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PREFACE

Irregularities in the earth's gravitational fileld affect the
motions of bodies orbiting the earth. The purposc of ithis study is
to dctermine the effect upon the earth's gravitational {ield of assumed
varintiones in mass distribulion petween oceanic and continental areas,
The results should be of interest to agencles and persons concerned
with terrestrial structure and gravity, satellite orbits, and gecdetic

methods.



SUMARY

The configuration of the earth's potential field has been de-
termined fram 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’3 coefficient has not been definitely estab-
11 shed.

The potential field can be expressed by surface gravity anamalics,
Gravity anomalies result from inhomogeneities in mass distribution with-
in a body. Such differences in mass distribution exist beiween oceanic
and continental areas within the crust and upper mentle 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=-
termine the nature of gravity anomalies to be expected from oceanic and
continental areas., Using conventional crustal structure, the earth-model
results indicate that a surface anomaly exists which is positive over con-
tincnenl bloclks, and thnt its nngritwle increoses 2itn increcne ino bne
assumed depth to isostoatic compensation an writh incrense in positive
topograpnic relief.

Asplication of the cortn-uoiel anonialy to the bl <distiribution of
conlinents and vceans results in o sladatew rnlue tor the provitotion:l
anes.ly wnich is o the some order of negnituae o5, Bt o o000 s
Lo, Lhnt derived froe osatellite ortits. Conditlons chit mipht reons il

tnis JAs-vopan:y ore presentod.
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LIST QF SYMBOLS

distance from the center to the inner surface of a spherical

shell

distamce from the center to the outer surface of a sphericsl

shell
8

gravitational constant (6.673 x 10~ cm3g'lsec-£)
gravitational attraction
gravity anamaly at earth!'s surface
gravity snamaly of earth models
coefficlient
- 4
mass of the earth (5.975 x 10“'g)
Legendre polynomial

cquetorial radius of the earth (6378.1 + 0.1 Xon)

alstance from center of body to the point where the value of

potential or gravity is calculated
thickness, km
gravitational potential

colatitude

- average density



I. INTRODUCTION

The configuration of the earth's potential field, which relates
directly to the gravitational field, has been determined from the
Avhito ~f noav.sarth asatelldites. Tn this study. the gravitationsl
fields of certain earth models were investigated to determine how
these flelds would be affected by large areal variaticns in mass
distribution within the carth's crust and upper mantle. The results
obtained from the models were then camparcd with the satellite-derived
data.

The gravitational potential of the earth may be exprensed as an

R . . 1
exponsion in terms of spherical harmonlcs( ) as
” 1
p - n+
M I R ;s R°
U==> < =~ . > roa P os ) A
R vr [/ Jn\.r . n (cos @)
n - 2

vhere G is the gravitational constant; M, the mass of the carth; R,
-
the ecarth's cquatorial radius (R = 6378.1 + 0.1 ¥m); r, the distance
fram the center of the earth to the point at which the potential is
being calculated; Pn’ the Iegendre polyncomial; and ©, the colatitude.
The Jn coefficicents delermine the devintions of the gravitational po-
tential from a sphericel surface. The volues of the: Jn cocfficivnts
have been calculated fram the orbits of near-earth satellites.  Since
the cquatorial plane is chosen to pass throwh the earth's center of
mass, Jl 15 zero. Depending on the satellite data uned and the method
of calculntion, the value of J2 is sbout (1032.79 + 0.195) = IO-L,(l)
v {1,2)

and J{ is about (-2.4 + 0.3) = 107 . The 0, coefficient ro-

- . P Y . L O .
fleets the oblatenes: of the enrih ) vhich giver o Tlattening of about



1/298.2. The J. coefficient reflects a latitudinal asymmetry whose

3
cause has not been definitely established. The form of the equation
indicates that U is zerc 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 caleulated.

If the earth were a perfectly spherical body coauposed entirely
of concentric spherical shells of uniform density, the gravitational
attraction of the earth would be the same for any peint on & 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 materlals are known to
exist. In this case, valuecs of gravity over the surface of the refer-
ence sphere vary; the corresponding deviations from an arbitrarily
chosen meunt value arc called gravity anomalies.

