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Geodynamic Evidence for a 

Chemically Depleted 


Continental Tectosphere 

Alessandro M. Forte* and H. K. Claire Perry 

The tectosphere, namely the portions of Earth's mantle lying below cratons, has 
a thermochemical structure that differs from average suboceanic mantle. The 
tectosphere is thought t o  be depleted in its basaltic components and t o  have 
an intrinsic buoyancy that balances the mass increase associated with its colder 
temperature relative t o  suboceanic mantle. Inversions of a large set of geo- 
dynamic data related t o  mantle convection, using tomography-based mantle 
flow models, indicate that the tectosphere is chemically depleted and relatively 
cold t o  250 kilometers depth below Earth's surface. The approximate equilib- 
rium between thermal and chemical buoyancy contributes t o  cratonic stability 
over geological time. 

The tectosphere refers to the mantle below 
continental lithosphere that is assumed to be 
stabilized against convective disruption by a 
balance between thermally generated nega- 
tive buoyancy and positive chemical buoyan- 
cy (1. 2). Seismic, petrologic, and heat flow 
data have suggested that both the subconti- 
nental chemical boundary layer (CBL) and 
thermal boundary layer (TBL) extend to 
about 200 km depth (3, 4).  More recent stud- 
ies based on continental heat flow and gravity 
data indicate that the tectosphere TBL ex-
tends to depths between 200 and 330 km 
(5, 6). Additional constraints on the thermo- 
chemical structure and depth extent of the 
tectosphere are provided by mantle xenolith 
data (7-9). The interpretation of heat flow 
and gravity data is, however, nonunique, and 
the xenolith data represent a limited sampling 
of the deep structure of the tectosphere. 

High-resolution seismic tomography pro- 
vides detailed reconstructions of the three- 
dimensional (3D) structure in the mantle 
(10-13). Tomographic models derived from 
short-period seismic surface waves (10, 13) 
provide optimal vertical resolution of the 3D 
structure in the tectosphere (14). These 3D 
models show a tectosphere characterized by 
sublithospheric shear wave speeds about 5% 
faster than shear wave speeds in the ambient 
mantle. A recent interpretation of this shear 
velocity heterogeneity suggests that the tecto- 
sphere TBL extends to a maximum depth of 
about 230 km, but a corresponding CBL was 
not detected (15). Shear velocity anomalies 
alone cannot distinguish chemical heteroge- 
neity in the tectosphere, unless they are com- 
bined with constraints on the tectosphere den- 
sity structure (16). 

We derived constraints on the tectosphere 
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density structure using a reformulated mantle 
flow theory (17) that incorporates surface 
tectonic plates whose motions are coupled to 
the underlying mantle flow. In the flow mod- 
eling, we used two recent high-resolution 
models of seismic shear wave velocity heter- 
ogeneity (11. 13), which are derived from 
independent data, using different parameter- 
ization~ of the heterogeneity and different 
inversion procedures. Constraints on mantle 
density anomalies. and consequently the ther- 
mochemical structure of the tectosphere, are 
then obtained by inverting convection-related 
geodynamic data with the mantle flow model. 

The convection data we use are the tec- 
tonic plate velocities ( la) ,  the global free-air 
gravity anomalies (19), the surface topogra- 
phy corrected for crustal isostasy (20). and 
the excess or dynamic ellipticity of the core- 
mantle boundary (21, 22). These data provide 
independent constraints on mantle density, 
with different sensitivities to density anoma- 
lies at different depths (23). The surface to- 
pography (Fig. 1) provides the strongest con- 
straint on density variations in the litho-
spheric mantle, and thus a number of tomog- 
raphy-based mantle flow studies have used 
surface topography to constrain the density 
structure and dynamics of the tectosphere 
(24-27). 

We first estimated mantle density anom- 
alies (Sp), which provide the buoyancy forces 
for mantle flow, from shear wave velocity 
anomalies (SV,) using a mineral physics es- 
timate (28) of the velocity-to-density conver- 
sion dlnpldlnVs. Mantle flow modeling also 
requires a knowledge of mantle rheology, 
which we represent as a depth-dependent vis- 
cosity. We derived the mantle viscosity pro- 
file through nonlinear iterative inversions 
(17) of the convection data, using the initial 
estimate of SP. The viscosity profiles we 
obtained (Fig. 2A) are characterized by a 
low-visco~ity zone at -200 km depth. 

