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Seismic models of global-scale lateral heterogeneity in the mantle show systematic 
differences below continents and oceans that are too large to be purely thermal in origin. 
An inversion of the geoid, based on a seismic model that includes viscous flow in the 
mantle, indicates that the differences beneath continents and oceans can be accounted 
for by differences in composition in the upper mantle superposed on mantle-wide thermal 
heterogeneities. The net continent-ocean density differences, integrated over depth, are 
small and cause only a low flux of mass and heat across the asthenosphere and mantle 
transition zone. 

Rec e n t  geodynamic interpretations (1-5) 
of global-scale heterogeneity in the seismic 
velocity of the mantle (6-9) have assumed 
a scaling coefficient, directly relating den- 
sity perturbations to seismic velocity pertur- 
bations, that varies only with depth. This 
assumption should not hold if there are 
significant lateral variations in chemical 
composition, in which case this scaling co- 
efficient may also vary laterally, with nega- 
tive values possible (unlike purely thermal 
heterogeneity that is characterized by only 
positive values). It has been hypothesized 
that the growth and accretion of the conti- 
nental crust will result in a subcontinental 
mantle that is chemicallv distinct from the 
suboceanic mantle (10-i2). Here we use a 
model of a viscous (flowing) mantle, based 
on a recent seismic inference (6) of three- 
dimensional mantle structure, to infer the 
presence and magnitude of such continent- 
ocean chemical differences. The flow-in- 
duced perturbations in surface gravity (ex- 
pressed here as geoid anomalies) .that are 
predicted on the basis of the seismic heter- 
ogeneity are adjusted to fit the observed 
geoid anomalies. W e  thus infer the density- 
velocity scaling coefficients for the seismi- 
cally inferred mantle heterogeneity that are, 
respectively, correlated and uncorrelated to 
the surface (distribution of continents and 
oceans. Differences between these two scal- 
ing coefficients are used to infer the pres- 
ence of chemically distinct continent- 
ocean heterogeneity. We  also evaluate the 
impact of this chemical heterogeneity on  
the buoyancy-induced flow in the mantle. 

To  quantify the continent-ocean heter- 
ogeneity in the mantle, we considered a 
function that was defined to be 1 in all 
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continental regions and to be 0 in all oce- 
anic regions, and from which we subtracted 
its global average ( ~ 1 1 3 ) .  W e  performed a 
least squares fit of this continent-ocean 
function to the relative shear-velocity per- 
turbations SuS/uS described by the seismic 
heterogeneity model SH8/U4L8 (6). We  
thereby obtained two complementary 
shear-velocity models: One  model [called 
"correlated" and denoted by (Su,/u,),o] is 
perfectly correlated with the continent- 
ocean function at all depths, and the second 
model [called "uncorrelated" (thermal) and 
denoted by (SV~/V~)~, , ]  is completely uncor- 

related with the continent-ocean function 
(Fig. 1A). Any difference in the chemical 
composition of the average subcontinental 
mantle from that of the suboceanic mantle 
will be embedded in the correlated seismic 
model. If this is the dominant form of 
upper-mantle chemical heterogeneity, we 
expect that the uncorrelated seismic mod- 
el will then remesent the  ort ti on of man- 
tle heterogeneity that is primarily, if not  
wholely, thermal in origin. 

The observed nonhydrostatic geoid (1 3) 
is directlv de~enden t  on the lateral varia- 
tions of densiiy in Earth's interior, and it is 
thus used to infer the density perturbations 
related to the correlated and uncorrelated 
seismic models. We  partitioned the nonhy- 
drostatic geoid into two parts that are, re- 
spectively, correlated and uncorrelated with 
the continent-ocean function. The root 
mean square (rms) amplitudes of the corre- 
lated and uncorrelated parts of the geoid, in 
the degree range 4 = 2 to 8, are, respective- 
ly, 11.5 m and 39.2 m. The continent- 
ocean signal in the long-wavelength geoid 
is not negligible (14), and it is anticorre- 
lated with the small signal expected (15) 
from the isostatic compensation of density 
differences between the oceanic and conti- 
nental crust. The origin of this continent- 
ocean geoid should therefore lie in the den- 
sity heterogeneity in the mantle correlated 
to the continent-ocean function. 
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Fig. 1. (A) The rms amplitude of relative perturbations in seismic shear velocity. The short-dashed line 
represents the rms amplitude in model SH81U4L8 (6). The long-dashed line and the solid line represent 
the rms amplitude of the heterogeneity in models (Fv,l~,) ,~ and (Svslvs),, that are, respectively, correlated 
and uncorrelated with the continent-ocean function. The dotted line represents the rms amplitude of the 
model (Svs/vs),, that is correlated to the zero-mean shield function. (B) A radial profile of relative viscosity 
in the mantle. The reference viscosity 9, is not constrained by the geoid data. (C) The ratio between 
perturbations of density and seismic velocity (Sln p/SIn v,) determined by inverting the nonhydrostatic 
geoid data in the context of a viscous flow model that uses the viscosity profile in (B). The short-dashed 
line represents the inferred ratio when all the heterogeneity in model SH8/U4L8 is considered. The 
long-dashed line and the solid line represent, respectively, the inferred ratios for the heterogeneity in 
models (Svs/vs),o and (S~~lv,) ,~.  The dotted line represents the ratio inferred for the seismic heterogeneity 
in model ( F ~ , l v ~ ) , ~ .  (D) The total vertical advection of heat Q,,, as a function of depth. The solid line is the 
prediction obtained when the heterogeneity in models ( S V ~ / V ~ ) , ~  and (6~~ lv , ) ,~  are separately converted 
to density heterogeneity according to the long-dashed and solid lines in (C). The dashed line is the 
prediction obtained when all of the heterogeneity in model SH81U4L8 is treated as thermal, according to 
the solid line in (C). The advected heat flow is inversely proportional to the reference viscosity q,, The value 
used here is 9, = loz1 Pas. The vertical dotted line represents the total heat flux observed at Earth's 
suriace. Units are terawatts (1 012 W), 

