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Foreword

In the past several years, significant advances have been made in solving geodetic-related problems
from both a theoretical and an application point of view. Many of these advances have been docu-
mented in papers that have appeared in Reoiews of Geophysics ønd Space Physics. These papers have ap-
peared in many different issues of this journal. For many students and researchers the availability of
these papers is not convenient. We have therefore collected for this volume those papers of geodetic
interest in order to give them an audience wider than when the first publication took place. The se-
lection of these papers is not meant to imply that geodetic developments have only been reported in
t}ne Rwiews of Geophysics and Space Physics. To the contrary, many important papers have been pub-
lished in tlne lournøI of Geopltysical Research, Bulletin Géodésique, Manusuipta Geodetica, and other jour-
nals. However, we restricted this selection to articles that appeared in RGSP. Most of the articles
were developed while one of us (E.W.G.) was the geodesy Associate Editor of Reoiews of Geophysics
ønd Space Physics.

The papers have been organized into four parts. The first part is devoted to geodetic theory. The
central problem, where the earth's surface becomes singular, is treated by F. Bocchio. The new and
exciting solution of the geodetic boundary value problem in gravify space is reviewed by F. Sanso.
Part two is centered around the geodetic estimation procedures. H. Moritz summa¡izes least squares
collocation. A review on the state of the art of optimal design of geodetic networks is presented by G.
Schmitt. F. P. Bretherton and ]. C. McWilliams treat estimation from irregular arays. A. Tarantola
and B. Valette treat the nonlinear inverse problem by using a least squares criterion. Next, part.three
deals with the gravity field. G. Anger presents a systematic approach of the inverse gravimetric
source problem through extremal measures. A comparison sfudy of various methods for the detailed
representation of the earth's gravrty field has been carried out by C. Tscherning. E. Groten discusses
thè advantages of various local and global gravity field representations, while H. F. Schmidt investi-
gates the advantages of sampling functions and the finite element method. An extensive review of
planar geodetic covariance functions is presented by S. Meier. The mo4ument of the gravity field of
tenestrial planets, the long-wavelength anomalies and tectonics, has been built up by R. I. Phitipps
and K. Lambeck. Last, but not least, applications are reviewed in part four. f. Kouba summarizes
geodetic and geodynamic satellite Doppler positioning. P. Vanicek, R. O. Castle, and E. I. Balazs dis-
cuss space-time geodetic leveling and its applications. A. Dermanis and E. Livieratos apply deforma-
tion analysis in geodesy and geodynamics. The new field of inertial surveying is summarized by
K. P. Schwarz. C. Wunsch and E. M. Gaposchkin review the use of satellite altimetry to determine
the general circulation of the oceans with a view to geoid improvement. A progress ieport on the ap-
plication of satellite altimetry for the observation of the mesoscale variabilify and general ci¡culation
of the oceans is given by L. L. Fu. Finally, E. W. Schwiderski highlights the charting of global ocean
tides.

The authors of the various review papers have to be thanked for all their expert work on various
current geodetic problems. May a wide distribution of thei¡ results be a proper reward.

Erik W. Grafarend
Richard H. Rapp
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Gravity Fields of the Terrestrial Planets:
Long-V/avelength Anomalies and Tectonics

Rocen J. Psllups

iet Propulsion Laboratory, Caldornia Insritúe ofTechnolog¡t, Pasadena, California 9l 103

KURT LAMBECK

Research School of Earth Sciences, Australian National University, Canberra, Australia

Vy'e present a review of the long-wavelength gravity fields of the terrestrial planets, earth, moon, Mars,
and Venus with particular emphasis placed on the interrelationship between gravity anomalies and tec-
tonic processes. After first summarizing appropriate statistical formulas, we discuss the relevant contin-
uum mechanical solutions for elastic, viscoelastic, and convecting media in terms of the relationship to
the gravity ñeld both for predicting gravity anomalies an{ for the use ofgravity as a constraining bound-
ary condition. Gravity data can provide a strong constraint for the first two classes of solutions, but a
signifrcant ambiguity exists in convection interpretations because of the competing effects from flow and
boundary deformation. The question of finite strength of crustal and mantle materials plays a paramount
role in gravity studies because of the possibility of model discrimination based on stress states. A variety
ofevidence is reviewed, and it is concluded that the finite strength ofthe terrestrial planets is unlikely to
exceed a kilobar when subject to loads over long geologic periods. Isostasy plays a dominant role in any
discussion of the lithospheric contribution to planetary gravity fields. Since it tends to minimize stresses,
it is a basic state to be expected, and most useful discussions of the gravity fields are centered on depar-
tures from the isostatic state, either due to dynamic forces or to finite strength. For the earth the lont-
wavelength anomalies arise largely from beneath the lithosphere and are related to mantle flow. Apan
from the obvious correlation of gravity to the plate bounda¡ies, the specific relationships between the
gravity field and relevant flow parameters are complex, and there are at present no systematic relation-
ships established bctween geophysical obsewables in the intraplate regions. On the moon. most of the
contributions to the gravity field arise from the lithosphere and are supported by the finite strength of
that layer. The mascons are due to a combination of several kilometer thick basalt layers and crustal col-
lapse at the time of impact, forming ring structures and mantle uplift. Mars app€ars to be intermediate
bctween the earth and moon and is dominated by the Tharsis anomaly, with the possibility that travity
anomalies arise from both lithospheric and sublithospheric regions. If the Tharsis Provinc¿ is supponed
entirely by the lithosphere, then stress levels are of the order of I kbar, even with isostasy, which may
imply panial dynamic support. Prefiminary analysis of Venus gravity dâta suggests a power sp€ctn¡m
grossly similar to that of the eanh, but systcmatic discrepanc es among some harmonics may indicate
differences in the nature of interior pÍocesses for the two pla rets. In particular, there appears to bc a
higher correlation of long-wavelength gravity with topograph¡ for Venus..
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I. INTRoDUcTIoN

, The purpose of this paper is to review the long-wavelength
gravity anomalies of the terestrial planets in terms of their
origin and ofthei¡ relationship to tectooic processes. The use-
ful interval of the gravity spectrum for studying lateral density
variations in the terrestrial planets ranges over approximately
4 orders of.magnitude. In this paper we deûne long-wave-
length anomalies, in general, as those variations with wave-
lengths that exceed l0-157o of a planetary radius lR, or, for the
earth, that exceed about 1000 km.

The interrelationship of long-wavelength gravity aûomalies
and tectonics may be viewed from two.related points of view.
In the first instance, the gravity. anomaly is interpreted in'
terms of a lateral density variatios which, along with other
geophysical and geological data, is used to model the contem-

(145)
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porary tectonic state and infer past tectonic events. An ex_
ample of this approach is the modeling of the negative Bou_
guer anomaly over certai¡ sections of the East African Rift.
The resultant models have been i-nterpreted in terms of a low-
density upper mantle le.g., Fairhead, 19761, which may be as_
sociated with a region of nascent plate spreading (Figure l).
On the other hand, the presence of a gravity anomaþ is di-
rectly related to a state of anomalous potential energy relative
to a spherically stratifred planet. This implies a state of stress
which is always such as to remove the lateral density varia_
tions that gave rise to the gravity anomaly in the ûrst place.
This state of stress may be intimately ,j"t"d to a tectonic
process (e.g., as the driving force) and the gravity anomaly
may be utilized to either predict or be a prediction of, via a
mathematical model, another observable such as faulting pat_
tern, gross topographic.deformation, or heat flow. The sim_
plest application of this idea is found in the erastic .loadine
problem le.g., Heiskanen and Vening-Meinesz. l95g] where thã
response of the elastic lithosphere to a known forcing func_
tion, the topographic load, is predicted in terms of the gravity
anomaly (Figure 2).

The problems associared with the interpretation of plan_
etary gravity fields are severe, and only by comparing them
with other planetary observations .ur, ,o-C geophysical sense
be made out of rhe global anomalies. This ii tÅe Aespite the

tantalizing relations often seen between tenestrial gravity
anomalies and surface rectonics le.g., Kaula, 19721; ãn the
moon, pronounced gravity anomalies are found over the
ringed maria [e.g., Muller and Sjogren, 196g], while on Mars
the Tharsis plateau dominates both gravity and topography
[e.g., Phillips et al., 1973]. But no other geophysical observa-
tions of the terrestrial planets, with the possible exception of to_
pography and, on earth, the plate velocities, are known on a
global basis with the same precision and spatial resolution,
and the supporting data required in the gravity inversions are
meager. Moreover, the interpretation of lateral density itruc_
tures from analysis of gravity data suffers from an inherent
nonuniqueness. The gravitational potential satisôes Laplace,s
equation in a source-free region, and it is well known that if a
solution to this equation is specified everywhere on a bound-
ary surface, then it is comptetely determined in the enclosed
volume, It is clear that an infinite number of mass distribu_
tions can give rise to the same potential on the bounding sur_
face. Parameterizing the density distribution and assigning
values to one or more parameters, such as geometric shape,
density contrast, or depth, often reduce the nonuniqu"n.r, to
acceptable levels [e.g., parker, ]9751. Ultimately, any density
model that satisfies the observed gravitational porential is also
required ro be reasonable from geological and geophysical
points of view.

In the face of nonuniqueness, one generally favors those
distributions for which the density contrasts are reasf. as this
minimizes the implications that density models may have on
other geophysical observations. But. at least in the earth, the
magnitude of the density anomalies required is generally
much less than indicated by other observations. such as lateral
seismic velocity anomalies, or by lateral temperature varia_
tions, and this suggests thal there may be coniiderable inter_
nal compensation within the earth i¡ which positive density
anomalies are overlai¡ by negative density anomalies and vice
versalLambeck,1976: Kaula, 1977al. This had been suggested
earlier by Lewis and Dorman tl970l in their regional study of
experimenral isostasy (but see also Banks et at. [1977]and sec_
tion 6). McQueen and Stacey [1976] made a similar suggesrion
in their interpreration of the gravity ñeld in terms of nega_
tively correlated undulations in the transition zones near 400_
and ó50-km depth, so that the contributions to gravity from
these two layers partially cancel [see also Bou, lg7ll. Thus the
observed surface gravity may well reflect second_order differ-
ences between first-order effects that are only partly observed
by other geophysical techniques and which can presently only
be predicted to at best a frrst-order accuracv.
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PHILLIPS AND LAMBECK: GRAVITY

A key problem i¡ understanding planetary gravity ñelds is

the separation of contributions from the crust, lithosphere, as-

thenosphere, and lower mantle. In any discussion, the litho-

sphere provides a convenient starting point for a number of

re¿rsons. Among these are (l) the density anomalies are closest

to the surface and can be expected to dominate the exterior

gravity freld, (2) the density anómalies can be expected to cor-

relate with topography and with geological surface observa-

tions, (3) if any part of the planet has long-term f-nite

strength, it will be this outer Portion, and the density znoma-

lies therein can be expected to be suPported elastically over

geologic time.
The sublithosphere is a region where we expect the finite

strength to be very low and where flow will occur by sub-

solidus creep processes. That part ofthe gravity field origina-

ting in this layer contains information on these flow processes,

more so than on the material rheology, as is the case for the

lithospheric layer. The problem is complicated, however, by

interactions between the flow in the asthenosphere and defor-

mations in the overlying lithosphere. For example, most of the

eafh's mountain ranges are a consequence of a coupling of

the lithosphere to the flow below it, whether directly so, or in-

directly, while the Tharsis plateau on Mars appears to be a

consequence of mantle flow unless the Martian lithosphere is

thick indeed (>400 km [Lambeck,l919al).
The separation of lithospheric and sublithospheric contri-

butions to gravity is exacerbated by a number of interrelated

processes that contribute to the overall density structure in

both layers and which demonstrate some of the difficulties re-

ferred to above. Many of these processes can be attributed to

lateral temperature variations. Consider a simple ocean-conti-

nent model in which the lithosphere is thicker under the conti-

nents than under the oceans. Ifconventional isostasy prevails,

free-air gravity will be mainly positive over land. However,

when both Airy compensation of the crust and thermal com-

pensation of the lithosphere are taken i¡to account, the di-ffer-

ence in geoid heights between stable continents and ocean ba-

s ins  may be  pos i t i ve ,  negat ive ,  o r  zero '  depend ing  on

continental l i thospheric thickness lTurcotte and McAdoo,

1979]. The observation for the earth of essentially no differ-

ence in geoid heights for ocean basi¡s and continents implies

that these two compensation mechanisms essentially cancel.

These i¡teractions illustrate that it is futile to attempt to inter-

pret the gravity field in terms of either compositional or ther-

mal phenomena alone, unless it can frrst be demonstrated that

the gravitational effect of one dominates the other.

Estimates of the contributions to the observed gravity from

density anomalies in the deep mantle of a planet become

tenuous because of the rapid attenuation of gravity with dis-

tance. lt has ofien been suggested that the low-degree har-

monics originate mainly in the deep mantle, while higher de-

gree harmonics reflect the upper mantle structure. While this

is approximately true, it is not very helpful. This can be seen if

we consider a model for the lateral structure of a planet in

which there are small density anomalies with a random spatial

and magnitude distribution and of dimension less than the

wavelength À of the spherical harmonics of degree I (: ZnR/

À) in which the exterior gravity freld is expanded. The anoma-

lies in the lower mantle will contribute significantly only to

low-degree harmonics, while such anomalies in the upper

mantle contr ibute to al l  terms. (See seçtion 7 below.) Assum-

ing that the simple statistical model is reasonable (it does not

appear to be relevant for Mars, for example, where the low-

FIELD ANOMALIES AND TECÍONTCS (r47)

degree harmonics correlate strongly with topography aod
seem to be of lithospheric or upper mantle orþin, section 9),

this result permits only approximate limits to be established
on the maximum densities anomalies that may be tolerated in

the lower mantle, which is not very helpful in addressing the
question as to what part of the gravity results from the lower

mantle lateral structure. Othçr argumetrts, for or against a
proposed low-mantle density stn¡cture, must be sought'
Anomalous lateral density variations in the lower. mantles of

the moon and Mars do not appear to be signifcant and oDly
for the earth, and possibly for Venus, need the lower mantle
be considered.

Of particular importance in the discrimi.Bation amoug vari-

ous density models is the constraint of maximum stress. Cer-
tain subsurface configurations lead to unacceptably high stress
differences; i.e., they exceed what is understood to be the 'fr-

nite strength' of rock materials over the range of temperature
and confining pressure assumed appropriate for the planet.

Lack of evidence for recent tectonic failure then provides a

bounding condition on acceptable classes of models' For ex-
ample, it is a common procedure to assign certain long-wave-
length terrestrial gravity anomalies to a sublithospheric origin
after showing that they would lead to unacceptably high

stresses if they originated in the lithosPhere [e.g., McKenzie,
1967: Lambeck, 1972; Cochran and Talwani,19771. Because of

this strong link to gravity modeling, we review briefly il this
paper both the subjects of stress calculations and frnite

strength.
The association of gravity and stress is quantitatively ex-

pressed in terms of solutions of the equations of mathematical
physics that relate anomalous density or temperature to strain
and flow in geologic materials. In turn, gravitational potential

is related to density or temperature (through the coefficient of

thernral expansion) through Poisson's equation. ln this paper

we also review in passing the relevant relationships between
gravity and the appropriate geophysical state variables and

describe the response of elastic, viscoelastic, and viscous me-

dia under the action of applied stresses and buoyancy forces'
In addition to the above, the ñrst part ofthis paPer presents a

review of the statistical formulas of global planetary gravtty

frelds which permit a simple intercomparison of those terres-
trial planets fo¡ which we have statistically rePresentat¡ve
data. Also discussed are the general aspects of gravity-topog-
raphy correlation and isostasy. ln the last part o[ this revtew'
we address ourselves specifrcally to the gravity fields of the

earth, the moon, Mars, and Venus.

2. STATISTICAL ANALYSES OF GLOBAL

PLANETARY Gn¡vlrY FIELDS

A summan' of Jormulas. When discussing the global as-

pects of the gravitational potential U of a planet, it is conve-

nient to expand the freld into spherical harmonics. The usual

definit ion of U at lat i tude 6 and longitude À outside the planet

is

U(r' Ö' À) : 9! * 6Y

where the anomalous potential AU is expressed as

. G M
AU(r ,4> ,  À)  :  

; 'å å (+)'{c' ' '* cosmÀ

+ S,.,* sin nÀ) P,",1sin þ) ( l )
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Here G is the gravitational constant, M the mass of the planet,
and R the mean equatorial radius of the planet. The P,-(sin f)
are the associated Legendre polynomials and are taken here
as fully normalized such that

t l
; / [P,-(sin ó) cos (or sin) mÀ]'zdS: I
+7t ,J s

The potential as defined by (l) is with respect to a reference
frame rotating with the planet and with a center of mass ori-
gin. The Stokes coefficients C,-*, S,-* relate to the anomalous
mass distribution within the planet according to

I  f  t / \ tC,^* (or s,-*): ,", ,  ̂ ùr J,lpl at.o',x'l
\ L t  1  r t '

' Pr-(sin þ) cos (or sia) d( dV (2)

where the integral is over all density anomalies p(/, þ', ̂ ')
within the planet of volume I/. Introducing the notation

.GRAVITY 
FIELD ANoMALIES AND TEcroNrcs

A o : o  Ì 2 (l - l)c,,^Y,,^ (6)x

C,,^* Yr-: Cat cos mÀP,-(sin þ)

Cr^* Yr^: Sr-* sin mÀP,-(sin þ)

we can express (l) compactly as

The geodetic problem is to estimate the potertial coeffi-
cients, Ç,-, by analyzing the orbital perturbations of plan-
etary orbiters. In the case of the earth, Ag is also observed
with gravity meter measurements, and the C,¡^ can be de-
duced by inverting (6), but some combination of the two
methods is usually employed lGaposchkin and Lambeck,
1971]. More recently, satellite radar altimeter measurements
have permitted a direct geometric measurement of the equipo-
tential surface over the oceans. The geophysical problem is to
i-nvert (2) from the known C,,-,i.e., to determi¡e the unknown
p( , þ' , À') throughout the planet subject to certain sets of the
constraints to be discussed in the subsequent sections. Clearly,
a unique i¡version is not possible, but some order of magni-
tude ideas on the size of the density anomalies can be obtained
if we consider density anomalies 6p(/, þ', À'), distributed
throughout a layer of radius / and thickness ôr, and examine
the consequences ofsuch a layer on gravity and on other geo-
physical quantities. The surface density layer can be expressed
as

o(/) = 6p $¡: ôp,,^(/)Y,,^ 6r (7)

where the / : 0 term determines the average density of the
layer and contributes only to the central term GM / r of the po-
tential. Outside of this layer the potential at r, ó, À, distance L
from an element o at /, þ', À', is

ùU( r 'þ ,À) :  ^  |  o ( / 'þ "X ' )o l " f f i *

where the integral is over the surface S of radius r : /. Ex-
pandiag L-r into a spherical harmonic expansion, using (7)
and the orthogonality relations of spherical harmonics, gives
on the planet's surface r : R [e.9., Kaula, 19681:

AU(^R, ó, À) = 4zGA | ì ; (i)-' ,-Lu ,tl,,^v,^ (8)

Equating this with (4) gives

I  /  R \ ¿ + 2
ôp¿- ôr: 

tpÀ 
(2/ + t\-, C;^ (e)

where ¡õ is the mean density of the planet. Equation (9) estab-
lishes a unique relationship between C,t^and ôp,r-. If the layer
ôr is not inñnitely thin, as is supposed in (8), but the density
anomalies are distributed between two spheres of radü rr.' ¿¡d
rj*i, then

A(l(r,6,^): Ì I *iøÌffi^r,^
l[r-ri\'*' _ lri\'*'\tt-F-/ -t¡/ I ('o)

The statistical properties of the potential are conveniently
summarized by the dimensionless power spectrum defined as

[Kaula, 1967j

, ' -  |
(3)

s ç s
L ¿ A L ¿
i- |  / -o øro

x f +)'c,,^*Y,,^
For rapidly rotating planets such as the earth and Mars, the
Stokes coefficient C:o'-related to the dynamical flattening-
dominates the other coefficients, and it is usual to express the
anomalous potential not relative to the central term GM /r but
relative to the hydrostatic equilibrium form of the planet. The
latter can be expressed in spherical harmonics as [e.g., Heiska-
nen and Moritz, 19671

where, in general, only the first term in the summation is con-
sidered. The anomalous potential is no\¡/

with

Cr,^: Cr,^*

tf m > 0 or / is odd; otherwise,

Crr^ :  Crn ' -  Crr^"

Ca^: Cu^'

The relation between the anomalous potential and the grav-
ity perturbation or gravity disturbance ôg is

ôs=-  9 foø'  A r '

while the relatioo betrieen AU and the gravity anomaly Ag is

M: -#^LD -'-tu (5)

which is the gravity relative to the reference ellipsoid for the
planet. Hence, with (a) and g : g(R) being the value of grav-
ity at R,

d,u: GM l. t
r : ;

u"'' : Glt 
[, 
- .å (+)'' ,,,,,,"',.,y,,,.,,ì

o,:y 4 Ì ì (+)'c,,^Y,-(4)

v i @ q : t  E c , , ^ '  ( l l )
t ñ

The corresponding power spectrum of surface density is



for a single surface density layer.
Seismic studies of the earth indicate that the actual length

scale of the lateral variations in the mantle may be much less
than the 2øRll.suggested by the geopotential expansions. Lat-
eral seismic variations observed !¡ sinking slabs appear to be
more abrupt than the broad gravity anomalies scen over the
subduction zones, and regional variations in vr and u" are ob-
served in the upper mantle with horizontal dimensions of a
few hundred kilometers. Thus while the spherical harmonic
expansions are a convenient and natural choice in view of the
orbital mechanics of the motions of satellites as well as for the
global inversions of gravity data, they may oot give a very
good description of the actual mass distributioq, unless the
ñeld can be expressed to a much higher degree and order than
it is now. For the moon the i¡dications are also that the mass
anomalies are much smaller in size than the wavelengths of
the spherical harmonic expansions. For Mars, on the other
hand, this does not apPear to be so, as the strong correlation
bctween the low-degree harmonics of gravity and topography
argue for long-wavelength density anomalies. For Venus we
might expect a situation largely comparable to that of the
earth.

The spectrum of the earth's gravitational potential (l l) ad-
heres closely to a power law first suggested by Kaula in 1963'

namely, that

v, ' (ÃØ = A(21+ l )10- 'or4 (13)

where I = 0.7. Such a power law can be explained by a ran-
dom distribution of density anomalies lLambeck, 1976; Kaula'
1977al.If we assume that the density anomalies are randomly
distributed throughout z layers of radii,

(14e)

mantle where, i¡ the case of the earth, seismic studies show
the most important and rapid lateral variations. Density
anomalies in the lower mantle are required, however, to ex-
plain the low-degree (=6) spectral estimates, for without
them, the decay of the spectrum would be less rapid than the
above law. Hence if the random density model is valid, the
slope of the potential power spectrum gives some indication of
the depth range in which these anomalies occur. Much the
same result was obtained by KaulalL971al, who took a Monte
Carlo approach. Kaula's investigation lends itself to further
investigations of deviations of the actual spectrum from the
power law (13) or of different distributions of density anoma-
lies, but in the present context of discussions of the relatively
long wavelength part of the planetary gravity flelds, this re-
finement is probably not warranted. One conclusion reached
by both Lambeck and Kaula, albeit with different arguments,
is that there is a suggestion that the density anomalies may not
be randomly distributed in the vertical direction and that
there may be a tendency toward compensatioq in which posi-

tive density anomalies overlay negative density anomalies and
vice versa.

Interrelationship of planetary spectra. With the above for-
mulation, a number of convenient relations can be established
between the spectrum of the gravitational potential and
spectra of other geophysical quantities such as topography'
seismic velocities, or temperature.

For example, the planetary topography can also be ex-
pressed in spherical harmonics according to

and the dimensionless topographic spectrum is defined as

V,z(h¡: hr^' ( l6a)

The earth's topography is measured relative to the geoid

while the other planetary topographies are measured with re-

sp€ct to a best:ñtting sphere or to an ellipsoid of revolution.

Thus to make a valid comparisotr, the sPectra of the latter

must be reduced by the geoid spectrum

VI(N¡: N' c,,^' (16å)

Only in the case of the second-degree harmonics of Mars is

this reduction significant. A further modi-ûcation is required

for the earth in that, as we are using the topography as a sur-

face load, we must replace oceans and ice sheets by an equiva-
lent rock tayer. This is the equivaleût rock topograptry lBalm-
ino et al., 19731.

A measure of the correlation between the topography and
gravity is given by the degree correlation function as

and the cumulative correlation for coefficients of degree /¡-/2

is
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Y¡z(o): I 2 @,,^d')'

(12)

å : R X  X  L h u ^ Y , ^  ( 1 5 )

x x

x x
x x x

å)'

s
L¿

This spectrum decays according to (t3) if the density spec-
trum is the same for all layers, if the anomalies occur through-
out the mantle, aad if the anomalous density has a white noise
spectrum for wavelengths greater than the spatial dimensions
of the anomalies (Figure l5). This model is not unique, but it
is the most elementary and useful for-the Present discussion.
With such a distribution, most of the observed gravity field of
the planet originates from density anomalics in the upper

c,,,lt,^l | 1v,'1n¡vi(aØlt/'z (18)
I I

The potential spectrum due to the topographic layer is, with

6pr^: pn a constant crustal density, and ôr = Rh¿-,

ß,r-tr: X X' X
t - \ i m

j :  1 , 2 ,  " ' ,  n

where 16' is the mean radius of the z layers and the density

anomaly in each layer is

õc: õP,,,1Y,,^

then, with (8),

: (+)' (2t + \2(åi- v?(^u)

r i : ro ' [ ' - (+-4

vi(^rÐ=(å)' d,+ú ì (t)"-' vi@d\dr

I ('!\"*
( 2 r +  l F \ R /

[' . ("* 
- 
I #l*' vt(sp) ôr (r4) I

t+(h,^u): 
Ì ; 

cilJthllvl(h)v?(Lu)1,/, (r7)
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t ?( u): (+)' *ll-rx^ (re)
If this topogr4phy is compensated by a conventional Airy
meçhanism

vxtuy:(?t')' +-[r - [¡:-a- 1'l' ,?(o) eo)' \ p l Q t + r ) ' a  
\  ^ R  l l

rrhere D,,isdhe.Airy compensatìon depth (see section 6). This
expression:gives essentially the same,result as a Pratt model
with D, :2D""<<2nR/1.