The density structure of the tectosphere is 
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determined by inverting the convection data 
for a given tomographic model and viscosity 
profile. We isolated the shear wave velocity 
heterogeneity associated with the tectosphere, 
so that its density could be inferred indepen- 
dently of the rest of the upper mantle, by 
identifying those portions of the mantle lying 
below cratons. We thus delineated the depth- 
dependent horizontal extent of the tecto- 
sphere and the corresponding shear wave 
velocity anomalies, which we denote by 
(6V,/VS),,, where sh stands for shield. The 
seismic anomalies exterior to the tecto- 
sphere are denoted by (6V,/VS),,, where th 
stands for thermal on the expectation that 
the seismic anomalies outside the tectosphere 
are primarily thermal in origin. This last as- 
sumption may not be accurate in tectonically 
active regions characterized by substantial ba- 
saltic magmatism. 

We inverted the convection data to infer 
the velocity-density scaling coefficient for 
shield and thermal mantle, (dnpIdnV,), and 
(dnpIdnV,),, respectively. If V, anomalies 
were due only to temperature differences, 
then (dnpIdnV,),, = (dnp/dnV,),,. The ef- 
fect of lower seismic attenuation in the tecto- 
sphere due to colder temperatures (3) would 
imply (dnpIdnV,), > (dnp/dnV,)th (28). 
We instead find (Fig. 2B) that (dnpl 
dnv,),, < (dnp/dnV,),, implying that the 
density anomalies in the tectosphere may 
not be caused solely by temperature varia- 
tions and suggesting the presence of chemical 
heterogeneity. The relative density perturba- 
tions in the tectosphere, (Splp), = (dnpl 
dnV,),,(G VJV,),,, show a peak amplitude at 
-130 km. depth, with negligible amplitude 
below 250 km (dashed lbes, Fig. 2C). The 
agreement between predicted and observed 

Fig. 1. Global isostatic and dy- 
namic topography. (A) Observed 
surface topography (from the 
ETOP05 compilation) repre- 
sented by a spherical harmonic 
expansion in the degree range 
I = 0 to 32. (B) Isostatic surface 
topography, calculated on the 30 
basis of a recent compilation 
(20) of crustal thickness and 

harmonics in the degree range 
density, represented by spherical 9 0 ~  

1 = 0 to 32. A model of Airy 
isostasy [for example, (24,26)] is 

The residual or dynamic topog- 
raphy, in the degree range 1 = 1 

assumed in this calculation. (C) ~1 

to 20, obtained by subtracting 7 1 
the isostatic topography in (B) 
from that observed in (A). (D) 30 
The dynamic surface topogra- 
phy, in the degree range I = 1 to 
20, predicted on the basis of the 90s 
mantle viscosity and density 
structure (Fig. 2, A and C) in- 
ferred on the basis of the Ek- 
strom and Dziewonski (73) tomography model. 

dynamic topography (Fig. 1) obtained on the 
basis of the velocity-density conversion fac- 
tors is comparable to the fit to other geody- 
namic data (Table 1). 

We considered two estimates of chemical 
heterogeneity, one based on internal consis- 
tency of our dnpldnV, inferences and the 
other based on independent mineral physics 
constraints (29). The chemical heterogeneity 
inferred on the basis of either approach sug- 