According to Munk and anDonuld,(3) the Jn cocfficients can also
be coxpressed as gravity anomalies at the eartn's surface by the formula

P (cos 8)

_ -2 n
én = (n - 1) (GR) In [T (cos 6)

Thus, corresponding to J3

g.=s -2 (985) J_, cm sec™®
3 3

The amplitude of the taird harmonic in the gravity-nnomnly series is

*
= L.8 ngl
gj fuTs

.
-
-

*
one sl = 0.C01 gnl; one gal = 1 om sec



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 ¢f the earth to an average radius of approxi-
mately 3471 km, has an inner solid zone and an ouisr liquid zone. The
mantle is solld, but due to high temperatures and nressnras i+ de
capable of plastic flow over long time periods. It extends from the
outer boundary of the core to a radius of from 6300 to 6360 km. The
erust, extending from the top of the mantle to the surface (mesn radius,
6371 km), 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 ecrust; les-
ser discontinuitles are prezent at several other depths. Within the
core and lower mantle, the-rdensity-loyering is concidered to appro:imnte
concentric spherical surfaces. Within the crust, and most probabl: with-
in the upper mantle, the denslity pattern is irrepgular due to weologricn]
processes, A well-established and very distinet variation occur: in the
density-layering of oceanic and continental crusts. The ocennlce crunt
is considerably thinncr than the continental crust, and it has o dir-
ferent composition (Fig. 2). From the surface downward, the ocernic
crust 1s composed of a water layer (p *= 1.03, t ~- 5 km), a s-dincnt
layer (p ~ 2.32, t ~ 1 ¥m), and a basaltic layer (p = 3.00, t ~. 5 knm).
The total thiclmeco of this crust averapes about 11 km.  The conbtinento]
crust is composed chicfly of »n upper pranitic layer (p - 2.¢7) nnd =
lower basaltie layer (p ™~ 3.00). The total thickness of thi: crust.
varirs considerably, as it peyr ronge fran nbout 26 kn under lowlngpd:.
to about 0 - (0 km under lar;e mountnln rongos. The averspe thickne::

for continents is about 33 «xm.
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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 mountnin, lowland, or ocenn.

The depth of compensation is believed to occur as deep as, and probably
below, the base of the crust.

The existence of isoctnsy is conTirmed by garavity and geodetic
measvrements., An c.ample of the maintenrnce of isostasy cccurs during
the formation of large deltns:* The icolo:sic data show that the rock
floor under the delta subcides gradually under the increasing lond of
deltaic sediments; however, thic sbuonce of large rmamnlics in gravity
obscrvations available in deltn arcas appears to indieate that the accre-
tion of load on the cubsided nren 1o closely campencated by the subsidence
rate.(h) Another e :rmple 1t the reccil o the aresas unloaded by the melt-
ing of the Plelstocene ice :thecti.. Hplirt motions are still continuing
in the Scandinnvien aren and sround the Great Lakes. Geodetie methods
show that the middle part of the Gulfl ot Bothnin in Seandinavia ha: nn up-
1ift rate of 90 cm per 100 ycur:. The ssoeinted gravity ananaly 15 de-
cidedly negative, indicenting that not al1 of the :uberustal mass that
flowed outward during the pglacin]l poeriod hne yet had time to move bnck.(h’s

The densities and thic=z=n-saes ot the various materials that cor-
pose the crust are determined by sacl tanc-ible inta as surface samples,
drilled cores, and Iinterpretations of secisric wave velocities. The

degree of variabilit: of thes: valuw-: {5 foafinet within rathler narrow

limits. As the depth froi. the purtace fncreases, ita Decosc sparser
and less reliable, so thnt rorrespondire neertaintics {nercase.
*30me controvarsy oo exfut s to toi uall 00 f t1{p exarple

ar a deronstration of Yot



II. METHOD OF INVESTIGATION

In this study we are interested only in the gravity contrest con-
tributed by differences in typical oceanic and continental mass distri-
butions. Therefore, the effects on the earth's gravitational field due
TO The earthi's rotation and oblateness, the ellipticity of the equator,
and the attraction of other nearby vodies 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.
Camplete isostatic equilibrium was assumed. Density, gravity, and pres-
sure values for the core and mentle are given in Table 1. The oceanic
and continental sections, labeled O and C, respectively, in this report
were based on typical scctions used in studies on isostasy and the in-
terior of the earth. The depth of compensation was varied to cover the
range of likely possibilities for near-surface isostatic equilibrium.