The..earth's -topographic spectrum decays with increasing
wave number approximately according to

vi(h): A/t(t + r) (2r)

as tust noted by Vening-Meinesz in 1952. 8r7ls [978] further
noted that such a decay also characterized the topographies of
the other terrestrial planets. Substituting this into (19) gives a
predicted potential spectrum that is proportional to f{, or

Qza)

V/ith (20) and (21) the predicted potential due to topography
and its Airy compensation is

viø.q: l})' =--4- ^h - l4:-D"ll'
\ p J Q t + l F ( / + l ) l ' \  R  l J

or, for D << .R,

and decays with / according to /-'z.
If seismic P velocity anomalies u" are observed in a layer

and expanded as

v,t^Y,t-

and a Birch law of the form

v" :  a ,p  *  b ,

is valid. then
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The surface,de¡sity layer is A,pp,.dT/pg, where Áp, is the den-
sity contrast across the transition zone and p is now the aver-
age density above this zone. Expanding the temperature fluc-
tuations dT on t 

lphere 
ofradius r as

the predicted potential power spectrum is

vi@u):(W)' d,+ú(if- v?(dr') (n)
The above equations sufrce to demonstrate how orders.of
magnitude can be estimated of the topography, density, seis-
mic velocity, or temperature fluctuations that are required to
explain a given gravitational potential.

The velocities (Z+ (ó, À), Z^ (ó, À)) of the terrestrial litho-
spheric plates have been expanded into vector spherical har-
monics for spheroidal coefficients:

-  s_ |  1 , ,  IðYih Y) ,  ðY, ,^ \au-" : t(t + r) ['\'fl 
* *ï ã=1as QBa)

and toroidal coefficients:

, I | | V, ðY,,^ ., ôY,,^\ ,au^' :  
FTD ¿f*ó ã=- n^Ë¡ot (28b)

by lHager and O'Connell, 19781. These coefficienrs are based
on plate velocity data given by Solomon et al. 11975) (modi-6ed
after Minster et al. ll974l). The power specrrum for toroidal
velocities is almost as large as that for the spheroidal veloci-
ties, which is unexpected, since toroidal modes do Dot coûtain
a vertical component and to first order could not be associated
with convective flows. A strong coupling of toroidal and sphe-
roidal modes is indicated.

Hager and O'Connell ï1978, 19791 studied mantle con-
vection from a kinematic point of view by using the velocity
coefficients as boundary conditions for Stokes flow, neglecting
buoyancy effects. The gravity and velocity specrra can be
combined as observational constraints on mantle convection
by includiag the density perturbations due to convection as
the buoyancy term in the flow equation (see Hager and
O'Connell, [979] for the formulation). The full dynamic
problem for inversion would i¡clude the energy equation for
advection and conduction of temperature, which is coupled to
the flow through the velocity of advection and through the
Boussinesq approximation which relates perturbation density
p and temperature f via

ditional global data set for inverting the full set of convecrion
equations.

A further set of convenient formulas can be obtained from
stress considerations, since the stress required to support the
density anomalies is proportional to the surface density. A
convenient criterion for characterizing the stress state is the
maximum stress difference that occurs anywhere withi¡ a
layer that is loaded at its surface. For a surface load o,,- I,r- on
an incompressible sphere or isostatically supported on a float-

Q6)dr: 9! dT
pg

v?(^u): (, ii + l)'
A

W/(/+ r

vi@u) =(i i'É)' + e2b)

x r x

13 p,\ '  A=\r7)  7

(23)

(24)v ? (^ u) : ffif (2/ * r r---L- (l)'' 
-' r, r,,,

For ,fù layers of fi¡ite thickness, with (10),

(2s)

The approximat€ pressure-temperature conditions required
for a mantle phase transition (such as that from olivine to
spinel) to occur are

P(kbar) :  a ,T("C)+b,

and a change in temperature causes a change'in the depth of
the transition zone according to

/  ?  \2  |  N  r t ,  , \ r+3  r  
P :Po[ l  -  a (T-  T ] l  (29)

vi@tr): (å)'æ+,*,F å [(+)"'- (*)*'l'n;r, :ï:.^1,*o 
p6 rerer to the rererence state and a is the coeffi-

I r cient of thermal expansion. Heat flow data are a possible ad- "



PHILLIPS AND

ing lithosfhere,:the maximum stress differences are of the or-
der of , . t::, .

1^u= Bgo¡^Yn^ " (30)

where, typically, B ranges ftom L/3 to I depending on the na-
ture of the',loading problem (see sections 3 and 6)..The stress
spectrum becomes, with (12),

v?(r): ß'fv?(o)

: p,Ë(+\' (zt + t)2(L)''*'v¡1tø (3r)
\  r  /  \ r /

The magnitude of stress occurring in the planet due to any of
the above discussed processes can now be readily estimated
with (31). Equation (31) also permits a scaling of the spectra
from one planet to another. For example, if the ratio of the û-
nite strength of two planets, .Fr) and .la2), is denoted by

a :  T ^ ^ ( ' r / î ^ ^ , Q J

and if the topography is controlled mainly by the ûnite
strength of the crust and upper mantle, the topography scales
from onè planet to the next according to

vt(h,,,): ", ##jf,;Ë vtØ,,,) (32)
where the superscripts (l) and (2) indicate the appropriate pa-
rameters for the two planets.

A similar scaling law can be obtained for the gravitational
potentials. For example, if a known potential is assumed to be
a consequence ofan isostatically compensated topography ac-
cording to (20), then the stress differences are of the order of

v¡z(r) = p,ßE-{zi + t¡, U#f#,^W (33)

with B : l. lt follows that the potential scales from planet .F')
to planet F2)according to

v : 1A, 1r, "¡ : .(#)" ( #)'',,o ",,,
_ a2 (gtzt ¡ rt 

t t¡a v t2 (L ut2t)

In a more general manner, if the anomalous gravity fields in
the two planets originate in Iayers of radii lr) and l2r,

I  o t 2 t \ 4  I  p ( 2 )  r ( l )  \ 2 / + l
v,21a'I¡t ' t ¡ :  

" ' l : - |  |ä 
"*I 

vl(Lul2t) Q4b)
\  8 " ' /  \  r - '  Ì< " '  l

A comparison of these predicted spectra with the observed
spectra provides a measure of the ratio of the effective finite
strengths of the two planets. Applications of these formulas to
the terrestrial planetary gravity fields are made in later parts
of this paper.

3. Reutlol.rsHtp oF GRAvtry ANOMALIES To
Eusr¡c AND VrscoELASTlc MoDELS

We have alluded to relationships between gravity anoma-
lies, stress, and mathematical models of geophysical behavior.
It is through these relationships that we can use gravity data
both as a constraint and as a predictive variable in improving
our insight into i¡terior processes, structure and state of the
terrestrial planets. The mathematical models also provide a
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(34a)

prediction ofthe interior stress state and provide the appropri-
ate ¡elation between,gravity'and stress. '

'Herein we review'several mathematical models of geophysi-
cal behavior which-are ióeúi'znd but provide order of'magni-
tude tlescriptìsns of the'real'behavior of planetary interiors.
We'will not discuss det¿iled solurtions but, rather,:pdint out
the role of gravitatiooal potential and-describe wherein the
stress distributions:arise in such solutions. 'For the'niost part
we will deal with spherical coordinates, in keeping with the
global or long-wavelength theme of this paper.

Elastic and viscoelastic solutions. The equations describing
elastic equilibrium provide a convenient start to this dis-
cussion. We expect that the outer portions of the terrestrial
planets exhibit an approximately elastic behavior over long
periods of geologic time. This region is described as the elastic
lithosphere, the bottom boundary of which is conveniently de-
fined as the depth at which elastic shear stresses have relaxed
by a factor of l/e. The deeper boundary of the thermal litho-
sphere separates convective from conductive heat transport'
The elastic lithosphere can maintain density inhomogeneities
and their attendant stress distributions in a static equilibrium
if the elastic limit is not exceeded. The region between the
elastic and thermal boundaries of the lithosphere is subject to
plastic (creep) deformation.

When applied to geophysical problems, the classical calcu-
lations of the stress state of an elastic object subject to a
known load are of limited value in that the many riecessary
assumptions make the models only poor imitations of the real
situations. Nevertheless, the manifestly oversimplified models
do have some value in that they give order of magnitude esti-
mates of the stresses, strains, and deformations involved. In
particular, the stress estimates may crudely reflect those ac-
tually occurring in the planet.

Two classes of problems can be considered. One is the situ-
ation where the planet is loaded at its surface r: .R; the other
is the situation where the planet is loaded internally. The frrst
problem is readily tractable when the loads have simple con-
figurations [see, for example, Jefreys, 1970], or when a spheri-
cal planet is harmonically loaded (see, for example, the for-
mulations of Longman [963] and Farrell 119721), if it is
assumed that the planet was initially in a state of hydrostatic
stress. The second problem poses greater difficulties in that the
internal load is usually unknown and a solution is sought for
both the internal density anomalies and the stress state' sub-
ject to the boundary conditions provided by the external grav-
ity freld and topography [Kaula,1963]. A unique solution is
possible only if further conditions are imposed, either by con-
straining the nature of permissible anomalous density distri-
butions or by minimizing the shear strain energy. This latter
approach was adopted by Kaula.

Farrell [972] has given a rather complete review of the
elastic surface loading problem. A modified form of his linear-
ized momentum equation is given by

V. r - V(pogoS. e,) - povó * goV.(poS)e. - goôp : 0

(3s)

where z is the stress tensor, d is the perturbation in gravita-

tional potential, S is the displacement vector, e, is a unit vec-

tor in the radial direction, and pu and gu are the density and

gravitational acceleration of the undeformed planet. The ne-

glect of the gravirational coupling terms i¡ equation (35)'

valid for short wavelengths where elastic forces dominate



(r52)

gravitational forces, would lead..to lhe sinpler Boussinesq
problem. The term ôp was introducted by Kaula [1963]and is
a density perturbation which can .be any type of in-
homogeneity, for ;example, :unduliations on .a crust-mantle
boundary. Because it is coupledro displacæment.through the
momentum equation, it plays a role in fhe elastic deformation
of .the.bodJ in question. The exact aature of,ôp depends.on
how the relevant,equations are.solved and upon the imposed
boundary conditions.

The anomalous gravitational potential is related to density
through Poisson's equation:

v'þ: -4oGN. (pos) - ôpI

: -¿. ¡ ]GÑpo.S + poV.S -  ôp)  (36)

The right-hand side of (36å) illustrates the three contributions
to the anomalous gravitational potential. The f¡st term repre-
sents the change i¡ the anomalous potential due to the dis-
placement in the presence of a density gradierit. The second
term is the contribution from the dilatation or compression of
the medium. The thi¡d term is associated witb the internal
loading. In addition, any surface distribution of matter, o, will
contribute to the external gravitational potential through the
Neumann boundary condition (continuity of the normal de-
rivative of potential at the planet's surface). This distribution
is typically taken as the product of topographic height and
density of the surface load. The product of surface gravity and
o is also used as a surface normal stress in a linearized bound-
ary condition.

The complete formulation of the elastic deformation prob-
lem requires a relation between the stress tensor and the dis-
placement vector. For the generalized Hooke's law for an
isostropic medium,

r : À0. S)I + ¡r[VS + (VS)] (37)
where À and ¡r are the Lamé constants and I denotes the iden-
tity matrix.

Equations (35), (36), and (37) are the mosr general set of
equations to be solved for stress distribution subject to stress,
Neumann, and Dirichlet boundary conditions. Their solution
allows an answer to be given to the generalty useful question
regarding the application of elastic equations to geophysical
problems that involve gravity data: Given an initial distribu-
tion of density in a planetary lithosphere, an assumed elastic
rheology, and a prescribed surface load, what is the resulting
distribution ofstress, additional density distribution, aod dis-
placement that satisfies the external gravitational potential?
Among the infinite number of possible solutions to this prob-
lem, it is useful to examine those in which the maximum shear
stress is less than some predetermined value. Inherent in the
ambiguity of the interpretation of gravity data with elastic so-
lutions is the contribution of sublithospheric density anoma-
lies as well as lithospheric deformation by sublithospheric
forces.

The stresses, displacement, and potential described by (35).
(36), and (37) are solved as a coupled ser of differential equa-
tions unless treated as a Boussinesq problem. They were con-
veniently cast into a spherical coordinate formulation by l/-
terman et al. |9591 as a rime-dependent problem to study the
free oscillations of the earLh. Longman [1962, 1963] adopted
the zero frequency version of theie equations to study static
loading of an elastic earth, including a formulation for the liq-
uid core. He speciflcally calculated load Love numbers for the
Nèumann boundary condition, shear stress vanishing, and
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norrnal stress equated to a unit point mass load. Other consid-
erations of the static loading problem and appropriate treat-
ment of the liquid core have been presented over the last 15
years [e.9., Saito,1974; Crossley and Gubbins,19751, fyunsch,
1975; Døhlen and Fels, 19781.

Kaula 11963l introduced the additional density term ôp and
added the continuity of gravitational potential at the eafh's
surface as an additional constraint (Dirichlet boundary condi-
tion). He expanded ôp into spherical harmonics pr- (see (7)
for notation) and chose to make it a continuous radial func-
tion, thus rendering the equations infinitely underdetermined.
The simplest solution is, however, obtained by treating 6p^(r)
as a single number ôp,r- for each spherical harmonic, yielding
an even-determined set of equations which can be solved for
the lateral variations i¡ a single layer [e.g., Cook, 1967; Hide
and Horai, 1968; Arkani-Hamed, l973al. In some problems
the ensemble of ôp may also be taken as the undulations on
some interface such as the crust-mantle boundary. Kaula
chose a solution for 6pr-(r) that minimi"es the shear strai¡ en-
ergy in the least-squares sense, a technique also used by Ar-
kani-Hamed 11970, l973b| While it is questionable whether
such solutions ¿ue representative of the planet, they will cer-
tainly provide an estimate of the mininal stress di.fferences
that apply for any elastic rheology.

Examples of the solution of the spherical equations for a
self-gravitating elastic Mars model loaded by topography of
various harmonics J,-: (Cr,^, * Cr,^r)rt, are shown in Figure
3 for the stress difference as a function ofplanetary radius. All
models except Figure 3/ assume homogeneous elastic con-
stants and the density model of Johnston et al. [19741. The
model in Figure 3a is with ôp,r- set to zero and no Dirichlet
boundary condition. All subsequent models treat ôp/¿- as a
perturbation on the mean crust-mantle boundary depth
(taken as 50 km) and uiilize the Dirichlet condition. The
effect is to partially compensate the surface load (Figure 3á).
The model in Figure 3c introduces a core and the model in
Figure 3d additionally introduces a low rigidity layer. The
model in Figure 3e is the same as Figure 3c but has in-

I
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Fig. 3. Stress difference versus planetary radius for six different
self-gravitating elasric Mars models. Derails of the models are de_
scribed in the text. All models, except Figure 3e, are îor the Jr, 1:
(c,rrt -t- crr.rr)rrr,) harmonic.
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troduced additið,nal harmonics to the surface load. The model
in Figure 3/ introduces a more realistic rheology by using
shear and compressional seismic.wave velocities corresponding
to a basaltic crust and forsterite mantle; with appropriate cor-
rections for pressure and temperature. The stress distribution
is very similar to Figure 3c.

We would expect that a signiûcant volume of the mantles of
the terrestrial planets would deform under the application of
external loads and the models of Figure 3 could be taken as
the initial stress state. A more useful rheological model is one
that contains both viscous and elastic elements. The solutions
of the appropriate equations are now explicitly time depen-
dent and describe a solid state creep component of the re-
sponse of a planet to a displacement or a load. A viscoelastic
behavior of the terrestrial lithosphere in response to time-
varying loads (glaciation, sedimentation, erc.) has been dis-
cussed by several authors lWalcott, 1970; llatts, 1976; Sleep
and Snell, 1976; Beaumont, 19781, but it is nor necessarily clear
that the lithosphere continuously deforms or approaches some
limiting value and subsequently behaves elastically. For pur-
poses of studying rebound following Pleistocene deglaciation,
the terrestrial lithosphere and asthenosphere have been mod-
eled variously as a viscous, elastic over viscous, and vis-
coelastic medium [e.9. Haskell, 1935, 193ó, 1937: Criuenden,
1963; McConnell, 1965, 1968; Cathles, 1975; Peltier, 1974; Pelt-
ier and Andrews, 1976]. The time scale of deglaciation is short
compared to characteristic times of convection so that the two
phenomena áre effectively decoupled.' 

The addition of a viscous component introduces an addi-
tional rheological variable as well as a time element to the
problem of modeling deformation, stress and gravity field,
but, in essence, the viscoelastic and elastic problems are
equivalent, both physically and mathematically. The utiliza-
tion ofthe correspondence prinéiple lBland, l96Q; Fung,19651
allows the viscoelastic equations to be expressed explicitly as
elastic equations in Laplace transform space with an appro-
priate redefinition of the Lamé constants as functions of the
Laplace transform variable p. The Laplace transform solution
spectra (Figure 4) are inverted to obtain the formal time-de-

tocI0 (p )

Fig. 4. Love number /r, (normalized surface displacement) for
various spherical harmonics / as a function of Laplace transform vari-
able p. The earth model has a uniform viscosiry for the crusr and
mantle (4 : l0:r P) over an inviscid core. From Pekier llÇ74i-

Time, yr

Fig. 5. Time histories corresponding to spectra of Figure 4. From
Peltier 19741.

pendent solutions (Figure 5). This is not always an easy task;
however, useful measures of characteristic relaxation times
can be gleaned from the explicit behavior ofthe p spectra.

A useful linear viscoelastic descripúon is that of a Maxwelì
solid, which has an instantaneous elasdc response followed by
a Newtonian viscous behavior. The transition in behavior oc-
curs at the Maxwell time, r¡/¡t, the raûo of dynamic viscosity
to elastic rigidity. The p-dependent L¿mé constants are given
as

(38a)

(38ö)

where K, the bulk modulus. is À + j¡r-
Much of the discussion of the previous section regarding

elastic modeling applies to Maxwell viscoelastic modeling
with the boundary conditions, in essence. becoming initial
conditions. Fundamental relaxation times are obtained from a
consideration of the response of an impulse load; i.e., a delta
function load applied at f = 0 lPeltier, 19741. The response to a
load applied at / : 0 and left in place is obtained by con-
volving the impulse response with a unit step function or mul-
t iplying the Laplace transform solut ion by p- ' .The behavior
of the solutions at / : 0 are given in the limit as p + oo and
from (38) it is seen that À(p) - À and p(p) - ¡r, and the solu-
tions correspond exactly to the equivalent elastic problem.
The behavior of the solutions for geologically long time peri-

ods is given for p - 0, for which À(p) + K and p(p) + 0, de-
fìning an equivalent problem for a fluid material.

Viscoelastic Laplace transform spectra for the Mars model
of Figure 3/ are shown in Figure ó- The viscosity profrle

adopted is subdivided into four regions: ( l)  a 1300-km radius
inviscid core, (2) a mantle zone of viscosity 10" P. (3) a
smoothly varying transition to the lithosphere, and (4) an elas-
tic lithosphere wilh an essentiallv infrnite Maxwell time. The
characteristic time of relaxation is given by the reciprocal ¿
values corresponding to the most rapidly changing part of the
spectrum lPeltier, 19741. The characteristic ¡ value shown in

)rp + p"K/q
A I D I : _

P + þ / n

pn
l t to) :  :

p -f trtlr
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Fig. 6. Dimensionless viscoelastic Love numbers for second har-
monic vertical surlace displacement as a function of Laplace trans-
form variable p. Mars models with elastic parameters of model of Fig-
ure 3/ and viscous parameters as shown. Characteristic p value for
homogeneous sphere ofviscosity 1022 P is shown and indicates relaxa-
tion is controUed by middle and lower mantle viscosiry. For a given
relaxation time and flow law, the average ratio of temperature to
melting temperature of the mantle can be determined. From PårTlþ
et al. ll980l.

Figure 6 is for the relaxation of a homogeneous sphere of vis-
cosity 1ff2 P. For a second harmonic load, one concludes that
the relaxation is strongly controlled by the deep mantle vis-
cosity, i.e., the lithosphere is transparent to this wavelength.

The usefulness of the Maxwell description is that it de-
scribes a number of meaningful rheologies. Beneath the ther-
mal lithosphere we expect the Maxwell time to be geologically
short, and the rheology described is essentially viscous. Thus
it is not surprising that the Maxwell model of Peltier and An-
drews 11976l and the elastic over viscous model of Cathles

[975] are in agreement, at least in the middle and lower
mantle, both suggesting a uniform mantle viscosity of the
earth of the order of 1022 P. Within the elastic lithosphere the
Maxwell time is long and the rheology is approximately elas-
tic. In the lower thermal lithosphere, the Maxwell time is of
the order of meaningful geologic time scales and the rheology
is both elastic and viscous. The lithosphere as a whole is prop-
erly described as anelastic; lithospheric viscoelastic loading
problems have been presented by lltalcott ll970l, Sleep and
Snell 11976l, and Beaumonr [978].

In practice, it is often useful to consider an elastic litho-
sphere with infrnite Maxwell time, and the region beneath it
to have undergone complete viscous relaxation so that i¡ the
limit the model describes the classical problem of the floating
elastic lithosphere over a fluid interior.

In this regard, the mathematical formalism of the liquid
core loading problem is adaptable, the 'core' in this case ex-
tending to the base of the elastic lithosphere, treati¡g the sub-
lithosphere as a hydrostatic fluid. However, when the elastic
lithosphere is 'thin' (to be deflned below), then certain ap-
proximations lead to a simpler analytic description and the
deformation to loads is described by a single parameter, the
flexural rigidity.

The problem of viscoelastic modeling during the transient
or relaxation phase is fraught with difficulty.for the terrestrial
planets, exceptilg the earth where the time-history of re-
sponse is observationally accessible. For the other planets,

some knowledge of the time application and amplitude of .the
load is required. An-,instantaneous application of tåe load,
such¿s.from craterjmpacg.simpli-ûes the analysis but does oot
obviate , the *nowledge .necessriry to solve .the problem. "A use-
ful ,approach to.the transientiproblem is to ¿ssume that,the
topographic feature in question:(the load) is little afrected by
the relaxation process.sinðe it ¡esides in an elastic lithosphere.
Rather, a viscous response fakesrplace at those depths where
both the temperature.and .load stresses .are sufficiently high. l¡
a signiûcant density contrast occurs in this region and if ,the
depth to this contrast is known,,then the observed topographic
spectrum is the input and the observed gravity spectrum is the
output of a quanti.ûable process that depends on the viscosity
of the interior. This approach was used for the Tharsis region
of Mars to estimate a viscosity lower bound of about 1027 P
lsee Mutch et al., 19761, based on the partial compensation
model of Phillips and Saunders [975]. As a second example,
many lunar studies of size-depth relationships have advocated
the long-term isostatic response of large lunar craters [Pike,
1967; Baldwin, 1970; Kunze, 19741. Dvorak and Phillips }9781
argued, however, that the Bouguer gravity over large lunar
craters indicated that, in response to load stresses, virtually no
flow has taken place at the crust-mantle boundary (-60-km
depth) over the last 4 billion years of lunar history (see section
8).

Flexure theory. The theory of the loading of thin shells
and plates is well known le.g., Love, 1944; Nadai, 1963¡' Kraus,
19671; the basic postulates \Kraus, 19671 are that the shell is
thin (thickness small relative to radius of curvature) or the
plate is thin (thickness small relative to horizontal dimen-
sions), deflections are small, the effect on bending of the Dor-
mal stress transverse to the plate or shell is negligible, and
normals to the reference surfâce (mid-plane) remain that way
and undergo no change ia length during deformation. From
these postulates it follows that the transverse normal strain as
well as the shear stresses and shear strains containing a trans-
verse component are zero.

As an example of flexure theory, we examine the solution
for a thin lithospheric shell of thickness r, Young's modulus E,
and Poisson's ratio ,, associated with a planet of radius Å. The
deflection I4l is described by the following differential equa-
tion fKraus, 1967}.

v6w + 4v4w + +( t  - ,4V2w + 2,14t  -  û)w

Ro '-, ,: - "  ( v , + t _ y ) q  ( 3 9 )

where V2 is the Laplacian operator, tþ: lLR2/t'1, N (the flex-

ural rigidity) is equal to Ef /Uz(l - l)1, and

q: p,gol1 + pßoW (40)

is a superimposed load at the surface (density p, and topo-
graphic height å) and the buoyant response at the lithospheric
base (sublithospheric density p,). In terms of the spherical har-
monic coefficients for topography, the displacement is given

by

Ilr-: ath¡t- (4 t )

where a, is a constant depending explicitly on.N, rJ,, r, p.. and
p,. In the limit as N + 0, ot+ -p,/p-, which is simple Airy
isostasy (see section 6). The total displacement is given by
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Appropriate di-fferentiation of (42) to form strains and appli-
cation of Hooke's law yields the three stresses d46, oÐ\, and oo¡.
In the limit as ,lV + 0,,these stresses vanish, and second-order
terrns:mr¡st be maint¿ined to give the:stresses associated ,with
isostasy (see below).

