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PREFACE

Irregularities in the earth's gravitational field &ffect the

motions of bodies orbiting the earth, The purpouc of Lhiz sttudy is

to determine the effect upon the earth' s gravitational field of assumed

vfl!5!ttons in mass dist•iibution between oceanic and continental areas.

The results should be of interest to agencies and persons concerned

with terrestrial structure and gravity, satellite orbits, aud geodetic

methods.
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The configuration of the earth' s potential field has been de-

termined from the orbits of near-earth satellites. This potential

can be represented by a series expansion in spherical harmonics.

The values of certain coefficients (Jn) for terms in this series have

been calculated. The J2 coefficient reflects the oblateness of the

earth; the cause of the J, coefficient has not been definitely estab-
J

i shed.

The potential field can be expressed by surface gravity anomalies.

Gravity anomalies result from inhomogeneities in mass distribution with-

in a body. Such differences in mass distribution exist between oceanic

and continental areas within the crust and upper mantle over large areas

of the earth's surface. This Memorandum presents the results of an in-

vestigation of the gravitational fields of earth models performed to de-

t ermine the nature of gravity anomalies to be expected fran oceanic and

continental areas. Using conventional crustal structure, the earth-model

results indicate that a surface anomaly exists which is positive over con-

tinental buon-";, axx tiht its :-mg-niture incr.'.s7es ':_t, i n'rcu-.::c :, ,ne

assvuncd deuth to isostatic cuirn.ensation n.L ;nth inlrcUr.;u in i.onitivQ.

topographic relief.

Anli.-atton of tihe cearth-noiel ;:nomaly to t,, :w :t':Afl jitribution o"

contincnt! tn.i ocea.ns results in ;-. :'-l.'-tl-ut,.z r'Thi for t.t- vr::v tt4tiov-j.g

tne:::.I.y thi .:n is o" the same order of r,ýr;nitu :.;, b't ,, 0..2.t'.s j~r

to. tha.t ,irivcd Eru.' sa-Lcllitc or'(, it. :on, : n :t. lfhi r,.'On-ii,

tilI: .xs "'r.- :y•:•: '.- Trt2r.: te, .
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LIST OF SYMBOLS

a = distance from the center to the inner surface of a spherical
shell

b = distance from the center to the outer surTace of a snherical
shell

G = gravitational constant (6.673 x 10-icm3gl sec-2)

g = gravitational attraction

gn = gravity anomaly at earth's surface

Ag = gravity anomaly of earth models

J = coefficient

M = mass of the earth (5.975 x 10 27g)

Pn = Legendre polynomial

R = equatorial radius of the earth (6378.1 1 0.1 lun)

r = &astunce from center of body to the point where the value of
potential or pravity is calculated

t = thickness, Ion

U gravitational potential

Seolatitule

p -- average density
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I. INTRODUCTION

The configuration of the earth's potential field, which relates

directly to the gravitational field, has been determined from the

a--ji4+o ^e n _nwh ntsIlItes. Tn this study, the gravitational

fields of certain earth models were investigated to deter-mine how

these fields would be affected by large areal variaticns in mass

distribution within the earth's crust and upper mantle. The results

obtained fram the models were then canpexed with the satellite-derived

data.

The gravitational potential of the earth may be expressed a:; an

ex-pansion in terms of spherical harmonics(1) as

U2 n= r - P cos 0)
n

where G is the gravitational constant; M, the mass of the earth; R,

the earth's equatorial radius (R = 6378.1 0. 0.1 in.,) ; r, the di tance

from the center of the earth to the point at which the potential it

being calculated; Pn) the LTegendre poltynrmial; and n, the colatitude.