SCIENCE * VOL. 268 * 21 APRIL 1995 



The relation between the nonhydrostatic 
geoid and the mantle density heterogeneity 
is explained with a viscous flow model of the 
mantle (1 6-1 9). The viscous flow model we 
used (Fig. 1B) (19) assumes a compressible 
mantle in which there is a finite mass flux 
("whole-mantle flow") between the upper 
and lower mantle. We obtained the density 
~erturbations that drive the laze-scale man- " 
tle flow by converting the seismic velocity 
perturbations in model' SH8/U4L8, using a 
density-velocity scaling coefficient 61n p/6h 
vs that we estimated from the nonhydro- 
static geoid data. We assumed that 61n p/61n 
us is constant in the top 400 km, is constant 
in the transition zone (de~th. 400 to 670 . , .  
km), and varies smoothly in the lower man- 
tle, and we applied the same geoid-inferred 
scaling coefficient (the shortdashed line in 
Fig. 1C) to both the correlated and uncorre- 
lated seismic models. 

We then obtained density-velocity scal- 
ing~ (Fig. 1C) for the uncorrelated seismic 
model [denoted by (61n p/61n and for 
the correlated seismic model [denoted by 
(61n p/61n vS),,J by performing a single 
inversion of the geoid data in which we 

heterogeneity in the uncorrelated seismic 
model is largely due to lateral temperature 
variations. In contrast, the depth variation 
of the correlated scaling coefficient is nota- 
bly different. We have used other mantle 
viscosity profiles, such as that derived by 
King and Masters (2), and we found by 
using these profiles that the correlated scal- 
ing coefficient is characterized by positive 
values at shallow depths and negative val- 
ues at greater depths, in the transition zone. 

The models with separate (correlated 
and uncorrelated) scaling coefficients yield 
a 76% variance reduction to the long-wave- 
length geoid data, compared to a 65% vari- 
ance reduction obtained on the basis of the 
single scaling coefficient (the shortdashed 
line in Fig. 1C). This improvement reflects 
the increased amplitude of the harmonic 
coefficient C2,0, which describes the ellip- 
ticity of the predicted geoid (predicted = 
-23.5 m; observed = -27.6 m). Failure to 
fit this coefficient accounted for a large part 
of the misfit of previous models (I), and 
hence-this result seems to resolve previous 
difficulties (1, 22) in accounting for the 
observed dvnamic elli~ticitv of Earth. - 

simultaneously solve for (6111 p/61n ~recambrian shielk are ;he oldest stable 
and (6111 p/61n us), (20). The depth vari- nuclei of continents, and it is thus possible 
ation of the uncorrelated scaling coefficient that upper-mantle chemical heterogeneity, 
is similar to that recently proposed by accumulated over the history of continental 
Karato (21), and it thus appears that the growth, may be strongest beneath the 

Fig. 2 Vertical flow velocities at a depth of 250 km predicted with a viscous flow model that uses the 
viscosity profile in Fig. 1 B and q, = 1 02' Pas. (A) The vertical flow driven by continent-ocean heteroge- 
neity, converted to density heterogeneity using the density-velocity scaling given by the solid line in Fig. 
1 C. (B) The vertical flow driven by continent-ocean heterogeneity, converted to density heterogeneity by 
using the density-velocity scaling given by the long-dashed line in Fig. 1 C. (C) The vertical flow predicted 
when all the seismic heterogeneity in model SH8/U4L8 is converted to density heterogeneity by using the 
density-velocity scaling given by the solid line in Fig. 1 C. (D) The vertical flow predicted when the seismic 
heterogeneity in models (6vs/vs), and (6vs/vs), are separately converted to density heterogeneity by 
using the density-velocity scaling given, respectively, by the long-dashed and solid lines in Fig. 1C. In all 
maps the veloclty scale is in centimeters per year; shaded and unshaded areas represent, respectively, 
downward and upward flow. 

shields. We investigated this possibility by 
usine a function defined to be 1 in all 5" bv 