Now, the ¡atio of the observed dimensionless gravitational
potential power spectrum to the (topographþ load spectrum,
in terms of flexural parameters of ,the shell, is given,by

7z - Vl(A'u) / 3\' I¿i - 
W:(;/ æF 

(e,1 a,p)' (43)

The ratio Z? is the power in an admitrance function [cf.
McKenzie and Bowin, 19761 and given the observed values of
Zl, a¡ß obtained from (43), which in turn may be solved for
the flexural rigidity

N: y¡@¡, t) (44)

where y, is the inverse operator. Therefore with the values of
Z¡2, or an individual harmonic basis 2,,-, the flexural rigidity
is obtainable by assuming a thickness /, or vice versa. For
latge l, y¡ becomes independent of I a¡d lr' is obtainable
uniquely from the observables, which is the same result as ob-
tained by thin elastic plate theory (see llalcou [1976] for a
derivation) and used by Banks et al. ll977l to obtain an ex-
pression for the isostatic response function for regional com-
pensation. Both McKenzie and Bowen [976] and Watts i1l978l
consider the relationship between sea floor topography and
gravity using a finite thickness (not thin) plate, and here the
élastic constants and plate thickness do not lump into a single
parameter. McKenzie and Bowen were the frrst to use the ad-
mittance function between gravity and topography to obtain
properties of the elastic lithosphere.

For thin plate theory, application of the correspondence
principle yields a space-time dopendent differential equation
for a viscoelastic medium analogous to the space-dependent
elastic equation. Solutions to the former equation are straight-
forward and have been exploited by Walcou ll970l, Watts and
Cochran ll974l, Sleep and Snell [1976J, and Beaumont [l97ïl
to study the time variation of lithospheric flexure.

In spherical coordinates, the viscoelastic response of a thin
shell may be studied by applying the correspondence principle
to a,. The poles of a, in Laplace transform space yield the re-
laxation modes for the shell [see Peltier, 1976]. For small (<
-10), two relaxation modes result; one is always the Maxwell
time. The second mode depends on the value of the mem-
brane stress parameter lKuckes, 19771 M : p¿;R2/Et. For
small M, bending stresses are important, and the relaxation
time is of the order of the product of a viscous sphere relaxa-
tion time and the normalized thickness (t/R) of the litho-
sphere. For large M, the relaxation time of the second mode is
of the order of the Maxwell time.

Minimum stress distributions. Jefreys [1943, 1970] argues
that the elastic loading solutions may be inappropriate to
many geophysical problems, and instead he seeks a solution i¡
which the elastic stress-strain relation is abandoned and a
minimum value for the maximum stress difference i¡ a ho-
mogeneous elastic sphere or half-space is sought. This results
in some reduction in the stress diferences compared with the
elastic solutions, or

7-., = (+ to J)pgå (4s)
More appropriately, Jeflreys 11932, 19431soughr the mass dis-
tribution that would lead to the minimum stress i¡ a floatine

crust. For both plates and spherical shells he finds the mass
distribution is very nearly isostatic and the:minimum value for
the maximum stress is

-*= Pgh (46)

This value also follows directly from elastic plate theory if the
plate is loaded on both surfaces such i at the Aþ isostatic
condition is maintained [e.g;; Timoshenko and Goodier, I95ll.

4. RBLATIoNSHIP oF GRAVITY ANOMALIES
TO CONVECTION MODELS

In the previous section we illustratcd some relations be-
tween gravity, stress, and displacement for a planetary interior
that behaves elastically or possibly viscoelastically. The rela-
tionships are fairly direct so long as most of the density con-
trasts are near the surface. The lithosphere will suppoá den-
sity anomalies as long as the resulting shear stresses are below
the finite strength ofthe elastic layer (section 5) and, in a gen-
eral way, the resulting gravity anomalies can be expected to
show some correlation with topography, surface geology, and
tectonics. But not all ofthese correlations need be due to den-
sity anomalies within the upper lithosphere; they could also be
a consequence of mantle processes as well as due to lithos-
pheric response to these processes. Conversely, the correla-
tions may be indicative of constraints on the mantle proæsses
by the lithospheric boundary layer. Terrestrial examples of
the former situation, where both topography and gravity are,
in part, a consequence of the response of the lithosphere to
flow in the asthenosphere, include the outer gravity and to-
pography highs of the oceanic lithosphere before it is sub-
ducted lHanks, l97l; ll/atts and Talwani, 19741, possibly the
broad positive gravity anomaly referred to as the Hawaiian
swelllüaus, 1976; but see also Detick and Crough, 19781, and
possibly the residual depth anomalies over ridges lSclater et
al., 19751. A possible example of this on Mars is the Tharsis
plateau [Phillips et al., 19801.

Without discussing in detail the specific mechanism, there is
no way of separating the contributions to gravity from density
anomalies in the lithosphere from anomalies at great depth,
although some general statements can be made. One is that,
because of the attenuation of gravity with distance from the
source, the shorter the wavelength of the gravity anomaly the
more likely it is to be a consequence of near-surface density
anomalies. Short-wavelength anomalies at greater depth will
simply not be observed, unless the density contrasts become
very large. Another is that the stress differences occurring in
an elastic layer due to a density anomaly are proportional to
the square of the wavelength of the anomaly. Hence the
longer wavelengths, resulting in the larger stress differences,
are more likely to originate at greater depths than the shorter
wavelengths which are more likely to be supported elastically
in the upper lithosphere. Hence if assumptions can be made
about the maximum density contrasts and shear stresses that
the lithosphere can tolerate, some order of magnitude separa-
tion of lithospheric and mantle contributions becomes pos-
sible.

We expect that a substantial fraction of the mantles of the
terrestrial planets will not support density inhomogeneities
elastically; such anomalies must flow by subsolidus creep
processes. These i¡homogeneities will flow, irrespective of the
anomaly source, with a tendency toward stable horÞontal
stratiñcation unless maintained by dynamic processes such as
convection. Indeed. the curl of the momentum equation for
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velocity V for an incompressible constant viscosity flow, ne-
glecting inertial terms, is

go x Vp: aV'z(V x V)

showing that lateral density variations drive flow and stress
frelds lM c Ken z ie, .197 7 l.

Through thermal.:expansion, vertical temperature varia-
tions-whether maint¿ined by appropriate . t€mperature of
heat flux boundary conditions or internal heat generation-
will give rise.to ,buoyancy forces to drive convective motions
in plaietary mantles. Unlike the elastic or viscoelastic prob-
lem where mantle density variations might be invoked in an
ad hoc manúer, the density anomalies resulting from con-
vective flow are the results of a well-posed boundary value
problem. In principle, thè density distributions are exactly
predictable from the'mathematical model of convective flow.
In practice, the problem suffers from (l) intractability in solv-
ing, with adequate resolution, fully time-dependent th¡ee-di-
mensional flows on the present generation of computers, (2)
complications in describing the appropriate rheology (e.9.,
non-Newtonian, and temperature-dependence of rheology)
and certain physical efects (dissipation, phase change), and
(3) uncertainty in boundary conditions, initial conditions, heat
source abundances, and material constants.

The two chief gravity effects of convective flow arise from
the density changes due to thermal expansiori and from defor-
maticin of the boundary layers (e.g., core-mantle boundary,
phase change boundary, lithosphere) due to viscous stresses
and pressure effects. Surface deformation due to convective
flow has been summarized by McKenzie ll977l. The pressure
field P is divided into a hydrostatic fraction Psl: -pgrQ an'd
a fraction associated with convective flow P,. In practice, the
pressure field is eliminated from the momentum equation
with the curl operator, and perturbation density is replaced
with perturbation temperature via the Boussinesq approxima-
tion. The energy equation gives a second relationship between
velocity and temperature leading to a coupled set of nonlinear
partial differential equations. Upon solution, P, ii obtained
from the original form of the momeritum equation via

VP, : Y * [r,(V * V)] : V[2aV. V]

Then on a deformed boundary, the normal stress is zero,

r,": o:[-", * psoz + 2q Yl"-^^,..,,,
yielding the surface deformation

Ah(x, y): I [", - z, +l
P8o I oz l,-o

Pekeris [935] was the first to discuss distortion of the litho-
sphere due to mantle convection and, from the linearized so-
lution to the convection equations, pointed out the competing
gravity effects, over a rising cell, of the high-temperature fluid
and the deformed boundarv laver.

5. FINITE STRENGTH

As we have previously discussed, the problem of separating
contributions to gravity from the different layers in a planet
can be partly answered if the stresses set up by the internal
and surficial loads can be calculated and ifthe planet response
to these stresses can be predicted. To whit, the calculation of
stress levels leads to typical statements such as '. . . gravity

(47)
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anomaly cañnot :be supported elastically,,by the lithosphere
. . .' or '. . . the topographic feature must be supported by flow
stresses in the asthenosphere.: ;.. .' In.discussing the crustal and
lithospheric contributions.toa:planetary gravity.ñeld, a con-
venient measure ofthe response ofthose layers is given by its
'ûnite strength"whichve consider.here.as a merrsure.of a criti-
cal stress beyond'which the response becomes distinctly non-
elastic; either signiûcant creep occurs or thematerial fractures.
Jefreys [970] discusses some criteria for this critical stress
and logically concludes ,that, in many situations, the maxi-
mum stress di-fference occurring anywhere in the material pro-
vides an adequate measure (or at least a lower bound) of the
finite strength. Usually stress is not measured directly but is
inferred from observations of strains, deflections, or dis-
placements of bodies subjected to specified loads. Hence a re-
lation between stress and strain. or between load and defor-
mation, is required, but as has been emphasized by F. Birch,
one usually settles for the tractable rather than the more real-
istic relation.

Evidence for the strength of the earth materials can be de-
duced from several sources. These include (l) laboratory mea-
surements of the strength of rocks; (2) iaferences from the
physics of steady state flow; (3) in situ stress measurements in
the crust; (4) stress-drop measurements across fault planes;
and (5) analysis of stress fields set up by the loading of the
crust by sediments, mountains or seamounts, or by the bend-
ing ofthe lithosphere at the oceanic trenches, referred to here
as tectonic stresses. Estimates of the finite strength obtained
by the above methods range over some 3 orders of magnitude,
from a few bars to several kilobars.

In our restricted problem we are interested in k¡owing what
part of a planetary gravity freld can be supported elastically,
for long time intervals, by the crust and lithosphere. If the fi-
nite strength of the lithosphere is of the order of several kilo-
bars, for example, then much of the earth's gravity field can
be attributed to density anomaliés in the lithosphere [e.g.,
Lambeck, 19721, but if the frnite strength is less than 100 bars,
then these density anomalies must be relegated to the mantle
and be dynamically supported le.g., Kaula, 19721.

l4gì Laboratory measurements. Measurements at room temper-
ature indicate that flow or fracture occurs at stress differences
ranging from several hundred bars to several kilobars. For a
number of reasons, however, these stresses must be considered

(4g) as upper limits since, (l) the samples are nearly always much
more homogeneous than the crust, (2) the strength measure-

(50)

ments are for small rock samples in contrast to large rock
masses----complete with faults, cracks, and other imperfec-
tions-which are more appropriate for our problem, and (3)
the strain rates applied are much greater than those encoun-
tered in geological problems; at lower strain rates creep will
usually occur at lower stresses. The laboratory measurements
show a number ofcharacteristics that are relevant to the pres-
ent problem.

l. An increase in confining pressure increases the finite
strength, presumably because po¡osity is reduced and because
there is an improved interlocking and bonding between
grains. Hence all other factors being equal, the ñnite strength
of the crust should increase with depth.

2. The presence of water in the specimen significantly
lowers the ñnite strength of crustal rocks because pore pres-
sure opposes the lithostatic pressure.

3. The cycling of stress from low to high levels increases
rock strength, and the strain history of the specimens may be



an important-factor in assessing its strength. Old conti¡eotal
crustal rockõ may therefore have a greater.ñnite strength than
young oceanic crust with a shorter loading history.

4. The dominant factor controlling the mechanical
strength of.rocks is probably the temperature Z since steady
state flow will generally.occur when T/T^ equals or exceeds
about l/2, L being the mglting point temperature lWeertman
and 'lleertman, 1975; Carter, 19761. At geological strain rates
this ratio is ahnost certainly lower.

Inferences from steady state flow. In these studies stress-
strain rate laws, based either on speci_ûc creep mechanisms or
oa empirical considerations, are introduced, and the stress dif-
ferences are estimated for which significant solid state flow oc-
curs. These flow stresses place upper limits on the stresses that
can be supported elastically by the material. Recent reviews
are by ll/eertman and Weertman |9751, Carter 11976l, Kirby
ll977l, Mercier et al: ll977l, Ashby and Venall [1978], and
Vl/eertman [978]. Most of these discussions are appropriate to
the mantle rather than to the crust since the former is believed
to be chemically more hcmogeneous and because the higher
T/T^ values make tractable creep laws more applicable. Fur-
thermore, flow in the asthenosphere and deep in the mantle is
of broader geophysical significance than tbe crustal response.
These flow laws indicate that the flow stresses in general do
not exceed l@ bars or so, particularly for hydrous olivine
mantle rheologies and for low strain rates, and in most in-
stances the flow stresses do not exceed a few tens ofbars. It is
important to note that these flow stresses i¡ the oceanic litho-

- sphere will generally be inferior to continental flow stresses
because of the higher geothermal gradient.

Flow stresses in crustal rock are high, ranging up to lff bars
for quartzite, for example, but the materials of the average up-
per crust will probably fail elastically before these stresses are
reached.

In situ measurements of Stress. Measurements from various
surface, bore-hole, and mine methods yield values for stress
differences in the crust thar are of the order of 100 bars. with
the largest values.appreciably lower than t kbar [Sbar and
Svkes, 1973: Haimson, 1975; McGarr and Gay, 19781. All of
these measuremenls give only the stress state in the upper
crust, and locally they may be masked by large srresses due to' heterogeneities in the structure or strain history of the area.
These stresses, insofar as they are representative, are the ac-
tual stress state of the crust and hence represent lower limits to
the ñnite strength.

Stress-drop 'measurements. The stress drop is the difler-
. ence between the initial and final shear stress on a fault and

relates to the seismic moment and fault plane dimension. The
observed stress drops for intraplate earthquakes are generally

. Iess than 100 bars and mostly less than 50 bars [see, for ex-
ample, Richardson and Solomon, 1977: Kanamori and Ander-
son, 1975: Hanks, 1977]. Stress drops along plate margins also
do not generally exceed 100 bars including intermediate- and
deep-focus earthquakes in the Tonga-Kermadec Benioff zone
llVyss and Molnar, 19721. These seismic stress drops may rep-
resent only lower limits to the ambient tectonic stress because
we have no reason to necessarily expect total stress reliefi¡ an
earthquake event and the earthquakes themselves occur in
areas ofweakness. The absence ofa heat flow anomaly on the
San Andreas fault has led to the conclusion that the frictional
shear stress is on the same order as the stress drops [Brune et
al., 1969: Lachenbruch and Sass,19731; i.e., the seismic srress
drop indeed represents the ambient stress levels along the
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farl'lt. Raleigh and Everenden [979] have reviewed other argu-
ments favoring,the equivalency of measured stress drops and
ambient shear,stress. The seismic estimates represetrt the re-
sponse of the crust subjected to geological strain ratesn and for
this reason the 6¡ite strength may be less than that deduced
from laboratory measurements; at tÞe same time this is also
more relevant to our problem.

Hanks [977] argues that'the actual fnite strength may be
an order of magnitude greatel than the observed stress drops.
He sees a need for this in that (l) laboratory measurements in-
dicate kilobar finite strength, and (2) the strength of mantle
.materials required to support mountains is generally i¡ the vi-
ciaity of I kbar [e.g., Jefreys, 1970]. We rerurn to this latter
point below. Hanks suggests that the stress drops of earth-
quakes along plate margins may be controlled by recoverable
basal stress differences of several tens of bars. and the actual
stresses ifì the upper tens of kilometers on planes parallel to
the plate margin may be on the order of I kbar.

Tectonic Jtresres. The stress di-ffereoces associated with
high mountains i¡ an isostatic state will be of the ordet of pgh,
about 300 bars per kilometer of elevation, using the formula-
tion discussed in section 3. Hence, for the s-km-high Tib€tan
plateau, the maximum stress difference in the crust would av-
erage about 1.5 kbar. The underlying crust appears to be
anomalously thick, about 70 km, yet both it and the mantle
also appear to be hotter and consequently weaker than in
stabler continental areas lBird and Toksö2, 19771. Therefore
much of these stress differences must be supported by the fi-
nite strength of the colder upper part of the crust. The steep
slopes occurring in the Himalayas also require a considerable
frnite strength in the upper parts of the crust, of the order of
700 bars at 25-km depth lLambeck, l979bl.

These calculations use static solutions, and if there is one
area where these solutions are inappropriate, at least for large
length scales or long time scales, it is in areas of tectonic activ-
ity. Horizontal stress at the plate margins where mountains are
formed is presumably of comparable magnitude to the load
stresses if mountains are to form at all. and the stress differ-
ences may be less than the above calculations suggest. Brid
[978] and Molnar and Tapponier [1978] have argued that the
Tibetan plateau is maintained partly by compressive forces
associated with the northward motion of India relative to cen-
tral Asia, and Bird estimar,es that the maximum stress differ-
ences associated with the plateau may only be of the order of
400-600 bars.

To be signiñcant aS a measure of frnite strength, the loaded
area must be essentially free from contemporary and recent
tectonics. The loading of the crust at Lake Bonneville may
provide one region that meets this requiíement, and Critten-
den 11967l concludes that the ûnite strength of the mantle im-
mediately below the crust is at most a few bars. Birch 11964l
gives an example of a gravity anomaly over Green Mountain,
Vermont, which is associated with maximum stress differences
of somo 500 bars at lO-km depth. Lambeck ll979bl has dis-
cussed several large gravity anomalies in Australia, South Af-
rica, and the United States in tectonically quiet areas which
must be associated with stress differences of the order of 30G-
400 bars that have persisted for long periods, up to nearly 2 x
10" years i¡ one case.

Probably the best estimate of the tectonic stresses i¡ the
earth is through a global analysis ofthe topography for, as we
will discuss in section 6, the isostatic mechanism may only op-
erate to the point where all stresses are at or below the in-
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trinsic finite strength. For a topography that is isostatically
compensated and with a power specrrum of the order of Vi(h\
(section 2), the spectrum of the stress difference is, from (4ó),

V¡z(r) = (pgR)'zVlØ)

and the maximum stress differences will be of the order of

vilùl
Using the equivalent rock expansiot of Balmino et al. [19131
gives, with /: I-3ó, r-., = 400 bars. Insofar as topography
and density anomalies are initially a consequence of dynamic
processes that in many instances are still operative, the actual
deviatoric stress may be somewhat less than suggested by this
global analysis.

The observation that isostasy is an almost global phenom-
ena also suggests that these estimates are upper limits of the
deviatoric stresses, for if the finite strength was greatly differ-
ent from the pgh values, then one would expect greater depar-
tures from isostasy than are usually observed.

Applying (51) to the lunar topography also gives, with / -
l-3ó and with the empirical spectrum discussed in section 8,
r-.* = 100 bars. If much of the upper lunar mantle can sup-
port stress di-fferences, r-,, wi.ll be about one half of this
lLambeck and Pullan, l919al. For Mars, the comparable value
is of the order of 2ó0 bars for I = 2-16, somewhat higher than
for the earth.

A number of other tectonic problems have been analyzed,
for the stress state, most notable being elastic bending of the
lithosphere by seamount loads and by subduction. Elastic so-
lutions fior the former generally indicate stress differences of 2
kbar per kilometer of deformation, and maximum values of as
much ¿rs l0 kbar are predicted under larger loads such as the
Hawaüan Islands llüakott, 19701. In these solutions the plate
is generally considered to have uniform elastic properties and
the maximum stresses occur at the upper surface where they
are compressive and at the lower surface where they are ten-
sile. Considerable reduction in the stress differences can be
achieved, however, by models in which the finite strength de-
creases with depth. Lambeck and Nakiboglu [19791 discuss
some possible solutions and conclude that the stress di-ffer-
ences caû be significantly reduced, particularly in the lower
part of the plate.

The higb stresses associated with the bending of a uniform
elastic pfate at the ocean trenches [LePichon et al.,1973; llatts
and Talwani, 1914; Caldwell et al., 19761 can also be signi-t-
cantly reduced by introducing a partly viscous response for
the lower part of the plate [De Bremaecker, 1977: Melosh,
19781. Forsyth [979] has shown rhar both viscous and elastic
models match the observed topographic and gravity anoma-
lies seaward of the trench, with the former model introducing
bending stresses less than I kbar. Both types of models assume
that there is no dynamic interaction between flow in the as-
thenosphere and the deflection of the overlying plate, but
McKenzie [977] has demonstratèd that these gravity highs
and upward deflections can also result from solid state con-
vection i¡ an asthenosphere'of depth-dependent viscosity.
From observations of the ourer gravity and topographic high
alone, a distinction .between the various models is not pos-
sible.

Conclusion Estimates of the average finite strength of the
earth's crl¡st range from a few hundred ban to several kilo-
bars. Labor¿tory measurertrents, employfurg large st¡'ain rates
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and short loading cycles, will always overestimate the strength
of flow stress of the samples, for any additional deformation
mechanisms that operate under geological conditions but not
in the laboratory will only reduce the strength. To what extent
the laboratory results can be extrapolated remains problem-
atical. The elastic plate calculations also lead to high stress
differences but which can be signifrcantly reduced by either
permitting some viscous creep in the layer or by introducing
depth-dependent elastic parameters. Considerations of isos-
tasy lead to stress differences that are ofthe order of500 bars,
and if the finite strength of the crust greatly exceeded this,
then greater departures from isostasy would be observed. We
conclude that for rhe earth the fi¡ite strength ofthe crust is of
the order of 500-1000 bars or possibly greater [Kirby, 19791
for the upper l0-20 km and for loads operating on geological
time scales. Below these depths there is a rapid decrease in û-
nite strength, approaching the 100-bar and ultimately l-bar
level as the region of subsolidus flow is reached.

The 6¡ite strength of the moon's crust can be expected to
differ from that of the earth's crust in that gravity is much re-
duced, so that for the crust and upper mantle where conôaing
pressure rather than temperature controls the strength of the
material, the frnite strength of lunar materials can be less than
that for comparable terrestrial materials. The absence of water
and other volatiles could, however, increase the strength. The
tectonic considerations suggest a lower limit of the order of
100 bars. For Mars the tectonic considerations suggest a crus-
tal flnite strength of the order ofabout 300-500 bars. In view
of high surface temperatures, Venus may well have a crustal
finite strength that is less tha¡ that of the earth.

6. IsosrAsY

Isostasy, or the state of isostatic compensation, is usually
defined as a weight balancing of surface loads by density
anomalies below it, distributed in such a way that at solne
uniform depth the pressure is everywhere constant, and below
which the planet is in a srate of hydrostatic equilibrium. The
manner in which the density anomalies are distributed gives
rise to the specific mechanism by which this isostatic state is
attained. Most models of these mechanisms are based on ei-
ther the Airy or Pratt schemes. Heiskanen and Vening-Meinesz
[958] reviewed the classical discussions of isostasy and of the
evidence for it on eafth. ll/oollard [19721 has reviewed the
more recent evidence for isostatic equilibrium, wbrle Jefreys'
[970] short review is also helpful. It is generally recognized
that much of the earth's surface, both continental and ocearic,
is close to the isostatic state, although there are some notable
exceptions to this: areas of either undercompe¡rsatiotr or over-
compensation occur due to the fact that the earth's cnrst can
support some nonhydrostatic stress for long periods and that
surface deformations are also controlled by horizontal forces
in the crust and upper mantle. Isostasy also appears to be an
important phenomena shaping the moon lKaula, 1975; Lam-
beck and Pullan, l979al and }'/'arc [Phillips and Saunders,
te7sl.

In the traditional usage of the Airy model, a crust of uni-
form density but of variable. thickness overlies. a weak sub-
stratum which will not support nonhydrostatic stresses for
long periods of time. The interface between the two layers is
arranged i¡ such a way as to reflect the topography and in or-
der to satisfy the isostatic condition, mountains overlie thick
crustal'roots,' and oceans overlie thin crust. This interface is
usually confounded with the Moho, buuhere is often evi-



PHILLIPS AND

dence of significant lateral structural variations below this,
and the depth of cornpensation could in some i¡stances be
deeper. The assumption of constant density in the crust is not
essential; identical depths of compensation and gravity anom-
alies are obtained if the crust i¡creases in dcnsity with depth
or if it is layered, provided that the crust is iacompressible and
that displacements of material in the crust occur only in the
vertical di¡ection. In regions where there are well-defined in-
termediate crustal discontinuities and where the geotherm is
sufficiently high that signilcant depth variations i¡ fi¡ite
strength can be expected, much of the compensation may al-
ready occur above the Moho. The nature of the crust under
mountains preseDts a particular problem in that crustal and
mantle materials, at temperatures higher than the 'normai'

crust and mantle, mix and differentiate such that densities and
seismic velocities vary gradually with depth rather than result-
ing in a distinct layering. Not only will the Moho be a traûsi-
tion zone rather than a sharp discontinuity, but there may be
low velocity layers within the crust. Both seismic evidence
[e.9., Choudhury et al., l97l; Finlayson et al., 1979] and pet-
rological evidence lFerguson et al., 19791 suggest that this is so.
Thus, while in these orogenic regions the isostatic state should
be nearly achieved since the higher temperatures result in a
relatively short relaxation time, the model of compensation
may be quite different from the classical Airy model. Viscous
forces acting on the base of the crust or lithosphere may also
cootribute to the deformation, but as the asthenospheric vis-
cosity is low, particularly in the strongly heated orogenic re-
gions, the rates of flow required to create signi-ûcant viscous
stress would appear to be too high.

