Lett. 

120, 395 (1 993). 
8. G. F. Davies, J. Geophys. Res. 93, 10451 (1 988). 
9. M .  Gurnis, Geophys. Res. Lett. 16, 179 (1 989). 

10. and B. H .  Hager, Nature 335, 31 7 (1 988). 
11 .  Weak zones of such a size may lead to unrealistic 

time-dependent variations in slab structure seen in 
the models with mobile weak zones (10) and in fixed- 
margin models. 

12. S. Zhong and M .  Gurnis, J. Geophys. Res. 99, 
15683 (1 994). 

13. , In preparation. 
14. A mantle convection formuiation in a cyndrical 

geometry [S. Zhong and M. Gurnis, J. Geophys. 
Res. 98, 1221 9 (1 99311 is used because of the 
natural curvature and periodc boundary conditons 
In th~s formuiation. We are unable to exploit the 
latter feature In a full cylnder at this tme because 

plate age, angle of decoupling zone, and slab dig 
angle (12). These relations can best be fit if the fault 
or decoupling zone completely penetrates the thick- 
ness of the lithosphere. Using the formuiation in (721, 
we find that as the depth at which the fault extends 
decreases, (i)  surface trench topography progres- 
sively becomes broader, resembling the topography 
obtained above a slab sinking n a simply viscous 
media and (ii) the horizontal surface velocity be- 
comes less platelike. 

16. Similar rheoogical structure of the mantle was pro- 
posed by s.-i. Karato and P. Wu [Science 260, 771 
(1993)l and was used in mantle convection studies 
[A. P. van den Berg etal., Geophys. J. lnt 115, 62 
(1 993)l. 

17. B. H.  Hager, Eos (fall suppl.) 71, 1567 (1 990). 
18. in traditional convection models [for example, Chris- 

tensen and Yuen (1) and Tackley et a/. (111, subduc- 
tion is symmetric, that is, surface fluids on both sides 
of a converging margin sink into the deep mantle, 
and this is inconsistent with the observation that 
subduction is one-sided. 

19. The model heat flux decays with lithospheric age 
with a function close to that from the half-space 
model. For Fig. 3C, the function that best fits the heat 
flux and age is 444.3jage)-0 47 [the function for the 
half-space model is 290.9(age)-0 5]. The model sea- 
floor elevation decreases with age but with a smaller 
slope than that from the half-space model and the 
observed values [J. G .  Scalter et a/., Rev. Geophys. 
18,269 (1 980)l. For Fig. 3C, the maximum difference 
in topography between the half-space model and 
our model is about 1 km.  

20. M.  Gurnis, Geology 21, 29 (1993). 
21. The ratio of heat flux on continents to that on ocean 

floors, which ranges from 0.3 to 0.5, is consistent 
with the observed ratio of reduced heat flux on con- 
tinents to heat flux on ocean floors [H. Pollack, Annu. 
Rev. Earth Planet. Sci. 10, 459 (1 982)l. The average 
heat flux is about half of the observed value [H.  Po- 
lack et a/., Rev. Geophys. 31, 267 (1 99311. The small 
heat flux may be due to the small superadiabatic 
temperature contrast in the models. 
C. W. Wicks Jr., and M. A. Richards, Science 261, 
1424 (1 993). 
U. R.  Christensen and D. A. Yuen, J. Geophys. Res. 
89, 4389 (1 984). 
S. Zhong and M .  Gurnis, lbld. 99, 15903 (1 994). 
D. L. Anderson, Nature 297, 391 (1 982). 
M.  Gurnis, ibid. 332, 695 (1 988). 
C. G. Chase, ibid. 292, 464 (1 979). 
B. H.  Haaer and R.  W. Clavton, in Mantle Convec- 
tion, W. 6. Peltier, Ed. (~drdon and Breach, New 
York, 1989), pp. 657-763. 
M .  Gurnis and T. H .  Torsvik, Geology 22, 1023 
(1 994). 
W. M .  Elsasser, J. Geophys. Res. 76, 1101 (1971). 
The functional form of the thermal anomaly T, is 
given by 

T, = 

for 0,, < 0 < P and r, i r i r,,, where AT is the 
maximum anomaly, r,, is the radial coordinate at the 
top of the lower mantle, r, is the radial coordinate at 
the bottom of the lower mantle, and 0,, is the azi- 
muthal coordinate at the middle of the continent. A 
100-K increase in temperature in the lower mantle 
can be caused by continental insulation within 400 
My, assuming that all the heat blanketed by a conti- 
nent is used to heat the lower mantle beneath the 
continent. This estimate of temperature IS close to 
that of Gurnis and Torsvik (29). 
H .  Zhou, D. L. Anderson, R. W. Clayton, J. Geophys. 
Res. 95, 6799 (1 990). 
T. Fukao, M .  Obayashi, H .  inoue, M .  Nenba, ibid. 97, 
4809 (1 992). 
R. D, van der Hilst, E. R. Engdahi, W. Spakman, G.  
Noet, Nature 353, 37 (1991). 
S. P. Grand, J. Geophys. Res. 99, 1 1591 (1 994). 

SCIENCE VOL. 267 10 FEBRUARY 1995 



M. E. Wysesslon, L. Bartko, J. B. W~lson, ibid., p. 
13667 - - -  
T. Seno and S. Maruyama, Tectonophysics 160, 23 
(1 989). 