gests greater iron and garnet depletion in the 
top portion of the tectosphere, with a maxi- 
mum depletion at about 130 km depth (Fig. 
3). The inferred chemical heterogeneity di- 
minishes rapidly below 250 km depth, sug- 
gesting a demarcation for the base of the CBL 
at this depth. The maximum inferred iron 
depletion, 6R = -0.024 at 130 km depth 
(Fig. 3), suggests as much as 20% fraction- 
ation of basalt in the tectosphere [see Table 6 
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Fig. 2. Mantle viscosity and density structure. (A) The depth-dependent effective viscosity of the 
mantle obtained through inversions of geodynamic data (Table 1) with the tomography models of 
Grand et al. (7 7) (dotted curve) and Ekstrom and Dziewonski (73) (solid curve). For these inversions, 
the mantle density anomalies were derived from the seismic anomalies with a mineral physics 
estimate (28) of dlnpldlnv. (B) Velocity-density scaling, dlnpldlnv,, obtained through inversions of 
the geodynamic data ( ~ a h e  1). The long- and short-dashed curves represent the scaling (dlnpl 
dlnv,),, inferred for tectosphere seismic anomalies in the models of Ekstrom and Dziewonski and 
Grand et al., respectively. The solid and dotted curves represent the scaling (dlnpldlnV,),, inferred 
for the seismic anomalies outside the tectosphere in the models of Ekstrom and Dziewonski and 
Grand et al., respectively. (C) The root-mean-square (rms) amplitude of density anomalies. The 
solid and dotted curves represent the rms amplitude of density anomalies (6p/p),, (29) outside the 
tectosphere in the models of Ekstrom and Dziewonski and Grand et al., respectively. The Long- and 
short-dashed curves represent the rms amplitude of tectosphere density anomalies (Splp),, (29) 
derived from the models of Ekstrom and Dziewonski and Grand et al., respectively. 
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Fig. 3. lron depletion SR (76) in the tecto- 
sphere. The dotted and solid curves represent 
the internally consistent estimate (29) of tecto- 
sphere chemical heterogeneity, expressed in 
terms of peak values of the perturbation to the 
iron ratio R, inferred from the models of Grand 
et al. (77) and Ekstrom and Dziewonski (73), 
respectively. The long- and short-dashed curves 
represent the estimate of SR, obtained with 
independent mineral physics data (28), inferred 
from the models of Ekstrom and Dziewonski and 
Grand et al., respectively. The latter estimate 
provides better agreement between the inferenc- 
es obtained from the two tomography models. 

in (7)]. The spatial distribution of chemical 
anomalies and corresponding thermal anom- 
alies (Fig. 4) shows zones of maximum de- 
pletion and coldest temperatures lying direct- 
ly below the Precambrian cratons. 

We determined depth-dependent temper- 

Fig. 4. Chemical and thermal 
structure of the mantle at 150 
km depth. (A) lron depletion SR 
(76) in the tectosphere inferred 
on the basis of the Ekstrom and 
Dziewonski model (73) and us- 
ing independent mineral physics 
data to estimate the thermal 
properties of the tectosphere 
(28). The heterogeneity shown 
here is represented by spherical 
harmonics in the degree range 
1 = 0 to 20. Scale limit R = 
2.0%. (B)  lron depletion SR, in 
the degree range I = 0 to 32, 
obtained as in (A) but with 
Grand et al.'s model (77). (C) 
Lateral temperature variations, 
in the degree range I = 1 to 20, 
inferred on the basis of the Ek- 
strom and Dziewonski model 
and using, as in (A), independent 
mineral physics constraints on 
the tectosphere's thermal proper- 

Table 1. Fits to global convection data. All fits, with the exception of the core-mantle boundary (CMB) 
topography, are expressed in terms of variance reduction. 

3D mantle Free-air gravity? Plate divergence3 Surface topography$ Excess CMB 
model* [I = 2 to 201 [I = 1 to 321 [I = 1 to 201 ellipticity11 

*Mantle flow predictions of geodynamic observables use two tomographic models: "Ek&DzW (73) and "Grand" 
(7 7). tThe observed free-air gravity anomalies are calculated with the nonhydrostatic gravitational potential derived 
from satellite data (79). The numbers in parentheses are the variance reductions to the equivalent geoid anomalies 
(variations in height of the gravitational equipotential surface) derived from satellite data. The wavelength-dependent 
amplitude spectra of the geoid and gravity anomalies are quite different, with the latter having a relatively flat spectrum, 
which explains why the fits to the anomalous gravity and geoid fields differ. $The plate motion data are represented 
here in terms of the horizontal divergence of the plate velocities given by the NUVEL-1 model (78). $The dynamic 
surface topography is obtained from observed surface topography after removal of the crustal isostatic contribution (Fig. 
1). 11 The most recent inference (22) of excess or dynamic CMB ellipticity suggests a value of about 0.4 km, rather 
than 0.5 km as determined in earlier studies (27). ?¶The density perturbations in the mantle flow models are derived 
from the shear velocity anomalies with dlnpIdlnV, obtained by Karato (28). #The density perturbations are derived 
on the basis of the associated dlnpldlnV, profiles (Fig. 2B) inferred in inversions of the convection data. 