In the Pratt model the topography is supported by a layer of
uniform thick¡ess with respect to sea level but with a variable
density such that the pressure at the base of this layer is con-
stant. High-elevation regions are then underlain by low-den-
sity material, and low-elevation regions are underlain by den-
ser material. The compensating depth is often taken to be the
base of the lithosphere since lateral density variations cannot
be supported statically below this depth. In this model,
mountains are assumed to b€ a consequence of vertical expan-
sion, although in most mountain formation processes com-
pressive forces play an important if not dominant role. Also, it
is not obvious that the base of the lithosphere is an appropri-
ate measure of the compensation depth since rheological flow
liaws, combined with the geotherm, indicate that the lower
part of the lithosphere will not be able to support significant
stress di-fferences for any length of time (sectioo 5). Clearly,
neither isostatic model represents reality, and an actual
model relevant to a particular region of the earth, will be con-
siderably more complex and embody aspects of both: moun-
tains underlain by roots plus lateral density variations, for ex-
ample. Neither do the variants of theqe models, such as the
Pratt-Hayford or the Airy-Heiskanen models, represent im-
provements insofar ¿u¡ representi¡rg the physics of the prob.
lem.

One reason why these classical concepts of isostasy are
idealized is that vertical columns of mass are balanced inde-
pendently of; and uncoupled to, neighboring nass€s. Such a
situation can only exist in the absence of shear stressesi But
this is clearly not the case for ñni1s lspeg¡¿phy in isostatic
equilibrium lLrtyushkov, 19731, and in fact, the isostatic state
is not otre of exact mechanical equilibrium. Howeve4 certain
solutions of rheological boundary value problems may ap-
proach isostasy. For example; a loaded elastic plate or shell
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floating on a fluid substratum and obeying the equations of
mechanical equilibrium will approach an isostatic state when
the flexural rigidity (see below) is small and when the wave-
lengths of the load exceed the flexural parameter (distance at
which deflection of an elastic plate due to a concentrated two-
dimensional load has fallen off l/e).

In most discussions of isostasy the stress state in the layer is
ignored (see Artyushkov ll974l for a notable exception), it
being implied not only that the stress di-fferences are mi¡i-
mized but also that they are low enough for the crust or litho-
sphere to be'able to support them. But this need not be so.
Elastic plate theory predicts that for a plate loaded at its upper
surface by a harmonic function and at its lower boundary by a
second harmonic load such that Airy isostasy is achieved, the
stress differences in the mid-plane of the plate are of the order
of pgh fTimoshenko and Goodier, 1951]. The maximum stress
di-fference will occur on the upper and lower surfaces of the
plate. The shearing stress is generally small but not nonzero
and for a harmonic load pgoh,,^, it will typically approach
lpgah,øt/ R, where r is the average thickness of the plate.

Jefreys [970] defines the state of isostasy as the deûsity dis-
tribution that minimizes the maximum stress di.fference occur-
ring anywhere in a floating layer and below which the hydro-
static state is attained. Solving the equations of mechanical
equilibrium (without reference to elasticity) for the distribu-
tion of mass that minimizes the maximum stress di-fference,
Jefreys 11932, 19431 ûnds a solution close to Airy isostasy.
The stress differences found, as discussed in section 3. are also
very close to pgh.

Figure 7 illustrates the relaxation of a topographic load, in
this case a crater of i¡itial diameter 180 km and an initial
depth of 15 km in a two-layer viscous half-space. The upper
layer has a viscosity of 5 x lf4 P and a density of 2.7 g cm-3,
and the conesponding values for the lower layer are 5 x 10'z3P
ard 3.2 g cm-3. The evolution of the topography of the cra-
ter and of the interface between the two layers has been com-
puted applying the correspondence principle to the elastic
equations lMcConnell, 19651 and then analytically carrying
out the inverse Laplace transforms. As the stress distribution
associated with the crater starts to relax, the interface rises in
response. At 5 x lOE years the crater is in approximate iso-
static balance, and the perturbation on the lower boundary
reaches a maximum. The conûguration is clearly unstable be-
cauSe there are buoyancy forces associated with both the cra-
ter and the lower boundary and with time the crater becomes
shallower while the lower boundary deformation diminishes,
yet maintaining an isostatic balance with the surface topogra-
phy. As time approaches infinity, both the crater and bound-
ary perturbation vanish. The stress history of this model fol-
lows a pattern of dominance by large normal stresses in the
early stages which quickly relax as isostasy is achieved; at sub-
sequent times, shear stresses dominate. The stable horizontal
stratifcation at in6nite time in this model would quite likely
not be realized, as the stresses would drop beneath the creep
strength of the material and a Ênite isostatic state-s.ill exist
supporting stresses at about the creep th¡eshold linit. Since;
as discussed above; these stresses will be,di¡ectly proportional
to topographic load, then in the absence of other forces, topo-
graphic heights must be controlled by the finite strength of the
lithosphere.

From these analyses and from the work done byJeffreys we
conclude that isostasy is a natural state:i¡ the'evolutionrof a
mechanical system in response to an applied stress field. It is
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Fig. 7. Viscous relaxation of a crater as calculated from a time-de-
pendent Stokes ûow solution for a two-layer medium. Not to scale.

close to the minimum state of stress that can be achieved in a
çsnfigruation of fi¡ite topography and will tend to be
achieved because a mechanical system will always tend to re-
spond in such a manner as to minimize stress. A further con-
clusion follows from the argument that an endogenic thermal
process in a planetary interior will, at suftciently high temper-
atures, not maintain shear stresses, and in the absence of all
forces other than buoyancy forces, internal density conûgura-
tions will form in an isostatic state; i.e., isostasy is a natural at-
tendant of thermal-mechanical systems.

Lithospheres that are externally loaded (e.g., seamounts,
sedimentary fill, plate bending at trenches) may be more
properly viewed from the point of view of elastic or vis-
@elastic flexure. In general, the loadiag does not involve ther-
mal processes in the lithosphere, and the minimum stress state
configuration is not achieved. Isostatic compensation is
viewed as regional in extent; i.e., a concentrated load is sup-
ported by lithospheric flexure over a wide areal distribution.
For regional compensation calculations using flexure theory,
the maximum stress di.fferences may be as much as an order of
magnitude higher than pgå [but see Lambeck and Nakiboglu,
r9791.

Despite the shortcomings of the simpler isostatic models,
they serve a useful purpose for evaluating the contribution of
the topography and crust to the observed planetary gravity
ûeld. Thus if AUl is the isostatic potential, i.e., the potential
due to topography and its compensating mass, the contribu-
tion of the crust to gravity is unimportant il ^U ( A Uou**"¿
and the manner in which the isostatic correction is made, if
made at all, is i¡relevant. This is the case for the global ûeld of
the earth, where much of the observed long-wavelength grav-
ity anomalies originate from density anomalies in the upper
mantle. For the moon, AUl is a comparable magnitude of the
observed potential and most of the gravity ûeld is of crustal or
near-crustal origin. Mars represents.an intermediate case with
a signiñcant contributioD of crustal sources to the observed
long-wavelength field. Venus may be more like Mars because
of strong correlations observed between gravity and topogra-
phy (section l0).

For regional studies a new approach to isostasy is war-
ranted in which the mass distributions are determined either
empirically or from physically plausible assumptions along
the lines of geophysical prospecting le.g., Bullard and Cooper,
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19481. Dorman and Lewis [1970] undertook such a study by as-
suming that the Bouguer gravity anomaly Agr(ro) relates to
elevation å(r) at position r according to

As,(ro) : I q$,- rl)å(r) ds + s,
J s

(52)

where q is an unknown function of the relative position and ç
is the contribution to Ag, that is not of isostatic origin. This
relation assumes that the compensation of a point load is sym-
metrical beneath this point. Si¡ce the integral in (52) is a con-
volution, in the frequency domaia,

aG,(k): O(lkl)¡I(k) + ç(k) (s3)
where k is the wave number. Here Q(lkl) is the isostatic re-
sponse function, which depends on the density distribution
with depth. From an analysis ofAg, and h, q or e can be de-
termined, and Dorman and Lewis found that, for the conti-
nental United States, the linear model (52) is satisfactory. The
inversion of the response function for the density anomalies is
not unique, and they assumed that the compensation is local,
i.e., that the anomalous density is distributed immediately be-
low the surface poiat load. Their inversion results lead to a
model of an oscillatory variation of density with depth
whereby elevated terrain is ûrst underlain by a negative den-
sity anomaly and by a second, smaller, but positive anomaly
at greater depth. These anomalies extend down to consid-
erable depth, of the order of 40G-500 km [tewis and Dorman,
19701, and the oscillatory behavior is si¡nilar to that found by
Romanowicz [ 1979] from the inversion of seismic p travel time
anomalies. Banks et al. ll977l object to these models of Lewis
and Dorman and suggest that the oscillatory behavior is a
consequence of the local compensation assumption (Figures
8¿ and 8å). They interpret the response function in terms of a
regional compensation model described by the flexure analy-
sis theory fo¡ thin elastic plates, so that while the load is sup-
ported by the buoyancy forces in the fluid, the stresses are dis-
tributed over a larger area by the elastic plate deflection. The
inversion of the response function gives a measure of the flex-
ural rigidity of the layer. The fit of their regional model is
shown in Figure 8c. The results of their study yield a strictly
positive density gradient in the elastic lithosphere.of the conti-
nental United States, but the plate thickness is far too small,
5-10 km, and the preferred explanation is that the local com-
pensation mechanism is operative below l0-km depth.

McNutt and Parker [978] have computed the response
functions for the United States and Australia and concluded
that the flexural rigidity for the Australian model is signiû-
cantly less rhan thar for rhe United States (Figure 9) and, in
fact, a value of the flexural rigidity of ze¡o (local com-
pensation model) will , frt the observed p. The initial ex-
pectatioD for such a comparison would be that the older Aus-
tralian crust and lithosphere would have a higher flexural
ridigity than the younger western United States lithosphere
which dominates the American response function. McNutt
and Parker interpreted this paradox as a consequence of the
viscoelastic response of the lithosphere, which leads to lower
values of appareDt flexural rigidity with increasing time fWat-
cott, 19701. With this type of rheology, the relaxation time of
the Australian upper lithosphere is greater than l0ó years and
may be as high as l0ö years.

Banks and Swair [1978] computed the isostatic response
function for East Africa (Figure l0) and showed that a local
compensatioD model involving only negative density contrasts
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Fig,. 8. (¿) Isostatic response estimates for the United States,
shown with + I standard error. Solid curve is optimum local com-
pensation model, in terms of trade-off of error and fit to data, and in-
volves both positive and negative density contras¡s in the subsurface.
Dashed curve is best fitting model ìÀ,ith only negative density con-
trasts. (ó) Isostatic density model for United States corresponding to
solid curve in Figure 8a. Ordinate is density contrast per unit topo-
graphic elevation. (c) Fit of regional (elastic plate) compensation
models to United States isostatic response data at the 807o (dashed
line) and 957o (solid line) conñdence levels of acceptability. From
Banks et al. ll977l.

(compensating the positive topographic load) would flt the re-
sponse function. They interpreted the density anomaly be-
neath the Kenya dome, a region of low seismic P wave veloc-
ity and high electrical conductivity, as a zon.e of partial
melting.

The results obtained from the studies by Dorman and
Lewis, Banks et al., McNutt and Parker, and Banks and
Swain are etrcouraging in that they permit a discussion of
isostasy in terms of physically plausible models. Unfortu-
nately, the uncertainty of the response function remains sig-
nificant, even for the well-surveyed areas of Australia and the
United States, and this may prevent further refinements of

0.0æ2 0.0005 0.

Fig. 9. eurtr"tt" 
""a 

uJ.îîtît'., ,*r,"t,. response estimares
with I standard deviation errors. The two curves correspond to elastic
plate models with flexural rigidities (M) as shown lfrom McNuu and
Parker,19781.

these models. This is mainly a corsequence of the noise term
in (52), which contains the anomalous density variations in
the crust aûd mantle that, on the average, do not correlate
with topography. Further, Iateral variations in rheology,
structure, and age of loading present difficulties which must
ultimately be examined; for example, the essentially horizon-
tally averaged estimate of flexural rigidity and vertically aver-
aged density profrle may be strongly i¡fluenced by only a
single physiographic province. The time sequencing of erosion
as a mechanism for shifting the topographic load may play an
important role in this regard.

7. EARTH

The relationship between the long-wavelength gravity
anomalies and tectonics on earth can be vie\yed as the super-
positioning of three principal phenomena: regional and plate
tectonics aûd the closely related subjects of classical isostasy
and postglacial uplift. The history of our understanding of the
relation between gravity and regional tectonics goes back
many years, and a recent representative discussion of the
many diverse aspects of this problem is given by De Jong and
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Wawnumber, kn-l

Fig. 10. East Africa (solid circles) and United States (open circles)
isostatic response estimates, shown with + I standârd error (top). Fit
of local compensation models to East African response estimates for
two different measures of fit to the data (bottom). The misfrt.at small
wave number is probably a consequenc€ of a model constraint that
maximizes the compensation below 100-km depth lftom Banks and
Swara, 19781.
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Scholteì [1973]. The relationship between gravity and the
postglacial uplift of Fennoscandinavia and North America
also has a long history ofstudy, and the negative free-air grav-
ity anomalies over fhe centers of uplift,are now well under-
stood in terms of an 'undercompensation' being removed by
the response of the elastic lithosphere and viscous sub-
lithosphere lHeßkanen and Vening-Meinesz, 1958; Cathles,
19751, although there remain diverse viewpoints on how the
gravity data should be interpreted. The postglacial uplift
problem on earth is unique among the terrestrial planets, and
we will Dot discuss it further here. The general question of
isostasy has been discussed in section 6, and the emphasis here
will be on the relationship between gravity and the global
plate tectonics hypothesis, a subject of much more recent ori-
gin than the others, originating about a decade ago with the
publication of the flrst reliable satellite-derived gravity maps.

Obsemational evidence. Models for the earth's potential
fleld are derived from analysis oforbital perturbations or from
surface gravity measurements, and the most recent solutions
are based on a combination of the two. Recent solutions are
by Gaposchkin ll977l, Lerch et al. ll979l, and Balmino et al.
[978]. All solutions have expanded the potential to high de-
gree and order; I :24, m:24 in the solution by Gaposchkin;
l =22 ,m:22  i n  t ha t  by  Le rch  e t  a l . ;  and  / : 30 ,  m :30  i n
Balrni¡o et al.'s work. While all of these authors have carried
out extensive tests to validate their results, a comparison of
the solutions indicates that the agreement between them is not
entirely satisfactory. This is illustrated in Figure lla in the
form of the amplitude spectra and the difference spectra. In
general, the power ofthe difference spectra exceeds the power
in the potential at degrees exceeding about 16-18. Lerch et al.
also give sets of coefficients based on satellite data only, and
these can be compared with independent solutions based on
surface gravity data. Rapp [977] has expanded the latter in
spherical harmonics up to high degree, and the difference
spectrum between these and the satellite results exceeds the
amplitude spectrum for / = 16 (Figure I lå).

These quick and inadequate comparisons do suggest that
much of the higher degree wavelength information in the
published terrestrial gravity field solutions may be largely
noise. This is probably a consequence of (l) the fact that,
apart from resonance configurations, the satellites are in-
sensitive to the higher degree terms and (2) the surface data
are incomplete and of highly variable quality. These com-
parisons suggest that considerable caution should be exercised
in interpreting the higher wavelength harmonics. For this rea-
son, we limit our discussion of the global solutions to the har-
monics / = 18. Figure 12 illustrates the gravity anomalies for
the model by Lerch et al. with the spherical harmonic expan-
sion truncated at / : 16, m : 16.

More information on the higher wavelength anomalies in
the ocean geoid can be obtained from the Geos 3 and Seasat I
radar altimeter experiments if the sea surface topography rela-
tive to a mean geoid is k¡own. The most cornplete Geos 3
compilation presently available appears to be that by Brace
[977], which covers much of the worìd's oceans. A recent se-
ries of papers on geoid results with the Geos 3 altimeter is i¡
the Journal of Geophysical Research (84(88), 1979). Although
only preliminary solutions are available, the altimeter-derived
geoids readily identify geoid anomalies over major bathymet-
ric features such as trenches and seamounts (Figures 13 and
14) and indicate that much of these anomalies are due to to-
pography and near-surface density variations. Reduction of
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the Geos 3 data as well as the high-quality Seasat I observa-
tions will result in significant improvements in our knowledge
of ocean surface topography and, by assimilation or deduc-
tion, the ocean geoid. Preliminary global solutions based on a
combination of conventional tracking, surface gravity data
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Fig. 12. Free-air gravity anomalies based on the spherical harmonic expansion of Lerch et al. ll979l but truncated such
that /-", : rn-.* : 16.

and Geos 3 altimetry have been obtained by Lerch et al.

[978] and by Gaposchkin ll979l.
Relationship with topography; isostasy. Topographic data

have been expanded into spherical harmonics up to degree 3ó
by Balmino et al. ll973l using data compiled by Lee 11966l.
Many of the ocean bathymetry data collected in the last 15
years are therefore not included in this analysis, and an up-
dating of it is desirable. Balmi¡o et al. also give, inter alia, ex-
pressions for the equivalent rock topography in which the
oceans, large lakes, and land-ice are replaced by an equivalent
rock layer.

The dependence of the equivalent rock spectrum on degree
/ can, with (21), be approximated by

v ,2 (h ¡=  l . o3x  l 0 -? / ( /+  l ) (s4)

LAU LE HAVRE

for degrees up to at least 3ó. Topography is one of the most
obvious contributions to the earth's gravity field. The pre-
dicted potential due to uncompensated topography follows
îrom (22a) with (54) as

and this far exceeds the observed potential (Figure l5), as well
as decaying more rapidly. This is indicative of the high degree
of isostatic compensation of the earth's topography. If the
Airy model is used, then with (22b) and (54),

v?(^tÐ =(+ 
i)'r.03 x ro-?Fo (55)

v;(Arr) = (i ï?)".0, 
x to-1 t-2 (56)
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Fig. 14. An example of the ocean geoid from Geos 3 radar altime-
ter data for part of the southern Indian Ocean. Note small positive
anomalies over the Crozet Islands (A), the Ob and Lena seamount
chain (B), Kerguelen (C), and Heard (D). Contour intervals at 2 m.
Adapted lrom Cazenave et al. ll978l.

This potential is less than the observed potential at least up to
about degree l8 (Figure 15) and also decays less rapidly than
the observed spectrum (compare (56) and (13)). This may be
indicative of several things: (l) compensation is incomplete,
(2) the depth of compensation'is considerably greater than
usually suggested, (3) the chosen mechanism is inappropriate,
or (4) d:nsity anomalies occur belovr the crust or lithosphere
and have no topographic expression. Careful regional studies
have indicated that, on the whole, isostasy pre\¡ails albeit that
the mechanism is not everywhere the'same lHeiskanen and
Vening-Meinesz, 1958;' Woollard, 19721. These studies also in-
dicate that the depths of compensation do not generally ex-
ceed 40-50 km for the Airy mechanism or about 100 km for
the Pratt model, while for the predicted isostatic potential (20)
to equal the observed potential, the depths of compensation
must be considerably greater than these limits. Also, on the
global scale considered here, the details as to how the com-
pensating mass is distributed below the topography are unim-
portant. Local and regional compensation models, for ex-
ample, are unlikely to yield signiôcantly di-fferent isostatic
anomalies.

The obvious reason for discrepancy between the observed
and predicted potentials is the presence of density anomalies
below the compensation depths which, on the whole, are not
related to topography. AIso Figure 15 indicates that for /=18
the contribution to the potential of isostatically compensated
topography is not very significant and the global anomalies
such as those illustrated in Figure 12, reveal the anomalous
mantle structure.

Despite these conclusions there is sigoiûcant correlation be-
tween part ofthe low-degree harrnonics ofgravity and topog-
raphy. The normalized cross spectrum of these two functions
(17) is illustrated in Figure ló. For the low-degree harmonics
there is no obviously significant correlation, but the correla-
tion turns generally positive for / = 6 and the cumulative cor-
relation (18) for I: 6-18 is signi.ñcant at the 99Vo level fLam-
beck, 19761; the probability of 6-oding this value from
normally distributed coefficients is less than l7o. This correla-
tion can be a consequence of(l) near-surface effects, for even
if the topography is compensated, free-air animalies tend to
be positive over elevated are¿ls or (2) deeper lithospheric or
mantle processes that have a surface expression.

F|ELD ANoMALTES Á,ND TEcroNrcs

A distinction between these two interpretations is possible
by computing the linear regression slopes between topography
and gravity and estimating reduced potential coefficients that
are free of any correlation with topography lLambeck, 19761.
The power spectrum of this reduced potential represetrts
about 9Wo of the total power in the observed potential for / <
18, again iodicating that the contribution to the potential from
isostatically compensated topography is small. The residual
potential coefficients (the parts that correlate with topogra-
phy) may be considered as a measure of the isostatic potential
and are of the same magnitude as that computed by specific
isostatic models (Figure l7). This suggests that, at least glo-
bally, the correlation between gravity and topography is
merely a consequence of the isostatic or near-isostatic state of
the crust and that it does not necessarily reflect mantle proc-
esses. Some possible regional exceptions to this are discussed
below.

As discussed earlier, i¡ the absence of other forces, endo-
genic processes in the planets will tend to form isostatically,
but a state of stress is associated with such contgurations ["lqÊ
freys, 1943,1970; Artyushkov,1973,19741. The state ofstress is
directly proportional to the height of the topography, and
given some limiting f-nite strength of the interior, the height of
topography is also limited. The isostatic support of the Hima-
layas and Tibetan plateau implies stress diflerences ln excess
of I kbar in simple isostasy, and either the upper mantle here
has a finite strength on this level or these regions are in part
supported by additional stresses associated with horizontal
tectonics. Bird ll978l has presented arguments showing that
the average shear stress on the intercontinental thrust fault
that formed the Himalaya did not exceed 300 bars, in di¡ect
contradiction to the support ofkilobar stress levels. An appro-
priate scenario would be that the horizontal normal stress sup-
plied by the northward moving lndian plate approximately
balances the normal 'isostatic' stress of the 5-km Tibetan
plateau, imparting -0. I-kbar level shear stresses; i.e., 'The

great height of Tibet creates a hydrostatic head, which is
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Fig. 15. Comparison of (a) the observed geopotential spectrum
with (ó) the approximate rule (13), (c) the predicted spectrum based
on an uncompensated topography whose spectrum is given by (5a),
and (d) the predicted terrestrial spectrum based on a compensated ro-
pography with D" : 50 km.
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Fig. ló. Degree correlation coefficients fo¡ the earth's gravity and
topography. The 57o critical limit is also illustrated.

maintained by pressure applied at its margins -. .' lMolnar
and Tapponnier, 19781. That the Tibetan plateau is at once in
isostatic equilibrium and supported by the pressure of plate
motion is not Decessarily a contradiction and depends oD the
relative timing of the thermal and mechanical events giving
rise to the present structural conûguration. The relatively
large long-wavelength free-ai¡ gravity anomaly associated
with the Himalayan/Tibetan plateau complex (Figure 12) is a
consequence ofa region having an unusually large horizontal
dimension (-1000 x 2000 km) for such great mean height (5
km). We contend that this elevation is maintained partly by
the horizontal stresses of plate motion and indeed other large
continental anomalies (e.g., Andes) may be maintained in an
analogous manner.

Oceanic gravity anomalies, plate tectonics, and con-
yection. That some relation between long-wavelength gravity
anomalies and plate tectonics occurs ûrst became clearly evi-
dent in the gravity solution by Gaposchkin and Lambeck
[971]. This solution revealed that active plate boundaries are
generally associated with positive gravity, while as a gross
generalization, the interiors of plates are mainly associated
with negative anomalies (see Figure l2). In particular, the
suMuction zones around the Paci-ûc tend to be associated
with broad positive anomalies and the complex southern mar-
gin of the Eurasian plate tends to be associated with smaller
and shorter wavelength positive anomalies as do parts of the
ocean ridges, most notably the North Atlantic Ridge and the
East Pacific Rise. Ocean basins and old shield areas tend to be
associated with negative anomalies. These observations led
Kaula ll972l to interpret the ûeld in terms of flow in the as-
thenosphere and the response of the lithosphere to this flow.
Schubert and Turcotte [972] showed that if counterflow to the
lithospheric plate motion is conû¡ed ro the astbenosphere,
gravity anomalies would be more than an order of magnitude
larger than actuauy observed. They propose that to explain
both the elevation variations of the lithosphere between ridges
and trenches and the gravity anomalies, that the return flow
must take place at greater depth, possibly below 700 km, and
that the asthenosphere actually flows i¡ the same di¡ection as
the lithosphere itself. Richter and McKenzie [978], using a
simple kinematic convection description limited to the upper
700 km of the mantle, conclude that a uniform viscosity
model is unsatisfactory because it predicts gravity and resid-
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ual depth anomalies 2 orders of magnitude larger than those
observed. The geophysical constraints can be satisfied, itr
terms of boundness arguments, by introducing a thitr (<l0O
km) low-viscosity layer immediately beneath the plates.

Recent ,solutions on .the whole confirm the existe¡ce of
these gravity-plate tectonic corelations although, in many of
the published anomaly maps, these relations get blurred due
to the inclusion of the higher harmonics which either are less
certain or do not relate directly to these global features.

While the validity of Kaula's conclusions are generally ac-
cepted, that the global gravity field reflects mantle convection
(but see Jeffreys [970] for a dissenting view), a more quan-
titative interpretation still does not exist. But gravity, with
characteristic anomalies over ocean ridges, subduction zones,
and ocean basins appears to be particularly lslling of aspects
of the convection problem. However, the relationship does not
appear to be sufficiently well undentood at present for the ob-'
served gravity ûeld to provide useful constraints ofglobal con-
vection models. But gravity may (l) provide some useful, or-
der of magnitude estimates on permissible density or
temperature variations, (2) be indicative that further compli-
cations must be introduced into the convection models, and
(3) provide useful information on particular aspects of the
convection model or on rheological parameters.