The J coefficients determine the deviations of the gravitational pu-n

tential frcn a spherical surface. The values of th.i J coefficientsn

have been calculated fram the orbits of near-earth satellite::. Since

the equatorial plane is chosen to pas:; throurt- th, earth's center of'

mass, J 1 is zero. Depending on the' satellite data u:e('d and the. method

of calculation, the value of J, is about (4I-..,9 + 0. 15) ): 10'

L L

and Ji is about (-2.h 4 0.3) x 1o . .i coefficient re-

flects the oblatenesr f tm +. r...•, -IIIfdi....... of- abou
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1/298.2. The J3 coefficient reflects a latitudinal asymmetry whose

cause has not been definitely established. The form of the equation

indicates that U is zero at infinity and that U increases in a positive

direction as r decreases; this equation is valid for U exterior to the

body whose potential is being calculated.

If the earth were a perfectly spherical body composed entirely

of concentric spherical shells of uniform density, the gravitational

attraction of the earth would be the seue for any point on a spherical

surface at a given distance exterior to the earth. Thus, for any refer-

ence sphere the value of gravity would be the same for any point on the

sphere, and no anomalies would exist. But on and below the surface of

the earth, areal variations in the density of materials are known to

exist. In this case, values of gravity over the surface of the refer-

ence sphere vary; the corresponding deviations from an arbitrarily

chosen mean value are called gravity anomalies.

According to Munk and >hcDonald,(3) the J coefficients can alson

be expressed as gravity anomalies at the earth's surface by the formula

2 P (cos o)g = -(n - 1) (Gi n)% (o ~
gn n [P n(Cos 0)

n

Thus, corresponding to J3

g - 2 (985) J cm sec-2
) 3

The amplitude of the third harmonic in the gravity-anoanly series is

p, 3 = h.8 mgl

One rý-i = 0.001 gal; one gal = I CM sec
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The interior of the earth consists of three major structural

units: the core, the mantle, and the crust (Fig. 1). The core, which

extends from the center of the earth to an average radius of approxi-

mately 3471 kin, has an inner solid zone and an outer liqaid zone. The

mantle is solid, but due to high temneratures ani n ,, 4+ -i

capable of plastic flow over long time periods. It extends fran the

outer boundary of the core to a radius of from 6300 to 6360 km. The

crust, extending from the top of the mantle to the surface (mean radius,

6371 kin), is a relatively thin and rigid unit.

The density of the earth decreases with distance from its center.

Major discontinuities occur between the core, mantle, and cruAt; les-

ser discontinuities are pres.ent at several other depths. Within the

core and lower mantle, the. density-layering is considered to approxit,'

concentric spherical surfaces. Within the crust, and most probably with-

in the upper mantle, the den~ity pattern is irregular due to g;u-olog;ical

processes. A well-established and very distinct variation occur:; in tL,-

density-layering of oceanic and continental crusts. The oc,.e"anic cru:At

is considerably thinner than the continental crus-;t, and it has a dif-

ferent composition (Fig. 2). From the surface downward, the ocC:,nic

crust is composed of a water layer (P T- ].03, t -- 5 kin), a s -drJcnt

layer (p - 2.32, t - 1 kin), and a basaltic layer (p - 3.00, t 5 kn).

The total thic1m2w.s.; of this crust averagaes about 1-1 kn. 'fij coutir'uit4

crust is conposed chieflv of ,:n upper granltic layer (P - 2., 1) arid

lower basaltic layer (p ' 3.00). The total thickne::s of thi: cru:1.

var,-. considerably, as it may. rig.ne from obout 20 km-, under lowltand:

to about 50 - (0 km under lrtr1 ;e mountain r•rn,;'. The nvcr:t;,, thill'n,:1

for continents is about 33 Am.
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Fig. 1 -The internal structure of the earth

11 km

{Sediments 3k

Fig 2-Schematic section showing the average thickness
of oceanic and continental crusts
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The preservation of these crustal differences is explained by

the theory of isostasy. The earth is assumed to be in isostatic equi-

librium, which means that at a "depth of compensation" D hydrostatic

equilibrium prevails; thus at D any rock unit is under the same pressure,

regardless of whether the unit is under mou)tain, iowl.mnd, or ocean.

The depth of compensation is believed to occur as deep as, and probably

below, the base of the crust.