An additional set of continental scctions, C', having the high
average topographic relief of 1 km was included. (One lm, which ic
actually greater than the average relief of continental aress , was
arbitrarily chosen as the outermost limit of possible large-scale va-
riations due to topography.) Figure 3 shows the columnar representu-
tion of the density values and distribution of these sections.

The gravitational attractions of each of the resultant models

were calculated using the forrula

- 3 3
g=b4/3nG)p L2 =2
i rL



Table 1

DENSITY (AFTER BULLEN), GRAVITY, AND PRESSURE IN THE FARTH'>)

Depth Radius, r | Density, p | Gravity, g | Pressure, p
{(m) (im) (g c-mg) (cm/sec2) | (bars® x 100)

33 6338 3.32 983 0.009

80 6291 3.36 98L 0.025

8o 6291 3.87 984 0.02%
200 6171 3.94 983 0.071
koo 5971 L. 06 981 0.149
600 5771 L, 18 979 0.230
800 5571 4,30 977 0.313
1000 5371 41 975 0.398
1200 5171 k.52 9T7h 0.485
1400 ko1 6.63 975 0.57h
1600 L7171 L, 74 977 0.666
1800 Ls71 4. 84 980 0.759
2000 4371 L, ol a87 0.855
2200 4171 5.03 996 0.954
2k00 3971 5.13 1010 1.056
2600 3771 5.22 1028 1,161
2700 3671 5.27 okl 1.216
2300 371 5.57 1068 1.330
2900 3h71 9. 74 1065 1.33
3000 3371 9.90 1043 1.41
3200 3171 10.20 1005 1.62
3400 2971 10.L47 960 1.82
3600 2771 10.72 913 2.02
3800 2571 10.95 865 2.21
Lo0o 2371 11.16 816 2.40
4200 2171 11.36 767 2.58
4400 1971 11.54 17 2.75
LGOO 1771 11,71 o'to 2.91
L1800 1571 11.55 632 3.06
Lg8p 1389 12.00 594 3.19
5121 1250 15.01 564 3.30
55400 971 16,17 57 3.53
5700 Ol 17.GC7 320 3.72
6000 371 17.65 1834 .85
6371 0 17.9 0 5.92

— S R R d

3 o]
%rhe bar 15 the nelecorolosist' s bar of 10 d;mes/en’, vhich L{c ~quad

to ¢.% atm. The pressure at the center (oo thus <.z 1012 cps units,
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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 shclls; and r, the distance from the center

of the sphere to the point at which the attraction of gravity is cal-
culated (r > b).
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ITI. RESULTS AND DISCUSSICN

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

sectlons are shown in Table 2.

Teble 2

CONTINENTAL GRAVITY ANCMALIES

Cp Ag (mgl) Ch og (mgl)
033 +3.7 C§3 +h.7
Cho +3.7 CIPO +5.5
C50 +4,2 C,'50 +31.0
Cso +4.3 Céo +61.0
C70 +h.9 C.'?0 +39.0

The subsceripts of C indicate the depth
C models, Ag 1is positive and increases

tion increases, For the ' models, Ag

in m to campensation. For the
slightly as depth to compensa-

is also pcsitive, but, in contrast

to the C models, is sreater i magnitude and increases at a greater rate

as depth of compensation increases.

Outward fran the surface of the

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

sct of models having the came depth of campensation.

The easth models indicate that the magnitudes of Ap are comparable

to £y (5.8 mgl) for contin 'ntal blecks of low uveruge relief for depths
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of compensation near to and greater then 7O km, and {or coniinental
blocks of high average relief at shalloover depths of compensation.
The former condition more closely approeximates that of the real earth.