Studies have been carried out relating gravity anomalies (l)
quantitatively to convective flow [e.9., Runcorn, 19æ, 19671,
(2) to the planform of convection le.g., Marsh and Marsh,
19761 and (3) to surface topography in a convecting system
le-g., Mckenzie, 19771. By far, the majority of attempts to re-
late gravity anomalies to dynamic processes in the earth have
been concerned with oceanic lithosphere for at least two rea-
sons: (l) the thinner oceanic lithosphere may well respond in
a more direct manner to underlying dynamic processes than
the thicker continental lithosphere and (2) oceanic lithosphere
is less complex than continental lithosphere and its gross fea-
tures are fairly well understood in terms of contemporary the-
ories of plate tectonics [e.g., Parker and Oldenberg, 1973;
Davis and Lister, 19741. Interpretation of gravity anomalies
over the oceans is ofcourse nonunique, and in order to estab-
lish a sublithospheric source causative to lateral density in-
homogeneities, one must eliminate a lithospheric origin. The
lithosphere can contribute to oceanic gravity anomalies in
three ways [Lambeck, 19721.

Fig. I 7. Potential po\¡r'er spectrâ of the topography and its isostatic
compensation from Airy compensation with D, = 50 km and D, : 3¡
km, and f¡om li¡rear regression bctween topography and gravity
(crosses). From Lambeck 11976l.
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l. Mass anomalies exist in "the lithosphere that are inde-
pendent ofthe asthenosphere aod are supported by the finite
strength ofthat layer.

2. Mass anomalies ,exist i¡ the'lithosphere that are the
consequence of asthenospheric flow, e.g., thermal contraction
of the ridges, and are supported by.the ñnite strength of that
layer.

3. Mass anomalies in the lithosphere are supported by
flow in the.asthenosphere.

It has frequently been argued, môst rec€ntly by Cochran
and Talwøni]19771, that stress levels may be used to eliminate
a lithospheric origin for certain long-wavelength gravity
anomalies (Figure l8). That is, if it is assumed that such
anomalies as the Indian Ocean Low and the North Atlantic
High arise from density anomalies in the lithosphere, then thjs
region must be capable of supporting stresses i¡ excess of 3
kbar. By our arguments in section 5, the lithosphere does not
appear capable ofsupporting such large stresses. But this does
not exclude at least a partial lithospheric origin for these grav-
ity anomalies, and in particular, they could be the result of
lithospheric deformation both caused by and supported by as-
thenospheric convection (section 4).

Heat flow and bathymetry data have lent substantial cre-
dence to the hypothesis of convection currents in the mantle
underneath the oceanic plates simply due to their compatibil-
ity with an l(age)t/2/thickressl and l(zge)t/2/hèat flowl varia-
tion away from the oceanic ridges for young lithosphere

llangseth et al., 1966; Sclater ønd Francheleau, 1970;' Parker
and Oldenberg, 19731. Lithospheric parameters such as effec-
tive flexural rigidity also indicate an age depetdence lCaze-
nave et al., 19791. Parsons and Sclater [977] have demon-
strated that the t'l2 dependence is implicit in solutions of the
advective heat equation, independent of the various boundary
conditions imposed. More specifrcally, the f'l2 dependence is a
feature of both convective boundary layer theory ITurcolte
ond Oxburgh, 19ó71 and of moving, cooling plate models with
a given upper boundary velocity, ln turn, these thermal mod-
els are able to account for positive gravity anomalies, as seen
in satellite solutions, over many pans of the ocean ridges, with
amplitudes of a few tens of mgal and wavelengths of the order
of a few thousand kilometers. Lambeck [l972] calculated the
expected gravity anomaly over the ridges based on the ther-
mal model of Scbter and Francheteau ll970l and pointed out
that the predictions were satisfactory for the short-wavelength
gravity anomalies measured at the surface but not for the sat-
ellite-derived long-wavelength anomalies associated with the

1000 2000 3000 4000 5000 ó000 7000 8000
Wovelength, km

Fig. 18. Shear stresses within a 100-km thick lithosphere as a
function of gravity anomaly and wavelength under the assumption
that the anomalies arise from within the lithosphere. Various gravity
anomalies are shown: IOL is lndian.Ocean Low; EPÙ is East Pacifrc
Low, offNorth America; NA is Nonh Atlantic High; HAW is Hawai-
ian Swell. Ftom Cochran and Talwani ll971l.
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Fig. 19. Empirical l" x l" free-air gravity-age curve (heavy line)
for mid-ocean ridge systems. Theoretical predictions are shown for
two thermal models and two plate velocities. Results of Sclater-Fran-
cheteau model were calculated by Lambeck [972]. From Cochran
and Talwani ll977l.

ridges. However, the Parker and Oldenberg [1973] model
modified the earlier thermal solution by requiring ûnite heat
flow at the ridge crest and by allowing an unlimited depth ex-
tent to the cooling. Cochran and Talwaní [977] recalculated
the gravity anomaly based on the later model and this new re-
sult does not show the short-wavelength peak of the earlier so-
lution and in fact shows reasonable agreement with an empiri-
cally derived gravity/age relationship out to diitances at least

1000 km from the ridge axes (Figure l9). To be sure, there are
certain departures from the predicted gravity behavior, the
most conspicuous being the North Atlantic Gravity High.

The stress-differences associated with the oceanic ridge
long-wavelength gravity anomalies are in excess of a kilobar

and it is probably implausible that they are supported by the

ñnite strength of the thin and young elastic part of the litho-
sphere lMcKenzie, 1961; Lambeck, 19721. More likely, these
long-wavelength anomalies are supported by the astheno-
spheric flow beneath the ridges.

Large positive long-wavelength gravity anomalies and
geoid anomalies are associated with many subduction zones

anC island arc structures (Figures 12, 13, and 20). The gravity

data have been matched by various models of the density
structure of the descending lithospheric slab plus various con-
tributions of anomalous mantle density in both the seaward

and backarc regions lGriggs, 1972; Grow, 1973; Grow and
Bowin, 1975; Segawa and Tomoda, 1976]. Grow, for example,
finds that a descending slab will produce too large a gravity

anomaly, and he introduces a low-density zone in the crust
and mantle beneath the backarc region which, along with the
slab, will match the observed gravity profiles. The low topo-
graphic rise (the 'outer rise') occurring seaward of most ocean
trenches contributes signiflcantly to the overall positive grav-

ity anomaly (Figure 20) and is quite possibly a consequenc€ of

flexure of an elastic or elastic-plastic lllaus and Talwani, 1974;
Caldwell et at., 1916; Turcoúe et al., 1977: McAdoo et al., 19781
or viscous lDe Bramaecker, 1917; Forsyrhe,1979] oceanic lith-

osphere by vertical forces and bending moments. The outer
rise could also be a response of the lithosphere to flow i¡ the
asthenosphere (Figure 2l [from McKenzie, 1977]). At this
point, without debating the rheology associated with the
maintenance of the outer rise, it is clear that the outer rise can
account for all of the 'outer gravity high' (but of course not
uniquely), and Waus and Talwani [975] argue for little con-
tribution to the gravity anomaly from the downgoing slab.
This implies either the slab has a small density contrast with
its surroundings (<0.04 g cm-t) or is compensated. Chapman

[978] modeled both the altimeter-derived geoid anomaly and
the free-air gravity anomaly over certain trenches, the ûrst

\



data type being more sensitive to structures at depth. He frnds,
in general, that little information can be derived about the
deep structure under the island arcs from gravity data alone.
For many trench systems, the geoid anomaly is dominated by
the elevated backarc region (Figure l3), and a model of

thinned partly compensated backarc lithosphere will satisfy

the observations. This conûguration may be analogous to the
mid-plate swell model of Crough [978] (see below). Thus the
Iong-wavelength gravity anomalies over trench-island arc sys-
tems may be a combination of the effect of elevated backarc
lithosphere and the outer rise topographic anomaly, with little
contribution from the down-going slab. The nonuniqueness of
the modeling procedure must be kept in mind, however.

The simplest approach to relating gravity anomalies to as-

thenospheric convection is to relate organized patterns of grav-

ity anomalies (if they exist) to organized patterns of con-
vec t ion  as  pred ic ted  by  numer ica l  and labora tory
experiments. Richter [973] has postulated that a second,
smaller scale of convection than that implied by the overall.
motion of the oceanic plates is required to explain an excess
heat flux (over that predicted by the l'l2 in the deep ocean ba-
sins). The heat flow data themselves show too much scatter to
determine a departure f¡om a tt/z relationship. Rather, the ex-
cess heat flux is directly inferred from a departure of ocean
floor depths from the trl2 relationship for ages greater than
about 70 rt.y. lParsons and Sclater, 1977; Parsons and
McKenzie, 1978]. The vertical cell dimension of the smaller
scale of convection is assumed to be limited by the 650-km
seismic discontinuity which also provides the horizontal cell
dimension for unity aspect ratio of the flow: Richter contends,
on the basis of laboratory experiments and finite-amplitude
theoretical calculations [see also Richter and Parsons, 19751,
that the preferred small-scale convective planform beneath
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the Pacifrc Ocean basin is that of rolls with axes aligned paral-
lel to the spreading direction. Possibly only for the rapidly
moving Pacific plate is the spin-up time sufficiently rapid for
the rolls to form. A similar phenomenon is seen in the small-
scale ocean convection i¡duced by winds blowing from the

same direction for several days. Richter's model is kinematic
in the sense that plate-induced shear flow is assumed as a
basic state and the buoyant finite amplitude instability is su-
perimposed. Phillips and Ivins [979] have questioned the im-
plications of the laboratory experiments for convection in the
earth, both in terms of the laboratory fluids used and the diffi-
culty of establishing valid dynamic similarity.

Marsh and Marsh ll976l examined a preliminary geopoien-
tial solution (PGS I l0) for evidence of a pattern of linear
gravity anomalies that might be suggestive of the two-dimen-
sional convection predicted by Richter. They isolate such a
pattern [see also Wagner et al., 19711 with harmonics 13-22,

although the 2000-km wavelength they flnd is 507o larger than
the wavelength suggested by Richter and Parsons. l/¿trs

[978] carried out a preliminary study of surface ship data in
the western Pacific and showed that there is little evidence
that the linear belts of positive and negative anomalies seen i¡
the global gravity models actually .exist. Marsh and Marsh

[978] responded by arguing that single-track ship profiles are
inappropriate to compare with satellite-derived.gravity fields
and that a reasonable comparison exis,ts between the PGS I l0
and satellite-to-satellite tracking data. It is clear, however,
that the two-dimensional patterns seen in the 13-22 field as
shown by Marsh and Marsh |9761 and also by Wagner et al.

fl977] are artifacts of the insensitivity of the satellites to these
higher wavelength anomalies and inadequate surface data
coverag,e, as well as the least-squares estimation procedure
which'results in a signiflcant correlation between certain high
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Fig. 20. The northwestern Pacific showing the relationship of gravity anomalies to trenches. From Watts and Talwani
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Fig. 2l. Gravity anomaly profiles (solid lines) approaching trench

axes from oceanic side shown with predicted curves froni theoretical
gravity/residual depth anomaly relationships suggested by mantle
convection. From McKenzie ll971l.

degree and order coemcie ts. Lerch et al. ll977l have used ad-
ditional satellite-trackiag data and a collocation technique to
produce gravity freld models superior to earlier solutions, and
the two-dlmensional patterns striking ESE in the earlier solu-

tions are much weaker, if not absent, i¡ the new models.
The additional constraint provided by obsewations of lith-

ospheric deformation may provide a more useful approach
than gravity data alone in understanding dynamic processes

in the mantle. A quantitative relationship between gravity and
deformation, applicable to oceanic regions, has been aþ
tempted by McKenzie [977] using an admittance function (cf.

section 3) defined as

zbt: !&_
L\n\K)

where Aå is the residual depth anomaly; i.e., the oceanic depth
relative to the predicted depth of the lithosphere cooling with
distance away from the ridge axes. Both the gravity Ag and re-
sidual depth anomalies are expressed as functions of wave
number k. McKenzie discusses the theoretical forms of Z(k)
for a number of relatively simple terrestrial i¡teractions be-
tween convection and the boundary layers. Figure 22 illus-
trates some results for different boundary conditions and vis-
cosity models. Figure 22a reflects the behavior of Z lor the
viscous convecting layer with stress-free upper and lower
boundary conditions and flow driven by a horizontal temper-
ature gradient imposed on the upper surface. The curve A is
for an undeformable lower boundary, and at long wave-
Iengths (low /<) the behavior ol Z is dominated by the contri-
bution from this deeper layer. Long-wavelength gravity will
be positive where the anomalous topography is negative and
vice versa. The admittance changes sign at the shôrter wave-
lengths (high k) where the deformation associated with the

upper layer becomes dominant. When the lower boundary
layer is deformable (curve B), compensation occurs at lo¡g
wavelengths and the admittance there is zero. At high wave
numbers the admittance is close to that of the previous case. If
the lower boundary is deformable, then large aspect ratio
flows are compeDsated and will lack assosiated gravity anom-
alies. Whether or not long-wavelength gravity aDomalies cor-
relate with long-wavelength depth anomalies remains uncer-
tain. If they do not, this would argue for a deformable lower
boundary. If they do, they could constrai.¡r the thickness of the
convecting layer.

The temperature dependence of viscosity can change signif-
icantly the admittance function. In particular, for an inter-
mediate temperature dependence the surface can be depressed
over both rising and sinking columns while gravity is negative
over the former and positive over the latter. For a strong tem-
peratùre dependence both elevation and gravity can be posi-
tive, and McKenzie suggests that this may explain the highs to
the seaward side of the subduction zones. Figure 22b tllus-
trates the admittance for a convective layer consisting of two
layers of different viscosities ¡,t, Iz with the low-viscosity layer
overlying the high-viscosity layer. Now Z(k) may be Degative
for certain intermediate values of k, a behavior that is caused
by a reduction in the magnitude of A/¡, which in turn causes
Ag to change sign. Over areas of upwelling, Âå remains posi-
tive. The low-viscosity layer significantly modifies the admit-
tance, and a careful search of the earth's marine gravity and
bathymetry data may dispel the concept that convection is
constrained to the upper mantle.

In real planetary situations these simple models will be con-
siderably complicated by the fact that the rheological proper-
ties of the boundary layer depend on the thermal structure, a
structure that is itself modified bv convection. Thus in the
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Fig. 22. Admittance function versus dimensionless wave number
k' (: 2nd/lt) for a viscous convecting layer of thickness d with stress-
free upper and lower boundaries and flow driven by a horizontal tem-
perature gradient imposed on the upper surface. Figure 22a is for a
layer of uniform viscosity. Curve A is for an undeformable lower
boundary. Curve B is for a deformable lower boundary. Figure22b rl-
lustrates the admittance for a convective layer consisting of two layers
of different viscosities. From McKenzie ll977l.

1 , 00 .5



PHILLIPS AND LAMBECK: FTELD ANoM.ALTES AND TEcToNIcs

Õ

' " o  t o

CAPE YE¡DÉ

Fig. 23. Map of 5o x 5o residual gravity and depth anomalies in the North Atlantic. Gravity contour interval is l0 mgal,
and depth anomaly contour interval is 250 m. F¡om Cochran and Talwani ll977l.

lithosphere over the rising column there will be a thinning of
the elastic or stress-bearing part of the layer, while a thick-
ening of this layer may occur over the sinking column. The
density anomalies that can be passively supported over the
former will be concomitantly less.

McKenzie's solutions for temperature-dependent viscosity
(which should be the true state of atlairs) question the notion
that the spatial relationships between gravity and topography
resulting from convective flow ought to be in phase. Never-
theless, a number of studies lAnderson et al., 1973; Sclater et
al., 1975; lYans, 1976; Cochran and Talwani, 19771 have at-
tempted to establish the correlation (or lack thereof) between
the observed oceanic gravity and topography. Perhaps the
most thorough review of the gravity,/topography correlation is
given by Cochran and Talwani [977], who present residual
gravity anomaly-residual depth anomaly relationships for the
world's major ocean basins. The residual gravity data, analo-
gous to the residual depth data, are obtained by removing the
systematic gravity effect of the cooling lithosphere as a func-
tion of age or distance from the ridge axes. The study of
Cochran and Talwani is most useful because it contains a re-
cent compilation of gravity and is the ûrst attempt to remove a
possible masking gravity effect of the cooling lithosphere.
These authors conclude that both i¡termediate wavelength
(few 100 km < À < few tü)0 km) and long-wavelength resid-

ual gravity anomalies are in general not correlated with resi-
dual depth anomalies. Although there are specific exceptions,
there are no worldwide systematic relationships. These con-
clusions are perhaps best illustrated in the North Atlantic
(Figure 23). On an intermediate wavelength scale,

. . . there are locations at which there are some striking visual cor-
relations between residual gravity and depth anomalies. Specifi-
cally, shallow depths and large positive gravity anomalies are as-
sociated with the areas around the Azores, the Cape Verde
Islands and the Canary Islands. Greater depths and lower resid-
ual gravity anomalies are associated with the a¡eas bctween these
features and to the west of the Azores and the Cape Verde Is-
lands. It is this general area, between lO"N and 50oN, to the cast
of 50oW, that the data used by Sclater et ol, ll975l were drawn
from and these local areas of unusual elevation and positive
gravity anomalies appear to æntribute largely to the cor¡elation
between gravity and residual depth which they noted.

The three island systems noted above are regions of recent

and extensive off-ridge volcanism. Lest one jump quickly to a
conclusion of hot spots and dynamic support, it is aiso noted
that the same gravity-depth relationship exists for Bermuda,
where the volcanism is 30 m.y. old.

On a broader scale in the North Atlantic there is a relatively
constant positive gravity anomaly north of about 40oN, yet
the depth anomalies vary from 300 to 3@0 m (Figure 23). On
the broadest scale, this region displays the same sign for both
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the residual depth and residual gravity anomalies. In contrast,
the Indian Ocean Gravity Low forms a 20ü) x 7500 km large-
amplitude negative trough in the gravity field, yet the residual
depth anomalies in this region vary from +5ü) to -250 m.

Thus a major conclusion to draw from Cochran and Tal-
wani ll977l is that while most of the ocean basins possess neg-
ative free-air gravity anomalies, there is no systematic relation
between these anomalies aod ocean depth once the effects of
the cooling lithosphere have been removed. But as we have
discussed, simple correlations are not to be expected if these
data are controlled by mantle convection and the temperature
dependence of viscosity is considered lMcKenzie, 19771.

We comment on two speciûc regions where there is an over-
all gravity-depth correlation, the Hawaiian Swell and the
North Atlantic Gravity High, the latter feature showing, as
noted above, an agreement on a broad scale in the sign of the
two data types. Analyses of the gravity-topography relation-
ships have suggested that both ofthese features are, at least in
part, isostatically compensated in the asthenosphere, thus
being maintained by dynamic mechanisms. Cochran and Tal-
wani ll978l considered compensation models for the positive
residual depth anomaly in the Atlantic north of 30'N and
found that while most of the excess topography is com-
pensated in the lithosphere, all successful models (in terms of
predicting the free-air gravity) require that a portion of the
compensation extend to a uniform depth, in the astheno-
sphere, ofseveral hundred kilometers. About 500 m ofthe ex-
cess elevation must be (dynamically) supported by the as-
thenosphere, this density defrciency being interpreted as an
upper mantle hot spot by Cochran and Talwani. Waus [19161
used a positive regression slope of22 mgal/km between free-
air gravity anomaly and residual depth anomaly of the Ha-
waiian Swell to show that a lithospheric flexure model is in-
appropriate and that a simple Airy model of compensation
would satisfy the relationship if the depth of compensarion is
greater than 120 km, well within the asthenosphere. However,
Detrick and Crough [978] felt that Watts had overestimared
the depth of compensation because of over-averaging of the
data into 5o x 5o blocks. Using individual traverse profiles
they conclude that the Hawaiian Swell is largely compensated
within the lithosphere. Crough [978] showed that lirhospheric
compensation is the case for four mid-plate swells, Bermuda,
Cape Verde, Hawaii, and Cook-Austral, for which free-air
gravity data are available (Figure 24). Crough further showed
that the altimeter-derived geoid data for the Hawaiian Swell
yields a depth estimate for the compensation that is quite con-
sistent with the gravity results. He presents a convincing argu-
ment that the gravity anomalies associated with swells as well
as the temporal behavior of the depth of the swells can be ex-
plained if these mid-plate features form by lithospheric re-
heating over hot spots. The lithosphere subsequently subsides
due to cooling as ir moves off the hot spor (Figure 25). The
swell compensation appears to be fixed relative to the litho-
sphere; i.e., dynamic support due to convection is ruled out.

Upper mantle density anomalies. As we have discussed
above, the low-degree harmonics of the gravitational spec-
trum must arise mainly from the mantle. The general lack of
correlation of long-wavelength gravity anomalies with resid-
ual depth anomalies in the ocean basi¡s further attests to the
nonlithospheric origin of these terms. Given that the respon-
sible lateral density anomalies do arise from the mantle, then
there may be a Êrst-order relarionship to mantle convection,
speciñcally temperature, via the Boussinesq relationship. Be-
low we investigate this possibility.
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W¡dlh, km

Fig.24. Curves give the dependence of the admittance function
on the 4o width of locally compensated Gaussian topography. The so-
lutions are for four different depths of compensation with ax-
isymmetric topography (lower number) and topography of infinitc ex-
tent along strike (parentheses). The dara, from Bermuda Rise, Cape
Verde Rise, Hawaiian Swell, and Cook-Austral Swell, all indic¿te
compensation in the lithosphere. From Crough [19781.

For the recent gravity models the approximate potential
power spectrum (13) represenrs quite closely the observed
spectrum up to about degree 20 and possibly funher and may
be interpreted as being a consequence of short-wavelength
density anomalies with a random spatial and magnitude dis-
tribution extending down to considerable depth in the mantle
and possibly down ro the core-mantle boundary. With these
considerations, the (white) density spectrum that satisfies the
observed gravitational spectrum is related to the average spa-
tial dimensions (dL, dr) of the density anomalies via

V,'(6p)"' = 1.7 x 105 1dL dr¡-'tz g cm-3 67)

wherc dL and dr are in centimeters. Much of the power in the
spectrum originates from density anomalies in the upper
mantle. For example, the frrst 400 km of upper mantle con-
tributes about 65Vo to the total power in the spectrum from / :
2- I 8, and varies with degree from about 50Vo lor I : 2 to 9Wo
for / : 18. Expressed in another way, harmonics of degree
higher than about 5 or ó reflect mainly the srate of the upper
few hundred kilometers of mantle, while the lower harmonics
reflect anomalies from near the surface down to much greater
depths. Density anomalies down to 800 km contribure about
85Vo to the total observed power in the spectrum from / : 2-
18. Below this, anomalies in density may still occur, but they
do not contribute in a significant manner to the total neld.
Only a very approximate upper limit can be established for
the depths down to which the anomalous structure may occur.

To investigate the consequences of these upper mantle
anomalies, we have two options. Or¡e is to attribute any set of
harmonics to surface density anomalies in a given layer (7)
and the second is to use the above random small-wavelength
anomaly model ( l4). Both lead to similar results for the orders
of magnitude of the density anomalies. With (12) and (13) the
relation for the power spectrum of the surface density anoma-
lies is

v |(o) :o ?(+)'et-' r'.-'1 å) (s8)
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If these anomalies originate in the asthenosphere, then / =
6200 km, dr =2O0 km, and

v?(6p) :3.4 x l0-7(1.03)'1t4(21+ l)3¡-{ (59)

For / : 2-2O the rms density anomaly in this layer would be
ofthe order of

= 0.ü)5 g cm-3

With the model (57), taki¡g dr : dL :200 km, so that the
density anomalies are of much smaller dimensions than im-
plied by the / : 20 harmonics, the rms density anomaly is
0.ü)9 g cm-3.

If such anomalies are a consequence of lateral temperature
variations-the thermal expansion coefficient of the upper
mantle is of the order of 3 x lO-s K-'-a modest nns temper-
ature fluctuation of 50 K is sufficient to explain density anom-
alies of 0.005 g cm-3. However, as previously stressed, we can-
not attribute the gravity anomalies to one source only. For
example, the lateral temperatures could result in a change in
the depth of a phase transition zone according to (26) or, with
a, : 0.062 kbar K-', dr - 1.5 km, and this will increase the
gravity anomalies by about 50Vo over the contribution due to
the therrnal expansion alone, and hence perrnissible lateral
temperatures would have to be only 35 K. Alternatively, (l)
the density anomalies are of smaller extent than implied by
the wavelengths À : 2nR/l ol the geopotential and the ran-
dom density model (57), with dL: dr:200 km, results in an
increase of the permissible temperature variations by a factor
of about 2, (2) other contributions to the density field occur
which may partly cancel out the above temperature efects, or
(3) there is a complex interaction at the boundaries as pre-
viously discussed. Without further insight into these aspects, it
is futile to attempt to invert the gravity ûeld for lateral tem-
perature variations in the upper mantle, and a signifcant
compositional contribution to the density anomalies cannot
be ruled out.

Seismic evidence for lateral variations in the structure of
the upper mantle is confusing, although both surface and
short-period waves show variations with horizontal dimen-
sions of the order of a lew hundred kilometers (e.g., the sta-
tion anomaly maps for the United States given by Hales and
Herrin ll972l ). and regional variations ofup to 5Vo in v,have
been suggested for the upper mantle of North Ãmenca lHer-
rin, 19721. The most detailed study of lateral variations in the
upper mantle is that by Romanowicz I l979], who inverted sta-
tion P anomalies to obtai¡ velocity anomalies under North
America. She found lateral variation of the order of 27¿ down
to depths of about 600 km, and more significantly, she found
evidence for compensation in that positive velocity anomalies
near the surface tended to be underlain by negative velocity
anomalies at intermediate depth and vice versa. At depths
near 400-700 km the anomalies tended to be of the same sign
as those near the surface. The rms velocity anomalies are of
the order of l%o. lf velocities can be related to density by the
Birch equation (23), then this model is comparable with that
obtained by Lewis and Dorman [970] from gravity data. The
horizontal length scale of these anomalies is of the order 2000
km, and the vertical length scale is of the order of 200 km.
Wilh (23) and
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Fig. 2Ú. Hypothesis of Crough [978] for hot spot-lithospherc in-
teraction. From the ridge to the hot spot the lithosphere thickens and
subsides by cooling. At the hot spot, extra heat drives the isotherms
upward, thins the lithosphere and causcs uplift. Beyond the hot spot,
the lithosphere cools rapidly because it is thin and thus subsides as
younger lithosphere at the sâme depth, ralher than as normal litho'
sphere ofthe same age (dashed line).

the lateral density anomalies are of the order of 0.01I g cm-3.
Using the 'expected' estimate from gravity (57), dp = 0.003 g
cm-3. This discrepancy between the two estimates may be
partly due to the compensation alluded to previously, to the
limitations of the Bi¡ch law, or to the fact that the North
American structure is not typical of the average mantle.