ature anomalies (geotherm perturbations) at a 
number of sites (Fig. 4C). All geotherms 
(Fig. 5A) display maximum temperature per- 
turbations between 100 and 150 km depth 
and then decrease to low values below 250 
km depth as the geotherms approach the av- 
erage adiabatic mantle geotherm. We exam- 
ined the plausibility of these temperature in- 
ferences through an independent calculation 
of average upper-mantle and subcontinental 
geotherms (Fig. 5B), using surface heat flow 
observations (30). The difference between 
the subcontinental and average mantle geo- 
therms (dashed line, Fig. 5A) is consistent 
with the perturbed geotherms inferred from 
the tomographic model. The -50-km vertical 
shift between the two sets of geotherms is 
probably not significant, considering the ra- 
dial smoothing and imperfect radial resolu- 

tion (14) in the tomographic model. 
The magnitude and depth extent of the 

chemical anomalies in the tectosphere depend 
on the density anomalies .inferred from the 
geodynarnic data, through the dlnpldlnv, pro- 
files (29). Because the geodynamic data de- 
pend only on mantle density structure, irre- 
spective of its thermal or chemical origin, 
they constrain the tectosphere heterogeneity 
independently of constraints provided by 
seismic data. Our combined geodynamic and 
seismic interpretation of tectosphere structure 
suggests that the location of the base'of the 
TBL (Fig. 5) matches the base of the CBL 
(Fig. 3), consistent with the hypothesis (3) 
that thermal buoyancy is stabilized by chem- 
ical buoyancy. We find that the tectosphere 
buoyancy ratio R,, which measures the rela- 
tive importance of chemical and thermal 

ties. The small light gray t;iaigles -R + R + 4 0 0 K  - 4 0 0 K  
identify locations that are sam- 
pled to study the vertical temper- 
ature profile in the tectosphere (see Fig. 5A). (D) Lateral temperature variations, in the degree range 1 = 1 to 32, obtained as in (C) but with Grand et aL's 
model. Scale limit R = 1.6%. 

8 DECEMBER 2000 VOL 290 SCIENCE www.sciencemag.org 



R E P O R T S  

Fig. 5. Temperature 
profiles (geotherms) in 
the tectosphere. (A) 
The depth variation of 
the (negative) tem- 
perature perturbations 
estimated, as in Fig. 2 150 4C, from the Ekstrijm A 
and Dziewonski model 
(73). E a l  colored curve 200 
corresponds to a geo- a 
graphic location identi- $ 250 
fied by small light gray 
triangles in Fig. 4C: 
Hudson Bay (black), 
central Brazil (orange), 
west Africa (blue), south 
Africa (red), Siberia (vio- 400 
let), and west Australia -400 -200 0 800 1200 1600 
(green). The dashed 
black line represents a T-To [Kl T [Kl 
theoretical estimate obtained by differencing the two reference geotherms in (B), where the blue 
and red curves represent an average temperature profile below continental shields and a globally 
averaged temperature profile, respectively (30). 

buoyancy (29), is -0.8, consistent with nu- 
merical models showing that the tectosphere 
is stably supported over billion year time 
scales (31). 

References and Notes 
1. T. H. Jordan, Rev. Ceophys. 13, 1 (1975). 
2. , Nature 274, 544 (1978). 
3. , Philos. Trans. R. Soc. London Ser. A 301,359 

(1981). 
4. D. L. Anderson, J. Ceophys. Res. 92. 13968 (1987). 
5. C. Jaupart, J.-C. Mareschal, Ethos 48, 93 (1999). 
6. M.-P. Doin, L. Fleitout, D. McKenzie, J. Ceophys. Res. 

101, 16119 (1996). 
7. T. H. Jordan, in The Mantle Sample: Inclusions in 

Kimberlites and Other Volcanics, F. R. Boyd, H. 0. A. 
Meyer, Eds. (American Geophysical Union, Washing- 
ton, DC, 1979). pp. 1-14. 

8. A. A. Finnerty, F. R. Boyd, in Mantle Xenoliths, P. H. 
Nixon, Ed. (Wiley, New York, 1987), pp. 381-402. 

9. R. L. Rudnick, W. F. McDonough, R. J. O'Connell, 
Chem. Ceol. 145, 395 (1998). 

10. J. H. Woodhouse, J. Trampert, Eos (Fall Meet. Suppl.), 
76, 422 (1995). 

11. 5. P. Grand, R. D. van der Hilst, 5. Widiyantoro, GSA 
Today 7, 1 (1997). 