The existence of' isostasy is con-irmed ,5 gr-.vity and geodetic

measurements. An e ,ample of the mainteirnjce of isostarsy occurs during

the formation of large deltas: The gcolovtic dnta show that the rock

floor under the delta subcides, gradually under the increasing load of

deltaic sediments; however, the b:._nce ojf large unanalict; in gravity

observations available in delti areal:; appa:zr:; to indie:te that the accre-

tion of load on the ::ub:;ddcd atrea• i f.c lo.sely ranpens'tod by the subsidence

rate.(4) Another e :rtmple is the reccil o!' the area:.s unloaded by the melt-

ing of the Pleistocene ice :.ieut:.. Uplift motions are still continuing

in the Scandin'nA an area aund :trouiid the Greart Lake:;. Geodetic methods

:.how that the middle Ixtrt or the Gui f' of' Bothida in ;candinavia ha:; an up-

lift rate of 90 cm per 100 yenir:. T"e -. :;ocated ."ravity 'Uj•noi"!- i.; de-

cidedly negative, indicnting that not a] l of the :ubhC"n-tal ia:,; that

flowed outward during the pl-rro,itr y,.t !had tin,, to move

The densities and thiic,'esnec. of the various mTaterials that co:.-

pose the crust are determined by ', Iar,-i1': i',t-a as surface supies,

drilled cores, and interpretations of selsvic wave velocities. The

degree of variability of t1;e;,. v-li,.: is cofidnel wit',ii: rather n;arrow

limits. As the dept.h tro;. the r.'rfA,.: I,.,'r',,s5l, •ta ceaose nparser

and less reliable, so that or-rcnps'!!Ir.1. [jr,,ttr, ntl-s In'rease.

t:orve -oortrovierr.- -- ' s , .........--.-. ]1 .ci tv t n ( exa7r.ple
as a deronse r!ttlton of .. '
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I. METHOD C' INVESTIGATION

In this study we are interested only in the gravity contrast con-

tributed by differences in typical oceanic and continental mass distri-

butions. Therefore, the effects on the earth's gravitational field due

to tne earth's rotation and oblateness, the ellipticity of the equator,

and the attraction of other nearby bodies such as the sun and moon were

excluded.

Spherical earth models incorporating either all-oceanic or all-

continental layering were constructed, using a radius of 6371 km.

Ocmplete isostatic equilibrium was assumed. Density, gravity, and pres-

sure values for the core and mantle are given in Table 1. The oceanic

and continental sections, labeled 0 and C, respectively, in this report

were based on typical sections used in studies on isostasy and the in-

terior of the earth. The depth of ecimpensation was varied to cover the

range of likely possibilities for near-surface isostatic equilibrium.

An additional set of continental sections, C', having the high

average topographic relief of 1 kn was included. (One kmn, which is

actually greater than the average relief of continental areas, was

arbitrarily chosen as the outermost limit of possible large-scale va-

riations due to topography.) Figure 3 shows the columnar representa-

tion of the density values and distribution of these sections.

The gravitational attractions of each of the resultant models

were calculated using the formula

gn.h4/3n tŽ½(b32
r
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Table 1

DENSITY (AFYTE BULLEN), GRAVITY, AND PRESSURE IN THE EAIi (5)

Depth Radius, r Density p Gravity, g Pressure,
(km) (O) (g/=3) (cI/sec 2) (bars-' x 106)

33 6:338 3.32 983 0.009
80 62'91 3.36 984 o.025

80 6291 3.87 984 0.025
200 6171 3.94 9 0.071
400 5971 4.06 981 o.149
600 5771 4.18 979 0.230
800 5571 4.30 977 0.313

1000 5371 4.41 975 0.398
1200 5171 4.52 974 o.485
1400 4971 6.63 975 0.574
1600 4771 4.74 977 0.666
1800 4571 4.84 980 0.759
2000 4371 4.94 987 0.855

2200 4171 5.03 996 0.954
2400 3971 5.13 i010 i.o56
2600 3771 5.22 1028 i.16i
2700 3671 5.27 1041 1.216
2900 3471 5.57 1o68 1.330