Lateral variations in u, of up to lMo have been reported
le.g., Toksöz et al., 19671 but these are generally less celain
due to the lower reliability of S arrival times. Romanowicz
u9791 obtained variations of the order of 4Vo, comparable to
those found by Cara I I 979] from the inversion of surface wave
phase velocities.

The regional variability of the flow of heat through the
earth's surface from its interior has been recognized for many
years. Part of this is obviously a consequence of variations in
the crustal content of radioactive materials and in variations
i¡ crustal thick¡ess, while part may be a consequence of a var-
iable flow from the mantle due to lateral temperature differ-
ences within the mantle le.g., Roy et al., 1972: Sass and Lach-
enbruch,19791. A recent global scale attempt at separating the
crustal contributions from the surface measurements has b€en
made by Pollack and Chapman ll977l, and the study is sug-
gestive of signi-ûcant regional variations that follow closely the
ocean-contirent distribution and, within the continents, the
distribution of tectonically active areas and old shields. Un-
fortunately, the crustal corrections are large (about 507a of the
observed flow) and uncertain, and whether this correlation is
a true reflection of the heat flow from the mantle, or merely a
consequence of iladequate, topography-dependent correc-
tions. remai¡s unclear.

An inversion of regional heat flow measurements across the
westerD part of the United States yielded lateral temperature
variations of the order of about 100 K over horizontal dis-
tances of about 500-1000 km and down to depths of at least
200 km lRoy et al., 19721. This is not incompatible with the
gravity and seismic anomalies fo¡ this region.

Deep manlle contributions. Because of the attenuation of
potential with distance from the source, the information on
the lateral density structure of the lower mantle of a planet
from gravity alone is limited and, if the random density model
is accepted, only the very low degree harmonics contain ap-
preciable information on the lateral structure below about
ó00-800 km. In the case ofthe earth it has been suggested by
Hide 11966l that the geometry of the core-mantle boundary
departs signifrcantly from a hydrostatic equi.librium sphe-
roidal shape and, because of the large density contrast across

[i,;rø{'"

#: 
t,= 3'o km s-rlg ç¡¡-r (60)
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this interface, there may be a significant surface density layer

lHide.and Horai, 19681. The contribution of this layer to the
geopotential at the surface follows from (8), with dr 6pn- re-
placed by dp Er,n, where ôrrr- is now the topográphy of this
surface and dp is.the density contrast across this layer. Hide
and Horai suggested that the low-degree terms (/ = 5) in the
geopotential may be due to this core-mantle topography. As
there is some correlation between these low-degree terms and
the geomagnetic field, provided that the latter field is rotated
in longitude by some 160" lHide and Malin, 19701, this sugges-
tion has considerable attraction, although it poses di-fficulties
as well. Foremost is the fact that it is not possible to attribute
any particular harmonics to density anomalies in only a single
region. For example, if density anomalies elsewhere in the
mantle follow a more or less random distribution, they will
also contribute to these same low-degree harmonics, and
Lambeck [976] estimated that if the raodom anomalous lat-
eral density distribution model is valid, the maximum topog-
raphy is of the order of t50-200 m. One can also consider the
geophysical consequence of such a topography on other
mantle properties. From (31) the maximum stress difference
required to support the anomalies due to the low-degree / < 4
terms is of the order of several kilobars. and this is excessive
for a region where the temperatures may be close to the melt-
ing point. Thus lower mantle convection is required to sup-
port this nonhydrostatic state, and this results in density
anomalies in the enti¡e lower mantle which contribute to the
gravity field. Now there may be some compensation between
the excess mass in a'bump'on the core-mantle boundary and
the deficit of mass in the rising convection column over it and,
if the convection has a substantial vertical extetrt. the overall
anomaly at the surface could well be negative. Again, a model
which at frrst glance is quite simple, quickly degenerates into
an ambiguous situation, and all of this is not very helpful in
addressing the question as to what part of gravity results from
Iower mantle lateral structure. Other arguments must be mar-
shalled.

Seismic observations provide the most direct evidence of
lateral heterogeneity in the deep mantle in the form of lateral
seismic velocity anomalies, but at present only the earth is ac-
cessible in this way. Several studies in recent years have in-
dicated that signifrcant lateral heterogeneities may occur in
the lower mantle, the two most detailed and global studies
being by Julian and Sengupta [973] and by Dziewonski et al.

[977]. The former analyzed dT/dA obsewations and con-
cluded that variations in P velocities of about lEo occtJr al
depths greater than about 2000 km, with horizontal dimen-
sions ofabout 2000 km, and a vertical coherence ofa few hun-
dred kilometers. Because they measure average velocity
anomalies, they view their results as indicative of lower
bounds.

Dziewonski et al. inverted P and PKP travel times in order
to estimate the lateral structure of the mantle. They consid-
ered P velocity anomalies in four layeis, expressed in each by
a spherical harmonic expansion with / s 3, m < 3. Their rms
lateral velocity variations are of the order of 0.1-0.2Vo tn the
lower mantle, and while smaller, they are not incompatible
with Julian and Sengupta's results, since the latter solved for
only the most significant velocity anomalies and since greater
averaging occurs in the low-degree spherical harmonic expan-
sion than in the direct mapping technique.-

Julian and Sengupta find no correlation between their ve-
Iocity anomalies in the lower mantle and surface gravity, but
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this is not unexpected since the upper mantle density anoma-
lies dominate gravity. Likewise, Dziewonski et al. do not fi¡d
significant correlation (apart from the 2, 0 harmonic). Equa-
tion (25), relating the geopotential spectrum to seismic veloc-
ity anomalies in.iy' layers, has been used to construct Table l,

"which summarizes the expected spectrum for l:2,3 for Dzie-
wonski et al.'s solution,for a three-layer lower mantle model
between the core-mantle boundary and a depth of 1100 km.
The IV?(LU)l'l2 exceed the observed values by a factor of 3
lor l:2 and 25 for l: 3, and this suggests that either (l) the
proportionality coefficient ¿, is too small due to a temperatì¡re
or pressure dependence of the Bi¡ch relation, (2) there is a
compensation between the anomalies in the upper and lower
mantle, comparable to that suggested for the upper mantle
alone, or (3) the seismic anomalies are overestimated. More
extensive analyses of the travel time anomalies are required to
permit a further discussion of these alternatives.

8. MooN

Introduction. For our purposes here, the history of the
moon can be divided into three stages [e.g., Mutch, 19721 stan-
ing with formation 4.54.6 AE ago (l AE : I billion years)
and followed by differentiation to form an anorthositic crust
at 4.4 AE ago lTera and Wasserburg, 19741. This crust was
subjected to intensive bombardment for a period of approxi-
mately 5 x I0" years with impacting masses ranging over a
wide spectrum of magnitudes. This first stage, Pre-Imbrian
time, ended approximately 3.9 AE ago with the formation of
the major impact basins such as Serenitatis, Imbrium, and
Orientale.

The Pre-Imbrian interval is envisaged as a time of frequent
impacts of large basin-forming objects with the larger impacts
fracturing and possibly foundering the young crust, at least
early in this period. During this early interval, the thermal en-
vironment was such that both supersolidus and subsolidus
flow took place, rapidly removing lateral density in-
homogeneities, including any early surface topography. Later
in Pre-Imbrian time some surface expressions of these impacts
remained and are seen today as, for example, the irregular
maria. The lunar interior probably responded isostatically to
these impacts by both creep processes and brittle failure. The
surface expressions of the large impacts which occurred at the
end ofthis period are well preserved and are seen as both the
unfilled and filled circular basins. We argue that at the end of
the Pre-Imbrian period the crust and upper mantle temper-
ature was probably low enough that any subsequent long-
term viscous isostatic response to impacts and their attendant
interior manifestations was small. To be sure, approximate
mass balance may have been achieved due to mechanical fail-
ure (ircluding instantaneous rebound) of the crust. The stage

TABLE l. Spectral Estimates for I : 2,3 of the Observed Geopo-
tential and of the Predicted Potential F¡om Dziewonski et al;s ll9"l7l

Inversion of Seismic Travel Times With ¿, : 3 (km s-')/(g cB-3)

ør2 (Estimated)

vÌ
Harmonic (Observed) Total

Lower
Mantle

Upper
Mantle

I : 2  3 . 1 2  x  t 0 - ' r  3 . 6 9  x  l 0 - r o
I :3  8 .64  x  l0 - r2  5 .53  x  lo -e

3.43 x lO-to 4.0ó x lo- t l
5.67 x l0-e 4.32 x l}-tl

The predicted values are based on the entire mantle, the lower
måntle þlow I100 km, and the mantle above I100 km.
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was set at this time for the formation of the mass concentra-
tions associated with these ringed maria, i.e., the mascons of
Muller and Sjogren [1968], during the next major interval of
lunar history.

This thermal-mechanical model for the outer portion of the
moon during Pre-Imbrian time is, of course, a continuously
evolving one, and our discussion above only conoerns descrip-
tions of the dominating response to impact at speci.fic times in
this period (Figure 26). The ropography toward the end of this
first stage, ignoring a possible thin mare cover, can be grossly
characterized as a background of middle pre-Imbrium terrain,
which on the whole is compensated. Upon this are superim-
posed the latp Pre-Imbrian irnpact features, which did not in-
duce a significant creep readjustment in the interior.

The second stage of the lunar history, Imbrian time,
spanned the interval 3.9 AE ago to about 3.0 AE ago or
slightly younger and is charaaterized as a period of major ex-
trusive igneous activity accompanied by littte tectonic activity.
It is during this interval that basaltic volcanism ûlled both the
near-side irregular and circular maria, forming mascons in the
latter basins [Phillips et al., 1972, 19741. The dominant surface
tectonics of this period is the brittle failure of the outer litho-
sphere to the loads of the mass concentrations.

The third and final srage of lunar history, the post-Imbrian
interval (formally referred to as Eratosthenian and Coperni-
can time) extends from approximately 3 AE ago to the pres-
ent, and the lunar surface shows essentially no tectonic or ig-
neous events during this interval. Presently, seismic activity
does take place in the lunar interior with moonquake zones in
the upper mantle [Nakamura et at. 19791as well as in a depth
range from 600 to 1000 km [e.g., Dainty et at., 19751. The shal-
low events are thought to be tectonic in nature lNakamura et
al., 19791, while there is some debate as to whether the deep
events are tectonically lToksciz et al., 19771 or ridally [Naka_
mura, 19781 triggered.

The lunar gravity Jield. Numerous estimates of the lunar
gravity field have been made since the frrst spacecraft orbited
the moon, and Sjogren [ 1977] gives a brief review of the pres-
ent status of the knowledge of the lunar gravity field. All solu_
tions have been beset by well-known problems which have
made a defrnitive solution of even the low-degree harmonics
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elusive. These problems are the absence of farside tracking
data, the slow convergence of the lunar potential spectrum,
the inadequate distribution of the inclinations of low-perigee
satellites, and the lack of long arcs of tracking data unper-
turbed by spacecraft maneuvers. Difrerent analysis techniques
have been developed to offset 

'some 
of these limitations,

mainly by mapping directly the spactícraft accælerations [Mal-
ler and Sjogren, 19681 and by represcnting the anomalous den-
sity structure of the moon by point or disc masses at specifred
locations on or below the surface [ttong et a/., l97l]. These
direct mapping methods give no information oD the lunar far-
side gravity ûeld.

The low-degree coefficients in the spherical harmonic ex-
pansion of the lunar gravity field have been estimated either
directly, by expressing the spacecraft velocities or rates of
change of the mean orbital elements as functions of the poten-
tial coefficients, or indi¡ectly, by frst estimating mass points
and then relating these to the spherical harmonic coefücients.
Recent solutions are by Ananda ll977l, Ferrari ll971l, and
Bills and Ferrari [1980]. Some very low degree harmonic coef-
ficients, l: 2 and 3, have also been determined from the lunar
librations using laser ranging observations lWiiliams, 1977
King et al., 19761. The situation is unsarisfactory for the har-
monics ofdegree 4 and higher. Even for / = 2 the present solu-
tions are insufficient in that they lead to an uncertainty in the
moment of inertia of about l%o and, this is too large to permit
conclusions to be drawn, the uniqueness question aside, about
the density of the lunar core for an assumed radius. For the
higher degree harmonic coefficients, the diferences between
the various solutions often exceed the values themselves. The
earlier solutions by, for example, Michael et al. 11969l and Mi
chael and Blackshear [1972] result in very unrepresentative
models for the lunar farside and grossly overestimate the
power in the potential.

Figure 27 illustrates our estimated spectrum of the lunar
gravity field. For I > 4 it is based on the solutions by Ananda
and by Ferrari, while for the lower harmonics it is based
mainly on solutions by Sjogren ll97ll, Liu and Løing ll97ll,
and Michael et al., and on the libration studies of Williams et
al. and King et al. The spectrum based on Ferrari's solution
gives power estimates that systematically exceed those of
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Fig. 26. Cartoons illustralng the response of the lunar lithosphere to large impacrs during pre-Imbrian time. (Left)
Early Pre-lmbrian impacts fracture and founder the thin lithospúere and are-assimilated by tñ. ,n"g." ocean. (Center)
Middle Pre-Imbrian lithosphere isostatically responds to impaci basin, leading to irregulaimaria. 1Á.ignt) Late pre-Im-
brian lithosphere fails mechanically at time of impact and interior density anoìnahes are supponed by frnite strength.
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Fig.27. Lunar potential spectra based on (a) Ferrari ll971l, (b)
Ananda fl977l, (c) a composite model, (d) the random short-wave-
length near-surface density anomaly model, (e) uncompensated to-
pography, (/) compensated topography with D" = 50 km, and (g) a re-
cent solution by Bills and Ferrari ll980l.

Ananda's solution. The latter solution results in a correlation
with topography that is somewhat higher for the lower degree
harmonics than Ferrari's solution (see below) and may be a
more realistic one.

Perhaps the only outstanding feature of the potential power
spectrum is that the second-degree spectral estimate apPears
to exceed that ofthe other degrees and that it lies above some
'regular' decay rule. Another observation is that the spectrum
apparently decays more slowly than its terrestrial counterPart,
suggesting that the density anomalies are relatively more su-
perficial on the moon than on the earth. This is not to say that
density anomalies do not occur in the upper mantle but, if
they do, they must be proportionally smaller; otherwise the
potential power spectrum would decay more rapidly than ac-
tually observed. A third observation is that gravity is less than
may have been expected from an extrapolation from earth or
Mars to the moon, for if the earth and moon can support the
same stresses, it follows from (344) that

vt2(au E)

: GE/gàovÌ( IJà = Ll x l03Zl'z(AUE) (61 )

where the subscripts M and E denote quantities pertaining to
the moon and earth, respectively. By comparison to Figure
I la, it is seen that this predicted spectrum generally exceeds
the actual lunar spectrum. If the prediction is based on the
Martian potential,

VI(^Uà = 22Vt2(^UM"*) (62)

which also exceeds the lunar spectrum (see Figure 36). The
low power in the lunar gravity ûeld, relative to that predicted
by equivalent stress arguments, is indicative of a 'quiet'

planet, in keeping with the lack of active tectonic processes
over the last 4 billion years that would have led to large-scale
density anomalies.

The lunar topog'phy. The lunar topography, deduced
from a combination of earth and Apollo mission photogra-

phy, radar, and laser altimetry, has been harmonically ana-
lyzed by Bills and Ferrarill9TTl. The spectrum oftheir analy-
sis is illustrated in Figure 28, where the topography is referred
to a sphere with radius equal to the mean radius of the planet.
, A seçond analysis, based on partly independent data, has
been publiSheð by Chuikova 11976l (Figure 28). Agreement
between the two spectra is satisfactory up to degree 6, but
beyond that the Bills and Ferrari spectrum gives consistently
higher spectral estimates. Bills and Ferrari also carried out
some extensive Fourier analyses of the lunar topography
along great circles and concluded that the spectrum decayed
according to (21). Specifcally, they suggest that

V?(h) = 1.5 x l0-"/(¡ + l) (63)

(Figure 28), although their observed spectrum exceeds this for
/ > 8. Chuikova's spectrum follows this rule more closely.

An outstanding feature of the topography spectrum is that
the power in the l: I harmonics is considerably greater than
that in the higher degree harmonics. Nonzero values for the I
= I harmonics indicate that there is an offset between the cen-
ter of mass and the center of flgure which for the moon in-
dicates that the center of mass is closer to the earth by about
2.0 km. Compared with Mars, where the oflset is about 2.5
km, and with the earth, where the offset is about l.l km, there
would be nothing very special about the lunar result were it
not for the fact that, for the moon, this spectral estimate much
exceeds the I > I estimates, whereas for earth and Mars all
low-degree spectral estimates are of comparable magnitude
(compare Figure 28 with Figure 37).

2 6 1 0 t ¿
Degree I

Fig. 28. Lunar topography spectra based on (a) Bills and Ferrari

Il977l, (b) Chuikovu [ 1976], and (c) the empirical model given by (63).

The spectrum (d) represents the terreslrial topography and the spec-
trum (e) the Martian topography. The spectrum (/) is the predicted to-
pography using the eartlì spectrum and scaling, assuming that both
planets have the same intrinsic ñnite strength. l
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Insofar as-,the lunar offset is mainly along the earth-moon
axis, it is tempting to associate it with the dichotomy seen in
the lunar surface of a nearside dominated by maria and a far-
side dominated by highlands. Several interpretations of this
have been made. Kaula et al. ll974l suggested that there may
be a di.fference in the crustal thickness between the near and
far sidcs, the farside highlânds being associated with a thicker
crust than the nearside. Alternatively, adopting a Pratt-type
crustal model, the crustal densities of the farside highlands
would be less than those of the nearside regions. Ransford and
Sjogren [972] suggested that the core is offset wllrrle Lingenfel-
ter and Schubert [973] suggested that the ofset may be a re-
sult of a first-degree convection cell that occurred in some
early stage of the moon's history. Kobrick [l976] suggests that
random density anomalies can explain the offset.

All these explanations consider an offset formed at an early
stage i.n the moon's history which has been 'frozen' into the
planet ever since. Thus the models have to be tested not only
against the plausibility of the mechanisms causing the oflset
but also against the consequence of this offset on the stress
statc of the planet. The usual theory of the loading of a ho-
mogeneous sphere is not directly applicable for an / : I load
since, in this case, one solution of the elastic equations of mo-
tion is a constant but indeterminate shift of all particles of the
body which results in zero stress (see the general form of the
solution for any / as given by Takeuchi and Saito [972]). The
solution is discussed by Jefreys [970] for the incompressible
hornogeneous sphere; he showed that in this case the stress is
zero. A more general discussion is given by Fanell ll972l.
Lambeck and Pullan ll919al have computed the strain energy
for diferent lunar models subjected to surface loads, and they
ñnd that for all reasonable models the stresses set up by the /
: I harmonics remain insignificant compared with those due
to the higher degree harmoriics. They suggest that this har-
monic may reflect a condition at the time of the ñnal phase of
the major bombardment of the lunar surface; the overall to-
pography was much greater then than now, such that the
power for low-degree harmonics approximated the power in
the present / : I spectral estimate. The 'white' topographic
spçctrum, formed in Pre-Imbrian time, might have resulted if
the characteristic wavelengths of the process responsible for
the initial topography were much shorter than the wave-
lengths corresponding to the low-degree harmonics. This early
topography, presumably in a state of near isostasy, would
have caused stresses in the crust that were an order of magni-
tude larger than those occurring at present lor I > 2 and
would have relaxed with time to a lower energy isostatic state.
The / : I harmonic, imparting much lower stresses, would
have tended to remain stable. If this interpretation is ac-
cepted, then the average strain rates have been ofthe order of
l0-te-10-2' s-t [Lambeck and Pullan, l979al.

Another outstanding aspect of the lunar topography is that
it is much less significant than may have been expected from
comparisons with earth or Mars for, using the same assump-
tion as before, namely, that the planets have the same intrinsic
finite strength (i.e., support the same stresses), one obtains
with (32),
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trum is indicative, inter alia, of the moon being a quiet planet
whose topography is supported in a manner di.fferent from
that on earth.

In view of the poor quality of the spherical harmonic ex-
pansions of the lunar gravity field, the cross correlation be-
tween gravity and topography is not a well-determined quan-
tity at all. Figure 29 illustrates some results for the potential
solutions by Ferrari [977] and Ananda [977]. For the former,
possibly significant correlation is found for /: 2-4 only, and
beyond I : 4 the correlation is neither significant nor consis-
tently of one sign. The situation is somewhat better for
Ananda's solution in which the correlation is consistently pos-
itive for / < 8. This makes Ananda's solution the more attrac-
tive si¡ce nothing has been introduced into the solution to
produce such a correlation for the low-degree harmonics and
since some correlation can be expected in view of the low
stresses set up by the lunar topography (see below).

Isostasy and crustal stresses. Ifthe lunar topography is en-
tirely uncompensated, then the expected gravitational poten-
tial spectrum follows from (19), and for fully compensated to-
pography the spectrum is given by (20), using either the
observed topographic spectrum or the approximation (63).
These two types of spectra are compared with the observed
spectrum in Figure 30. As for the earth and Mars, the spectra
for uncompensated topography (Figure 30, curves a and b)
exceeds the observed spectn¡m (Figure 30, curve e) for all /,
indicating that some compensatioD of the topography occurs,
although the discrepancy is much less than for earth (see Fig-
ure l5).

Seismic data suggest that the crust in the Oceanus Pro-
cellarum region near the Apollo 12 and 14 landing sites is
about 55 km thick lNakamura et al., 1974; Toksöz et al., 19741.
As the highlands are on the average about 3 km higher than
the maria, the expected crustal thickness under the former is
of the order of 80 km if Airy isostasy prevails and less if there
is a Pratt component to the compensation lSolomon, 19781.
Some evidence for a variation in crustal thickness is found in
the Apollo 16 seismic data for the Descartes regions of the
central highlands. These data have been interpreted in terms
of a crust some 16 km thicker than under the Procellarum re-
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Fig.29. Degree correlation coefficients for the lunar gravity ñeld
models of (a) Ananàa [977] and Ferrari ll977l, (å) Ferrari gravity
and topography, and (c) Ananda gravity and topography.
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where p' is the crustal density. This predicted spectrum is il.
lustrated in Figure 28. The smallness of the observed spec-
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l 0 - other geochemical anomalies, provide a strong constraint on
theories of lunar origin.

An approach to the question of stress state in the moon's in-
terior is to invert the gravity data for both the anomalous den-
sity structr¡re and the stress state along the lines suggested in
section 3. The usual procedure is to restrict the anomalies to a
single layer [Arkani-Hamed, 1973a], and this appears to be
adequate for the moon, where the density anomalies are
mainly confined to a near-surface layer [Lambeek and pullan,
l979al. In a second calculation, Arkani-Hamed ll9ß\ foL
lowed Kaula [963] and minimized the strai¡ energy (section
3). In the ûrst calculation lArkani-Hamed, l973al the density
variations were eonûned to the upper 50 km of the moon and
the associated stress differences were found to be ofthe order
of 40 bars within the upper 8@ km, but this calculation as-
sumed the moon to be elastic throughout. As he used the po-
tential solutionby Michael et al. 11969l, which we believe sig-
ni-tcantly overestimates the spectrum for / = 5, these stresses
are too high. In the second paper, Arkani-Hamed |l973bl,
again using an elastic rheology, estimated maximum stress
di-fferences to be about l@ bars for the potential model of Mi-
chael and Blackshear [972], which is even less palatable for /
> 4 than their earlier model.

A more cogent approach to the question of stress state in
the moon follows from the argument that loads must be sup-
ported by a thin elastic lithosphere, as defined in section 3, be-
low which stresses have relaxed at least l/e. Using the flow
laws of Durham and Goetze ll977l and Post |9771 the base of
the lunar lithosphere occurs at about the 0.5-0.6 melting tem-
perature (7-) isotherm. We argue in the following sections that
this isotherm, and hence the boundary of the elastic litho-
sphere, occurs at a depth of 200-300 km and the artendant
load stresses for both mascons and the nonhydrostatic elliptic-
ity are ofthe order of 100 bars and are capable ofbeing sup-
ported by the ûnite strength of the lithosphere.

The lunar ellipticities and convection. Runcorn 11962, 1976
and references therein] has long argued that the nonequi-
librium second-degree harmonics of the lunar potential and
topography present direct evidence for second-harmonic con-
vection in the lunar interior. The lunar hydrostatic equilib-
rium state is governed by self attraction, spin, and the earth's
attraction and with the condition that its spin equals its orbital
mean motion, the hydrostatic second-degree coefficients are
given by [e.9., Kopal, 19691

.  - r( 4 + B): _: í{1, L ,o _ r) (65a)S ' / ' C r o ' u  
6 \ o l  m r -

(65ä)

where l, B, C are the principal moments of inertia with C > .B
> A: m is the mass of the moon and M the mass of the earth: a
is the average eafh-moon distance; .R is the lunar radius; and
A is a factor that corrects for any departure from a homoge-
neous density distribution. For a wide range of realistic lunar
models L = 2.48, compared with 2.50 for a homogeneous
body. The poìver spectrum for this body in hydrostatic equi-
librium is
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Fig. 30. G¡avitational potential spectra for rhe moon based on (ø)
uncompcnsated topography of Bills and Feirarill9TTl, (å) uncompen-
sated topography given by (ó3), (c) compensared topography with
depth of compensation equal to D" = 125 km, (d) same as curve c bur
with D" : 75 km, and (e) smoothed observed potential spectrum.

gion [Goins et al., 19771, while the average elevation of the
Descartes region is about 2 km above Oceanus Procellarum
lSjogren and llollenhaupt, 197 31.