12. H. Bijwaard, W. Spakman, E. R. Engdahl, J. Ceophys. 
Res. 103, 30055 (1998). 

13. G. Ekstrom, A. M. Dziewonski, Nature 394, 168 
(1 998). 

14. The previous generation of global tomography mod- 
els [for example, W.-J. Su, R. L. Woodward, A. M. 
Dziewonski. J. Ceophys. Res. 99, 6945 (1994)l was 
characterized by a maximum horizontal resolution 
corresponding to spherical harmonic degree 8 or 12 
(equivalent to a minimum horizontal half-wave- 
length of 2400 or 1600 km, respectively, at the 
surface). These models also had a theoretical depth 
resolution of about 100 km (assuming a Chebyshev 
polynomial expansion to order 13). In contrast, the 
tomographic model of EkstrSm and Dziewonski (13) 
has a horizontal resolution scale of about 1000 km 
and a vertical resolution scale, in the upper mantle, of 
about 50 km. 

15. A. H. E. Riihm, R. Snieder, 5. Goes, J. Trampert, Earth 
Planet. Sci. Lett. 181, 395 (2000). 

16. The combined effects of lateral variations in temper- 
ature and composition on variations in seismic shear 
wave velocity (SVJV,) and density (Splp) in the 
tectosphere may be expressed by 

-= 
J l n p  J l n p  

Sp - a S T + - S R + S X G ,  
P JR ax,, 

where ST are the temperature perturbations and, 
following Jordan (7), the compositional heterogene- 
ity is expressed in terms of the iron molar ratio R = 
XF J(XF, + X,,) and the molar fraction of garnet in 
the whole rock, X,,. Using the estimates (7) 

and assuming 10% fractionation of basalt from fertile 
subcontinental Iherzolite, for which SR = -0.013 and 
SX,, = -0.056 [see Table 6 in (7)], yield the follow- 
ing compositional perturbations: 

Assuming a temperature perturbation of -500°, at 
about 100 km depth (5), yields the following thermal 
perturbations: 

where we have assumed a = 3.5 X KC1 and 
JlnV,lJT = -14 X K-' (28). On the basis of 
these estimates, the compositional heterogeneity 
due to basalt depletion in the tectosphere will have a 
negligible effect on V, (13, whereas the effect on p 
will be large, producing changes in excess of 50%. 

17. A. M. Forte, in Earth's Deep Interior: Mineral Physics 
and Tomography from the Atomic to the Global Scale, 
S.4. Karato et al., Eds., vol. 117 of Geophysical Mono- 
graph Series (American Geophysical Union, Washing- 
ton, DC, 2000), pp. 3-36. 

18. C. R. De Mets, R. G. Gordon, D. F. Argus, 5. Stein, 
Ceophys. J. Int. 101, 425 (1990). 

19. J. G. Marsh et al., J. Geophys. Res. 95,22043 (1990). 
20. W. D. Mooney, G. Laske, T. G. Masters, J. Ceophys. 

Res. 103, 727 (1998). 
21. C. R. Gwinn, T. A. Herring I. I. Shapiro, J. Ceophys. 

Res. 91, 4755 (1986). 
22. P. Mathews, B. A. Buffet, T. A. Herring, Eos (Fall Meet. 

Suppl.) 80 (no. 46), 19 (1999). 
23. The theoretical sensitivity of the convection-related 

data to mantle density anomalies is characterized in 
terms of mathematical kernel functions that repre- 
sent the dynamic response of the viscous mantle to 
density loads placed at different depths. These sen- 
sitivities also depend on the depth variation of the 
effective viscosity of the mantle. An extensive dis- 
cussion of the basic mantle flow theory and the 
geodynamic kernel functions is provided by B. H. 