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

e VY Tt oL JUCIE U VO R S PO Y 5.5 TRV RIS S B Y
- - R Sl T .

perfect sphere; (3) about 85 per ceut oef the earth's continental arca has

low relief (this high percentage is att .ributable, in port, to the fact

that continental-sbelf areas arce consii-ered part of the continental blocks);

and (4) rock layers in the earth are mo-t concentric shells of uniform density.
There scems to be a discrepancy, h.owver, in the sign of the ancmaly.

Qused on the errth-model anomalies (Tab le 2), posilive pravity nnomalies

wuld oeur over the midlatitudes of b ¢ orihern loemispinre where the

continental areas are concentrated, i wever, 1n the cvoaluation of tne

L, 1s nega-tive in the mlilatitudes o1’ the

3

Northern Hemisphere, caucing Lhe equiprtentinl surinees to devinte in-

potential formula for n = 3, P

wvord, Likewise, the sign of the gravity anomely g\), (see . 2) for the
same latitudes is also negative. Thus, swiereas the molel results sug-
;est o deviation in the shape of the enzriz's potentinl roughly resembling
an upslic-idown pear-shape, the third zeznw harmoni-:, ns derived Crom
satellite orbits, gives a right-side-w  war-shoape (stem nt the fiorth Pole).
The pear-shrize configuration refers te wthat of the potentinl, and not to
thic georetrical shape of the ecartin., T f0llowring explaniitions have been
ronsidered in trying to reconcile tiliz- ds repwny: nmisinterpretetion oo
the satellite data; error in the struct e of the standard sections; var-
iations of density distribution deeper -ir the mantla either nssociated
with, or inlopgenlent o, the distrivuti-2om o0 conllnents; or lnk 20 ino-

static equilibriwa,  Becnuse there hasPeen lore Jrerent betomren
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determinations of the J., coefficlent made by several persons and from

3
various satellite orbits, the configuration suggested by the third
zoral harmonic is assumed to be correct.

Traditionally, the densities for typical oceanic and continental

e Vv CL s LA UBD wie cmsubva e wepUls @QULL.GD D O el

the base of the oceanic sediments, Above this depth, the density is
greater for the continental section; below it, the denslity for the
continents is always less, down to the depth of compensation. In a
spherical body, this type of structure ensures a positive anamaly
over the continental scction. (Some of the colums in Fig. 3 shov &
short interval of equal density associated with the ecrossover.) By
changling the structure of the typical scctions so that the mases is5 re-
duced and the center of gravity is lowercd underneath the continents,
it may be possible to achieve a negative anomaly over the continents.
This change cen be accomplished by having two density croscovers, i.e.,
downward fram the surfuace the continental-scction density would reod:
more densc than the occanic-scction density, less dense, and more
4ense.

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 mechanism other
than hydrostatic equilibrium is needed to explain them., If they are
assoclated with continents, density variations would be postulated to
occur at greater depths in the mantle, perhaps to 200 km, or even deeper,
Models based on the latter supposition would ve sprculative,

If the requirement that the carth he in icostatic equilibrium

wore not strictly adhered to, sitandard cections could be retained by
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postulating some sort of mess-deficiency in the mantle under the con-
tinents. This might be accounted for should crustal rigidity allow
material to be eroded from contincnts and “<>osited into oceans at a
rate greater than that at which the crust and upper mantle can readjust
tovard complete isostatic equilibrium. Treatment of this case by earth

models would be difricult.
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Iv. CONCLUSIONS

Layered sequences of large areal extent having different mass
distributions in isostatic equilibrium can cause surface pgravity
anomelics. Farth models using typical oceanic and continental sce-
tions result in a positive ancmaly over Counviacnts. This anomely
would produce a potential confisuration inversc to that indicated by
the third zonal harmonic of the earth's potential field as derived
from satellite orbits.

Assuming the interpretation bascd on satellite orbits to be cor-
rect, thc above discrepancy might be accounted Tor by (1) error in the
structure of the standard sections, () variations of mass distribution
existing deeper in the mantle, perhaps on the order of 100 to 200 km,
or morc, or (3) isoclatic equilibrium sufficiently incomplete to permit
a nass deficlener to exist under the continents. The diccerepancy scems
to b most pluusidbly explained by variable nass distribution deeper
within the mantle, wich some contribution from incomplete isosialic

caquilibriuws.,

b
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