The quantity most strongly constrained by the gravity and
topography data is the integral over depth of the anomalous
density variation [see, e.g., Thurber and Solomon, 1978]. This
allows, for example, a constraint on the density distribution
under an isostatic assumption. If a possible Pratt component
of compensation in the crust is ignored, a maximum gravity
effect results. Taking the mean depth to the level of Airy com-
pensation, the crust-mantle boundary, as 75 km, then Figure
30, curve 4 results and the spectral amplitudes are less than
the observed spectrum, indicating that either compensation is
incomplete or the depth of compensation is greater than 75
km. For D" : 125 km, (20) results in a spectrum of similar
magnitude (Figure 30, curve c) to that determined by Ananda
for all / > 2. The implication is clear: either a substantial com-
ponent of isostatic compensation of the lunar topography
takes place in the upper mantle or compensation is in-
complete. The latter is not an unexpected conûguration for
the lunar lithosphere since the stress differences implied by
the gravitational poteûtial do not exceed about 100 bars (see
below) and, as we have argued in section 6, the isostatic proc-
ess may only be driven to the point wherei¡ all stresses are less
than the intrinsic creep strength of the material.

The mean crustal density anomaly or crustal thickness im-
plied by the gravity, topography, and seismic data, whether
isostatic or near isostatic, imply an aluminum òxide content
for the moon that is about 2 times the chondritic value lKaula,
1977 bl. Hence this excess in refractory lithophiles, along with

(l)"' r-" : - #: å(å)' # ro -,

= 4.2 x ro'/Al"
\ a l

=  3 . 2  x  l 0 - ¡ l (66)
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compared with an observed value of about lO-t and, clearly,
there is a significant discrepancy between the observed and
hydrostatic estimates. The observed geoid spectrum is (lóå)

Vr'(N"o**^) = l0-8

compared with the observed power in the lunar topography of
nearly l0-7 and, while the observed geoidal ellipticities are in-
trinsically large, they are smaller than those deduced from the
topographic values [.Runcorn, 197 51.

Lambeck and Pullan U979bl have argued that the second-
degree potential harmonics of the moon are 'abnormally'

large when compared with the rest of the power spectrum, for
while the spectrum for / > 3 suggests a near-surface origin for
the density anomalies, no simple distribution of randomly dis-
tributed density anomalies exists that can explain the second-
degree harmonics and the remainder (Figure 27). They assign
this anomalous part of the bulge, the difference between the
observed bulge and that predicted by the random density
anomaly model, as a measure of the moon's fossil bulge, ac-
quired when the earth-moon distance was about 25 Rr.

While the geopotential bulge appears to be anomalously
large, Yrz(h) is of the same magnitude as the other low-degree
terms in the topography. The reason for this difference in sig-
Dificance between Vr'(AØ and Vr2(h) is simply due to the
geoid anomaly (16ó) associated with the second-degree poten-
tial harmonics being small when compared with Zr'z(å): the
aoomalous topography associated with the excess bulge (rela-
tive to the random density anomaly model) is less than l0-8,
compared with a power of about l0-? in the low-degree topo-
graphic harmonics. ln any discussion of the topography the /
= 2 harmonics should not be separated from the remainder of
the expansion, since all harmonics appear to have a common
origin; this does not appear to be so for the porential.

Rúncorn believes thãt tþe nonhydrostatic shape of the
moon must be supported by dynamic processes since the stress
differences required in the lunar interior to support the bulge
are sufficiently large to result in creep relaxation. This con-
clusion does not appear to be necessary for a number of rea-
sons.

Cassen et al. |9781 have recently presented the lunar dy-
namical and geometric ellipticities predicted by a mathemati-
cal model of flnite amplitude convection in a spherical mantle
shell, using two extreme cases of lithospheric boundary condi-
tions. In the first case the lithosphere is allowed to conform
exactly to the convective distortions, i.e., shear stresses within
it are not maintai¡ed, and the dynamic ellipticity is governed
by density difference due to both convection and lithospheric
deformation. They find models which predict correctly the dy-
namic ellipticity, but they require a thermal lithosphere less
than 150 km thick, which is less than that predicted from seis-
mic and heat flow data. These models do not explain the geo-
metric ellipticity. In the second type of boundary condition
used by Cassen et al. the lithosphere is completely rigid with
zero surface deformation. Models were found that predict the
proper dynamic ellipticity, but the rigid lithosphere required
to match the dynamic ellipticity is also capable of sustaining
Iong-wavelength sùrface shapes and lithospheric density in-
homogeneities, both of which would contribute to the ob-
served value. If this model is accepted, then the anomalous
part ofthe potential bulge could not be uniquely attributed to
convection.

An alternative to convective support of the nonhydrostatic
ellipticity of the moon is support by the ñnite strength of rhe
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interio¡. As mentioned above, Runcorn objects to this hypoth-
esis on the grounds that lunar materials will creep when sub-
jected for long time periods to stresses associated with excess
ellipticity. By deûnition, the elastic lithosphere is not subject
to creep relaxation of stresses over geologic time and will sup-
port such stresses as long as the firìite strength of this layer is
not exceeded. As noted above, the base of the elastic ütho-
sphere is about at the depth of the 0.5-0.67} isotherm, and an
estimate of this isotherm depth also yields a value for litho-
spheric thickness t upon which the stresses imparted by a su-
perincumbent load depend critically. The crust and upper
mantle temperature gradient has presumably been decreasing
over geologic time, but the rate of change is possibly quite
small over the last 2 AE. In any event, we have no understand-
ing of the past relaxation of the excess ellipticity and can only
invoke a finite strength support for the presently observed
value of the ellipticity with the present selenotherm.

Observations that lead to direct estimates of the crust and
upper mantle selenotherm are meager. Inversion of the lunar
conductivity profile is frought with uncertainty in terms of the
nonuniqueness in the estimation of the conductivity profile
and also because ofthe extreme compositional dependence of
the conductivity-temperature relationship liluebner et al.,
1979; Phillips and lvins, 19791. Keihm and Langseth [1977] con-
ducted a parametric study on the lunar thermal regime to 300-
km depth, the basic constraints being derived from the global
surface heat flow value, crustal thorium abundance, and the
high seismic p in the outer portion of the moon, the last being
indicative of subsolidus temperatures. The basic assumption
in their work, that the moon is near thermal steady state, has
been questioned recently by Schubert et al. ll979l but sup-
ported by Turcorrc [979]. The key parameters in the analysis
are the depth of differentiation of the primordial moon and
the fraction of radioactive heat sources redistributed into the
differentiated crust. The calculations were carried out over the
¡ange of uncertai¡ties in heat flow, thorium concentrations in
the crust, and thermal conductivity. Successful solutions yield
300-km depth temperatures from ll00 to 1600 K.

A wide range of possible solidus curves, adapted to lunar
pressures, are bounded by the models of Kennedy and Higgens
ll972l and Kirby and Raleigh [973]. The solidus of Ringwood
and Essene [970] and of Hodges and Kushiro [974] lie in this
range. The intersections of the solidus range with the solution
range of Keihm and Langseth yield an elastic lithosphere
thickness of from 100 to 300 km. The thinner models are not
preferred since they correspond to temperatures approaching
solidus at 300-km depth, which is precluded by the high seis-
mic p of the upper mantle.

With an estimate of lithospheric thick¡ess we return to the
question of the stress level imparted by the excess ellipticity. A
500-km elastic lithosphere model of Lambeck and Pullan
ll979al creates a peak second-harmonic stress di-fference of 14
bars. The estimate obtained in the present paper suggests a
lithosphere of about half this thickness. This thinner litho-
sphere will not raise the stress diference over 100 bars and by
our arguments in section 6, it is perfectly reasonable and to be
expected based on the calculations of Cass¿n et al. ll978l that
the excess ellipticity of the moon is supported by the frnite
strength of an elastic lithosphere.

Mascons. The dominating positive gravity anomalies
found by Muller and Sjogren [9ó8] over the ringed maria are
indicative of significant mass concentrations below the lunar
surface. These mascons are associated with the Serenitatis,
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Imbrium, Orientale, Crisium, Smithii, Humorum, Nectaris,
and Grimaldi impact basins (Figure 3l). Their presence gives

rise to several problems which have been summarized by
Kaula 11969, l97ll and some of which the moon also has in

common with earth or Mars. These problems include how
mass was transferred to produce the excess and how this mass
excess has been supported. In an attempt to resolve these
problems it is useful to review the many current theories of
mascon origin in terms of three dominant contributions to the
gravity anomaly: the topography of the prefill basin, the basin
fill, and the contribution from the mantle beneath the basin.

The mascon basi¡s are topographic lows, with the surface
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of the mare flll generally being a few kilometers below the sur-
rounding terrain. The thickness of the mare materials is prob-
ably only of the order of several hundred meters in the irregu-
lar maria lHörz, 19781but up to several kilometers in the large
mascon basins lPhillips and MaxweU, 19781, so that the total
depth of the latter is at most of the order of 5 km. This is shal-
low compared with the original crater of excavation. which,
for the large .basin-forming impacts, must have been many
tens of kilometers deep at the time of impact. This difference
is presumably a consequence of the instantaneous rebound ol'
the basin floor after the impact, as well as a fall-i¡ of ejecta. ll'
this rebound, or subsequent volcanic ûll, is such as to leave

Fig. 3 l. Line-of-sighr gravity contours of lunar nearside. Contour units are l0 mgals. From Muller and Sjogren 11968l.



the lunar crust i¡ an isostatic state, the free-air anomaly will
be negative. The mass required for isostatic compensation can
be written as

M t : M ^ ' + M / (67)

where M^t is the mass of a displaced mantle contribution and
Mr' is the mass of the predominantly volcanic fill in the basin.
Both M-l and M / refer to the situation soon after impact
(Figure 32). If the isostatic state is achieved purely by basin
fiUing [e.g., lüood, 19701, then M^I is zero, while if isostasy is
achieved by the topography of the crust-mantle boundary
le-g., llise and Yates, 19701, then M/ ís zero. In the former
model the basin-fllling process would consist of early basaltic
flows and a 'topping off would have occurred as the last stage
of filling which would be the cause of the excess mass that re-
sults in the positive gravity anomaly. The additional mass M/,
giving rise to the positive free-air anomalies, can be expressed
generally as

M^:  M^^ *  M/ (68)

where M-^ is any mass excess originating from the mantle
al'd, M¡^ is any mass excess of the additional fill of the basin
beyond isostasy. If the excess mass is due to this additional
mare fill M r^ = M^, M ̂ ^ = 0, or if the excess mass originates
in the mantle M ̂ ^ = M^, M / = 0. From a comparative study
of gravity anomalies over the various ringed basins, some dis-
tinction among these various contributions to the mass anom-
aly becomes possible.

Mare Orientale, for example, is a large ringed basin with a
small amount of mare fill compared to other mascon basins.
Head ll971l suggests that for Orientale, the mantle topogra-
phy resides in a superisostatic state (i.e., the mantle topogra-
phy attains a lleight above that required for isostasy) created
at the time of impact formation and which subsequently must
be supported by the frnite strength of the interior. In this
model it is the mantle topography and not the meager amount
of mare ûll that contributes to the mass excess associated with
the central Orientale basrn (M^^ = M', Mr^ = 0).

Gravitational evidence of a mantle component, independ-
ent of an isostatic or superisostatic contribution, has been
given by Sjogren and Smith [97ó] and Dvorak and Phillips
[979]. The former authors analyzed spacecraft gravity data at
t\vo altitudes over the Orientale basin and showed that the
best ûtti¡g models all contained a substantial subsurface ele-
ment, interpreted as mantle relief, although densiûcation by
intrusion into the crust could not be ruled out. The latter au-
thors analyzed the Grimaldi mascon anomaly and found that
here also a substantial subsurface compotrent is required to
explain the gravity data unless an inordi¡ate amount (15 km
or more) of fill resides in the central Grimaldi basin.

Phillips et al. ll972l noted that for the fitled basins Sereni-
tatis and Crisium the mass excess could be adequately de-
scribed by a surface disc-like body, and they concluded that
a dominant part of the positive gravity anomalies is due to the
mare fill with little compensâtion taking place subsequently.
That is, tD (68) M/ = M^, M j = 0. This has been sub-stan-
tiated by Roth et al. }9771, who showed that the slopes on
the outer shelf of the Crisium basin could be explained in
terms of a warped .equipotential surface due to the presence of
the mascon but only if the anomalous mass is near or at the
surface. Further, concentric graben on the bourdaries of the
mascon basins can only be explained'by loading at the sur-
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face, presumably the mare flll fMelosh, 1978: Solomon and
Head, 19791.

Thus a dominant thread through most theories of mascon
formation is the role of mantle topography and basin frll. Var-
iations to this have been proposed by Hulme ll912l and, Kunze
[974]. Hulrne's model assumes that the crust under the mas-
cons is in isostatic equilibrium, but this requires some 50 km
of mare ûll and a crustal root of some 40 km. While this
model will satisfy the line-of-sight lunar Orbiter data, it is in-
consistent with the lower Apollo subsatellite data. Kunze's
model also presupposes an isostatic state in which a 30-km
thick layer of basaltic fill is in equilibrium with a density defr-
ciency involving some 300 km of mantle material, the deû-
ciency resulting from a density change that accompanied the
partial melting that gave rise to the mare basalts. This model
has not been explicitly tested against the low-altitude Apollo
data, but the discrepancies can be anticipated to exceed those
for Hulme's model.

Information on the isostatic response of the lunar interior to
impact events can be gained by analyzing the Bouguer gravity
anomalies associated with large craters. Some of these impact
features are the same size as the Grimaldi mascon, and such
analyses shed light on mascon formation. A slow isostatic up-
welling of the lunar mantle, in response to the topographic re-
lief prcduced by impact (as in Figure 7), has been suggested as
a mechanism to account for the chanþes in crater depths and
rim heights with increasi¡g age [e.g., Pike, 1967; Baldwin,
1970; Kunze, 19741. The isostatic upwelling hypothesis has
been critically tested by Dvorak and Phillips [978] and Dvo-
rak |9791, who analyzed the Bouguer gravity anomalies of
eight Imbrian-age and older lunar craters ranging in diameter
lrom 65 to 240 km. All of these craters have Bouguer anoma-
lies that are essentially zero, yet they could be expected to ex-
hibit a systematic signature for partial to complete com-
pensation, assuming that the crust-mantle boundary is i¡ the
neighborhood of óO-km depth. In particular, the anomalies
should i¡crease systematically in magnitude from the smallest
to the largest crater. Thus with complete compensation the 65-
km diameter Macrobius crater would be expected to have a
Bouguer anomaly of - l0 mgals, the 150-km Neper crater +60
mgals, and the 200-km diameter Humboldt crater an anomaly
of 140 mgals. The predicted negative anomaly for the smallest
crater is due to the dominant attractioû of a low-density
breccia lens i¡troduced in the model beneath the crater floor.
For the larger craters the mass excess associated with the up-
lift of the crust-mantle boundary would dominate the contri-
butions to the Bouguer anomaly. The observed near-zero
anomalies argue against any isostatic response or for only a
lirnited partial response.

The central crater of the mason basin Grimaldi has a diam-
eter similar to'Humboldt and Pasteur but is associated with a
strongly positive Bouguer anomaly. While there is certainly
more fill in Grimaldi than the other craters analy.zed by Dvo-
rak and Phillips, a substantial subsurface component is re-
quired to reproduce the gravity anomaly. The removal of the
mare fill certainly does not reduce the Bouguer anomaly to
the near-zero value of Humboldt. The principal morphologic
di-fference between Grimaldi and the other craters is the pres-
ence of a concentric outer scarp or ring structure at Grimaldi,
absent from the other craters. Dvorak and Phillips [979] pro-
pose that the unique attributes of Grimaldi, the ring structure
and excess subsurface mass, reflect an uplifting of the mantle
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Fig.32. Schematic illustrations of mascon basin showing contributions to (rop) isostasy (M/, M^,) and (bottom) su-
perisostasy (Mt', M^t). Isostasy is achieved by a combination of mare ñll in the central basin and ¡elief on the crust-
mantle interface. Superisostasy follows from additional contributions to either of those components.

that resulted from a collapse of the region surrounding the
crater at the time of impact. This diferent behavior from
Humboldt may reflect a different crustal thickness in the two
areas, Grimaldi being on the fringe of Oceanus Procellareum
and Humboldt in the southern highlands, where the crust is
thicker. Alternatively, these two features were formed by im-
pacting objects of different sizes.

From a consideration of all the analyzed mascon and non-
mascon craters a mare fill is certainly an important com-
ponent to produce the mass excess, but a mantle uplift is es-
sential in bringing the crater into approximate mass balance
prior to the filli¡g stage. This uplift must have taken place as a
consequence of the mechanics of impact and collapse and was
not a long-term creep response. This view, i.e., that both the
ring structure and the mantle uplift formed at the time of, or
immediately after, impact, is strongly supported by Head
[977], who pointed out that the melt facies formed at the time
of impact and lying within the Orientale crater show little of
the deformation that would be expected if the basin floor had
been subjected to a long-term rebound process.

The subsequent mare fill in the mascon basins loaded the
lunar crust and led to the mild form of tectonic failure and
stress readjustment observed at the surface lMelosh, 1978;
Solomon and Head, 1979]. Concentric graben strucrures out-
side of, and the compressional wrinkle ridges within, the filled
basins are predicted from simple models of crustal response to
the mascon loads (Figure 33). Further, certai¡ lunar seismic
events have now been identifled as moonquakes with upper
mantle epicenters that show a modest correlation with the
mascon basins [.ÀÙa&ømura et al., 1979]. In terms of (67) and
(68) we conclude that the filled ringed basins give rise to mas-
cons with M-t - M', M/ = O, although the mantle relief is a
direct and 'instantaneous' response to impact. The excess
mass arises from M^^ = 0, M/ = MÁ. Gravity anomalies over
the unfilled farside basi¡s are predicted to be essentially a
consequence of M-t = M', Mt'- M-^ = M/ = 0 and the
anomalies over the irregular maria are described by M^I =
M / = M ^ ' = M / = 0 .

The second problem raised by Kaula involved the support
of the mascons. Kuckes [977] finds a maximum deviatoric

stress of about I kbar for the Serenitatis mascon. This value
follows, however, from a questionable [Phillips and lvins,
19791 estimate of the elastic lithospheric thickness of 54 km. A
more reasonable estimate is 200- to 300-km thickness, as dis-
cussed above, for which Arkani-Hamedll973a) frnds that the
stress differences due to mascon loading reach about I00 bars
at a depth of about 250 km. The actual values may be less
than this, as this value is based on rather crude gravity mod-
els. This low stress value suggests that finite strength support
of mascons is ieasonable and to be expected. The mild tec-
tonic features, particularly the tensile graben structures, are
consistent with this stress level.

Radial  distance, km

Fig. 33. Stress component oó radial ro the Serenitaris basin in re-
sponse to the mascon load (insert) for several possible lithospheric
thicknesses (Z). Positive srress is extension, and maxima cor¡elate
with location of tensional rille strucrures exterior ro rhe load. From
Solomon and Head 11979].
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9. MARS

Introduction. The early history of Mars appears to have
followed that of the moon in terms of an early period of crus-
øl di-fferentiation and intense bombardment followed by (ba-
saltic?) plains volcanism. Several events took place on Mars
which clearþ distinguishes its evolution from that of the
moon. First, the prinordial crust in the northern hemisphere
was severely disrupted and in part removed lMutch et al. 19761'
Guest et al., 19771. Additionally, centers of crustal doming and
shield volcanism developed, ûrst in the Elysium region and
then ü the Tharsis area. The liatter volcanism provides the
most significant tectonic overprint on the planet. The north-
south dichotomy of the crust and the Tharsis Province define
the basic geological-geophysical subdivisions of Mars.

The important global north-sorith dichotomy of Mars is
seen, inter alia, as a marked elevation di-fference between the
northern and southern hemispheres, separated by a great cir-
cle incLined at approximately 35" to the equatot fMutch et al.,
19761 (see also Figure 34). In this respect, Mars is similar to
earth and the moon, which also display ¿ ¡errghly hemispheric
dichotomy in both physiography and topography. The Mars
physiographic division is between an elevated, heavily cra-
tered, generally southern region and a low, northern region
covered by smooth plains. The Martian center-of-figure (CF)
is offset from the center-of-mass (CM) by roughly 2.5 km in a
di¡ection 60"5, 90"E lBills and Fenari, 19781. This vector is
approximately parallel to the normal of the great ci¡cle divid-
ing the two physiographic divisions. The signi.ûcant CF-CM
offsets of the earth and moon also relate intimately to major
physiographic regions, the ocean and land hemispheres in the
case of 

'the earth. For all three planets the dichotomy is basi-

(r8r)

cally one ofold and elevated terrain versus young and low ter-
lah l|l/i I he I ms, 197 41.

Superficial processes alone are rot sumcient to explain the
Martian offset, and simple isostatic models do not suñce to
explain both the topographic di.fference and the CM-CF ofset
lMalin et al., 19781. Some internal mass redistribution is re-
quired but, as for the moon" the stresses associated with the
offset will be very small compared with those due to the
higher degree harmonics in. the topography, so that once de-
veloped, the ofset can persist indefnitely with time.

Of only a slightly smaller scale than this physiographic di-
chotomy of the planet, the Tharsis Province represents the
second major subdivision of Mars, a relatively young part of
the planet that is or was volcanically and tectonically active
compared with older parts that are subdued in tectonic ex-
pression and which probably have been subjected to mild
plains-type volcanism (Figure 34).

The Tharsis Province, of roughly 200G'km radius centered
on the equator at about I l0"V/ longitude, lies as a plateaulike
feature 8-10 km above the average height ofthe planet's sur-
face. Morphologically, the topography is dominated by a
domal structure, suggestive of uplift, although a significant
fraction of the elevation could be due to a series of volcanic-
plains units, which in turn are superimposed on the ancient
planetary crust [e.9., Mutch et al., 19761. A pronounced frac-
ture system, predominantly radial and tensional" emanates
outward from the highest region of the dome. This fracture
system predates most of the volcanic units superimposed on
the region, including shield volcanoes, and the fracturing
process appears to have terminated earþ in the history of the
volcanic deposition lCarr, 19741. The shield volcanoes reach
heights of 25 km above the planet's mean surface. The vol-

PHILLPS AND LAMBECK: GRAVIIY FIELD ANoMALIES AND TEcToNIcs

Fig.34. Physiographic provinces of Mars. Polar units include pi þermanent ice), ld (layercd deposits), and ep (etched
plains). Volcanic units includc v (volcanic constructs), pv (volcanic plains), pm (moderately cratered plains), andpc (cra-
tered plains). Modified units include åc(hummocky terrain, chaotic), å/(hummocky terrain, fretted), /rk (hummocky ter-
rain, knobby), c (channel deposits),¡a (plains, undivided), and g (grooved terrain). Ancient units include cn (cratered ter-
rain, undivided) and rn (mountainous terrain). Heavy dashed line marks approximate boundary ofTharsis Province. From
Mutch et al. 119761.
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canic activity appears to.have started over 3 billion years ago
and has continued up to the present or the recent pastfil'ise et
al., 19791- The heights of these volcanoes suggest that, if the
lavas moved up under hydrostatic pressure, the depth of the
magrna source region for these shield volcanoes is of the order
of 250 km.

We will û¡st discuss the statistical ¿rspects of the planet's
gravity, topography, and stress state before returning to the
specific problems posed by the Tharsis plateau.

The Martian gravity feld and topography. Two recent
spherical harmonic expansions of the Martian gravity freld are
by Gapcynski et al. ll977l complete to the degree and order ó
and by Christensen and Balmino [979] complete to degree and
order 12. Both solutions are based on Mariner 9 and Viking
Orbiter I data. An earlier solution by Sjogren et al. ll975l,
complete to degree and order 9, was based on Mariner data
only. Probably the best solution for the Mars gravity field is
by Sjogren [979], based on a direct mapping of line-of-sigbt
aecelerations of the Viking Orbiter 2, at times when the space-
craft was near periapsis (Figure 35). But without further Fou-
rier analysis, this solution does not lend itself to the present
statistical discussion. Figure 36 illustrates the power spectra
for the solutions by Sjogren et al. ll975l and Christensen and
Balmino [1979]. The agreement between the two is excellent
up to degree 6, but beyond this, significant di-fferences occur.
In particular, the difference spectra for these two solutions ex-
ceeds the signal for / > 6.

Information on the Martian topography comes from several
sources, including spacecraft occultations, spectral in-
struments, stereo photogrammetry, and terrestrial radar obser-
vations (see ll'u [978] for a review). Only the Mariner 9 data
have been fully exploited so far. Christensen [975] has com-
piled the data and expanded them into spherical harmonics.
The occultation data from this spacecraft do not cover the
north polar regions, and a comparison with a few published
Viking results [.Qe/åo et al., 1977] indicates rhat rhe.ropogra-
phy here may be in error by as much as I km. Bills and Ferrari
[978] have expanded the same data as used by Christensen to
degree and order 16 using an improved estimation procedure.
The corresponding power spectrum is illustrated in Figure 37
and compared with the equivalent rock spectrum of the earth.
Also illustrated is the error spectrum e,z(h) of the Martian to-
pography based on the error estimates given by Bills and Fer-
rari; the error variance is obtained by dividing e,z(h) by (21 +
r) .