,.z 

5" surface cells corresponding to Precam- 
brian shields and platforms in model GTRl 
(23) and 0 in all other cells. We calculated 
the spherical harmonic decomposition of 
this field and removed its global average. 
We then partitioned the seismic heteroge- 
neity into two orthogonal portions that are 
respectively correlated and uncorrelated 
with this zero-average shield function (Fig. 
1A). The geoid-inferred density-velocity 
scaling coefficient for the heterogeneity cor- 
related to the shield function shows nearly 
the same reversal in the depth variation of 
the scaling coefficient as in the case of the 
continent-ocean heterogeneity (Fig. 1C). 
This result shows that. in the lone-wave- 

,.z 

length analysis considered here, the differ- 
ence between a descri~tion of chemical het- 
erogeneity in terms of a shield function or a 
continent-ocean function is not important. 

The change in sign of the correlated scal- 
ing coefficient, near a depth of 250 km, 
implies that continental roots are denser 
than average suboceanic mantle at shallow 
de~ths. whereas thev become less dense than 
thi su'boceanic mantle at greater depths. 
This reversal over d e ~ t h  should ~roduce an 
internal cancellation of the buoyancy forces 
created by the density difference between 
subcontinental and suboceanic mantle. If we 
assume that the continent-ocean heteroge- 
neity is purely thermal in origin, the conti- 
nent-ocean density contrasts given by (61n 
p/61n X (6vJvS), will generate con- 
siderable downward flow beneath the conti- 
nents (Fig. 2A). If we instead consider the 
continent-ocean density heterogeneity de- 
livered by the correlated scaling coefficient, 
the vertical flow is much smaller (Fig. 2B). 
Thus, the continent-ocean heterogeneity is 
stabilized bv the reversal of buovancv with , , 
depth. This density heterogeneity does exert, 
however, a net vertical load on the surface 
and thereby produces a surface topography 
contribution (24) that is depressed in conti- 
nental regions and elevated in oceanic re- 
gions. The magnitude of the flow-induced 
topography due to the uncorrelated (purely 
thermal) heterogeneity is substantially less 
(24) than the   re diction of models without . , 

chemical heterogeneity (5). 
Although the continent-ocean density 

heterogeneity is in quasi-isostatic equilibri- 
um, this does not imply that all flow in the 
upper mantle vanishes. The presumably 
thermal heterogeneity unrelated 
to continent-ocean differences. ~roduces , A 

flow throughout the mantle. A comparison 
of Fies. 2C and 2D shows that the stabili- - 
zation of continent-ocean density contrasts 
does lead to an appreciable reduction of the 
total vertical flow velocity beneath conti- 
nents. However, as is evident in Fig. 2D, 
there remains a considerable amount of up- 
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per-mantle flow associated with the uncor- 
related (thermal) heterogeneity (Sus/us),,. 

The internal stability of the continent- 
ocean heterogeneity should have a signifi- 
cant impact on the vertical advection of 
heat throughout the upper mantle. The to- 
tal advection of heat across any depth, cal- 
culated on the basis of the seismically in- 
ferred heterogeneity, is given by 

where S1 denotes integration over the area 
of a unit sphere, c, is the specific heat 
capacity at constant pressure, po(r) is the 
radial density profile of the mantle, a ( r )  is 
the coefficient of thermal expansion, and u, 
is the vertical flow velocity. We  use the 
depth variation of thermal expansion a ( r )  
from (25) and the Dulong-Petit limit c, = 

1260 J kg-' K-l. We  then calculated u,, 
and the resulting depth variation of ad- 
vected heat, on the basis of the sum of the 
seDarate densitv contributions from the cor- 
related and uncorrelated seismic models 
(the solid line in Fig. ID). The heat advec- 
;ion we predicted &he dashed line in Fig. 
ID) bv assuming that all of the mantle . . - 
heterogeneity is thermal in origin [ur is 
calculated with the total density heteroge- 
neity given by (Sln p/Sln us),, X Sus/us] is 
significantly greater in the upper mantle 
than the heat advection predicted with the 
quasi-isostatic continent-ocean density het- 
erogeneity. If the heat produced in the 
mantle by radioactive sources or secular 
cooling is substantial, then the advected 
heat flow should decrease with depth (un- 
like the relatively constant curve in Fig. 
ID). In this case, the advected heat predic- 
tions in Fin. 1D would indicate that modi- - 
fications to viscosity, thermal expansion, or 
Sln p/Sln us may be needed. 

Our analysis of continent-ocean hetero- 
geneity in a viscous mantle suggests that it is 
supported in quasi-isostatic equilibrium be- 
cause of the sign reversal in the geoid-in- 
ferred profile of the correlated density-ve- 
locity scaling coefficient. We interpret this 
result as indicating that any chemically in- 
duced density deficit in continental roots is 
overwhelmed at shallow denths bv the ther- 
mally induced density increase due to their 
colder temperatures (26). A t  greater depths, 
the decrease in the temperature contrast 
between suboceanic and subcontinental 
mantle allows the chemical signal to appear. 
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