Hager and R. W. Clayton [in Mantle Convection: Plate 
Tectonics and Global Dynamics, W. R. Peltier, Ed. 
(Gordon & Breach, New York, 1989), pp. 657-7631. 
A. M. Forte, W. R. Peltier, A. M. Dziewonski. R. L. 
Woodward, Ceophys. Res. Lett. 20, 225 (1993). 
A. M. Forte, A. M. Dziewonski, R. J. O'Connell, Phys. 
Earth Planet. Inter. 92, 45 (1995). 
G. Pari, W. R. Peltier, J. Ceophys. Res. 105,' 5635 
(2000). 
One difficulty in the previous mantle flow modeling 
of dynamic topography in continental regions (24- 
26) was the viscous flow theory itself. One of the key 
factors governing flow dynamics in the mantle, es- 
pecially in the upper mantle, is the nature of the 
surface boundary condition. The previously cited 
mantle flow studies all assumed a free-slip surface 
boundary, in effect ignoring the presence of rigid 
tectonic plates at the surface. As recently shown by 
Forte [Fig. 9 in (17)], the plates suppress the shallow 
subcontinental flow more strongly than in the case of 
a,free-slip surface. The buoyancy-induced flow below 
continents and away from plate boundaries sees an 
effectively no-slip surface. The kernel functions (23) 
for surface topography are also affected by the as- 
sumed surface boundary condition: For a free-slip 
surface, the kernel amplitudes in the upper mantle 
are smaller than the amplitudes obtained for a no- 
slip surface. This amplitude difference is greatest for 
the very long horizontal wavelength density anoma- 
lies used in the previous modeling of dynamic topog- 
raphy. In other words, for a given density structure 
and viscosity profile, mantle flow models of dynamic 
surface topography that assume a free-slip surface 
underestimate the amplitude of the topography in 
continental regions and thereby yield a biased con- 
straint on density anomalies in the tectosphere. 
S.4. Karato, Geophys. Res. Lett. 20, 1623 (1993). 
If we assume that perturbations in iron and garnet 
content are correlated in the tectosphere, owing to 
simultaneous variations in both as a result of basalt 
depletion (7), then on the basis of the expressions in 
(16) we obtain 

(3). = - a(-)thsT + BSR 

where 

J In V, J In V, SX,, g=-+-- 
JR axGt SR 

Solving for ST and SR yields 

In the "thermal" mantle, outside the tectosphere, 
where compositional heterogeneity is assumed to be 
negligible, we have 

1 d l n p  
ST = - i (w)th(3)* 

The buoyancy ratio R, describes the relative impor- 
tance of density anomalies produced by chemical and 
thermal effects, (Sp),, and (Sp),,, respectively. From 
the above expressions, we obtain 

R =-=--  

www.sciencernag.org SCIENCE VOL 290 8 DECEMBER 2000 



When calculating temperature and chemical anoma- 
lies inside the tectosphere, we use estimates for 
(dlnV,/dInp),, to determine effects of temperature 
variations on V,. One possibility is to use the velocity- 
density scaling (dlnpldlnV,),, inferred for the thermal 
mantle. This approach is internally consistent be- 
cause i t  relies entirely on geodynamic constraints. 
One potential weakness with this approach is the 
possible presence of partial melting, or thermally 
induced Vs attenuation in the thermal mantle, making 
the application of the geodynamically inferred (dlnpl 
dlnV,),, inappropriate in the context of the tecto- 
sphere. This leads us to consider an alternative ap- 
proach in wh~ch we use independent mineral physics 
estimates for (dlnV,/dlnp),,. For this purpose, we used 
an average value of (dlnV,/;llnp),, ;= 4 in the upper 
mantle (28). In both approaches, we used the esti- 

mate GX,,/SR - 4 [see Fig. 1 in ( 7)] to determine the 
quantities A and B defined above. We also assumed a 
thermal expansion coefficient that varies linearly 
from u = 3.3 x K-' at the top of the mantle 
to u = 2.5 ~ 1 0 - ~  at the bottom of the upper K-' 
mantle. 
We modeled the subcontinental geotherm assuming 
a steady-state, conductive temperature variation 
that satisfies a given surface heat flow and also 
includes distributed radioactive heat sources in the 
continental crust and in the subcontinental mantle 
[(32),p p  145-1481. The geotherm was constrained 
to satisfy an average continental heat flow of 48 
mW/m2, an average crustal thickness of 41 km, an 
average crustal heat production of 0.77 &W/m3, and 
an average mantle heat production of 0.02 kW/m3 
(9). These parameters yield a mantle heat flux of 16 
mWlm2 at the base of the continental crust, consis- 
tent with previously proposed values (5).The average 
mantle geotherm was modeled with a cooling half- 

Teleconvection: 

Remotely Driven Thermal 


Convection in Rotating 

Stratified Spherical Layers 


Keke Zhang* and Gerald Schubert? 

We report the discovery of a convective phenomenon found to  occur in a 
rotating spherical system in which an inner convectively unstable fluid layer is 
bounded by a corotating outer convectively stable fluid layer. Although con- 
vection is thermally driven in the unstable interior, the resulting convective 
motions concentrate primarily in the stable outer region. This phenomenon, 
which we term teleconvection, suggests that fluid motions observed at the 
"surface" of a planet (such as Jupiter's alternating zonal winds) may be driven 
by an energy source located deep inside the planet. 