2900 3471 9.74 1068 1.33
3000 3371 9.90 1043 1.41
3200 3171 10.20 1005 1.62
3400 2971 10.47 960 1.82
3600 2771 10.72 913 2.02

3800 2571 10.95 865 2.21
4000 2371 11.16 816 2.40
4200 2171 11i36 767 2.58
4400 1971 :L. 54 717 2.75
4600 1771 11.'71 01c0 2.91

)4800 1571 11.85 632 3. 06
4982 1389 12.oo 59T 3.19
5121 1250 15.01 564 3.30
6400 971 1(. 1" 457 3.53
5700 671 17.07 32 3. -72

6)000 371 17.65 184 3.85
(1371 0 ] 17.9 0 3.92

Tfhte bar in th," -etcoroloFict' ý bar of 10, d(.-nc,/cm , which ic. -qua)
to -. 1 -c--2 .- c "- u i- " c,-;i i
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Oceanic ____________ ___________F section-i Continental sections 1

0 C3 3r C'3 3  C4 0  C40 C50 C'50 C 60  C/60 C70 C7 0 -t1 km

51

$12.1: '2.3 16.3 9.7 [12.7 10 13 6.3 n-2?

H LI__10

20-9 19.8 ~.224 246 283. 2'3 25.8 -2 27.8
22 .12-2

-320

13

-30

2 3 
-

,

L-z - 4 0

Desiy flaerL 157 > X 2 6 7 22.2 355 3.

2.32 1i"" - -- 50

" 2.67 q .

3.0:30 ':Ž::jj [ i::
3 32 3 6 0

DIe2.3 Th:kness of ayer, kr,,

of compensation in km

10Primes indicate ContinrentaI sections

with positive tOpcqroph'c refle'

Fig. 3- Density versus depth for models of

oceanic and continental sections
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where g is the gravitational attraction; p, the average density; b and

a, the distances from the center to the outer and inner surfaces, re-

spectively, of spherical shells; and r, the distance from the center

of the sphere to the point at which the attraction of gravity is cal-

culated (r 3 b).
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1II. RESULTS AND DISCUSSION

With the value of the gravitational attraction for the oceanic

section being used as a reference in defining the surface gravity

anamalies (g_ = 0), the resulting anomalies, Ag, for the continental

sections are shown in Table 2.

Table 2

CONTIUf•TAL GPAVITY ANOMALIES

CD Ag (mgl) Ag

C +3.7 C1 +4.733 33
c40 +3.7 C•0 +5.5

C +4.2 C1 +31.0

Co +4.3 C1o +61. 0
60 60

C70 +4.9 C'0 +89.0

The subscripts of C indicate the depth in km to campensation. For the

C models, Ag is positive and increases slightly as depth to compenr;a-

tion increnscs. For the C' models, Ag is also positive, but, in contrast

to the C models, in greater iii magnitude and increases at a greater rate

as depth of compensation increases. Outward from the surface of the

models, the gravitational attraction decreases at the tnme rate for each

sut of models having the zame depth of campensation.

The earth models indicate that the magnitudes of Ag arc comparable

to gl (h.3 mgil) for contin 'ntail blocks of low averaige relief for depths
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of compensation near to and greater tba-n 70 km, and for continental

blocks of high average relief at shallocuer depths of compensation.

The former condition more closely approoxLmates that of the real earth.

The model values are expected to give oenly rough approximations of /) be-

perfect sphere; (3) about 85 per cent o-f the earth's continental area has

low relief (this high percentage is att -ributable, in part, to the fact

that continental- shelf atreas arc consia-erwd part of the continental blocks);

and (4) rock layers in the earth are no-.t concentric shells of uniform density.

There seems to be a dtiscrepancy, h.aocver, in the sign of the anomaly.