38. C. Kincaid and P. Olson, J. Geophys. Res. 92, 
13832 (1 987). 

39. T. A. Cross and R. H. Pger, Nature 274,653 (1 978). 
40. R. D. Jarrard, Rev. Geophys. 24, 21 7 (1 986). 
41. Thls work IS based in part on one chapter of S.Z.'s 

thess (Unversity of Michigan, 1994). (S.Z. thanks G. 
Hulbert, H. Pollack, L. Ruff, and K. Satake). Funded 
by the David and Lucle Packard Foundaton and NSF 
grant EAR-9496185. S.Z, is supported by a Texaco 
Fellowship at the Callforna Institute of Technology. 
Some computat~ons were performed at the Pitts- 
burgh Supercomputer Center. Contrbution 5451 of 
the Dvision of Geological and Planetary Sciences of 
the California Institute of Technology. 

Gauging Similarity with 

Categorization of Text 
Marc Damashek 

A language-independent means of gauging topical similarity in unrestricted text is 
described. The method combines information derived from n-grams (consecutive se- 
quences of n characters) with a simple vector-space technique that makes sorting, 
categorization, and retrieval feasible in a large multilingual collection of documents. No 
prior information about document content or language is required. Context, as it applies 
to document similarity, can be accommodated by a well-defined procedure. When an 
existing document is used as an exemplar, the completeness and accuracy with which 
topically related documents are retrieved is comparable to that of the best existing 
systems. The results of aformal evaluation are discussed, and examples are given using 
documents in English and Japanese. 

I report here on a simple, effective means 
of gauging similarity of language and con- 
tent among text-based documents. The 
technique, known as Acquaintance, is 
straightforward; a workable software system 
can be implemented in a few days' time. It 
yields a similarity measure that makes sort- 
ing, clustering, and retrieving feasible in a 
large multilingual collection of documents 
that span an  unrestricted range of topics. It 
makes no  use of words per se to achieve its 
goals, nor does it require prior information 
about document content or language. It has 
been put to practical use in a demanding 
government environment over a period of 
several years, where it has demonstrated the 
ability to deal with error-laden multilingual 
texts. 

Sorting and categorizing the enormous 
amount of text now available in machine- 
readable form has become a pressing prob- 
lem. To  complicate matters, much of that 
text is imperfect, having been derived from 
existing paper documents by means of an 
error-prone scanning and character recog- 
nition process. 

Over the past few decades, many docu- 
ment categorization and retrieval methods 
[for example, (1-3) and references therein] 
have relied on the self-evident utilitv of 
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words, sentences, and paragraphs for sorting, 
categorizing, and retrieving text (4), and 
various means of suppressing uninformative 
words, removing prefixes, suffixes, and end- 
ings, interpreting inflected forms, and per- 
forming related tasks have been developed. 
Depending on the application, these meth- 
ods share a number of potential drawbacks: 
They require a linguist (or a polyglot) for 
initial setup and subsequent tuning, they are 
vulnerable to variant spellings, misspellings, 
and random character errors (garbles), and 
they tend to be both language-specific and 
topic-specific. 

A potentially more robust alternative, 
the purely statistical characterization of text 
in terms of its constituent n-grams (se- 
quences of n consecutive characters) (5,  6), 
has sporadically been applied to textual 
analysis and document processing (7). Re- 
cent examples include spelling and error 
correction (8-14), text compression (15), 
language identification (1 6 ,  17), and text 
search and retrieval (1 8-21 ). 

The literature offers no convincing evi- 
dence of the usefulness of either approach 
for the purpose of categorizing text accord- 
ing to topic in a completely unrestricted 
multilingual environment, that is, an envi- 
ronment that encompasses many different 
documents containing a nonnegligible num- 
ber of character errors. The present paper is 
intended to provide such a demonstration. 

Methodology 

Except for the Japanese example below, all 
text shown here has been reduced to a 27- 
character alphabet (uppercase A through z 
plus space). The alphabet size only weakly 
affects the ultimate outcome (22). so there is . , ,  

no loss of generality; consistent results are 
also obtained for a range of n-gram lengths 
(22). I have worked with 5-grams for the 
English language examples, and 6-grams for 
the Japanese (23), but it should be borne in 
mind that the size of the alphabet and the 
n-pram length are both flexible. u u 

Given an  alphabet and value of n, a 
nai've calculation of the number of ~ossible 
n-grams can be misleading. It is immaterial 
that, for example, 275 = 14,348,907 distin- 
guishable 5-grams can be formed using 27 
characters because most of them are never 
encountered. Huge reserves of computer 
memory for n-gram statistics are therefore 
unnecessary. 

A n  entire document can be represented 
as a vector whose components are the rel- 
ative frequencies of its distinct constituent 
n-grams (the exhaustive list of constituent 
n-grams comprises all n-character sequences 
produced by an n-character-wide window 
displaced along the text one character at a 
time, and contains many duplications). Let 
the document contain J distinct n-grams, 
with m, occurrences of n-gram number i. 
Then the weight assigned to the ith vector 
component will be 

where 

Because both the size of the alphabet and 
the length of the n-grams are arbitrary, doc- 
ument vectors can be stored conveniently 
by indexing ["hashing" (24)] each n-gram in 
a consistent manner; numerical values of 
vector components are stored and retrieved 
using these indices as pointers to memory. 
For the present work, I have used an 18-bit 
index (hash key) and ignored collisions (rel- 
atively infrequent instances of different n- 
grams being mapped to the same key). 

Documents are characterized as follows: 
(i) Step the n-gram window through the 
document, one character at a time. (ii) Con- 
vert each n-gram into an indexing key. (iii) 
Concatenate all such keys into a list and 
note its length. (iv) Order the list by key 
value [efficient algorithms will do this in 
linear time 125)l. iv)  Count and store the . . .  
number of occurrences of each distinct key 
while removing duplicates from the list. (vi) 
Divide the number of occurrences of each 
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