Since the earliest Martian models, the global correlation be-
t\ileen topography and gravity was recognized lLorell et al.,
19721. This correlation, expressed by the cospectrum (17), is il-
lustrated in Figure 38 for the gravity solution by Christensen
and Balmino. The conelation coefficienr V|(AU, å) is positive
for 2 < / < 7 but for degrees 8-12 it is equally positive or neg-
ative. The cumulative correlation coefficient for 2 < / < ó is
significant at the 95Vo level, i.e., the probability that the corre-
lation is a matter of chance only is less than 57a. For higher
degrees the cumulative correlation coefficient is iasignificant,
but neither is the gravity spectrum very reliable.

The correlation between gravity and topography differs
from that on earth in that, for the latter planet, the low-degree
terms do not exhibit any signi_tcant correlation (Figure t6)
and the terrestrial low-degree gravity ñeld is dominated by
processes that are not directly related to the topography. The
correlation found for Mars irnplies one of several things, listed
below.

GRAvtry F¡rlp At¡ou¡LrEs AND TEcroNtcs

l. Topography is futly compensated but, as the external
gravity is the sur¡i of the near-surface topography and the
deeper comp€nsating mass, correlation occurs.

2. Topography is only partially compensated.
3. The correlation is indicative of deep mantle processes

that are responsible for both topography and gravity. From
isostatic and stress state considerations, similar to those dis-
cussed for the earth and moon, some distinction between these
alternatives is possible lLambeck, l979al.

The potential spectmm decays more rapidly than the (2/ +
l)/f rule (13) for the eafh, and this suggests that if the ran-
dom density anomaly model of section 7 is adopted, there is a
proportionally larger contribution from deep mantle anoma-
lies than in the case of the earth. In view of the low-degree
correlation with the topography ¡þi5 is ¡nliksly, and a more
plausible interpretation is that, unlike the eafh and moon, the
Martian gravity and topography are dominated by a long-
wavelength feature, namely, the Tharsis plateau [Phillips and
Saunders, 19751. Whereas on the earth and moon the observed
low-degree harmonics (with the possible exception of a rem-
nant fossil lunar bulge) are mainly a consequence of short-
wavelength density anomalies, the shaping of Mars is domi-
nated by this one feature. This not only makes Mars unique
(there is no comparable topographic feature on Mercury, and
the initial Pioneer Venus results do not i¡dicate any Venus
anomalies that are comparable to the Tharsis complex), but it
also reduces somewhat the utility of any statistical discussion.
The gravity and topography of the Tharsis plateau are de-
scribed mainly by the second- and third-degree harmonics,
and as a rough approximation, the corresponding spectral es-
timates can be considered to describe the Tharsis complex,
while the higher degree spectral estimates statistically describe
the remainder of the planet. In particular, for / > 3 the spec-
trum may follow the (21 + l)/f rule.

Scaling the topography from earth to Mars for equal stress
gives, with (32),

V, '(hu*J : 25V,2(he)

which equals the observed value for /: 2 but exceeds it for
higher degree spectral estimates. Thus if the topography of
Mars is isostatically compensated in a manner that is similar
to the earth's topography, the stresses set up in the Manian
crust and lithosphere do not exceed those required to support
the isostatically compensated low-degree harmonics in the
earth's topography lLambeck, l979al.

While an isostatic compensation model (if one exists) of the
Martian topography does not app_ear to result in excessive
stresses in the crust and lithosphere, the same may Dot be true
if the observed gravity is the consequence of compensated
density anomalies in this layer as well as compensated topog-
raphy. Mars di-ffers signifrcantly from the moon in this respect.
To obtain an order of magnitude estimate of the stress differ-
ences, we can use (33) with ß : l. For the low-degree har-
monics the stress diflerences become excessive, of the order of
2 kbar for D" = 100 km (see Table 2). Rather than use the spe-
cific Airy or Pratt compensation mechanisms, we can here de-
fine the isostatic potential, Vl( Ut), as thar part of the ob-
served potential that correlates with topography, as was done
for the earth (section 7), by computing the linear regression
between topography and potential. The isostatic anomaly is
the difference between the observed and isostatic potential.
This was done by Lambeck |979a\ who compured the linear
regression separately for each degree, implying that diflerent
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s

Fig. 38. (a) Correlation berween Martian gravity and topography.
(å) Same correlation but for the earth.

mainder of the topography is essentially in a state of isostatic
compensation.

The geophysical problem in trying ro undersrand the crust
and upper mantle structure for Mars is to find models that re_
sult mainly i¡ a state of isostatic compensation for the non_
Tharsis terrai¡ and at the same time provide a large free-air
gravity anomaly over Tharsis itself. Successful models that
satisfy the observational data as wéll as the rheological con-
straints may lead to a total disparity in structure between the
two geological provinces.

The speciûc questions associated with Tharsis are in Dart
similar to those for the lunar mascons and, for that matter; for
the terrestrial anomalies: (l) What tectonic process caused the
Tharsis uplift and associated volcanism? (2) How is the mass
excess implied by the free-air gravity anomaly suppoted?,
and (3) What is the relationship between the frac¿ure parrern
and origin of Tharsis in general and the gravity anomaly and
uplift in particular?

It is useful to resolve the second question ûrst since there is
some observational data to constrain it, and the answers mav
well shed light on the other questions. An understanOrng of
thé fracture system is particularly important insofar as Thirsis
may be a nasceDt or arrested region of lithospheric spreading
le.g., H artmann, 197 31.

The Tharsis gravity anomaly, if related to the com_
mencement of the volcanic-tectonic activity, must be several
billion years old. It must be supported by either the f¡ite
strength of the interior, by a dynamic mechanism such as con_
vection, or both. An appropriate way to proceed is similar to
that used for the earth, i.e., to fi¡d a ptausible mechanism for
the passive support of the anomaly and, f¿iling that, turn to
dynamic processes. In the ûrst instance an isõstatic mecha-
nism is sought since, as discussed in sectio¡i 6, it results in min_
imum stress differences in the interior.

ó 8
Degree I

Fig. 36.. _Potential spectrum for Mars as determined by (a) Chris_
tensen and B.almno [ | 980] and (b) Sj ogren et al. [197 S]. 1c¡ ñòise spec_
trum ofthe larter solution and (d) the difference spectrum ofthese-two
solutions.

wavelength anomalies may be compensated at di.fferent
depths. The stresses based on the isostatic potential are some_
what reduced over those ofthe observed potential (Table 2).

Tharsis isosÍasy and tectonism. As discussed above, the
Tharsis region (and the adjoining lowlands of Chryse and
Amazonis) shows a high degree of correlation between gravity
and topography and contributes most significautly to the / =
2, 3 harmonics in the potential and in topography. The re_
mainder of the better-determined low-degree harmonics show
a more muted correlation, suggesting that much of the re_

Degree I

_ I¡g. ¡7. Power specrrum of Martian topography according to (a)
Bills and.Ferrari [1978], (å) error speèrrum, (c) terrestrial topolrrpÀy,
and (d) the predicted Martian topography based on an equrvalenr fi-nite strength assumption.

The sirnplest interpretation of the gravity data results from
the correction for the effects of topography (the ,complete
Bouguer correction'). The resultin.g, Bouguer anomaly is in_
dicative of lateral density variations in the planet's interior.
Phillips et al. [19731 performed a preliminary analysis of the
Martian equatorial regions using Mariner 9 gravity data and
earth-based radar topography. They found a strongly negative
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TABLE 2. Maximum Stress Difference as a Function of Spherical
Harmonic f for Compensation of Topography on Mars and Ea¡th

Maximum Stress Difference. bars

Coluon (a) givcs maximum stress differe¡c¿s occurriag in a surf-
icial layer of Mars due to the topography and its compensation. Col-
umn (å) givcs the comparable stresses in the carth due to its topogra-
phy and compensation. Columns (c) and (d) are the Manian stresses
duc to the obsewed gravitational potential V?(LU), assuming thar the
6cld originatc,s from density anomalies in a layer with Airy com-
pcnsation dcpth D" - 100 km (Column (c)) and D": 2tO km (CoI-
unn (d)). Column (e) gives the strcsses due to the isostatic potential
v?( uI) with D, : 100 km and column (/) is for D" - 200 km.

Bouguer anomaly associated with the Tharsis plateau, in-
dicative of a density deûciency in the interior (Figure 39). The
sinplest interpretation of this result is a thickened crust under
Tharsis, but isostatic compensation will not explain the entire
anomaly unless the depth of compensation becomes large, of
the order 1000 km lPhillips and Saunders, 1975; Lambeck,
l979al.

Alternatively, as suggested by Phillips et al. ll973l, Tharsis
is not in isostatic balance. Phillips and Saunders [975], using
the spherical harmonic expansion ofgravity by Sjogren et al.
[975] and topography by Christensen [975], reemphas2e this
interpretation that only partially compensated Airy models
are possible when using a single planet-wide depth of com-
pensation. The mean compensation depth found is no greater
than 100-150 km, and their argument for limiting the depth
to this value is based on two deductions: (l) The terrain other
than Tharsis appears to be largely compensated and (2) the
isostatic potential exceeds the observed potential for harmon-
ics / > 3 if the depth of compensation is very much greater
than this. If all of the observed gravity anomalies originate

FIELD ANoMALIES AND TEcToNIcs (185)

from this lOG to 150-km layer, then the stress di.fferences re-
quired to support them may become exoessive lLambeck,
l979al.

The depths required to isostatically support the Tharsis
plateau (the /: 2, 3 harmonics) and satisfy the observed grav-
ity data are of the order of ó00 km for / : 3 and I 100 km for /
: 2. Ifwe consider only those parts ofthe l:2 and l:3 har-
monics that correlate with topography, the required depth of
çompensation is still of the order of400 km[Lambeck, 1979a].
This gross disparity with the result for the non-Tharsis portion
of the gravity field argues against a simple Pratt or Airy com-
pensation model for Tharsis.

Recently Phillips et al. ll980l evaluated the stress distribu-
tion in Mars by modeling the mantle and crust's rheological
behavior as a self-gravitating Maxwell viscoelastic solid in re-
sponse to a surface load (section 3). At the time of initiation,'
Tharsis was assumed to be supported in the lower mantle be-
cause of the dominance of the second and third harmonics i¡
the regional topography (see Figure 3). Using a low strain-rate
flow law, they obtained an estimate of the upper limit on the
middle and lower mantle temperatures required to prevent
any significant relaxation of the anomalies (see Figure ó), and
they concluded that these temperatures must be below about
0.6 of the mantle solidus temperature. (Ihe argument is sirni-
lar to that used by Lambeck and Pullanll9T9al for the moon.)
Such low temperatures appear to be precluded by the exten-
sive magmatic activity sustained throughout geologic time as
evidenced by the surface volcanism. These temperatures are
also i¡consistent with the thermal models proposed by John-
ston and Toksöz [977], whose temperature profiles lead to a
rapid relaxation of mantle stresses. The passive support of
Tharsis can only be supplied by the outer several hundred kil-
ometers of the planêt, and models must be sought that are
con6ned to this region.

As discussed above, an isostatic model conûned to only
modest depths is more complex than one-element Pratt or Airy
models, and different isostatic configurations must be sought.
Sleep and Phillips [979] developed a heuristic model by adl
suming that the Tharsis gravity anomaly is a consequence of a
complete upper mantle Pratt compensation of the plateau,
and they then derived what the compensated topography
ought to be to satisfy the gravity data. As anticipated from the
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previous discussion, these predict"¿ þsights exceed the ob-
served heights unless a great compensation depth is assumed.
Sleep and Phillips assumed that the di-fference between pre-
dicted and actual topography can be taken up at the crust-
mantle boundary, with an appropriate correction for density
contrast. The resulting thinned crustal model is one of a low-
density tÍpper mantle which compensates loads at both the sur-
f,ace and at the crust-mantle boundary lfigure 210). If the
depth of compensation (base of the lithosphere) is takeû to be
of the order of 300 km or greater, then reasonable values re-
sult for both the crustal thinning and upper mantle densities.
This model will accommodate a 50- to 150-km Moho depth,
required for the compensation of the non-Tharsis terrain, and
explains the special nature of Tharsis by lateral density varia-
tions ià the upper mantle. Such a model is similar to the com-
pensation mechanism proposed by Garland [971] (also Fig-
ure 40) for the Basin and Range Province of the western
United States. This region also compares favorably with the
Tharsis Piovince insofar as both are elevated regions with vol-
canism and extensional tectonics, although no exact analogy
in terms of origin is implied.

As discussed in section 6, the Airy model leads to a mini-
mum lithospheric stress level and the Sleep-Phillips model
will not result in a lower stress difference. Yalues of the order
of I kbar still have to be entertained. In addition, the thinning
of the crust is presumably a consequence of higher temper-
atures, implying a lower filite strength of this part of the crust
and mantle. Alternatively, the elastic lithosphere is quite
thick, in excess of400 km to bring the stresses tothe l/2-kbat
level. This requires a lithospheric temperature gradient that is
quite low and at best matches the lunar gradient. This seems
implausible for the Tharsis region, given a record of sustained
volcanism.

GRAVITY FIELD ANOMALIES AND TECTONTCS

Phiþs et al. ll980l evaluated the stress state of the Martian
lithosphere based on a genêÎal class of isostatic conûgurations
whose compensation depths are limited to several hundred
kilometers. The global surface pattern of the principal devia-
toric stresses associated with Tharsis show a quite remarkable
degree oforthogonality between tensile stresses and tensional
features and between compressive stresses and compressional
features (Figures 4l and 42; see also Pines et al. ll977l; Amid-
son et al., [980]). This argues for a tectonism associated with
the present-day anomalous mass associated with the Tharsis
gravity anomaly. This tectonic activity appears to be a result
offailure ofthe crust and tithosphere due to loading and not a
corsequence of uplift lCaru, 19741, as the latter would have
produced the conjugate set oftectonics. It should be noted in
passing that the set of stress pattems one obtains for long-
wavelength anomalies loading a sphere are quite diflerent
from point loading of a half-space and that the role of mem-
brane streSs on a spherical shell is quite important.

To review, the model calculatiors of Phillips et al. ll980l are
based on isostatic cofiûgurations; they lead to minimùm stress
states. Ifpassive support ofTharsis is rejected on the basis of
the stresses from these types of models, then presumably all
other models are also rejected. The magnitude of the maxi-
mum stress differences associated with an isostatic model for
the Tharsis uplift is of the order of I kbar (Figures 4l an.d 42).
It is unlikely that the thermal events leading to the formation
of Tharsis could have created these stress levels, and one must
also consider that the cessatioû or waning of the formation
process would isolate Tharsis in an isostatic stress state (see
section 6) in the absence ofother tectonic stresses. In contrast
to these endogenic thermal processes, loading of the surface
by volcanic extrusion need not reach a state of.isostasy, and
the response will be a function of the thermal state of the lith-
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Fig. 40. Cross sections thro¡rgh tr¡/o-element Pratt models for the Tharsis Province, Mars, and the Basin and Range

Provi-ince, earth. The Tharsis soiulion is for a mean crustal thickness of l0O km and a mean lithospheric thickness of 350

km. Basin and Range model is derived from seismic data. From Sleep and Phillips [19791.
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Fig.4l. Magnitude and direction of horizontal tensile (principal)
deviatoric stresses at the surface of Mars. Contours are magnitude of
maximum stress, in kilobars. Calculation is for a self-gravitating elas-
tic Mars model and is typical of modéls with panial Airy isostasy
and a l0Gkm depth of compensation. The topography and gravity
ñelds, compleie through the fourth spherical harmonic, are used as
boundary conditions. A preliminary map of tensional geologic fea-
tures shows an orthogonal relationship to stresses in the vicinity ofthe
Tharsis uplift (left portion of map). From Phillips et af. [1980].

osphere. Indeed, some nonsigni-ûcant fraction of the long-
wavelength free-air anomaly of Tharsis could be due to the
loads of the shield volcanoes and associated volcanic plains
units.

The requirement to support stress di.fferences of the order of
I kbar may be excessive, depending on the details of the depth
distribution of these stresses in the lithosphere. As mentioned
above, the stress differences can be lowered to the l/2-kbar
range at the expense of invoking an elastic lithosphere that
may very well be thicker than the moon's. All in all, this
might argue for at least some dynamic support of the Tharsis
rcgionlLambeck, 1979a; Phillips et al., 19801unless significant
horizontal compressive stresses occur in the lithospheric layer.
The role of the Tharsis fractures in relieving the stress state is
unclear, but as discussed above, they are a response to the
Ioading, isostatic or otherwise.

It is possible that the uplift of Tharsis represents the early
but arrested stage of a thermal mechanism which would have
led to lithospheric breakup. The cessation of this activity
would then have led to the more recent tectonism about the
Tharsis region, which might on the earth be a mechanism for
lithospheric rupture. That crustal fracturing has occurred and
that a state of tensile stress exists in parts of the planet is clear
from the photographic evidence. The most domi¡ant tensile
fracture is Valles Mari¡eris, wbich Hartmann [1973] com-
pares, along with the general Tharsis uplift and volcanics, to
the East African Rift system tectonics. Possibty a better terres-
trial analogy is the free-air gravity anomaly trending across
north-central Afr ica lFairhead, 19791. This region, l ike
Tharsis, is associated ìvith crustal doming, shield volcanism,
and a negative Bouguer anomaly. Fairhead has suggested that
this area of Africa represents an earlier, and possibly arrested,
stage of tectonic development relative to the East African Rift.

10. VENUs

The first systematic mapping of the gravity field and topog-
raphy of Venus commenced in December 1978, with the orbit-
ing of the Pioneer Venus spacecraft. Systematic evaluation of
the global fields is not presently available, but certain tenta-
tive conclusions can be drawn, Devertheless. Both earth-based
radar data and data acquired by the Pioneer Venus radar

(r87)

mapper show that Venus contains a varied terrain of cratered
surfaces, rifts, volcanic constn¡cts, and large, elevated regions
[e.9., Campbell et al., 1976, 1979¡, Goldstein et al., 1976; Malin
and Saunders, 1977; Saunders and Malin, 1977; Pettengill et al.,
r9791.

A preliminary .analysis of the gravity teld over a 45 o swath
of longitude has been presented by Phillips et al. ll979l. They
studied the isostatic compensation of a large plateau roughly
l¿100 km in diameter lCampbell et al., 19761of approximately
3-km average elevation lPeuengill et al., 19791. At roughly
1000-km altitude, they fad no gravity signature from this fea-
ture aad conclude that it is in an isostatic state with a mcan
depth of compensation no greater than about 100 km. The
concept of isostatic compensation of the Venus topography is
borne out by a 20-mgal anomaly mapped at lower spacecraft
altitudes and strongly correlated with mountai¡ous topogra-
phy, which if uncompensated would produce a signal about 6
times this value.

In a second analysis, Phillips et al. ll979l performed Fourier
analyses ofthe gravity data along seven orbital arcs spanning
45o of longitude and compared these results to a simulated
sampling of the earth's gravity ûeld using the Goddard Earth
Model (GEM) l0 lLerch et al., 19771. The conclusion is that
the gross power in the gravity ûeld for this limited region of
Venus is about the same as for the earth, but systematic varia-
tions exist among the individual harmonics (Figure 43). In
particular, the second Fourier harmonic (50@- to 600G.km
wavelength) for the earth is considerably enhanced over that
of Venus in this sampling due to strong anomalies associated
with plate boundaries and intraplate regions of significant
mantle flow. The Venus spectrum is enhanced at higher har-
monics, which may i¡dicate that important mantle flow proc-
esses act at shorter wavelengths or shallower depths on Venus
or that Venus has a relatively larger lithospheric contribution
to the gravity field than the earth. A strong correlation offree-
air gravity with topography does exist (Figure 44) and appears
to be the direct cause of the enhanced (relative to earth)
power in the Venus spectrum for harmonics 3, 4, and 5. lt is
tempti¡g to immediately inrerpret this result in terms of a rel-
atively deeper average level of isostatic compensation for
Venus, but other mechanisms, such as lithospheric flexure or

CONTOUR INTERVAL 0.5 KbArS 
IONGIIUDE, dEg

Fig. 42. Magnitude and direcrion of horizontal compréssive (prin-
cipal) deviatoric sr.resses at the surface of Mars. See Figure 4l for de-
tails. The stress difference is the algebraic difference ofthe stresses in
Figure 4l and this figure: the maximum value exceeds 2 kbar. For the
Sleep and Phillips ll979l Pratt isostaric model with a 400-km rhick
lithosphere. the stress difference is approximately halved, bur the
stress trajectories remain thc same. A preliminary map of compres-
sional geologic features shows, for those mapped circumferenrial to
Tharsis. an onhogonal relationship ro srress trajectories lsee also
Ardvison er a/., 19801. From Phillips er a/. [9801.
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tour¡er Harmon¡c Index, n

Fig. 43. Gravity spectra for Venus and earth obtained by Fourier
decomposing gravity anomalies along l00o arcs oflhe pioneer Venus
spacecraft orbítal tracks. For Venus, seven orbits covering a 45o swath
of longitude were used. For the earth, the characteristics of a pioneer
Venus orbit were used to sample the GEM l0 gravity¡nodel with ló
orbits ofequal node spacing. The first harmonic corresponds approxi-
mately to a I1,000-km wavelength. The mean and maxlmum curves
for both planets are shown with the area betweqn the two maxima
hatched. The earth maximum exceeds the Venus maximum for har-
monics I and 2, while the converse is true for harmonics 3-5. From
Phillips et al. ll979l.

dynamic support, are clearly worthy of investigation. Another,
concept involves the notion of smaller/scale continental blocks
on Venus relative to earth, shifting /the power i¡ the Venus
spectrum to higher harmonics. Rigdrous analysis of rhe Pio-
neer VeDus data will help clarify thç nature of this correlation
of long-wavelength gravity to topography.

I l .  SuvtrnRv: Corr4pnR.ettvE PLANEToLocy

We have discussed the gravity and ropographic data avail-
able for four terrestrial planets and attempted to draw infer-
ences regarding the relationship of long-wavelength anoma-
lies to tectonics. This discourse was preceded by a review of a
number of relevant topics of mathematical geophysics and
rheology that are germane to the understanding we seek. A
general question we might ask is, are any systematic relation-
ships between long-wavelength gravity anomalies and tecton-
ics revealed by intercomparing the four planets?

In Figure 45 we draw from the preceding illustrations the
nondimensional normalized power spectra for the gravita-
tional potential fields of the eafh, the moon, Mars, and
Venus. The Venus spectra are only approximate and repre-
sentative of a limited area of the planet. They are obtained by
transferring the ratio of the Fourier harmonics of Figure 43 to
a spherical harmonic basis. For the earth there is minimal
contribution to the spectra from the lithosphere. The increas-
ing power from the earth to Mars to the moon is most sirnply
explained by an increase in density anomalies from progres-
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sively thicker, colder, less volatile lithospheres andlor the
lower stress levels imparted by increasingly smaller planetary
gravity, gq. The Venus spectrum is close to the earth in gross
power but shows a power shift ¡s highg¡ harmonics. All four
planetary spectra are roughly described by the 'Kaula rule'
(13), derivable from random distributions of density anoma-
lies. Departures from this rule can be explained by specifc
features in the planetary gravity fields, i.e., nonstochastic oom-
ponents superimposed on a random field. The earth shows an
excess over the Kaula rule in the vicinity of the sixth har-
monic, which can be speciûcally related to such features as the
North Atlantic Gravity High, the Indian Ocean Gravity Low,
and certai¡ island arc anomalies, such as Indonesia-Java
trench. Venus shows an excess of power for the higher har-
monics shown, which is related to speciûc long-wavelength
topographic featurÊs, the signifiç¿¡ce ofwhich we do not uD-
derstand at present. Mars departs significantly in the lowest
harmonics, and this is directly attributable to the Tharsis com-
plex. The lunar spectrum shows a departure in the vicinity of
the ûfth harmonic, relatable to the basic dichotomy between
mare and highland topography, and a departure in the vicin-
ity of the tenth harmonic, relatable to the mascon anomalies.

In general, we understand the source of the nonrandom
@mpoûents in the planetary gravity ñelds in the sense that we
have a limited number of geophysical models for each feature
type which satisfy the gravity field as wEll as other observa-
tional constraints. We wish to strongly reemphasize the non-
uniqueness of interpretation using gravity data alone, and the
need for further constraints.

The stochastic component of the long-wavelength gravity
field is composed of topography that is for the most part com-
pensated, plus density variations in the lithospheres and sub-
lithospheres. For the earth we feel that much of this com-
ponent must be associated with flow i¡ the mantle, while for
the moon these anomalies arise in the lithosphere and are sup-
ported by the finite strength of that layer. The source of the
stochastic components of the gravity ûelds of Venus ard Mars
remains problematical.

Figure 46 summarizes the normalized topographic spectra
for the earth, Mars, and the moon. The topographic i¡forma-
tion for Venus acquired by the Pioneer Venus Orbiter has not
been harmonically analyzed at this point. The effects of the
continents and ocean basins are clearly seen in the lower part
of the earth spectrum and are absent in the corresponding po-
tential spectrum because of isostatic compensation. We would
like to argue, in analogy with the gravity specrra, that the iD-
creasi¡g power in the spectra from the earth to Mars to the
moon simply follows from a filite strength control of the to-
pography, both i¡ terms of decreasing volatiles and temper-
atures and decreasing load stresses due to lower go. Mars vio-
lates this simple scenario by competing with the moon in the
lower harmonics. As with the gravity data, this is again related
to the Tharsis Province and, ignoring Mercury and that part
of Venus that has not been sampled, we can safely conclude
that Tharsis is the most anomalous of the long-wavelength
anomalies of the terrestrial planets. It is little comfort that a
choice between deû¡itive models for the creation and support
of the Tharsis plateau may rest on a better understanding of
the finite strength of rock materials.

It is clear that a major thrust in geo¡rhysical research will be
the continui¡g attempt to understand the relationship be-
tween long-wavelength gravity anomalies and convection in
the earth's mantle. To that end, the recent acquisition of long-
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wavelength data for Venus presents both a chance and a chal-
leDge to apply the conc€pts of comparative planetology to the
understanding of dynamic processes in the interiors of the ter-
restrial planets.
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