B:a:sed on the u:!rth-modfel anomalies (TabIle 2), positive gravity anomalies

',nuld o-cur over the midlatitudes of th e •orthern iienis:;hitre 'ihcre the

continental areas are concentrated. Iiw -vever, in the evlduation of the

potential formula for n = 3, P3 is neCu -tivo in the mi.Viatitudun 01 thuc

Northern Hemisphere, causinýg the equcý-tcntiai surfaces to deviite in-

ward. Likewise, the sign of the Gravit-y :tnona.ly g, (see r. 2) for the

same latitudes is also negative. Thus, iahereas the mo.del results snu6-

tgest a deviation in the shape of thu- e:utrth' sotential roughly ren'2rbling

an upui ie-do-.r-n 2 ear-shfape, the third zornal hurmoird, it; derived from

satellitc orbits, gives a right-side-up :ar-shaw (stern at the liorth P'ole).

The pe:tr-sic':ýe .onfigu,,rantion refers tc-ttha.t of th", potential, and not to

the geometrical Sh'epe of the c.'rth. " follo'-.ing e.xpl.anations h:ave bee:n

:ons11Sir.-i in tryt.r4 to reconcile thn U '7. -r,.7: rnlsintrrpretutition

the satellite data; error in the struct- ire of the standard sections; var-

iations of density distribution deeper --i the r.rntle either associaterl

or in nh'. tintributit n 02 : ,.n -r; :k ,I i:'-

ntati.- e qcil briu 1 b i . -:a,:.u thi r, - h:.:e l-±,rw :io.: 1:2, :I rflt- i.t-r-r, n
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determinations of the J3 coefficient made by severaJl persons and from

various satellite orbits, the configuration suggested by the third

zonal harmonic is assumed to be correct.

Traditionally, the densities for typical oceanic and continental

*' - %.&L I e qu.a. ... . ..- -

the base of the oceanic sediments. Above this depth, the density is

greater for the continental section; below it, the density for the

continents is always less, down to the depth of compensation. In a

spherical body, this type of structure ensutres a positive ancma1,y

over the continental section. (Some of the columns in Fig. 3 showi a

short interval of equal density associated with the crossover.) By

changing the structure of the typical sections so that the mass is re-

duced and the center of gravity is lowered underneath the continents,

it may be possible to achieve a negative anomaly over the continents.

This change can be accomplished by having two density crossovers, i.e.,

downward from the surface the continental-section density would read:

more dense than the oceanic-section density, less dense, and More

dense.

Variations of density deeper in the mantle could account for the

satellite-observed potential configuration. If these variations are

independent of the placement of' continents, then some mechanin other

than hydrostatic eqvilibrium is needed to explain them. If they are

associated with continentG, density variations would be postulated to

occur at greater depths in the mantle, perhaps to 200 Ian, or even deeper.

Models, basd• on the latter supposition would be up,:culative.

If the requirenent that the earth be in isostatic equilibriu.n

were not ';trictly, adhered to, _tandard zections co•ld be rctaind bv
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postulating some sort of mass-deficiency in the mantle under the con-

tinents. This might be accounted for should crustal rigidity allow

material to be eroded from continents and -2 cmslted into oceans at a

rate greater than that at which the crust and upper mantle can readjust

towtrd complete isostatic equilibrium. Treatment of this case by earth

models would be difficult.



IV. CONCLUSIONS

Layered sequences of large areal extent having different mass

distributions in isostatic equilibrium can cause surface gravity

anonalies. Farth models using typical oceanic and continental sec-

tions result in a positive ",wtaiy oUbe.r C1L1•ts. 1Ti: anomnalv

wrould produce a potential configuration inverse to that indicated by

the third zonal harmonic of the earth's potential field as derived

from satellite orbits.

Assuming the interpretation based on satellite orbits to be cor-

rect, the above discrepancy might be accounted for by (i) error In the

structure of the standard sections, (P) variations of mass distribution

existing deeper in the mantle, perhaps on the order of 100 to 200 kn.,

or more, or (3) iso-•tatic equilibriui sufficiently ineo.iplute to pelnniL

ma n:; deoiciene'- to oxist under the continents. The diUscrepancy yeCores

to be mo-t plausibly e.qnlaineud by). variablc t-auss distribution deeper

within thin mantle, Friuh sot,. con!,rihuLlon 1'rom incaripl•tLe i:;ostaLic

equi] ihri urn.
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