In many geophysical and astrophysical sys- 
tems there exist rapid changes in the nature 
and strength of radial density stratification. 
Often, a convectively unstable deep interior 
is surrounded by an outer stably stratified 
layer (I). Convective fluid motions taking 
place in an unstable fluid may penetrate par- 
tially into a neighboring stably stratified re- 
gion, a phenomenon termed penetrative con- 
vection (2). The problem of penetrative con- 
vection has been extensively studied in vari- 
ous systems [e.g., (3); for a review, see (4)] .  
Most studies of penetrative convection have 
used a nonrotating, plane-layer geometry that 
cannot capture all the physics of rotating 
spherical convection. The dynamics of ther- 
mal convection in rapidly rotating spherical 
systems, in which fluid motions are affected 
by the Coriolis force and spherical geometry, 
is fundamentally different from that in non- 
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rotating, plane-layer systems (5-10). Al-
though penetration into the stable region in a 
nonrotating convection is weak and spatially 
restricted (2, 3), it can penetrate deeper in a 
rotating, spherical geometry (1I).  

Planetary and astrophysical convection 
are usually influenced by spherical geometry, 
rotation, and the presence of stably stratified 
layers. Hence, we consider a two-layer con- 
vection system: a spherical convectively un- 
stable fluid layer in the region ri 5 r 5 r,,, 
characterized by a superadiabatic radial tem- 
perature gradient dOo(r)ldr = -Ipl, and a 
spherical convectively stable layer in the re- 
gion rill 5 r 5 rO characterized by a subadia- 
batic radial temperature gradient d@o(r)ldr = 

61pl, where (r, 0, 4 )  are spherical polar 
coordinates with r = 0 at the center of the 
sphere, O0 is the basic temperature field, P is 
a constant, ri is the inner radius of the spher- 
ical fluid layer, r- is the interface between 
the stable and unstable layers, and ro is the 
Outer radius of the 'pherical fluid layer. Pa- 
rameter 6 provides a measure of the strength 
of stable stratification in the outer spherical 
layer. The whole spherical system rotates 
uniformly with angular velocity 0.If 6 = -1, 

space model [(32), pp. 163-1671 that was con-
strained to satisfy a globally averaged mantle heat 
flow of 65 mW/m2 (from the weighted average of 16 
mW/m2 in continental regions and 97 mW/m2 in 
oceanic regions) and was also constrained to join an 
average mantle adiabat (with average gradient of 
0.36 K/km) that was pinned to a temperature of 1800 
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the problem is identical to the well-studied 
convection problem (12). When 6 = 1,  the 
superadiabatic gradient in the unstable layer 
has the same amplitude as the subadiabatic 
gradient in the stable layer. The convection 
model, apart from spherical geometry and 
rotation, is essentially the same as penetrative 
convection models previously studied in 
plane-layer geometry (4). We chose r, = r0:3 
and r, = 2r0;3 for the purpose of illustration. 
We also assume that the Boussinesq approx- 
imation is valid and the amplitude of convec- 
tion is so small (the dimensionless velocity u 
measured on the viscous time scale is lul << 
I) that nonlinear effects can be neglected. It is 
unlikely that moderate nonlinear effects with 
l u  = O(1) (i.e., on the order of 1 )  would 
change the key properties of convection in a 
rapidly rotating spherical system because the 
effect of rotation is always controlling and 
dominant (13). 

In addition to the stratification parameter 
6, there are three nondimensional parameters 
in this convection problem: the Prandtl num- 
ber Pr, the Taylor number Ta, and the Ray- 
leigh number R, defined as 

I, 

pr = - ( 1 )

K 


where g is the averaged radial acceleration 
due to gravity, v is the kinematic viscosity of 
the fluid, K is its thermal diffusivity, and a is 
its coefficient of thermal expansion; v, K,  and 
a are assumed constant and the same in the 
stable and unstable regions. P r  measures the 
relative efficiency of viscous and thermal 
diffusion, Ta provides a dimensionless mea- 
sure of the rotation rate, and R measures the 
strength of buoyancy forces in the deep un- 
stable spherical layer r, 5 r 5 r,,,. For plan- 
etary atmospheres, Ta is usually large (>>1). 
whereas P r  may be small (<<I), especially 
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